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Kak oTbiCcKkaTb MHTepecyouime Bac Te3ncobl Aoknaaa?
CtpaHunua cbopHuKa, cogepxxallas WCKOMble Te3ucbl AOoKnaja, WMeeT UBEeT,
COOTBETCTBYIOWMNI AHIO MNpeacTaBneHus goknaga Ha KoHdepeHuunn. Kaxabin
Aoknan mmeeTt CO6CTBEHHbLIN MAEHTUMUKAUMOHHBLIN HOMep (Hanpumep, L1-04,
01-07, P2-28 v T.4.), KOTOPbIM YKa3aH B NpaBOM HWXHEM Yray CTpaHuubl. DTOT
HOMep coBMNajaeTr C HOMEepOM, T[PUCBOEHHbLIM Joknagy B [Iporpamme
KoHgpepeHuynun. Ecnn Bbl He 3HaeTe HOMepa Aoknaaa, HO BaM naeecteH xoTts 6bl
OAVH W3 aBTOPOB, Bbl MOXETe BOCMNOJIb30BaTbCA ABTOPCKUM YKaszaresieMm,
pacnofioXXeHHbIM B KoHUe C60opHuKa Te3ncos.



SemiTEq technological equipment for nanoelectronics

S.I. Petrov, A.N. AlexeeV, D.M. Krasovitsky, V.P. Chaly
1. SemiTEq JSC, Saint-Petersburg, Russia, petrom@sgru. 2. Svetlana-Rost JSC, Saint-Petersbungsia.

SemiTEq is the Russian brand which covers wide range ocamtVUHV equipment meeting all modern
semiconductor technology requirements. State-of the art designhoMiotécular Beam Epitaxy Systems
(for growth of different material systems such as InAIGENJGaAs, widebandA\2B6 etc) and Vacuum
Wafer Processing Equipment lines (for electron-beam and magnegtubtergg, thermal annealing,
plasma etching and deposition etc) ensure high quality of epivgadavth and its further processing
under R&D and pilot production in the field of opto-, micro- and nanoeleics. These products are the
base for fully equipped compact Nanolaboratory which intended featiog the wide range of
semiconductor devices.

Complete set of Nanolab’s technological equipment includes: conipBE system STE75 in two
configurations: forA3B5/A2B6 and A3N compounds; electron-beam evaporation system STE EB71;
magnetron sputtering system with lock chamber; plasma etchinglasida enhanced chemical vapour
deposition system (PE & PECVD) with inductive and capacitneched plasma sources; RTA and RTP
systems; complex of required analytical tools; equipment fomidad process and photolithography;
basic technology processes documentation; extensive modern traiogmgrpy including video-training,
3D-visualization of technological route of nanodevices manufacturing, aoilsred training software.
Equipment is oriented to R&D on substrates of @50.8 mm with the podsilupgrade the equipment
components to increase the maximum diameter of the substratesl0p mm. The systems are unified
of substrate holders type. Systems technological reactoreqaipped with viewports for maximum
process visualization. Graphical interface of process cordgrakalized to simplify the process of
specialists training to perform various technological operations.

Using of complex equipment SemiTEq shown in example of a closed oyclbasic technological
operations for production of high-power field microwave transistosedan gallium nitride in the
"Svetlana-Rost" JSC. Basic technological operations are shd®g: growth of heterostructures, metal
deposition of contacts using electron-beam evaporation systemmathannealing of ohmic contacts,
meza-isolation plasma-chemical etching and dielectric plagpasition. The main problems during the
technological route as well as ways to solve are disdussearticular, ways to reduce the dislocation
density in the active region of the transistor heterostrastgrown on the mismatched substrates are
described in detail. Special attention is given to the homogeardyreproducibility both after some
manufacturing operations and applied to the end product.
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Structural diagnostics, elemental and characteristi analysis of
modern micro- and nanosystems using analytical SENHB tools

A. Tagachenkol E. Zenovd Y. AnufrieV!, V. Dubrovinskiy
1. Institute of Nanotechnology of MicroelectroniRgissian Academy of Sciences, Moscow, Russia,le-mai
hf _hf@newmail.ru. 2. JISC «<NPO Sernia», Moscow, iRussnail: dv@sernia.ru.

The article covers capabilities of research equipment, patiguFIB/SEM tools, and
methods for analysis of integrated devices made with submicmdi®gy. At present
technological stages used for manufacturing of modern nanosysteneserdgpa complex
sequence of chemical, plasma-, photolithography and other proc&bkgeaccuracy of these
operations depends on several factors, such as technological equippeator experience,
using this equipment, development of working processes and the compatbikil these
processes. The proposed method allows us to control the quality ofatiamed micro- and
nanosystems at the intermediate stages, and on the stage ofdohadtpas well. In addition to
that these techniques make it possible to estimate in advancelidi@lity of the prospect
devices, developed by domestic and foreign manufactures.

The methods under subject are based on the using special sampletiprepardurther
analyzing by means of SEM/FIB/TEM and probe microscopy. Thet mosverful and
prospective method for the preparation and analysis of samples is promised tgddBESEM
tools for this purpose, particularly, Nova 600 NanoLab company FEigrass to study the
internal structure of the objects at the micro - and nanoscakgtjng stereo images of samples
in real time without additional software processing and providing elementgtisnal

Due to the shrinking chip geometries of technological standards metectronics, up to 22
nm, and variety of functional submicron devices with properties diffdrem the standard
solid-state structures, the interest in the study of elecpicgerties and analyzing individual
elements of these devices grows up more and more. Now thens@iment for measuring and
analyzing electrical properties is microprobe technology tools.

To analyze electrical parameters of small size elenientse optical microprobe system the
researcher should apply technology of making diagnostic contacts infFEEicroscope.
Apart from that the cooperation of SEM/FIB- and microprobes techredoginhances
opportunities for analyzing modern integrated devices. Particulérig possible to analyze
nanostructures by means of electron beam induced current method.

The proposed methods for analyzing micro- and nanosystems based drlEBBBENMfoscopy
allow researchers to study any objects of interest in modern microelestroni
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Ultra-high resolution AFM imaging

M.G. Minin
Intertech Corporation, 119333, Moscow, Russia; m@intertech-corp.ru, www.intertech-corp.ru

Achieving ultra-high resolution in combination with fast scanningfisprimary importance for
modern AFM systems. Means of lowering noise affecting the scamaethe cantilever are described in
the present paper. The fundamental noise is considered to be Brownian (thestiwad)of the cantilever.

It is shown that the only way to significantly decrease abewioned noise is to make the cantilever
smaller.

Experiments described in the present paper were carried out byightsss of Asylum Research Inc.
(USA) in Santa-Barbara, CA, USA.

Three different in sizes cantilevers (200 um, 40 um, 10 um) weith similar spring constant (~ 4.3
N/m) and Q-factors (~4.53) are compared. Spectrum of thermal noise iseahalyz
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Figure 1. Thermal noise spectra in liquid.

Thermal noise values are measured in +1 kHz BW around resoffilgeesncy. It decreases
significantly (by the factor of 3 to 5) from the biggest cantilever testhallest one (Figure).

Atomic resolution scanning on the calcite crystal and bachemwpsin is performed using the
Asylum Research Cypher AFM (1) and the main instrumental aspéfeicting the resolution and the
speed of scanning are discussed.

1. Scheuring et al., Euro Biophysics J, DOI 10.1007/s00249-001-0197-8 (2002).
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Oxford Instruments Plasma Technology equipment for the
micro- and nano- engineering of materialsfor semiconductor,
optoelectronics, MEM S and other applications

K. Kuvaev, A. Krynin
Technoinfo Limited, Moscow, konstantin@technoinfo.ru

Oxford Instruments Plasma Technology (OIPT) provides a randegbf performance, flexible tools to
semiconductor and electronic processing customers in both R&D anctfioodT oday the company offers
equipment and technology for Plasma Etch and Deposition, AtoayierLDeposition, lon Beam Etch and
Deposition, Nanoscale Growth and Hydride Vapour Phase Epitaxy. WiB0-year history of high
performance tools production and process development, OIPT hasgpeaience in this area and good
worldwide reputation. More than 2.500 systems were installed around the world.

Oxford Instruments has a process library of over 6,000 recipesogedein our process laboratories. Our
processes are backed by process guarantees for key paramdtezpeatability such as rate and uniformity
to ensure rapid start-up during installation. Oxford Instrumentstgss tools offer a powerful range of
stand-alone and clusterable process modules to enable the widgsiofaapplications: Plasma Etch (ICP,
RIE, RIE/PE, DRIE), Plasma Deposition (PECVD and ICP CVD, ALD (PE & thgrLC, PVD).

ALD systems have next features: Plasma and thermal ALdhéntool, possibility to be clustered to other
modules using hex handler with robot and 25 wafer cassette for 4t 8” wafers, 100% conformal
coatings of up to 200mm wafers handling and pieces on carrier plate.

Nanoscale features can be formed by growth techniques (‘bottomang’ etching (‘top down’). The
NanofabTM Systems are aimed to satisfy the nanotechnologyemarlanoscale growth processes
encompass: Nanotubes/nanowires, Nanoscale thin films. Nanofab700 amofald8®0Agile: can
accommodate variable sample sizes up to 200 mm wafer xaélent temperature uniformity, can provide
growth of nanotubes and nanowires with a flexible temperature range up to 700°C ande8petdively.

Oxford Instruments’ lon Beam technology offers unique abilitiestch end deposition. OIPT lon Beam

tools have next benefits: Etch and Deposition tools, Vergatilefor a wide range of applications, Flexible

system configuration to match specific process applicationg opdisnisation for repeatable process results.
Next processes can be started: lon Beam Etch (IBE), RedotivBeam Etch (RIBE), Chemical Assisted
lon Beam Etch (CAIBE), lon Beam Deposition (IBD), Reactive lon Beam Démo$RIBD).
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Left Image

Microneedles (Bosch-process) for Bio-medical aggtian.
Right Image

Micro-mould (Cryo etching) for Micromachines / Aeatiors

S1-04



Novel Vion™ Plasma FIB system for nano- and micro- electronics
application by FEI Company

A. Poletaev, I. Bredikhin
Technoinfo Limited, Moscow, Russia. andreypoletaeet@oinfo.ru

FEI is a leading diversified scientific instruments compdegturing electron and ion-beam microscopes
and other instruments for nanoscale applications across many imnslustdestrial and academic
materials research, life sciences, semiconductors, datgystanatural resources and more. With a 60-
year history of technological innovation and leadership, FEI haghse performance standard in
transmission electron microscopes (TEM), scanning electramostiopes (SEM) and DualBedts
which combine a SEM with a focused ion beam (FIB).

For Semiconductor, Solar and MEMS labs, and Data Storage produdiilite$a users can get to data

faster, with the world's finest, most flexible suite of gmeded imaging and analysis tools. FEI delivers
superior images, faster sample preparation, more preci@ét @diting and analysis resulting in faster
design validation and higher throughput process development and control.

Unique PFIB Vion is the first product to incorporate plasma imurce technology in a modern ion
column, gas delivery and end point detection to provide fast,eftjatost-effective editing on advanced
integrated circuits. Circuit editing allows product designersetoute conductive pathways and test the
modified circuits in hours, rather than the weeks or monthsathald be required to generate new masks
and process new wafers. With over one microamp of beam curreat) temove material much faster
(>20X) than FIBs based on liquid metal ion sources (LMISs) t@itally max out at a few tens of
nanoamps, while still preserving excellent milling precision and imagisgution at low beam currents.

The Vion Plasma FIB has the ability to selectively mitta of interest. Additionally, various gases
can be introduced in the chamber which change the beam interantiocause deposition to occur
(either insulator or conductor). With the introduction of otheregathe etch rate can be selectively
modified for a preference of silicon over conductor or vice versa.

11:06:57 AM | 30.00kV | 51.2um | 4.2pA Vion™ PFIB

2/2312011 HV HFW curr ——————5um i T wo | J—T, e —
11:11:02 AM | 30.00KV | 17.1um | 4.2 pA Vion™ PFIB z 2p. 6.6 Viion PFIB

Left Image

PFIB section and image through wafer-to-wafer bi@gion, exposing 4 um diameter interconnecting gshe
Right Image

80 pm wide and 100 pm tall bump cross-sectioneld Wibn in 20 minutes.
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Modern semiconductor equipment for metrology and fédure
analysis by Hitachi High Technologies

E. Kremer
JSC InterLab, Moscow, Russia
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New materials and structures in future ULSI generaion

A. Orlikovsky, V. Vyurkov
Institute of Physics and Technology, Russian Acgd#rSciences, Moscow, Russia, orlikovsky@ftian.ru

Silicon remains the basic material of integrated circuits. The technotmgy of 6 nm is anticipated in the
production in 2026. For the advance into this region it is necessamploy thin undoped (depleted)
channels wrapped by gates. Just those structures allow avoidingetitoping which substantially
impairs a bulk transistor performance. The fully depletechimbia can be implemented on the wafer
“silicon on the insulator- SOI" (IBM Corp. and STMicroelectres)i or on the bulk wafer (Intel Corp.).
Nanowire transistors belong to the same paradigm. That constratti@msistors provides the high ON-
state current owing to ballistic transport in a channel. Or&-state current is low as the subthreshold
slope approaches its thermionic limit: 59 mV of gate voltage per decaderent at room temperature.
Possibly, in the future it would be necessary to reject alsaoping of contact regions because of the
fluctuations of number of impurities, which lead to the large disperof transistor parameters in a
circuit. Therefore, Schottky Barrier Field-Effect Transistare regarded as plausible successors. They
could revert again to bulk wafers or, at least, to thick silicon body Im@€ers.

New constructions of transistors imply also new materifks:htigh-conductivity materials (metals and
silicides) as gates and high-k dielectrics as gate diglecThe germanium and;Bs channels are now in
the stage of research. Their application can also prolong an employment ofibotkwsdfers.

The use of new materials as a transistor channel afasspossibilities. Recently, close attention was
paid to carbon nanotubes and graphene. However, the absence afidhgapan graphene and rather
small band gap in semiconductor nanotubes and nanoribbons resulg i@FF-state current which
prevents their application in large digit circuits. Neveehs] an application of such transistors in fast
analog circuits looks as promising.

The main reason restricting the speed of processors is hethargfore, low-power transistors are
challenging. Tunnel transistors (p-n junction manipulated by a gategedlexhibit a subthreshold slope
bigger than the thermionic limit for conventional transistdisis allows a decrease in drive voltage.
However, due to low frequency of operation those transistors could hardlgdaudL S| technology.

The transistors based on novel principles of operation agesinely investigated. One impetus is to
lower a switching energy. Indeed, spin precession and quantum ietederequire no energy at all.
However, even experimental samples of those transistors deatensgtry low ON/OFF ratio. For spin
transistors much stronger spin-orbit interaction is requirdte figh ON-current of interference
transistors seemingly contradicts with high ON/OFF ratis.fé single-electron transistors based on
Coulomb blockade, they have a fundamental restriction of a cheoneélictance limiting the frequency
of corresponding digit circuits. Poor reproducibility is also an aesérlg drawback of those transistors.
The problem of interconnects is critical. With decreasingkttess the conductivity of metals
dramatically falls down, furthermore, the electromigratiostiengthened. Carbonic materials (nanotubes
and graphene) according to their physical properties can sudbessplace metallic interconnects, but
the technology of their formation in definite sites is not thusiéaeloped.

For the connection between cores of a processor it is possihiset photon switches with a large
bandwidth. Waveguides and modulators can be formed via silicon technelogreas, light sources can
be still manufactured on the basis ofBA compounds, although, purely silicon sources are intensively
searched.

The motion of carriers in the channel of a nanotransistomigasito the propagation of waves in the
waveguide; therefore, the self-consistent solution of the Sdimger and Poisson equations for its
description is required [1]. As far as graphene transisters@icerned, the hydrodynamic approach [2]
turned out to be the most acceptable for them due to extremely strong cobisiaesn carriers.

Silicon is the most preferable material for creatiniidsstate quantum computers on the basis of nuclear
spins of impurities, spin and orbital states of electrons in itypatoms and in quantum dots [3]. The
technology of silicon quantum computers may inherit advances imo-mi@nd nanoelectronic
technologies.

1. V. Vyurkov, I. Semenikhin, S. Filippov, A. Orlikovsky, Solid-State Electrqnifspp.106—-113, 2012.
2. D. Svintsov, V. Vyurkov, S. Yurchenko, V. Ryzhii, T. Otsuiji, J. Appl. PHykl, 083715, 2012.

3. S. Filippov, V. Vyurkov, and A. Orlikovsky, Proc. EUROSOI-2011, GranagajnS pp.101-102,
2011.
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New devices and materials for ultra low power operidon

F. Balestra
Sinano Institute, IMEP-Minatec (CNRS-Grenoble INBF), France

The historic trend in micro/nano-electronics these laste#@syhas been to increase both speed and
density by scaling down the electronic devices, together withcegldenergy dissipation per binary
transition. We are facing today dramatic challenges dealiitly tlve limits of energy consumption
(statictdynamic) and heat removal, inducing fundamental trexlémfthe future ICs. The researches on
ultimate reduction of computation dissipation are strongly neediethé development of future high
performance terascale integration and autonomous (nhano)systerss.pdfper addresses the main
challenges, limits and possible solutions for strongly reducingrleegy per binary switching. Several
paths are possible: the adiabatic logic using a slow clockhwddnnot be used for high performance
devices, logic stochastic resonance, feedback-controlled dynaatéc @r conventional logic with a
reduction in the stored energy, therefore a decrease of deapacitance C (device integration) or
applied bias V, which seems to be the most promising for future ICs.

The reduction of the stored energy in conventional logic can be deéheawtrong reduction in V
using new physics and/or devices with sub-60mV/dec subthreshold Syimghich is the limit of
MOSFETSs at 300K. The main following concepts are possiblegefigtering (Tunnel FET, with MOS-
NW- CNT- or Graphene, using band-to-band tunneling to filter endiglyibution of electrons in the
source, or NW FET with superlattice (e.g. InGaAs-InAlAs) hatestructure in the source), internal
voltage step-up (Ferroelectric gate FET, inducing a negatpecitance to amplify the change in channel
potential induced by the gate), Nano-Electro-Mechanical-Structordspact lonisation MOS devices.

We will focus here on the best ones for ULSI, TFETSs, using-gat&olled pin structures with
carriers tunneling through the barrier and not flowing over. Thet nmteresting structures, proposed
using experiments or numerical simulations with the aim of raedutie effective mass, the bandgap
and/or the tunnelling length for increasing lon and reducing Sefeeral decades of current, are the
following: i) Bandgap reduction using Ge or 1lI-V channel mater{@jperation down to 0.2V) (simul)
[1], i) InAs TFETs (SG, DG, GAA NW) with small bandgap and elacthole effective mass, S down to
20mV/dec for 2nm nanowires or UTB double-gate TFETs (simul)iifJniaxial and biaxial strained
InAs nanowire TFET with S down to 22mV/dec and large lon/smilicking delay (simul) [3], iv)
HTFET using InGaAs with thin gate oxide, high source dopingingathb sub-60mV/dec (exp) [4], V)
CNT tunnel FET with S=40mV/dec (exp) [5], vi) Feedback TR#&ih gate-controlled injection barrier
leading to very small S-a few mV/dec (exp) [6], vi) Thand Double-Gate SOI TFET with high k
dielectrics, or SGOI, or GOI for higher lon (exp) [7,8].

. C. Hu et al, VLSI 2008, p. 14.

. M. Luisier et al, IEEE EDI30, p.602, 2009.

. F. Conzatti et al, IEDM 2011, p.95.

. G. Dewey et al, IEDM 2011, p.785.

. J. Appenzeller et al, Phys. Rev. L&3,196805, 2004.
. F. Padilla et al, IEDM 2008, p.171.

. K. Boucart et al, ESSDERC 2009, p.452.

. F. Mayer et al, IEDM 2008, p.163.
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SiGe and Ge: selective epitaxial growth and appli¢eon in advanced
MOS devices

A. Hikavyy, B. Vincent, W. Vanherle, J. Dekoster, L. Witters, H. Bender, A. Thedmdr.
Imec, Kapeldreef 75, B-3001 Leuven, Belgium, Andikavyy@imec.be

Selective growth of SiGe in source/drain areas of pMOS stamsiis one of the key processes
allowing Si based transistors to remain at the leading edgacobelectronics. The well known use of
SiGe in the Source/Drain stressors allows to boost its peafure dramatically due to both: favorably
strained channel and decreased S/D series resistance [% e Acaling goes on, Ge concentration is
gradually increased and for 22 nm node, built on fin FET ar¢hitecit has reached 55% [3]. All new
device concepts such as buried SiGe channel, implant free quaelisT(IFQW), tunnel FETSs, relaxed
or strained Ge channel devices, in one or another way, also rely on strain imgjinee

Typically epi processes used in production of high end, either hidgbrpance or low voltage
transistors should fulfill a number of requirements. Among theetfectivity towards oxides and nitrides
used for spacers and hard masks; acceptable growthstati@hle temperatures and minimal loading
effects. If SiGe is considered, Ge concentrations span ovewhb& range from 0 up to pure Ge
depending on application. Depending on Ge concentration the growth tamperaist be carefully
chosen in order to avoid elastic relaxation of the layers.

In this contribution we will first discuss a few differdransistor devices architectures considered
to be promising for the coming generation nodes: Implant @uetum Well, FinFet and strained Ge-
based devices (Fig.1). Need for epitaxial growth and challenges asdoitdt it will be outlined.

20 nm

2nd spicer'jst Spacer

25%SiGe

Figure 1. Transistor device concepts consideredltbrnm node and below: a) SiGe Implant Quantum Well
transistor [4]; b) FinFET based transistor; c)isegd Ge based transistor [5].

Next, Si surface preparation (pre-epi cleans) typically usetiénsemiconductor industry and
difficulties observed with cleans implementation in the casfesnentioned above devices will be
presented.

Selective epitaxial growth (SEG) of Si, SiGe and Ge Wil further discussed in details.
Difficulties associated with SEG (loading effects, fagebwth, etc) will be outlined and typical
applications of SEG will be shown together with available electricaltse

T. Ghani et al., IEDM Technical Digest., p.978, 2003.

P. Verheyen et al\LSI Technology Digest of Technical Papgrd94, 2005.
C. Auth et al.VLSI Technology Digest of Technical Papgrd31, 2012.

S. Yamaguchi et al., IEDM Technical Digest., p.829, 2011.

V.Benjamin et al., to be published in Journal of Electrochemical Society
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Bumpless Interconnects Technology
for Wafer-based Three-Dimensional Integration (3DI)

Takayuki Ohba
Institute of Engineering Innovation (IEI), Graduate School of Engineering, The University of Tokyo, 2-11-16 Yayoi,
Bunkyo-ku, Tokyo 113-8656, ohba@sogo.t.u-tokyo.ac.jp

The key features are bumpless interconnects for the three-dimensional (3D) integration including vertical
wiring without bumps for Chip-on-Wafer (COW) and Wafer-on-Wafer (WOW) as a second-generation
alternative to the use of micro-bump. Wafer-based 3D technologies are the fabrication of three-dimensional
structures in which any number of thinned 300 mm wafers can be stacked back-to-front realizing further
large-scale devices with low cost instead of the scaling using extreme ultraviolet (EUV) lithography.

The two-dimensional (2D) scaling based on planar technology that has led the semiconductor industry so far
no longer makes economic sense in many situations. For instance, the industry is facing a major turning point
in how to realize the next generation of large-scale integration. In this context, 3D approaches have been
proposed on the basis of next-generation 2D transistors and 3D architectures, and recent attention has
focused on productivity and the costs involved in volume production. WOW is the third-generation
replacement for Chip-on-Chip (COC) technology and is also applicable to wafer-based COW. Stacking at the
wafer level drastically increases the processing throughput, and bumpless interconnects provide an
appropriate yield using existing technology which is equivalent to or greater than that achievable with 2D
scaling beyond 22 nm nodes. Also, since it is compatible with existing wafer processing facilities, transistors
with three-dimensional structures can be designed in a continuous manufacturing line.

WOW is classified into two types, according to the stacking method: Thinning before Bonding and Via-Last
after Bonding. The development of WOW has proceeded through four modules, classified along the process
flow. The modules include a thinning module for thinning the wafer substrates in which devices are
implemented, a stacking module for bonding and stacking the wafers, a vertical interconnects module for
forming Cu interconnects embedded in upper and lower wafers with via-holes, and a packaging module for
singulating the stacked wafers. Damascene interconnects form a so-called redistribution layer and also serve
as a counter electrode for the subsequent stacked wafer.

In this presentation, the WOW technology and trends in conventional scaling compared with advanced
technologies such as 3D integration (3DI) and bumpless interconnects processes, as well as the
characteristics of devices after thinning the wafers to less than 10 um and allpications including Closed-
Channel-Cooling System (C3S) will be addressed.
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Quialification of Deep-Submicron OTP Poly-Fuse Memory

N. Beloval, D. Allman?’, S. Tibbitts?
1. ON Semiconductor, Phoenix, AZ, USA, E-mail Nadya.Strelkova@onsemi.com , Derryl.Allman@onsemi.com
2. Jet City Electronics Inc., Seattle, WA, USA, E-mail address steve@jetcityelectronics.com

One-time programmable memory (OTP) belongs to the fast growing semiconductor Non-Volatile-Memory
family. OTP memory has multiple applications in Consumer Electronics, Automotive, Computer, Medical,
etc. industries. There are Zener-diode based, Metal-Fuse based and Poly-Fuse based OTP memory types.

We present CoSi2/P-poly-Si fuse based OTP memory qualified for the 0.25um CMOS technology. The OTP
memory bit is programmed by applying electrical stress to blow a single poly fuse (poly resistor). Applied
voltage across the fuse creates local heat sufficient for CoSi2 migration [1-3] and transforming the Poly-Si-
crystalline structure into amorphous silicon. Amorphized Poly-Si provides high fuse resistance (~5Mohm)
thus changing the memory bit state from “0” to “1”. OTP retention time, critical for industrial applications,
should be longer than 10 yrs at elevated temperatures 85C-125C. The fuse programming conditions were
optimized in order to minimize or eliminate fuse and silicon damage, and/ or void formation (Fig.1).
Electrical and physical characterization results of the OTP programming optimization are presented.

The OTP reliability tests were performed using the package level High Temperature Operating Life (HTOL)
and High Temperature Storage Life (HTSL) tests per JEDEC standard. For reliability testing, the 16 Kilo-
Bit Retention Vehicle was designed with the 5V OTP Memory core. 240 parts (total ~3.9MB fuse elements)
were submitted per each test. The HTOL test was performed at T=125C @ Vdd=5V. Storage Life (HTSL)
test was done at T=150C. Per JEDEC requirements the drift analysis was performed using functional
electrical test data collected before the burn-in (HTOL/HTSL), at intermediate reading points 168h & 504h,
and after 1008h burn-in. Reliability results showed robust Poly-Fuse OTP performance: all parts passed
functional tests at each read point; drift test showed less than 10% fuse resistance shift at elevated
temperature under dynamic electrical load.

(b)

PSG Oxide

Amorphized P-Poly-St
Field Oxide

Fig.1 OTP memory bit element: Top view (a), Programmed Poly fuse cross-section (b).

1. C. Kothandaraman, Sundar K. Iyer, and Subramanian S. Iyer, “Electrically Programmable Fuse (¢eFUSE)
Using Electromigration in Silicides”, IEEE ELECTRON DEVICE LETTERS, 23, No. 9, pp.523-525, 2002.
2. A. Tto, E. W. (Pete) George, R. K. Lowry, and H. A. Swasey “The Physics and Reliability of Fusing
Polisilicon”, IEEE/IRPS, pp.193-197, 1984.

3. R.F. Rizzolo, et. al. “IBM System z9 eFUSE applications and methodology”, IBM J. RES. & DEV. 51 No.
1/2 JANUARY/MARCH, pp.65-75, 2007.
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Recording of information in nanostructures of transtion metal
silicides

A.S. SigoV, B.M. Darinskiy, L.A. Bityutskay&, O.V. Ovchinniko?, M.S. Smirno¥,
M.V. Grechking, A.P. Lazare¥, G.A. Veligurd, A.V. Tuchir?, E.V. Bogatikov
1. MIREA,Moscow, Russia, E-mail: rector@mirea.ru
2. VSU, Voronezh, Russia, E-mail: mel44@phys.vsu.ru
3. Rosbiokvant Ltd., Voronezh, Russia, E-mail: maing@®iakvant.ru
4. Scientific research institute of electronic engireg, Voronezh, Russia, mel44@phys.vsu.ru

Realization of silicon spintronics requires new materialiovide effective injection of carriers in
semiconductor spin-polarized carriers at room temperature. Toeghsueffective spin injection requires
a material with close to the silicon a value of lattice patamand the Fermi velocity, and forming with it
an atomically thin interface [1]. These requirements areogmsbme transition metal silicides. Therefore,
a promising direction is to study the magnetic properties of low dimensidoales|of 3d-metals such as
Ni, Co. Thick film of disilicides and monosilicides 3d-metals dd possess magnetic properties.
However, in modeling the electronic structure of nanoclustécidsis of transition metals (Ni, Co, Fe,
Mn) by density functional theory (approximation B3LYP, basis of 6eRl) G) were detected size-effect
magnetic properties due to the transition of 3d-metals from pomvim the high-spin state near the
surface of the nanostructures.

Using methods of Plasma technology were obtained self-assembled naneciulsiernd Co silicides on
Si (100) with a size of 20-50 nm [2]. Using magnetic force miapgdMFM) the magnetic response of
nanostructures of Ni and Co silicides at room temperature was observed.

To demonstrate the applicability of these materials for datading was made a local magnetization by
two methods: the influence of circularly polarized light and the influehaentagnetic probe of magnetic
force microscope. This result is completely optical magnétizateversal of nanostructures of Ni
silicides, which has magnetic properties due to the size effect waseabfar the first time.

Research changes in the state of magnetization of nanostrusturassition metal silicides carried out
by repeatedly scanning a magnetic probe for SPM Solver Pedith a surface area of up to 250 x 250
nm at a distance of 10 nm. At the same time revealedhdisigt increase in the magnetic response in
previously subjected to repeated scanning at a small distatweelpethe probe and the sample. The
experiments show the possibility of a superdense informationdiagosystems based on Si-Ni, Si-Co
nanostructures. A model of switching of the magnetization veét@olated clusters of silicides by light
was developed. Excited electronic light system undergoes auguaransition with the change of
guantum numbers s and m. From the excited state electronic syedgeras to the ground state by
radiationless transition, giving the excitation energy of the phegstem without changing the magnetic
number m. With further lighting of the process is repeated untiboir a remagnetization of magnetic
nanoclusters. Implemented method of recording with circularly geldriight confirmed developed
model of remagnetization of clusters of transition metatidéis. These results are the basis for a
magnetic memory that is compatible with silicon technology.

This work was financially supported by state contract 16.513.11.3014.

1. H. Wu, P. Kratzer, H. Scheffler, Phys. Rev.7B, 144425, 2005.

2. A.S. Sigov, A\V. Abramov, L.A. Bityutskaya, et al., International @oefice “Micro- and
nanoelectronics-2009”, Moscow-Zvenigorod, P1-13, 2009.
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Study of the resistive switching mechanism in Pt/2D,/HfO ,/p**-Si
stacks by hard X-ray photoelectron spectroscopy

Yu. Matveyev, A. Zenkevich, Yu. Lebedinskii, S. Thies§ and W. Drub&
1. NRNU “Moscow Engineering Physics Institute”, Kashirskoe chaussee, 115409, Moscow, Russia;
2. Deutsches Elektronen-Synchrotron DESY, D-226818I#irg, Germany

While the non-volatile memory concept exploiting the hystereticteagie switching in transition
metal oxides under an external electric field is very close to cooiatization, the microscopic
mechanism of the effect is still debated [1]. In particular, the roleygfem vacancies in a metal-
insulator-metal (MIM) structure based on metal oxides is not fully utaetsin this contribution, we
present a detailed hard X-ray photoelectron spectroscopy (HAXPES) stildyabfemical and electronic
structure evolution in Pt/Zr@HfO,/p"*-Si stacks upon different switching steps. HAXPES experiments
were performed at the PETRA 11l storage ring at E=6 keV which ensblesich deep (up to ~20 nm)
layers and thus provides an opportunity to probe the whole MIM stack with alwmumdi metal gate. The
reversible resistive switching steps of the bi-layered /Hf®, dielectric were induced by a bias applied
to the stack both ex situ and in situ, and recorded in |-V characteristcEi¢s 1). The corresponding
cyclic changes of the metallic vs. oxidized component ratio in th &tid Zr3d core level lines were
observed in HAXPES spectra suggesting the redistribution of oxygen bdtf@gnand ZrQ (see Fig.
3). The correlated evolution of the electrical and chemical propatiet/ZrQ/HfO,/p™*-Si stacks
corroborates the model attributing the resistive switching effect iryerdd ZrQ/HfO, dielectrics to the
drift of (charged) oxygen atoms and/or vacancies at the interface (s&9.Fig

15
1 N Forming
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Fig. 1 I-V characteristics of PUH#Ep™Siand  7,0x/HfO,/p™Si functional part prepared for situ
Pt/ZrQ,/HfO,/p™"Si stacks with the resistive switching biasing during HAXPES analysis.

behavior.

Off state (high resistance) | On state (low resistance)

Fig. 3 Relative intensities of the oxide componémtidAXPES spectra in “OFF” vs. “ON” states, ane tinodel

Pt Pt
on/ Imet' Zr on/ Imet'
% Zr %
720 ZrO,
Zr2p 20 . Zr2p 25
Hf3d,,| 96 Hf3d,,| 95

describing the evolution in ZgfHfO, layer following the resistive switching step.

[1] http://www.itrs.net/Links/2011ITRS/2011Chapters/2011ERD.pdf
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Switching of domains in ferroelectric domain bounday

B.M. Darinskiy}, A.P. Lazare¥, A.S. SigoV

1. VSU, Voronezh, Russia, E-mail: mel44@phys.vsu.ru.
2. Rosbiokvant Ltd., Voronezh, Russia, E-mail: maing®iakvant.ru.

3. MIREA, Moscow, Russia, E-mail: rector@mirea.ru.

At present, the possibility of creating storage devices on s bhswitching of domain in ferroelectrics
is under investigation. At the same time seeks to radigatlease the recording density of information,
reduction of energy costs on the process of recording, storindingeanformation, increasing
performance and service life. To solve these problems is haturase the ideas and approaches
developed in nanophysics.

In this paper, as an active element of the memory celbjgoged to use the domain, which at confluence
of circumstances is formed in a domain boundary of a ferroelectriclcrysta

To study the conditions for the occurrence of such domains airdctiaracteristics, the method is used
developed in [1], which is based on Morse theory about the indexesgoiasi points. The process of
switching the direction of rotation of the polarization veétoa domain wall can occur during thermal
exposure (phase transition of first or second kind), and under thenofwf an electric field. In this
paper we consider a model of rotation in the domain wall under an eledttic f

A determination of the equilibrium values of the components of thetapeous polarizatiof,, P, and
coercitive field E. The state with #0,P, =0 corresponds to the ground state, state
with P, =0, P, # Ocorresponds to a metastable state. Comparison of the ingifaéld E with the same

field to switch the polarization componerfes shows that E is much smaller than P.

Thus, applying an electric field perpendicular to the planth@fplate, you can switch the polarization
vector in the domain wall. That is, for a special matedapossible to develop nanoscale memory
elements at the domain boundaries of nonlinear dielectricawuBef the relatively small value of the
operational fields of the proposed mechanism of memory should have an advantpgeed to the same
device on the domains.

This work was financially supported by state contract 16.513.11.3014.

1. B.M. Darinskii, A.A. D'yachenko, A.P. Lazarev, "Topological method of analygtsei

thermodynamics of ferroelectrics”, Bulletin of the Russian Academyieh&es: Physicg,1, pp.1388-
1341, 2007.
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Theoretical study of terahertz plasma instability
in asymmetric double-grating-gate transistor structires

A. Satod, H. Shida, T. Otsuijf, V.V. PopoV
1. Research Institute of Electrical Communicatibahoku University, Sendai, Japan, a-
satou@riec.tohoku.ac.jp. 2. Kotel'nikov InstitufeRadio Engineering and Electronics (Saratov Branch
Russian Academy of Sciences, Saratov, Russia

Plasma waves in double-grating-gate (DGG) transistor steuttave been researched as candidates of
room-temperature operating, frequency-tunable terahertz emited detectors. Experimental
observation of terahertz emission at room temperature by D&@fSistors was reported [1, 2]. On the
other hand, although there has been extensive study of the so-calledn®y&hur instability in a
single-gate structure driven by DC current originatirgrfi3], plasma instability in DGG structures has
not been studied theoretically except the work in [4] about the titémsi instability. In this paper, we
develop a numerical model to calculate plasma spectrg/mnastric DGG and report on a novel plasma
instability driven by DC current.
The asymmetric DGG structure under consideration is ridtedd in Fig. 1(a). Here, we consider a
AlGaAs/GaAs heterostructure two-dimensional electron gas @D#&th periodic boundary. Focusing
on plasma waves propagatingxitirection, we use the linearized collisionless hydrodynamic eansati
for the electron transport in the 2DEG, as well as the Maxwell ensafior the self-consistent field:

ek, +L(ZV,+V2,) =0, —iwv,+L(vVv,)=—<E, Q)
wherev, v,,, 2o, 2,, are steady-state/variation of the electron velocity/conceird, is the electric field
which is connected self-consistently with the curdgnt -e(Zov,+vol,,) through the Maxwell equations.
We assume the profiles of the steady-state varialdeshawn in Fig. 1(b). After expanding all the
dependent variables in the Fourier basis, we arrive at an eigerpralblem for the complex frequensy
and the coefficients of the curredi. We solve it numerically by truncating the matrix. Among ladl t
eigenmodes calculated, we selected those who satigfy>Iih, corresponding to instable modes rather
than damped modes, and further selected the first instable mode having dregllestcy.
Figure 2 demonstrates the plasma growth rate)fland plasma frequency (BEr) of the first instable
mode as a function of the maximum velooty.« (See Fig. 1(b)). Values of parameters used are seen in
Fig. 2. As clearly demonstrated in Fig. 2, the instable mode daistse velocity above fam/s, having
the frequency around 2 THz, and the value of the growth rate iesr@asthe velocity increases. This
instability can be attributed to the nonuniform velocity prafiléhe 2DEG and, hence, to the DC current
and the modulation of the concentration by gate 1 and 2.

1. T. Otsujiet al, “Grating-bicoupled plasmon-resonant terahertz emitter fabdcatth GaAs-based
heterostructure material systems,” Appl. Phys. L&&.pp.263502 1-3, 2006.

2. T. Otsujiet al, “Emission of terahertz radiation from dual grating gate ptasmsonant emitters
fabricated with InGaP/InGaAs/GaAs material systems,” JsPigondens. Matte20, 384206 (1-11),
2008.

3. M. Dyakonov and M. Shur, “Shallow water analogy for a ballisiédd fieffect transistor: new
mechanism of plasma wave generation by dc current,” Phys. Rev.7llefin.2466-2468, 1993.

4. V. Ryzhiiet al, “Mechanism of self-excitation of terahertz plasma osmltest in periodically double-
gated electron channels,” J. Phys.: Condens. M2@e884207 (pp.1-6), 2008.
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Voltage-controlled surface plasmon-polaritons in dable-graphene

structures

D. SvintsoV, I. Semenikhifh, V. VyurkoV!, V. Ryzhif?, T. Otsujf
1. Institute of Physics and Technology, RussiardAegy of Sciences, Moscow, Russia, vyurkov@ftian.ru
2. Research Institute of Electrical Communicatidahoku University, Sendai, Japan

Plasma waves in graphene attract great interest due topthesible application in THz and infrared
detectors and emitters. A number of systems for excitation of plasmandéen already studied [1], and
the gated graphene structures turned out to be one of the mosipgodue to the voltage tunable wave
dispersion [1]. However, plasmons in gated structures exhieiadispectrum with much lower velocity
than that of light, and thus cannot be effectively coupled toreteagnetic radiation. Moreover, the
quality factor for such oscillations cannot exceed 10 in THz doneaien if the wave damping is caused
solely by acoustic phonons [Q].

This communication presents the spectra and damping of plasmoneguaain structures with two
parallel graphene layers separated by a thin insulator (dgtdghhene). The wave velocity and damping
in those structures can be tuned by the bias voltage betwees $aypdarly to gated graphene. Owing to
the absence of metal gates, those waves are effectwalyled to the light and exhibit much smaller
damping compared to that of gated plasmons.

It is demonstrated that in double graphene the propagation gblasmon-polariton modes is possible:
the first one corresponds to in-phase current oscillations &rdayvhile another corresponds to the
counter-phase oscillations.

The damping of in-phase oscillations rapidly increases at éygiénciesw > 24/ i (where U is the

Fermi energy) due to the interband absorption [4]. As the Fermyyeran be easily altered by the bias
voltage, the proposed structures have prospects of plasmon modulators.
The wavelength of counter-phase oscillations is much smaber that of in-phase ones. At interlayer

distances of the order of 10 nm it can exaﬂéd)F, where v, = 10° mi/s is the characteristic electron

velocity in graphene. At such small wavelengths the interbautreh transitions are blocked due to the
impossibility of energy and momentum conservation. That leadsdecrease in dynamic conductivity
and an increase in wave quality factor.

The work was supported by the Russian Foundation for Basic Research (gra8-60464a).
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Fig. 1. Real part of wave vector of plasmon-potariin double graphene at different bias voltagef)(&nd quality
factor of the wave (right)

V. Ryzhii, A. Satou, and T. Otsuji, J. Appl. PhyK)]1, 024509, 2007.

D.R. Andersen, J. Opt. Soc. Am. B/, 2010.

D. Svintsov, V. Vyurkov, S. Yurchenko, V. Ryzhii, T. Otsuji, J. Appl. Piyd, 083715, 2012.
L.A. Falkovsky and A.A. Varlamov, Eur. Phys. J.98, pp.281-284, 2007.
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Advanced impact ionization current model for MOS deices
including heat effects

T. Krupkina, D. Rodionov
National Research University ‘MIET’
E-mail address: denis.rodionov@gmail.com

Semiconductor technologies today allow manufacture hundreds of thousagldmehts on single chip
[1]. It is very important for designers to remember and undetsiateractions between elements via
substrate during integrated circuits design cycle. MOS dewiteracts with substrate by drain-bulk,
source-bulk capatitance and impact ionization physical phenomena. \trarsistor is in the saturation
mode, the internal the electric field occurs between the d@dnaihthe source. Channel electrons (for
NMOS case) get high velosity and energy in electric fisletlf carriers call ‘hot’ carriers). Collisions
between ‘hot’ electrons and lattice result electron-hole gameration in drain depletion region [2-4].

New electrons go out to drain and new holes go out to substrate and forme sobseatdsub (fig. 1a).
Gate

Source
Gate
Source Drain

ISub
Gate
—‘ Bulk

1Source

P-substrate

c
Fig. 1 Impact ionization phenomena in MOS devidernpmena structure (a), DESSIS device simulatisulte(b),
impact ionization modeling with current generatoy:. (

Short channel nMOS device simulation with DESSIS software ttmi& see high intensive of impact
ionization under gate in drain depletion region (fig. 1b) [5]. $®hysical phenomena can be modeled
by current generator (fig. 1c) [6].

Moor’'s law gets us doubling on chip elements quantity every 18 moatibgpermanent integrated
elements size decrease [7]. Fast MOS device miniatiwaza&sults in high on chip element density and
high (and permanent increase) internal electric field valoegaithe channel. High electric field value in
the channel region results in high channel carriers velociff, ¢arrier temperature and increase lattice
temperature.

IC designers still need accurate model that can consider fieetseinfluence on impact ionization
phenomena and substrate current value. Short channel MOS deviceodeled and advanced impact
ionization model including temperature effects in channel regiordeslop.

1. R. Doering, Y. NishiHandbook of Semiconductor Manufacturing Technol&gcond edition. CRC
Press, 2008.

2. S. Donnay, G. GielenSubstrate Noise Coupling in Mixed-Signal ASI®duwert Academic
Publishers, 2004.

3. E. Charbon, R. Gharpurey et Slbstrate noise. Analysis and Optimization for IC Desijawert
Academic Publishers, 2003.

4. S.M. SzePhysics of Semiconductor Devicéshn Willey and Sons, New York, 1981.

5. Synopsys Sentaurisser Manual.

6. P.R. Gray, P.J. Hurst et &nalysis and Design of Analog Integrated Circuitshn Wiley & Sons,
Inc., 2001.

7. International Technology Roadmap for Semiconductor. www.itrs.net
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Electric instability in GaAs/Al ,Ga;_,As superlattices with barrier
layers non-transparent for tunneling

V. Gergel®, G.GalieV, E. II'icheV, A. Verhovtsevi N. Gorshkov A. Zelenyt, I. Altuxho?,

S. Paprotskiy
1. Kotel'nikov Institute of Radio Engineering, RassAcademy of Sciences, Moscow, Russia, vgergell@ma

2. National Research University of Electronic Temlogy (MIET), Moscow, Russia

The computer simulation of conductivity of multibarr®aAs/ALkGa; xAS heterostructures on the base
of quasi-hydrodynamic (thermic) model of electron drift is penkst and analyzed. The basic
mechanism of conductivity of superlattices studied is shown to therenally stimulated injection of
electrons from heavily doped narrow-gap GaAs layers into undopedgapmé&lxGal-xAs layers at
electron heating within the barrier layers. The energy balaanmcality within an electron subsystem
turns out to give rise to S-shaped current-voltage chaigtterwith pronounced negative differential
resistance (NDR). The approximate analytical model of theafex characteristics is developed. The
frequency dependence of real and imaginary parts of small-signal ingegeidadetermined [1].

The experimental samples represented 1[100)2mesas of structures consisted of five couples of
successive layers of heavily dopbd = 10" cm'3) GaAs and undoped &a.,As (x = 0.3). Time
dependences of curreht) and voltageU(t) were measured at room temperature at the approximate

fixed-current mode. Shorl (us) triangular voltage pulses with repetition frequency 1 to 10 He wsed

to diminish pulsed and averaged Joule heating. The current-valtegeacteristics were found from
instantaneous values kff) andU(t) at the same time moment.

The pronounced NDR region on the current-voltage characteristmtages 1V 4J< 4 V and current
below 1 A was observed. The high-current part of Ithvecurve could not be measured because of
overheating sample during the voltage pulse.

The time dependences of sample temperature at experimental canditiancalculated and the ways for
minimization of heating were analyzed.

This work was supported by Russian Foundation fasi@ Research (RFBR)M12-07-00063,
Ne12-07-00589.

1. V.A. Gergel’', A.V. Verhovtseva, N.M. Gorshkova, and M.N. Yakupov, “Electri@bikty in
multibarrier heterostructures: Features of the RF impedandgtmdm. Tech. and Electronicsy,
pp.441-444, 2012.
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lonization energy oscillations in metallic and sensionducting
nanotubes of ultra small diameters

A. Ganin, E. Bormontov, L. Bitytskaya
Voronezh State University, Voronezh, Russia, E-atalless: mel44@phys.vsu.ru.

Single-walled carbon nanotubes (SWNT) with ultra small diamge — 1.2 nm) are of particular
interest for investigation of properties of nanotubes of wiffe structures. In previous work [1] it was
shown, that SWNTs electronic band gap oscillates in regionltcd small diameters. Observed
nonmonotonic change of band gap of SWNTs with their radius in refioitra small diameters is a
consequence of peculiar properties of diverse groups of nan@aisaserch as fullerenes and other nano-
sized particles. In current work we present results of #iw ioalculation of impact of diameter and
symmetry on bond energy and ionization energy of metallic and semic¢mgdnenotubes (27 tubes
total) with small and ultra small diameters (ranged 0.2 — 1.2 nm).

In order to theoretically find ionization energy we have considdreze methods: the Hartree — Fock
method, the tight-binding method, and the density-functional method (DFTiyeklar Fock method's
scope is generally limited (as long as chemical precisioreégssary) by molecules having only few
chemically active electrons (so-called, “exponential Wallii calculations carried out within the tight
binding model curvature effects are being neglected, what isngdigential difference between results of
such calculations and experiment (for SWNTs of small and srtill diameters). Therefore, we decided
to use the Kohn — Sham method (DFT) within local-spin-density appation and 3-21G basis. We
used TubeGen 3.4 software for carbon nanotube (CNT) generation anda@a3s§wWindows version)
for the calculation. Cylindrical unit cell of the tube was &@msCNTs were assumed to be of infinite
length. Periodic boundary conditions (PBC) were applied. Relevandiieomethod and basis was
verified in previous calculations for SWNTs [1], and also bynparison of the results obtained with
published data of experimental and theoretical investigations [2, 3].

The dependency of the nanotubes bond energy vs. their diameter has molhptnoreasing character,
meaning that tubes of larger diameters tend to be moree qiabtange 0.2 — 1.2 nm). Average bond
energy for all tubes is 8.5 eV per atom.

As for the ionization energy, we have separated the results célihdation into two groups according to
the well-known '3k’ rule: if difference of chirality indexesaignultiple of three than SWNT has metallic
conductance or its band gap is zero, otherwise SWNT has semitingdec@nductance [4]. We have
found that ionization energy is different not only for nanotubetiftéfrent diameters but it also depends
on SWNTs symmetry. For nanotubes from the first group a complexdepey of ionization energy on
diameter with large-scale oscillations (of period 0.13 nm) améiers range from 0.2 to 0.4 nm and
small-scale oscillations (of period 0.10 nm) in diameters réioge 0.4 to 0.7 nm have been observed.
For SWNTs from the second group large-scale oscillations (@d€.12 nm) with fading amplitude
have been observed in diameters range from 0.2 to 0.7 nm. Dif€axarg symmetry influences also the
general character of the dependencies. Particularly, for SVitldirs the first group ionization energy
grows with diameter, while for SWNTSs from the second group ionization energgadesrwith diameter.
The largest ionization energy (for both groups) is found for nanotithechirality indexes (0, 4) and
diameter 0.31 nm and amounts to 6.11 eV.

The results obtained are considered to be a consequence afnyugire effects in region of small and
ultra small diameters.

1. E. Bormontov, A. Ganin, and L. Bitytskaya, “Oscillations of #t@dc band gap in carbon nanotubes
of small and ultra small diameters”, Izvestia vuzov, Electroidapp.10-14, 2012 (in Russia).

2. M. Shiraishi and M. Ata, “Work function of carbon nanotubes”, CarB@mp.1913-1917, 2001.

3. E. Bogoslavskaya and |. Bazhin, “Modeling of fracture processamrbbn nanotubes and their
contacts”, Investigated in Russ#g, pp.532-536, 2009. http://zhurnal.ape.relarn.ru/articles/2009/046.pdf
4. R. Saito, G. Dresselhaus, and M. DresselhBhgsical properties of carbon nanotubdmperial
College Press, Singapore, 1998.
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The brain is a nanoelectronic object

l.I. Abramov
Belarusian State University of Informatics and Rediectronics, Minsk, Belarus, E-mail: nanodev@hsuaiu.by

It was noted that «the brain can be interpreted as an objexganic hybrid nanoelectronics created by
Nature» [1]. Therefore the nearest analogue in artificedtednics is an integrated circuit (IC) of micro-and
nanoelectronics.

The aim of this work is a deeper argumentation of these statenses well as an attempt to answer the
following questions: 1) Why can the brain be interpreted as antatfjemrganic hybrid nanoelectronics?
2) How does the brain function from the point of view of a specialist inretecs? 3) Is quantum mechanics
enough for description of the brain functioning, including conscioustiegsght, and its other mental
functions? 4) How to investigate the brain further?

The following hypotheses are formulated: 1) the hypothesis afdimenant influence of electrical processes
on the brain function; 2) the hypothesistloé adequacy of quantum mechanics as a base for the study of the
brain; 3) the hypothesis that rigorous mathematical simulation dirttie functioning is refered to NP class
problems. The hypotheses allow satisfactorily answering these questisimsven in the paper.

In particular, it is shown that all the basic elements of neurseta of the brain can be considered as
elements of electrical circuits, i.e. neuronal circuitsffitype) is a peculiar kind of electrical circuits.
Therefore the comparison of the first type circuits with @micro- and nanoelectronics (second type) was
made and their basic differences were determined. Thus, thenakanauit is firstly growing, and then
possibly modified electrical circuit. In addition, this is perhams most important and fundamental its
difference from the IC, which leads to the most signifiGahtantages of first type circuits over the second
type ones.

In accordance with the carried out analysis the hypothesieealdminant influence of electrical processes
on the functioning of the brain is stated. Chemical processes pisgigieply for the electrical circuits of the
brain, as well as their possible modification. First of all this is why MNatid not follow a purely «electronic
way», but followed the «hybrid way», i.e. the way of elegant intera¢transformation) of electrical and
chemical processes.

Thus, according to the proposed interpretation, the human braisdas & nonlinear electrical (neuronal)
circuits of the two kinds that shouldn't be modified and which should be modified.dasals it is memory.
Since the brain is a multifunctional device the various modéts afperation are discussed in the paper.
Three types of operation modes of the brain as a set of nonlieetrical circuits are realized, namely: 1)
with external influence; 2) without external influence (ingd), and 3) mixed. All the individual modes of
the brain, including perception, thinking, and other mental functiemesrelated to one of these types. It is
shown that any particular operation mode of the brain is a refsthie passage of an electrical signal (or
signals) across a corresponding set of electrical cirobiitse first type, besides basic possible operations are
following: comparison, encoding, decoding, action command, modification of neuromneiscirc

Such important modes of functioning of the brain as processing afrgenformation, image recognition,
thinking, dreams, etc. are discussed. In particular, thoughdiée@ding (internal reproduction) of electrical
signal (or signals) initiated by the brain itself, pasdiggthe brains’ neuronal circuits of a corresponding
spatial-temporal configuration. The more complex mental processesoasidered, for example, insight.
Usually, however, thinking is the internal perception of the earlier codedriation in the brain.

In the paper the scheme of a multilevel simulation of the brain based on th&eywtddas is presented.

The above mentioned interpretation and its consequences allow, on thexdnio lznalyze the principles of
the brain functioning more deeply, and, on the other — to suggestf@ex approach to brain investigation,
based on a multilevel simulation combined with experimental methods.

1. I.I. Abramov, “Problems and principles of physics and simulation of miadnanoelectronic devices.
I. Basic positions”, Nano- and mikrosistemnaya tekhiNka, pp.34—-37, 2006 (in Russian).
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Boundary conditions for the contact between normaimetal and
multiband superconductors with unusual types of paing

|. Devyatov, A. Burmistrova
Lomonosov Moscow State University, Skobeltsintutstdf Nuclear Physics, Moscow, Russia,
igor-devyatov@yandex.ru

Based on the equations of tight-binding model [1], boundary conditions for the contamiraia metal and
the multiband superconductors with unusual types of superconductinggpaigre obtained. These
boundary conditions were obtained outside of the effective mass apptimn, and allows to consider as a
complex nonparabolic and anisotropic spectrum of normal excitatiortheinsuperconductor and its
multiband structure, and unusual types of symmetries of the supercogdaodtier parameter. Derived
boundary conditions are applied by us for the calculation of condussivifi contacts of a normal metal (or
ferromagnet) with high-temperature superconducting pnictides iffaratht angles of orientation of the
boundary with respect to the crystallographic axes of theigesctUsing these boundary conditions, the
multiple Andreev reflection between two superconducting pnictides imaesstigated. The phase and
temperature dependencies of Josephson current in heterosgwcintaining pnictides have calculated. The
application of suggested method for calculation of electron transpother unusual superconductors has
discussed.

1. Q.-G. Zhu and H. Kroemer, “Interface connection rules for éfeechass wave functions at an abrupt
heterojunction between two different semiconductors”, Phys. R&7, pp.3519-3527, 1983.
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New method for calculation of the electron transparin
heterostructures with different unusual types of sperconducting
pairing

A. Burmistrova, |. Devyatov
Lomonosov Moscow State University, Skobeltsintutstdf Nuclear Physics, Moscow, Russia
igor-devyatov@yandex.ru

At present time there is great interest in studying of kéghperature superconductors. The possibility
of the existence in such superconductors unusual symmetry of threpardeneter is considered. In high-

temperature iron-based pnictides the presencs, ddymmetry of the order parameter and the interorbital
superconducting pairing is actively discussed. In superconducEn&®uQO,compounds as a p-wave
symmetry andp, + ipy-wave symmetry of the order parameter are discussed.

These investigations suggest the presence of reliable expainuzté and adequate theories of
coherent transport in such structures, as it was in the igagsti of YBaCuasystems. In the study of
superconducting pnictides and superconducting perovskites abundanckerefting experimental data
contrasts with the lack of a consistent microscopic theonyatiaquately describes the coherent electron
transport in their contacts with a normal metal or otlhwesconductor. Difficulty of creating a consistent
microscopic theory of coherent transport in structures wigerconducting pnictides and perovskites is
explained by their multiband structure, complicated anisotropic &wcitand also by anisotropy and sign-
changing of the order parameter for different directions.

Based on equations of tight-binding model, we obtained the new bouwwatitions for the contact
of a normal metal and the multiband superconductors with agbilypes of superconducting pairing and
complicated anisotropic excitation spectrum. In the frameworkhisf new tight-binding approach we
calculated the conductivities of the contacts between a hametal and superconducting pnictide for
different angles between crystallographic axes of the pnietidea normal metal. We also calculated the
conductivities of the contacts between a normal metal and supectiogdyperovskite for different
misorientation angles of the interface with respect to thstallographic axes of the superconductor. Also
the temperature and phase dependencies of the Josephson curnemtunest with superconductors with
different unusual types of pairing were calculated.
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Superconducting quantum arrays as electrically smakntennas

|. SolovieV}, N. Kolotinsky, N. KlenoV, A. Sharafie?, V. KorneV, and O. MukhandV
1. Scobeltsyn Institute of Nuclear Physics, MoscoweStaiversity, Moscow, Russia, igor.soloviev@groaih.
2. Physics Department, Moscow State University, kagelys.msu.ri8. HYPRES, Inc., Elmsford, NY, USA,
mukhanov@hypres.com

Recent progress in communication technology has led to a concépbvaafband receiving systems
capable of high-performance simultaneous receiving of radio-freguggnals which can differ sharply in
both amplitudes and frequency ranges. This can be achieved witlirabe digitization of wideband RF
signals. Only superconductor Analog-to-Digital Converters (AB&) do this with adequate performance.
Such ADCs demonstrate outstanding noise temperature, lineagitgiymamic range [1]. At the same time,
with the use of the superconductor ADCs, antenna and low noisefiamipdith limit the overall system
performance since they have higher noise temperature andliogaty and dynamic range than the ADC.
It is possible to solve this problem with the implementatiothefcooled active superconductive Electrically
Small Antenna and their integration with the ADCs in one cryagpackage. Such an active ESA can be
designed with implementation of Superconducting Quantum Array (SQAEhwis a regular two-
dimensional array with the specially designed basic cells. Tamiping basic cells capable of providing
highly linear voltage response to magnetic component of an in@tsttomagnetic wave were devised and
experimentally evaluated [2-3]. A prototype of the active ESA odogpgrea 3.3 x 3.3 mirhas been
fabricated using Nb process with critical current density 4.f&cikA and experimentally evaluated. The
obtained results are presented and discussed in detail.
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Fig. 1. Active Electrically small Antennas (ESA) basedain Superconducting Quantum Array (SQA) with normmedtal
connectors between the cells (a) and active ESAchas 3D SQA (b)

1. D. Gupta, A. Inamdar, D.E. Kirichenko, A.M. Kadin, and O.A. Mukhanov, “Superctordanalog-to-
digital converters and their applicationdicrowave Symposium Digest (MTT), IEEE MTT-S, June
2011, p.1-4, 2011.

2. V.K. Kornev, L.I. Soloviev, et al.,“Performance advantages asdjyuessues of SQIFs for microwave
applications,” IEEE Trans. Appl. Supercont®, pp.916-919, 2009.

3. V.K. Kornev, LI. Soloviev, N.V. Klenov and O.A. Mukhanov, “Bi-SQUIDNevel Linearization Method
for dc SQUID Voltage Response”, Superconductor Science and Techr{8lo§f),22, 114011 (pp.1-
6), 2009.
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Combined Magnetic Field Sensor with
Superconductive Magnetic Field Concentrator

L.P. Ichkitidze
National Research University of Electronic TechgglMIET”, MIET, Zelenograd, Moscow, 124498 Russia
leo852@inbox.ru

Superconducting film loops are often used in magnetid 8ensors (MFS) as magnetic flux transformers
(MFT) and magnetic field concentrators (MFCThey are used as MFTs in MFSs, which magneto sensitive
elements (MSE) are Josephson junctions (SQUID magn&tmsheor Josephson area (ceramic high-
temperature superconductors (HTSC)) [1]. They are also usdB@s in MFSs, which MSE are Hall sensors
or sensors on the effect of giant magnetic resistanb#R(3G2]. The combined magnetic field sensor based
on the MFT (superconducting film ring) and GMR (magneticallysgive film resistor) was considered in
papers [3,4]. It was shown that the MFS efficiency increasése optimal fragmentation of active stripe of
MFTs to multiple parallel canals and slits. Canals and slits hagmor submicron sizes.

The object of this study is a magnetic field multiplicatjooncentration) factdf for MFC of combined MFS.
This sensor consists of a MFC with a tapered active stnige dilm MSE based on GMR effect. The MSE is
overlapped with the MFC active strip and is separatdd avitinsulator film.

It is found that in the case of optimal division of theaestrip (7um wide) of MFC into parallel branches
with nanodimensional widths (90-350 nnf),increases relative to the case of the active strigr poi its
division by a factor 25 to 80. For the low-temperature supercondudtimg(LTS), i.e., the films with small
London penetration depth of the magnetic field (e.g., for heteroepitaxial layers bf N~ 50 nm), the
higher values of relative to HTS films are attained (e.g., for Y-123~ 200 nm). An increase iR
promotes attaining the resolution level of magnetic fiéBl£ 1 pT) at temperature77 K, which is more
effective that the resolutio®® ~ 10 pT) of HTS SQUID.

Analysis of the results leads to the conclusion thafréggnentation of the active strip on a small number of
nanoscale chanals (3) and slits (2), i.e. topologiealostructuring of the active strip, increases the MFC
multiplication factor and make it possible to achievargdr magnetic field concentration on the magneto
sensitive element in 4 times. Therefore, charactesisof magneto sensitive element are improved
accordingly. The positive effect, i.e. the increasE for the fragmentized active strips, is achieved through a
more uniform distribution of current than in the sdictive strip. The current density near the edgebeof t
superconducting film reaches its maximum value, andeiatlyrreduced in the middle of it, therefore, there is
fragmentation is less efficient. The consequence is theagzirF, when the slits are located near the middle
of the active strips.

Thus, the value of is increased when the valleis reduced. It means that clean LTS (e.g. niobium)
materials are more efficient then granular or HTS masgeféal. ceramics system Bi-2223) that are used in the
superconducting film MFC. It should be noted when the distam¢he critical temperature is increased the
MFC efficiency is reduced, because the valigincreased

The results will be in demand in different magnetic systemsraghetic sensors, that registering ultra weak
magnetic fieldsg 10 pT): in the noninvasive biomedical diagnostics, nondestructiviegest solids, the
electrical circuits in a field short circuit.

The author is grateful to Professor S.V. Selishchev for their helgfide@and support of this work.

1. M.l Faley, U. Poppe, K. Urban, and R.L. Fagaly, “Noise analysis of SQUIDs with damped
superconducting flux transformers”, Journal of Physics: Conferences S&4e042009, 2010.

2. K.H. Kuit, W. van de Camp, S. Waanders, H. Rogalla, and J. FgKstybrid magnetometers based
on a doped silicon-on-insulator Hall device and a YBa2Cu30ltx concentrator”, Supercond. Sci.
Technol.,22, 114006, 2009.

3. L.P. Ichkitidze and A.NMironyuk, “Superconducting film flux transformer for a sensor afgmetic
field”, Physica C472 pp.57-59, 2012.

4. L.P. Ichkitidze and A.N. Mironyuk, “Topological nanostructure supercomaycfilm flux
transformer”, Nano- and Microsystem Tehknika, No. 1, pp.47-50, 2012 (in Russian).

01-14



Comparative Parameters of Superconductor-Based
Sensors of Weak Magnetic Fields

L.P. Ichkitidze, M.L. Gavryushina
1. National Research University of Electronic Teaogy “MIET”, Zelenograd, Russia, leo852@inbox.&1.Bazovye
Technologii JSC, Moscow, Russia

Various sensors of the magnetic field (constant or weakdiable, frequencgl kHz, range 16-10™° T)
based on superconducting materials are considered. Physical psrafigiperation are described for each
type of sensors, and their calculated and experimental chisticsesuch as absolute magnetic sensitivity,
relative magnetic sensitivity, magnetic-field resolutidB, magnetic flux resolutiordg, and dynamic
measurement randg; are presented.

Special attention is paid to sensors of ultra-wedl0{* T) magnetic fields. It is noted that SQUID sensors
based on high-temperature superconducting (HTSC) materialseo¥Ba-Cu-O system with working
temperaturd,~77 K have resolutionSp~10°-10° @, (whereg, =2x10"° Wb is the magnetic flux quantum)
anddB~10"* T are worse than SQUID sensors based on low-temperature superaan@UESC) materials,
for example Nb withl,~4 K, by a factor of several times. SQUID sensors are characterizeghtiy, lx 140

dB. Commercial HTSC SQUID sensors have resolld®nl0™ T atT,~77 K, while LTSC SQUID sensors
have resolutio®B ~ 10" T atT,, ~ 4 K. However, their energy resolution can attain the recordvidue
~10% J/Hz [1].

Magneto-modulation sensors based on ceramic HTSC materiglisjzaly, in a form "Josephson medium"
for the Y-Ba-Cu-O and Bi-Sr-Ca-Cu--O systems) are dhiar@ed by acceptable absolute magnetic
sensitivity & 10° V/T), 8B=10" T andd¢=10* @, atT,, ~77 K, but they are considerably worse than SQUID
sensors. The further improvement of technology of superconducting rzaitedeform "Josephson medium”
and design of magnetomodulation sensors with improve their lusafameters and approach them to
parameters of SQUID sensors.

ResolutiondB>10"° T is attained for magnetoresistive thick-film (thicknes40 um) sensors based on
ceramic HTSC materials (particularly, for the Y-Ba-Owand Bi-Sr-Ca-Cu-O systems in a form "Josephson
medium") atT,~77 K. We expect to attaidB~10"-10"2 T and D, ~110-120 dB upon realizing the
dimensional effect in this films.

When comparing magnetically sensitive characteristics ofUIBQQ magnetomodulation, and
magnetoresistive HTSC-based sensors, we can assume trattehsdnsors have advantages in regards to
SQUID sensors. They are simple in fabrication, reliable in tipataand are less expensive by a factor of
many times. In addition, these sensors measure the absoluteudagoii the magnetic field, while the
SQUID sensors measure only its increment.

We analyzed combined sensors based on superconductor/nonsuperconductals maiticularly
HTSC/semiconductor, HTSC/materials with giant magnetictaste (GMR), etc. ResolutidB~10° T at
Tw~77 K is implemented for the combination involving the superconductingréignetic-field concentrator
(MFC) and the Hall sensor. The combination Y-Ba-Cu-O film (\YE6Fe film (GMR) can havéB~10"°

T atT,~4 K, which is noticeably better in regard to resolution of the SQUID sensor

According to preliminary evaluations, we can expect consideraippeovement by magnetic field in the
combined sensor consisting of the nanostructured supercondubitingvfiich serves as the magnetic field
concentrator, and magnetoresistive nanometer film based on theeB&R which serves as the magnetic
sensitive element [2]. In this case, we expect resoluige0"® T, which is comparable or better than
SQUID resolution in the low-temperature region. Several lemsexample, in the magnetocardiograph) or
several tens (for example, in the magnetoencephalograph) S@u#ors are used in commercial magnetic
systems. They are very fragile and expensive (price more$tt00 for each), and combined sensors will
have considerable advantages in this respect. Consequentlynednsiensors with nanostructured parts are
promising for the development of reliable and inexpensive sensors efvaelitamagnetic fields.

The authors are grateful to Professor S.V. Selishchev for theiuhatpfice and support of this work.

1.D. Robbes, “Highly sensitive magnetometeasreview”, Sensors and Actuat. 229, pp.86-93, 2006.
2.L.P.Ichkitidze, A.N.Mironyuk, “Superconducting film magnetic flux transformer”, Pafén455732 RU.
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A dynamic simulation model for functionally-integrated injection
laser-modulator

B. KonopleV, E. Ryndiff, M. Denisenkd
1. Taganrog Institute of Technology, Southern Fadeniversity, Taganrog, Russia, kbg@tti.sfedu.ru.
2. Southern Scientific Center of Russian Acadeé®ciences, Rostov-on-Don, Russia, rynenator@groail.

Injection lasers and modulators are the basic elements ofrategdgoptical commutation systems.
Functionally integrated injection lasers-modulators, which discugs this paper, are characterized by the
maximum amplitude modulation frequencies over 1 THz. Thus it lmanimplemented in a single
technological cycle. Constructing method of these devices iemegsin [1 — 3]. Such parameters as the
dynamics of the space distributions of the velocity of spontaneoustiendated radiative recombination, as
well as the concentrations of electrons and holes not only imdtree region but also in the peripheral
regions of the laser-modulator is necessary to consider aeilmodeling of optoelectronic components. To
solve this problem we propose a model (1) — (5) developed on the basis of adntadaystem of equations
and kinetic equations of a semiconductor laser:

g,0(e10¢) =e(n- p-N); (1)
0 1
(6 ) -4, )--n v acn, ) @
S
0 1
a_i):_m(,up(pm](¢ _VH)+¢TDp))_(p_ po)(z__s"'amphj; )
dn n Yej
o :—T—‘;"+(n—no)(r—s+amphj, (@)
Ny, =0 for E. —E; <E.-E,. (5)

wheren — the concentration of electrors: the concentration of holebt— the effective concentration of
impurities; n,, — the density of photons in the laser moge; the electric potentiaV, — the heterostructure
potential in the conduction band;, — the heterostructure potential in the valence bandhe time;e — the
elementary charges— the permittivity of semiconductog — the vacuum permittivityg — the optical gain
coefficient; f—the fraction of spontaneous emission entering the lasing nmmdethe spontaneous
recombination lifetime of the carrierg;— the photon lifetime of the cavitys, (4, — the electrons and the
holes mobilities;gr — the temperature potentiéd; — the bottom of the conduction bark];— the top of the
valence bandEg, Er, — the electron and the holes quasi Fermi levels.

Applicability of the results of numerical analysis not only af #ictive region of the laser-modulator, but
also peripheral areas is important feature of the proposed .nhtmleever, one of the quantities in the basis
of the variables of the model is the density of photons inaber moden,, occurring only in the active
region of the laser when the current density of the pumpingfisieat. Accounting for this factor provides
the condition (5).

1. B.G. Konoplev, E.A. Ryndin, M.A. Denisenko, “Integrated injectionrlagé rearrangement of wave
function of carriers”, Vestnik Yujnogo nauchnogo centra R&3e 3, pp.5-11, 2010 (in Russian).

2. B.G. Konoplev, E.A. Ryndin, M.A. Denisenko, “Integrated Injection Lasdgr Amplitude Modulation in
Terahertz Band”, Abstracts of the International Conferencertiand nanoelectronics - 2009”. Moskow —
Zvenigorod, Russia, p.01-28, 2009.

3. B.G. Konoplev, E.A. Ryndin, M.A.Denisenko, Patent RU 2400000 C1, 2010.
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Computationally Efficient M ethods for Optical Simulation of Solar
Cellsand their Applications.

M. Zanuccolt, I. Semenikhif V. VyurkoV, E. Sangiordi C. Fiegna

1 ARCES-DEI University of Bologna & IUNET ,47521 Cesena (FC), Italy
2 Ingtitute of Physics and Technology RAS, 117218 Moscow, Russia

Modeling of optoelectronic devices like solar ceksjuires an accurate prediction of the spatially
resolved optical generation rate per unit volumel dime inside the absorbing media. In low-cost
photovoltaic devices the reduction of volume of &bsorber material leads to a relatively limitegatality
to collect photons from the external source, tlereefan effective way to improve the performancéhes
enhancement of the photon management strategy.dgrio structures (like photonic-crystals [1] and
diffraction gratings [2]) and nanorough interfad@$ are commonly adopted in thin-film photovoltaic
devices in order to enhance the absorption of pizottn addition, a growing interest in nanorod and
nanowire based solar cells [4] as well as in maamays silicon [5] for photovoltaic application hasen
reported. In order to solve the optical problenmigarous numerical solution of the Maxwell equatds
required. The most common approaches to the splafidhe Maxwell equations are the Finite Differenc
Time Domain method (FDTD) [6] and the Finite Elembtethod [7]. However these methods are typically
cpu and memory expensive especially in solar cetideling. On the other hand the Fourier Modal Mdtho
(FMM) [8], also known as Rigorous Coupled-Wave Amsid (RCWA) [9] is a general and accurate method
based on Fourier expansion in terms of spatial baits of the electromagnetic field and of the pémaiiy
which leads to a excellent trade-off between acyussmd computational resources requirements andma
be applied to a wide variety of optical problemkeTew iterative methods for solving Maxwell’s etiprs
are also of great interest in this field becausy thlow to attain the computational complexity podional
to the total number of Fourier modés considered in the expansion [10] insteadN3fas in case of
conventional methods like the RCWA and similar ones

In this work a novel implementation of the iteratimethod is put forward. Differently from that
proposed in Ref. [10], it allows for modeling ofsalpptive media that is crucial for solar cell siatidn.
The comparison with the Fourier modal method anel pineviously developed 2-D tools [11-12] is
performed. We also present some applications afetmethods to nano and microstructured solar dells.
particular, the influence of nanorough and nanop®roterfaces and of the geometrical configuratbma
silicon nanorod array on the photo-generated ctihvas been investigated.

1. R. H. Lipson, and C. Lu, Eur. J. Phys., pp4832009.

2. S. H. Zaidi, J. M. Gee and D. S. Ruby, ConfeeeRecord of the 28th IEEE Photovoltaic Specialists
Conference, pp. 395-398, 2000.

3. J. Krc, M. Zeman, O. Kluth, F. Smole F. and Wopic, Thin Solid Films426, pp. 296-304, 2003.

4. E. C. Garnett, M.L. Brongersma, Y. Cui and MN:Gehee, Annu. Rev. Mater. Re&l, 2011.

5. M. Ernst, Rolf Brendel, Solar Energy Materi8h, pp. 1197-1202, 2011.

6. K.S. Kunz and R.J. Luebbers. THimite Difference Time Domain Method for Electromagnetics, CRC
Press, 1993.

7. J. M. JinThe Finite element method in electromagnetics, Wiley, New York, 1993.

8. K. Knop, J. Opt. Soc. AmG8, pp. 1206-1210, 1978.

9. M. G. Moharam and T. K. Gaylord, J. Opt. Som.A71, pp. 811-818, 1981.

10. A. A Shcherbakov, A. V. Tishchenko, JournalQantitative Spectroscopy and Radiative Transfer,
113, pp. 158-171, 2012.

11. Semenikhin, M. Zanuccoli, M. Benzi, V. Vyurko, Sangiorgi and C. Fiegna, Optical and Quantum
Electronics44, 3-5, pp.149-154, 2012.

12. Semenikhin, 1.; Vyurkov, V.; Zanuccoli, M.; Sporgi, E.; Fiegna, C., 14th International Workshmp
Computational Electronics (IWCE), 2010.
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Optical absorption of silicon layer with incorporated nano-voids and
metal nanoparticles

V. Shautsova, P. Gaiduk
Belarusian State University, Minsk, Belarus, v.shautsova@gmail.com

Light trapping structures are essential for enhancement of conversion efficiency in opto-electronic devices
and photovoltaics. In the case of conventional thick silicon solar cells, surface texturing is typically used for
this matter . However, texturing technique is not effective for thin-film solar cells. As alternative approach, it
has recently been demonstrated that freely propagating sunlight can be concentrated into a thin
semiconductor layer by metallic nanostructures that support surface plasmons [1] — coherent electron
oscillations at the metal/dielectric interface. An advantage of surface plasmon excitations arises from the
huge electromagnetic field enhancement near the metal surface. Therefore metal nanoparticles incorporated
into a silicon layer are able to enhance optical absorption of incident photons in a surrounding semiconductor
material [1,2]. Although gold and silver nanoparticles are widely used for plasmonic applications [2-4], the
metals create deep recombination centers in the band gap of semiconductor which dramatically limit
collection of carriers. Thus, novel materials for enhancement of light absorption and carrier generation are
required.

In this work, nano-voids incorporated in highly doped silicon layers are evaluated as alternative approach. A
comparative discussion of absorption efficiency of silicon layers with incorporated nanoholes and
nanoparticles will be carried out in the talk.

It is well known that plasma frequency depends on the carrier concentration N in the following form

Ne’
w, = ,
gMm*

with e the elementary charge, m* the effective mass of the electrons and &, the electric permittivity of
vacuum. A typical value of plasma frequency for noble metals is located in the visible spectral range and
with higher refractive index of the medium shifts to the near-infrared part of the spectrum which is poorly
absorbed by thin silicon film. Highly doped silicon however can exhibit plasma frequencies in the mid- and
far-infrared spectral region. To achieve optical frequencies the carrier concentration should be as high as
5*10% cm?, i.e., the value of approximately one electron per atom. Due to surface states, this condition
might be achieved in the thin surface layer of highly doped silicon [5]. The shell of nano-void incorporated
in highly degenerated silicon might be one possibility for that.

The present work proposes an approach for enhancing of the absorption of thin-film silicon solar cells using
array of incorporated nano-voids which might support the excitation of localized surface plasmons at near-
infrared frequencies. Using 3D full field finite difference time domain (FDTD) simulations it has been
numerically demonstrated that incorporated nano-voids might result in absorption enhancement compared to
those, typical for incorporated metallic nanoparticles.

1. A. Harry and A. Polman, “Plasmonics for improved photovoltaic devices”, Nat. Mater., 9, pp.205-213,
2010.

2. S. K. Jana, A. L. Donne and S. Binetti, “Enhancement of silicon solar cell performances due to light
trapping by colloidal metal nanoparticles”, J. Phys. Chem. Solids, 73, pp. 143-147, 2011.

3. I. Diukman, L. Tzabari, N. Berkovitch, N. Tessler and M. Orenstein, “Controlling absorption enhancement
in organic photovoltaic cells by patterning Au nano-disks within the active layer”, Opt. Express, 19, pp.
A64-A71, 2011.

4. C. Hagglund, M. Zach, G. Petersson and B. Kasemo, “Electromagnetic coupling of light into a
silicon solar cell by nanodisk plasmons”, Appl. Phys. Lett., 92, pp. 053110-1-053110-3, 2008.

5. L. F. Wagner and W. E. Spicer, “Observation of a Band of Silicon Surface States Containing One Electron
Per Surface Atom”, Phys. Rev. Lett., 28, pp. 1381-1384, 1972.
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Simulation of resonant tunneling devices based onfterent materials

I.I. Abramov, N.V. Kolomejtseva, I.A. Romanova, A.&limovich
Belarusian State University of Informatics and Rediectronics, Minsk, Belarus, E-mail: nanodev@hsuaiu.by

In the paper the nanoelectronic devices based on the resonannmeffelct are analyzed. In particular, the
current-voltage characteristics of resonant-tunneling diodes '@RTbDased on Si/Ge, Si/SiGe
heterostructures and based on carbon nanotubes (CNT) are calculateébdeupiogosed models.

The first combined two-band model [1, 2] for calculation of RTD chartics with account of valence
band influence is modified for the case of account of quantum well width idevidhe combined numerical
model of RTD is based on the self-consistent solution of the Poissdcnidinger equations. In the paper
the results of calculation according to the proposed model for dbahier Si/Ge, Si/SiGe RTD’s are
obtained. The developed modified model provides a good agreement witlnmexypal data at the room
temperature.

The second and third models for calculation of RTD based on C&lprasented. The second model is a
simple analytical one. The results of calculation accordinthis model for devices based on CNT are
presented for different values of the Fermi energy levieé Fermi energy level depends on the material
used for the contact system.

The third model is a self-consistent one. A comparison of the a@dlgtodel and the self-consistent one is
carried out. A good agreement of calculation results was obtaimigdat small voltages. IV-characteristics
with larger values of the peak current and peak voltages wletained with the use of the third numerical
model. Thus the second model can be only used for rapid enginediingtiens of characteristics of RTD
based on CNT.

All above-listed results were obtained with the use of theoelactronic devices simulation system
NANODEV [3] on PC.

1. II. Abramov, N.V. Kolomejtseva, “Simulation of resonamtrieling diode based on Si/SiGe", Nano- and
mikrosistemnaya tekhnik&p 11, pp.16-18, 2011 (in Russian).

2. 1.I. Abramov, N.V. Kolomejtseva, I.A. Romanova, “Combained-baod models of resonant tunneling
diodes”, Russian Microelectronicgl, 2012 (in print).

3. L.I. Abramov, A.L. Baranoff, I.A. Goncharenko, N.V. ldmejtseva, Y.L. Bely, I.Y. Shcherbakova, “A
nanoelectronic device simulation software system KBV New opportunities®, Proc. SPIES21, 75211E
(11 pp.), 2010.
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ELECTRONIC STRUCTURE OF MAGNETIC NANOCLUSTERS
OF COBALT AND NICKEL SILICIDES

A. TUCHINY, L. BITYUTSKAYAL A. LAZAREV?, A. SIGOV?
1. VORONEZH STATE UNIVERSITY, VORONEZH, RUSSIA, E-MMN144@PHYS.VSU.RU.
2. 2."ROSBIOKVANT"” LTD, VORONEZH, RUSSIA. 3. MIREASMCOW, RUSSIA, E-MAIL:
RECTOR@MIREA.RU.

Co and Ni silicides are widely used to form the gates mtetddonnects in microelectronics and are attractive
materials of spintronics [1, 2]. However, the bulk phase andaitigis monosilicides are not magnetic. Seo
et al. [3] experimentally found properties of ferromagnetic nansvgilecide Co. Wu et al. [1] DFT method
showed the emergence of the magnetic properties of ultratiia &f MnSi and CoSi monosilicides co
structure of CsCI. Of particular interest are quantum duadschusters of silicides, since increase the surface
area of silicides may lead to an increase in the magneticemt of surface atoms of 3d-metals [2, 3]. The
size, composition and coordination of the atoms in the clustersisaniy affect their magnetic properties.
The purpose of this paper is the quantum-chemical modeling by DBILYP approximation of the
electronic structure of clusters of Co and Ni silicides, depenutintipe configuration of atoms and atoms of
3d-metal n from 1 to 7. The clusters with n> 2 are two configuratof Ni atoms and Co: linear and
compact.

The results of total energy calculations for different values of the giiphicity showed that the number of
atoms and their configuration in the Ni silicide clusters fit#le leffect on the total electron spin of the
ground state of the clusteg,Svhose value varies between 1 and 3 for n=1,...7. Spin of Cdaittusters
increases with increasing n and is sensitive to the coafigurof atoms. The change of n from 1 to 4 leads
to an increase 51/2 to 19/2 for the linear cluster with 1/2 to 8 for a compébe effective magnetic
moment of the linear clustepgs silicide Co magnetic momenpje+ more compact clusters. Maximymy =
4.66uB / Co for n = 3, the minimumye = 2.24uB / Co for n = 4. The effective magnetic moment of Ni
silicide in clusters decreases with increasing n. Mininuygs= 0.99uB / Ni forn = 7.

Based on the calculation of binding energy in clusters of Ni andliCdas shows that compact clusters are
more stable than linear. The maximum binding energy Eb = 2.61 e¥ dumpact clusters of Ni and Co
silicide withn = 7.

Directed to change the desired properties of nanomaterialsecachieved by the introduction of impurities.
The introduction of chromium can enhance the magnetic propertiem dilrtts of cobalt silicide. We study
the electronic structure of clusters and G8iy CrCa;Siyo with a compact configuration. Replacement of
cobalt chromium atom leads to a decrease in the total alespin of the cluster to 0.5 and the binding
energy of 3 meV / atom. For clusters of nickel silicideumsincrease in the total electron spin of 1, the
binding energy is reduced by 5 meV / atom.

The work was supported by the Federal Target Program "Rbssatiadevelopment on priority directions of
scientific-technological complex of Russia for 2007-2012" X8@©6.513.11.3014.

1. H. Wu, P. Kratzer and M. Scheffler “First-principles studyhifi magnetic transition-metal silicide films
on Si(001)”, Phys. Rev. B14, pp.144425-144437, 2005.

2. A.S. Sigov, A.P. Lazarev, L.A. Bityutskaya, et.al “Spin statéstransitional metals silicides
nanoclusters”, NMST12, pp.25-27, 2011.

3. K. Seo, S. Lee et al., “Composition-Tuned,&d\Nanowires: Location-Selective Simultaneous Growth
along Temperature Gradient”, NanoLettér,spp.1145-1150, 2009.
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Dressed state amplification by a superconducting dit

G. Oelsnet P. Machj E. lliche, U. Huebnéet H.-G. Meyef, M. Grajcal, O. AstafieV
4Institute of Photonic Technology, P.O. Box 10023®7702 Jena, Germany;
Department of Experimental Physics, Comenius UBityerSK-84248 Bratislava, Slovakia;
‘NEC Nano Electronics Research Laboratories. Tsukibzaki, 305-8501, Japan.

We demonstrate amplification of a microwave signal by a styodigven two-level system. The effect
known from optics as dressed-state lasing is observed witlgke sjuantum system formed by a persistent
current (flux) qubit coupled to coplanar waveguide resonator. Thentiasion through the resonator is
enhanced when the Rabi frequency of the driven qubit is tunedestmance with one of the resonator
modes. Amplification as well as linewidth narrowing of a weatbpr signal has been observed. The
emission at the resonator’s fundamental mode has been studieddasyring the emission spectrum. We
analyzed our system and found an excellent agreement betwesxp#ranental results and the theoretical
predictions obtained in the dressed state model.
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Quantum correlations: entanglement and discord intie simplest
physical systems

E.B. Fel'dman E.l. Kuznetsova, M.A. Yurishchev, A.l. Zenchuk
Institute of Problems of Chemical Physics, Rusgieademy of Sciences, Chernogolovka, 142432, MoRegion,
Russia, efeldman@icp.ac.ru

Quantum correlations in many-particle systems are respofwititee effective work of quantum devices
(in particular guantum computers) and give them significant adgastover their classical counterparts [1].
Until recently it was supposed that entanglement is resgenfib quantum correlations, and quantum
devices can be created only on the basis of using materialemangled states [1]. However, it turned out
that quantum algorithms [2] which significantly outperform thessical counterparts can work using mixed
separable (non-entangled) states. Furthermore, it turned ouduhatum non-locality can be observed in
systems without entanglement [3]. From this we can concludestitahglement describes only a part of
guantum correlations but not all of them. According to the current staaeling [1], total (quantum and
classical) correlations in a system are defined by the munfigaination. The problem is how to separate the
classical correlations from the quantum ones. This problemsalasd independently by Henderson and
Vedral [4] as well as Ollivier and Zurek [5]. The classical datiens in a binary system are determined by a
complete set of projective measurements carried out onlyomeepf the subsystems [4] Then a measure of
guantum correlations (the quantum discord) is determined as thediféebetween the mutual information
and its classical part minimized over all possible projectheasurements [4, 5]. The quantum discord is
determined completely by quantum properties of the system and equals zeasdmatkystems.

We consider a connection between the quantum discord and physicakfmas of simple systems [6-8].
Such investigations open a direct way to experimental measureafatissord. We focus on the simplest
relevant systems, such as a pair of sgirs1/2 coupled by the dipole-dipole interaction (DDI) under the
conditions of the multiple quantum (MQ) NMR experiment. It is sh@8}rithat the observable intensity of
the second order MQ NMR coherence can be a withess of both lententjand discord. There is a critical
value of the intensity of the MQ NMR coherence of the secoder @uch that the entanglement vanishes at
smaller intensities. However the discord does not equal zewo atbitrary intensity of MQ NMR coherence
of the second order. We study [6] the asymmetry of the discitiidr@spect to the subsystem picked out for
the projective measurements in a two spins -1/2 particteraywith DDI governed by the XY-Hamiltonian
in an inhomogeneous magnetic field. The quantum discord in Heisenbezrs dsrexpressed [7] via the
spin-spin correlation function, internal energy, specific heat, amphatia susceptibility. We also determine
the temperature dependence of the discord for a number ofatsatEntanglement and the quantum discord
for a couple of = 1/2 spins in a nanopore filled with a gas of spin-carrying masdiatoms) are studied. A
dependence of the spin-pair entanglement on the temperaturBeandniber of spins is obtained with the
reduced density matrix which is centrosymmetric (CS). Theyanaixpressions for the concurrence and the
geometric discord are obtained for an arbitrarg £S-matrix.

1. S.M. Aldoshin, A.l. Zenchuk, E.B. Fel’'dman, M.A. Yurishchev, “On the way to creation efialatfor
guantum computing”, Russ. Chem. R&t,,pp.91-104, 2012.

2. A. Datta, A. Shaji, C.M. Caves, “Quantum discord and the power of one qubit”, PhyseRe 00,
050502, 2008.

3. C.H. Bennet, D.P. DiVincenzo, C.A. Fuchs, “Quantum nonlocality without entanglemlays”, Rev. A,
59, pp.1070-1091, 1999.

4. L. Henderson, V. Vedral, “Classical, quantum, and total correlations”, 3. Rhiylath and Gen34,
pp.6899-6906, 2001.

5. H. Ollivier, W.H. Zurek, “Quantum discord: a measure of the quantumnesg@htons”, Phys. Rev.
Lett.,88, 017901, 2001.

6. E.B. Fel'dman, A.l. Zenchuk, “Asymmetry of bipartite quantum discord”, JETP, 88t pp.459-462,

2011.

. M.A. Yurishchev, "Quantum discord in spin cluster materials”, Phys. Re34,824418, 2011.

. E.l. Kuznetsova, A.l. Zenchuk, “Quantum discord versus second order MQ NMR cohatensiyi in

dimers”, Phys. Lett. A376 pp.1029-1034, 2012.
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Fingerprinting based algorithms for quantum branching programs

F. Ablayev?
1. Institute for Informatics of Tatarstan Acadenfysoiences, Kazan, Russia
2. Kazan Federal University, Kazan, Russia

There are many models of computation based on the quantum paradigm. $awert limits of existing
physical implementations of quantum computer it is natural to cem#li@ restricted models of quantum
computations. During the last two decades different restrigimabs tof quantum computation models based
on Turing Machines, automata, and circuits have been considered. The one comglutetdel we consider
is based upon guantum branching programs. Two variants of quantum braprcigjrams were introduced
by Ablayev, Gainutdinova, Karpinski [1] (leveled programs), BgdNakanishi, Hamaguchi, Kashiwabara
[2] (non-leveled programs). The most commonly used restrictedntaf quantum branching programs is
the model of Ordered Read-Once Quantum Branching Programs. Tinistioesimplies that each input
variable may be read at most once, which is the least po&silday function essentially depending on it's
variables. Thus, the read-once restriction corresponds to mingmof computational steps for quantum
algorithms. For this model we develop the fingerprinting technigiich is generally used to perform
space-efficient computations in randomized and quantum models of computation.

References

1. Ablayev, F., Gainutdinova, A., Karpinski, M. On computational power ofitgua branching programs.
In: FCT. pp.59-70 (2001), http://arxiv.org/abs/quant-ph/0302022.

2. Nakanishi, M., Hamaguchi, K., Kashiwabara, T. Ordered quantum brgruioigrams are more powerful
than ordered probabilistic branching programs under a bounded-widticti@strin: Du, D.Z., Eades, P.,
Estivill-Castro, V., Lin, X., Sharma, A. (eds.) Computing and CombiietolLecture Notes in Computer
Science 1858 pp.467-476, Springer Berlin. Heidelberg (2000).
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Mathematical modeling of quantum noise and the qudaly of hardware
components of quantum computers

Yu.l. Bogdanov, A.Yu. Chernyavski}; A.S. Holevd,

V.F. Luckichev, S.A. Nuyanzifr®, A.A. Orlikovsky*
! Institute of Physics and Technology, Russian Atgdef Scienced.Steklov Mathematical Institute, Russian Academy
of Sciences National Research University of Electronic Teclugyl MIET

In the present report methods and algorithms of modeling quantumiopertdr quantum computer
integrated circuits design are considered. We examine differays of quantum operation descriptions,
including operator-sums, unitary representations, Choi-Jamiolkowskie representations and the
corresponding chi-matrices, as well as quantum system evolutioatagse The results of modeling of
practically important quantum gates: SQiISW (square root ¥¥AB gate), controlled-NOT (CNOT), and
controlled Z-transform (CZ) subject to different decohereneehanisms are presented. These mechanisms
include analysis of depolarizing quantum noise and processes ofuate@ind phase relaxation. Finally, we
consider error correction of phase flip, and the tasks of creatichgnaintaining the entanglement, as well as
its breaking for two- and multi-qubit realizations of quantum opmrat Importance of the present analysis
for the quality and efficiency of quantum information technologies in ped@plications is discussed.
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Quantum correlations (entanglement, discord), quanim phase

transitions, and magnetic toroidal states in an ariferromagnetic

XXZ chain of spins S= %2 in the presence of an inhamgeneous
transverse magnetic field

A.A. Kokin
Institute of Physics and Technology, RAS, Moscassig

An anti-ferromagnetic chain dN>>1 spins %2 with one-axis anisotropy (XXZ — model) at zero
temperature and in the presence of an inhomogeneous transvellyedarieted magnetic field(x) with

constant gradiendB(X) / dx along the length of chain has been considered.

Quantum correlations in many-spin systems are partitionedtwiotypes. One is known as the
entanglement of quantum states and other known as discord i® dbe contribution of unentangled
guantum states. A variety of techniques for study of this quantunelation was discussed. The local
entanglement method provides the relatively simple approach whield basthe using of reduced density
matrix of two neighboring spins in chain [1]. The reduced demnsdrix describes not only correlations and
entanglement inside of the sated aside two neighboring spini,dapiends on the entanglement between
the spin pair and the rest part of the chain. This relationskipohiae taken in account if the ground state of
all chain was found.

The results of performed investigations of entanglement andrdisehavior for XXZ model near
guantum phase transition in presence of magnetic field gradigmtessented. Concurrence as a parameter of
nondiagonal order has been also treated. Finally, the formation of ticaigmeidal states and dimerisation
of the spin chain was considered.

1. S.-Q. Su at al., New J. of Phy&.p.61, 2006; arXiv:quant-ph/0509070.
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Quantum and classical correlations in high temperaire dynamics of
two coupled large spins

V.E. Zobov
L.V. Kirensky Institute of Physics, Russian Acadeficiences, Siberian Branch, 660036, Krasnoydesissia,
rsa@iph.krasn.ru

In recent years, many authors are used high temperature dgnamiaclear spins to study quantum
computing [1] and quantum correlations [2]. This system has simptaétitsns and can be easily controlled
by nuclear magnetic resonance (NMR) techniques. In such conditonewconsider two spins coupled by

a spin-spin interaction
Hss=(3/$)S:S,;

(Sa is a-componentso=X,Y,Z) of spini and we assum& =1) and we investigate the change of quantum
and classical parts of dynamic correlations versus incrgasf quantum spin numberS, =2 S;. If
S =S, =1/2, these two parts are equal at any time and any temper&ur©r the contrary, if

Sl,S2 — 00 one expects that quantum magnetic moments transfer intecalassgnetic moments [4]. In
the high temperature approximation, we describe time evolutions of tleendygta spin density matrix:

p(t) = dtl [1+§{51+ exp-izS,;) + S exp1Sy;) +S,, exp(izS;) + S, exp(rSy, )} .
1~2

whereS;, =Sy +iS;y, 7=11/S,, d; =2S; +1, and 8 <<1is a polarization.

To extract classical correlations we use a positiveatperalued measure (POVM) with measurement
operators|9,¢><9,¢|, Where|5,¢> is a spin coherent state [5] afdp denote the polar and azimuth

angles on Bloch sphere. (Point that POVM measurement with Gapésiton coherent states was used to
calculate Gaussian quantum discord [6].) After two-sided meamnts we obtain analytic formula for the
guantum part of correlations expended to the leading orgier in

Doc =1 (P) = Jss (R2) = (S1)?BlL- f,(0)] + (S,)*B[L- f,(1)] +
+sB[L- g2(0)]+ 5,81~ g2(1)]

where | (0) is the total mutual information for density matg®(t), Jgg(P,,) is the classical mutual
information for the distribution function on the unit sphere

P2 (6:¢,6,0,;1) = <51¢192¢2 ‘p(t)‘ 91¢152¢2> ;

2 sind.7/2 m=2S, (2g. 25,-m m
leg—’ gj(t):g, fit)= 2 | (coszl) (Sinzz) -
6Iln2 d;sin(/2) = m 2 ) om+1

The obtained analytic formula shows next properties of the quap&umof correlations: a time period
T=275,1J), decreasing of this partQgg /1 (0)) with increasing of spin quantum numbers (with
transferring into classical moments) at small time, and increas$ioge at the half period.

1. J.A. JonesQuantum Computing with NMRrog. NMR. Specrosc9, pp.91-120, 2011.

2. R. Auccaise, L.C. Celeri, D.O. Soares-Pinto, et al. Phys. Rev.1051t140403, 2011; G. Passante, O.
Moussa, R Laflamme, Phys. Rev8A, 032325, 2012.

3. E.l. Kuznetsova, A.l. Zenchuk, Physics Letters3&6 pp.1029-1034, 2012.

4. B.C. Sanders, Phys. Rev.4®, pp.2417-2427, 1989.

5. F.T. Arrechi, E. Courtens, R. Gilmore, and H. Thomas, Phys. Réypp.2211-2237, 1972.

6. G. Adesso and A. Datta, Phys. Rev. L&f15 030501, 2010; P. Giorda and M.G.A. Paris, Phys. Rev.

Lett. 105 020503, 2010.
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QUANTUM COMPUTER ON MULTI-ATOMIC ENSEMBLES IN
QUANTUM ELECTRODYNAMIC CAVITY

F.M. AblayeV? S.N. Andrianov?® S.A. Moiseev?® A.V. Vasilie\*?
1. Institute for Informatics of Tatarstan Acadenfiysoiences, Kazan, Russia
2. Kazan Federal University, Kazan, Russia
3. Kazan Physical and Technical Institute, Kazamssta

Realization of the quantum computer on multi-atomic ensembleydifeRy atoms was proposed in
[1]. We have proposed an effective realization of a compégtefsquantum gates in a solid state quantum
computer based on macroscopic resonance systems — multi-atdreiert ensembles, squids or quantum
dots in microcavities contained in a common quantum electrodyraawity [2, 3]. Here, we use encoding
of logical qubits on pairs of macroscopic two-level systems withoaro-cavities (Fig. 1). Logical single-
gubit gates are realized via the swapping transfer [4, Shglesphoton excitation in the pair. In the case of
two-level systems, logical two-qubit gates are realizedthbaunequal Lamb frequency shift of transition
frequencies in the pair controlled by a third system from angthie. With the use of three-level systems,
swapping in the pair is blocked by the transition of operativetagian to an additional level at the direct
impact of control pair excitation.

In the proposed architecture we explicitly construct a comiputaif the Equality function via
guantum fingerprinting technique, which is a classical task amymcomputational and communication
scenarios. We present a step-by-step implementation ofigieistm including "low level" transfers of the
gubit states from the quantum memory to the processing nodes ekwabds. Finally, we estimate the
optimal number of qubits stored in the memory and the number ofgsingenodes for implementation of

the aforementioned algorithm.
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Fig. 1. Quantum computer on multi-atomic systems withdabgubit encoding
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Quantum addressing in photon echo based quantum ra@lom access
memory

S.A. Moiseev?’, and E.S. Moiseév
1. Kazan Physical-technical Institute of Russiaademy of Sciences,
Sibirsky Trakt 10/7, Kazan, 420029, Russia
2. Kazan Federal University, Kremlevskaya 18, KaZ2®008, Russia
* samoi@yandex.ru

A quantum random access memory is an important counterpart of theirgueoputer [1] which is a
subject of intensive theoretical [2,3] and experimental ssuldig] aimed to the elaboration of multi-qubit
guantum computing. In the last decade a large successes have theeedam realization of the quantum
memories (QMs) based on the coherent multi-atomic ensemblesg wWiee photon echo QMs [6] have
demonstrated most promising properties for efficient storagieeofulti-qubit photon fields. Based on our
recent approach to the photon echo QM in the optimal QED-cgfjtywe have elaborated a perfect
integration of the QM into the quantum computer scheme providinglihesn effective storage and
reversible transfer of the many photon qubits to the processing f#jdén this letter, we propose a photon
echo QM scheme in the optimal QED-cavity accompanying by ani@ditontrolling resonant atom. The
atom provides a coupling of the external waveguide modes withirtgke snode QED-cavity containing
resonant multi-atomic ensemble that can be used for quantum storagéafdhtghotonic qubits.

We have derived the optical quantum approach to the proposed QM szhérfaaind the efficient
guantum storage is possible only at some special physical paramétthe atoms and the cavity. These
parameters reveal two optimal matching conditions: for the licguponstants of resonant atom with the
waveguide field —“g”, for the resonant atom and QED-cavity mogé afid for the multi-atomic ensemble
and QED-cavity mode -T'=Nf?/D” (where “f” is an interaction constant between atom and reggteton
in the QED-cavity, “D” — is an inhomogeneous broadening of the rasatamic transition). The first
matching condition —p=I'g/2” provides the perfect storage of the photonic qubits from theguide
mode on the atomic ensemble. Second conditirg/2” extends the effective storage to the broadband
spectrum of the photon fields. It is worth noting that in comparisgh wicent results [8], the second
matching condition can be realized at larger inhomogeneous broadening oftiketamik ensemble.

We have analyzed in details the spectral properties of the ggdp@M scheme in terms of the
possible atomic and cavity parameters where we found a conpibeteade of the photon transfer (storage
and retrieval) into the atomic ensemble by placing the comgolatom on third (blockade) level
characterized by large enough spectral detuning from the resQE&rtavity mode. Based on the obtained
results, we have demonstrated the quantum addressing faothgesand retrieval of the photonic qubits.
Here, the quantum address state is transferred to the quantum superpotigogrofind and blockade states
of the single atom. The address state is given by additiomgegdhoton field interacting with the atom via
lambda-atomic transition in the presence of coherent laskt fignally we have discussed possible
realizations of the proposed quantum random access memory by usiog pptical waveguides coupled
with high quality QED nano-cavities or superconducting planar wagtegunteracting with the resonant
superconducting qubits.

Financial support by grants RFBR ## 10-02-01348 and 12-02-91700 is gratefully acknowledged.
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Spatial structure of two-photon and thermal light

S.P. Kulik, S.S. Straupe, |. Bobrov
Faculty of Physics, Moscow M.V. Lomonosov Statedseity, 119991, Moscow, Russia

The talk is devoted to the correlation properties for bipartite opticedrags In the first part we report an
experimental approach to entanglement characterization indmggmsional quantum systems using
Schmidt decomposition techniques as well as physical propertilke 8chmidt decomposition. A particular
experiment uses spatial degrees of freedom of biphotons. Wentpeedechnique to realize projective
measurements in Schmidt basis, allowing us to measure théciemegdf in Schmidt decomposition and to
estimate the degree of entanglement directly. Issues oflimpdiee spatial part of the biphoton amplitude
with simple double-Gaussian functions are discussed and shown io begood agreement with
experimental results.

The second part of the talk relates to investigation of mode strugttire thermal light beam. We apply
the developed technique [1] to quasi-thermal light and discase e@halogy between quantum and classical
correlations. The usual Hanbury Brown and Twiss scheme is aseevealing intensity correlations of the
guasi-thermal source (rotating ground disk). After proper préparaf the thermal light beam by means of
appropriate lenses and apertures we introduce the spatiaiiadulator (SLM) followed by a single-mode
fiber in one arm of intensity interferometer followed bysiagle-mode fiber. The other channel of the
interferometer is supplied with a single-mode fiber which mightscanned in the transverse direction(s).
Switching by SLM between different Hermite-Gauss modes wekctihe angular correlation function in the

fourth order in the field. The preliminary results show thatettege no correlationsy(®’ (0) = 1) between
orthogonal modes while choosing the same modes the corresponding mreanhngs its maximal weighted
valueg'® (0) = 1.7.

1. S.M. SzePhysics of Semiconductor Devicéshn Willey and Sons, New York, 1981.

2. J. Nishizawa and K. Suto, “Semiconductor Raman laser”, J. Appl. Blypp.2429-2431, 1980.
3. S.S. Straupe, D.P. lvanov, A.A. Kalinkin, I.B. Bobrov, S.P. Kulik, “Angular Schmidt modes in
spontaneous parametric down-conversion”, Phys. Re834A)60302(R), 2011.
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Biphoton spectrum control

N. Borschevskayal. Dyakonov, K. Katamadz&? S. Kulik', A. Paterova
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Controlling the parameters of nonclassical fields is one ofnt@n problems in quantum optics. Such
parameters include polarization, angular and spectral distributtonselation and time parameters, etc.
Much attention is recently focused on controlling the spectrum of a bipfietd as one of the most popular
representatives of the family of nonclassical fields. Comtfdhe entanglement degree[1-3], development
of coherent quantum optical tomography[4] adantum interferometric optical lithography [aje
examples of the quantum optics and quantum information problems i wbitrol of a biphoton field
spectrum is required.

In the present work we analyze methods for comtiglihe spectrum of the biphoton field and for
preparing the biphoton field with the broad spectréll methods are based on the spontaneous
parametric downconversion [6], which can be phenmwingically described asthree-photon

process in a medium with nonzero quadratic susceptipffitwhere the photon of the pump splits
spontaneously into two photons, called “signal” and “idle”.

The simplest way to prepare the broadband biphiaétthis using the thin nonlinear crystal. But
there is too small process efficiency in this case the high pump intensity is required. So we
place the nonlinear crystal inside the laser cawitgrepare broadband and high-intensity biphoton
source.

Secondly, it is possible to control the biphotaidispectrum using spatially-inhomogeneous
nonlinear media. We analyze the method based ospiditgal modulation of the refractive indices of
a nonlinear crystal. Modulation is due to the theoptic [7], [8] and electro-optic [9] effects.

1. G. Brida, V. Caricato, M. V. Fedorov, M. Genovese, M. Gramegna, and S.P. Kulikat@hamation of
spectral entanglement of spontaneous parametric-down conversion biphdemgoisecond pulsed
regime,” EPL (Europhysics Letters§y, p.64003, 2009.

2. M.V. Fedorov, Y.M. Mikhailova, and R. Volkov, “Gaussian modelling and Schmidt modes of SPDC
biphoton states,” Journal of Physics B: Atomic, Molecular and Opticaid2h4g, p.175503, 2009.

3. M.V. Fedorov, M.A. Efremov, P.A. Volkov, and J.H. Eberly, “Short-pulse or strighdjtireakup
processes: a route to study entangled wave packets,” Journal of Physiomig, Molecular and Optical
Physics 39, pp.S467-S483, 2006.

4. M. Nasr, B. Saleh, A. Sergienko, and M. Teich, “Demonstration of Dispersiorel€driguantum-Optical
Coherence Tomography,” Physical Review Lett@ispp.083601-1-4, 2003.
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Inhomogeneous broadening due to a temperature gradient,” JETP 18St@s224-228, 2009.

8. K.G. Katamadze and S.P. Kulik, “Control of the spectrum of the biphoton fieldiidl of Experimental
and Theoretical Physic$12 pp.20-37, 2011.
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Quantization effects observed in asymmetric rings
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The quantization postulated by Bohr as far back as 1913 in ordesdigbdethe stationary electron orbits in
atoms is observed also in micro- and nanostructures [1-8]. The dimesvan the level of nanostructures
guantum phenomena discovered on the atomic level provide us with ampletuofip of detailed

investigations and possible application. For example, it iSeasdible to make an asymmetric atom with
electric contacts whereas it is perfectly possible to nakesymmetric ring with electric contacts. The

energy difference between permitted states of single eleEirorE , = mvy,,%/2— mv, /2 = (h+1)r%2mr* in

a ring is much smaller than in atom because its realigficga ~ 500 nmis much larger than the Bohr
radiusrg =~ 0.05nm But the discreteness of the energy spectrum of a real superconducting miagseation

s, pairs density,s and radius may be strong as well as in atom because of the same quantum nwhb#r

Ns = s271n, pairs [9]. Therefore superconducting loop is considered as iattditom in recent publications
[10,11].

Some of the investigations [1-6] of this artificial atonvéaorroborated the basic principles of quantum
mechanics and allow to propose new type of micro- and nanodeviceu{3pdBilts of other investigations
[7,8] contradicts to the predictions of quantum mechanics. Wepratlent in this work experimental results
testify against the jump of critical current of asymmettirigy predicted by quantum mechanics at the change
of the quantum number describing the angular momentum of supercondeaitiagOur investigations of
asymmetric rings allow to discover that Nature wants mdajumps in some cases. This surprising result
may have fundamental importance. Its thorough investigation may rgive information about basic
principles of quantum mechanics and limits of their applicability.

1. A.C. Bleszynski-Jayich, W.E. Shanks, B. Peaudecerf, E. GinossapnFOppen, L. Glazman, J.G.E.
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Nakamura and J.S. Tsai, “Resonance Fluorescence of a SirleéiahrAtom”, Science,327, pp.840-
843, 2010.

11.J.Q. You and F. Nori, “Atomic physics and quantum optics using supercorgloirtinits”, Nature474,
pp.589-597, 2011.

q1-07



Quantum communication with Bose-Einstein condensase
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In the past years, a lot of attention is focused on quantum netWhriy. In the context of quantum
information science [3], quantum networks have an important rolefbothe formal analysis and physical
implementation [3] of QIP. Quantum information is generated, staneldorocessed in individual quantum
systems (quantum nodes) and transmitted via quantum channels. iceptaet physical implementation of
the nodes and channels require transport quantum states frotm site with high fidelity and distribute
entanglement across the network. Thus, in accordance with [2juguaretworks can be divided into two
major classes: (1) quantum communication networks for the lorandestransmission of information, and
(2) quantum computation networks for the distribution of quantum eet@egt over large numbers of
guantum memories for large-scale quantum processing. Usually phob@amnels are used for transmission
of quantum information. Photons can carry quantum information overdistances with almost negligible
decoherence and are compatible with existing telecommunication téloblnology. The versatility of
guantum networks is largely defined by the capability of the ortwodes. Two well-studied approaches
for quantum nodes are atomic ensembles [5] and single atonRd@ntly the experimental realization of
an elementary quantum network of single atoms in optical cavities weenped [6].

We consider a Bose-Einstein condensate (BEC) as a node forumuargtworking. Recently, two-
component Bose-Einstein condensates were realized which allow astrol the BEC coherent on the
Bloch sphere and spin squeezing [7-9]. Also the experimental geneshtremote entanglement between a
single atom inside an optical cavity and a BEC was reachddafitD photon-photon gates in BEC were
introduced [11]. The framework for qubit encoding in BEC was presdatjdwhere the possibility of
implementation of quantum algorithms on basis of BEC qubits was shown.

In this work we introduce a protocol for quantum information transfevdsn two BEC qubits. It is shown
that fidelity of the transfer tends to 1 for big N wheresNhe BEC atom number. We introduce a way to
produce entanglement between two almost macroscopic objects dtmmeents BEC). This proposal is
motivated by recent works [13, 14]. Thus BEC systems open up pngnmpsirspectives for building of
guantum networks with possibility of deterministic transfer of quantiarriation.

1. H.J. Kimble, Nature453 p.1023, 2008.

2. L.-M. Duan, C. Monroe, Rev. Mod. Phy82, p.1209, 2010.
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Effect of image charges on a space qubit evolution
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Polarization of environment could be crucial for a solid-sgatgit evolution. Recently, it was shown that
image charges induced in metal electrodes result in decobederecto Joule losses [1]. Here we pay
attention to the coherent dynamics of space (charge) quietdeaf by image (bound) charges created not
only in metal electrodes but also in dielectric media, including teatéra quantum dot and outside it.

Image charges drastically differ from fixed ones. The inflaeocimage charges on a qubit dynamics
cannot be described by an introduction of any constant potential, arefpthethat influence cannot be
compensated by any constant field induced by nearby electrodes. Twittopige problem one could solve
self-consistently the Schrodinger equation for electron i@vetion w(x,t) and the Poisson equation for the
charge distributed asjy(x,t)>, wheree is an electron charge. That mean-field approach is widely fose
description of many-particle systems. Its applicability to a singleérelen a qubit was somehow justified in
[2] by a supposition that the electron in qubit moved much slower thatmans in media which give rise to
its polarization. Unlike a many-particle system, the problem for aeseigttron has a special feature. Before
substituting the potential obtained from Poisson equation into Schrodeggation one should exclude
potential produced by the electron itself. This potential cambk&ined by solving Poisson equation with the
same distribution of electron chargly(x,t)* in vacuum. As the Schrédinger equation becomes non-linear,
the qubit behavior becomes unusual. Here we demonstrate it fypib@ qubit based on a double quantum
dot (DQD). The structure is sketched in Fig. 1. For simplicity the streics perfectly symmetric.

The electrostatic energy caused by polarization of outer gjpateding dielectrics and metal electrodes,
if any) is equal td=c when electron is located in one quantum dot. EvideBtlyis proportional to squared
electron charge’; therefore, if the electron is equally distributed betwaets, the electrostatic energy turns
Ec/2. Initially the electron is located in the first quantum dot. As saaimianelingT is switched on, the Rabi
oscillations begin. The calculated maximum probability to find etextron in the second quantum dot
during Rabi oscillations for different ratte-/T is depicted in Fig. 2. The critical valuelig/T=4. For greater
numbers a total coherent pumping from one state to the otmepdssible. In fact, this relation reminds the
uncertainty principle of Heisenberg h$T is a time of transition. In the case, the qubit possesses quite
unusual states. Namely, the lowest stationary state issgtilinetric due to symmetry of the structure;
however, two non-stationary states with lower mean energy éxithose states the electron occupies
presumably one quantum dot. Fairly large valu&ofnay also prevent from a total coherent transition of
the electron from one level to the other in the same quantum elticé transition) caused by a pulse of
oscillating electric field. For realistic structurEs could be hardly smaller than 0.1meV. It means that the
qubit must be operated faster than 1ps with the accuratyeti@ired for quantum computing. That demand
is far beyond current capabilities. One way out is to employ space quibitsitncharge transfer [3].
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Graphene-based infrared and terahertz detectors:
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Graphene and more complex graphene-based structures are recent addii®oarioon materials family
that includes diamond, graphite, fullerenes, and carbon nanotubes. Grapaenenolayer of carbon atoms
forming a dense honeycomb two-dimensional crystal exhibiting unique energyuspetelectrons and
holes, which resembles the energy spectrum of the neutrino-antineutrinbhgattharacteristic velocity of
the graphene spectrum is just 300 times smaller than the speed.dBlighta spectrum has zero energy gap
and enables very interesting electronic and optical propertiespifegre.

Main initial hopes for future graphene applications were associatedehdtively high electron and hole
mobility even at room temperature (about 200,008/\¢s) and possibility to achieve ballistic electron and
hole transport in micrometer-size ultra-high speed devices. Even morddnifyoithe gapless energy band
structure of graphene (which is a substantial obstacle for appiisati digital circuits) enables graphene to
absorb and emit photons with rather low energies corresponding to te(@&r}and infrared (IR) ranges
of electromagnetic spectrum. This opens up the prospects of exploitimjettiiand transitions for creation
of novel IR and THz devices, such as lasers, photodiodes, phototransisters, and phase shifters.
Owing to a rather high quantum efficiency of interband transitions in a sihg{€@L), graphene bilayers
(GBLs), non-Bernal stacked (twisted) multiple graphene layers (M@lectrically isolated double
graphene layers (DGLSs), as well as graphene nanoribbons (GNRs)senwgigeor performance of IR and
THz graphene devices.

In this presentation, the recently proposed concepts of IR and THz detecent®b&GLs, GBLs, MGLs,
DGLs, and GNRs [1-3] are discussed, focusing on diode structures usingridtartghintraband transitions.
We consider the photodetector characteristics (responsivity and deghtdimited detectivity) and analyze
the physical reasons for their superiority in comparison with the othendR'Hz photodetectors.

1. V. Ryzhii, M. Ryzhii, V. Mitin, and T. Otsuiji, “Terahertz and infrared photodetectiomyysi-n multiple-
graphene structures,” J. Appl. Phyi0g p.084512, 2009.

2. V. Ryzhii, N. Ryabova, M. Ryzhii, N.V. Baryshnikov, V.E. Karasiind T. Otsuji, “Terahertz and
infrared photodetectors based on multiple grapheme layer and bizorstructures,” Optoelectronics
Review,20, pp.15-21, 2012.

3. V. Ryzhii, T. Otsuji, M. Ryzhii, and M.S. Shur, “Double graphemest resonant terahertz detector”, J.
Phys. D: Appl. Phys45, p.30201, 2012.
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Terahertz-Wave Generation Using Graphene -toward the Creation of
Graphene Injection Lasers
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1. Research Institute of Electrical Communication, Tohoku University, Sendai, Japan, E-mail address
(otsuji@riec.tohoku.ac.jp). 2. Computational Nano-Electronics Laboratory, University of Aizu, Aizu-Wakamatsu,
Japan, E-mail address (m-ryzhii@u-aizu.ac.jp).

Graphene, a monolayer carbon-atomic honeycomb lattice crystal, has attracted attention due to its peculiar
carrier transport properties owing to the massless and gapless energy spectrum [1]. Optical and/or injection
pumping of graphene can exhibit negative-dynamic conductivity in the terahertz (THz) spectral range [2, 3].

When the photogenerated electrons and holes are heated, collective excitations due to the carrier-carrier
scattering take a dominant roll to perform an ultrafast carrier quasi-equilibration (see Fig. 1). Then carriers
at high-energy tails of their distributions emit the optical phonons, cooling themselves and accumulating
around the Dirac points (see Fig. 1). Due to a fast intraband relaxation (ps or less) and relatively slow
interband recombination (>>1ps) of photoelectrons/holes, the population inversion is obtainable. We also
theoretically revealed the occurrence of negative dynamic conductivity in a wide THz frequency range under
a sufficiently high pumping intensity > 10° W/cm? [3, 4] (see Fig. 1). We conducted THz time domain
spectroscopy for fs-laser pumped graphene samples and showed that graphene amplifies an incoming THz
field [5]. When the pumping intensity weakens below 1 x 10" W/cm? threshold behavior can be seen,
testifying the occurrence of amplified stimulated THz emission.

Optical pumping with rather high photon energy of the order of “~eV” significantly heats the carriers, which
dramatically increases the pumping threshold, preventing from population inversion [6]. Current injection
pumping is a best of solution because electrical pumping can serve any pumping energy down under the
order of “meV” when a p-i-n junction is formed like semiconductor laser diodes. Dual gate structure can
make a p-i-n junction in the graphene channel [3] (see Fig. 2). Waveguiding the THz emitted waves with less
attenuation is another key issue (see Fig. 2). We theoretically discover the amplification of surface plasmon-
polariton when traveling along the graphene-channel waveguide under population inversion [7]. These new
findings can lead to creation of a new type of room-temperature operating graphene injection THz lasers.
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Perspective applications for 3C-SiC on silicon technology

Francesca lacopi®, Li Wang®, Glenn Walker', Leonie Hold*,
Ben Cunning®, Jisheng Han', Philip Tanner®, Alan lacopi', Sima Dimitrijev’
Queensland Micro and Nanotechnology Facility, Griffith University, Australia, f.iacopi@griffith.edu.au

Silicon carbide (SiC) has the potential to unlock technology behind a vast range of energy efficient smart
devices, ranging from power electronics to optoelectronics and harsh environment sensors. However, so far
the interest in SiC has mainly regarded a niche (intermediate voltage devices) in the power electronics area
[1], and it has only been marginally considered for MEMS fabrication [2]. The main reason for the limited
introduction of SiC —based technologies is the scarce availability and high cost of the SiC bulk material [3].

This limitation can be circumvented by growing epitaxial 3C-SiC films on silicon surfaces. However,
there are considerable challenges in growing good quality SiC on silicon, due to a 20% lattice misfit and the
additional mismatch in coefficient of thermal expansion. These issues lead to a large number of epitaxial
defects and usually high residual tensile stresses (occasionally originating cracks in the films), limiting their
extent of application. The most likely defects to appear in epitaxial SiC on Si are stacking faults, as they have
extremely low nucleation energy. Stacking faults are likely to originate electrically active states within the
bandgap of the SiC, influencing the electronic properties of the films [4].

The Queensland Microtechnology Facility at Griffith has developed a solid knowledge and control of
epitaxial growth of 3C-SiC films on Silicon [5]. Moderate film growth temperature (1000°C), capabilities for
doping, oxidation and growth on large area substrates (shortly up to 300mm wafers) in a clean room
environment, makes this a suitable technology for large -scale fabrication. Moreover, the low deposition
temperature and the specific epitaxial growth process allows to obtain SiC films with intrinsic stress as low
as 300-100MPa.

Although the electronic properties are still hindered by extensive stacking faults, such films can be either
used for leveraging SiC on Si — based applications, such as bio- and harsh- environment sensors [6], or as
intermediate layer for enabling the deposition of high —quality 111-V nitrides [7] and graphene [8] on Silicon.

3C-SiC films possess intermediate lattice properties between Silicon and relevant I11-N such as GaN and
AIN. When 3C-SiC films are deposited onto Si(111) surfaces as intermediate layer, the lattice mismatch of
GaN is reduced from more than 20% down to 3-4%. I11-N films on SiC/Si would enable low cost production
of high —efficiency optoelectronics (GaN —based blue LEDs and UV photodetectors). Additionally, SiC(111)
surfaces are also optimal for the synthesis of high- quality graphene over large area Si wafers [9].

Mono-crystalline 3C-SiC films on Si are an ideal material for MEMS. On the one hand, they intrinsically
possess outstanding properties for use in harsh environments: high temperature and chemical resistance,
excellent mechanical properties (E=400GPa, H=25-30GPa, high wear and fracture resistance), in addition to
piezo-resistive behaviour. On the other hand, 3C-SiC on Si enables the use of conventional Si
micromachining, relieving MEMS costs and manufacturing hurdles. MEMS building blocks such as
diaphragms and cantilevers or double —clamped beams based on 3C-SiC on Si were fabricated with sizes
ranging from hundreds of um up to mm. Quasi —static and dynamic mechanical testing methods are used to
identify the influence of parameters like film stress, geometry, thickness and density of defects.
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Carbone nanotubes and nanostructures - multifunctioal materials
for emission electronics

Yu.V. Gulyaev

Kotel'nikov Institute of Radio Engineering and Etenics, RAS, Moscow, Russia

02-01



Research activity in field of Projection XEUV Lithography in IPM
RAS

N.N. Salashchenkd\.l. Chkhalo

Institute for Physics of Microstructures, RAS, MigiNovgorod, Russia
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Next Generation Lithography — fundamental problems

S.l. Zaitsev
IMT RAS, Chernogolovka, Russia, e-mail: zaitsev@.ipt

The empirical regularity first formulated by Moore, by thiogg seem primarily of Intel, has been
elevated to the rank of a "law". There is a fundamental physigialdf the current optical lithography based
on 193nm light source it is a quarter wavelength. This limitatan be bypassed by exposure in the
immersion fluid. Double patterning is planned to use for furitegress. However, during more than ten
past years an active search for technologies that couldceephe modern photolithography has been
performing. The technologies have a special hame «next generation lithogrd@iy» (

It is believed that the most mature pretendent is technologytoénge ultraviolet lithography
(EUVL). However, along with it other approaches are seriouslysidering and developing. This report
examines these, so called, alternative technologies. The teclescdmg based on the use of electron beams,
and also they are called as technologies of direct drawingskless lithography. Now there are quite a few
projects:

= Multi- beam lithographyMAPPER, the company Mapper
reflectance electron lithographgEBL , the company KLA-Tencor
a multi-beam projection lithographML2, IMS Nanofabrication Company
MultiShaped Beam the company VISTEC
Multi Column E-beam, the company ADVANTEST
the system of projection cellSgllProjection System
complementary electron lithograpigomplimentary EBL , Japan
autoemission electron lithograpt8elfEmission Litho, company CRESTEC
Extremely tough competition claims arising from the modern photolitipdty are imposed on all
the next-generation technologies. Such is, for example, the requireangerformance of 100 wafers per
hour at a cost of 30-50 million dollars per setup.

The report briefly describes the technologies, analyzesltimed potentials. In general, all the
technologies demonstrate high resolution, or clearly demongtetgossibility of achieving. However, the
main difficulty of the direct drawing technologies is the needatisfy two mutually exclusive requirements
- high-resolution at high throuput. Performance can be improvédcbyasing the current, but it inevitably
increases the diameter of the beam and decreases theioesdlug to_the next fundamental restriction
caused by Coulomb interaction. Therefore, all the technology of diraating considers creating a multi-
cathode (columns) systems to overcome these difficulties. Aad e#hen considering a multi-cathode
system requirements for current and stability of a single electronesarg@xtremely high.

In the report selection criteria for the EB next-generatiechnologies are derived from the
competitive requirements, one of them is absence of so calledsover” in electron optics. From the
criteria one should come to pessimistic conclusion that ie gpithe promises and plans, hardly any of the
announced projects will reach potential to replace the current lithography in 201503thgromising, if not
the only project is the project MAPPER, which the report descnibéstails.

It is dicussed in the report additionally that the nearest fuadtahproblemwhich definitely will
seriosely restrict possibilities of the next generatidroftaphy is equilibrium fluctuations. The fluctuations
are fundamental consiquence of statictical mechanigs.dkplained that at decreasing critical dimension
below 16nm statictcal noise of electron current resultdutiuations in dose of exposed elements what is
incresed by resiste contrast. The level of resulting errors becomes apréitppr

Thus, the most likely consequence is the conclusion that the existhgology of EB maskless
lithography can not provide progress in following Moore's Law.
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NANOMAKER - the electron lithography tool for ultim ate resolution

B.N. Gaifullin, I.S. Stepandy A.A. SvintsoV, S.I. Zaitse¥
Interface Ltd, Moscow, Russ@MT RAS, Chernogolovka, Russia, e-mail: zaitsevi@ipt

The two key and non-breaking technologies:

-electron-beam lithography (for making masks) and

-optical lithography (for mass, industrial production with the obk¢he masks) constitute the basis of
modern micro-and nano-electronics. However, electron-beam lithograplogriainly more important,
because it is universal. It is used in mass production, not onlgpndss making, but also directly in the
production of limited-edition products. In addition, advanced research artbpgeent are made using only
the electron-beam lithography. In this case the electron-behoyritphy provides the major means of
nanostructuring and due to its versatility is significantlyaahef other well-known lithography, for example,
ion-beam lithography or lithography based on scanning probes.

Electron-beam lithography allows structuring with the utmosti@xy of 5-10nm in the squares above
100x100mm.

The report will focus on describing the achievements otreledeam lithography of ultimate resolution
achieved in IPTM Academy of Sciences. In particular, the hamdsa@itware system NanoMaker
(www.nanomaker.com ) will be presented. The basic physical amdirmentation limitations such as
proximity effect, static and dynamic distortions of electron coluwmitis a focused electron beam leading to
a decrease in the accuracy of electron-beam lithography beilldiscribed. The technical solutions
implemented in NanoMaker for compensation and correction of theesofwc accuracy and resolution
losses in modern electron lithography will be presented. One afnhertant achievements is the system's
ability to provide NanoMaker writing in a large field withgood steaching without the use of expensive
laser table. Features of NanoMaker will be compared sititilar systems capabilities that are available on
the market. Examples of using electron-beam lithography with high resolutidrewwhown

20 um
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On the thermodynamics of antiferromagnetic nanoparicles and
macroscopic quantum effects observed by Méssbaugoextroscopy

M.A. Chuev

Institute of Physics and Technology, Russian Acgd#iBciences, Moscow, Russia, E-mail: chuev@ftian.

A great progress in applications of modern materials contai@ng-sized magnetic particles or clusters in
different branches of nanotechnology is primarily due to a numbspedific structural, magnetic and
thermodynamic properties of these materials found within lomg-fendamental studies. However, the
principle question of the effect of the magnetic nature dighes on their properties remains actually open
to a large extent since the widely studied and obviousteiffethe field is only superparamagnetism of
ferromagnetic (FM) particles. The physical ideas for ustdeding magnetic properties of antiferromagnetic
(AFM) nanoparticles on a phenomenological level have been sugdmshbékl in terms of uncompensated
magnetic moments on two magnetic sublattices and superantifgmetisan [1]. Several models
incorporating the uncompensated moment for describing magnetizatiees of AFM particles have been
developed, which are actually reduced, from the thermodynamigwiety only to modifications of the
Langevin function whereas the ground AFM state is treated itharrsimplified manner [2]. However, the
ground state for AFM nanoparticles should be much more compliaatedmpared to that for a bulk sample
and FM nanoparticles, which is evidenced from the atomic-soatmetic modeling [3] that in its turn is
hardly possible to be used for analyzing experimental data itiggadue to computational expenses.
Meanwhile, the same Néel's idea of the uncompensated momebebaswidely explored in studies of
macroscopic quantum phenomena in small AFM particles [4], but agtiin a simplified treatment of the
ground and lowest-lying states in the large spin approximation.r@bnepeaking, in spite of the right
physical meaning of the Néel's idea [1], it has also played atiwegrole because the behavior of ideal
(compensated) AFM nanoparticles has not been seriously catsigiefar, that in its turn has restricted the
development of a general theory.

In the present contribution | will discuss a quantum-mechamezdel for describing thermodynamic
properties of an ensemble of ideal and “uncompensated” AFM nanogmmtiith axial magnetic anisotropy
in the first approximation of slowly relaxing macrospins of maéigngublattices [5]. This model clarifies
principally the difference in thermodynamic behavior of FM areMAparticles revealed in spectroscopic
measurements. In particular, one can now qualitatively desapeeific (non-superparamagnetic)
temperature evolution of théFe Mossbauer spectra of AFM nanoparticles, which has been oftervetbs
for almost half a century and looks like a quantum superpositiowetifresolved magnetic hyperfine
structure and single line (or quadrupolar doublet of ling) the temperature-dependent partial spectral
areas [6, 7]. This approach can be easily generalized foriliegcierrimagnetic nanoparticles as well as
magnetic relaxation processes [8], which would allow one todaketly into account the magnetic nature
inherent to the particles in analyzing and re-evaluating a large amoexperimental data collected so far.
This work is financially supported by the Russian Foundation for Basic fiRhsea
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3. R.H. Kodama and A.E. Berkowitz,“Atomic-scale magnetic modelingxafe nanoparticles”, Phys. Rev.
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Characterization of nanoparticles in a media
using multilevel models of magnetic dynamics

. Mischenkd, M. ChueV, V. Cherepandy M. PolikarpoV, V. Panchenko
1. Institute of Physics and Technology, Russiardéesy of Sciences, Moscow, Russia.
2. National Research Centre “Kurchatov Institutdlpscow, Russia. E-mail: llyaMischenko@rambler.ru

The most informative techniques to study the structural, magaeticthermodynamic properties of
magnetic nanomaterials seem to be the conventional magnetizaigasurements and Maossbauer
spectroscopy. The combination of those two methods can supply fulbfsetactically important
characteristics inherent to the magnetic nanoparticles intougaenvironment, in particular those delivered
in a body [1, 2]. In order to reliably decompose the experimental idadapartial contributions of
nanoparticles and their surrounding we have used multilevel moflelsagnetic dynamics [3-6]. The
specialty of these models consists in explicit accountingsthall size of the particles which results in
comparable values of the particle magnetic anisotropy energythenthermal fluctuations and so the
significant role of relaxation processes in the observalidetef These models form the unified theoretical
basis for interpreting large amount of non-equilibrium magreatit Méssbauer measurements. This work
demonstrates the advantages of the approach by the example of studying iée®ppgected into mice.

Investigation of mice organs at different times aft@nopatrticles injection by Méssbauer spectroscopy
obviously demonstrates along with erosion of iron-contain particlesradation of ferritin-like protein in
living tissues. A conventional analysis of such spectra and dieemmposition into partial components is
based on a formal consideration of continuous hyperfine field distmsuat iron nucleus. But it results in
only qualitative treatment of the spectra. In order to extracttijatire information about characteristics of
the studied samples we used self-consistent fitting procédsex on the relaxation model of the magnetic
dynamics. Thus, we managed to match the large set of the egptirdata, particularly, the evolution of
Mdossbauer spectral form with temperature and external magnédiagievell as the magnetization curves.

The method allowed us to reliably evaluate changes in the nawtgmgiarameters and numerically
characterized the conversion of the iron to paramagnetitifdike forms in animals’ organs in the course
of time. In particular, we have estimated iron concentrations in both chlgphiases and sizes of the residual
particles at different stages of biodegradation. Actually, dpproach allows one to quantitatively
characterize biodistribution and metabolism of magnetic nanopaitgesed into a body.

Improvement of the stated method consists in development moreedetaddels for describing
nanoparticles of various magnetic natures (ferro-, antiferrofamidagnetism) [7]. Though magnetization
and Mdssbauer curves for particles of different magnetic tgfites are similar the mechanisms of their
formation are essentially different and their precideutation requires specific schemes for each sort of
magnetic structure. Implementation of this program shall r@sdata analysis procedure for magnetic and
Mdssbauer measurements of single-domain particles of almost endry ki

Support by Russian Foundation for Basic Research is acknowledged.
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The effect of technological factors on micromagnatistates of
magnetic nanostructures

0.S. Trushih, V.V. NaumoV, V.F. BochkareV, N. Barabanova V.A. Paporko?
1. Yaroslavl Branch of the Institute of Physics ded¢hnology, RAS, Yaroslavl, Russia, otrushin@gooeil. 2.
Yaroslavl State University, Yaroslavl, Russia

Multilayer magnetic nanostructures play an important role modern spintronics. Due to Giant
Magnetoresitive effect (GMR) they find wide range of appiice in technology, such as magnetic field
sensors and MRAM cells [1,2]. However achievement of high perfioenparameters (such as GMR ratio)
put strict requirements on the technology of multilayer structure depogtion

Typical magnetoresitive structure is a spin valve, whichistsef several magnetic and nonmagnetic layers
with nanometer range thickness. In this work we perform sysiegoerimental and theoretical study of
the effect of technological factors (such as growth conditaons presence of structure imperfections) on
micromagnetic states of spin valve structures. Spin valvectures with given layer composition:
Ta(5nm)/FegMnso(10nm)/Py(4nm)/Co(1nm)/Cu(2.5nm)/Co(1nm)/Py(4nm)/Ta(5nm)/SiQL00)

were grown by magnetron sputtering using standard industrial eguiphTRA SCR-650 (Alcatel). By
varying technological parameters (such as growth rate, tetaperaf substrate and others) optimal
conditions were choosen for well reproducible fabricating samytbsGMR ration equial to 3.3 % at room
temperatire. Micromagnetic states of as deposited samples duaigigetic reversal were studied using Kerr
effect microscopgEVvico). Visualization of the domain structure during magnetic transitaomts magnetic
reversal loop helps to characterize the magnetic layers and aqpfdhiy nonmagnetic spacer (Fig.1).

1950 I.
x|

Kerr effect (r.u.)

Fig.1 Domain structure of spin-valve during magnétansitions and the corresponding magnetic ralérep obtained
using the Kerr effect microscope.

To study the effect of technological imperfections on the cheniatits of magnetic nanostructures in more
details we also performed micromagnetic simulations of sgireséahaving different defects in layers using
home made program package MICROMAG. In particular, presencanlodlps in spacer layer may create
ferromagnetic connections between layers and lead to worsenirgiiohal characteristics. Another
important factor is substrate roughness. The waving intetfzeds to additional magnetic interactions
between the ferromagnetic layers (Neel effect). Our simulstshowed clear trend in changing shape of
magnetic reversal loop of spin-valve with increasing fergmatic connection through pinholes and with
increasing amplitude of interface waving. Thus analysimafnetic reversal loops of spin-valve structures
may be used for diagnostics of different imperfections inctira and help in optimization of the
technology.

This work has been supported by the program for fundamentarobsat the division of nanotechnology
and informatics of RAS.
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2. D.D. Tang and Y-J. Lee. Magnetic memory (Fundamentals and Technology), Camimiieysity Press,
UK, 2010.

3. R. Coehorn “Giant magnetoresistance and magnetic intaracih exchange-biased spin-valves”, in
Handbook of magnetic materialol. 15, Elsevier Science, Amsterdam, 2003.
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Magnetoresistance of Multilayer Ferromagnetic Nanoprticles

S.N. Vdovichev, B.A. Gribkov, S.A. Gusev, A.Yu. Kibv, V.L. Mironov, I.M. Nefedov,
V.V. Rogov, A.A. Fraermarand I.A. Shereshevskii

Institute for Physics of Microstructures, Russiaza#lemy of Sciences, Nizhniy Novgorod, Russia,
E-mail andr@ipm.sci.nnov.ru

The transport characteristics of multilayer ferromagrsststems are significantly affected by the
distribution of the magnetization over the layers. This formsbtms for their application in information
storage and processing devices. Structures with a noncollistdoution of the magnetization with coupled
spin and orbital degrees of freedom are currently of dpeterest. Noncollinear states can manifest in
multilayer ferromagnetic nanoparticles due to the magnetosti@actions between the layers. The stability
of these states is determined by the particle shapes.ifAplicity, we consider three magnetic discs
separated by insulating spacers. The distribution of the riiagten in each disc is assumed to be uniform.
The magnetostatic interaction between the layers is dbtige- range antiferromagnetic character and the
theory [1,2] predicts a helical ground state of the system. disteibution of the magnetization over
multilayer particles, including three ferromagnetic layeepasated by insulating spacers, was studied
experimentally [3]. Experimental data on the magnetic stathesie particles are obtained by measuring
their magnetoresistance. Figure 1 shows the scheme of théayaulthagnetic particle embedded into a thin
film electrode system in order to connect it to the measurement circuit

For the case of the zero applied field, it is shown that alagattiparticle with easy plane magnetic
anisotropy is a noncollinear helical state. With the growtthefparticle anisotropy, the canted phases will
be unstable and the magnetic field dependence of the resistaheehitilt the features corresponding to the
transitions between the collinear phases. With this in mind, uslegtron lithography we prepared
multilayer particles CoFe(10 nm)/Al)@2 nm)/CoFe(5 nm)/AlE2 nm)/CoFe(10 nm)with lateral sizes of
100nmx 200 nm. Fig. 2 shows the relative resistance change foramgle as a function of the magnetic
field applied along the long axis of the particle. Indeed, wergbsresistance jumps that correspond to the
transitions between the collinear states indicated in the Fig.2.
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Possibilities of applications of these results in information seoaagl processing devices are discussed.

This work was supported by the Russian Foundation for Basic fiRbggaojects No. 11-02-00434 and
No. 11-02-00589) and Presidium of RAS in the program of basic resediiebedamental principles of
technology of nanostructures and nanomaterials”.
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Magnetic logical cells based on domain wall pinningffects in
ferromagnetic nanowire-nanoparticles systems

V.L. Mironov, O.L. Ermolaeva, E.V.Skorohodov, A.YKlimov
Institute for Physics of Microstructures, Russiaza#lemy of Sciences, Nizhniy Novgorod, Russia,
E-mail mironov@ipm.sci.nnov.ru

The field-driven motion and pinning of domain walls (DWSs) in ferrgneic nanowires (NWs) are the
subjects of intensive research motivated by promising apiplisafor the development of magnetic logic
and data storage systems [1]. The operation of DW based systguaiges the controlled DW pinning-
depinning for organization of logical calculations, preservdtiom accidental data erasing and to save the
results of intermediate computations. In our work, we consideVgDning control in a combined system
consisting of a planar ferromagnetic NW and two elongated feigoetic nanopatrticles (NPs), which is
based on the effective change of the stray field in NP subsystem. Thetapphé¢ahese NW-NP systems to
create a magnetic logic cells (MLCs) is decussed.

We considered two systems with different NP configurations (see fig. 1}JoWwhepnercive circular pad N
is used for the nucleation of domains with opposite orientation, while the NBseat@s a magnetic gate for
the field-controlled DW pinning-depinning. The magnetization reverfsB\VV in an external magnetic field
occurs via DW nucleation at the left end and subsequent nemteim the right free end. The theoretical

- estimations and micromagnetic simulations have showed that in
<|__L NW dependence on relative orientation of magnetic moments in NW Bad N
subsystem there are two variants of DW pinning connected avith

== potential barrier or a potential well caused by magnetosiatiraction

A DW w) (@) between the DW and local NPs stray field. We propose thetppet

N NP« logical cells based on considered NW-NPs systems and slishas

\ / algorithm of external magnetic field commutation and independent
switching of NPs moments that permits the realization ofcldgi

I (== Sspmwemmmegess  operations.
= DW v (b) In particular, it is shown that for the system | presemefipi 1a the
_ . . magnitude of potential barrier is equal to the depth of potential well. This

Fig. 1. Schematic drawing of gystem can be considered as a prototype of MLC, which esate

field-driven NW-NP systems.  «gyclysive disjunction” logical operation (so-called XOR) [2].

In contrast with system [, in system Il the magnitude ofpihaing potential barrier is twice smaller than
the depth of the potential well. This enables the realizatidwaofdifferent logical operations on the same
logical element. If the operating magnetic field is less i@ depinning field for the potential barrier, this
system performs the XOR operation. On the other hand, if thetope magnetic field is more than the
depinning field for the potential barrier, but less than the deqinfireld of the potential well, this system
performs the simple OR operation.

The system | was investigated experimentally by magnetice fonicroscopy methods [2]. For the
CosoFen based NW-NPs system consisting of 100 x 2800 x 20 nm nanowire with 200 nramiateli
nucleating part and 200 x 100 x 20 nm nanopatrticles gate (with 100 nmMN@&paration) the nucleating
field 300 Oe and depinning field 560 Oe were registered.

The authors are very thankful to S.A. Gusev, S.N. Vdovichev, andRbgov for assistance in samples
preparation and to B.A. Gribkov and A.A. Fraerman for the very fruitful dismssi

This work was supported by the Russian Foundation for Basic fieRbggaojects No. 11-02-00434 and
No. 11-02-00589) and Presidium of RAS in the program of basic resediiehedamental principles of
technology of nanostructures and nanomaterials".
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Field-induced transitions in ferrimagnetic chain of
spins: stability of ferromagnetic and
antiferromagnetic phases

M. Kostyuchenko
Yaroslavl State Technical University, Yaroslavis&a, mkspin@mail.ru.

Physical properties of nanostructures (magnetic multilayeliajns of atoms, magnetic molecular
nanoclusters, etc.) are studied intensively at present tireat Giterest in studying of nanostructures is not
only due to their importance to theoretical science, but also toigingrperspectives of their practical
application in development of new types of devices and fundamentallgaraputing machines — quantum
computers. Importance of studying transitions induced by magfielit consists in the fact they are
effective means of control of the main state of magnetic structures.

This paper covers studying of field-induced transitions in fegimatic chain of spins. Solving this
problem by analytic methods is reduced to the problem of miniimizatf nonlinear functional of N
variables and it is very hard, therefore there relatif@ly studies that covers effect of finite size by analytic
methods [1-3]. Main method of calculation of critical fields for such systemumeric procedure [4-6], but
none of mentioned studies has developed a reliable universal method.

This work presents employment of new techniqueethod of finite-difference equations [7]. Given hed
is applied to this task for the first time. It efe&bto study stability of ferromagnetic and antiéenagnetic phases for
ferrimagnetic chain that consists of even numbespafs. Universality of method of finite-differenequations consists
in the fact that for every chain of spins of evendth analytical relations between critical fietdwl number of spins are
obtained.

1. AK. Zvezdin, S.N. Utochkin, “About processes of the magnetization and mechanisratiof &nomalies
in magnetic nanostructures”, JETP Lett&%,pp.418-423, 1993.
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Quantum information and spectroscopy of cold Rydbey atoms

l.I. RyabtseyI.I. Beterov, D.B. Tretyakov, V.M. Entin, and E.Xakshina
Institute of Semiconductor Physics, Pr. LavrentyE3a630090 Novosibirsk, Russia, E-mail: ryabtsesg@isc.ru

Highly excited Rydberg atoms have many unique properties compated-excited atoms: large electron
orbit radius, large dipole moments of transitions between neighbstatgs, strong long-range interactions,
long radiative lifetimes, huge polarizabilities, etc. [1-3]. draand microwave spectroscopy of Rydberg
atoms can reveal these properties by observing the quantufarienee, dephasing, shifts or broadenings of
various resonances in single Rydberg atoms. Single Rydberg atendetacted using the selective field
ionization technique. Control of long-range interactions between Rydiiems by laser and microwave
radiations, as well as by external electric and magnetidsfidorms the basis for quantum information
processing with neutral trapped atoms.

Rydberg atoms are therefore a promising approach to quanturmation processing with neutral atoms
because of the low decoherence rate of Rydberg states, fityssitfihst MHz rate gates using dipole-dipole
interaction, and the potential for scalability to large numbergubfts in optical lattices [1-3]. Experimental
techniques of laser cooling and trapping of atoms and highsmecspectroscopy allow confining and
manipulating single atoms in the optical dipole traps and optttales. Entangled states can be generated
using temporary excitation of ground-state atoms to a strongsacting Rydberg state or using interaction-
induced changes in the spectra of collective excitations @nhaemble of Rydberg atoms (dipole blockade
effect).

In this report we will review the recent experimental adeartowards quantum information processing with
Rydberg atoms. We will also present our related experimentahancktical results on laser and microwave
spectroscopy cold Rb Rydberg atoms in a magneto-optical trap arigaterdipole interaction between a
few cold rubidium Rydberg atoms confined in a small laser diaritavolume [4-7]. The new ideas on
deterministic single-atom loading of optical lattices usin@pl#i blockade with chirped laser pulses [8] and
on Doppler- and recoil-free laser excitation of Rydberg statesthree-photon transitions [9] will be
discussed in the context of quantum information processing with neutrad.atom

This work was supported by RFBR (Grant Nos. 10-02-00133 and 12-02-92606¢, Rydsian Academy of
Sciences, by the Presidential Grants Nos. MK-3727.2011.2 and MK-7060.2012.2, by rnhstyDy
Foundation, and by the EU FP7 IRSES Project "COLIMA".

1. I.I. Ryabtsev et al., J. Phys. 33, p.S421, 2005.

2. M. Saffman et al., Rev. Mod. Phy82, p.2313, 2010.

3. D. Comparat et al., J. Opt. Soc. Am28, p.A208, 2010.

4. |.l. Ryabtsev et al., Phys. Rev. Leti04, p.073003, 2010.
5. LI. Ryabtsev et al., Phys. Rev. &2, p.053409, 2010

6. I.I. Beterov et al., Russian Microelectronié8, p.237, 2011.
7. D.B. Tretyakov et al., JETR14, p.14, 2012.

8. I.I. Beterov et al., Phys. Rev. 84, p.023413, 2011.

9. L.I. Ryabtsev et al., Phys. Rev. &4, p.053409, 2011.
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Creating a single-atom array for quantum computatian
using Rydberg blockade in an atomic ensemble

D.B. Tretyakoy I.I. Beterov, V.M. Entin, E.A. Yakshina, and IRyabtsev
Institute of Semiconductor Physics, Pr. Lavrenty®%a630090 Novosibirsk, Russia, E-mail: dtret@isp.ru

Single neutral atoms confined in an array of optical dipole teapspromising candidates to implement
guantum bits [1]. Two-qubit gates can be implemented using a tem@xatation of chosen atoms to high
energy Rydberg states by a short laser pulse. Atoms in Rydia¢eg kave unique properties compared to
low-excited atoms [2]. Their long radiative lifetimes proviEherence preservation during two-qubit gate
execution time. Large dipole moments of transitions betweighln@ing Rydberg states allow the atoms to
couple via strong dipole-dipole interaction.

However, deterministic loading of single atom in each optical dip@lp of the array remains a difficult
problem so far. When these traps are loaded from a cold atom dieudumber of atoms in each trap is
random. To load a single atom in each trap, it was proposed to exgliible blockade effect at the laser
excitation of mesoscopic ensembles [3]. Effect of the dipolekatie appears as selective excitation of one-
atom collective Rydberg states of an atomic ensemble by ndaod-aser radiation, while an excitation of
other collective Rydberg states is completely or partiallypsessed because of their energy shifts due to
dipole-dipole interaction [4]. The mean interatomic distance in thieabipole trap lies in the micron
range. Therefore, the atoms can exhibit strong dipole-dip@eattion at their excitation to Rydberg states
and a dipole blockade regime can be implemented. In the full lWedegime the full population inversion
between collective ground state and one-atom collective Rydiiatgs of an atomic ensemble can be
achieved by applying a laser pulse. The amplitude and duratidwisdaser pulse, however, depend on the
number of atoms in the ensemble. Therefore, in order to exciteoaplyatom from whole ensemble, the
number of atoms in the ensemble must be known. In the case ofah@faoptical dipole traps loaded from
a cold atom cloud the number of atoms in each trap is unknown.

We propose to use adiabatic passage in the conditions of thRyfdilerg blockade to overcome the
dependence of the laser exciting pulse parameters on the nafrib&eracting atoms [5]. We have found
that deterministic excitation of a single Rydberg atom cammmpemented with high efficiency using an
excitation by linearly chirped laser pulse or stimulated &amdiabatic passage in mesoscopic ensembles
with unknown number of atoms. These methods with removing groundasteis by an additional laser
pulse allow for high-fidelity single-atom loading in optical dipolg@#a

This work was supported by RFBR (Grant Nos. 10-02-00133 and 12-02-92606¢, Rydsian Academy of
Sciences, by the Presidential Grants Nos. MK-3727.2011.2 and MK-7060.2012.2, by rnhstyDy
Foundation, and by the EU FP7 IRSES Project "COLIMA".

1. M. Saffman et al., “Quantum information with Rydberg atoms”,. Rdéed. Phys.,82, pp.2313-2363,
2010.

2. T.F. Gallagher, “Rydberg atoms”, Cambridge University Press, 1994.

3. M. Saffman et al., “Creating single-atom and single-photon sofna@sentangled atomic ensembles”,
Phys. Rev. A6, 065403, 2002.

4. M.D. Lukin, “Dipole Blockade and Quantum Information Processing ésddcopic Atomic Ensembles”,
Phys. Rev. Lett87, 037901, 2001.

5. I.I. Beterov et al., “Deterministic single-atom excitatiaa adiabatic passage and Rydberg blockade”,
Phys. Rev. A84, 023413, 2011.
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Integrated diamond nanostructures for quantum informatics

V.P. Popov, L.N. Safronov, V.A. AntonoV, S.N. Podlesnyj A.V. ShishaeY,
.I. Ryabtsev, N. Kupriyano¥, Yu.N. Pal’'yano%

5. Rzhanov Institute of Semiconductor Physics, Rugsiademy of Sciences, Novosibirsk, Russia, E-mail
address popov@isp.nsc.ru. 2. Sobolev Instituteeafidgy and Mineralogy, SB RAS Novosibirsk, Russia

A set of unique properties of semiconducting diamond remainslizecaue to a number of outstanding
problems in materials science: graphitization layers inipthby ions; the lack of annealing the defects and
diffusion of impurities up to temperatures of 12D0and their compensation by deep levels due to formation
of thermo-stable defect centers with vacancies, own iritatsttoms and impurity atoms. In addition to the
problems, some defects such as NV centers have useful properties.

In particular, due to the large relaxation time of spin sfateslectrons and nuclei at room temperature, NV
centers are considered potentially the most prospective plafiforimplementation of quantum information
processes (QIP) in solid state devices [1]. Electranit optical properties of NV centers depend on elastic,
electric and magnetic fields, allowing to create a stablé, $egsitive sensors for these fields. Individual NV
centers, located at the spearhead of the cantilever, pnodsurement of electric and magnetic fields with
atomic resolution. Magnetic dipole interaction between closphced NV centers implements them
entangled quantum state in the QIP and the nuclear spin of thesatletrogen atom allows to record and
store the quantum information in dynamic quantum memory cell [2].

Required properties of NV centers are observed only in thdimegaarge state (NY, which is realized in
the bulk of diamond at the certain concentration of nitrogen saionthe lattice sides or inside the charge
space away from the surface where they are neutral due to Fermi lewg pj8h

The aim of this work was the search the processes enabling M/ptenters managed by electric fields in
the NV state and the concentration inside the local volume of semiconductor diamondaienster thick
layers of diamond with NV-center concentration (1-100)'%ct® were created using Non implantation
and annealing at high pressure-temperature (HPHT: 4-8 GPa, 1201660 in a vacuum (VPHT).
Electric field for charge control of NV-centers was geten inside thin film layers (30-300 nm) separated
from (111) surface of synthetic diamond plates, using buried tsangparent multigraphene layers with
sheet resistance 1 mOhm/qua to 1 kOhm/qua, as electrodedamtedar p-n junctions [4]. Manufactured,
measured and analyzed multiple types of the structures by optidadlectrical methods are compared as a
promising elemental base for future devices in quantum informatics.

1. M.V.G. Dutt, L. Childress, L. Jiang, E. Togan, J. Maze, FzHe|eA.S. Zibrov, P.R. Hemmer, and M.D.
Lukin, “Quantum register based on individual electronic and nusf@arqubits in diamond”, Sciencgl6
pp.1312-1316, 2007.

2. J.H. Shim, I. Niemeyer, J. Zhang, D. Suter, “Robust Dynamicebi@ing for Arbitrary Quantum States
of a Single NV Center in Diamond”, arXiv:1205.6938.

3. P. Siyushev, H. Pinto, A. Gali, F. Jelezko, J. Wrachtrup, “Low Teatyre Studies of Charge Dynamics
of Nitrogen-Vacancy Defect in Diamond”; arXiv:1204.4898.

4. V.P. Popov, L.N. Safronov, O.V. Naumova, D.V. Nikolaev, I.V. Kupriyanov, Yudlyanov.
“Conductive layers in diamond formed by hydrogen ion implantation andading”, Nuclear Instruments
and Methods in Physics Researct2B2, pp.100-107, 2012.
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Color centers in nanodiamonds of different origin

.I. VlasoV}, V.G. Ralchenkd O. ShenderovaA.A. Shiryaev, A.A. Khomich', V.S. Sedo¥, M.S.
KomlenoK , V. S. Pavelyetr , K. N. Tukmakov, S. Turnet, F. Jelezkd, J. Wrachtrupy
V.l. Konov*

! General Physics Institute RAS, Moscow, Russiapvi@nsc.gpi.ru
2 International Technology Centre, Raleigh, USA

3 Institute of Physical Chemistry RAS, Russia
“lmage Processing Systems Institute RAS, SamarsiaRus
*Samara State Aerospace University, Samara, Russia
® EMAT, University of Antwerp, Antwerpen, Belgium
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For the last decade an interest to the luminescent nanodiamoryd h@éDmultiply increased. This is
explained by promising results on use of luminescent NDs as a soluecesingle-photon emission for
guantum information technologies [1] and, alternatively, as a brigt source applicable for
biolableling.[2] The brightest color centers used for a productioth@fluminescent nanodiamond are
nitrogen-vacancy (NV) and silicon-vacancy (SiV) centers. dédxelopment of luminescent NDs has mostly
focused on a use of high-pressure high-temperature (HPHT) diamontsning NV color centers. An
“indirect” production of the luminescent NDs is used for thigpee, i.e. micron-scale diamond crystals are
synthesized fist, and then are milled down to required nana-gireimtensity of NV luminescence in ND
particles is controlled by pos-synthesis treatments of the HPHTodid crystals.

Photoluminescent properties of the color centers in nanodiamond (AtBjiahs of different origin, namely,
in ND produced by CVD technique, detonation ND, and ND extracted ifineteorite have been studied in
this work. Thermodynamic and photo stability of the SiV centersydd in 5-nm crystallites of CVD
diamond was demonstrated [3]. It was shown that a density of NVrgsant@etonation nanodiamond
particles can be controlled through a proper selection of themrarecursor material [4]. For the first time
we have found that isolated meteoritic diamond nanoparticles ofcutatesize (2 nm) are capable of
housing photo-stable SiV centers [5]. Examples of photonic strgdb@®ed on luminescent CVD diamond
films patterned with laser and focused ion beam are demonstrated.

This work was supported by Russian Ministry of Education and Stiemgder the Contract no. P925, RFBR
grant no. 12-02-90820, and the grant of Presidium of RAN “Innovation and DevelopmentiProgra

[1] J. Tisler, G. Balasubramanian, B. Naydenov, R. Kolesov, B. GrotzefeR J.-P. Boudou, P. A. Curmi,
M. Sennour, A. Thorel, M. Borsch, K. Aulenbacher, R. Erdmann, P. R. Henindelezko, J.Wrachtrup,
“Fluorescence and Spin Properties of Defects in Single D@nodiamonds”, ACS Nan@, pp.1959-1965,
2009.

[2] A.M. Schrand, S.C. Hens, and O.A. Shender@rijcal Reviews in Solid State and Materials Sciences
34, pp.18-74, 2009.

[3] I.I. Vlasov, et al, "Nanodiamond Photoemitters Based on Strong Narrow-Band Lumimneséem
Silicon-Vacancy Defects” Adv. Mate?1, pp.808-812, 2009.

[4] O.A. Shenderova et al., "Nitrogen Control in Nanodiamond ProduceBdbgnation Shock-Wave-
Assisted Synthesis” J. Phys. Chem1@5 pp.14014-14020, 2011.

[5] A.A. Shiryaev, A.V. Fisenko, I.I. Vlasov, L.F. Semjonova, P. Na§elSchuppler, "Spectroscopic study
of impurities and associated defects in hanodiamonds from Efrenf@W@ and Orgueil (Cl) meteorites”,
Geochimica et Cosmochimica Acié, pp.3155-3165, 2011.
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Quantum register based on structured diamond wavegde with NV
centers

A.V. Tsukanov, I.Yu. Kateev, A.A. Orlikovsky

Institute of Physics and Technology, Russian Acgd#rcience, Moscow, Russia, ikateyev@mail.ru

We propose a scheme of quantum information processing with NV-seetgbedded inside a
diamond nanostructure (fig. 1). A single NV-center placed in theéycplays a role of an electron spin qubit
which evolution is controlled by microwave pulses. Besideguples to the cavity field via optical photon
exchange. In their turn, neighbor cavities are coupled to each atbeghithe photon hopping to form a bus
waveguide mode. This waveguide mode overlaps with all the N\éxeriEntanglement between distant
centers is organized by an appropriate tuning of their opticaldrasies relative to the waveguide frequency
via electrostatic control without lasers. We describe thatrolled-Z operation that is by one order of
magnitude faster than in off-resonant laser-assisted schpo@ssed earlier. Spectral characteristics of the
one-dimensional chain of microdisks are calculated by means of maimerddeling, using the approach
analogous to the tight-binding approximation in the solid-state physiesddta obtained allow to optimize
the geometry of the microdisk array for the effective implementafiquantum operations.

o
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Fig. 1. Scheme of a five qubits quantum registesetdaon a quasi-linear photonic nanostructure ctngisf diamond
disk resonators connected through photon hoppingeach cavity contains the NV-center encoding quant
information into the electronic spin states. Theiaa transition frequencieeyy of the centers are controlled by an
electric field generated by a system of gates. Emth are supplied by the bias voltaggk = 1 - 5). A diagram of the
alignment of the first center frequency into thearance of the waveguide modgis shown on the bottom.
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Charge pumping with Coulomb blockade devices

Yu.A. Pashkin
Physics Department, Lancaster University, Unitedg¢iom,
NEC Smart Energy Research Laboratories and RIKEMXaAded Science Institute, Tsukuba, Japan
E-mail: ypashkin@mail.ru

Coulomb blockade devices offer a possibility to control chargesfiea at the level of elementary chamge
Since late 80s several charge pumping schemes have been proposgemandtrated experimentally.
Surprisingly, a simple charge pumping device based on a SINIS diygge-electron transistor was
overlooked. After the demonstration of its operation principle in 2008heygroup of Aalto University
(AU), researches from AU and NEC Lab in Tsukuba are trying teldp\a dc current source with an output
current of up to 1 nA and a relative uncertainty of.1& my presentation, | will describe the latest results
on this.

I will also present some data on coherent Cooper pair pumpingavB8is1S type single-electron transistor
using nonadiabatic gate control.
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Quantum Discord in Materials with Electron and Nuclear Spins

M.A. Yurishchev
Institute of Problems of Chemical Physics of thedfan Academy of Sciences, Chernogolovka, MoscgwiiRe
142432 Russia, E-mail address: yur@itp.ac.ru

It is discussed the total purely quantum information correldtisstord) in spin systems with Heisenberg
exchange and magnetic dipole-dipole interactions [1, 2]. The relabetrgeen quantum discoi@ and
magnetic susceptibility and heat capacity are found. Thisvelone to measure indirectly the discord
through calorimetric and magneto-metric measurements. Using the avaigarimental data, we found the
discord versus temperatufeand external magnetic field for a number of solids containiagtrein and
nuclear spin dimers. A typical example is given in Fig. 1s kdtablished that the quantum correlations by
high temperatures tend to zero according to the 13 1/

RE:
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Fig. 1. Experimental data (circles) and theoretigpendences (lines) for the thermal quantum disesrtemperature
in the hydrated (black circles and solid line) amthydrous (open circles and dotted line) coppgmrfétates.

1. M.A.Yurishchev, “Quantum discord in spin cluster materialsys? Rev. B84, pp.024418-1-024418-7,
2011

2. E.l. Kuznetsova and M.A. Yurishchev, “Quantum discord in spin regsteith dipole-dipole interaction”
(to be published)
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On the time-optimal implementation of quantum Fourier
transformation for qudits represented by quadrupolenucleus

V.P. Shauro, V.E. Zobov
L. V. Kirensky Institute of Physics, Siberian Briamé Russian Academy of Sciences,Krasnoyarsk,&Bussi
rsa@iph.krasn.ru

The problem of time-optimal realization of quantum gateslifiérent quantum systems is investigated
actively now. This issue studied quite extensively in therditire for systems of multiple qubits, both
analytically and numerically, but such studies for more comgikxels elements (qudits) are almost not
performed [1]. For example, it is shown in [2] for quantum circeissisting ok qubits ¢ = 2 that for
QFT gate the minimal timé&,,, increases proportionally to the numbefTk;( ~ logd). Witch nature of this
dependence in case of qudits will be of interest to evaluatpettspectives for practical applications of
qudits in quantum computing and quantum communication. In this regard, seatpnerk is devoted to the
numerical evaluation of ., for the QFT gate for qudits with differedt2l +1 on the example of quadrupole
nucleus with spin > 1/2.

Let us consider the spirin a static magnetic fielBy along the z axis and controlled by optimized RF pulse
with the frequencyy; =), Wwherew, = yB, is a Larmor frequency of spin. In the reference frame rotating

with frequencyawy , the total spin Hamiltonian of the our model has the form [1]:

H(®) = (@ —ap)l, +q(1; =1 (1 +1)/3)+u € ) (+u o) . )
Here |, is the spin projection operator on theaxis, g is a constant of the quadrupole interaction of the
nucleus with the gradient of the axially symmetric cry§dt, u,(t) is the projection of the control RF

field B+ on thea axis. For QFT gate, given by the matfix1-3], it is necessary to find a form of RF pulse
(i.e.u, (t) parameters) that minimizes the gate efror

A :1—‘Tr(F+U (r))‘2 ITrP@), U)= tﬁexp(—i} H (t)dt}. @)
0

Here U (T) is the evolution operator of the system during the fiing is a unit operator anf¥ is the time-
ordering operator. The calculation of (t) was performed numerically using the Krotov algorithm as in [4].

Performing the calculation for different timé&s from the dependence afon T [1-3] we can estimate the
minimum time T, required for the implementation of the QFT gate for the apptepsigin. However, in
the determination of gate error (2) we ignore the global pbagate, which is known to has a significant
effect on the minimum time of implementation [2, 3]. Thus, for d#fé initial conditions in the algorithm
we obtain solutions with different gate error depending on the Igiblzese of obtained gate. To distinguish
among these solutions the desired one, i.e. with minimal time fgiven error, by analogy with [2] we
performed from 10 to 50 calculations with a random initial putseséveral values of tim&, and one
solution was chosen with the smallest error. From the olostaiat it is possible to estimate the valu@ gf
for a given error threshold, for exampte< 10°. For a more accurate estimate the dependengeoof T
was built according the PFT technique of [3]. As a result, we obtain éssiml ., for d from 3 to 8.

An interesting result is that the dependencd gf on d is different for even and odd values dfin this
regard, the available data are not sufficient to conclusively dietetime character of these dependences.

1. V.E. Zobov, V.P. Shauro, “On Time-Optimal NMR Control of States atrit3 Represented by
Quadrupole Nuclei with the Spire 1", JETP,113 pp.181-191, 2011.

2. T. Schulte-Herbriiggen, A. Sporl, N. Khaneja, S.J. Glaser, “Optiomtat-based efficient synthesis of
building blocks of quantum algorithms: A perspective from netveorkplexity towards time complexity”,
Phys. Rev. A72, p.042331, 2005.

3. K. Moore, C. Brif, M. Grace et al., “Exploring the trade-loétween fidelity- and time-optimal control of
guantum unitary transformations”, ArXiv:quant-ph/1112.0333v1, 2011.

4. 1. Maximov, Z. ToSner, N. Nielsefi{Optimal control design of NMR and dynamic nuclear polarization
experiments using monotonically convergent algorithms”, J. Chem. RB{sp.184505, 2008.
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A spin chain under the pulse conditions as a quanta data channel

M.M. Kutcherov
Institute of Space and Information Technology, SalpeFederal University, 660074, Krasnoyarsk, Rassi
MKucherov@sfu-kras.ru

The quantum channel consistsNfpin-¥2 particles sitting at sites 1 tbof a one-dimensional lattice and
interacting through the Hamiltonian

H = Hi+ Hp = =

N-1 1 N
EDZ(O.‘%+0.20.i1+A0.30rf1)—53n >a°
=1 =1

whereJ > 0 is the strength of the exchange interactior; anisotropy of the system, and= -2 for the
secular part of nuclear spin-spin interactian=0 for the isotropic XY model)lhe maximal concurrendg
(measure of entanglement) afterm#2], pulse between two spins sitting on sitesidj, with | —j| =r, reads
[1-2, cf. 3]

G = max0c; @}, ¢ =3 ks k¥ 1 kP (K k)], crma{ie i o i),

with correlation functions(;” = (g”0"), and spin expectation valuis = (o7 ). The termC' is related to the

probability for the two considered spins to be in the antipri@ll state, an€" - in parallel Bell state [4].
These results are eventually a consequence of the fachéhdymamical effect of the additional coupling
term QA # 0) is equivalent to that of an overall uniform magnetitdfi applied to every spin but for the ones
at end-points; which implies that the dynamics still remaewtricted to the zero- and single-excitation
sectors of the total Hilbert space. When calculating thetrgpe€ correlation functions (spin expectation
values) we take into account longitudinal interactions. Instr@s of transverse interactions we discard the
terms in which they lead to a changedtomponents, while retain the terms in which transverse interaction
lead to correlations between tkecomponents of neighboring spins. While being in a certain point the
transverse component is rotated in a constant field.

Now we concentrate on the transport of quantum correlations across ehgm. We consider quantum
states which can be assigned to individual spectral linegspamding to transitions between energy levels.
Then one has to use an extra qubit called an “observer” qubit. Thetistlaeeof 2m neighboring spins has

a basis labeled by thé™bit strings:|b_m...b_1bl..bm>,bj []{0,1}. The observer qublp serves for preparation
of the pure factor state,,I/”15,7..17,#, where the single-spin eigenfunctions are=|1/2)=0andp =
|—1/2) =1. Such a NMR spectral implementation of a quantum computer in ligriidsilemonstrated [5]. In
this case, the array of spins can be modeled by differential equatiansafdum coherences:

.d
) =),

wherev(x) = (V.(X), ..., (X)) — vector of functions that characterize dynamics, and tkialistatex(0)
corresponds to a superposition of &' it strings. Thus it becomes possible to calculate point-takpoi
polarization transfer. The ability to increase magnetizatientnansport of quantum correlations across a
spin chain is exciting, since it does not require macrosdoaitsport of the polarization. It should be
possible to polarize a sample more rapidly by transferring pplarization through entangled quantum
correlations. We just mention that the models that have been ceusichar be experimentally realized in
different ways, ranging to atoms loaded into one-dimensional bfitiges that are able to simulate spin
Hamiltonians with a very high degree of accuracy [6].

7. U. Glaser, H. Bittner, and H. Fehske, Phys. Re%8A032318, 2003.

8. L. Amico, A. Osterloh, F. Plastina, R. Fazio, and G. Massimo Palma, Phys. R&9y.022304, 2004.

9. M. Kutcherov,Quantum Informatics 200" Proceedings of the Society of Photo-Optical Instrumentation
Engineers (SPIE) / Ed. by Ozhigov Yud023 70230E, 2008.

10. A. Fubini, T. Roscilde, V. Tognetti, et al., Eur. Phys. J38,p.563, 2006.

11. R. Das, A. Kumar, J. Chem. Phys21, p.7601, 2004.

12. I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Ph§8, p.885, 2008.
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A unitary invariant measure of quantum correlations

A.l. Zenchuk
Institute of Problems of Chemical Physics, Russieademy of Sciences,
Chernogolovka, Moscow reg. 142432, E-mail addreeachuk@itp.ac.ru

The quantum correlations are known to be responsible for advarthgesntum devises in comparison
with their classical counterparts. However, it is still moimpletely understood what kind of quantum
correlations is important. The quantum discord [1, 2] introduced adtemmative (with respect to the
entanglement) measure of quantum correlations possesses sodvardeages. For instance, it depends on
the subsystem taken for the projective measurements [3].ilaisnotivation to introduce a measure of
guantum correlations [4], which takes into account correlatioradl ipossible bi-partite decompositions of
the given quantum system considered in all possible basis.ullh, this measure is invariant with respect to
the unitary transformations of the whole system. As a coeseg, (i) it is completely defined by the
eigenvalues\; of the density matrix and (ii) this measure does not evole refer to this measure as the
unitary invariant discord. In addition we introduce a modified versidheounitary invariant discord, which
is simpler for calculation. The case of two spin-1/2 particlesnsidered in details. In particular, it is shown
that the unitary invariant discord takes its maximal vdhrea pure state. A geometric measure for the
unitary invariant discord is introduced and its simple analyfaranula is derived for system of arbitrary
numberN of spin-1/2 particles:

M
_z" Vi Af -1
2N —1

¢

This simple formulallows one to consider this measure as a witness of quantum con®l&tine relation
of the unitary invariant discord with the quantum state transfer alengpih chain is considered. We also
compare the modified SU(4)-invariant discord with the geometricuneaf SU(4)-invariant discord of the
two-qubit system in the thermal equilibrium state governed by differentltdarans.

1. L. Henderson, V. Vedral, “Classical, quantum, and total correlations”, 9.2 Math and Gen34,
pp.6899-6906, 2001.

2. H. Ollivier, W.H. Zurek, “Quantum discord: a measure of the quantumnesg@htons”, Phys. Rev.
Lett.,88, 017901, 2001.

3. E.B. Fel'dman, A.l. Zenchuk, “Asymmetry of bipartite quantum discord”, JETP, 88t pp.459-462,
2011.

4. A.l. Zenchuk, Quantum Inf Process, DOI 10.1007/s11128-011-0319-x.
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Quantum correlations in a nanopore filled with a g& of spin-carrying
molecules (atoms) in a strong magnetic field

E.B. Fel'dman,E.I. Kuznetsovil.A. Yurishchev
Institute of Problems of Chemical Physics of thedtan Academy of Sciences, Chernogolovka, MoscgioiRe
142432 Russia, E-mail address: kuznets@icp.ac.ru

Entanglement and quantum discord for a pair of nuclear spirld2 in a nanopore filled with a gas of spin-
carrying molecules (atoms) are studied [1]. The correlatiortibmecdescribing dynamics of dipolar coupled
spins in a nanopore are found. The dependence of spin-pair entamgbentiee temperature and the number
of spins is obtained from the reduced density matrix, which isrammetric (CS) [2]. An analytic
expression for the concurrence [3] is obtained for an arbitr&ydénsity matrix. It is shown that the
quantum discord [4, 5] as a measure of quantum correlations attsigsificant value at low temperatures.
It is also shown [1] that the discord in the considered modeblhdlickering” character and disappears
periodically in the course of the time evolution of the exsyst The geometric discord [6] is studied for
arbitrary 4x4 CS density matrices.

1. E.B. Fel'dman, E.l. Kuznetsova, M.A. Yurishchev, "Quantum CorrelalioasSystem of Nuclea
= 1/2 Spins in a Strong Magnetic Field", Phys. Rev. A (in press).

2. J. Weaver, "Centrosymmetric (cross-symmetric) matricesy thasic properties, eigenvalues, and
eigenvectors", Amer. Math. Monthl92, p.711, 1985.

3. W.K. Wootters, "Entanglement of Formation of an Arbitrary Stét€wo Qubits", Phys. Rev. Lett.,
80, p.2245, 1998.

4. L. Henderson, V. Vedral, "Classical, Quantum and Total Coroalsitj J. Phys. A: Math. Ger4,
p.6899, 2001.

5. H. Ollivier, W.H. Zurek,"Quantum discord: A Measure of the Quantumness of Correlationss, Phy
Rev. Lett.,.88, 017901, 2001.

6. B. Dakic, V. Vedral, and C. Brukner, "Necessary and Suffici@omdition for Nonzero Quantum
Discord", Phys. Rev. Lett1,05 190502, 2010.
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Random telegraph noise diagnostics of nanowire SOl MOSFETs

A.N. Nazarov', I. Ferain?, R. Yu?, A. Kranti?, P. Razavi®
1. Institute of Semiconductor Physics, 41 Prospect Nauki, 03028, Kyiv, Ukraine, nazarov@labl5kiev.ua
2. Tyndall National Ingtitute, Cork, Ireland, isabelle.ferain@tyndall.ie

In nanowire MOSFETSs dielectric/semiconductor interface affects very strongly on electrical properties
of the devices such as mobility, channel current fluctuations and others. In these devises charge trapping in
single trap located near the interface results in strong changing of channel current and initiation of random
telegraph noise (RTN) in the drain current. Study of RTN drain current amplitude (DCA) and combination of
the RTN DCA vs. gate voltage (Vg) characteristic with 15-Vg one alow us to characterize quality of
interfaces of studied devices and extract field effect mobility of charge carriers without knowledge of gate
dielectric capacitance, which is not measurable value in such devices. Thus the paper considers a RTN in
nanowire multigate (MuG) SOl MOSFETSs fabricated as a standard inversion mode (IM) device and a new
promising junctionless (JL) device [1].

Multigate silicon NW n-type MOSFETs with pi-gate architecture were fabricated on UNIBOND®
silicon-on-insulator wafers (see Fig. 1laand 1b). The width and thickness of the devicesis near 10 nm and the
gate length is 1 um. The gate oxide and buried oxide (BOX) thickness are 7 nm and 340 nm correspondingly.
The JL MOSFET has uniform n-type doping concentration of 1x10™ cm™® in the source, drain and channel
regions (Fig. 1¢). “Standard” IM pi-gate MOSFET have the same dimensions as the JL devices but have a p-
type channel doping concentration of 2x10™ cm™ and an n-type doping concentration of 1x10%° cm™® in the
source and drain regions (Fig. 1d). The JL MOSFETs have a P'-polysilicon gate €electrode and the IM
devices have an N*- polysilicon gate.

(a) (c) d _
A-A . Drain | Inversion mode ( ) Junctionless
‘ i it ) Source Gate Drain Source
p— oo { (I P
' BOX BOX
s v
o : Si substrate Si substrate

sl I
Fig. 1. Schematic view of architecture of the MOSFETSs (a) and HRTEM photograph of the A-A section of the device
(b). Schematic view of doping in the inversion-mode (c) and junctionless (d) n-channel devices.

The RTN both in IM and JL MOSFETs was measured at gate voltage values significantly higher
than the threshold voltage (V). The RTN DCA, the average capture time (<z.>) of traps and average
emission time (<z>) from traps versus gate voltage, drain voltage and temperature were studied.
Considerable smaller emission time and relative amplitude of RTN were observed in JL devices than in IM
MOSFETSs. The inverse relationship of the relative amplitude of the RTN and the applied gate voltage both
for IM and JL devices was demonstrated which suggests that the RTN appears in the JL MOSFET when Vg
is high enough to form an accumulation layer at the SIO,-Si interface. The measurements show that JL
nanowire devices reveal considerable smaller relative RTN DCA and number of RT signals than IM
nanowire MOSFETS. This is associated with location of main charge carriers inside of the Si nanowire and
their weak interaction with the gate dielectric/Si layer interface.

Measurement of the <z.> and <z.> in dependence on gate voltage allows us to estimate the energetic
and geometrical location of the trap levels responsible for the charge trapping and creation the RTN in the
gate oxide, which was Ec-Er = 3.05 eV in SiO, band gap for the JL device and 2 nm and 2.9 nm from SiO,-
Si interface for IM and JL devices, respectively.

The method of field effect mobility extraction with taking into account parasitic resistance of the
source and drain regionsis discussed both for IM and JL MOSFETSs.

1. C. W. Lee, A. Afzalian, N. Dehdashti Akhavan, et al., “Junctionless multigate field-effect transistor”,
Appl. Phys. Lett., 94, pp. 053511, 2009.
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SOl structure with Si-nanoclusters embedded in thexide layer
prepared by low-dose co-implantation

V. Litovchenko, B. Romanyuk, \Welnik, O. Oberemok, V. Popov, A. Sarikov
V. Lashkarev Institute of Semiconductor PhysicsS MAUkraine, Kiev, Ukraine, lvg@isp.kiev.ua

One of the most developed technology for the fabrication of the temgoin microelectronics layered
structures “semiconductor on insulator” (SOI) is the SIMOXcpdure, which includes high voltage and
high dose oxygen implantation. The disadvantages of this techniguis aomplexity, high cost, use of
complicated annealing steps etc.
We have proposed earlier a new implementation of this techniqueh wuvides due to the co-implantation
of oxygen and carbon (or other small siaes,such as N, Al et} a substantial decrease in the dose and the
energy of oxygen ions due to some physical effects: 1) redistmbotionplanted oxygen in deeper or more
shallow “skin” region of the front side semiconductor region;c@pdensation of oxygen atoms in the
vacancy enriched layer created by carbon and hence the sieofeaxygen doses, which are critical for the
creation of high quality Si©dielectric. We call this procedure enhanced inner-Si stiedilaxidation

(ESO). In this way, a good quality stoichiometrical S&yers with a thickness of 100 to 400 A and Si upper

film of the same or higher thicknesses could be obtained.

In this presentation we propose the new procedure to thatsdexst above. Namely, we create the oxygen

enriched layer with oxygen deficiency comparing to perfect, $8@nation. The mass spectroscopy and

Auger depth analysis demonstrate the oxygen redistribution tlaybe of C localization (and to vacancy

enriched layer too). TEM and AFM investigations as well aasmements of photoluminescence (PL)

spectra show the formation of Si nanoclusters distributed by dgrgmnmed way in different depths. The
details of technology are presented below.

P-type Si (100) samplegs=10 Ohncm, were implanted with Tat the energy of 125-150 keV and doses of

(1-3)10" cm®. Then samples were implanted witf & the energy of (0.3-T)0° keV and doses of (0.2-

1)[10* cmi®. The furnace and radiation annealing (RTA) were realizeshgteratures of 1050-1200 in Ar

atmosphere.

Measurements of PL spectra as well as impurity depthlaisosn by mass-spectrometry, C(V), and X-ray

spectroscopy (to reveal mechanical stresses) have been performed.

PL spectra demonstrate the following peculiarities: 1) appearahnarrow peak in the UV region. We

attribute this peak to the C-containing complexes of carbo-oxg&BcBiQC,; 2) IR peak, which is mainly

determined by non- compensated dangling bonds on the surface and in tHechydkatline Si nanoclusters

i. e. “defect” radiative centers; 3) the most distinguishetthéspeak in the middle-energy region known to

correspond to the “intrinsic” recombination mechanism in irradiatanosized Si, in first approximation

depending on the thicknedsis
Ex=E,+AE=E,+L/(d-d,) 1)

From (1) the size of Si nanoclusters, its dependence on'ttiesg, and dose dependence of PL intensity can

be estimated. The received values are in accordance with direct TEM dat

In conclusion we summarize:

4. ESO technology is capable to create SOI structures in edcalomegimes with control of the
thicknesses of Si and Sitayers and providing high quality of layers and interfacesyelsas high
intensity of intrinsic PL.

5. Obtained Si nanoclusters have smaller sizes ared digpersion, and improved structure (as
proved by the X-ray investigations, measurementdlofspectra etc.) as compared to the
conventional technique.

6. The technology is energy and time saving. The nr@shabehind the technology was discussed
in the framework of the model of C catalytic stimtitn, in which the carbon atoms enhance
oxidation and collection of Si atoms in nanoclusteith subsequent crystallization of Si during
annealing.
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Quantum noise in field-effect nanotransistors

V. Vyurkov, S. Filippov, I. Semenikhin, A. Orlikovsky
Institute of Physics and Technology, Russian Acgd#rgciences, Moscow, Russia, vyurkov@ftian.ru

Current noise is one of the major characteristics toam@sistor required for its practical application. Along
with the shot noise and the Johnson—Nyquist noise well-known far bafoespecial quantum excess noise
was revealed in nanotransistors at zero temperature T=Q4dtdly, a general expression to calculate the
current noise for an arbitrary temperature and a voltage evagd [2]. That expression could be used in the
same simulation of a field-effect transistor based on the LandauigkeB@pproach.

The general idea of derivation was guided by the current thd@oguantum measurements. Indeed, the
source and drain contacts measure the state of an electronchmatimeel. The wave function could collapse
in one contact or in another, contributing or not contributing tatineent. The calculation of quantum noise
allows for the Fermi-Dirac statistics, transmission fioeits, and the Pauli exclusion principle. Just that
principle establishes the statistical correlations betwine source and drain contacts absent in classical
description. For zero bias the resultant expression givesoribe Johnson—Nyquist noise in quantum limit.
This noise is also roughly proportional to the temperature. For -aerondrain bias there is a blend of the
Johnson—Nyquist noise and the shot noise (including the excess quantum noise).

The goal of present communication is to reveal how random impuititithe channel affect the noise. In

Figs. 1 and 2 there are depicted the current and the renormalizedi’d@Av , wherev is a bandwidth.

Upper curves correspond to classical regime as the lowerconespond to quantum regime. In Fig. 1 a
single random impurity was inserted in the channel as weh &&. 2 there were two of them. To avoid
misunderstanding it should be noted that a positively charged imphifity the threshold voltage, therefore,
all currents in Fig. 2 are greater compared to that in Fig. 1.

In classical regime the transmission coefficient can acquietwo values: 0 and 1, and the Pauli exclusion
principle is ignored. The thermal (Johnson—Nyquist) noise islglegible at zero drain voltage. For higher
drain voltage the current and renormalized shot noise coimmiddessical calculations. In the quantum limit
they diverge. Comparison of curves results in the estimatidheofmean quantum transmission coefficient
for conducting electrons which turns out to be about 0.7 for the sample structure.
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Fig. 1. Classical ballistic current and renormalizédg. 2. The same as in Fig. 1 for two randpm
classical noise (upper lines), quantum ballistimpurities in the channel.
current and renormalized quantum noise (lower

lines) for one random impurity in the channel.

The work was supported by the Russian Foundation for Basic Research (drii8-60464: and #12-07-
90011-Bela).

1. G. B. Lesovik, JETP Lett49, p.594, 1989.

2. V. Vyurkov, I. Semenikhin, S. Filippov, A. Orbksky, Solid-State Electronicgg, pp.106-113,
2012.
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Revision of interface coupling in ultra-thin body SOl MOSFETSs

T. Rudenko', A. Nazarov?, V. Kilchytska?, and D. Flandre?
1. Ingtitute of Semiconductor Physics, National Academy of Sciences of Ukraine, Kyiv, Ukraine; tamara@labl15.kiev.ua
2. ICTEAM Ingtitute, Université catholique de Louvain, 1348 Louvain-la-Neuve

The fully depleted (FD) ultra-thin-body (UTB) SOl MOSFET with low-doped or undoped channel is
presently considered as one of the best candidates for nano-scaled CMOS technologies [1]. A fundamental
property of any FD SOl MOSFET, affecting the device characteristics, is the effect of the charge coupling
between the front and back SOI interfaces [2]. The interface coupling is also widely used for characterization
purposes. Besides, the interface coupling lies at the basis of the back-gate controlled schemes. Thus an
adequate understanding of the behavior of the interface coupling in UTB SOl MOSFETSs is of crucia
importance. The main manifestation of the interface coupling in aFD SOl MOSFET is the modulation of the
threshold voltage at one gate by the opposite gate bias, which is usually described by the classical Lim-
Fossum model [2]. According to this model, the threshold voltage in a FD SOl MOSFET varies linearly on
the back-gate gate as long as the back silicon film interface is depleted and saturates with strong
accumulation or inversion at the back interface. In accordance to the Lim-Fossum model, the slope of the
linear region of the coupling curvesis determined by the structure capacitances, and thusit is frequently used
for the evaluation of the silicon film thickness. Several publications reported the deviations from the Lim-
Fossum model in the case of UTB SOl MOSFETSs[3],

For better understanding the behavior of interface coupling in UTB SOl MOSFETS, in this work we
revise the classical Lim-Fossum model [2], using 1-D numerical simulations in both classical and quantum-
mechanical modes and their comparison with experimental data. It is demonstrated that the behavior of
interface coupling in UTB SOI MOSFETS has two distinctions from the Lim-Fossum model. The first is an
increased threshold voltage shift with opposite gate bias (i.e., an increased sope of the coupling curves),
which originates mainly from the field-induced quantum-mechanical (QM) effects. This QM effect is caused
by the variation of the electric field in the S film at threshold, resulting in the variation of the electrical
confinement. It is well-marked even in rather thick-film (>10 nm) SOI devices, whose threshold voltage is
usually considered to be unaffected by quantization effects, though it is stronger for thinner films. The
second is significant extending of the linear region of the coupling curve compared to the Lim-Fossum
model. It is demonstrated that there are three factors contributing to this effect. The first consists in the fact
that the surface potentia at threshold conditions in thin-film moderately or low-doped SOl MOSFETs
significantly exceeds 2o (where @f is the Fermi potentia in the semiconductor body), and, in addition, it
increases with opposite gate bias. The second (coupled to the first) is that the accumulation surface potential
needed for stabilization of the potential and carrier distributions in the silicon film (which means interface
de-coupling and saturation of the coupling curve) significantly differs from the conventionally assumed 0 V.
The third factor contributing to the extended range of the linear region of coupling curvesin UTB SOl MOS
is related to QM effects. These findings should be taken into account in the analysis, characterization and
modeling of advanced UTB SOI MOSFETSs. Taking into consideration the foregoing findings, a revised
analytical model of interface coupling valid for UTB SOl MOSFETSs is derived. The presented model is
validated by numerical simulations and experimental results.

This work is supported in part by Nationa Academy of Science of Ukraine in the framework of the
project No. 39-02-12/1.

1. H-S.P. Wong, D.J. Frank, P.M. Solomon, “Device design considerations for double-gate, ground-plane,
and single-gated ultra-thin SOl MOSFET's at the 25 nm channel length generation”, IEDM Tech. Dig., pp.
407-410, 1998

2. HK. Lim, J. G. Fossum, “Threshold voltage of thin-film silicon-on-insulator (SOI) MOSFETS’, IEEE
Trans. Electron Dev. 30, pp. 1244-1251, 1983

3. S. Eminente, S. Cristoloveanu, R. Clerc, A. Ohata, G. Ghibaudo, “Ultra-thin fully-depleted SOI
MOSFETSs: specia charge properties and coupling effects’, Sol. State El., 51, pp.239-244, 2007
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Noise characteristics of nanoscaled SOl MOSFETSs

N. Lukyanchikova!, N. Garbar', V. Kudina', A. Smolanka', E. Simoen?, C. Clagys>®
1. V. Lashkaryov Ingtitute of Semiconductor Physics, National Academy of Science of Ukraine, Kiev, Ukraine,
kudinavaleriya@isp.kiev.ua. 2. Imec, Leuven, Belgium. 3. KU Leuven, Leuven, Belgium
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parameters eval uation based on noise study is devel oped.

Fig. 1a shows the noise spectra S(f) multiplied by the
frequency f of a sSOI HfSION/SIO,-nfinFET measured for
different front gate voltages Vg a Vee=0V. It was found that the
demonstrated shape of noise spectra for which S(f) ~ 1/f’, where y=(0.7 —
1), is typical for al finFETs investigated. The analysis showed that the
Uf” noise discussed is of the McWhorter type [1], which ascribed
fluctuations to the exchange of free charge carriers in the channel with
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Fig. 2. Distribution Ng(X) for the
sSOI (1,4) and SOI (2,3) HfSION-
(4) and HfO,-nfinFETs (1,2) of
Wi > 0.87 um (1,2,4) and HfO,-

nfinFETs of Wg=0.02 um (3).

traps in the gate oxide. Evaluated trap concentrations N, appear to
decrease typically with increasing distance x from the Si/SIO, interface
(Fig. 2); moreover, it was found that the dependencies Ny(x) are
influenced by the gate dielectric material (curves 1 and 4), stressor
techniques (curves 1 and 2) and channel width (curves 2 and 3).
Fig. 1b shows noise spectra [fxS(f)] measured when the accumulated
back-gate voltage is applied which is found to be typical for al finFETSs
studied. Two types of Lorentzian components for which

LT e LT T 52 || §(N=S(0)[1+(207)], where S(0) is the Lorentzian
§ 100 $ S " PRt plateau, =(2zfp)* is a time constant, f, is turn-over
g o : e frequency, are revealed: 1. Back-gate-induced (BGI)
E /‘ A * Derre Lorentzians [2] are observed when the front interface is
= / j//' % S~ smwm,| biased in depletion/weak inversion; their noise plateau
B o T F . mo 3| [S(0)]sa increases with increasing Vgr while rag#te61 (Ver)
E il | " >=—a| (curves 1-3); 2. Linear kink effect (LKE) Lorentzians [2]
£ o L SRR are found when the front interface is biased in strong

05706 08 10 03 04 o5 inversion; their parameters [S(0)] e and 7 e decrease with
Fig. 3. The \éGer Véhﬁ:j/encas Fio.4 The\(’;;gn\c’jemm increasing Ve (curves 4-8). The analysis of the observed
of [ogMpd and of (Cofmf) on (Ve Lorentzians allowed to develop the procedure to determine

[ieve/m A1 on (Ver-Vin)
for SOI (1,3) and sSOI
(2,4) HfSION- (1,2) and
HfO,-nfinFETs  (3,4),
respectively.

865-882, 1999

Vin),

HfSION-nfinFETSs.

the following values: 1. electron-valence-band tunneling
current densities jgg flowing through the front gate oxide
(Fig. 3, SEG means Selective Epitaxial Grown source/drain

evaluated for

regions, m'=1); 2. body-source capacitance (Ceq/m’ﬂz), where £ is the body factor
(Fig. 4); 3. mobility of free carriers in the channel. The influences of dielectric type
and strain in the channel are also analyzed (Fig. 3 and 4).

1. E. Simoen, C. Clagys, “On the flicker noise in submicron silicon MOSFETS’, Solid-State Electron, 43, pp.

2. N. Lukyanchikova, N. Garbar, A. Smolanka, M. Lokshin, E. Simoen, C. Claeys, “Origin of the front-back-
gate coupling in partially depleted and fully depleted silicon-on-insulator metal-oxide-semiconductor field-
effect trans stors with accumulated back gate”, J. Appl. Phys., 98, pp. 114506-114506-11, 2005
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Threshold voltage of advanced MOSFETs: Physical criteria and
experimental extraction methods

T. Rudenko', A. Nazarov?, V. Kilchytska?, and D. Flandre®
1. Ingtitute of Semiconductor Physics, National Academy of Sciences of Ukraine, Kyiv, Ukraine; tamara@labl15.kiev.ua
2. ICTEAM Institute, Université catholique de Louvain, 1348 Louvain-la-Neuve

The threshold voltage (V) is a fundamental parameter for any MOSFET, characterizing the transition
from weak to strong inversion, i.e., from the exponential to linear charge control regimes. Thus accurate and
reliable determination of the V4 value is very important for CMOS design and modeling, and becomes
increasingly important as the gate oxide thickness as well as power supply voltage scale down. Traditionally,
the threshold voltage of a MOSFET has been defined as gate voltage needed to provide the critical surface
potential equal to twice the Fermi potential in the semiconductor body. However, this V1 criterion is
inadequate in the modern MOSFETSs featuring ultra-thin or high-k gate dielectrics [1], and it is meaningless
in the case of advanced silicon-on-insulator (SOI) MOSFET s with undoped silicon body [2]. Thus a variety
of different threshold criteria have been proposed for these devices [1], [2]. As aresult, the V 1y value turns
out dependent on the particular V1 criterion [2]. Presently there are many V1 determination methods,
which differ by the underlying V1 criteria, extraction procedures and sensitivity to parasitic effects. Thus it
is highly desirable to have a clear physica understanding of these methods.

In this work, we review the existing V14 criteria and demonstrate that, in case of nano-scale MOSFETs
with ultra-thin gate dielectrics or/and undoped SOI thin body, featuring gradual transition between weak and
strong inversion, the most physically adequate V 1y criteria are: (i) the maximum of the second derivative of
the inversion charge with respect to the gate voltage (dZQmV/dng), corresponding to the inflection point in
the rate of the inversion charge growth, and (ii) the equality between the drift and diffusion drain current (Ip)
components, lgq=lgir. The experimental methods for the V1 extraction based on these criteria are examined.
Particular attention is given to the recently proposed method, using the transconductance-to current ratio
(9n/1p), in which V1 is evaluated from the gate voltage of the minimum of the d(g./Ip)/dV 4 versus gate
voltage function [3]. Using analytical modeling, it is shown that the V1 criterion of the d(g./Ip)/dV 4 method
is the maximum of dZQmV/dng, just as of the popular transconductance change method, in which Vy is
defined from the position of the maximum of the transconductance derivative (dgm/dVgEdzld /dvgz) [4].
However, though dg./dV4 and d(g./Ip)/dV4 methods rely on the same Vy criterion, they feature different
sengitivity to the mobility variation with gate voltage and drain voltage value. With analytical modeling and
experimental data for advanced SOI FinFETs and ultra-thin-body SOl MOSFETS, it is demonstrated that the
d(g+/1p)/dV 4 method is much less sensitive to the V ;-dependent mobility and drain voltage value, and thusis
more reliable than the dg., /dV4 method. Furthermore, it is found that at the point of the minimum of
d(gn/1g)/dV g, at vanishingly small drain voltage and ideal MOSFET operation, the value of g/l is equal to
2/3 of its maximum value. This can be used as alternative quick method for the V14 extraction corresponding
to the criterion of the maximum of szinV/dng. At the same time, at the condition lg=lgis, the ratio of gn/l4
to its maximum value is found to be 1/2. The difference between the two V4 extractions in the ideal
MOSFET is estimated to be ~1.2 kT/q. However, such V1 extractionsare possible only when the gm /14 (V)
curve has a clearly defined plateau in the range of the maximum, whereas it is frequently distorted, for
example, due to gate-induced drain leakage current, short-channel effects, or V g-dependent mobility. Thus
the d(gm/14)/dV 4 method seems to be more preferable.

This work is supported in part by National Academy of Science of Ukraine in the framework of the
project No. 39-02-12/1.

1.C.-H. Shih, J.-S. Wang, “ Threshold voltage of ultrathin gate-insulator MOSFETS’, IEEE Electron Dev.
Lett., 30, pp. 278-280, 2009

2.F.J. Garcia Sanchez, A. Ortiz-Conde, J. Muci, “Understanding threshold voltage in undoped-body
MOSFETs: An appraisal of various criteria’, Microelectronics Reliability, 46, pp.731-742, 2006

3. D. Handre, V. Kilchytska, T. Rudenko “g./lq method for threshold voltage extraction applicable in
advanced MOSFETs with non-linear behavior above threshold”, IEEE El. Dev. Lett., 31, pp.930-932, 2010

4. H.S. Wong, M.H. White, T. J. Krutsick, R.V. Booth, “Modeling of transconductance degradation and
extraction of threshold voltage in thin oxide MOSFET”, Solid-State Electron., 30, pp. 953-968, 1987.
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Electrical Characterization of High-k Gate Dielectrics for Future
CMOS Technology

Y.Y. Gomeniukl’*, Y.V. Gomeniuk', A.N. Nazarov', L.P. Tyagulskiil, V.S. Lysenkol,

K. Cherkaoui®, S. Monaghan® and P. K. Hurley”

1. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, Kyiv, Ukraine,” ygomeniuk@gmail.com
2. Tyndall National Institute, University College Cork, Lee Maltings, Prospect Row Cork, Ireland

Searching for ultrathin gate dielectric materials is one of the major challenges associated with further
downscaling in CMOS technology. High-k dielectrics can be grown thicker providing the same EOT and
significantly reduced gate leakage currents. However, high-k materials often suffer from the charge trapping
and poor electrical quality of the dielectric-semiconductor interface [1, 2]. Transition metal and rare-earth
metal oxides have been considered as perspective materials to replace SiO, for future CMOS.

We present the results of electrical characterization for high-x dielectrics, including Hf, Gd and Nd oxides,
ternary compounds (LaLuOs3) and silicate (LaSiO,), epitaxially grown on Si substrates. Al, NiSi, TiAIN, TiN,
Pt used as top metal gate of MOS stacks. Both p- and n-MOSFETs with high-k gate oxide were fabricated on
UTB SIMOX SOI wafers (tgox=150 nm). The channel length and width were 1 pm and 50 pm, respectively.
The conductance-frequency (G-w) measurements allow to determine the interface state density (Dy) using
the classical approach of Nicollian and Goetzberger [3]. In the case of leaky dielectric layers, the results of
both capacitance-voltage (C-V) and G-w measurements require correction, as described in [4]. Fig. 1 shows
the D; distribution over Si bandgap for n- and p-type samples with 10 nm LaSiO dielectric layer. The D;
distribution near the edges of bandgap was obtained using Gray-Brown technique [5].
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Fig. 1.
determined by G- and Gray-Brown methods.

Dy, distribution over the Si band gap Fig. 2. Low-temperature thermally stimulated current (TSC)
spectra after filling the electron (solid) and hole (dash) traps.

The TSC spectra (Fig.2) revealed the presence of shallow electron and hole traps with activation energies
ranging from 15 to 32 meV near the silicon conduction and valence band edges. The concentration of traps is
2.6x10"" cm™ for the electron traps and 4.7x10'° cm™ for the hole traps.

SOI MOSFETs with LaLuO; (20 nm thick) gate oxide demonstrated feasibility of LaLuO;/TiN gate stack.
The subthreshold slope of 100 mV/dec for p-MOSFET and 90 mV/dec for n-MOSFET was obtained.

1. H. Wong, H. Iwai, “On the scaling issues and high-k replacement of ultrathin gate dielectrics for
nanoscale MOS transistors”, Microelectronic Engineering, 83, pp. 1867-1904, 2006

2. O. Engstrom, B. Raessi, S. Hall, O. Buiu, M.C. Lemme et al., “Navigation aids in the search for future
high-k dielectrics: physical and electrical trends”, Solid-State Electronics, 51, pp. 622-626, 2007

3. E.H. Nicollian and A. Goetzberger, “MOS conductance technique for measuring surface state parameters”,
Appl. Phys. Lett., 7, pp. 216-219, 1965

4. Y. Gomeniuk, A. Nazarov, Ya. Vovk, Yi Lu, O. Buiu, S. Hall, J. K. Efavi, M.C. Lemme, “Low-
temperature conductance measurements of surface states in HfO,-Si structures with different gate materials”,
Mat. Sci. in Semicond. Processing, 9, pp. 980-984, 2006

5. P. V. Gray and D. M. Brown, “Density of SiO,-Si interface states”, Appl. Phys. Lett., 8, pp. 31-33, 1966
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The mobility models for TCAD simulation of extremely thin nanoscale
SOI MOSFETs

Y. Chaplygin, A. Krasjukov, T. Krupkina, I. Titova

National Research University of Electronic TechiggloMoscow, Russia, ieem@miee.ru

Problems with the further miniaturization of the basic elmaf silicon electronics, the bulk MOS
transistor, make it preferable to use the fully depl&@&d MOSFET with ultra-thin bodies. The advantages
of such structures are the control of short-channel effadishe reduction of the mobility degradation in the
case of an undoped channel. Thus, the long-term use of SOl MO&F&X®cted not only as elements of
special integrated circuits suitable for operation in extremgronment, but also as the main element of
mainstream semiconductor products. Analysis of the characterdtisOl MOSFETs as a key element of
various types of integrated circuits can be successfullyomeeld by using an environment of virtual
manufacturing, namely, TCAD Synopsys software platforms [1], utige condition of the selection and
calibration of the appropriate models. One of the most importannpsees in these structures is the carrier
mobility in the channel within extremely thin Si layer.

However, the transition to nanoscale transistors using tligidral route of process-device simulation
becomes problematic. In particular, it does not take into acdbentoughness of the interface Si/SiO
which leads to inaccuracies in the assessing the dependence robltiiy of the charge density in the
channel [2]. For SOI MOS structures formed in extremely thinsfilthe contribution of this error may be
significant, especially under condition of the high field sattan. The features of the choice of mobility
models for the simulation of SOl MOSFETSs structures with undiagglicon as the active region were
analyzed. The electrical characteristics of the extiethin SOl MOSFETS structure (pic.1) were simulated
with Synopsys Sentaurus Device tool using the hydrodynamic modekifimated structure includes an
intrinsic SOI body with thickness 8.6 nm, SiON gate oxide with tiésk 1.1 nm and= 4.8. The effective
channel length is 38 nm. Experimentally determined series regstdrsource/drain regions [3] were used
during the device simulation. The analysis showed that the mairdamontrolling the mobility are the
surface contribution due to acoustic phonon scattering and surdaghness scattering. More fine
adjustment was carried out using the energy relaxationttinfpic.1,b) according to the high field mobility
degradation by the Meinerzhagen-Engl model.
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Fig. 1 The results of extremely thin SOl MOSFET T Aimulation: a — the 2D distribution of electromlility at
Vgs=0.6 V, Vds=1.0 V; b - |-V characteristics ( --experiment [3], —%.=0.2 ps, --1.~0.15 ps)

1. http://www.synopsys.com

2. T. Krupkina, D. Rodionov, I. Titova, A. Shvetz, "An account of th&iSh interface roughness for
simulation of nanoscale MOS transistors”, Proc. Int. Conf. “Opto-, tecto@nics, nanotechnology and
Microsystems”, Ulyanovsk, 2011, pp.454-455.

3. Y. Liu, M. Luisier, A. Majumdar, D. Antoniadis, M. Lundstrom, “Ohetinterpretation of ballistic
injection velocity in deeply scaled MOSFETS”, IEEE Trans. on ElectrasicBg, 59, pp.994-1001, 2012.
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SOI CMOS RadHard SRAM 256K, 1M, and 4M

N. Alieva', A. Beloug, V. Bondarenkd L. Dolgy?, E. Lozitskyf, S. Sorok G. Usov,

A. TurzevicH, S. Shvedav
6. “Integral” Join Stock Company, Minsk, Belarus, E-ireddress: office@bms.by 2. Belarussian State
University of Informatics and Radioelectronics, BknBelarus, E-mail address: vitaly@bsuir.edu.by

CMOS static random access memory (SRAM) is a field of strad interest for “Integral” Join Stock
Company. Bulk silicon wafers are used by “Integral” to fabei@@MOS SRAM for civilian applications. To
produce CMOS SRAM for military and aerospace applicatiorns néasonable to use Silicon-On-Insulator
(SOI) structures instead of bulk silicon wafers. SOI strestiogether with special schematic designs and
technological solutions provide high information capability andiateon hardness of CMOS SRAM.
“‘Integral” developed RadHard CMOS SRAM for aerospace andamilgystems requiring reliable high
performance solutions for radiation intense environments.

In this paper the main efforts of “Integral” on the wagnirthe applied research to industrial production of
RadHard SOI CMOS SRAM 256K, 1M and 4M are presented and discussed.

To produce RadHard CMOS SRAM 256K, 1M and 4M we use commesthdDX and Unibond SOI
structures and specially designed 0.8 um, 0.5 pm and 0.35 pm tedotalofwgcesses. Memory cell of
SRAM consists of six MOS transistors and a lightly doped draictsire is used for improved short channel
reliability. To provide high radiation hardness a number of scherasighs and technological solutions are
used: (a) introducing of resistor-capacity circuits in menmels; (b) topological symmetry of memory
cells; (c) applying of potentials to the walls of MOS tratmis and substrate of SOI structure; (d)
introducing of highly doped regions to prevent inversion in p-type w@)sdoping engineering of silicon at
the interface with silicon oxide, etc. Family of RadHard CM&RAM offers the performance, weight and
size needed in critical aerospace and military missifims.designed topologies of memory cells of RadHard
SOI CMOS SRAM are protected by certificates of RusBiedieration. All memory products are certificated
and passed special radiation tests. The SOI CMOS SRAM willatait up due to any of the radiation
exposure conditions (presented in the table) when applied under recommendédgpenditions.

Main parameters of RadHard SOl CMOS SRAM produtt$ntegral”

Parameters SOI CMOS SRAM products
256K (32Kbitx 8) | 1M (128Kbitx 8)]  4M (512Kbit x 8)
Die size, mm 9x85 9.5x9.5 14 x 11
SRAM cell size, um 11x18 6.2x9.7 5x8
Voltage, V 5.0 5.0/ 3.3 3.3
SEU, errors/bit-day 10%° 10%° 10%°
Total dose, Rad(Si) fo 10 10
Neutron hardness, ¢m 10" 104 10"
Dose rate survivability,
Rad(Si)/s 167 10 10

RadHard SOI CMOS SRAM products of “Integral” Joint Stock Compaiifigr high levels of integration,
performance, low power dissipation and will be available for sell atrtt@©2012 (http://www.integral.by).
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Carrier mobility in SOI layers with bonded interface

0O.V. Naumova, B.l. Fomin, V.P. Popov
Institute of Semiconductor Physics, Russian AcaddrBgiences, Novosibirsk, Russia, naumova@ispunsc.

Silicon on insulator (SOI) is well-known material system liigh-speed electronics and for advanced Si
devices. Silicon strips or nanowires (NWs) fabricated berdh structuring of the top silicon layer can be
used as a metal-oxide-semiconductor field-effect transistor babyalternative designs of multiple-channel
and multiple-gate transistors, single-electron transistitts side gates (made in the same silicon layer in
which the transistor body was formed). SOI nanowires with fugiace and with ohmic contacts on their
ends can be used as highly effective field-effect sensing elenstait

Silicon layer may has two interfaces with dielectrics irs¢hstructures: (1) the bonding interface; (2) the
interface formed by thermal oxidation. A set of factors ddtegmthe electric properties of devices based on
Si nanolayers: states at the Si/Si@erfaces, properties of dielectrics, properties of th&lr$i, methods of
nanostructuring of SOI layers and so on. In this report we valld@n a comparing of currier mobility near
the thermal and the bonded Si/Si6terfaces.

To minimize the density of electron traps for Si/buried oxideesyshe SOI wafers were prepared using a
technology similar to Smart Cut, the differences being asvistl (1) unlike in a Smart Cut process, the
buried oxide was not implanted with hydrogen and (2) the intetiatween the buried oxide (BOX) and the
top Si layer was the bonded interface (the last means that the BOXaéap i layer has structure like one
for bulk-SiG,). To minimize the mechanical stress and density of céaraes for top SigSi interface, the
nitrogen was introduced during the oxide growth. Different SOI isams with free surface or top gate on
the surface were used for electric characterization of dgtems evaluated via current-voltage
measurements.

Systematic studies of the currier mobility into the $krs were carried out depending on 1) the properties
of the initial Si (Cz, Fz), 2) the Si layer thicknessQ40nm), and 3) surface states (free or proceeded and
gate-controlled).

The obtain results allowed to determine the dominant mechanisair@rcscattering by varying the above
factors, identify ways to increase the charge carriefsility in structures up to the values of bulk-Si (~1500
e’V s and ~2700 cAv™ s* for electrons at 300 K and 78 K correspondingly). It was found thahéor
"ideal" state of interfaces, the mobility of electrons dep@mdis on the properties of the initial Si and varies
depending on the excess charge carriers by a power law with n=-0.3 for Cz-Si-@rl for=Fz-Si.

This work was partly supported by RFBR under Project No 12-02-90443xUkr_
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Current state and new prospects of semiconductor frared
photoelectronics

V. Ponomarenkt?, A. Filachev

1.R&P Association “Orion”, Moscow, Russia, E-mail:ion@orion-ir.ru. 2.MIPT, Dolgoprudny, Russia

The paper discusses condition and results of development in a nafnbasic technologies of infrared
photoelectronics: semiconductor photosensitive materials, solegtato converters for IR and UV regions
of the electromagnetic radiation, multispectral and fast respadesces, metamaterials and nanotechnology
for creation of new types of optoelectronic devices.

We describe the current state of semiconductor mateieice for photoelectronics. The prospects for the
development of molecular beam and MOS-hydride technology for mautfactthe most important
photosensitive materials - CdHgTe, InSh, InGaAs, GaAIN, GaAsP, GalnN, etc

It is shown the main tendencies of development of solid-stateogdmvertors based on,{Ba As and
CdHg:«Te solid solutions for "non-thermal" spectral region of nighglaw 1-2 um. The results of
researches of matrix focal plane arrays basedgila,-As/INP are described.

The paper discusses the results of development of “staringl Bhfibcal plane arrays based ongthogTe

and InSb for spectral regions 8-12 and 3-5 pum with 2x96, 4x288, 6x576, 320x256, 384x288, foigitat
imaging systems, and also imaging modules on their basis.

The prospects for the production of fast response focal plaagsaincluding those for 3D-images in
thermal imaging and active-pulsed optical-electronic systamisresults of pin-and avalanche photodiodes
based on Si, InGaAs/InP and CdHgTe are described.

It is presented results of development of multispectral photcidese(MPD) for the spectral regions of 1-3,
3-5 and 8-12 pum, including monolithic two-spectra?2288 matrix based on CdHgTe.

The properties of UV photodetectors based on GaP, GaAsA&aPfor ranges 0.2-0.51, 0.25-0.90,
0.25-0.68 um are described.
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Silicon Nanowire Field Effect Transistor With Highly Doped Leads

S. Amitonov', D. Presnov'?, K. Rudenko®, V. Rudakov?, V. Krupenin'
1. Laboratory of Cryoelectronics, Moscow State University, 119991 Moscow, Russia , amitonov@physics.msu.ru.
2. Nuclear Physics Institute, Moscow State University, 119991 Moscow, Russia, denis.presnov@phys.msu.ru.
3. Institute of Physics and Technology RAS, 117218, Moscow, Russia.

Silicon nanowire field effect transistor (NWFET) is a promising electric field/charge sensor. Sensitivity of
nanowire-based sensor could be just a factor of 20—30 away from the record sensitivity for state-of-the-art
single-electron transistors operating below 4 K [1] while its operating temperature is noticeably higher and
fabrication is much more easier. To demonstrate record sensitivity length Thomas-Fermi length of
screening should be similar to the nanowire diameter. It means for silicon nanowire diameter 100
nm at 300 K dopant concentration should be ~10'> cm™. At the same time source and drain regions
should be highly doped to reduce sensor resistivity, noise level and produce good silicon-
metalization interface.

Here we report about simple fabrication of a silicon NWFET with highly doped source and drain
regions. We used SOI wafers with device (top) layer 110 nm and dopant (boron) concentration ~10" cm™.
After Arsenic ion implantation (dose 1.25-10" cm™) and rapid thermal annealing we get nonuniform dopant
concentration ~10°' at the layer surface and less than 10'® at the depth of 50 nm. To produce silicon NWFET
we used electron beam lithography, e-gun Al evaporation and reactive ion etching. This structure didn't
demonstrate field effect as highly doped silicon layer were degenerated to metallic conduction. Than all the
structure except silicon nanowire was masked and top highly doped layer was anisotropically etched away in
plasma at the same conditions initial reactive ion etching were produced till the beginning of transistor effect.
Measurements of the transistors were carried out at temperatures of 300 K, 77 K and 4.2 K with a homemade
measuring system.

Mag = 105.00 K X WD = 7.6 mm 200 nm Signal A=InLens EHT=20.00 kv Aperture =30.00 pm Date :12 Apr 2012 Gun Vac= 7.68e 010 mb
SUPRA 40-30-87 CRYOLAB MSU °  Z=130.199 mm Noise Reduction = Line Avy  System= 2.41e-006 mb

Fig. 1: Silicon nanowire field effect transistor with highly doped leads

1. J. Salfi, I. G. Savelyev, M. Blumin , S. V. Nair & H. E. Ruda, “Direct observation of single-charge-
detection capability of nanowire field-effect transistors”, Nature Nanotech, 5, 737-741 (2010).
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Electronic band alignment and electron transport
in Cr/BaTiO ;/Pt ferroelectric tunnel junctions

A. ZenkevicH, M. Minnekaev, Yu. MatveyeV, Yu. Lebedinskii, K. Bulaktf, A. ChoupriK,

A. Baturirf, S. Thiessand W. Drub&
1. National Research Nuclear University “Moscow Eregring Physics Institute”, Moscow, Russia,
avzenkevich@mephi.ru. 2. Moscow Institute of Pyt Technology, Dolgoprudny, Russia,
baturin@mail.mipt.ru. 3. Deutsches Elektronen-Syatbn DESY, Hamburg, Germany, wolfgang.drube @diesy.

The non-volatile memory concept of ferroelectric tunnel junesti@iTJ) takes advantage of an ultrathin
ferroelectric (FE) layer as the barrier material lesiw two metal electrodes, where the tunneling
electroresistance is controlled by flipping the FE polagzatind hence the electronic potential profile
across the FTJ [1, 2]. In this work, we investigate the relsict and electrical properties of epitaxial single-
crystalline BaTiQ/Pt heterostructures grown on a MgO(100) substrate by pulseddeaposition [3] with a
Cr top electrode. Hard X-ray photoemission spectroscopy at E=6ske¥ed to determine the electronic
band alignment at the interfaces. The Bahi@lence band offset (VBO) with respect to the Fermi level of
the Pt (Cr) bottom (top) electrode is found VBO = 2.6 (2.9) eVuidsg the previously reported band gap
Ey = 4.3 eV for ultrathin BaTi@[3], the conduction band offset is 1.7 (1.4) eV. The effect of ahmek t
MgO marker layer on the band line-up at the Bal®interface is also investigated enabling to reconstruct
the band alignment diagram in the BaFl@gO/Pt system. The ferroelectricity of ultrathin epitaBaTiO;
layers is confirmed by piezo-response force microscopy. Thet effehe BaTiQ polarization reversal on
the tunneling current is demonstrated on Au/Cr/Ba@#m)/Pt FTJ with a supm Au/Cr top electrode.
The tunneling electroresistarc#0 is calculated from the |-V curves.

O

~
o
'S

2
w
1

Cr
P 3£ Downward
@ polarization

BTO

Pt ﬁ \ y
Mg0(001) i ;
| Msiool, |

=2
ro
.

Current (nA)
o

Upward
polarization

600 400  -200 0 200 400 600
Voltage (mV)

d=4 nm (TEM)
© pt | BaTio,

Fig. 2. a) HRTEM bright-field image of PLD grown Big®3/Pt/MgO(100) structure and FFT images taken from
Pt/MgO and BTO/Pt interfaces; b) Experimental |-Waracteristics (dots) recorded on the Au/Cr/Ba{40nm)/Pt
tunnel junction for opposite polarization orientais and the fits (lines) with the model of tunnglithrough a

trapezoidal barrier; c) The obtained electric ptoédrprofiles across the Cr/BaTiPt junction for both ferroelectric
polarization orientations.

1. E. Tsymbal and H. Kohlstedt, “Tunneling Across a Ferroelectric”, Sei8thg pp.181-184, 2006.

2. V. Garcia, S. Fusil, K. Bouzehouane, et al., “Giant tunnel eleastarese for non-destructive readout of
ferroelectric states”, Naturd60, pp.81-84, 2009.

3. A. Zenkevich, M. Minnekaev, Yu. Lebedinskii, et al., “Pulsed ldsgrosition of ultrathin BaTigFe bi-
layers: Structural characterization and piezoelectric responsei’ Soitid Films,520, pp.4586-4589, 2012.
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A Gold Free Fully Copper Metalized GaAs pHEMT for the High
Frequency Applications

E. ErofeeV, V. Kagadei, A. Kazimirov?
1. Research and Production Company “Micran”, TonRRkssia, erofeev@micran.ru
2. Scientific Research Institute of Electrical Commigation Systems, Tomsk, Russia, smart300389 @unail.

Copper metallization has extensively used in the silicon intdjratrcuit technology since IBM
announced its success in silicon very large scale integratioagstothe advantages of copper metallization
for Si technology include lower resistivity and high electromtign resistance. Even though the use of
copper as metallization metal has become very populardeviies, there were very few reports devoted to
copper metallization of GaAs devices [1] — [2]. The using copper asdtadlimation metal instead of gold in
GaAs technology has several advantages such as lowelvitgsigigher thermal conductivity, and lower
cost. If Cu replaces Au as the metallization metal forHEMTS, then the resulting improvement in the
electrical conductivity can increase the transmission speeiicoits. At other hand, the combination of the
superior electrical and optical performance of GaAs witrumasilicon technology has been very attractive
for the semiconductor industry. The successful epitaxy of thé éibmpound semiconductors on Si wafers
reduces substrate and processing cost for IlI-V semiconductarfacduring. All of them open the door to
significantly less expensive optical communications, highdescy radio devices and high-speed
microprocessor-based subsystems.

The purposes of the present work are to develop and produce fully copiadized pHEMT with Cu/Ge
based ohmic contacts and Ti/Mo/Cu 150 nm T-gate and to investigat®C and RF parameters of
fabricated Cu-metalized GaAs pHEMT.

The fully Cu-metalized GaAs pHEMT was formed on the AlG&R3aAs/GaAs structures. After mesa
isolation the source and drain Cu/Ge ohmic contacts were fausied the lift-off method. Annealing was
performed in a Benvironment at 408C for 3 min. 150 nm Ti/Mo/Cu T-shape gates were fabricated by e-
beam nanolithography Raith-15(’ using a tri-layer resist stack of 950PMMA/LOR5B/495PMMA and 30
keV electron beam energy (fig.1). The device DC propertie® werasured with Tektronix 370A. The
microwave S-parameter measurement has been carried out by using ZVAvdtkreatalyzer.
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metalized pHEMT with 150 nm Ti/Mo/Cu T-gate.a function of frequency of fabricated Cu-based GpAEMT.
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The fabricated Cu-metalized pHEMT has a maximum drain curred®@fmA/mm, off-state gate-drain
breakdown of 7 V and a transconductance peak of 440 mS/mmsat ¥.5 V. The maximum stable gain
value was about 18.8 dB at frequency 10 GHz. The current gainfdueéadency of the copper metalized
device is about 100 GHz at£ 1.5 V and maximum frequency of oscillations is beyond 100 GHz (fig.2).
1. C.Y. Chen, E.Y Chang, L. Chang, and S.H. Chen, “Backside copper rna¢i@iliof GaAs MESFETSs”,

Electronics Lett.36, pp.1318-1319, 2000.

2. H.C. Chang, E.Y. Chang, Y.C. Lien, L.H. Chu, S.W. Chang, "Use of \&i\the diffusion barrier for

copper air bridged low noise GaAs pHEMT”, Electronics L88,,pp.1763-1765, 2003.
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Measurement of thickness of a layer of natural silion oxide being on a
test relief pitch structure, created on a substratef monocrystalline
silicon

M.N. Filippo??¢ V.P. Gavrilenk8® A.A. Kuzin®®, A.Yu. Kuzirf,
AA. Kuzmin® V.B. MityukhlyaeV, A.V. RakoV, P.A. Todu&®,
A.V. Zablotskiy"°

®Center for Surface and Vacuum Research, 40 NovaBti@et, Moscow, Russia 119421;
®N.S. Kurnakov Institute of General and Inorganie@tistry 31 Leninskiy Prospect, Moscow, Russia 19999

“National Research University “Moscow Institute dfyRics and Technology?® Institutskii per., Dolgoprudny,
Moscow Region, Russia, 141700.

In this work, we have measured the thickness of a layer afatagilicon oxide being on a silicon relief
structure, created on a substrate of monocrystalline silidoa.structure represents a set of the elements
(protrusions) with a trapezoidal profile and a pitch (distdretereen two adjacent protrusions) of 2 microns.
On one chip, the protrusions with the upper base of about 100 nm and tfl@bam are presented. The
angle of inclination of sidewalls of the trapezoidal protrusisith respect to its base is equal to 54.7°.
Formation of natural silicon oxide occurred at room temperaturem@éfesured the thickness of a layer of
natural silicon oxide, using a high-resolution transmissiortreleenicroscopy. For such measurements, we
used the known separation between the {111} lattice planes. We found that the thfkadsyer of natural
silicon oxide depends both on the size of the upper base of thespyot and the size of the profile of the
bottom between two adjacent protrusions. The minimum thicknesswthakide of silicon (of about 2.4
nm) occurs in the center of this bottom, and at the edges of this bottom timeskidkcreases to 5 nm.
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Characterization of graphene layers grown using N&-SiC bi-layer as
a precursor

A.V. Vasin', S.A. Gordienkd P.M. LytvyrT, V.V. Strelchuk, A.S. Nikolaenkd, A.N. NazaroV,

A.V. Rusavsky, V.S. Lysenkd, V. PopoV
1. Lashkaryov Institute of Semiconductor Physi@sS Mf Ukraine, Kiev, 03028 Ukraine. 2. InstitutdRazhanov
Institute of Semiconductor Physics, Siberian BraotRAS, Novosibirsk, Russia.

Graphene layers were synthesized by vacuum thermal annealihg tifin film “sandwich” Ni/a-SiC bi-
layer deposited on Sisi wafer by magnetron sputtering technique. First step ofattrécation procedure
was deposition of amorphous SiC film with thickness of aboutrb@®n SiQ/Si wafer by radio frequency
magnetron sputtering of SiC target in argon atmosphere. On the second dtemN500 nm was deposited
on the top of a-SiC layer by direct current magnetron sputteingi target. Finally, Ni/a-SiC/SigSi
multilayer structure was then annealed in nitrogen flowrabspheric pressure for 30 seconds or in vacuum
10* torr at temperature range 750-11%D for 5 minutes. At elevated temperature thin a-SiC lager i
dissolved in nickel resulting in formation of nickel silicidedanterstitial carbon. After cooling down carbon
is precipitated on the surface of Ni film and in the bottmterface Ni/SiQ. The effect of annealing
temperature and heating rate on the formation of carbon lageesstudied. It was shown that carbon layers
were formed both on the top of Ni film and on the interfacei@y$ case of vacuum annealing. In case of
pulse annealing in nitrogen flow graphite-like amorphous carhbanlaiier is formed only in the interface
Ni/SiO,. Graphene flakes were formed on the top of Ni surface when ag@yminutes vacuum annealing
at temperature 750-85%C, while amorphous carbon layer was formed on the interfaceQMi/Siarbon
layers have been characterized by Raman scattering, atom force aimdpk@ihe force microscopy.

Lateral size of graphene flake was estimated to be about tens of midritesgnekness estimated by Raman
scattering varied from one to few layeksateral size of the flakes depended on anneaéingperature
and temperature growth rat€omparison of graphenes synthesized in our lab with that provided
commercially CVD graphenes on nickel showd quite similar serfaorphological features and Raman
scattering spectra. Thus, synthesis of the graphene by theeatahent of Ni/a-SiC bi-layer is suggested as
an alternative to common CVD deposition method.

Atom force microscopy (AFM) was not able to detdlw thickness ajraphene flakes in regime of surface
topology examination due to large roughness of Ni surface. Employwh&mivin probe force microscopy
(KPFM) demonstrated clear correlation of surface potential graphene flakes visible by optical
microscopy. The value of the contrast of surface potentieklated with number of grapheme layers
measured by Raman scattering. Moreover, KPFM allowed detaptipdpene layer even in case of absence
of optical contrast from single graphene layer on nickelasetf Thus KPFM is demonstrated to be an
effective instrument for examination of graphene topology on rough surfaces.
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Dynamic Secondary lon Mass Spectrometry (D-SIMS) is a ambroved surface analysis technique. By
now D-SIMS is used for over forty years. Its development masly fueled by semiconductor industry,
where it is one of the key characterization technique used &, Ror monitoring of technological
processes during production (in-line D-SIMS), for reengineering, and fordaihalysis.

In the field of the physics of semiconductor devices D-SIM@lysis is one of the most important
characterization techniques, too. The importance of SIMS is nedivay the following characteristics of
this technique. SIMS can be used to measure all elementsPetioglic Table and their isotopes. SIMS has
a high trace sensitivity down to ppb levels, which makes podsibteeasure intentional and unintentional
doping in semiconductor structures. SIMS is capable to perform s&edénrdepth profiling of multilayered
heterostructures and ultra-shallow implanted structures w#hometer depth resolution. Valuable
information about two-dimensional distribution of elements can baired by SIMS imaging. SIMS in-
depth profiling and imaging may be combined to yield three-dimens&ivb chemical maps of materials
and heterostructures.

In this presentation basic phenomenon of SIMS process is des@ittbthe issue of SIMS quantification
for selectively doped compound semiconductor structures is addirédse technique of in-depth SIMS
analysis, its strengths and limitations are considered focusingeorhtllenge of accurate analysis of near-
surface and interface regionBhe information of state-of-the art tools for D-S3\vanalysis of nano-
scaled semiconductor heterostructures is presented.

The case studies shown illustrate the application of D-SIM3owatimpact energy to the in-depth
characterization of modern IlI-V, llI-N, and Si-SiGe heterasgties and structures with ultra-shallow
junctions. Fundamental and instrumental effects limiting the deggblution, the sensitivity and the
accuracy of SIMS analysis are discussed.

03-07



Determination of the state of non-volatile memory ell with the
floating gate by using scanning probe microscopy

D. Hanzif, E. Kelnt, N. Luapunov, R. Milovanov, G. Molodcova, M. Yanuf, D. Zubov
1. Institute of Nanotechnology of MicroelectroniBsissian Academy of Science, Russia, 119991 Mokeminsky
Prospekt, 32A, Zone "B", office 107, kelm87@yandef®. NT-MDT, Building 100, Zelenograd, Moscow 422,
Russia, spm@ntmdt.ru.

During a failure analysis of integrated circuits, containing-valatile memory, it is often necessary
to determine its contents. Standard memory reading proceduzasaodt not applicable. This work discusses
approaches to determining the state of non-volatile memolywitél the floating gate by using scanning
probe microscopy.

The state of non-volatile memory cell with floating gat&)ks defined by the presence or absence in
him of the electric charge. Logical “one” (1b) usually correspdads cell without electrical charge, and a
logical "zero" (0b) - with the charge in the FG. Thus, thasneement of charges in FG of cells gives the
possibility to determine the content of memory.

Issues of sample preparation and methodology of measurement apesttated on single-chip
“MICROCHIP” microcontrollers, with EPROM (PIC12C508) and flash-EEPRM®MC16F876A) memory.

To verify the results of determination the state of non-ilelatemory cells is necessary to know, how
the geometric position of the cell corresponds to the address obbthif investigation we used the method
of local erasing cell by the electron beam [1].

Memory cells of PIC12C508 were programmed two by two, and B&C046F876A - in groups of
four, to simplify further analysis (figure 1a).

In our work we investigated two ways of sample preparation. iFsieviay (PIC12C508) has three
steps: geometric measurements of chip, mechanical bagislidhing of a die up to a thickness of 5-10
microns, and chemical etching in TMAH (Tetramethylammonium hydroxide) s€bond way has also three
steps: IC decapsulation with fuming acid, mountain of die eiliGn substrate in recess with depth 100
microns, and backside polishing of die up to 50-200 nanometers.

To investigate the FG charges was used the method of cectamting capacitance microscopy
(CSCM). As the probe signal is used a signal at a frequent® MHz and the amplitude of 0.1-1 V. The
best contrast of the FG charges was obtained in the memorylagea the thickness of the silicon substrate
over the FG was about 100 nm. The picture of the FG chargebulion fully corresponds of the
geometrical arrangement of the recorded address bits (figure 1b).

It should be noted, that the second way of sample preparation is morecadetpéind requires more
time, however, allows to remove substrate of chip a more plawiaraa a consequence, to get a picture of
the charge distribution on a larger area of memory. The magrofutie contrast of charge distribution on
the surface is also higher in the samples, performed by the secondumethod.
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Figure 1. a — location of the recorded memory célls CSCM im:';lge of charge distribution on the atef

1. Thong John T.L. "Electron Beam Testing Technglpglenum Press, New York, 1993.
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Mechanisms of image formation in SEM

Yu.V. Larionov, Yu.A. Novikov
A.M. Prokhorov General Physics Institute, Russiaademy of Sciences, Moscow, Russia, nya@kapella.gpi

Scanning electron microscopes (SEM) are used in micro- and netnoeies for visualization of relief
structures and for measurement of its linear sizes. Spamed and nanorelief test objects were fabricated
and calibration methods for low and high voltage SEMs, working mode of collecting slow secondary
electrons, were developed for it. However, SEM image formedynothese modes do not map a relief
structure correctly. One should have comprehension of image formraechanisms and its correct use in
any SEM mode for correct structure profile reconstruction andrlisige measurement. There are three
modes for it: the low voltage mode (where primary electrons bagggy less than 2 keV) and the two high
voltage modes (primary electrons have energy more than 2 ke\Wne of them SEM detector collects
backscattered electrons (BSE), in another it collects semendary electrons (SSE). Results of investigation
of image formation mechanisms in these modes are presentee raperfor spatial homogeneouslief
structures.

SEM image signaV e at the low voltage mode can be expressed as:

Ve (t)~ H I (x, y)|grad(S(x, y))|F (x, y,t)dxdy,

where §(x,y) is a surface relief function along andy axes,F(x,y,t) is a function of electron density
distribution in a probd,(x,y) is a function of electron emission of the surfdadée the scanning coordinate.
The SEM image signafsse at the BSE mode can be covered with use of two mechanisms:

VBSE(t) = Ilﬂ I (x, y)S(x, y)F (x, y,t)dxdy— I 2” I (x, y)S(x, y)FBSE(x, y,t)dxdy,

whereFgse(X,y,t) is a function of electron density distribution at effectilegpth of backscatterind; n 1, —

are emission contributions of these mechanisms. An experimeitdahee of possibility of this description
is presented in [1]. An experimental division of these mechanism coitribuis demonstrated in the paper.

It has been revealed that there is possibility of an experimseliection of two mechanisms of signal
formation at SSE mode. In one of these mechanisms signal fornsasionilar to one used for a low voltage
SEM. Another mechanism maps effect of backscattered electransetich the surface of the sample and
generate SSE. Thus, SSE sigvigde can be expressed as:

VSSE(t) = l LEVLE (t) + l BSEVBSE (t) !

where V g(x) is the low voltage mode signal/gse(t) is the BSE signal) ¢ and Igsg are emission
contributions of these mechanisms. An experimental division hef echanism contributions is
demonstrated in the paper.

Analytic expressions of signal amplitude for every image &ion mechanism are developed for structures
with trapezoid profile.

The work was supported by RFBR grant (the project No. 11-08-01217).
1. Yu.A. Novikov, “Mechanisms of SEM image formation in a mode coflection of backscattered

electrons”, 24 Russian Conference on Electron Microscopy, RuSisgiracts of Papers, pp.300-301,
2012.
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Virtual scanning electron microscope

Yu.V. Larionov, Yu.A. Novikov
A.M. Prokhorov General Physics Institute, Russiaademy of Sciences, Moscow, Russia, nya@kapella.gpi

Growth of micro and nanoelectronics is intimately associaiddwisualization of micro and nanostructures
and with measurements of linear sizes of visualized structlinesbest method to achieve these goals is use
of scanning electron microscope (SEM). However, reconstructianstiicture profile based of its image is
an incorrect task. One of proof methods of solution correctnetbe @gficorrect task may be a program that
computes a structure image in the form analogous to the corresp&@ttivhgnage (output data) using for it
input data associated with profile and sizes of the modeitsteuanalogous to a real structure. This program
can be named virtual scanning electron microscope (VSEM).

VSEM can be made by two methods. The first is an imitation IEN®f scattering processes going in a
sample under the action of the SEM probe. The next method is sonulatodeling) of an image with use
of an equation that connects input and output parameters (without imitati@sgroc

Main shortcomings of the first method are a long time neealedoimputing an image with use of a PC (in
some cases about one year) and a small amount of real independed random remabesieddoy a computer
program for imitation of random processes for all acts of eledtattering during formation of the structure
image. Thus an attempt of realizing VSEM by the first methaghofbmpletes in a computer program that
models only a videosignal from the sample instead of its image.

As a result of experimental and theoretical investigatiorsenai empirical model of image formation is
proposed for low and high voltage SEMs working at second electrgrasEbackscattered electron (BSE)
emission modes. This model can be used for relief structutieshei trapezoid profile. Analytic formulae of
SE and BSE videosignals amplitude have been brought into being. Thamproy computing SE and BSE
images (the VSEM) is developed on the base of a semi empirical model.

Figure 1 Figure 2 Figure 3

Figures 1 — 3 shows images of a periodic structure analogous testhetructure MShPS-2.0Si [1] with a
trapezoid profile, computed with aid of VSEM. A pitch of the strieeeis 2000 nm, a width of the protruded
upper base is 500 nm and a probe diameter in the model is 30 nm. THedhigws the image that is
computed for a low voltage SEM, the images at Fig. 2, Fige 8@mnputed for a high voltage SEM working
at a SE (Fig. 2) and at a BSE (Fig. 3) modes. Elapsed tineofoputing the image with a sizes 12860
pixels is about 8 minutes for Fig. 1, Fig. 3 and about 6 minutes fay. &2 Ffrequency of the computer is
being 2.2 GHg.

Results of an application of VSEM for measurements of strestwith sizes in the nanometer diapason and
a calibration of the SEM with its use are presented in the report.

The work was supported partially by RFBR grant (the project No. 11-08-01217).
1. Ch.P. Volk, E.S. Gornev, Yu.A. Novikov, Yu.V. Ozerin, Yu.l. Plotnikov, A.Molkhorov, A.V. Rakov,

“Linear Standard for SEM-AFM Microelectronics DimensionaltMiogy in the Range 0.01-104m”,
Russian Microelectronic81, pp.207-223, 2002.
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Formation mechanism and properties of Ge quasicrystalline
nanoclusters in SiO, matrix
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Institute of Semiconductor Physics, 41 Prospect Nauki, 03028, Kyiv, Ukraine, nazarov51@yahoo.com. 3. Taras
Shevchenko National University of Kyiv, 64 Volodymyrs'ka St., 01601, Kyiv, Ukraine, kondr@univ.kiev.ua

Germanium nanoclusters grown on/in silicon have been successfully applied in new nanoelectronic,
optoelectronic and memory devices due to quantum confinement effect and possibility of integration within
Si-based technology [1]. Heterostructures with epitaxial Ge nanoclusters isolated from Si substrate by
ultrathin silicon oxide layer, would be practically promising due to their nanoscale size, tunability and high
density. The interest in opto-electronic and solar cells application stems from observation of infrared
photoluminescence and photoconductivity caused by optical transitions via confined states of Ge nanoislands

[2].

Germanium nanoclusters are grown by a molecular-beam epitaxy technique on chemically oxidized
Si(100) surface at 700°C. A standard chemical pre-epitaxial treatment gives the formation of a 2 nm thick
SiO, layer on the substrate. Atomic force microscopy showed that deposition of germanium onto the SiOy
film results in formation of nanoclusters with the hemispherical top surface about 1.5-2 nm in height and the
diameter of ~ 16 nm with average surface distribution density of ~ 5x10** cm™. The base of nanoislands is
almost circular.

X-ray diffraction and photocurrent spectroscopy demonstrate that the nanoclusters have the local
structure of body-centred-tetragonal Ge, which exhibit an optical adsorption edge at 0.48 eV at 50 K.
Deposition of silicon on surface with Ge nanoclusters leads to surface reconstruction and formation of
polycrystalline diamond-like Si coverage, while nanoclusters core becomes tetragonal SiGe alloy. Possible
mechanisms for such nanocluster formation in SiO, matrix are discussed. Transmission electron microscopy
(TEM) measurements of the experimental samples confirm that the Si substrate show almost no influence on
Ge nanocluster formation, which are divided from the substrate by a thin SiO, layer (the thickness about 2
nm) in which nucleation centres originate (fig. 1). As Ge epitaxy goes on, the closest to nucleation centres
Si-O chemical bonds are destroyed and Ge atoms occupy O positions creation atom arrangement in
tetragonal crystalline structure. The usual diamond-like crystal structure of Ge nanoclusters appears to be
completely absent due to isolation from Si(100) substrate. Further deposition of silicon on the surface with
Ge nanoclusters leads to the surface reconstruction and formation of polycrystalline diamond-like Si
coverage, while nanoclusters core becomes tetragonal SiGe alloy. Intrinsic absorption edge for nanoclusters
with silicon coverage is shifted to 0.73 eV due to Si-Ge intermixing.

Fig. 1. TEM images of hemispherical Ge
nanoclustrers formed on SiO, thin layer and
then covered with Si.

1. K. Brunner, ,,Si/Ge nanostructures”, Rep. Prog. Phys., 65, pp. 27-35, 2002

2. V.S. Lysenko, Yu.V. Gomeniuk, V.V. Strelchuk, S.V. Kondratenko, O.V. Vakulenko, Yu.N. Kozyrev,
M.Yu. Rubezhanska, ,,Carrier transfer effect on transport in p-i-n structures with Ge quantum dots®, Phys.
Rev. B., 86, pp. 115425-115434, 2011
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Photoluminescence of Si layers on grown SiKand optical resonant
structures

A.A. Shklyaev'? D.V. Gulyaev, D.E. Utkirt, A.V. Tsarev, A.V. Dvurechenskii A.V.Latyshev+

1. A.V. Rzhanov Institute of Semiconductor PhySitserian Branch of Russian Academy of Sciencesyditairsk
630090, Russia, E-mail: shklyaev@isp.nsc.ru. 2.08imirsk State University, Novosibirsk 630090, Russ

The isotropic character of the spontaneous luminescence icagtiy reduces its external quantum
efficiency. The increase in the quantum yield of luminescencéeathieved by providing the conditions
for the directional emission and for the emission at seledtieelengths. These are realized by the
fabrication of optical resonant structures, such as photonic kcngstacavities on thin layers or distributed
Bragg reflector cavities and disk resonators with periodidutation of the form, for which thick layers are
used.

Crystalline silicon has low light emission efficiency duetsoindirect optical band gap structure which can
be modified by introducing dislocations. Dislocated silicon enables tb legght in the 1.2-1.6 pm
wavelength range due to the optical transitions via dislocatidumeed deep levels in the Si band gap [1]. It
has been recently shown that a high concentration of dislocattonbe formed during Si growth on the
oxidized Si surfaces [2], as well as in Si layers grown lojenular-beam epitaxy on the surface of SiO
films [3]. This technique provides the fabrication of siliconiemlator structures which are required for the
preparation of the optical resonant structures.

It is shown here that Si layers grown on S#D temperatures between 430 and 550 °C by molecular-beam
epitaxy and annealed at high temperatures emit a photolumices@@r) peak in the 1.4 - 1.7 um range.
The use of 1 nm Ge coverage on Si@ior to the Si deposition, leads to an increase in the PL intensity. The
Ge coverage also provides an increase in the average sizero€rystals in Si layers. Thick Si layers (~5
pm) exhibit resonant PL peaks in a broad spectral region fromo 1.Z pm, as shown in Fig. 1(a) and (b).
Two-dimensional photonic crystals with nanocarvities, such as showg.i@,Rire fabricated on the basis of
the Si layers grown on Sj@ilms and their light emission properties are studied.
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Fig. 1. PL spectra after the growth and annealing. Fig. 2. REM image of the photonigstal.

The obtained results show that the Si layers prepared gruSder certain conditions are promising for the
fabrication of light emitters using optical resonant cavity strestu

1. N.A. Drozdov, A.A. Patrin and V.D. Tkachev, “Recombination radiation on dislocaticigcon”, JETP
Lett., 23, pp.597-599, 1976.

2. AA. Shklyaev and M. Ichikawa, “Extremely dense arrays of gaimm and silicon nanostructures”
Physics — Uspekhb1, pp.133-161, 2008.

3. A.A. Shklyaev, A.S. Kozhukhov, V.A. Armbrister, and D.V. Gulyaev, "&safmorphology of Si layers
grown on Si@’, Appl. Surf. Sci., pp.1-5, available online 20 May 2012.

4. AA. Shklyaev, D.V. Gulyaev, K.S. Zhuravlev, A.V. Latyshev, V.A. Aristar, A.V. Dvurechenskii,

“Resonant photoluminescence of Si layers grown oR"S@pt. Commun., submitted.
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Influence of metamorphic buffer design on electropisical and
structural properties of MHEMT nanoheterostructures
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The goal of the present work is to investigate the influeatemetamorphic buffer design on
electrophysical and structural properties of the metamokBEMT nanoheterostructures on GaAs substrate
with 8-Si doped quantum well §rAl o /AS/Inyg Gay /AS/INg Al o 7AS. The essence of metamorphic technology
lies in the growing of thick layer with graded compound betwedystsgate and active region. That layer
called metamorphic buffer (MB) harmonises substrate and actigi®n in terms of lattice parameter.
Metamorphic buffers Il As (x = 0.05— 0.70) with linear or step-graded increment of In concentration
(x) were used; in addition, linear MBs contain 5-period or 30-pericained superlattices oAl -
oraAS/ Ny Ga_ganAs (AX ~ 0.07-0.08) or interior inverse steps. Inverse step is a tyen With less
lattice parameter, and consequently, with less In concentration comparekewitiderlying part of MBAX
~ 0.03-0.05. The active region of all the HEMT nanoheterostructures is graiva sgme manner.

Simple linear MB (sample 829) is shown to have tendency towaastdous relaxation through
twinning due to nonoptimal growth regime. The introduction of 5-peti@ihed superlattices (sample 830)
is shown to prevent such relaxation and to enhance the electroplaysicstructural properties of MHEMT
nanoheterostructures. The interior inverse steps in MB (sample r@d@3maonstrated to be less effective for
threading dislocation filtering than the 5-period strain superatifsample 830) that are less effective than
the 30-period strained superlattices (sample 888). In partichlarSTEM images showed that 5-period
strain superlattices inserted into the metamorphic buffer ficeert enough to bend over the threading
dislocations and to prevent their penetration into the upper layersnteataces of the superlattices
themselves serve as a source to new dislocations (pointég atrows in fig.). Elongation of MB from 1.2
to 1.5 mkm (samples 830 and 835 respectively) did not improve eldwrophysical properties or surface
roughness. Step-graded MB (sample 889) permitted the minimal suoiaghness with rather high electron
mobility. Samples were investigated by the Hall effect, XRD, AFM, TBMI photoluminescence.

Table. Electron mobility ux., sheet electron { VAR,
concentratioms, and root mean square surface roughness
(RMSSR) of investigated samples.

N He, eM/(B-c) Ne, M~ RMSSR,
- |300K | 77K | 300K| 77K nm
829 | 1550 | 1930| 1.29 1.23 23
830 | 10500, 33300 1.45 1.38 7
835 | 10600, 34300 1.32 1.26 8
842 | 8700 | 22800 1.84 1.76 14
888 | 11900| 47200 1.56 1.45 8 -
889 | 11700| 44900 1.49 1.41 6 200 nm

Fig. STEM image of cross-section of sample 830.

This work is supported by the Ministry of Education and Sciencth®fRussian Federation under
contracts No 14.740.11.0869 and No 16.513.11.3113, by a Grant of the Russian Foundaiasicfor
Research 11-07-00050. Authors acknowledge the support and help of DDaleahGaniere and Mrs.
Daniele Laub. They are deeply indebted to the Centre Interdisigli de Microscopie Electronique
(EPFL) for making available its electron microscopes, softwaresamgple preparation means.
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GaN layers with low dislocation density and high &ctron mobility
grown by high-temperature ammonia-MBE
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One of the main problems in manufacturing of GaN-based device&sdgie is the lack of low cost, lattice-
matched substrates. In spite of using special procedureg atitilal growth stage, heteroepitaxy of IlI-
Nitrides on mismatched substrates usually yields high distocdensity, in the range of 00" cm? for
MBE and 106 cm? for MOCVD using ELOG, which affect the device quality andatslity. Moreover,
typical growth temperatures in MBE are much lower as compaidMOCVD. It leads to insufficient
surface mobility of adatoms, worse coalescence of nucleatioksbbocinitial growth stage, and, as a result,
to high dislocation density which limits carrier mobility. pigal values of room temperature electron
mobility in GaN grown on sapphire using different buffer lay@rsually rather thin GaN, AlGaN or AIN
layers) are in the range 250-350%¥hs for MBE and 500-700 citV's for MOCVD. Higher mobility value
(560 cnf/V's) has been achieved in GaN grown by MBE on sapphire, using theuffer layer deposited
by magnetron sputtering [1]. One of the best reported valuesobfogienobility in GaN grown by MOCVD
is 900 cri/V's [2]. Recently high value of electron mobility above 1100 cns2has been achieved in MBE
GaN films grown on low dislocation density GaN MOCVD templates [3].

In this paper we demonstrate low-dislocation-density and highra@hentobility GaN layers grown by
ammonia-MBE on c-AlD; under the ultimate for MBE growth temperature as high as 1350 °C. It
became possible using a special MBE system STE3N manufabiyi®emiTEqQ (Russia). The buffer layer
sequence from c-sapphire substrate involved a 200-nm-thick Al I@y5=1100-1150°C), AlGaN/AIN
superlattice (SL), and #&Ba.N (x = 0.1-0.3) transition layers (900-920 °C). The scanning transmissio
electron microscopy (STEM) study showed gradual decrease @fdihgedislocation density from (2-
4)x10° cmi? in AIN to (4-6x10° cmi? in Alg1Gay N grown after SL (Fig. 1). Finally, the dislocation density
in the top GaN active layer was reduced down to (3@)cni? that comparable with MOCVD GaN grown
on sapphire and several times lower than in conventional NH3:MREfailed study by TEM allowed
separate evaluation of the density of screwx{-@ cm?), edge (~410° cm?), and mixed (~410° cmi®)
dislocations in the top GaN layer. The improvement of structjuality resulted in substantial increase in
electron mobility which reached the maximum value 600-650Vs in a 1.5-um-thick GaN top layer
lightly doped with silicon up to n = (3-8)10' cm®, that corresponds to a good quality MOCVD GaN. The
experimental values of mobility and dislocation density are in good agreeiitieiclculations [4].

Employing such a GaN layer in a double heterostructure (DH) théhcap AlGa.N barrier layer of
variable composition (x = 0.25-0.4) allows to change the electrort gle@sity and mobility in a two
dimensional electron gas (2DEG) in the range of 1300-17G0/sTand (1.0-1.810" cm?, respectively,
providing control of a 2DEG channel sheet resistance in the raihg80-400Q/a. Application of this
technology and DH design for growing on SiC substrates enabled omenufacture a DHFET with a gate
length of 0.5 pm for 0.03-4.0 GHz extra-broadband power amplifieradgn&@out=2.5 W, gain 17-25 dB and
efficiency 30%. During aging tests all the devices have sheliable operation for more than 3500 hours
under 85°C. These device parameters confirm the high quality of the dsétecture and chosen
technological and design approaches.

1. J.B. Webb, H. Tang, J.A. Bardwell, S. Moisa, C. Peters, T. MacElwee, “DefectioadndBaN epilayers
and HFET structures grown on (0 0 0 1) sapphire by ammonia MBEYy3t. Growth,230 pp.584-589,
2001.

2. S.Nakamura, T.Mukai, M.Senoh, “In sifu monitoring and Hall measurements ofj®@aN with GaN
buffer layers”, J. Appl. Phys71, pp.5543-5549, 1992.

3. G. Kobimiller, F. Wu, T. Mates, J.S. Speck, S. Fernandez-GaEidCalleja, “High electron mobility
GaN grown under N-rich conditions by plasma assisted moleculan bp#daxy”, Appl. Phys. Lett.91,
pp.221905-1-3, 2007.

4. Ng Hock M., Doppalapudi Dharanipal, Moustakas Theodore D., Weimann N.gBndfal ester F., “The
role of dislocation scattering in n-type GaN films”, Appl. Phys. L&8, pp.821-823, 1998.
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Formation, optical, electrical and thermoelectrical properties of
silicon nanocomposites with embedded Mg,Si nanocrystallites

K.N. Galkin®, S.V. Vavanova®, N.G. Galkin®, R. Kudrawiec?, E. Zielony?, J. Misiewicz’
1. Institute of Automation and Control Processes, Far Eastern Branch, Russian Academy of Sciences,
Vladivostok, Russia, galkinkn@iacp.dvo.ru . 2. Institute of Physics, Wroclaw University of Technology,
Wroclaw, Poland.

Magnesium silicide (Mg,Si) as a narrow band semiconductor (Eg =0.78 eV) [1] having the large
thermoelectric power coefficient was considered as perspective material for the creation of thermoelectric
converters on the base of silicon planar technology. However the complexities in the growth of
heteroepitaxial films of semiconductor silicides on silicon (the different symmetry of crystalline lattices of
silicides and silicon, distinctions in parameters of their lattices and non-possibility to obtain heterojunctions
without linear and point defects) considerably decreased an interest of scientists to bulk silicides and their
heteroepitaxial films on silicon substrates in the beginning of 21 century. Nevertheless, investigations in the
field of semiconductor silicides in the first decade of 21% century were transferred in the region of systems
with low dimensionality, including nanowires and nanocrystallites (NCs) of semiconductor silicides on and
in a silicon.

Procedures of Mg,Si island formation on the Si(111) substrate, growth conditions and deposition rates of
silicon and magnesium have been early described in the article [2]. Multilayer samples with buried Mg,Si
nanocrystallites (referred to as silicon nanocomposites) were formed by multiple repetition of the first step
growth process (silicide island formation and silicon cap growth). Doping process of Mg,Si NCs in silicon
cap layer was performed in two steps. The first one is formation of Sh, Al or Ag ordered surface phase. On
the second step the silicide nanoislands were formed with following Si cap growth.

During growth of silicon nanocomposites we cannot increase the MBE growth temperature of silicon
substrate higher than 150 °C, because at higher temperatures the Mg,Si NCs is destroyed and magnesium
desorbed from substrate. Grown silicon nanocomposites are polycrystalline by optical, Raman and
topography data. Silicon nanocomposites (doped or not) grown on p-type Si(111) with 45 Q*cm substrate
are characterized by smaller values of resistance in the range of 35-270 K in comparison with clean silicon
substrate. Thus, the reduction of resistivity in grown samples is observed either at the expense of increase in
the carrier concentration (doping by Ag or Al atoms) in the silicon nanocomposite layer, or at the expense of
increases in it carrier mobility due to change of carrier scattering conditions. But for silicon nanocomposites
grown on n-type Si(111) substrate the resistance is higher than for clean Si substrate in the temperature range
of 50 — 250 K. It not depends on the doping by Sb atoms during the NCs formation in Si lattice. So, we
propose that conductivity of substrate conserves the higher mobility of electrons than in the silicon
nanocomposites layer after doping process. The sample with two layers of Mg,Si NCs on p-type Si is
characterized by bigger values of Seebeck coefficient (53 uV/K and -130 pV/K) in comparison with a
substrate. It's caused by generation of carriers in Mg,Si NCs and their injections in the silicon cap layer.
Hence, the significant growth of Seebeck coefficient at temperatures bigger 420 K is caused by generation of
carriers in Mg,Si NCs and only electrons from Mg,Si NCs inject in a silicon cap layer across Mg,Si-p
NC/Si-p heterojunction. When Mg,Si NCs were formed in n-type Si substrate and covered by n-type silicon
cap layer with and without Sb doping of Mg,Si NCs a negative Seebeck coefficient was registered in the all
temperature range used. The non-doped Si-n/Mg,Si/Si-n nanocomposite displays the decrease of Seebeck
coefficient module (with negative sigh value) with the temperature increase. But silicon nanocomposite layer
doped by Sb atoms changes the behavior, and module of Seebeck coefficient increases with the substrate
temperature increase.

This work is financially supported by RFBR Grants No. 11-02-98511-r-vostok_a, No. 12-02-31236_mol_a
and by young scientist grants of President of Russian Federation: MK-3225.2011.8.

1. M.Y. Au-Yang, M.L. Cohen, “Electronic structure and optical properties of Mg,Si, Mg,Ge and Mg,Sn”,
Phys. Rev., 178(3), pp.1358-1364, 1969

2. N.G. Galkin, D.L. Goroshko, K.N. Galkin, et al., “Silicide nanostructured multilayers in monocrystalline
silicon matrix: growth, structure and properties”, Rare Metals, 28, Spec. Issue, pp.585-588, 2009
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Laser pulse crystallization and optical propertiesof Si/SiO, and
Si/SkN4 multilayer nano-heterostructures

V.A. Volodin'? S.A. Arzhannikov&? A.A. Gismatulit?, G.N. KamaeV? A.H. Antonenkd?,
S.G. Cherkovd? S.A. Kochubéi, A.A. PopoV, H. Rinner, and M. Vergndt
1. Institute of Semiconductor Physics, Russiand@rgy of Sciences, Lavrent'eva ave., 13, 630090o$imvsk,
Russia, E-mail address: volodin@isp.nsc.i2. Novosibirsk State University, Pirogova stregf, 630090,
Novosibirsk, Russia. 3. Yaroslavl Department of FAS, University ave., 21, Yaroslavl, Russia. 4titiit Jean
Lamour UMR CNRS 7198 - Nancy Université - UPV ME&gulté des Sciences et Technologies, B.P. 70239,
54506 Vandceuvre-lés-Nancy Cedex, France.

Interest to dielectric films containing many periodical fayef Si nanoclusters or Si quantum wells is
growing due to their perspectives of practical application.mbst important application areas are silicon-
based optoelectronic devices, non-volatile memory, and tandentstitabased on lateral Si/SiQuantum
well heterostructures [1]. For many purposes, the BlfSheterostructures are more preferable because of
relatively low band gap in silicon nitride compared with siticdioxide. The formation of such
heterostructures, its crystallization and its optical priigeare topics in current research. The laser induced
crystallization has several advantages comparing to furaacealing [2]. This work is devoted to
development of laser assisted crystallization of Sy%&1@l Si/SiN, based multi-layer nano-heterostructures.
The multilayer Si/SN, nano-heterostructures were deposited using low frequency plasma eshhanc
chemical vapor deposition technique on crystalline Si (100) aisd glibstrates. Its contain up to 9 periodic
layers with 3 nm SN, and 3 nm SiN with x varied from 1 down to zero. The multilayer Si/Si@ano-
heterostructures were deposited on Si and glass substrastsaf3i:H layer with thickness of 20 nm was
deposited. Afterwards the part of amorphous silicon layer was ggeddy plasma enhanced oxidation, so
that the thickness of the remainder of th&i:H after that was about 7 nm. These alternative procedures
(depositions and plasma enhanced oxidation) are repeated asimesyas the planned periods. Thus, a
structure containing 6 layers ofSi:H with thickness of 7 nm, inserted between the layers ©f ®ith
thickness 13 nm has been created. The nanosecond pulse Xe@litasgavelength of 308 nm and pulse
duration of 10 ns was used for laser treatments. Raman spectrdecbpique was used to identify the
structure (amorphous or crystalline) of Si in the as-deposited pagk laser annealed structures.
Ellipsometry and photoluminescence (PL) spectroscopy were used foiotojlycal properties.
Raman data show that as-deposited structures contain amorphous hyte&nkor multilayer Si/gN,
nano-heterostructures laser treatments lead to crystaltizat the silicon layers or silicon clusters. The
treatments with laser fluence from 200 to 300 m3/and from 1 up to 8 shots were used. The average sizes
of Si nanocrystals (NCs) were estimated from Raman daasizes were about 4-5 nanometers. In the PL
spectra of laser treated multilayer SifGi nano-heterostructures appear peaks with maxima at 750-800 nm.
The PL signal can be caused optical transitions in Si NCsgetevels are shifted due to quantum-size
effects, see review [3] and references in there. In theafathe multilayer Si/Si@nano-heterostructures the
laser fluences needed for its crystallization were found, Butmultilayer a-Si/Si@ nanostructures, the
threshold for crystallization was very close to thresholdasér ablation. As it was shown from Raman
spectroscopy data, using one-step pulse laser treatments oret oalygartial crystallization. Presumably,
it is due to high hydrogen concentration in these as-depositesl firom Raman data it was observed that
as-deposited structures contain mostly Sibdends. According to our estimates, atomic concentration of
hydrogen reach up to 40 %, and this is enough for blistering (and filakdwey) during pulse laser
treatments. It was also observed, that after laser tratgmeth fluence lower than ablation threshold, the
most part of hydrogen abandon the film, but this can leads to appeanf tensile mechanical stresses in
structures. Anyway, the developed approach can be applied fdalirgsion of many-layer Si based
structures on non-refractive substrates.

The work is supported by Federal Program for 2009-2013 years, contract number P1283.
1. R. RélverB. Berghoff, D.L. Batzner, B. Spangenberg, and H. Kurz, Appl. Phys. 82t2,12108, 2008.
2. V.A.Volodin, M.D.Efremov, V.A.Gritsenko, S.A.Kochubei. Appl. Phys. L&, p.1212, 1998.
3. E.G. Barbaglovanni, D.J. Lockwood, P.J. Simpson, and L.V. Goncharova. J.Phypl,111, 034307,
2012.
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Fundamentals and applications of Plasma AL D in nanoelectronics
C. Hodson, T. Sharp, A. Petet

1. Oxford Instruments Plasma Technology, chris.hodson@oxinst.com

Atomic Layer Deposition (ALD) has established itself asdbposition technique of choice for ultra thin,
controlled, conformal, pin-hole free coatings. In an age of nanotexynativances ALD is an ideal tool for
depositing on nanoscale features.

The desirable properties of films deposited by ALD are ddrifrem sequential self limiting surface
reactions. In plasma ALD processes the reactant introduced setoad of the two ALD half reactions is
used to generate a plasma; such afboxides and some pure metals,fet metals, WH, for nitrides. The
use of excited plasma species, as opposed to pure thermal energy sefferal advantages such as lower
processing temperatures, higher quality films, reduced nucleation delap| ofistoichiometry and phase.
The use of plasma in ALD also has several potential drawbiackuding plasma damage to the substrate
and limits to the highest aspect ratio feature which can beddatis therefore vital to choose the correct
plasma conditions for the material and desired application.

In this paper the fundamental principles of plasma ALD k&l discussed in terms of reaction mechanisms
and plasma conditions and their influence on the properties dfiltiie deposited. Firstly the reaction
mechanism for the ideal AD; ALD process will be discussed. In situ diagnostic techniques asach
ellipsometry, mass spectrometry and optical emission spespp$ave shown the thermal process using
H,O as the co-reactant generates mostly, @Ha by-product but the more reactive @asma species
generate CO and G@s the principal by-products [1], [2].

It is well known that achieving low oxygen
content in nitride films by ALD is not straight

C o 3.5% ¢

forward. The use of a plasma can significant 3 00/0 h: 200 T
reduce the amount of oxygen under like for lik ™ 00 g \ 1150 &
conditions, for example it was found that a Hfl S 2.5% E iy
film using NH; as the co-reactant had 20 at. % « é 2.0% + + 100 S
oxygen when the reaction took place purely wi g 1.5% * S
thermal energy, however when RF power wi << 1.0% 1 50 @

. E —&-Cl 7]
added to the Nilexposure to strike a plasma th 0.5% —e—Resistivity &
oxygen content was reduced to less than 2%. 0.0% -+ ; EE———— '
The level of impurities such as oxygen, carbr _ o _ o
and chlorine can directly influence properties Figure 1, chlorine impurity and resistivity of
the film such as the resistivity; figure 1 shov TiN versus plasma exposure time at 350°C
low resistivites of less than 20(@gm can be deposition temperature.

achieved for TiN by plasma ALD at just 350°
deposition temperature whereas tl
corresponding thermally deposited films wou
be several hundred degrees hotter.

The exact composition of the plasma can directly influence thierials properties for example in the
deposition of titanium nitride thermal ALD and plasma ALD usingpkismas produce the resistivesNia
phase, whereas a purg plasma will produce the cubic TaN phase which is conductivendtisnly
the plasma gases that can influence the material propertiedsbuthe radical densities and ion
energies play a significant role, as shown by Profit eBlalHese can influence film stress, density
and crystallinity.

The properties of the films described above will be referencedsagheir applications in nano-
electronics.

1. Heilet al., Appl. Phys. Lett89, 131505 (2006).

2. Langereist al., Appl. Phys. Lett92, 231904 (2008)
3. Profijt et al, JES58, G88 (2011).
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Applications of Plasma Immersion lon Implantation for advanced
micro/nano electronics: Challenges and case samplesing IBS
PULSION® Tool

F. Torregrosh J. Duchaink S. Spiegé| G. Borvort, F. Milesf, K. Hassour, K. Maury®
1. IBS, ZI Peynier Rousset, Rue G. Imbert ProlongéE3790 Peynier, France, E-mail: frank.torregr@an-beam-
services.fr
2. CEA-Leti MINATEC Campus, 17 rue des Martyrs,538Grenoble Cedex 9, France, E-mail: frederic.ni@sea.fr
3. Laboratoire des Sciences des Procédés et defyislat, LSPM, CNRS-UPR3407 Université Paris 13A98nue J.
B. Clément, 93430 Villetaneuse, France, E-mail:soasi@Ispm.cnrs.fr

For approximately 15 years, the development of new architectfreemiconductor devices pushes the
limits of ion implantation technology. For doping applications the depth to imiglambre and more shallow
but the sheet resistance is asked to be reduced needing cordplmatktail implantations”. For some
application doses tend to increase reaching sometime 1E17/atérigh modification or poly-counter
doping). On the industrial point of view, substrate diameter Wwent 150 mm to 300 mm and now 450 mm
but in the same time throughput of implantation tools was asked to increase.

Thanks to its ability to implant high doses at low energibgenkeeping high productivity, even on large
substrates, Plasma Immersion lon Implantation (Plll) or Pla3omng Technology has been introduced in
semi-conductor production since 2005. First limited to poly cowddpmg, this technology has recently
seen a broadening of its potential applications and compete sometimieRki

After having presented the challenges needed to be solved tdPHavechnology accepted in advanced
semiconductor applications, we will present an overview of thekwdone using our PIII tool named
PULSION®. First, basic phenomena taking place in the process chamber xphainiag unique
characteristics of plasma doped layers will be discussedlastiated thanks to a deep modelisation of the
tool. Then an overview of some applications on advanced dewiltde presented: USJ doping for FD-SOI
application, 3D doping for Trigate CMOS, Si Nanocrystal synthiesis-lash memories and formation of
nanocavities for gettering.
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Comparative Investigation of Ultra-shallow Boron Implantation into
Bulk Silicon and SOI Structures by Plll technique

A. Miakonkikh', K. Rudenkd, V. Rudako?, A. Orlikovsky
1. Institute of Physics and Technology, Russiard@eyy of Sciences, Moscow, Russia, miakonkikh@ttian.
2. Yaroslavl Branch of Institute of Physics andhretogy, Russian Academy of Sciences, Yaroslagi&u

Scaling of IC’s nanotransistors to sub-32 nm nosleggests the implementation of thin SOl-based MOSFE
with thin and undoped channels. The source, deaid, extensions regions requires extremely highradppf 5-20 nm
layers with steep concentration profiles in orderavoid the side doping of channel and the inquaBOX layer.
Another problem is strict limitation on silicon $ace erosion during implantation process which &httiexceed 0.5-
1 nm. Obviously, those problems are most diffidolt p° doping with Boron. Plasma immersion ion implamtati
technique seems to be promising method for ultteshdigh dose doping with high performance. Thegant study is
the development of works on bulk Silicon PIII dapifi] and focuses on above problems when PIII wsiog of SOI
structures.

Experimental process flow has included the stepanodrphization of ultrathin layer by PIIl of He ®iD = 1-
5x10'° cm?, E =1-3 keV), the PIIl boron doping from Bfplasma (D = 1-410" cm?, E =0.2-0.7 keV) with or
without gas-carrier, and RTA activation of implashtayer by Silicon re-crystallization.

It was founded significant difference in the amazplion processes in Si caused by heavy and ligl#tsnons. The
He" ions amorphization excludes the surface erosiom stmows the complicate structures of amorphizeerlay
Overdosing at amorphization step can produce the-parous Si layer under dense a-Si affecting saltieg Boron
profile after RTA. Excess over optimal ion energiesults in damages at Si/BOX interface and infb@snon re-
crystallizing of Si defects during RTA and finaketrical activation of Boron impurity.

Combination of the gas-source of doping ions {B&#d gas-carrier (He) in plasma produce changeslative
content of ions and neutral species including chahyi active F*. This effect allows to rule the sidtching of surface
during plasma doping step. The erosion of Si ipsegsed and the upper limit of Boron concentratising as shows
by experiments.

Excess of vacancies in a-Si produced by Heplantation provides of effective formation of\Belusters. As was
found, the non-trivial behavior of those vacanaystérs during RTA in ultra-shallow layers closestoface could be
used for Boron profile sharpening and point deésgjineering in implanted layer.

Formed implanted structures were investigated byl Tlgh resolution optical interferometry/microsgogpectral
ellipsometry, SIMS, and four probe techniques. Gtwecentration profiles of Boron in SOI and bulkag presented in
Fig. 1 and Fig.2, respectively.

Optimized regimes allows to obtain highly dopédayers (up to 18 cm® of boron) with thickness of 10-25 nm and
slope of concentration profile 7-8 nm per decaderaRTA. The sheet resistance is 1-2 kOhrfdr sub-20 nm
implanted layers in SOI.
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Fig. 1. Doping profile in SOI structure after Pdihd RTA  Fig. 2. Doping profiles of Boron in bulkSi- E,,=200 eV

It was found in case of SOI doping the shesistance is very sensitive energy of PAI ionsermghs in case of bulk
silicon doping energy of implantation was lessicait It can be explained by the role of EOR defeatt the Si/BOX
interface and peculiarities of subsequent RTA pssicey.

The work was supported by Russian FoundatioB#&sic Research (grant # 12-07-00745-a).

1. V. Lukichev, K. Rudenko, A. Orlikovsky, A. Lomofroc. of 2nd International Workshop “Plasma Edold Strip in
Microelectronics” (PESM-2009), Leuven, Belgium 2009
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Etching characteristics of GaAs in CCJF,/Ar inductively coupled
plasma

D.B. Murin, V.I. Svettsov, A.M. Efremov, A.E. Levsov
Ivanovo State University of Chemical Technologsmbro, Russia;
efremov@isuct.ru, svetsov@isuct.ru, dim86@mail.ru

GaAs is one of the most promising materials in modern micronandelectronic’s technology. The
reason is a combination of such GaAs properties as the largdeghpn(1.42 eV) and high charge carrier
mobility (8500 cri/Vs) that allows one to create both high-frequency and photoelectriedevic

Currently, the patterning of the GaAs structures is providetityy (plasma-assisted) technologies
with the chlorine-containing gases and gas mixtures. The wigsdgd gases are Cind BC} while the
inductively coupled plasma (ICP) systems are the dominanpregut type. The aims of this work were to
investigate the GaAs etching kinetics in the £&Ar ICP as well as to analyze the ability of optical
emission spectroscopy (OES) for the etching kinetics control.

The experiments were carries out in the ICP etching realetva® 100 HT with a magnetic plasma
confinement. The plasma was excited at 13.56 MHz. The processiaandiere: gas pressure (p) of 0.1-
100 mTorr, input power (W) of 500-1300 W, sample temperatujeof20—-300°C. The 50/ 50 CGF./Ar
mixing ratio was set by adjusting partial flow rates of pyases. The GaAs samples were the fragments of
polished GaAs wafer with a average size of ~ £ d&he samples were placed on the bottom electrode and
negatively biased by another 13.56 MHz rf generator. The bias powgneé varied in the range of 0—-200
W. The GaAs etching rate was calculated through the mass losthafteeed etching time of 5 min.

Figure 1 shows the kinetic curves for GaAs plasma etchimiffatent biasing regimes. It can be
seen that for the non-zero bias the kinetic curves are gjoge to direct proportionality. This allows one to
assume the steady-state etching regime as well asghkifietic order of chemical reaction between plasma
active species and GaAs surface. The fact the GaAs eteieng negligibly small at W= 0 (i.e. when the
ion bombardment energy is determined by the floating potential onlyltspout on the ion-assisted
mechanism of the etching process. The assumption that the Gasygirocess is limited by ion-surface
interaction kinetics is also confirmed by the data of FigReally, as follows from the general plasma
chemistry analysis for many molecular gases, the decre@siAg etching rate with increasing gas pressure
is in good agreement with the changeboth ion flux and energy, but contradicts witle behaviors of neutral
fluxes.
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Fig. 1 GaAs mass loss as a function of etching tinkeg. 2 GaAs etching rate (1) and Ga 417.21 nm emission
at Wee = 0 W (1), Wi =100 W (2) and W = 200 W intensity (2) as a function of gas pressure at ¥200 W.

(3). The other process conditions are W = 1150 Whe other conditions correspond to Fig. 1.

and T, = 100 °C.

The OES measurements during the GaAs etching process shmvpesence of emission lines and
bands of As (228.77, 234.98 nm), Ga (294.41, 403.36, 417.21 nm) and GaCl (248.3, 251.95 nmjgAssumi
low excitation potential for Ga 417.21 nm line, it can be asduilm&t the excitation rate coefficient is low
sensitive to the change of plasma parameters, and the hebheimission intensity reflects the change of
Ga density in a gas phase. Therefore, the OES datgailsbout on decreasing GaAs etching rate with
increasing gas pressure. A not bad correlation between curves2limiidy. 2 opens the way for the OES-
basedn situ control of the GaAs plasma etching process.
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The effects of additive gases (Ar, N», H,, Cl,, O,) on HCI plasma
parameter s and composition

A. Efremov, A. Yudina, A. Davlyatshina, V. Svettsov
Ivanovo State University of Chemistry & Technology, Ivanovo, Russia, efremov@isuct.ru

The binary gas mixtures consisting of chemically active (halogen-containing) gas and noble or molecular
additive gas are the widely used systems for plasma-assisted patterning of both metal and semiconductor
layers in modern micro- and nano- electronics technology. The main advantage such systems is that the gas
mixing ratio gives an additiona tool to adjust plasma parameters and composition and thus, to optimize the
etch result.

Recently, the HCl-based plasmas attract the attention due to some evident advantages over the Cl,. Since the
HCI shows much lower dissociation degrees than that for Cl, under the same operating conditions, the highly
anisotropic etching is expected for the materials which are traditionally patterned in the chlorine-containing
plasmas, and namely for the A’B* and A®B® group semiconductors and metals Al, Cu, P, Au, etc. However,
the development and optimization of the etch process using the HCl-based gas mixtures is retarded by the
insufficient knowledge how the additive gas influences both plasma parameters and densities of active
Species.

In this work we carried out the study of plasma parameters and active species kinetics in HCI/X (X= Ar, N,
H,, Cl,, O,) dc glow discharges (p = 20300 Pa, i = 3-30 mA) using the O-dimensiona steady-state self-
consistent model. The set of equations included: 1) Boltzmann kinetic equation; 2) plasma conductivity
equation; 3) balance equations for neutral and charged particles; 4) quasi-neutrality conditions for densities
of charged particles as well as for their fluxes to the reactor wall. The output parameters were the steady-
state reduced electric field strength (E/N), electron energy distribution function (EEDF), mean electron
energy and drift rate, transport and kinetic coefficients of neutral and charged species, their volume-average
densities and fluxes. In order to provide the adequacy criteria for the model, the plasma diagnostics by
double Langmuir probes and optical emission spectroscopy was performed.

The results can be summarized as follows:

1) The dilution of HCI by the electropositive additives (Ar, N», H,) leads to decreasing E/N and to increasing
electron density (ne). This is because of decreasing both electron attachment frequency (due to decreasing
HCl density) and diffusion decay frequency (due to the change of the diffusion regime with decreasing
plasma electronegativity). The deformation of EEDF does not correspond to the behavior of E/N and is
accompanied by increasing both fraction of high-energy electrons and electron mean energy. The reason is
the lowered electron energy loss in the range of 3-10 eV due to higher excitation and ionization thresholds
for additive gases compared with the HCI. A simultaneous increase in the HCI dissociation rate coefficient
and the eectron density provide the increasing HCI dissociation degree and the slower-than-linear fall of the
Cl atom density as a function of the additive gas fraction. All mentioned effects are weakened in the
sequence of Ar-N,—H,. The specific feature of the HCI-Ar plasma is the increasing ion flux while the rest
additives results in near-to-constant ion flux.

2) Thedilution of HCI by the electronegative additives (Cl,, O,) leads to the much weaker changes in EEDF
(due to the quite close excitation and ionization thresholds for both main and additive gas) and charged
species balance (due to the electron attachment to both Cl, and O, molecules). The addition of Cl, resultsin
dlightly increasing E/N, near-to-constant n. and decreasing ion flux. Even the 20% Cl, reduces both H, and
H densities by two orders of magnitude (due to the fast interaction of Cl, + H — HCI + Cl) while the Cl atom
density increases monotonically toward Cl,-rich gas mixtures. The last effect is connected with the lower
dissociation threshold and thus, higher dissociation rate coefficient for Cl, molecules. The addition of O, to
HCIl at p = condt results in slightly decreasing E/N (due to lower attachment rate for O, compared with that
for HCl) as well as in different n. behaviors in lower and higher pressure regions. The Cl atom density
exhibits a weak maximum (by 1.4 times compared with pure HCI plasma) at about 25% O, as well as
changes insufficiently in the range of 0-50% O,. This is because of additiona formation of Cl atoms in

atom-molecular reactions suchasHCl + O® OH + Cl, HClI + O(1d) ® OH + Cl and HCl + OH ® CI +
H,O. Thetotal ion flux decreases with increasing O, mixing ratio.
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The conductive layers on the base of multiwalled
carbon nanotubes

L.P. Ichkitidze, B.M. Putryd, S.V. Selishchey E.V. BlagoV,

A.A. PavloV, V.A. Galperiri, E.P. KitsyuR, Yu.P. Shamah
1. National Research University of Electronic Tedlogy “MIET”, MIET, Zelenograd, Moscow, 124498 Riass
leo852@inbox.ru. 2. Institute of Nanotechnologivadroelectronics, RAS, Moscow, 119991 Russia. igndfic-
Manufacturing Complex "Technological Centre”, MIEAglenograd, Moscow, 124498 Russia.

Specific conductivity o of micron- and submicron-size composite nanomaterial layersd base
carboxymethyl cellulose CMC (as a matrix) and multiwalletb@a nanotubes MWCNT (as a filler) has
been researched. An ultra dispersive suspension has been appliefle@ntdsurfaces (cover glass,
aluminium foil, polyimide and polyester sheets, cotton fabric, and shop fgpgitkscreen process.

Samples prepared on the basis of CMC without MWCNT and samped ba CMC and carbon-black K-
354 were check samples. Preparation modes of dispersal suspension€CM@+MWCNT and
CMC+carbon-black K-354 were the same. Solution with 4% CMC and rssispe CMC+MWCNT and
CMC+carbon black K-354 to obtain layers were disposed on substrateitkdgreen process. Substrate
surfaces to improve layer adhesion were preprocessed by hydraogeid@eThus prepared samples have
been dried at the temperature®80duringJ60 hours.

Prepared samples corresponded layers with shape of square yoptlodateral length 15 mm. In certain
cases thick layers with thicknes$0 um were moved off from rough substrate surface by mechanfeat ef
of scalpel tip. Generally these layers were used for measuring of ahdensity.

Layer thicknesses were measured by different methods: hgticosieighing; interferometric method;
micrometrical method. A relative error didn't transcend 10-156mfmean value in all cases. Electrical
measures were realized by two-probe and four-probe methods. linsthradthod resistance was measured
by contacts pressed on opposite sides of square (shape of the layer). This rn@tleotaltest conductivity
0, adduced on the square of the surface. The second method of measasingalized in a “source of
current” mode; in provided to define bulk specific conductigitgubject to geometric sizes of the layer. In
both methods specific conductivity was calculated from values ofarsesand geometrical size of samples.
Volumeso of samples after anneal at temperature 470 K during 30 mianggeesented. Reference values
of conductivity increased in 3-5 times for samples on soft substraeference values of conductivity
increased by a factor of ten for samples on cover glass. The highesst ofconductivityo, adduced on the
square of the surface was = 0.02-0.7 S/m. The specific conductivitg (~ 0.01 S/m) for check samples
without MWCNT and with carbon black K-354 ¢ 0.1 S/m) was less in 4-5 times, than for layers based on
MWCNT - o ~ 40 000 S/m. A conductivity variation was being observed with éhahtemperature for all
the samples, ie samples had a semiconductor-type of conductivéyddgraded researches for numerous
bendings of samples on soft layers shown that there was nocghithange of conductivity. For example,
bending on 180with bending radius ~ 1 mm and frequency 100 times of samples disposhop paper
and cotton fabric changed conductivity on £20 % in comparison witrerefervalues. Layers didn’t peel off
and split after numerous bendings.

The valuew ~ 40 000 S/m for samples CMC+MWCNT are comparable with the cawidp¢o~10 000-50
000 S/m) tissuelike layers (so-called "buckypaper”) based on WENT [1], but much less than the
calculated values = 1 000 000 S/m for individual single-walled carbon nanotubes.

Thus examined composite material has high specific conductivitygand adhesion on soft substrates. In
addition material is very promissory for different applieas, such as: membrane production for nanosized
particles and materials for flexible electronics; secusityelectronic circuits and biological objects from
electromagnetic radiation; elastomers and voltage-sensing device todet.

The work was partially funded by Ministry of Education and Sciesic¢he Russian Federation (state
contractNe 16.426.11.0043, September 12, 2011).

1. E.D. Laird, W. Wang, S. Cheng, B. Li, V. Presser, B. Dyatkin, Yu. Gogotsi, and C.\Pdlymer Single

Crystal-Decorated Superhydrophobic Buckypaper with Controlled Wetting and GioitgyycACS Nano,6,
pp.1204-1213, 2012.
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Investigation of nucleation and field emission chaacteristics of carbon
nanowalls grown on porous silicon

S. Evlashin,Y. Mankelevich, A. Pilevskii, V. BorigoP. Shevnin, A. Stepanov, N. Suetin,

A. Rakhimov
Skobeltsyn Institute of Nuclear Physics, MoscovesRi E-mail address: stevlashin@gmail.com

In the last decades scientific attention was focused on rasbactures as a possible candidate for
implementation in electronics devices. Graphene is a uniqueriedabecoming popular since 2004.
Transistors, supercapacitors, Li-ion batteries, various serfgorgmission devises, and other devices are
produced using carbon-based materials. In this work we investigataucleation of carbon nanowalls
(CNWs) on porous silicon and their field emission charactesis€NWs consist of graphene planes and the
typical size of these structures is fam in width and length and tens of nanometers in thickness. Also, these
structures contain nanotubes that are formed from the nanowalls.

CNWs can be synthesized on different surfaces using seedindsanitad polishing, and catalysts. These
structures have good field emission characteristics and long Efetim

Porous silicon was produced using photoelectrochemical methods. 1$ityp@0) and p-type Si (100) with
resistivity of 4.5 and 32 cm, respectively, were used as substrates. The mixturd-@,HOH:H,O in
different proportions was used as a solution. Etching time varied from 10 to 10@sr(ragulting to various
pore depths, which increase with the etching time). Tempenradumied from 27 °C to 45 °C. N- and p-type
of silicon have different structures after photoelectochahg@tching. In the case of n-type silicon the created
pores were up to 10@m in depth and few microns in width. In the case of p-type silicanamisize column
like structures were produced.

CNWSs were grown on porous silicon in DC PECVD chamber in atmospbielCH, and H without
additional treatment of the porous silicon surface. Growtle tivas 40 min. In the case of n-type silicon
carbon films grow from the pore top to the bottom (see Fig 1 a)-d)). In the casgpefsilicon carbon films
cover the column structures (see Fig. 1 e)-b)).

Field emission measurement was performed on hand made equipniéxitEarr. The distance between
cathode and anode was 1pfh. The emission characteristics show that with increasddngttime the
guantity of emission centers and the number of nucleation cémteeases; the J-E curves shift to the left
and the threshold decreases. The average threshold wasm3THe achieved current density was 6 Alcm
The experimental setup and. |ts parameters are thoroughly descrlbed in [1].

FIG. 1. SEM images of the f|Ims after photoelect!mh:al etchlng and carbon deposition in dc disch&5CVD
reactor. n-type silicon—(a) etching time: 11 min), €bching time: 30 min, (c) etching time: 90 mid) ¢ross view
images at 45 tilt. p-type silicon—(e), (f) etchimgé: 11 min, (g), (h) etching time: 25 min, (i) foation of
nanocrystalline diamond ball.
1. S. Evlashin, Yu. Mankelevich, V. Borisov, A. Pilevskii, A. Stepg V. Krivchenko, N. Suetin, A.
Rakhimov, “Emission properties of carbon nanowalls on porousosil J. Vac. Sci. Technol. B30,
021801, 2012.
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Properties of thin HfO, gate dielectric formed by Plasma ALD process

A. Miakonkikh, A. Rogozhin, K. Rudenko, and A. Orlikovsky
Institute of Physics and Technology, Russian Acgd#rgciences, Moscow, Russia, miakonkikh@ftian.ru

Decrease of the gate dielectric electrical thicknessiging physical thickness which is enough for
suppressing tunneling current lead to implementation of high-k meatdes as the gate dielectric, for
example HfQ [1]. Homogeneity and electrical properties of these thin,Hé@ers are of great importance
for transistors qualities. Perspective FinFET transistaits definitely need gate dielectric deposition
technology with high degree of conformity. ALD allows to produlteathin films with atomic level control
of film thickness (only monatomic layer is deposited in each sfeprocess), and excellent conformal
coverage.

We present in this paper the results of atomic layer depogiiLD) of high-k dielectric (HfQ).
Subsequent spectral ellipsometry measurements showed thicknesmity of 1.5% over 100 mm wafer,
and good wafer-to-wafer reproducibility. Optical constants of owidee also measured and were shown to
be in excellent agreement with reference values.

The oxide layer was formed by ALD FlexAl system (Oxford rmstents) system. Woolam Co. M-
2000x ellipsometer, and Keithley 4200 SCS were used for measusemed analysis of optical and
electrical properties of produced films.

The films were deposited in plasma assisted ALD procetis TEMAH (Hf(N(C;Hs)(CHs)),) as metal
precursor and 9as non-metal plasma precursor. This process is trulyliggted and hence process
dependence on external parameters (stage temperature, dofatin process, pressure) is flat in wide
interval. That provides “process window”, in which stable and reproduiiblgroperties can be achieved.

Ellipsometry of 47 nm thick hafnium oxide shows n=2.274&280 nm and n=2.05 @=500 nm
which is in perfect agreement with the results of previous studies [2].

CV and IV characteristics of formed gate structures wesasured. They are presented on fig. 1.
Obtained capacitance values correspond to dielectric corz§ghtl eakage current values obtained at gate
voltage of 1V do not exceed 0.16A/trmterface state density was also measured.

5 T H T

C (uF/cm?)
Ig,leak (A/cmz)

k |
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Fig. 1. CV and IV characteristics of formed gate structures.

1. J.H. Choi, Y. Mao, J.P. Chang, “Development of hafnium based high-k alatefi review”,
Materials Science and Engineeriiy72, pp.97-136, 2011.

2. R. Rammula, J. Aarik, H. Mandar, P. Ritslaid, V. Sammelselg, “Atdayer deposition of Hf@
Effect of structure development on growth rate, morphology and bptioperties of thin films”,
Appl. Surf. Sci. 257, pp.1043-1052, 2010.
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Effect of nanodimensional polyethylenimine layer orsurface potential
barriers of hybrid structures based on silicon sintg crystal

[.V. Malyar, D.A. Gorin, S.V. Stetsyura

Saratov State University, Saratov, Russia, imalyga@ilex.ru

The recent progress of nanotechnologies gives rise to new gatests of semiconductor surface properties
and thin films. The semiconductor surfaces properties cry@étct both the electric and physicochemical
properties [1]. In the first case it significantly influentlee characteristics of metal-insulator-semiconductor
(MIS) structures, in the other one it is critical for diffint sensors based on field-effect [2]. The thin organic
monolayers, in particular polyelectolytes, could be used fona@ and adjusting of surfaces properties [3].
Such thin films have many advantages: the plenty of matettdd&ness (monolayer thickness), stable and
well-known simple technology (layer-by-layer electrostatiseanbly), cost. Polyelectrolyte coatings can
provide a high charge density that can be adjusted by changing the@heomposition and environmental
parameters [4].

In this work we focused on polyethylenimine (PEI) layer infleee on surface energetic characteristics of
silicon single crystals as band bending, the Fermi level posiglectron affinity and work function. These
parameters were defined by different non-contact techniquesodaréfacts of contact between metal and
organic layers. Therefore we used surface photovoltage measisearal tunnel I-V curves. Different
approaches were used to extract the different potential baneenstunnel 1-V curves of hybrid structures
based on silicon. We estimated equilibrium tunnel barrier (whickqisal to half-sum of metal and
semiconductor work functions) and barrier height (which is equal tieratice between metal work
function and the electron affinity of semiconductor) from expemieln addition, we characterized
prepared hybrid structures using Auger electron spectroscopy (Adifysometry and atomic-force
microscopy (AFM), which allows one to establish the cormetatbetween energetic and topological
characteristics and parameters of organic layer.

It was revealed, that PEI deposition differently affectssilnéace properties of silicon single crystal versus
silicon substrates conductivity type and roughness. In particulengrgases barrier height fortype and
decreases fop-type. On contrary, PEI deposition decreases the surface band bdodindype (the
difference between bottom of conduction band in the bulk and the suaiagehcreases it fqu-type (the
difference between top of valence band in the bulk and the surfageh. behavior is not usual and
explanation is not obvious. We assume that electrons from the oselaator space charge region are
preferably captured to acceptor traps created by cationiclecaiyayte on silicon surface. The behavior of
the other energetic characteristics demonstrates the indepentiennduwrtivity types.

It was established that silicon substrates roughness doesnfecliae behavior of changes due to PEI
deposition, but influence to its magnitude. The surface roughnes®dcabe additional surface
inhomogeneities and, surface states, which essentially atfextsurface potentials. But electron affinity
changes after the PEI deposition are independent on roughness.

We also investigate the influence of free charge gardencentration to PEI adsorption. We changed the
charge carriers concentration by super-bandgap illuminationadt revealed that illumination generating
non-equilibrium charge carriers in silicon surface layer, whitécts the surface potentials barriers, charge
and adsorption properties. The different effect of illuminatiom@mtioned parameters for and p-type
substrates was observed: increasingiftype and decreasing fprtype.

In addition, we established the linearly dependence of somacsugdotential barrier changes on the
molecule concentration of PEI deposited onto silicon by mean<€8k All results were interpreted using
band diagrams which considerate the changes of all potential harriers

This work was financially supported in part by RFBRject 11-08-12058-0fi-m-2011.
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Possible Influence of Nanoobjects on Properties dfanomaterials

S.P. Timoshenkov, |I.M. Britkov, O.M. Britkov, S. &afiev, A.S. Timoshenkov,
B.M. Simonov, E.P. Prokopev

Federal State Budgetary Institution of Higher Ediima "National Research University "MIET", Zelenagt Russia,
E-mail address: epprokopiev@mail.ru

Within the limits of ideal model of property of nanomaterials in many ctsaee defined by joint action
of the skeleton connected among themselves of nanopatrticles, volianeatmosphere of the empty space
consisting of various objects of nanoemptiness (free volumes aaineees and their complexes, pores,
emptiness, etc.), and interfaces between a skeleton of nan@sadinll emptiness [1-4]. Properties of
technically important materials at an atomic level awesed by generation of own Frenkel pairs (atoms and
vacancies). These atoms and vacancies during work of materitisni cooperate among themselves in
rather complex image therefore defects or complexes of defecomplex structure which finally can serve
as sources of dispositions are created, broken areas (BA) aesl pwotection of the basic operational
characteristics of nanomaterials on visible is connectdu méicessity of presence for a material of certain
traps of such atoms and vacancies. In volume of nanomatesiataps own atoms and vacancies, pores,
emptiness can serve, to vacancy, etc. of nanometer sizes, fdempty" space in a material. This empty
space of nanomaterials in essence is its internal atmospbii@ining besides atoms and molecules of a
terrestrial atmosphere own atoms, and also vacancies and their camplenrerfaces areas which are being
thermal balance with a surface of nanoparticles. Owingtremely high speeds of diffusion processes on a
surface of nanoparticles in nanomaterials self-curing of nmécdlaand radiating infringements of a solid-
state skeleton of nanoparticles while in service can undoubtddyplace. Thus within the limits of more
real representations about a structure of borders of the spossessing raised energy because of presence
of dispositions directly in borders has undressed and not compensategsfre in threefold joints these
representations about self-curing look even more convincing. Réaltys with distant action of forces of
pressure of nonequilibrium borders of section are charactesizezhsor deformations which components

inside of grain of a material are proportiomal’? (r - the distance up to border of grain). At this floor of
pressure leads to occurrence of elastic distortions ofstattattice which size is maximal near to border of
section [1]. This circumstance undoubtedly promotes increase in epedflsion and thermal processes
that is caused by higher dynamic mobility of atoms of intesfatre this connection within the limits of
theoretical representations of self-organizing the hypothdsmtahigh operational characteristics of
nanomaterials, explaining on the basis of synergetic approachesgfbloperational characteristics of
nanomaterials on the basis of silicon is put forward.

1. A.l. Gusev.Nanomaterials, nanostructures, nanotechnologisscow, Fizmatgiz, 2005. 416 p.

2. E.P. Prokopev. "Synergetic approaches to problems of evolutionopgnies of materials and
nanomaterials on the basis of silicoBook of Abstracts3rd Chaotic Modeling and Simulation
International Conference, 1-4 June 2010, Chania, Crete, Greece. pp.636d. (s
http://mww.cmsim.info/images/Book_of AbstractsCHAOS2010a.doc)

3. E.P.Prokopev. "About gettering and synergistic approaches tardbéem of silicon. Review". (in
Russian) 1D = 1258787370. Science Online Library Portalus:
http://www.portalus.ru/modules/science/data/files/prokopiev/Proke@etter-2009.doc

4. E.P. Prokopev. "Gettering and synergistic apprasathi¢he problem of silicon. Review". St.
Petersburg Journal of Electronics. 20893-4. P.28-4&in Russian)

5. Yu.A. Chaplygin, V.l. Grafutin, E.P. Svetlov-Prokopiev, S.P. Timoshenkowsit®nics and
Nanotechnologies: Possibilities of Studying Nano-objects in Tedhnicaportant Materials and
Nanomaterials". In bookAdvances in Nanotechnolagyol. 1. Editors: E.J. Chen and N. Peng.
Nova Science Publishers, Binding: Hardcover, 2010. pp.191-208.
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The physical and technological problems in desigrf pressure sensors
with nano-scale piezoresistors
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Changing of piezoresistance coefficients with decreasing of mgrdements size has made it possible to
suppose that the sensivity of piezoresistor increases undeariséion to the nanoscale region [1]. Indeed,
in a set of works it has been found that the piezoresistnmsibility really depends on cross-sectional
dimensions of the sensor element [2, 3]. Manufacturing of indiviguessure sensor with nano-wire
piezoresistors includes such aspects as: 1) Development of ltgibaboperations for 3D formation of
micro- and nano-piezoresistor structures. To produce such structureslectron-beam and ion-beam
lithography in combination with plasma-chemical etching and theldeuted lithography have been used
for membrane formation with sensor location in area with a naximechanical stress (Fig. 1). 2)
Development of methods for measuring the parameters of nano-wirergsistors and test structures and
the investigation of their electrical characteristics. Thensition from "micro-" to "nano-" parts of
piezoresistor leads to a redistribution of the current densitly the additional contribution to the total
resistance. But the main thing is that temperature dependetioe fsistance of "micro" and "nano" parts
are quite different and they should be distinguished from gemdiiacteristics of the strain gauge.
Experience shows that for the'-giffused silicon piezoresistors containing submicron (nano-sized)
components, the reduction of the nano-wicesss-sectional size leads to a decrease in the temperature
resistance coefficient [4]. It is shown also that the pressure seriforsawo-wire piezoresistors should have
a fundamentally different topological layout that will provide theease in their sensitivity by 30-50%.

- Fig. 1. The submicron set in the piezoresistor.

1. T. Toriyama, Y. Tanimoto, S. Sagiyama, “Single crystalline silicon nangmgeeresistor for mechanical
sensors”, J. Microelectromech. $1, pp.605-611, 2002.

2. R. He, P. Yang, “Giant piezoresistance effect in silicon nanowiregiré\itanotechnology Lettl,
pp.42-46, Oct. 2006.

3. T. Barwicz, L. Klein, S.T. Koester, H. Hamann, “Silicon nanowire piezoresesténpact of surface
crystallographic orientation”, Appl. Phys. LefZ, 023110 (pp.1-3), 2010.

4. V.A. Gridchin, A.S. Cherkaev, M.A. Chebanov, V.B. Zinov'ev, |.G. Neizvestnyi, and G.Make, “The
influence of the sizes of the cross section of mesapiezoresistors ochtraicteristics”, Russian
Microelectronics40, pp.78-86, 2011.
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Design and fabrication of piezoelectric MEMS
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The high electro-mechanical coupling festof PZT have made it an ideal material for use in
sensors and actuators. Since thin films also eixliil@se properties, they are ideally suited for
applications in integrated transducers. In receary, a new technology has emerged which allows
the fabrication of integrated circuits with somedyof mechanical motion built into them. These
devices are called micro-electromechanical systé@tsMS) and have possible applications in
devices ranging from optical shutters to air arpiii micro valves, and surface acoustic wave
devices [1]. Since PZT films have the ability tartsform electrical signals to mechanical motion
and can be etched in the samay as conventional silicon based films, they asdl wuited for
application in this type of device.

This paper presents short information almeparation and properties of ferroelectric films
recently performed by our group. The work was earriout as direct continuation of our
investigations in the field of the film preparatipaculiarities and their physico-chemical propsttie
It is necessary to note that traditionally consaddés attention was paid to the techniques for
preparation of the precursor solutions containithghe elements of the future oxide composition.
The reliability of the paper results is determifmdthe reproducibility of the object characteristic
and using the metrological certified measuring pou@nt.

The preparation behavior of Lead ZirdenEtanate (PZT) composite films comprised of Si,
SiO,, Pt, PZT and Pt for MEMS applications was invesdtigl. The choice of precursors can affect
the microstructures and properties of the prodemtin this paper we compared the crystallization
behavior of PZT films derived from different presars, stressing the influence of experiment
conditions. In recent years, various methods ofi¢abion of PZT thick films have been proposed.
However, these methods have low compatibility vaeitmventional IC/MEMS processes or cannot
obtain enough large actuator forces. The presqmrgaroposes a simple fabrication technique of
high quality PZT thick films by electrophoretic aegition method. Dense PZT films were prepared
by electrophoretic deposition method (EPD), usingumercial powder PZT precursor and metal
alkoxide components for the same composition. EREhod is based on the principle that ceramic
powders suspended in a liquid vehicle attain aaserfcharge. The charged particles will move
under the influence of an electric field and deposi an electrode. In general, the use of EPD for
ceramic forming offers certain advantages suchhast sleposition time, and the ability to form a
wide variety of shapes [3]. Transition metal alld®es are very reactive and experience hydrolysis
and condensation rapidly when electrophoretic dépaswvas carried out in air. The water content
of the solution affects critically the rate of hgtrsis relative to condensation. The hydrolysis and
polycondensation of metal alkoxide precursors yaidnitial formation of “fractal” clusters, which
upon reaching a critical size begin to form a awmus network or skeleton via cluster-cluster
aggregation near the cathode-substrate. It hasfoeed, that PZT films were crack-free and have
good morphology with perfect perovskite structured aexcellent piezoelectric properties.
Ferroelectric hysteresis loops were measured, lamdemnant polarization (Pof the PZT films
was about 30mC/chrand the coercive field (EC) was about 20kV/cmtha radio-frequency (RF)
region, the dielectric constant was about 400 hedltelectric loss is less than 0.01.

1. S. Timoshenkov, “Elements of micromechanicateays, implemented on composite structures”,
Micro System Technology, N4, pp.22-25, 2002.

2. N. Korobova, Sh. Sarsembinov, “Introductiontie material science”, Almaty: KazNU, 2011,
473 pp. (in Russian)
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New electronic system converter linear
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Currently, there are a wide variety of MEMS devices: rmimirror, linear acceleration transducers
(accelerometers), the angular velocity sensors (gyroscopesugagnsors, and others. Operation principle
of these devices is different, but they all share theasystems technology and sensor preparation methods.
Special class of inertial sensors, namely, linear ac¢mleraansducers (LAT) is allocated among the many
MEMS devices.

The paper objective was to discuss preparation possibiliyliaear acceleration transducer on the basis of
the compensation circuitry. To achieve this goal it was secgdo solve some of the following tasks:
explore the issues of building countervailing acceleromeieidevelop an algorithm on the basis of existing
methods for frequency determining with FPGA firmware progrdavelop the necessary software; model
developed program; prepare test procedure to determine the pasameters of the developed
accelerometer; test similar schemes in order to compare the davehgplel and its analogues.

The electronic circuit of compensating accelerometer has lesetoged. It was shown that solving problem
leads to the circuit creation which idea was so simplieadtbeen noted that deviation of the rotor sensing
element (SE) from the starting position was done when acdefeditected along the sensitive axis of the
accelerometer. It was resulting in a change in the SE equivedpacity. Generators that were implemented
under the scheme of asymmetrical multivibrator have been builtcim way that the accelerometer SE acted
as frequency of the driving capacitor. When acceleration aggehen changing capacity of the SE has
involved a change in the frequency of generated signal. Next,ghal $iequency was measured using the
FPGA and the subsequent mathematical treatment. The generatedsayplis a PWM FPGA - signal,
which was then filtered, amplified and fed to the special plateEpfforming thus a closed loop feedback.
These generators were built around the classic multivibsateme. The only difference was being that the
additional analog switch has been introduced to bring the signatager level to acceptable FPGA input
levels. Block diagram of signal processing unit on FPGA had twmotibnally counter: the input and the
reference frequency. The measuring cycle began with the pudfigaitall counters. Then both counters run
on the front of the signal input frequency. Both counters were stoppen counter input frequency has
been overflowed. Each of the counters formed a ready signal tmehsurement when the measurement
value of the counter input signal became equal to 31. The sigeaésfarmed after the capture readiness
transfer counters in the appropriate registers. These sigmeaés the start signals of the counting rate in
identical units of calculation. The calculation of input sigrfedégjuency has been done in the calculation
blocks. After the calculation the ready signal was formedabgulating the tone. After that, the frequencies
were moved to the formation block of PWM - signal. This blags selected according to mathematical
processing algorithm, and the PWM signal has been formed. Input bhetkrwas designed to count the
number of reference frequency pulses, which run out in 32 pulses frequency measuring.

It was shown that a number of basic parameters of developed teA&ither on par with similar or better
than them. This allows us to talk about the viability and practel@vance of the work. Complex of
scientific tasks to implement the compensating capacitivel@mmeter has been decided. Designated
approach provides great opportunities. In the future, the schemastabe implemented in a solid cover
with the sensing element and, therefore, to achieve dramatic idownaccelerometer as a whole. This
makes it possible to talk about the prospects of the workriath@@ in order to use developed accelerometer
in various fields of modern technology. Proposed electronic ciatwitalgorithm can significantly improve
the main parameters of linear acceleration transducer in comparisomalilyzes.
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Resonance properties of multilayer metallic nanocatmievers
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A cantilever is the key element of nano- and microelectronmichlaswitches, transistors, memory elements
and other micro- and nanoelectromechanical devices [1, 2]. Numbsitcifiag cycles, reliability of micro-
and nanomechanical devices is defined by the material proparttbgesonance characteristics of the
cantilever. In this paper the study of resonance propertigsred-tayer metallic (Cr/Al/Cr and Ti/Al/Ti)
nanocantilevers is presented. The thickness of metal layessSi80/5 nm, respectively. Thin Cr and Ti
layers allowed changing the structure of basic Al layerstitéace morphology and the elastic properties of
nanocantilever. Fabricated nanocantilevers (Fig. 1) had a length of 10 im1®&d width of 2 to 1am.
Nanocantilevers were fabricated using contact photolitipbyraAfter formation of cantilever pattern in
photoresist mask three layers of metal (Cr/Al/Cr or TiTAlvere sputtered. Then the lift-off process was
performed and cantilevers were released by etching of sacrificial plalye® in Sk plasma.

Cantilever vibrations were excited by an electrostatic metleggiistration of motion was performed by the
laser beam deflection method. The resonant frequencies dtvearg were determined from the resonant
curves (Fig. 2).
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Fig. 1. SEM-image of nanocantilevers. Fig.2. Respuoarves of nanocantilevers.

Dependencies of resonant frequencies on cantilever length @il were experimentally obtained.
Resonant curves and the resonant frequencies of Cr/Al/Cr anldTTi¢Antilevers differed slightly, although
the morphology of cantilever surface and Young's modulus of Ti andete different. The comparison of
experimental data with theoretical calculations accordintheoclassical Euler-Bernoulli beam theory [3]
was performed. The experimentally obtained values of tlenaes frequencies were lower than theoretical
predictions. It may be caused by geometrical defects aiiisitige fabrication process (undercut, non-ideal
clamping shape of cantilevers [4], etc.), as well as the sizet #ff#t occurs in sufficiently thin films.

This work was supported by FSC "Micro- and Nanostructures Diagnosis"FBR gant # 10-07-00447-a.

1. S.\W. Lee, S.J. Park, E.E.B. Campbell et al., “A fast and low-pmigpelectromechanical system-based
non-volatile memory device”, Nat. Commu8, p.1227, 2011.

2. Y. Loh, H.D. Espinosa, “Nanoelectromechanical contact switciidat., Nanotechnol.7, pp.283-295,
2012.

3. R. Sandberg, W. Svendsen, K. Molhave et al., “Temperature andrprelependence of resonance in
multi-layer microcantilevers”, J. Micromech. Microentp, pp.1454-1458, 2005.

4. S. Guillon, D. Saya, L. Mazenq, “Effect of non-ideal clamping shapéhe resonance frequencies of
silicon nanocantilevers”, Nanotechnolo@g, 245501, 2011.
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Modeling of two-axis micromechanical gyroscope-acte&rometer

I.LE. Lysenko
Taganrog Institute of Technology — Southern Fed¥ralersity, Taganrog, Russia, igor@fep.tti.sfedu.r

Actual problem is to work out approaches to construction of furatiorintegrated micromechanical
gyroscopes and accelerometers providing measurement of angelds spel linear accelerations on several
axis of sensitivity, possessing high degree of integration Hodiag to lower masses characteristics of
microsystems, at the expense of reduction of the substesteised under placing of each integrated sensor.
In designs of gyroscopes and accelerometers similar constrettivents are applied, therefore the same
schemes of construction can be applied to their working out [1-4].
The developed integrated micromechanical gyroscope-accelernfethe LL-type contains two inertial
masses fixed on a substrate by means of a system of the springy tdkions [
To ensure the independence of primary and secondary vibration iokthal mass has been used principle
of micromechanical gyroscopes LL-type configuration of the elastispension — ISOD (Inside Sense
Outside Drive) [2, 6].
A gyroscope-accelerometer model of motion is developed:
. 2 2 . . . .
(m, + mm)[y (Qx +szy QXZ} mm[Qsz +szm} = kyy ,8yy+ Fy + Fel’ "
5 A2 . 5 2 .
(m, + mm)[z QX2+ Qxy} mm[zm + QXQme szm} = kzz ,BZZ+ FZ,

M X * QZ{QX(Z+ Zm) y_Qszﬂ = Kemm ™ Bxmm P

(2)

b4y 4 - _ + __ _ , 4 .
Mm| 2 zm Qx{y szm Qx(z zm)ﬂ kzmzm ’anzm FZm

wherem,, m, — masses of the moveable electrodes and the inertial mégsies;kn, k.m — suspension
stiffness; py, Bz, fxm fm — damping factorsy, z, X, zn — displacementsf),, Q, — angular speed$e —
electrostatic forcefy, F,, Fxm, F.m— inertial forces.

In deriving the model of the gyroscope-accelerometer the followsgumptions were made: springy
elements of the moveable electrodes and the inertial magspsnsion have a finite stiffness in bending
relative to the axes X, Y, Z.

The numerical modeling of the gyroscope-accelerometer in therSNfas executed. Results of modelling
are processed in the program MATLAB. The obtained modeling results caadmmuke design of two-axis
micromechanical gyroscopes-accelerometers.

The research is carried out under financial support of the Mingt education and science of Russia
(projectNe301.38.06.51).

1. V. Raspopowlicromechanical devicedlashinostroenie, Moscow, 2007 (in Russian).

2. V.D. Verner, P.P. MalcevA.A. Reznev,A.N. Saurov, YUA. Chaplygin, Modern tendencies in
development of microsystem technique // Nano- and microsystem tech)igpe?-6, 2008 (in Russian).

3. M. Palaniapanintegrated surface micromachined frame microgyroscopisversity of California,
Berkeley, 2002.

4. I. Lysenko, B. Konoplev, “3D micromachined gyroscope”, Proceeding ointeenational Conference
“Micro- and nanoelectronics — 2003” (ICMNE-2003), p.03-76, 2003.

5. I.LE. Lysenkolntegrated micromachined gyroscopgtateni\Ne2293337 RU, 2007.

6. I.LE. Lysenko, “Design method of micromachined gyroscope-accelemhietgpe”, News of SFedU.
Technical scienceg, pp.117-123, 2009 (in Russian).

03-31



Matrix propulsion microthruster for nanosatelites

V. Bondarenkd, K. Dobregd, L. Dolgyi*, A. Klushkd, E.Chubenkd S. Futkd
1.Belarusian State University of Informatics and Rediectronics, Minsk, Belarus, E-mail address:
vitaly@bsuir.edu.by 2. A.V. Luikov Heat and MasanEBfer Institute, National Academy of Sciencesatdiids,
Minsk, Belarus, E-mail address: foutko@itmo.by

In the present work we reported miatrix propulsion microthrusters for high-accuracy position control of
nanosatelites (mass < 10 kg).

Matrix propulsion microthrusters have been fabricated anddtesteseen from Figure 1, the microthruster
consists of 25(5x5) combustion chambers containing propellant; a middlex of 25 ignitors made in
silicon wafer with thin silicon burst membranes and heatisist@s; and a matrix of 25 nozzles. All
elements of microthruster are made of silicon by using ME&t&rtology. A propellant based on glicidil-
azide-polymer (GAP) is loaded into each individually sealed condmustiamber. When the resistor of
ignitor is heated, the propellant ignites, raising the press the chamber and rupturing the membrane. An
impulse is imparted as the high pressure fluid expelled from thabsathrough the nozzle. Initial tests,
using nanocomposite mixtures based on GAP as the propellant [hav2] produced several 310
Newtorxsecond of impulse. The matrix propulsion microthrusters offer pessgibilities of nanosatelite-
keeping capabilities, potentially at lower cost.

nozzels _—

ignitors -

combustion
chambers

Figure 1. Schematic of matrix propulsion microtheus

This research was financially supported by Grant 2.2.3 of the USiate Scientific Program
“Nanotechnology-SG”.

S. Fut'’ko, E. Ermolaeva, K. Dobrego, V. Bondarenko, L. Dolgyi, “Thermodinamalysis of solid-fluid
mixtures glycidil azide polymer (GAP)/RDX for mini-enginesa microelectromechanical systems”, J.
Engineering Physics and Thermophysi#,pp.1068-1073, 2011.

S. Fut'ko, E. Ermolaeva, K. Dobrego, V. Bondarenko, L. Dolgyi, “Macrolénediculation of the ignition
of a solid-fuel charge of mixtures glycidil azide polymethea mini-engine of a microelectromechanical
systems”, J. Engineering Physics and Thermophy&itsp.1304-1310, 2011.
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Formation of Nanoscale Structures
by Inductively Coupled Plasma Etching

C. Welch

Oxford Instruments Plasma Technology, Bristol, UK, E-mail address colin.welch@oxinst.com

Patterning of films and substrates has long been required falihieation of devices for information and
communication technology (memories, novel semiconductor and optoelectiemices, displays and
guantum computing), as well as other areas of technology such ashadl energy [1]. Overwhelmingly,
the most popular method of patterning for devices is by thetseleemoval of solid material through a
mask (usually photoresist) [2]. This of course is etching. Tdréopnance of devices has been steadily
improving with decreasing feature size, such that now, in marhnodogy areas the devices may be
described as nanoscale i.e. one or more critical dimension of the dewitt@righe range 1nm to 200nm.

The classic example is in etching steps required for monolithégrated circuit fabrication (such as
Complementary-Metal-Oxide Silicon (CMOS) transistor chipghviéature sizes on the micron scale and
now much less. Etching for such microelectronics evolved frontheistry in the 1960s and 70s (usable
down to about 5um dimensions) to dry etching with parallel plaemm systems (Reactive lon Etching,
RIE) usable down to 0.1um or less in favourable cases andyfisalce roughly the early 1990s to dry
etching with high density plasma (HDP) systems, espediadlyctively coupled plasma (ICP) taking us
below 100nm into nanoscale dimensions. Indeed CMOS technology has longpigoessed into the
nanoscale: The International Technology Roadmap for Semiconduldi®S) (2011 update indicates this
occurred in about 2003 when considering half pitch gate widths for flash or DRXKdlegy [3].

This paper will focus on the top down technique of ICP etchinthfonanoscale. The increased difficulties
of nanoscale etching will be described. However it will be shand discussed thBEP technology is well
able to cope with the higher end of the nanoscale: from 100nm down to4flvon is relatively easy with
current ICP technology. It is the ability of ICP to operattat pressure yet with high plasma density and
low (controllable) DC bias that helps greatly compared to sifRple and, though continual feature size
reduction is increasingly challenging, improvements to the KZnblogy as well as improvements in
masking are enabling sub-10nm features to be reached [4]. Nand&3@ad¢ching results will be illustrated
in the area of nano-imprint technology and in a range of variatsrials and technologies. The results are
all achieved in Oxford Instruments ICP tools, demonstrating a strong égpialilanoscale etching.

1. See: http://en.wikipedia.org/wiki/List_of _nanotechnology_appbaosti

2. G.S. Oehrlein, R.J. Phaneuf and D.B. Graves, Plasma-polymer interactiengevA af progress in
understanding polymer resist mask durability during plasma etching for nanfewatation, J. Vac. Sci.
Technol. B,29(1), 2011.

3. See: http://lwww.itrs.net/reports.html

4. C. Peroz, S. Dhuey, M. Cornet, M. Vogler, D. Olynick and S Cabrini, Single digit rmiuaféion by step-
and-repeat nanoimprint lithography, Nanotechnol@gy 015305, 2012.

03-33



Plasma etching of silicon for MEMS and optical apgtations:
comparison of RIE, Bosch and cryogenic processes

l. Amirov?, V. LukicheV, V. Yunkir?
1. Institute of Physics and Technology of Russieedamy of Sciences, Moscow, Russia. E-mail: luki@igan.ru
2. Institute of Microelectronics Technology of RassAcademy of Sciences, Chernogolovka, Russia.

Micro-electro-mechanical systems (MEMS) are of interestifdustry and science. Single microlenses
(refractive and diffractive) and integrated micro-lensyarqarovide interesting applications for various fields
such as photonics, x-ray microscopy and imaging, LCDs, etc.

Plasma etching of silicon is a key technology in fabricalitigMS and optical devices. We compare three
leading processes for deep plasma etching of silicon: reactivetdbimg (RIE), the Bosch and cryogenically

cooled processes.
We present main differences in plasma parameters andrmarfoe between RIE, Bosch and cryo processes,

and review the advantages and drawbacks of them for various applications.
Finally, we demonstrate some MEMS and optical devices designeeloped and fabricated in Russian

Academy of Sciences.
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Low-temperature synthesis of carbon nanotubes by pkma enhanced
chemical vapor deposition

V.A. Galperin, A.A. Pavlov, Yu.P. Shaman, A.A. Sreamaev, S.N. Skorik

Scientific-Manufacturing Complex “Technological @eri, Moscow, Russia, e-mail: artemiy.shamanaev@itjotam

The sizes, highest mechanical, electrical, electromechanicdltreermal properties over a wide
temperature range determine the perspective applicatiohe aftbon nanotubes (CNT) in the micro- and
nanoelectromechanical systems. A successful use of CNTs itiofualcelements of devices in some cases
requires to develop a low-temperature synthesis of CN&sG00 °C).

The influences of the adhesive layer and the catalyst dn the growth of CNT arrays were
investigated to decrease the process temperature. Adhibsie layer on the surface of the substrate were
deposited Al, AIO;, SIO,, Ta, Cu, Ti, and TiN, also as catalysts for CNT growth wesed Ni or FeNiCo
films, deposited on the adhesive layer.

The carbon nanotubes synthesis is based on the plasma enhancedl clagroicdeposition method.
The samples were annealed by oxygen before the CNT syntBasises have shown that the use of an
adhesive layer of Ti, as well as the Ni film catalgan decrease the temperature of the substrate up to
350 °C.

1. M. Meyyappan, L. Delzeit, A. Cassell, and D. Hash, “Carbon nanotubelgbyaECVD: a review”,
Plasma Sources Sci. Technol., 12, pp.205-216, 2003.

2. S.V. Bulyarskii, O.V. Pyatilova, A.V. Tsygantsov, A.S. Basaev, \GAlperin, A.A. Pavlov, and Yu.P.
Shaman, “Thermodynamics of the formation of catalyst clusters darbon nanotube growth”,
Semiconductors, 44, pp.1718-1722, 2010.
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Photovoltaic properties of porous-Si:He/Si structue produced by
plasma immersion ion implantation

A. Rogozhin A. Miakonkikh, and K. Rudenko

Institute of Physics and Technology, Russian Acgd#rciences, Moscow, Russia, rogozhin@ftian.ru

As known high dose He-implantation can dramatically affect i®pgrties. Basically it changes
crystalline structure of silicon producing layers of amorphous, naooppdisordered and defected silicon.
Among others the optical properties of the semiconductor can be aajdehanged. Because of direct
band structure of nano-porous Si and its higher band gap energy (~1.8eM)dijhized Si:He (a-Si:He)
could be more attractive for optical applications like photo detectorsakadcells.

Plasma immersion ion implantation (Plll) has a number of advastagmpared with beam-line
implantation. It allows to achieve doses up t0’d®” in time of several seconds, has scalability up to 500
mm and produce implantation of high conformity which is importanstiarctures with complicated surface
design. The structures a-Si:ld&i had electroluminescence spectrum within the wavelength #3800
nm [2], which covers about 80% of energy of solar radiation spectrumrdibes interest to investigation of
a-Si:He/Si structures solar cell application.

In this study a structure made by PIII of ‘Hieto boron-doped p-type Si(100) with resistivity of
12 Ohm-cm is presented. Formation process consisted of cleaning vimfdantation, thermal annealing,
and deposition of back contact and transparent top contact.

The layer of native SiQwas removed by HF:4® (6:50) preliminary rinsing for 5 min. Henergy in
implantation process varied from 1 to 5 keV. It produced Si amaiiizfor depth of about 100-200 nm.
Implanted ion doses was in the range ¥-201.0’cm?, which forms layer of nano-porous silicon. Thickness
of modified layer was calculated with a free software TRIMI measured by spectral ellipsometry. After
annealing at 600°C for 60 min the semi-transparent gold lap®04&) for photo-current collection was
deposited. Top Ni electrode was formed by magnetron sputtering thnoagiwith subsequent annealing.
Area of transparent section of the devices was equal to ©.5cm

Electrical characteristics of these devices was measarel analyzed. Dark current-voltage and
capacitance-voltage characteristics were measured. Asstestimated from the assumed energy band
structures, the devices show diode-type characteristicsralitively high reverse current (~100 uAfcat
-10 Volts). Light characteristics were obtained under radiatidhe 20W-halogen lamp at constant energy
flux, showing photovoltaic effect. The ways for optimization of photovoltaiameters has been targeted.

Part of this work was supported by Russian Ministry of EducationSaiehce. For experiments the
equipment of Micro- and Nanostructure Diagnostics Center was used.

1. F.P. Romstad, E. Veje, “Experimental determination of the elalcbiémd-gap energy of porous silicon
and the band offsets at the porous silicon/crystalline silicon heterojundéibys. Rev. B55, pp.5220-5225,
1997.

2. P.R. Desautels, M.P. Bradley, J.T. Steenkamp, and J. Mantykatrtitleinescence in plasma ion
implanted silicon”, Phys. Status Solidi (26, pp.985-988, 2009.
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On a way to fabrication technology of ultra thin Sion sapphire

V. Chernysh, A. Shemukhif, Yu. Balakshin, N. EgoroV, V. Goncharo¥, S. Golubko¥,
A. SidoroV’, B. MalukoV?, V. Statsenk$ V. ChumaRk

1. Faculty of Physics, Moscow State University, 86@5 Russia, chernysh@phys.msu.ru. 2. Institukéucfear
Physics, Moscow State University, Moscow, RussiBeS8earch Institute of Material Science and Techyglo
Zelenograd, Russia. Epiel Joint Stock Company, Zelenograd, Russia.

The idea of silicon on sapphire (SOS) technology was inventétkiearly 60-th of the last century. SOS
structure is fabricated by deposition of silicon film onto (1102helof sapphire wafer. Main advantages of
such approach are possibility to develop radiation resistant electroniesleyerating at high frequency (up
to 12GHz) and consuming low power.

A serious problem appeared under realisation of this technologasl found that a strongly defect layer
with a thickness about 100 nm was formed at silicon—sapphire teaifge to lattice unconformity between
the crystal lattice of AD; and the Si crystal lattice. To overcome the problem a procksd aa solid phase
epitaxial regrowth (SPER) was suggested [1]. During teedacade, Peregrine Semiconductor Company
successfully used this technology for production of the 0.50pum and the 0.25um S@&S wafe

Though researches in the field of production of ultra thin SOS structuresavees out since the beginning
of the 80th years of the last century (see, for exampig])[2parameters of implantation and annealing
processes are not optimized still.

Therefore in the present work searches of optimum conditioB®EBR technology were continued. First of
all the main attention was given to reveal an optimunp&ature and a dose of $on implantation. In
addition, the energy of implanting ions varied in these experiments.

Implantation experiments carried out on the accelerating congpisated on the basis of the implanter
HVVE-500 (“High Voltage Engineering Europe"). Energy of implah& ions varied from 140 up to 230
keV. SOS structures with thickness about 300 nm produced by EpieSioikt Company were investigated
before and after ion implantation and also after recryssditin annealing by using RBS with 1,5 MeV'He
ions. X-ray analysis was also applied for the analysis of tliénScrystalline structure. SIMS analysis was
used to investigate the interface layer between Si film dpQsAvafer. Surface topography of the Si film
was controlled at all stages by using scanning electron and dtmeecmicroscopy. The regrowth annealing
was performed in nitrogen or oxygen atmosphere at temperatures 5001000

The obtained results are discussed in the report. The carriedseatrches allowed to make a conclusion on
mechanisms SPER and to define implantation conditions at whicificagt improvement of crystal
structure of the silicon film is observed.

.S. Lau, et al. Applied Physics Lett&4, pp.76-78, 1979.

. Nakamura, H. Matsuhashi, Y. Nagatomo. Oki Technical Ré&vp.66, 2004.

. Golecki, R.L. Madox, and K.M.Slica, J. Electron. Mat&8,,p.373, 1984.

.Wang, Y Zan, J Wang, Y Yu, Materials Science and Engineeridg Bp.43-46, 1995.
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Nonlinear waves and structures induced by ion bomlddment of
solids

S. Krivelevich, D. Korshunovg N. Prort
1.Yaroslavl branclof the Instituteof Physics and Technologyussian Academy of Sciences, Yaroslavl, Russia,
s.krivelevich@mail.ru. 2. Yaroslavl State UniversRG Demidova, Yaroslavl, Russia, dasha_zor@mail.r

Modern manufacturing technologies widely use treatment of variotsriaia by ion beams. One of the
most common tools in micro-and nanoelectronics is ion implantatiafioWs introducing a certain amount
of impurities with high accuracy for a given depth that can igeoeontrolled local modifications of the
properties of the material. Using ion implantation also make®ssible to synthesize buried layers with
specified properties [1]. In this work presents the resulteeftudy of processes occurring in solids under
the influence of ion fluxes and processes occurring at the stage of postatiptatreatments.

The response of the system exposed to the ion beam is nonlinearigratéompanied by significant
changes in the properties of the material and the formatidrfefent structures. The changes are observed
not only in the layer, which is directly exposed, but also pthde in some cases by orders of magnitude
greater than the thickness of this layer [2]. There everal types of structures in the layer directly exposed
to, and beyond. For example, well known are formed on the surface opfite structures [3]. The variety
of forming structures, suggests that the processes initiatepbgugre fluxes of ions to the solid surface, are
show a number of physical mechanisms. Many of these mechanisms are curremdl sitdied.

Description of the processes accompanying ion implantation iplmated by the fact that real solids
contain significant amounts of impurities and structural defdetternal action also leads to the appearance
of defects and heat fluxes directed into the depth of theiatemtimaterial. In this regard, the behavior of
multivariable heterogeneous open gradient systems was edaW#e propose a method to describe the
evolution of such systems in the framework of the Ginzburg-Landau iegudt is shown that the
description of n-parametric system can be implemented using n independam@ara@qguations.

Found that one of the main mechanisms leading to the modification of thetigopéthe irradiated

material far beyond run of the primary particles, is the mechanism &f eaitation flip. The spread of

such a wave is not necessarily accompanied by mass transfer from the isuioféice depths of the crystal,
but may be accompanied by a redistribution of impurity atoms and intrinsic ptentde

It is shown experimentally that by irradiation with argon ionsaaf-tayer system of nickel-aluminum in the
surface layer of intermetallic compounds are formed. The thiclofebe intermetallic layer substantially
exceeds the projected range of ions. The thickness of the &gk its composition are practically
independent of the ion current density and temperature of the esantydse are determined the dose of
implantation. This confirms the theoretical conclusions of the work.

On the basis of theoretical studies provided a method of fianmby ion implantation of buried silicate
layers of complex composition. The method is based on the sequentiahtatign into silicon ions of
oxygen and glass-forming element is compatible with silicon. Theepses of formation of the layers
investigated with theoretical and experimental methodsshasvn that the hidden silicate layers are formed
within a few minutes during heat treatment in the temperature range 10001050

1.Z. Lizong, L. Diantong, W. Zhonglie, Z. Bei, P.L.F. Hemment, “SOI stmed produced by oxygen ion
implantation and their annealing behavior”, Nucl. Instr. Meth§8Bpp.754-757, 1991.

2.D.1. Tetelbaum, E.V. Kurilchik, N.D. Latisheva, “Long-range effatlow-dose ion electron irradiation of
metals”, Nucl. Instr. Meth. B127/128 pp.153-156, 1997.

3.R.M. Bradley, J.E. Harper, “Theory of ripple topography induced bybimmbardment”, J. Vac. Sci.
Technol. A6, pp.2390-2395, 1988.
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Entanglement in a system of harmonic oscillators

Y. Ozhigov
Moscow State University of M.V.Lomonosov, Insitiitehysics and Technology RAS (FTIAN)
e-mail: ozhigov@cs.msu.su

We consider the system of interacting harminic oscillatorsosiecinasses and establish the rough estimation
of their degree of entanglement in ground state and few extates.slt was found that already ground state
is entangled, and the entanglement of excited states depetitsiraihodes and oscillators positions. The
case where this system is conformed and included into the three dimgresierissalso considered.

1. K.C. Lee et al.Entangling macroscopic diamonds at room temperat@eence 334, pp.1253-1256,
2011.

2. R. Feynman et alQuantum mechanics in path integraldcGrew Hill Company, NY, 1966.

3. Y. Ozhigov,Constructive physicNova Science Publ., 2011.
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The strong influence of weak observers on the el@éonh dynamics in
large coupled quantum dots clusters
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2. Moscow Institute of Physics and Technology, Bpigdny, Russia, leonid@phystech.edu.
3. NIX, Moscow, Russia, leonid@nix.ru.

The electron transport in the array of coupled semiconductor quashbisnis considered. Since low
temperatures conditions are assumed therefore thermal edthvaavior of electron jumps between dots is
suppressed and coherent tunneling is dominated. The interaction with outenslaotd acoustic phonons is
taken into account. Analytical expressions for the electrasiyematrix are derived for both very weak and
very strong coupling with observer-environment. The temporal dyrsangisults obtained reveal phase-
transition features as strength of interaction with thérenment gradually increases. The sharp transition
between quantum and classical behavior of the same structureomit slightly different parameters
provides an opportunity to combine easily elements with quantum evolutidheindlassical controllers on
one chip.
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Analysis of quantum processes: methods and results

A.Yu. Chernyavskiy?
1. Institute of Physics and Technology, Russian Acgd#Bciences, Moscow, Russia
2. Moscow State University, Moscow, Russia

It's well known that an ideal quantum gate is described by &@mmyniransform. However, real gates are
always noisy and we need to use the formalism of quantum prodgssegum operations) instead of
unitary operators. Quantum processes can be described equivbierifferent mathematical objects. We
use Kraus operators, Choi-Jamiolkowski relative states thed evolution matrix formalism. Choi-
Jamiolkowski isomorphism unambiguously associates the quantum proeessh the density

d
matrixp =E | |®)}®P |, where | D) :1/\/HZ|i>D [iy is the maximally entangled state ahds the

i=1
identity operation. This correspondence allows using the apparatiensity matrix analysis for quantum
operations. For example, we can use fidelity to analyze amaagcof quantum processes. In addition, we
can use different measures of entanglement to analyze anlentangof quantum processes and quantum
noise.
Different quantum gates, which are important for quantum compuegsconsidered: CNOT, SQIiSW,
Toffoli, CZ. These gates are modeled under the condition of mueland phase relaxation. Modeled gates
are analyzed in terms of Choi-Jamiolkowski isomorphism, incluttieganalysis of entanglement dynamics
during the action of gate Hamiltonian. We use the negativity the distance to PPT-states, which is
calculated by convex optimization, as entanglement measures.
Moreover, the question of the entanglement of the noise in quant® igadiscussed to quantum error
correction.

1. Yu.l. Bogdanov, A.Yu. Chernyavskiy, A.S. Holevo, V.F. Luckichevl, S.A. Nuygnh#.A.
Orlikovsky, “Mathematical modeling of quantum noise and the quafityardware components of
guantum computers.”, Trudy FTIAN, 2012 (in Russian); arXiv:1207.3313 [quant-ph]

2. J. Cirac, W. D"ur, B. Kraus, M. Lewenstein, “Entangling operatams their implementation using
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Entanglement-annihilating quantum dynamical proceses
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The most general description of quantum dynamical processeseid basthe concept of completely
positive trace-preserving maps also called quantum channelgepbis deals with local two-qubit channels

of the form E L E,, where E and E, are channels acting on individual qubits. Local channel is an

appropriate model for describing the evolution of two qubits in éxeets, where both of them have been
prepared by a single source, then separated in space, arteédatbgcindividual environments (e.g., two
electrons in quantum dots or nanowires). The originally entangleejuid system will become less
entangled or disentangled at all due to the interaction of quititsndividual environments (see Fig. 1). We

find parameters of channells andE, under which the entanglement can or cannot be preserved.

We will refer to the local two-qubit channg] [J E, asentanglement-annihilatinfEA) if the output state
P - =EUOE[p,] is separable for all two-qubit input states [1]. In contrast to this notion, a chanrtel
is calledentanglement-breakin¢EB) if the statep 3" :=EO |, [0:*"] is separable for any ancillary
system. In particular, the local two-qubit chankell E, is EB if and only iff andE, are both EB.

-
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Figure 1. An initially entangled state can remaitaagled at low level of quantum noise (left). &se of a strong
guantum noise the entanglement can be destroyeahjonitial state (right, EA-channéd, [1 E,).

We start with the instructive example of depolarizing qubinoks E[X]= q X+(1-q)tf X5 I,
-3<q <1,i=1,2. The channeE OE, is shown to be EA wheneveyq, <1 [2]. On the contrary, such

a two-qubit channel is EB if simultaneoudly< % and g, <% . This example clearly demonstrates that EA-

property imposes much stronger limitations on entanglement-assistezhtipps then EB-property.

We provide a detailed characterization of annihilation cdiregiement for a variety of channels including
depolarizing, unital, (generalized) amplitude-damping, and extremahelsaf2]. We also consider the
convexity structure of local EA qubit channels and introduce a concept of Hifydua

Finally, the developed formalism is extended to the dynadfiosultipartite systemsk, [ E, [1...0 E)
and Gaussian (continuous-variable) states, which is of great interestdbipoquantum optics experiments.

1. L. Morawikova and M. Ziman, “Entanglement-annihilating and entanglementibgeakannels”, J.

Phys. A: Math. Theor43, 275306, 2010.
2. S.N. Filippov, T. Rybar, M. Ziman, “Local two-qubit entanglemamtihilating channels”, Phys. Rev. A,

85, 012303, 2012.
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Euclidean qubits versus conventional quantum circus
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2. A. Friedmann Laboratory for Theoretical PhysiSs,-Petersburg, Russia

Quantum circuits with conventional qubits are represented by eampktor spaces with Hermitian scalar
product often denoted as|b) in Dirac notation [1]. Alternative models with real vectoracgs and
Euclidean scalar product also may be considered [2]. A reducetpkxaf suchEuclidean qubitwith 2D

real space is also known esbit [3]. An extended model with 4D-real vector space is also ydafchuse

the space corresponds to 2D complex vector space of conventionalltpeb#D real space also corresponds

to quaterniongd and the system may be calledjubit [2]. Yet, such a model [2] has some difference with
usual qubit described by Bloch sph&fgbecause scalar products are not the same in both cases and states of
H-qubit are vectors with unit norm in 4D Euclidean space and belayigrtee(hypersphere$®.

Formally, H-qubit is an analogue of usual qubit up to surplus information abosepfi&e difference is
clearer fom-qubits case described by tensor produat 2D complex spaces. It has dimensidrag complex
space and corresponds to real vector space with dimensior22*2but tensor product af 4D real spaces
for n H-qubits has dimensior!'42*" and forn > 1 the dimension is bigger.

Euclidean qubits were considered in [2] as illustrative exanpiesimplification of error correction codes
for such systems, e.g. simple repetitive code witkee H-qubits doesexist. In usual case quantum error
correction codes may not use less than five qubits [1], beghqubits are represented by 64-dimensional
real space versus 32-dimensional complex space for five qubitgohgstical implementation ef-qubits is
rather uncertain. An example with four-component Majorana spiee used in [2] and recently the
Majorana ideas attracted more attention [4].

However, considered model should not be confused with alterrappeach to fault tolerant quantum
computation connected with topological properties of anions [5] desfisienilarity in terminology. In fact,
both interpretations of term “Majorana fermion” are discusséd]jrbut analogues afi-qubit model are not
affected there at all. Yet, the possibility of less direct rafabietween the models should not be neglected.

The presented work is mainly devoted to related pair of theatefiuestions. The physical implementations
of H-qubits are still not clear and too difficult nowadays, so the muglelf a system witim H-qubits by 2
gubits is discussed. Such a model also may be formulated without exhaustive useroibgiatetation [2]

as an introduction to the subject with traditional language of the nantormation science.

On the other hand, it is shown, that any quantum networkmathbits may be modeled by system with
H-qubits, yet such representation is not uniquenferl. Due to such a property any quantum algorithm may
be implemented by circuit with-qubits and it justifies search for future practical applications.
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4. F. Wilczek, “Majorana returns”, Nature Physigspp.614-618, 2009.
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On the validity of neoclassical theory of the Computn effect for
revision and reformulation of the standard quantummechanics
interpretation

V.V. Aristov
Institute of Microelectronics Technology and Higlri®/ Materials, Russian Academy of Sciences,
Chernogolovka, Russia, aristov@iptm.ru

In the report, we discuss alternatives to the standangpietation of the Compton effect. It is demonstrated,
both coherent and incoherent x-ray scattering can be explaineih With neoclassical theory limits. It
predicts all x-ray spectra featurase consequences matter structure, but not of field quantization.
Adherents of modern interpretation QM completeness claim, libat tare no alternative theories, and no
possible to describe the experiment with results that differ from peeditthe «Copenhagen interpretation»
of quantum theory. Nevertheless, attempts of creation alteertatimodern QM were undertaken repeatedly
[1,2]. Last years in a number of works we showed, such experimefitenown, and are carried out already
throughout 100 years [3,4,5], such are research of the Bragg andrerdof@ompton) scattering of hard x-
ray radiation and Doppler (inverse Compton) effect of laser beam sugttarrelativistic electrons.

The Compton effect is considered till now as the main argunmerfiavior of photon concept in QM.
Electromagnetic radiation is absorbed and radiated by atorfigdayportions - quanta, but statement that
light not only stored in atoms, but also extends and reradigtetectrons also in the portions, follows only
from Debye and Compton interpretation of Compton effect: “Onlgomedy of errors and historical
accidents led to its [photon] popularity among physicist” [@lring the long period, using, according to
Jaynes, “the technology of QM like that of epicycles, has far ahead of real understanding” [7],
experimental results on incoherent scattering of x-ray radiatioa besn «built in» the accepted concept.
Thus to an incorrectness of use of Bragg scattering ingemsgasurements for interpretations and
calculations of incoherent spectra and Rayleigh scattering it was daitpaition. Apparently, only belief in
validity of photon Compton effect explanation has not allowed to rézegthat inverse Smith - Purcell
effect proves the wave nature of interaction of a freetr@le with an electromagnetic wave, and to
understand, that Cerenkov and Doppler effects are not quantum (accturddkpbel'tsyn, the quantum
theory of this effects is not experimentally confirmed and cditis relativistic mechanics requirements
[8]). It is possible to claim, available experimental dates ienough, at least, to doubt correctness of the
standard interpretation of the Compton effect. Revision of thepfon effect theory not only leads to
verification some QM conclusions, but also reveals new possbilitf matter structure research. New
possibilities arise at creation of the general theory ofyxragiation scattering by crystals. New Compton
effect interpretation can have especially big influence onlderent of elementary particles physics, hot
plasma physics, quantum computer science

1. A. Khrennikov “Detection Model Based on Representation of Quananities by Classical Random
Fields: Born’s Rule and Beyond”, Found. Phg$®,, pp.997-1022, 2009.

2. Memorandum of European Concerted Research COST Action MP1006: FuralaRmitiems in
Quantum Physics, Brussels, 2010.
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symposium, 2, pp. 530-533, N.-Novgorod, 2012.
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Why quantum computing can be real only in multiple wiverses

V.V. Aristov and A.V. Nikulov
Institute of Microelectronics Technology, Russiamademy of Sciences, 142432 Chernogolovka, Moscstriddi
Russia. E-mail: nikulov@iptm.ru

The idea of the quantum computer was invented as a way to expeatignéest the "Many Universes
Theory" of quantum physics - the idea that when a particle esarigchanges into all possible forms, across
multiple universes [1]. The author of the idea of the universaitggacomputer, David Deutsch explains in
his book [2] why, for example, Shor's algorithm can be realized antguitiple universes. Therefore it is
needed first to prove unequivocally the real existence of atbeds before to make quantum computer and
quantum bits. But authors of numerous publications about quantum compiitgnarium bits seem to do
not trouble themselves the necessity of such a proof. Appateetig authors, in defiance of Deutsch, are
sure that the quantum computer can be real in our customary reality of theusinglse. We will show that
this groundless confidence is a consequence of a misunderstanding tfidkdexguantum mechanics.
Deutsch notes that the orthodox description, for example, of the edslitbinterference experiment is
deceptive because it implies an influence of the mind of the observer on qudrgnaomena. The role of the
‘observer’ was admitted by creators of quantum theory, both esmdtieHeisenberg, Dirac, Pauli, and
opponents, Einstein, Schrodinger, of the positivistic quantum mechahiesEinstein’s remark “I like to
think that the moon is there even if | don't look at it” expgessearly his refusal of the psychology in
physical theory. The many-worlds interpretation was proposed by tE8fein order to remove this
psychology from quantum mechanics. But most physicists do not even lmar these problems of
guantum mechanics. Their attitude of mind may be expressed wiliarBmark [4] about [5]: This paper
is distinguished especially by its robust common sense. The author hmmtierece with “...such mind-
boggling fantasies as the many world interpretation...”. He dismissesobitand the notion of von
Neumann, Pauli, Wigner - that 'measurement’ might be complete only minldeof the observer This
robust common sense, supported ggdd books[4] on quantum mechanics, for example [6], prevents to
understand the true sense of the EPR correlation [7] (deterfyn&throdinger asehtanglement of our
knowledgé[8]) and that the numerous publications about quantum computation and quanture fzitsea
The number of independent variablesncreases exponentialty, = 2" - 1 with the numbeN of quantum
bits in a quantum system

Y=yttt >yt rrl>+ oyl L >yl L Ll (2)
because of the EPR correlation. But according to the orthodoxumuanéchanics the variablgsdescribe
an interaction between the quantum system and the mind of the obsery@peration of qubit gates must
include an influence of the mind of the observer on the quanturansy$t defiance of the groundless
confidence of numerous authors this operation can not be realsbeofudhe non-locality of the EPR
correlation, see Bell's work about this [9].

1. Q. Norton The Father of Quantum Computing
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5. N.G. van Kampen, “Ten theorems about quantum mechanical meastsg Physica A153 pp97-113,
1988.

6.L.D. Landau, E.M. LifshitzQuantum Mechanics: Non-Relativistic Theowpl. 3, Third Edition,
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Simulations of adiabatic and nonadiabatic chemicaleactions in
condensed media

K. Arakelov
Moscow State University, Moscow, Russia, karakeloai@ru

Algorithms of simulation of adiabatic and nonadiabatic chemigattions in condensed media have been
developed. The time behavior of the newly introduced collectegdinate of media has been studied for a
model reaction of electron excitation of a single active particle.r€kieal justification of the algorithms has
been stated. The dependency of correlation functions of the calexdiordinate of media on temperature
has been studied numerically. The dependency of reaction ratengperature has been numerically
calculated based on the algorithms developed. A certain correspentetween the calculated rate-
temperature curve and simple formulas of chemical kinetics hasshea/n.
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Quantum implication and strategies for multi-agentmodels

A.A Ezhov, A.G. Khromov, S.S. Terentyeva
Science Research Center of Russian FederationsKriistitute for Innovation and Fusion Research,
city district Troitsk, Moscow, Russia, liner@triniti

Implication is one of the fundamental logical functions. It playkey role in such applied field as
mathematical psychology, e.g. in the reflexive control theoweldped by Lefebvre [1]. Recently, it has
been demonstrated that implication can be related to the metsoduwated annealing [2] and also to multi-
agent models of unequal societies [3, 4]. In the last casefuhigion describes both the basic agent
strategies and their interactions. The use of classicaldation can, nevertheless, restrict model properties
because model agents behave “too rationally”. For example for swdels of wealth distribution not
purely rational but rather irrational behavior can be responiblgbservable dependencies [5]. Readtlys
well known that generalization to a quantum domain can leadwicabdities in the fields of computation,
information transmission, game theory, etc. There are also atsaypts to use the quantum probability
theory as a mathematical framework for cognitive modeling f8cusing on the multi-agent models of
unequal societies we introduce agents which are able to usege@miim strategies instead of classical
ones. With this goal we propose some quantum generalization cfatbsical implication function. The
generalization is based on a plausible modification of the cirepiesentation of the implication gate. It is
also argued why this modification is the only one possible duthregard to some plausible restrictions to
the agent behavior. Note, that it is rather problematic t@dntre quantum implication in the frame of
guantum logic, but our goal is just opposite: to propose strategich lie beyond the logic itself. We
demonstrate the plausibility and benefits of this quantum infjditae.g. its quite reasonable relation to the
guantum simulated annealing. We derive quantum rules for thadtiter agents of two types introduced
earlier in [3, 4] (they obey two quantum-like statistics) amasthat the statistics of fully connected agents
— intermediate statistics gfons corresponding tp= +% — resembles the statistics of agents which explore
classical rules but which have random interaction network. Dheparison with the classical model is
presented as well.

1. V.A. Lefebvre Algebra of conscienc&luwer Acad. Publ. Dordrecht, Boston, London, 200
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3. AA. Ezhov and A.Yu. Khrennikov, “Agents with left and right dominhemispheres and quantum
statistics”, Phys. Rev. E/1, pp.016128:1-8, 2005.

4. A.A. Ezhov, A.Yu. Khrennikov, and S.S. Terentyeva, “Indication of a plessymmetry and its breaking
in a many agent model obeying quantum statistics”, Phys. R&V, gp.031126:1-12, 2008.
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A universal model for single-electron device simulson

I.I. Abramov, A.L. Baranoff, .LA. Romanova, L.Y. 8herbakova
Belarusian State University of Informatics and Rediectronics, Minsk, Belarus, E-mail: nanodev@hsuiu.by

Recently single-electron tunneling devices are considerbé fwomising candidates for basic elements of
future low power solid-state electronics. Due to the complexityphysical processes and manufacture
technologies involved, many efforts have been invested into modeling and simulat

The priory trends of single-electron device models modifinatice [1]: 1) derivation of more accurate
equations for tunneling rate; 2) account of various parasitic eff@cag;,count of spatial quantization.
Accounting of spatial quantization is becoming the more importi@s$maller are dimensions of the device.
However there are contradictory viewpoints in literature. Fitoenone hand according to some expectations
[1] it is enough to use a master equation in most cases fat siegle-electron structures when electron
energy quantization inside the conducting islands is ignored. From libe lzdnd experimental results
demonstrate substantial influence of energy states diaiteti even for metal single-electron structures
with small islands sizes (< 10 nm). These devices are dedignesbm temperature operation, so they are
of special interest for researchers.

The developed model for single-electron device simulation witbueting of spatial quantization inside
islands and its application opportunities for simulation of veristructures are described in the paper.
Usefulness of this type of model is demonstrated by IV-chaistite calculation of metal, composite,
semiconductor, and organic devices.

The developed model [2] is based on the self-consistent numsoicdiion of the Poisson equation in 2-D
case

Od@x, y)=-q,, (1)
where £ is the dielectric constant (permittivity)§ is the electrostatic potentiak, y are coordinatesg,,
is the volume charge density which includes the density of erangiersq, directly involved in tunneling

and the back-ground-charge dengity Charge in dielectric is ignored.

Monte-Carlo method or master equation can be used for IV-chasticeercalculation. The following
approximations are used while solving the Schrédinger equation: theofjuantum well of the infinite
depth; 2) of the rectangular quantum well of a finite depthpf3jhe parabolic quantum well. These
approximations enhance the investigations’ opportunities andaserthe models’ efficiency. The first
modification of the model requires the least processing time.

The programs, implementing the suggested model, were included hetosimulation system of
nanoelectronic devices NANODEYV [2] developed for personal computers.

According to the classification [3] there are four typesiofjle-electron transistors: metal, semiconductor,
composite, and organic ones. The developed model makes it possibtautates devices of all four
abovementioned types, and enables to achieve the good agreémsiemilation results with experimental
data.

1. I.I. Abramov, “Problems and principles of physics and simulatiomiofo- and nanoelectronic devices.
VI. Single-electron devices”, Nano- and mikrosistemnaya tekiVka, pp.10—-24, 2007 (in Russian).

2. L.I. Abramov, A.L. Baranoff, I.LA. Goncharenko, N.V. ldmejtseva, Y.L. Bely, I.Y. Shcherbakova, “A
nanoelectronic device simulation software system KMEEEV: New opportunities®, Proc. SPIES21, 75211E
(11 p.), 2010.

3. LI. Abramov, E.G. Novik, “Classification of single-elemtr devices”, Fiz. Tekh. PoluprovodrB3,
pp.1388—-1394, 1999 (in Russian).
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Monte Carlo simulation of charge carrier transport in deep
submicron Si MOSFET

A.V. BorzdoV}, V.M. BorzdoV, D.V. Pozdnyakol; D.S. SperansRy

V.V. V'yurkov?, A.A. Orlikovsky?
1. Belarusian State University, Minsk, Belarus,zstmv@bsu.by
2. Institute of physics and technology, Russiardngy of Sciences, Moscow, Russia

The problem of computer simulation of nanoscale semiconductorogledevices, such as deep
submicron MOSFETSs, still has got many problems to be resolved.oDtiee most powerful submicron
MOSFET simulation methods is ensemble Monte Carlo procedure. Thisdredtows different complicated
physical processes to be included into simulation [1-3].

In present study the Monte Carlo simulation of charge transpoBOinm channel length silicon
MOSFET is performed. Charge transport includes the simulafidoth electron and hole gases since in
presence of high electric fields and impact ionization the ajait of quasi-equilibrium model of hole gas
is questionable. The electric charge carrier transposinmilated within the effective mass framework.
Electron transport simulation in conduction band of silicon includesnd L valleys with account of
nonparabolicity. The main scattering processes for electrons arallgyaand intervalley acoustic and optic
phonon scattering, plasmon scattering, ionized impurity scatteringrgoaatt ionization process [1-5]. The
hole transport model includes anisotropy and nonparabolicity ofalemce band. The degeneracy is also
taken into account, so that the hole transport is considetsebiy, light and split-off bands [6]. Scattering
mechanisms for holes are inelastic optical and acoustic phonon, and ionizeityisgaitering [7, 8].

It is known that in numerical simulations of integrated ctr@éments with the reduction of their
dimensions, particularly MOSFETS, an account of impact iowizgirocess is essential. The latter is caused
by the fact that in presence of high electric field strentitbgate of impact ionization in such elements can
be comparable or even greater than the rates of other codssdettéering processes. In this connection the
results of calculation of various parameters charaitgyicharge carrier transport in the deep submicron
MOSFET with consideration of all the peculiarities of impamtization process in such a device are
presented in our paper.

1. M.V. Fischetti, S.E. Laux, “Monte Carlo analysis of electron trangparnall semiconductor devices
including band structure and space-charge effects”, Phys. R88, j#).9721-9745, 1988.
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including acoustic and optical phonon dispersion”, J. Appl. PB@spp.4998-5005, 2004.
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Thermal simulating of thin-film SOl MOSFET

Yu. Chaplygin,A. Krasukov, E. Artamonova
National Research University of Electronic Techiggi¢MIET) Moscow, Russia, artamonova@org.miet.ru

The relevance of thermal effects in device design iseaduring device scaling. Increasing power
dissipation translates into larger heat generation and ttiempgeratures. The self-heating effects in silicon-
on-insulator (SOI) CMOS devices become even more significantodilne low thermal conductivity of the
buried-oxide layer, leading to the essential rise of temperatnder nominal operation conditions. In
addition, in thin-film SOI MOSFETSs thermal conductivity is dadgd due to phonon boundary scattering at
the silicon-oxide interface that reduces the phonon mean free pattherefore the mobility of charge
carriers. For these reasons, the impact of self-heatingeo8®I MOSFETs has been carefully investigated
both experimentally and by device simulation [1]-[2].
The most common approach for modeling the heat transport based on the Fourier’s |awliffibizan:
CDC;—-:— - O(kOT)) = H 1)

Wherec andk are the heat capacity per unit volume and the thermal conducésjectively, andl is the
heat-generation rate per unit volume.
For the thin-film SOl MOSFETSs the thermal conductivity can be writis

k=clLullg (2)
wherelis the phonon mean free path, ands the average phonon velocity.
The effect of phonon boundary scattering at the silicon-oxide inte¢i@an be included by assuming that

phononboundary scatterinmean free is equal to the silicon film thicknéss=T,, [3]. In this case,
the overall mean free path can be calculated vhighMathiessen ruleg™ =1g,

ls_pux IS the phonon mean free path for bulk silicon.

The electrothermal analysis of 50-nm SOl MOSFET shown on Higslbeen performed using the TCAD
simulator [4]. The next thermal boundary conditions are set: lumped thesigthnces g varied from

10* to 10" K*cm?W connect the device bulk terminal to a 300 K isothermal boundargition, the
source, gate and drain terminals are set to 300 K isothermal boundary conditions

+1,¢t, where
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Fig.1 (Left fig.) 2D sketch of the simulated SOl MOSFE;,F150 nm, =50 nm, T=50 nm;
(right fig.) output characteristics of 50-nm SOl MOSFEThwRz=10* (solid lines) and 16 (dot-dashed
lines) at gate-source voltage varied from 0.1 to 1.2 V; channel temgeraei(long-dashed lines).

1. C. Fiegna, Y.Yang, E. Sangiorgi, A.G. O'Neill, “Analysis of Sedfating Effects in Ultrathin-Body SOI
MOSFETSs by Device Simulation”, IEEE Transactions on Electron DeyMé&epp. 233 — 244, 2008.

2. B.M. Tenbroek, M.S.L. Lee, W. Redman-White, R.J.T. Bunyan, and M.4, tBelf-heating effects in
SOl MOSFET’s and their measurement by small signal condwet@mohiniques”, IEEE Transactions on
Electron Devices43, pp.2240-2248, 1996.

3. E. Pop, R. Dutton, and K. Goodson, “Thermal analysis of ultra-thin bodgedesaling”, Electron Device
Meeting, pp.883—-884, 2003.

4. http://www.synopsys.com/Tools/TCAD.
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Ultimate sub-threshold slope of Schottky Barrier Feld-Effect
Transistors

Ye. Chaplygin, D. Svintsov, V. Vyurkov, A. Orlikokg

Institute of Physics and Technology, Russian Acgd#rciences, Moscow, Russia, vyurkov@ftian.ru

Silicon persists to be the basic material of integrated circuits. Amalrpattern size of 6 nm is anticipated in
the production in 2026. For the advance into this area it would be ngce&ssaject also the doping of
contact regions because of fluctuations of number of impuritibgshwlead to the large dispersion of
transistor parameters in a circuit. Schottky Barriezld-Effect Transistors (SB FETs) are regarded as
plausible successors. Moreover, they could revert again towafties or, at least, to thick silicon body in
silicon-on-insulator wafers.

In this communication we argue that the sub-threshold slope ofESB Eannot exceed (60mV/décit
room temperature. This is just a limit for usual MOSFETsclvioperation is based upon thermoemission
current. The conclusion could be surprising as a tunnel curreritdgselpossess any slope with respect to
gate voltage operating over the potential barrier. Buheatmoment, the tunnel current could be very small,
at least, in comparison with thermoemission current.

In Fig. 1 two states of SB FET are depicted, the arrows desigina corresponding current. In ON-state
there is tunneling into conduction band from the Fermi level iralmiet OFF-state only thermally activated
electrons can tunnel into the channel. In general, the injeatimant could be evaluated as a product of two
exponents: the Fermi distribution function rapidly (exponentiallgyeieses with growing electron energy,
whereas the tunnel probability exponentially increases. Theplaye of those exponents allows an
employment of a saddle-point approximation to estimate the curreentully, one arrives at the limit of
(60mV/dec)* at room temperature. The same limit is also inherentet@ttreme implementation of a SB
FET when a gate operates over a direct tunneling between soutairain through the ultra-short channel
(< 5nm). Our conclusion regarding a limiting slope is validdoy construction of SB FET, although there
are several possibilities to augment the current, for instance, ge meurce/drain contacts into the substrate
or to use sharp contacts.

The results of more thorough simulations are shown in Fig. 2sdihvthreshold slope is quite sensitive to a
spacer length. For 3nm spacer it achieves its limit, meanwhile, for Jarersit is already thrice less.

For reliable digit circuit operation the ratigyllorr Of 10" is sufficient. This means that the gate voltage
0.24V is enough for the slope equal to (60mV/dec)

Tunnel transistors (p-n junction manipulated by a gate voltegiepit a subthreshold slope higher than
above limit. This is because those transistors includmm@et contact of two semiconductors, unlike to SB
FETs which include a contact of metal with semiconductor.eMbeless, because of low frequency tunnel
transistors could hardly be used in ULSI technology, but, possibly, in quiteeshoote electronic devices.

1
g i | ..:'_:
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= 0.01 Ry 4
2 7/
———————————————————— - 2 0.001. Ry | | |
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ON 5 =& =— _
g o5l ¢ é /. Vp=05V
Source Channel Drain 5 _61 : ,'i ’," i | VD =025V
10 -10 -05 00 05 1.0 15 20
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Fig. 1. Band diagram of a SB FET in OFF and ORNg. 2. Current vs. gate voltage for different drain
state. voltage: 3nm spacer. Thin line indicates 60mV/dec
slope.

The work was supported via the grant # 07.524.12.4019 of the Ministryusfatioh and Science of the
Russian Federation.
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Transient processes in the resonant tunneling diogéaking into
account the electron-electron interaction

V. Elesirt, I. KateyeV, A. SukocheV

1. National Research Nuclear University, Moscow, Rassysukochev@gmail.com. 2. Institute of Physics an
Technology, Russian Academy of Science, MoscowsigRikateyev@mail.ru

Transient processes in the resonant-tunneling diode (RTD) wigheciron-electron interaction have been
studied recently [1]. Using non-stationary correct boundary conditidmes been shown theoretically and
numerically, that a time dependence of a current through thewslhas the form of damping oscillations.
The oscillation period is equal to a difference between #etreh energy and the energy of the resonant
level in a quantum well. The damping rate of oscillationsbsut the resonant level electron lifetime
2mmh | I (T — a resonant level width) in the quantum well.

In this work the transient processes in RTD are investigetking into account strong electron-electron
interaction with use of the numerical solution of the time-depen8entddinger equation. The electron-
electron interaction is treated in a framework of the Hesfireck approximation. The current is calculated
for two cases: an instantaneous switching of the applied biasaloeAV and a switching on of an electron
flow. The transition from a large current state into a sroattent state is calculated in a presence of a
hysteresis. The transition behavior is examined and its tefomnt@ne is found. It is shown, that electron-
electron interaction slows down a convergence of the current toigandew stationary value. When
switching from the large current state into the small ctrstate the damped oscillations starts after a
threshold timet, (fig. 1). This time decreases linearly with increasinghaf electron-electron interaction
(fig. 2). However, the main features of transients in RTD preserve.
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1. V.F. Elesin, lLYu. Kateev, M.A. Remnev, M.N. Strikhanov, and A.Yu. Sukqcli€heory of
nonstationary processes in a resonant-tunneling diode”, Nucleaic®laysl Engineering?, pp.460-471,
2011.
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Effect of emitter spacer level of resonant tunnelig diode on I-V
curves

V. Elesin, M. Remnev
National Nuclear Research University “MEPhI”, MosgpRussia, maremnev@mephi.ru

Resonant tunneling diodes (RTD) are fastest active semicamdietices. They can be used as generators
of the electromagnetic radiation and can be used in super-fastlldgvices of nano- and microelectronics.
However, characteristics of the devices are still not insuffi¢use in the industry.

The spacer layers were originally grown between doping dsngam the active area (quantum well and
barriers) of the device to prevent the transfer of impurities the active area. It had been found that they
essentially influenced the device characteristics. Moredke influence was complex. So any experimental
studies showed that the peak current decreased with incredsheyspacer size [1]. But others showed that
the peak current increased at first and then decreases [2].

The goal of present work was investigation of the spacettenhével size effect on the peak current of
resonant tunneling diode by means of calculations.

We used one dimensional Schrodinger equation with a coherent approrimat there was not the
electron-phonon scattering. The distribution of electrons was monegicetg issue [3] we got |-V curves
for different sizes of the emitter and collector spackrsvas found that the peak current of I-V curves
behaved in periodic manner, depending on the size of the emitter &pasle curve on the fig. 1). It had the
pronounced maximums. Thereby there was ability to essentialaiseithe peak current by means of a tune
of the emitter spacer size. It was suggested that the maximumselsged to the level of the emitter

spacer.
In this work we showed that the maximums appeared

: s when the emitter spacer level aligned with the resonant
09 by dd o level of the quantum well.
08N NG DY Figure 1 shows the energies of emitter spacer levels as
increasing the spacer size by the solid line. When the
peak current depicted the dash line has a maximum the
energy of the emitter spacer crosses the zero energy.
Then the energy decreases as increase the spacer size.
On other hand the bias corresponds to the peak voltage
1 -0.05 and the energy of the resonant level of the quantum
, ‘ ‘ ‘ 006 well is close to zero. When a new maximum appears
0 100 200 300 400 500 the energy of a new emitter spacer level coincides with
Spacer size Lg. A the energy of the resonant level.
Figure 1. The peaks current and the level energhedn addition the influence of the electron-electron
emitter spacer size. interaction on the peak current had been investigated by
means of the local interaction approximation. There
were two peak currents if the interaction was intense. ifstedne was the direct bias and the second one
was reverse bias. It was shown when the bias was direcintin@ction didn't almost affect on the
dependence of the peak current on the emitter spacer sizéheBirteraction decreased the peak current
when the bias was reverse.
Thereby we showed the dependence of the peak current on the guaiter size had periodical pronounced
maximums and it was related with the emitter spaced.ldvgualitatively explains contradictions of the
experiments, i. e. the peak current of RTD can increase assectbe emitter spacer size and one can
decrease.
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1. Z. Yang et al "Influence of space layer thickness on the curweftage characteristics of pseudomorphic
AlAs/Ing s4Ga 47AS/INAS", Chinese Physics By, pp.1472-1474, 2008.

2. T. Daniels-Race and S.Yu, "Effect of spacer dagieickness on tunneling characteristics in asymimet
AlAs/GaAs/AlAs double barrier structures”, Solidagt Electronics38, pp.1347-1349, 1995.

3. M.A. Remneyv, l.Yu. Kateev, and V.F. Elesin, '&ff of spacer layers on current-voltage charatiesisf resonant-
tunneling diode", Semiconducto#, pp.1034-1039, 2010.
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Gold nanopatrticle single-electron transistor simul#éion

Y.S. Gerasimov, V.V. Shorokhov, E.S. Soldatov, C5vligirev
Faculty of Physics, Moscow State University, MosdRussia, ys.gerasimov@physics.msu.ru

The problem of selecting appropriate molecular objects sigofificant practical importance for
creating nanoscale molecular electronic devices [1]. Discs&ucture of nanoobjects’ energy spectra
influences transport characteristics (IV-curves, staldiagram) of molecular single-electron transistor [2].
The study of this influence will give opportunity to make thgaobselection using predetermined eligible
current-voltage characteristics. Investigation of the molecsfaectra connection to voltage-current
characteristics features is associated with high computatongplexity in the study of the energy spectra
of large molecules (more than 200 atoms). For this reason the mproblparameterization of the energy
spectra of molecular objects (molecules, nanopatrticles, nanggiaises. The solution of the problem
allows to reduce significantly the amount of direct quantum-cheroatalilations of such spectra. The main
goal here is to represent energy levels of a spectrum asctioh of the additional electric charge of a
molecular object.

In the present work charge energy properties of gold nanopartitldgferent sizes and their
isomeric configurations are investigated for single-electron sysfEémesconsidered particles are surrounded
by the shell of ligands, where a ligand is a dodecanthiol moleculg(685);,CHs.

Single-particle spectra of gold nanoparticles,& were calculated by means of quantum-chemical
methods for the cases ofN<33 and ¥M<12, where N — the number of atoms, M — the number of ligands.
Significant influence of the ligands on the electric capacparameters of gold nanoparticles and its energy
spectra structure is revealed.

Thus the possibility of using a simple parametric model of fdrenation of single-particle
nanoobject’s energy spectra depending on their electric chathespan multiplicity was shown for the
problem assigned.

Parametrization of the obtained gold nanoparticles energyradetius to construct spectra model
for small particles (N <155), and for the gold nanoparticles ef 2, 3, and 5 nm. Such relatively large
nanoparticles were previously unavailable for the full quantemical calculations of the energy
characteristics required for the subsequent simulation ofretetransport through them. Here transport
characteristics of single-electron transistor basedabth anoparticles were simulated at N = 13 (particle
size 0.8 nm) and N = 27 and for the number of ligands M = {0;2;4;18}il&ly, the calculations for gold
nanoparticles of larger sizes were made.

As a result the new approach for simulating of electron pahon the basis of the energy spectra
model for nanoobjects is presented in this work. It enables one Ith ddequate spectra of molecules
consisting of more than 50 atoms parametrically and significaetiuces quantity of necessary quantum-
chemical calculations of the properties up to two or three states of teeuteolThe obtained peculiarities of
energy molecular spectra in the future will significantipdify the solution of problems associated with the
modeling and study of electron transport in molecular systems.

This work has been supported by RFBR (Pr. No. 12-07-00816-a, 10-07-8Q Fetieral Target
Program "Scientific and scientific-pedagogical personnel of innov&ussia" in 2009 - 2013 years (Pr.
No. 14.740.11.0389, 16.740.11.0020, 14.740.11.0370) and Federal Target Prograseaech and
Development in Priority Fields of S&T Complex of Russia for 2007-2013" (Pr. No. 16.513.11.3063)

1. K. Likharev, “Single-electron devices and their applications”, PraeE]B7, pp.606-632, 1999.
2. V.V. Shorokhov, P. Johansson, E.S. Soldatov, “Simulation of characteristicotdaular single-
electron tunneling transistor with a discrete energy spectrum of thel edettaode”, J. Appl. Phys91,

pp.3049-3053, 2002.
3. Y.S. Gerasimov, V.V. Shorokhov, E.S. Soldatov, O.V. Snigirev, “Calonlaif the characteristics of

electron transport through molecular clusters”, Proc. SPE21, p.75210U, 2009.
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TCAD analysis of self heating effects
in bulk silicon and SOI n-MOSFETs

K. Petrosyants E. Orekho, |. KharitonoV, D. Popov
1. Moscow State Institute of Electronics and Mathtées (Technical University), 3, B. Tryokhsvyatitéy side-
street, Moscow 109028, Russia, E-mail: eande @ mdanrie
2. Institute for Design Problems in Microelectromiaf Russian Academy of Scien@&sSovetskaya Street,
Zelenograd, Moscow 124365, Russian Federation, E-marekhov@miem.edu.ru

Introduction. SOI (silicon-on-insulator) CMOS technology are promising messibilities for LSI and
VLSI radiation hard applications in space, military and o#pacial systems. The advantages of SOI are
well known: very good individual electrical isolation of devidesv levels of leakage current, freedom from
latch-up, higher packing density, reduced junction capacitance. Hgvaeseto buried silicon dioxide layer
with low thermal conductivity heat, generated in active silitayer of the SOI transistor, cannot be
efficiently dissipated. This causes an increase in device aueahtemperature and affects several important
parameters of transistor such as threshold voltage, channel mobility €ad saturation velocity [1].

The goal of this study was to analyze self-heating effects in n-chdnik silicon and fully depleted SOI
MOS transistors.

MOSFETS structures with the gate sizes W/L=0.4/0.1 um and 3 nm gate oxide thicknebsltosilicon an
SOl devices were analyzed. For SOl MOSFET the thickness of aditbem dayer were 40 nm and thickness
of buried oxide layer were 100 nm. MOSFETSs structures were isolatedhetiow trench isolation.
Simulation of bulk silicon and SOI n-channel 3D MOSFETSs with hydrodynamic transport maztelreog

for lattice heating, with 1.2 V bias at gate and drain wasopedd. Surface temperature map of SOI n-
MOSFET with W/L=0.4/0.1 um (a) and bulk silicon MOSFET withl\&0.4/0.1 (b) is depicted on fig. 1.
Additionally 2D simulation of self heating effects in SOI nswhel MOSFET with W/L=1/0.1 um with
thickness of active silicon layer varying frorgg) nm to 100 nm were done.

(b)

Fig. 1. 3D device simulation results: surface tattiemperature map of SOl n-MOSFET with W/L=0.440 (a)
and bulk silicon MOSFET with W/L=0.4/0.1 (b) with2lV bias at gate and drain electrodes.

Results and conclusionsl) Comparison of maximum lattice temperatufga.f) of n-channel bulk silicon

and fully depleted SOl MOSFETs was presentggy for the bulk MOSFET is 305 K and most heated
regions of device are in the drain pn-junction near the STWsilie Ty« for SOl MOSFET is 340 K and
most heated device region is the drain pn-junction with almost unifemperature distribution along the
channel width. 2) Analysis of active silicon thickness vaoratin SOl MOSFET was performed. For the
thinnest 20 nm active silicon lay@r,,=355 K with 15% decrease in transconductance compare to bulk
device andl;,,=334 K and 10% decrease in transconductance for 100 nm thicknesiwefsdicon layer.

The simulation results are in good agreement with the results medsef2].

1.B.M. Tenbroek, M.S.L. Lee, W. Redman-White, J.T. Bunyan, and M.J. Umpact of Self-Heating and
Thermal Coupling on Analog Circuits in SOl CMOS”, IEEE J. Solid-State G&,&8, pp.1037-1045, 1998.
2. K. Etessam-Yazdani, R. Hussin, M. Asheghi, “Impact of Scaling lerrial Behavior of Silicon-on-
Insulator Transistors”, Proc. ITHERM '06, pp.1257-1264, 2006.
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Terahertz oscillations from nanowires

A. Pilgurt, V. VyurkoV!, L. Fedichkirt?, V. BorzdoV, A. Orlikovsky
1. Institute of Physics and Technology, Russiardéesgy of Sciences, Moscow, Russia, vyurkov@ftian.ru
2. Computer company NIX, Moscow, Russia
3. Belarus State University, Minsk, Belarus

Terahertz frequencies of electromagnetic waves staledgatg for decades. This is reasoned by important
areas of application such as telecommunication, investigaina operation on chemical and biological
objects. Nevertheless, there are still no sources and detecttisgrgractical requirements.

One of the proposals of teraherz generation was put forward in 1Pp9PhfLmain idea was to implement
the well known transit-time diode in a low-dimensional structure ehgrthat consisting of quantum wires.
The planar construction allows a high frequency output becausethfest small capacitance. Moreover, the
guantum wires are beneficial with respect to small dispersiolmaasit-times of carriers. The original
proposal dealt with quantum wires cut out of a two-dimensional electron gaB4méterostructure by split-
gate potential. However, for practical application that stinectvas quite embarrassing. The time has passed
and the technology has gone far ahead. There are new candidlaiestaince, carbon nanotubes and silicon
nanowires. The latter seem more realistic at the moment. tilnetuse could be inserted into a coplanar
waveguide to transmit oscillations to an antenna. On the whblepomponents of the device could be
integrated into silicon technology.

The structure for simulation consists of a silicon nanowireguldbetween two contacts (Fig. 1). Here only
the first step towards simulation of THz generation is felfill We demonstrate a possibility of negative
conductance at THz frequencies. The wire length is 300nm,ass-section is 2nmx10nm. Such a small
thickness results in a single mode regime. Ballistic MoratdeCtechnique is used for simulation. Stedfgy
and alternating/ voltages are applied to contacts. The field along the winegponds to that between the
plates of a coplanar capacitor. To calculate an altepaturrent in the outer circuit the Shockley-Ramo
theorem was employed. In fact, it means that all carriersngdetween contacts induce a current in outer
circuit due to image charges in contacts. The leading harmuemssextracted with the help of Fourier
analysis and then a complex conductance was obtained.

Some of the results of simulation are presented in Fig. 2.cdhductances is referenced to the
conductance quantusr2€/h. The best condition for generation is: &R€0, Imo =0, which corresponds to
the situation when the alternating current is exactly oppositeet@lternating voltage. The parameters of
generation providing the best concordance with a wave-guide beukktimated as: a relative negative
conductance is 0.025, an alternating voltage is 1/4 of the steady one, anaffifigeneration is about 1%.
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Fig. 1. A nanowire Fig. 2. Real and imaginary parts of relative conductance vs.dineguV is
between two contacts. | an alternating bias, VO is a steady bias.
The work was supported by the Russian Foundation for Basic Research (dra8-80464x and #12-07-

90011-Bela).
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Modeling Low-Voltage Nanometer Merged MOS Devices

V. Rakitin
Scientific Research Physical Problem Institute nduaiiéer F.V. Lukin, Moscow, rakitin@niifp.ru

Many technological and constructive methods are used to reduce thersiatiof MOS devices and the
supply voltage [1]. The new types of transistors were offered andreaglplused: SOl CMOS, multi-gate

(MG MOS, FINFET), nanowire (NW MQOS) [2], with Schottky contacts (8B8S) [3], with tunnels sources
[TFET] [4] and others. Different modes of operation are also used: ssiwfalewith direct shift of the
substrate, with adaptive shift, with the dynamic change of power, etc.

A merged MOS transistor (WOS) [5] is an inverting gate and by combining the active areas of the n-MOS
and p-MOS takes a minimum space. The combined drains and/or sources can be fognga jisnctions

(Fig. 1), Schottky contacts, tunneling contacts.

k- n+ drain .p + drain
0.02 Al
1 - 8i0, ]
0.01 -
oate 1 cate 2
o :
001
E“+ source p+source
-0.02 !
-0.02 0 0.02 mkm 0 0.1 Drain Voltage 0.2 V
Fig. 1. A model M-MOS transistor. Fig. 2. Output V/I characteristic/df&OS.

Simulating an M-MOS with nanometer sizes (as at Fig. 1) were cautedith the program DESSIS of the
package ISE TCAD. The background concentration of the impurities in the lzsdyaken equal to 0™
cm®. Arsenic and boron, with a concentration dftt® cni® were used as dopants. In the case of contacts
Schottky the work function of the metal was specified. The recombinatiarradrs by the Shockley-Reed-
Hal mechanism with the minority carrier life-time of i and with the surface recombination rate 6f 10
cm/s was taken in account. The geometrical dimensions, electro-pipaiameters, and electric modes
were variedIn the modeling process the basic static characteristics, thessgmal parameterand
transient and frequency responsese calculated and analyzed

Typical output characteristics of a MOS at the supply voltages from 0.1 to 0.4 V are shown at Fig. 2.
From the transfer characteristics one can conclude that t®Bprovide the voltage gain of more than 10,
and up to 100 for a more complicated construction.

The simulation has confirmed that a multi-gate M-MOS provides ediliz of complex logical functions.
The simulation has also indicated performance of nanometer lodi©OMs in a wide range of the supply
voltages. In such a case, the clock speed exceeds 10 GHz with the supplyofditagé and falls down to
10 MHz at the supply voltage of 0.1 V.

In our opinion M-MOSs areuitable to construct compact low-voltage integrated devices.

1. S. Hanson et al., "Ultra-low-voltage, minimum-energy CMOS", IBM J. R&Dpp.469-490, 2006.

2. J. Appenzeller et al., "Toward Nanowire Electronics", IEEE Transbgpp.2827-2845, 2008.

3. J. Larson et al., "Overview and Status of Metal S/D SchottkyaMOSFET Technology”, IEEE Trans.
ED, 53, pp.1048-1058, 2006.

4. A. Seabaugh et al., "Low-Voltage Tunnel Transistors for CMOS", Proc. E&-pp.2095-2110, 2010.

5. V. Rakitin, "Modeling of VLSI elements on MV-MO&ansistors"”, Russ. Micr25, pp.101-104,
1996.
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Nonlinear model of the LDMOS transistor for RF powe amplifier
with output power 30 Watt in the frequency range 1.2 - 1.32 GHz

E.M. Savchenkb? A.S. Budyako¥® A.D. Pershiff, S.M. RomanovsKy

1. FSUE “S&PE “Pulsar”, Moscow, designcenter@pulsap.ru,
2. MSTU MIREA, Moscow, 3. MSTU N.E. Baumana, Moscow

RF LDMOS transistors are widely used in communication andrragstems. They have an
advantage in the absence of a positive thermal feedback in kdsampwith silicon bipolar RF transistors
[1, 2]. Development of a simplified model for high-power RF LDMOS transistiiteout loss of accuracy in
modeling is important task for computer-aided design (CAD) of RF power amglifie

The main objective of this work is to create a relativ@iyiple nonlinear model of the high-power
RF LDMOS transistor 2P983A for building matching networks in tlegdency range 1.20-1.32 GHz.
Transistor must provide the output power more than 30 W and a gaineatsa 9 dB when operating in
pulsed mode with a duty cycle & = 100 and pulse duratiof=30 us in the entire operating frequency
range.
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Fig. 1 The equivalent circuit of a nonlinear highwer RF LDMOS transistor (a), modeling results egslilts of
measurements output power versus frequencyP»H3I W, Uy—40 V, ;=30 us)

The nonlinear model of a high-power RF LDMOS transistor waated in Agilent ADS 2011.10
with SDDP (Symbolically Defined Devices Ports), which provides a mapgdingrrent and voltage between
terminals [3]. The basis of the model is equivalent circuit ofrdmeststor with a nonlinear current sourcg (I
and nonlinear capacitance (drain-sourCgs-and gate-drain €y) - in Fig. 1la. Parameters of the model were
extracted using measurements of pulsed -current-voltage chestizger(DC), capacitance-voltage
characteristics (CV) and S-parameters.

In Agilent ADS 2011.10 matching networks were constructed with nonlinear modehfgh-power
RF LDMOS transistor in the frequency range 1.20-1.32 GHz. Thé imatching circuit was designed using
the S-parameters for providing a minimum reflection coeffici The output matching circuit was
constructed with load-pull analysis. The results of measuremedtsadeling of the output power versus
frequency for the power amplifier, designed with a nonlinear model arenshdvig. 1b.

There are many models of compact LDMOS transistor (RF LBMBISIM_HV, etc.). All this
complex models require a large number of extraction procedutk®@imizing the model parameters
(model HISIM_HV of more than 200). Ease of parameters extradsi the advantage of this model, thus
reducing the requirements for measuring equipment and the timargaifon. The developed model allows
to design of RF power amplifiers, operating in pulsed mode witlgtagorosity (over 90), which allows to
ignore the effect of self-heating.

1. A.G. Vasiliev, “Highly-integrated components for RF, power and phettrehics. FSUE “S&PE “Pulsar”
in the high-tech market”, Electronics: Science, Technology, Business, No. 3,78p 2008 (in Russian).

2. S. Didelev, “High-power LDMOS-transistors: advantages andh magplications”, Components &
Technologies, No. 2, pp.22-26, 2002 (in Russian).

3. ALA. Barov, Y.N. Bidnenko, A.V. Kondratenko, “Extraction on non-linear mddelGaAs pHEMT”,
Reports of Tomsk University of Control Systems and Radioelectronics, No.2, 8232010 (in Russian).
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Modeling of the silicon complementary bipolar techology process
with germanium implantation

E.M. Savchenkb?, D.G. Drozdov
1. FSUE “S&PE “Pulsar”, Moscow, designcenter@pulsap.ru,
2. MSTU MIREA, Moscow

Creating of high-performance mixed signal integrated circuffs)(demand using of high-speed
complementary bipolar transistors. In such ICs silicon-germanium techn@uge) are widely used.

The majority of modern technology processes applied processesaodamitowth of the base region.
Earlier, opportunity of the creation of base npn-transistor byirgilantation of germanium was shown
[1, 2]. The main advantage of the method is its compatibility wittséiealignment technology. However,
insertion of defects during implantation can significantly dessrethe amplifier properties of transistors.
Such changes are more critical for the pnp-transistor, whie te worst values of the parameters due of
physical features. Thus it is interesting to investighie technique applied to complementary bipolar
transistors with high static and dynamic parameters wittowat of the occurrence of defects by the
technology computer-aided design. To investigate the process ®snEDAD (in particular the DIOS
module [3]) was used.

The germanium insertion in transistor is performed on the stagetive region formation of the base.
To create germanium mole fraction greater than 0.1 the imapian with dose of more than 1000 pClcm
should be used, annealing of germanium is performed simultaneously with annetiimgwitter.

Characteristics of transistors were calculated varyingltdse of germanium the range of 1000-3500
uClcnf. The result of modeling showed that the collector current of gamsistor with germanium
implantation of 1000 pC/chincreases in more than 2 times, compared to the undoped case. Halgseer
increasing more than to 3000 pCfdeads to significant decrease of the Earley voltagechadge of gain
dependence at high currents. The results suggest that the tgghoah be used for increased transistors
currents and for the symmetry of complementary bipolar storsi by optimizing only the pnp-transistor.
Figure 1 shows the calculation results of input and output cwrodtaige characteristics of bipolar

transistors, besides only pnp-transistor was implantedeohanium (dose Q = 1600 pCfgnenergy
E =100 keV).
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Figure 1. Input and output current-voltage charégties of complementary bipolar transistors

1. S. Lombardo et al., “Si/@G®i., Heterojunction Bipolar Transistors with the ,Si, Base Formed by Ge
lon Implantation in Si”, IEEE Electron Device Lettets, pp.485-487, 1996.

2. K.C. Liu et al. “A Deep Submicron S{Ge; /Si Vertical PMOSFET Fabricated by Ge lon Implantation”,
IEEE Electron Device Letterg9, pp.13-15, 1998.

3. R. Kinder, F. Schwierz, P. Beno, J. Gebner, “Simulation of boron diffusi@i and strained SiGe
layers”, Microelectronics Journd8, pp.576-582, 2007.
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Tunnel graphene field-effect transistor

D. SvintsoV, V. Vyurkov!, A. BurenkoV, R. Oechsnér V. LukicheV, and A. Orlikovsky
1. Institute of Physics and Technology, Russiardéey of Sciences, Moscow, Russia, vyurkov@ftian.ru
2.Fraunhofer Institute of Integrated Systems and BeViechnology, Erlangen, Germany

The absence of bandgap is the main obstacle to the inclusion of mgeamsed transistors into digital
circuits. Recently vertical graphene tunneling field-effeengistors were reported [1]. There the gate
voltage operates over tunneling between two graphene shpatated by a dielectric (boron nitride). The
gate voltage mainly affects the Fermi energy in nearbghgnae layer. Its influence on the tunnel barrier
shape is negligible because of screening. Consequently, the higbFENatio contradicts with the high
ON-current, whereas for digit circuits both parameters are crucial.

Here we pay attention to the lateral tunneling graphene stangR]. It has a semiconductor (dielectric)
tunneling gap below the gate (Fig. 1). In general features the iopeadtthe transistor resembles that of
Schottky Barrier Field-Effect Transistor. To some extent, thetagi®n is similar to that of 3D-Transistors
in the new generation of Intel Inc. In the proposed transistogdhbe voltage efficiently controls both the
Fermi energy and the potential barrier shape. This results inigheon-state current inherent to graphene
channels and low off-state current inherent to semiconductor ckaiiinel subthreshold slope can approach
the thermoemission limit of59 mV/dec)' at room temperature. Worth noting in the tunneling gap any
dielectric with the bandgap smaller than that of gate dielemtritd be substituted instead of silicon.

The calculated dependence of the current vs. gate voltage exdiltiigh subthreshold slope (Fig. 2),
meanwhile, the dependence of the current vs. drain voltage demonstratesdistjoct saturation.

For novel generations of integrated circuite problem of interconnects looks like critical. With decreasing
thickness the conductivity of metals dramatically falls dovemthermore, the electromigration is
strengthened. Potentially, carbonic materials (nanotubes and gejteeording to their physical properties
can successfully replace metallic interconnects. In resfortiese trends in the present communication we
propose to put graphene instead of all metal parts (source, drain, and gatepirsthecton (Fig. 2).

Source Gate Drain =
3
| <3
S Vp=04V
o = Vp=02V
Boron nitride Graphene 52, M olv
Silicon Z
> | 5
A) L2 L2 Y18,
00 02 04 06 08 10
Gate Voltage Vg, V
Fig. 1. Schematic view of the lateral graphene tuntéd). 2. Current density vs. gate voltage for
transistor. different drain voltage Y.

The work was supported by the Russian Foundation for Basic Research (grant 11-07)@0vwbdlso by
the grant of EU-RU.NET.

1. L. Britnell et al., Scienc&35, p.947, 2012.

2. D. Svintsov, V. Vyurkov, A. Burenkov, R. Oechsner, V. Lukichev, A. Ovi#ky, Semiconductors, to be
published.
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Numerical model of parallel nano-FET on Coulomb blakade in Mss
"magic" crystals

V.A. ZhukoV}, V.G. Maslo¥, N.T. BagraeV
1. St. Petersburg Institute of Information Scieand Automation, Russian Academy of Sciences, tetsBarg,
Russia, E-mail address: valery.zhukov2@gmail.carBt2Petersburg National Research University éfrimation
Technologies, Mechanics and Optics, St. PeterstiRugsia,
3. loffe Physical Technical institute, Russian Aeragt of Sciences, St. Petersburg, Russia

In the last decade by the methods of colloid chemistry and liquid chromatograpbyctidéed "magic”

noble metal nanocrystals AuPts, Irss, Agss, Rhss, Pdis, Cuss were obtained [1]. They have a cube-
octahedron shape and size of about 1.5 nm. As shown by quantum-chemical calculatioasifZerence
between the energy levels of HOMO for the neutral "magic" nanadsyesnd their anions for the elements
of this group is of about 1 + 2 eV. The energy difference between the HOMOUO Levels for anions

of nanocrystals is of about 0.5 eV. This allows building the single-efentinotransistors on a "magic"
nanocrystals of the above listed elements working at room tempeesweposed to transistors considered
in [3]. In order to achieve gains in the chalgeof values greater than 1 and gains in the pdWeof values
greater than 1, such single-electron transistors have been shown to htezbima parallel structure with a
large (about 100) number of identical elements [2]. Here we presdirnidimgys that the number of such
single-electron elements should be about 2500 for to obtain both a suffaiegreater than 1 and the
speed in the range 0.1 + 1 THz. Since the "magic" nanocrystals are cajeestabilized with ligand shell
of mercaptopropionic acid, with a thickness of ~ 0.7 nm, they can form agujaaee super lattice with a
surface density of ~ 0.25 ifmj4]. Therefore, the resulting nanotransistor will occupy the area of 100x100
nié. We found that the only material for source electrode and for contrologleaif such transistor, having
a metallic conductivity, chemical potential close to the energy ofrfems of "magic" nanocrystals, and not
prone to oxidation in air, is a newly synthesized bilayer graphene [5]. Andlshmsuator material with a
constant layer thickness and a sufficient band gap, satisfying our problemewly synthesized
fluorographene [6].

It is shown that at the difference of potentials between source andrdgaV and at the gate potential of 0.5
V the similar nanotransistor will have a gains in poligand chargé, of ~ 3 and ~ 3.5, respectively, and
speed in the range of 0.1 + 1 THz, depending on the choice of element forvbdisted series of "magic"”
nanocrystals.

1. J.P. Wilcoxon and B.lAbrams, “Synthesis, structure and properties of metal nanoclusters”, Sbhem
Rev.,35. pp.1162-1194, 2006.

2. V.A. Zhukov, V.G. Maslov, “Current—Voltage Characteristic and the Spectrigdth\& Electrons
Tunneling through W-W©-(Auss)—Al,Os—Al and Nd—NgdOz;—(Auy47)—NdO—Nd Nanosandwiches. Part
II: Construction and Analysis of 1D Models for 3D Nanosandwiches”, Russianodictronics41,
pp.191-199, 2012.

3. K.K. Likharev,” Single Electron Devices and their Applications”, Proc. IEEE pp.606-632, 1999.

4. G. Schmid and U. Simon “Gold nanoparticles: assembly and electrical propettissdimensions”,
Chem. Commun., pp.697-710, 2005.

5. Y. Zhang, Tsung-Ta Tang, C. Girit, Z. Hao, M. C. Martin, A. Zettl, M. F. Crommie, Yhéh & F.
Wand', Direct observation of a widely tunable bandgap in bilayer grafihbla¢ure Letters459 pp.820-
823, 20009.

6.R. R. Nair, W. Ren, R. Jalil, I. Riaz, V.G. Kravets, L. Britnell, P. Blake, F. @oh&.S. Mayorov,
Sh.Yuan, M.I. Katsnelson, Cheng Hui-Ming, W. Strupinski, L.G. Bulusheva, A.V. Okotrub, §or&va,
A.N. Grigorenko, K.S. Novoselov, and A. K. Geitijuorographene: A Two- Dimensional Counterpart of
Teflon", Small,6, pp.2877-2884, 2010. www.small-journal.com
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A model to describe the hump-like feature observed
in the accumulation branch of CV-characteristics of MOS capacitors
with oxide-hosted Si nanoparticles

V. Stuchinsky, G. Kamaev, M. Efremov, S. Arzhanni&o

Institute of Semiconductor Physics, Russian Acad#rBgiences, Novosibirsk, Russia, stuchin@ispinsc.

Charge transport in dielectrics with semiconductor nanopartiela matter of interest for creating favorable
conditions for efficient electroluminescence in film strucsur®r development of multi-bit flash memory
cells, etc. In this connection, in our report we present a simplel wladéying the formation of a hump-like
feature observed in the accumulation branciCg¢icharacteristics of MOS capacitors with oxide-hosted Si
nanoparticles [1]. According to experimental observations, witiinabove-mentioned feature the MOS
capacitance” can be well in excess of the capacitaGg®f an ideal MOS capacitor (without oxide-hosted
Si nanoparticles). Generally, the model arises on adoption ébltbeing assumptions: (i) in a biased MOS
capacitor, tunneling injection of charge carriers (electronsoatdles) from one or both contacts into the
oxide takes place (for the sake of definiteness, in a pltigersion of the model we consider an MOS
capacitor prepared on@Si substrate with holes being injected from the accumuldaiper of p-Si into
oxide-hosted Si nanocrystals (nc's)); (ii) the hole transpooligh the oxide proceeds along linear nc chains
in a self-consistent manner with the establishment of Ideatrie field in the oxide; (iii) in the nc chains,
tunnel barriers are statistically scattered in terms of Wdths, so that the widest tunneling gap presents a
‘bottleneck’ for the hole current. In an nc chain, the involvenotat ‘bottleneck’ promotes accumulation of
a positive charg€)s in the oxide, the charge being predominantly concentrated at the etihgehaittieneck
from the side of the semiconductor; it is the small a@tian of Qs that leads to the increase®fin excess

of C,. The properties of the proposed model can be elucidated considkeeady a simplest case in which
each nc chain involves just one Si nanocrystal located, inrdaoome with the above-formulated
assumptions, closer to the semiconductor. On increasing the dc Vdlggaied to the MOS capacitor, the
nc-trapped charg®;s first grows in value together with the injection current;ititreased charg®, results

in that an additionally applied bias voltage) now starts dropping predominantly across the gap between
the nc layer and the metal, with the formation of a charatitekisk of electrical potential inside the oxide.
As the field in the latter gap increases, the tunneling bahese finally becomes triangular, and the rate of
tunneling emission of nc-trapped holes into the metal increaseglyshaaking the charg€s rapidly
decrease in value. Afterwards, further incremental voltdgagesAU will predominantly drop across the
gap in between the injecting contact and the nc layer. An sigalf the electrical state of MOS capacitor
can be performed by solving a nonlinear equation system cangptiee continuity equation for the electric
current and the condition of field matching across the nc.|@feer the dc quantities of the MOS capacitor
are found, ac quantities can be determined by solving the lineagmatdan system. Finally, the capacitance
C can be calculated by assessing the total current (hole turdisplacement current) in any cross-section
inside the oxide. The calculations show that, at a sufficiently neasurement frequency, a hump-like
feature with two capacitance maxima appears in the accumutatioch of theCV-curve. In between the
two peaks, the capacitanCedecreases tG,; the latter occurs when the cha@gU) reaches its highest. At
high bias voltage®) the capacitanc€ saturates at the same valdDg Data illustrating the typical shape of
frequency-dependentV-characteristics of MOS capacitors with oxide-hosted Si nastatsy and the
structure of the total alternating current in the tunnegjiags of the double-barrier structure are presented.
Experimentally, a feature with two capacitance peaks classgmbling calculated data was previously
observed in [1] while measuringV-characteristics of MOS capacitors with oxide-hosi€8i nanoclusters
(except that the injecting contact in [1] was the contadt thieé metal, and the injected charge carriers were
electrons). The approach described above can be easily exteritiatl ttoenable analysis of more evolved
tunneling configurations formed by Si nanoparticles in,Sins. A joint analysis of data obtained in
measurements and calculations may prove useful in electrical chizetiia of nanostructured dielectrics.

1. S.A. Arzhannikova, M.D. Efremov, G.N. Kamaev, D.V. Marin, V.A. Voilpdand A.A. Voshchenkov.
“Charge transport through Si@Ims with Si nanoclusters’Proc. of the VI Intern. Conference “Amorphous
and Microcrystalline Semiconductorspp.162-163, Polytechnical University, St.-Petersburg, 2008 (in
Russian).
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MCT photodiodes spectral response
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2. Moscow Institute of Physics and Technology, Mas&ussia, info@mipt.ru

Heteroepitaxial structures mercury cadmium telluride, (&g, Te) is the ideal choice for producing
large infrared focal-plane arrays (FPA) for different sfzg@eegions due to the ability to adjust the band gap
by varying the cadmium mole concentration for IR applications
[1]. Grown both by molecular beam epitaxy (MBE) and liquid
phase epitaxy (LPE) [2] high quality heteroepitaxial strusture
N based on HgCdTe alloy including structures with variband
P I layers and buffer layers nearby surface and wafer intettace
. decrease surface recombination have been produced. One-

dimensional model of photodiode with shgsm junction is
’ used to determine the quantum efficiency and diffusion current
of smalln®-p junctions on the basis of HJCdTe heteroepitaxial
structures (Fig. 1). Sharp p-n junction is irradiated frompe-ty
region side, and the structure is divided into three partsi-quas
neutral p-type region0(x,), a space-charge depletion regiap<f<x,) around metallurgical junction and
quasi-neutral n-type regiom,( L), whereL is the length of p-n junction ir direction,x —metallurgical
junction depth. The model of quantum efficiency has been calculatddeohasis of time-independent
continuity equation for minority carriers with the boundary coadgitaking into account the surface
recombination on substrate-MCT epilayer interface and Boltzndistribution in depletion region.
Additionally theoretical dependences of spectrum absorption ceefficbon MCT composition and
wavelength have been analyzed.

Thus, photodiode quantum efficiency is defined as

1 = heJn(Va)/qlo(4)4 (1)
where Jp(Va) — photocurrent due to incident radiation with densify) at x=0; ¢ — speed of lighth —
Planck’s constanty(l) — irradiation density &t wavelength on semiconductor surface.

Total current density of shagpn junction is determined as a sum of current-igpe, n-type

regions and depletion region

LIk

oy R
Fig. 1. One-dimensional model of
photodiode with sharp p-n junction

Jpn = In pHXp) + IR piit-Ip,pH(Xn) (2)
Current density is directly proportional to irradiatig(i) incident on p-type region surface of photodiode
(x=0). Therefore total quantum efficiency of photodiode with sharp p-n amigiequal to:

n = Jpehc/qb(A)A = et nort 1p (3)
where quantum efficiency in all basic regions is determined by expressaangdper [3].

The photodiode current density is determined taking into considerapectrum absorption
coefficient in the epilayer, the influence of epilayer widiynposition depth variation, diffusion length of
minority charge carriers, surface recombination on MCT epilaymrfaces, photodiode voltage, and
reflection on vacuum/substrate, substrate/epilayer, epilayer/vasufiates.

Considering an influence of the quasi-neutral p-type regiopaeescharge region and quasi-neutral
n-type region on the total quantum efficiency, numerical simulatbrspectral response for MCT
photodiode based on'-p junction versus some parameters of heteroepitaxial structacesposition,
diffusion length, diffusion coefficierdf minority carries, and surface recombination) have been caied
We have used the numerical simulation of spectral responsactdastics for photodiodes quantum
efficiency estimation, MCT epilayers initial charactecst definition and technology improvement
recommendations.

1. K.O. Boltar, 1.D. Burlakov, A.M. Filachev, E.A. Klimanov, V.P. Ponomaren¥ad\. Solyakov, V.I.
Stafeev, “Single and Matrix HgCdTe Photovoltaic Detectors”,ic@ptMemory and Neural Networks
(Information Optics)16, pp.234-247, 2007.

2. V.S. Varavin, Yu.G. Sidorov, S.A. Dvoretskii, “Molecular-beam epitakynercury-cadmium telluride
solid solutions on alternative substrates”, Semicondu@6ypp.1045-1053, 2001.

3. P. Jespers, F. van de Wiele, M.H. Whgelid State ImagindgSpringer, New York, 1976.
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Changing of magnetic properties in magneto-photonicrystals by light
influence
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In this work the results of investigations of collectivéeefs for magneto-optical properties of 2D photonic
crystals are presented. The samples being investigatedarene doped wafers on which a 2D stricture was
formed that looks like regular rows of columns with a square cross sestiaoegered on the top by a cobalt
nano-layer which was placed on a chromium film with the thickrefssome tens of nanometers. The
investigations have revealed the presence of quasi-periodigations of magnetic properties of the system
by interaction with an electro-magnetic radiation. Oscilai discovered on angle dependences of the
transverse magneto-optical Kerr effect were connected n@gbnant conditions fulfilment when in the
magnetic film a standing electro-magnetic wave was forwtgat results in spin flip in the system and thus
its magnetic properties changing. The results of TMOKE investigati@presented on Figs. 1, 2.
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Fig. 1. Dependence of reflection coefficientiRdiffraction maximum of the order of (0,0)
on the incident angle when the incident surface is perpendicular teescides in cross
sections of columns (a), angle dependence for TMOKE for the sameuratifig (b)
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The practical application of these investigations is based orfatiiethat the structures analogous to

investigated ones were used in [1] to create terabit memory.

J.K.W. Yang, Y. Chen, T. Huang, H. Duan, N. Thiyagarajah, K.H. Hui, S.H. L&bridg. “Fabrication and

characterization bit patterned media beyond 1.5 Terabjtimnotechnology22, 385301, 2011.
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Comparative study of ultrathin Co films grown by ion-plasma and
magnetron sputtering
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Magnetic multilayer nanostructure is of perspective matésiaspintronic applications [1, 2]. Such
nanostructures show giant magnetic resistivity effect [Bvelopment of cost effective and reliable
technology for magnetic layers of high quality fabricatiomfismportant direction for research. Standard
way of magnetic multilayer formation is magnetron sputtering deéposiyet another alternative method for
growing multilayer films is ion-plasma sputtering. The purpose of thik was to check possibility of using
ion-plasma method for fabrication of magneto-resistive strugtuféde most important ingredients of
magneto-resistive structures are ultrathin magnetic la§@os Py and others). In this work we performed
comparative study of ultrathin Co films grown by ion-plasma and magnetronrapytte

As an example of magnetron sputtering tool we used standardrialirsttallation TETRA SCR-
600 (produced by Alcatel) equipped with 4 targets for simultanequesii@n of four different materials in
single vacuum cycle. lon-plasma sputtering was done using ha@de mstallation (plasma discharge by
triod scheme) having 4 targets. We performed two sets of exgrasnsystematically comparing thin Co
films produced by those two methods.

In the first set of experiments we were growing Co films a€Nayer. By dissolving NaCl layer it
was possible to separate Co thin film and place it ont@r@tings for subsequent Transmission Electron
Microscopy study of its crystal structure. In Fig.1 we presdaM images and corresponding electron
diffraction patters for Co films deposited by two alternative methods.

2

Fig.1 Transmission electron microscopy images {edacdiffraction patterns on the insets) taken tiep
different Co films:a) ion-plasma sputterin@) magnetron sputtering

From analysis of TEM data we conclude that ion-plasma filmldess developed crystal structure
(considerable fraction of amorphous phase) in comparison to magnétnorElfectron diffraction patters
show presence of CoO in the ion-plasma film.

In the second set of experiments we studied physical propertibldCo films grown on Si(100)
substrate with Ta buffer layer. We measured sheet resisth\MR effect and magnetic reversal loop for Co
films deposited by two alternative methods. In summary, we chegoéssibility to use ion-plasma method
for ultrathin Co film deposition for magnetic multilayer falation. We performed a systematic comparison
of as grown films with the films grown using standard magnespiritering. The results showed principal
possibility of growing good quality magnetic films by ion-plasmahod under condition of further work on
improving technology.

1. S. TumansKrhin magnetoresistive sensptOP publishing Ltd., Bristol, 2001.

2. R. Coehorn “Giant magnetoresistance and magnetic intaracin exchange-biased spin-valves”, in
Handbook of magnetic materialgol. 15, Elsevier Science, Amsterdam, 2003.
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Fabrication of epitaxial tunnel magnetic junctionsFe/MgO/Fe(001)
using pulse laser deposition

A. Chernikh, V. Vinnechenko, L. Fomin, I. Malikoand G. Mikhailov
Institute of Microelectronics Technology and Higlri/ Materials RAS, 6, Academician Ossipyan str,
Chernogolovka, Moscow Region, 142432, Russia, Eaddress: mikhailo@iptm.ru

Single-crystalline tunnel magnetic junctions (TMJ) Fe/MgO/©01) attract much scientific and
application interests after discovery of giant (till 600%r@im temperature) coherent tunnel magnetic
resistance (TMR) effect in recent years. Investigatiooscentrated on the growth of heteroepitaxial
multilayered structure Fe/MgO/Fe with a high quality layénterface, including interface crystalline
structure, composition and interface roughness, are still et gattention. Depending on the methods
involved in technology the treatments during epitaxial TMJi¢akion may influence on the interlayer
composition and structure that cause a modification both of TMR and volt-coh@aicteristics of TMJs.

Developed technological road map is desired for fabrication heteroapitdtis Fe-MgO-Fe(001) with
lateral sizes 300 - 3000 nm, interface roughness below 1 nm and argrdielectric layer width 1-5 nm.
Fabrication of TMJs is based on the subtractive technolodgyuwsi¢ of electron lithography and ion etching
of preliminary grown heteroepitaxial multilayered film Fe-M§® (001) or Fe-MgO(001) by pulse laser
deposition (PLD) (second harmonic of Nd pulse laser with 540 nm wagth)e followed by growth of
upper epitaxial electrode by PLD or electron beam depositiorD)EBlagnesium oxide growth is
performed by evaporation of magnesium target in the presence of molec@ganoxy

The technological steps for functional epitaxial TMJ Fe-MgO-Fe(fi)cation are the following:

- growth of multilayered heteroepitaxial film Fe-MgO (1-5)nrre(001) on r-plane sapphire with

W(001) or MgO(001) seed layers, covered by strong magnet layer of Co anéimaslayer of Ta;

- microstructurization of low electrode and vertical multilageienneling structures;

- local deposition of isolating layeres;

- metallization for lower and upper electrodes.

Volt-current characteristics of TMJs measured at room apddlinitrogen temperatures showed that
tunneling properties of the junctions are strongly influencedheytasma generated during laser ablation of
the target. Tunneling resistance of TMJs with upper electrode gro®hbyare up to three order lower than
that of TMJs with upper electrode grown by EBD. Exactly fotefafMJs, the product of tunneling
resistance on TMJ's area is in agreement with well-known peblidata for definite tunneling MgO width.
For TMJ's completely grown by PLD and possessed low tunnelingtalesé we observed tree types of
tunneling-resistance temperature dependence. The first one @l fgpibigh quality TMJ and demonstrates
small (10%) increase of tunneling resistance at lower teatyrer The second one is of a metallic type
temperature dependence, and third one is a strong temperatvededctiependence with the tunneling
resistance rise in tenth times at liquid nitrogen temperaideesupposed that during upper electrode growth
using PLD the high energy ions generated by laser oblation ¢attet impact a tunneling dielectric layer
caused appearance of the energy levels in its energy gapledtls to decreasing both the effective width
and the tunneling potential. Despite it may be the origin of negatfluence on the quality of TMJs, PLD
technique may be used for controllable decrease of the tngnekistance keeping the TMR effect on the
appropriate level.
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Experimental observation and simulation of a spin-plarized current
effect on magnetic structure of epitaxial Fe (00lquadratic
microstructures

L.A. Fomin, L.V. Malikov, K.M. Kalach, S.V. PyatkjrG.M. Mikhailov

Institute of Microelectronics Technology and Higlwr/ Materials, RAS, 6, Academician Ossipyan str,
Chernogolovka, Moscow Region, 142432, Russia, Eaddress: fomin@iptm.ru

At present, the spin-polarized current driven domain wall motidarremagnetic nanostructures is of great
scientific interest. Spin-polarized current of high density ~-100° A/cn?, passes through a ferromagnetic
nanostructure can change its magnetization, causing the motidonain walls in accordance with the
theory of Slonczewski and Berger [1, 2]. In this paper, magneticef microscopy (MFM) and

micromagnetic calculations have been used to study the effetirofpolarized current on the magnetic

4 8 1zum g 4 8 1ZHm
Fig. 2. MFM images of the, square, the
8 28 e numerals show the domain numbers: a)
Fig. 1. AFM image of the structure. The after the current supply to contacts 1 - 4
arrows indicate the direction of current 1, and b) after the current supply to contacts 2
magnetic field H and the easy axis of - 3. The arrows indicate the direction of the
maanetizatio. current and the external magnetic field.

states in epitaxial Fe (001) microstructures shaped a®&@hgm square and connected to the four b
wide and 2Qum long stripes at the corners of the square. The ends of e weie attached to the external
electrical contacts. The square and stripes were oriented aloagof two in-plane axes of easy
magnetization. In zero magnetic field, the strips are in thglesdomain state, and the square is divided on
to four equal triangular domains. After applying the magnegld filong the strip and after its removing the
magnetization direction in the strips remains. It was obdepsperimentally that the current flowing
through the contacts 1 and 4 (fig. 1), contributes to the orientatithre shagnetization vector in the domain
1 along the field direction, but in the opposite direction in the do@&fig. Z). Passage of current through
the contacts 2 and 3 contributes to the orientation of the moimethis domain 3 along the direction of the
field, but in the opposite direction in the domain 1 (fig. 2b). Thus, fieeteof spin polarized current on the
magnetic structure of the square was observed. Micromagmdtidations of these structures were carried
out using OOMMF [3]. Simulations of MFM images using the resaftthe micromagnetic calculations
were performed. The calculations confirmed the results of the experiment.

1. J.C. Slonczewski, “Current-driven excitation of magnetic multilaylel¥jagn. Magn. Mated.59 pp.L1-
L3, 1996.

2. L. Berger, “Emission of spin waves by a magnetic multilayer tsageby a current”, Phys. Rev. 1,
pp.9353-9358, 1996.

3. http://math.nist.gov/oommf/
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Size and magnetic anisotropy effect of micromagnetistates in
rectangular epitaxial Fe (011) microstructures

L.A. Fomin, L.V. Malikov, S.V. Pyatkin, G.M. Mikh&v

Institute of Microelectronics Technology and Higlwri®/ Materials, RAS, 6, Academician Ossipyan str,
Chernogolovka, Moscow Region, 142432, Russia, Eaddress: fomin@iptm.ru

Ferromagnetic micro-and nanostructures are widely used in ddcnamic devices as the memory elements
and the read heads [1, 2]. Efficiency of their application depends onatipeetic structure and the switching
fields, which are the function of their shape, size, magnetisoopy and magnetic prehistory of the
sample. In particular, it is desired to realize a single-doretate with a rectangular hysteresis loop in
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Fig. 1. Diagrams of micromagnetic states of rectangulacrostructures versus
widths and aspect ratios of them. The long sideb@fectangles are parallel to the
easy axis of magnetization (a) and perpendicul#r(ty).

samples.

In this paper, the magnetic states in epitaxial rectanguiarostructures made from epitaxial Fe
(011) films grown on R-plane sapphire with a Mo seed layer werestigated using magnetic force
microscopy (MFM) and micromagnetic calculations [3].
The widths of the rectangles ranged between 0.3 andm8.(Aspect ratios of rectangles (length to width
ratio) were 2, 4, 6, 8, respectively. The long axes of the rectangdee oriented both parallel and
perpendicular to the easy magnetization axis. The film thiskmes 60 nm. It was found that rectangles
with the long axis perpendicular to the easy magnetization demtmtsthe strip-domain structure axis in
the whole range of sizes. Width of the stripe domain is intbigrd of the aspect ratio (AR) and increases
with the rectangular width as a square root. For rectanglestemtiparallel to the easy magnetization axis
there are found three types of magnetic structures. Two of theluded the multidomain states (Stripe-
domain structure and the Landau structure) while the other onbedijliisi-single-domain state. Width of
the stripe domain did not depend on the width of the structure and ARBb¥eéeved transition from a stripe-
domain structure to the Landau structure and further to the dongk-domain state with AR. The values of
AR, at which these transitions occur, depend on the length of ttamgée Based on performed study the
MFM images were interpreted and micromagnetic state diagramsiveava.

1. G.A. Prinz, "Magnetoelectronics"”, Scien282, pp.1660-1663, 1998.

2. S.A. Wolf, et al., "Spintronics: A Spin-Based Electronics Vidmmnthe Future", Scienc94, pp.1488—
1495, 2001.

3. http://math.nist.gov/oommf/
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Epitaxial film growth for Fe 0,/ MgO / Fe (001) tunnel magnetic
junctions fabrication

[.V. Malikov, V.Yu. Vinnichenko, L.A. Fomin, G.M. Mkhailov
Institute of Microelectronics Technology and Higlri®/ Materials, RAS, 6, Academician Ossipyan str,
Chernogolovka, Moscow Region, 142432, Russia, Eaddress: malikov@iptm.ru

Spin-polarized transport in nanostructures is as@nt considered to be one of promising
phenomena for the development of a novel clasewisds. Half-metallic materials, such as grO
Lag.7SrhsMnO3 (LSMO), and FgO, are highly attractive for spintronics applicationscause of
their high spin polarization. Among these materialagnetite (F£,) is superior to others because
of its high Curie temperatureld) of 858 K, which is crucial for thermal stabilitpy device
applications. In addition, magnetite has proverb¢oa ferromagnetic material with a high spin
polarization (ca. 100%) at the Fermi level, whieuits in a metallic minority spin channel and a
semiconductor majority spin channel. Magnetite talystructure is highly compatible with many
other materials and this fact is attractive foratien of multilevel structures, such as tunnel
structures for an example.

In this work, epitaxial magnetite films were grovay laser evaporation of Fe target in
oxygen atmosphere on sapphire substrates A (00@ILRa(-1012) with epitaxial MgO (5-10 nm)
seed layer. Growth rate is 5-20 nm/min. MgO wasodiépd by reactive electron-beam evaporation
of MgO or reactive laser ablation of Mg target. Matte films stable growth with sheet resistance
close to the bulk material is at oxygen pressurd€3- 7x10’ Pa. Oxygen pressure increasing and
decreasing from these values leads to complete xigaton with formation of Fg€s; or not
complete Fe oxidation. Temperature dependencesesistance and surface roughness are
controversial. Improvement of the film resistandéhvthe growth temperature deteriorates the film
surface morphology. Magnetite films grown on Mg@1Pseed layer on R sapphire surface has a
resistance optimal minimum at the temperature ab00tC according with the start of the reaction
of F&O, and MgO at 440C (known from literature). To overcome this contaiin magnetite
films were grown at low temperatures and then vaargealed at higher temperatures.

X-ray measurements suggest good crystal qualir@ivn films. Pole figures of magnetite
films grown on C-sapphire revealed a strong sid-&mmetry of (111) orientation. Pole figures of
magnetite films grown on R-sapphire substrate MO seed layer revealed (001) orientation. In
the second case multilevel epitaxy of Fe, MgO aragymetite films were examined. All films are
mutually epitaxial. However, they demonstrate mation epitaxy, as each layer crystallographic
normal creates some small angle abouf Befatively underlayered crystallographic film naim
Tilt angles between (004) direction of magnetitenfand R-sapphire substrate are abSuntl 14
for epitaxial structures R-sapphire/MgO (5 nm}®£ and R- sapphire/MgO (5 nm)/Fe (20
nm)/MgO (2 nm)/FegO,, respectively.

This procedure gives a possibility to produce eqmiamagnetite films with low surface
roughness, film resistance closed to the bulk mefesharp Verwey transition and low magnetite
film magnetoresistance, and thus produced magnétites are suitable for fabrication of
multilayered heteroepitaxial structures on singlesi@lline sapphire substrates. Technological path
for vertical structure fabrication includes electimeam lithography to develop a nanomask on the
top of sandwich Fe/MgO/Fe304 (001) film and subsedquon etching. Then deposition of thick
isolating dielectric film and fabrication of upparetallic electrode on the top of structure were
accomplished. During technology development, thH#emint technological approaches were
investigated to fabricate epitaxialdaa / MgO / Fe (001) tunnel magnetic junctions withpnoved
parameters.
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Development technology of creation sensor nanomatals based on
Zn0O

O.A. Ageev, E.G Zamburg, Z.E. Vakulov, A.V. Shum8vE. Vakulov, M.N. Ivonin,

V.V. Ptashnik
Taganrog Institute of Technology, Southern Federilversity, Taganrog, Russia, zamburg.evgeniy @ goaan.

At present actual problem is creating sensors for nanosemginggaosystem technology based on materials
with unique properties. Due to the fact that ZnO has a gad-plaotosensitivity, piezo — and pyro effects,
biological compatibility — it is a promising material for @ésypment of devices for nanosensing materials
based on ZnO [1].

The purpose was to develop technology for gas— and photosensitefamaased on ZnO for nanosensing
devices by pulsed laser deposition. For this were conducterktival and experimental studies of modes of
obtained materials based on ZnO. Developed the design of experimamales of the gas sensors and
photosensitive elements and investigated parameters of the restriticigres.

During investigation the technology of producing nanocrystallimasfilhorizontal-aligned nanowires, and
hybrid nanostructures based on carbon nanotubes and ZnO have been deVélepeethod of stabilizing
the electrical properties of nanostructed films of ZnO haa Hegeloped. Also experimental models of gas
sensors and radiation detectors based on nanocrystallinefiim© have been designed and manufactured.
Horizontal-aligned ZnO nanowires about which have a little infoomdtave been growth. Also hybrid
nanostructures based on carbon nanotubes and ZnO, have been obtainethod of stabilizing the
electrical properties of nanostructured films of ZnO was d@esl, which was not previously described in
papers. Also experimental models of gas sensors and detectadiatfon with huge sensitivity, based on
ZnO nanostructured films have been developed.

Figure 1 shown growth horizontal-aligned ZnO nanowires (Fig. 1a),chglnostructures based on carbon
nanotubes and ZnO (Fig. 1b) and nanostructured films of ZnO (Fig. 1c).
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Figure 1 — SEM images of horizontal-aligned ZnOaveires (a); hybrid nanostructures based on carlootubes and
ZnO (b); nanostructured films of ZnO (c)

It was fond maximum response at 10 ppm,Nf@hieved when measuring voltage was 2 V. Thus, the

problems were solved restricting the using ZnO in nanosensingedeésemsing element had maximum

sensitivity (600 %) at 10 ppm NOThe structure has photo sensitivity 400 % at operation &l1Ag

During performance researching of obtain nanocrystalline Zm& fiind nanostructures in a wide range of

electrical and morphological parameters have been done. Thibilikysof nanocrystalline ZnO films with

controlled grain size, morphology, resistivity, mobility and elettconcentration have been shown. The

technology of gas-sensitive materials based on nanocrystalline ZrEChfilsnbeen developed.

The obtained results obtained can be used to develop design and tecloficdogironmental monitoring

systems elements, solar cells, UV radiation detectorgpaiectromechanical systems and components of

nanosensing [2].

1. H. Morkoc, U. Ozgur, Zinc Oxide. Fundamentals, Material,s and Device Techndlogy.1-490,

WILEY-VCH Verlag GmbH & Co, Weinheim, 2009.

2. E.G. Zamburg, A.V. Mikhailichenko, V.V. Ptashnilglectrophisical properties ZnO and VOx films

formed by pulsed laser depositipSouthern Federal Universities’ news, Technical scierdes4, pp.134—

141, 2011 (in Russian).
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Specificity of the synthesis of carbon nanotubes unggy the combined
catalyst

S. Basaev, V.A. Galperin, A.A. Pavlov, Yu.P. Shamai. Shamanaev

Scientific-Manufacturing Complex “Technological @eri, Moscow, Russia e-mail: artemiy.shamanaev@ dic@n

It is known that the growth of carbon nanotubes depends largely aonidgions of formation of
clusters, catalysts, materials, and dimensions that detempialiy and characteristics of future carbon
nanotubes. Processes for the synthesis of CNT arrays, depending technology on which the clusters of
a catalyst are formed, can be divided into two types: i)&gig with a localized catalyst and ii) synthesis
using the injected catalyst.

The paper presents research results of a new process of synthesissabfaceapon nanotubes using
the combined catalyst, which combines the advantages of the sywthesibon nanotubes as localized, and
injected with a catalyst. Combined catalyst is a systemsisting of an organometallic compound (injected)
and its decomposition catalyst (localized).

Due to optimal synthesis parameters such as temperature, feoaf r@agent, the concentration and
the type of organometallic compound, and the composition of the cathtysa fiew method of synthesis of
arrays of carbon nanotubes (CNT) of a given topology is develd¥pedtudied influence of the size effects
of topological elements on the characteristics of arrays of cardootubes. The results of statistical analysis
and research by transmission and scanning electron microscopy are shown.

1. S.V. Bulyarskii, O.V. Pyatilova, A.V. Tsygantsov, A.S. Basadé®. Galperin, A.A. Pavlov, and
Yu.P. Shaman, “Thermodynamics of the formation of catalyst ctudtar carbon nanotube growth”,
Semiconductorg}4, pp.1718-1722, 2010.

2. A.S. Basaev, E.V. Blagov, V.A. Galperin, A.A. Pavlov, U.P. Shaman, Aham@naev, S.V.
Shamanaev, and A.S. Prihodko, “Specificities of Growth of Topolodicalys of Carbon Nanotubes”,
Nanotechnologies in Russig,Nos.1-2, pp.22-27, 2012.
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Method of fabricating nanopores in silicon wafer va P* and O,"
Co-implantation and non-isothermal annealing

Yu.l. Denisenko
Yaroslavl Branch of the Institute of Physics andhrmlogy, Institution of Russian Academy of Scignce
E-mail: den-yur55@mail.ru

An important problem of semiconductor material science is dbtpimew materials and, based on them,
microstructuresvith specified electrical and physical properties. The necessaisty of the properties can
be reached through introducing of specific defects, phase and stugthomogeneities into the
semiconductor substrate in required quantities and at the desiptld dde intense interest in defect
engineering is fabricating solid state nanopores (or nancegyvitvithout the use of electrochemical
processes. For example, nanoporous layer in silicon can be creatésdrstage process: production of He
bubbles by implantation with doses (0.8 + 15)°He’/cm* and removal of the gas from the bubbles by
annealing at temperatures above P@0[1]. Another approach to formation of the layers with hollow
nanospheres is attributed to the Kirkendall effect in theapldayered structure of Ni/b&i/Si [2]. The
control of those open volume defects allows performing importamttibns in device microstructures:
effective sinks for metal ions, deep level defects fertime monitoring in power devices, compensators of
stresses on the border of heterostructures, centers of luminesetnc

The aim of the present work is further development of engimgeifi porous layers in silicon. Suggested
the overall porosity of silicon can be increased by the way of diffiksion of excess vacancies generated
during annealing of the specially prepared silicon-based sudsstiagiaiced in non-isothermal reactor. The
initial substrates of (100)-oriented silicon are developedddyg high-dose implantation of phosphorus and
oxygen into silicon substrate. In the presencél af, the conditions for division of point defects fluxes are
created, in which the direct recombination between vacaneteterstitials became difficult, at the same
time, indirect recombination through recombination centers is pes3ihis increases the chemical potential
of vacancies, thus, increasing probability the appearance of viableus for pores formation. Thus, the
emerged buried oxide layer (BOX) effectively “isolates” iafluence of irradiative vacancy-type defects
(near surface) from excess interstitials region (neay) 2liRthis case, at sufficiently low thermal budget of
non-isothermal annealing, the BOX is protected as a barrier femombination of vacancies on the
substrate surface, while provides the phosphorus diffusion deefhensubstrate. Experimentally has been
investigated the initiating of pores formation during annealid@®@°C, 5 minutes) at the presence of the
axial temperature gradient of 70 K/cm in case of one of dwections. During subsequent isothermal
annealing (1150C, 1 + 4 hours) in conventional isothermal furnace, on “cold” sidthefsubstrate the
arising nucleuses got their development to nanopores. A reguletuse of 3D open-volume defects on the
cleaved side of the specimen is observed. On "hot" side dfutberate, a plastic flow of surface material
takes place via dislocations movement along the slip systeli®>/{111}. With annealing time,
corresponding stresses lead to the formation of microcrankshel control samples after isochronous
isothermal annealing in the same temperature range, formait pores or microcracks was not observed.
Corresponding SEM images of the cleaved structures are presented.

1. V. Rainery, M. Saggio, E. Rimini, “Voids in silicon by He implantation: FromdJasapplications”, J.
Mater. Res15, pp.1449-1476, 2000.

2. K.N. Tu, U. Gusele, “Hollow nanostructures bagedheKirkendall effect: Design and stability consideras”,
Appl. Phys. Lett.86, 093111, 2005.
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Investigation of dependence of morphology and frael characteristics
of porous silicon on anodizing conditions

D. GaeV, A. Boykd, S. Timoshenkdv
1. Kabardino-Balkarian State University, Nalchikyd8ia, dahir@mail.ru . 2. National Research Univtgref
Electronic Technology, Moscow, Russia, ant_nico@maspt@miee.ru

Though the prospects of practical use of porous silicon have hadiadsin different branches of science
and technology there are no industrial of manufacturing products on it basis. Textentehe situation can
be explained by the facts that there are no technologies ofhgrettuctures on the basis of porous silicon
that exclude temporary instability of structure propertiese Buthis further improvement of techniques
providing fabrication of porous silicon with the definite setwifdtional properties is of both scientific and
practical importance.

Within the framework of this research there were carriecgegpérimental studies of morphology and fractal
characteristics of porous silicon in connection with anodizing camditiin the experiment we use the
wafers of n-type single-crystal (100) oriented silicon; anodizilgtion was a mixture of 40% hydrofluoric
acid and 96% ethanol. The process was carried out in one-chamberchiectical cell of vertical type with
the use of reticular platinum electrode. In the process of fabricating aireepéal structures there was used
anodizing at direct and alternating current without extermaihation and with continuous electrolyte
stirring. After this the specimens were thoroughly washedeionized water and dried in vacuum chamber
at room temperature. We estimated the thickness of the ptagess by its end view. The error of the
thickness layer estimation didn’'t exceed 10%. The porosity valuspefimens was measured using
gravimetric technique and the error in the porosity value was 20-25%.

Experimental porous structures received under different currenttiomsdand electrolyte concentrations
were investigated with the use of light, atomic-force aedtedn microscopy. The majority of samples can
be characterized by complex globular structure morphology #tealevels of structural hierarchy. Thus it
was the fractal method that was used for the quantitativgsamailf morphological of porous layers. The
surface fractal dimensions were calculated by "perimepga+e” method in accordance with the procedure
recommended in works [1-3]. For each sample we processed 90 contousentims images of porous
layer. The calculations showed that fractal dimensions gboheus layer surface range from 2.4 to 2.6 that
proves the complex self-organization process of pore-formatidrdaveloped surface of porous layer. We
also found out the correlation between the fractal surfsoperties and the conditions of porous layer
formation. It is shown, that fractal dimension depends on the anodizing current

We also investigated the photoluminescence of structures basedoos piticon. Analysis of luminescence
spectra revealed their relationship with the fractal dimsen®f porous layers. It is shown that with
increasing the fractal dimension the peak of the luminescence spectrumfieaktetshorter wavelengths of
radiation. This pattern indicates the sensitivity of charesties of fractality to the dimensions of interporous
crystal phase of porous silicon.

So we can conclude that the investigation results prove tisehpityg of efficient use of fractal approach for
the analysis of morphological and functional properties of porous silicon.

1. P.A. Shilyaev, D.A. Pavlov, A.F. Khokhlov, “Computational methodsfrxtal dimension of SPM
images”, Microsystem Technic3, pp.35-38, 2004 (in Russian).
2. P. Bieganski, E. Dobierzewska-Mozrzymas, M. Newelski, E. Pieciul,tdrdimension of discontinuous
copper films", Vacuuny46, pp.513-516, 1995.

3. P.A. Arutinov, A.L. Tolstikhina, V.N. Demidov, “A system of paraerstfor analysis of microrelief
roughness in SPM”, Plant Laborato6g, pp.27-37, 1999 (in Russian).
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The study of water suspensions of nanomaterials
containing carbon nanotubes
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University of Informatics and Radioelectronics, BknBelarus

High mechanical properties (the tensile strength of ~30-40 afidlathe hardness of ~ 300-400 MPa) were
achieved for nanomaterials with a matrix containing bovine setboman (BSA) and multiwall carbon
nanotubes (MWCNTS) [1]. In this work, we investigated the wltater suspensions and three-dimensional
nanomaterials based on BSA and MWCNT. Nanomaterials wepana from aqueous suspensions with
functionalized or nonfunctionalized MWNTs by nano- and laser technidimes.bimetallic catalyst Fe-
Mo/MgO was used to obtain MWCNTs. MWCNTSs were synthesiz&)@tC for 40 minutes in the Ar/CH
flow. After the synthesis, the material was subjecteduttistage chemical processing resulted in MWCNTSs
covered with functional groups that contribute to the formaténa stable aqueous suspension of
functionalized MWCNTSs. During performing the acidic treatmentbaegyl (O=C-OH), carbonyl (C=0),
and aldehyde groups (O=C-H), which prevent the coagulation of MW@Nih& solution and increase the
stability of MWCNT;s in water, are formed.

Control measurements were performed for the samples, whichimetcarbon black K-354 instead of
MWNTSs. As part of a suspension the albumin concentration in tipeigsi®n was always 25 wt % BSA,

while the concentration of MWNTs and carbon black K-354 wereedan a range of 0-0.04 wt %. The

prepared suspensions were irradiated with a laser witlivalength of 970 nm in different radiation modes
(pulsed and continuous) at various power and exposure time. Adathples, including control ones, were
prepared and analyzed under identical conditions.

It is found that in the wavelength range of 400-1000, the optigaitgeD and absorption coefficierk
considerably varies with time (up to 300 hours) for the suspensidhshamfunctionalized MWNTS. The
value of D initially increases and reaches the maximum, and then it desremonotonically and
asymptotically approaches a constant value. At the same Bramd k_are not varied in time for the
suspension with functionalized MWCNTS, but for the suspensidn paitticles of carbon bladk decreases
continuously. Our explanation of the experimental results aredbas the following principles: in
suspensions with nonfunctionalized MWNTS, the particles havenepnde aggregate in clusters, the size of
which gradually increases with time., Suspensions become inhomogeaeduleir optical properties thus
change. In suspensions with functionalized MWNTS, the particlesarenerged, and suspension remain
ultradispersed and homogeneous, and their optical properties do nog ehitngme, while in suspensions
with carbon black particles, sedimentation at the bottom octhesexperimental results are qualitatively
described by the modified expressions of the Bouguer-Lambert-Bebeterogeneous media. Quantitative
values of the optical density and absorption coefficient suspensi functionalized MWNTSs are higher by
a factor of several times than the valuedDofind ofk in suspensions of nonfunctionalized MWNTSs or
carbon black.

The maximum hardness of ~ 350 MPa for nanomaterials is achievesdrhples with non-functionalized
MWNTSs, while the hardness of nanomaterials with functionall®dNTs lower (~ 220 MPa), and they are
relatively homogeneous. Nanomaterials with functionalized MWSArs be used in various applications,
where high mechanical and optical properties of absorbing ceadiregrequired, particularly, for receivers
of thermal radiation.

This work is partially supported by the Ministry of Educat@nthe Russian Federation (state contract no.
16.426.11.0043, September 12, 2011).

1. L.L Ichkitidze, T.S. Ryndina, S.V. Selishchev, et al., “The bulk contpesinomaterial based on the

protein and carbon nanotubes”, Nano- and microsystemnaia telNika, pp.13-19, 2012 (in
Russian).
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Features of nanostructures formed in solid substrads

E. Ilichev, A. Kozlitin, D. Migunov, O. SakharoW. Trifonov, G. Petruchin, G. Richkov
Scientific Research Institute of Physical Problerased after F.V.Lukin, Moscow, Russia;
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Appeal of using the arrays of nanoscale tips in the developmdigleturrent field-emission cathodes for

microwave power devices results from the capability oftatefield peaking in the tip neighborhood. In

spite of high strength and the possibilities of self-orgdiniaathe carbon nanostructures (CNS) did not
demonstrate desired results due to principally significahtevaf the aspect ratio dispersion within a tip
array on film and quite low yield limit of the nanoscale drofalyat material in their base. Using the CNS
array films as an active field-emission medium for integgt@mission circuit production is not efficient also
because of technological reasons which allow implementation of &kfys at the final stage of IC

formation only. Hence the search for self-organization methodisriming the arrays of nanoscale objects
immediately from solid films is a topic of great application importance

In the paper results of investigations of nanoscale objestsefl using nanostructure array self-organization
process directly on both silicon wafer and polycrystalline diamimdafre presented. The latter structure is
of particular interest due to the negative electron affioftgome diamond crystal faces. The samples were
investigated using Tecnai 20 S-Twin transmission electronostope (TEM) (FEI, The Netherlands)
equipped with EDAX X-ray energy-dispersive spectrometer (XEDS).

The nanoscale objects created on silicon wafers represeatreguiar nanoscale cones having their height
of 1...2um and their base diameter of 100...500 nm depending on technological segfifeeming. The
character of contrast on the TEM images indicates the cones haveutkestructure.

The X-ray analysis shows the cones are continuous-solid, éoggstsilicon. The nanoscale tips (~20 nm)
of some cones have metal inclusions (nickel), which risingxslainable with technological reasons.
Diffraction pattern of cone structures and silicon wafer quge similar that means they have the same
crystallographic orientation.

The nanoscale objects formed on polycrystalline diamond filsesmble cones vaguely. Their lateral size
and height have significant dispersion. In wide range of their staaplesttlelike” structure is dominating
one, and some sharp tip cones occur more rarely. According to thefdatctron micro-diffraction the
material of cones appears to be the polycrystalline diamond of ~Quin.ctystallites. Frequently the cones
are shaped with two large diamond crystals and quite often comprise alotrohg grains.

XEDS mapping the elements in the “bottlelike” cones shows thaexoks like a regular carbon cylinder

and its bottle shape is configured with a coat consisting o8k&nd iron oxide mainly, that is explainable
with the formation method used.
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Carbon nanotubes-silicon composite material as anedstructure in
lithium batteries

E.P. KitsyuK, V.A. Galperir, Y.P. Shamah D.G. Gromo®, A.M. Skundir, E.K.
Tuseeva
1. Scientific-Manufacturing Complex "Technologi€antre”, Moscow, 124498, Russia, E-mail
hedgeshot@gmail.com. 2. National Research Uniyeos$iElectronic Technology, Moscow, 124498, Russia.
3. A.N. Frumkin Institute of Physical Chemistry dfdctrochemistry RAS, Moscow, 119071, Russia.

Studies on anode materials aiming to improving their capaoiycgclability are one of the most
important ways to increase characteristics of Li ba$eiSi-CNT composite structures have received much
attention as a promising material for anode structure owingnpoessive theoretical capacity of silicon
(4200 mA*h/g). However, Li insertion and extraction from Si leadim¢arge volume change (over 300%)
and crumbling of active material [1]. To avoid this problem andceame cycling stability, a composite anode
material of multi-wall carbon nanotubes coated by silicon layer wasrpepa
Multi-wall carbon nanotubes were directly grown on stainlessl stubstrate by PE-CVD method. After that
silicon was sputtered on the substrates with MWCNT by megmslstem. SEM showed that nanotubes on
the top part of MWCNT structure were fully enveloped by sili@and their diameter was increased to 500-
600 nm.

Due to flexibility and alone-standing preparation MWCNT have tgtihi buffer the volume changes
of silicon. Also MWCNT was used as an electroconductor, thaivaldo without binder and conductive
dopants [2, 3]. As current collector was used steel substrate.

Thus, prepared structure demonstrates capacity of 3800 mAthfigst cycles. Capacity slowly
decreases to 1500 mA*h/g after more than 100 cycles at high chachefdje rate 0.7C. For studying the
process of degradation of Si-CNT composite, after short cyalogher anode with the same structure was
seen by SEM. It showed that silicon layer was not corruptetl, dtué has specific changes in its surface.
These changes can be attributed to flexibility of substrate,yseessprocess of assembling of test cell, and
forming of solid-electrolyte interface.

Developed method of formation nanostructured composite is simpleffigidne and compatible
with standard planar silicon technology. Designed anode structyrerspective approach to address the
issues associated with the large volume changes. Structta@eabby this technology, has reduced total
weight because binder and conductive dopants are not required, edcreagacity. They can find
application in fabrication of ultrathin high capacity batteries for ptetalectronic applications.

1. P.-C. Chen, J. Xu, H. Chen, and C. Zhou, Nano Rgsp.290-296, 2011.

2. W. Wang and P.N. Kumta, Nanostructured Hybrid Silicon, ACS Nardg.4, pp.2233-2241, 2010.
3. Y. Zhang, X.G. Zhang, H.L. Zhang, Z.G. Zhao, F. Li, C. Liu, H.M. Cheng, Electrochimica®Acta,
pp.4994-5000, 2006.
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Formation of nanoelectrodes for high temperature sigle-electron
sensors

A. Parshintsev, E. Soldatov
Department of Physics, Moscow State UniversitysRuparshincev@physics.msu.ru

Contemporary microelectronics is very close to the limitsminiaturization of traditional electronic
components. In this regard, special attention is paid to promising alterappix@aches to their creation. The
creation of molecular transistor, that is capable to operatmdghe-electron regime at room temperature, is
an example of such approach [1]. This is very important for magplications, especially for chemical and
biosensors [2].

The basis of the molecular transistor is a system of thinrfietal electrodes separated by a gap. The gap
size should be less than a few nanometers. The creation of raolé@uisistor electrodes with a gap
between them less than a few nanometers is one of the miems. This problem cannot be solved using
traditional electron beam lithography (EBL). Currently, the tmm®mising solution is the use of the
electromigration [3]. Electrodes separated by a gap less 2Hamanometers can be obtained using
electromigration. Thin (less than 20 nm) and narrow (less than 90nangwire is needed to provide
controllable electromigration process. However, the adhesionebetiwhe nanowire and the substrate
shouldn’t be too strong to provide the electromigration but it shbal&nough to provide lithography
operations. In this work the technique of electrodes formatimingfe electron transistor suitable for high
temperature single electron sensors satisfying these condgtidascribed.

For the preparation of nanowire samples suitable for elegration a layer of SiPwas evaporated on a
standard Si wafer of 80 mm diameter to make an insulating teya substrate using Leybold Z400. Then a
scriber was used to make chips with dimensions ofLQ0mnf. Contact pads (to connect measuring
equipment to the chip) and thin film metal (gold) electrodex@nnect nanowires to the pads) were built
using photo - lithography. Nanowires for electromigration were buithé center of the chip (region of
80x80 pnd) using EBL. To provide the appropriate adhesion between the atebsird nanowires thin s

layer was used. All metal and 383 layers were evaporated using Leybold L560. As a result, samples
containing 16 nanowires on each chip with width in range of 60-80 nmeaistiance of a few kOhm were
obtained. Such properties provides optimal regime for electrating and proves the appropriate quality of
films.

Thus, the technique of the creation of single-electron high teitype molecular transistor electrodes was
developed. Such electrodes are appropriate to the creatidgghdkmperature single electron transistor with
an island of 2-3 nm size. Optimal parameters for thin and naretal manowires were defined. Samples of
nanowires that provide obtaining of sub-5 nm gaps between electrodes wlere ma

This work was supported by RFBR (projects 12-07-00816-a, 10-07-CGf)/Eederal Target Program
“Scientific and teaching specialists of innovative Russia fa2009-13”  (contracts
02.740.11.0229,14.740.11.0389, 16.740.11.0020, 14.740.11.0370).

1. K.K. Likharev, Proc. IEEB7, p.606, 1999.
2. H. Zhang, R. Barsaotti, F. Stellacci and J. Thong, Ssall2797, 2009.
3. H. Park, A.K.L. Lim, A.P. Alivisatos, J. Park, P.L. McEuen, Appl. Phys. [#i{pp.301-303, 1999.
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Research of resolution of masking layers of the mghbdenum
structured on technologies of laser thermochemicakcord

S. Poletael”, O. Moisee?
1. S.P. Korolyov Samara State Aerospace Univefisid§ional Research University), Samara, Russia,
sergpolet@gmail.com. 2. Image Processing Systestitulle of the RAS, Samara, Russia, moiseev@smr.ru

Plasma or "dry" etching is applied to the solution of a widssctd tasks on relief formation in the field of
microelectronics and diffraction optics. Optoelectronics, micuwaweechnology, microelectromechanical
devices (MEMS), capillary chips, diffraction lattices and sensbrarious types here belong [1].

One of the important stages of technology of plasma etchiagplication of the resistant masking layers,
capable to provide necessary depth of formed structures. Befideoroduction of the diffraction lattices
working in an ultra-violet range of lengths of waves, the sizgrattures less than 0,6 microns is necessary.
One of ways for formation of topology of an element is lasembochemical record on thin films of chrome
[2]. But this technology in standard execution provides ittee &f an element not less than 0,7 - 0,8 microns
for length of a wave of the recorder of 488 nanometers. Therdiere is a problem consisting in
overcoming of this barrier.

In the real work masking layers of molybdenum about possibiligcbfevement of the size of an element,
comparable with a diffraction limit in a half of length of a wai0,25 microns) are investigated at laser
record. The method of plasma etching was made structuresheiize of an element of 0,25-0,3 microns
(fig. 1) and the depth exceeding 100 nanometers.

Mag = 1630KX - Date 26 Nov 2011 Time :12:31:00
SUPRA 253085 0

Fig. 1. SEM a picture of a surface of a film of gplmdenum after laser record.

Then researches on thinner films of molybdenum were carried\sut result the structure with the sizes of
elements closed to 100 nanometer on a film in thickness about 25 naromas turned out. Here for
receiving more authentic results further researches are conducted.

The created microstructures can find application in such asasptoelectronics, the microwave the
technician and diffraction optics for ultra-violet radiation.

1. D.A. Zeze, R.D. Forrest, J.D Carey, D.C. Cox, |.D. Robertson, B.LSWBIR.P. Silva; Reactive ion
etching of quartz and Pyrex for microelectronic application”, J. Appl..P889p.3624-3629, 2002.

2. V.P. Veyko, A.G. Poleshchuk, A.R.Sametov, E.Al&imo, M.V. Yarchuk, “Research of spatial permissib
laser thermochemical technology of record of difian structures”, Quantum Electronied, pp.631-636,
2011.

P1-31



Formation of CNT Ordered Array, as source of electrons.
A. Shuliatyev, D. Gromov, A. Zaycev, A. Shamanaev
National Research University of Electronic Technology, Russia
email: ashuliatyev@gmail.com

One dimentional structure, which is described in width number of publications, is very important
now. They have amazing properties. It can be used in different places : opto- and nano electronics,
microelectromechanical system and etc. Such structures as nanowires or nanotubes exhibit excellent
field emission properties. Each carbon atom, in carbon nanotubes(CNT), is bound to three other
carbon atoms by a (covalent) sp2 bond. As a result, the activation energy for surface migration of
the emitter atoms is much larger than for a tungsten electron source. Therefore, the tip can
withstand the extremely strong fields (several V nm™') needed for field emission. Also, CNT has
high aspect ratio and low work function. They could be applied potentially as electron sources in
various vacuum electronic applications: integrated vacuum microelectronics, energy saving light
sources, planar displays.

There are some methods of establishment ordered nanostructure. For example: method of
fragmentation of metal nanolattices [1], method, which used porous anodic alumina [2] and etc. We
are developing the method based on nanoimprint-lithography, CVD and PECVD. This method
includes: nanoimprint-lithography, sputtering of thin adhesion layer and catalyst layer, removing of
the resistive layer and growing of carbon nanotubes. Structure, which we get, has ordered array with
CNT on each locals areas catalysts.

1 Qiangfei Xia, Stephen Y Chou, “The fabrication of periodic metal nanodot arrays through pulsed laser
melting induced fragmentation of metal nanogratings”, Nanotechnology, 20, p. 285310, 2009.
2 Chakarvarty S.K., Vetter J. A review // Radiation Measurements .29. Ne 2.,1998
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Fabrication of integrated electrodes of molecularransistor electrodes
by lithographic techniques and electromigration

A.S. Stepandy E.S. Soldatdi/ O.V. Snigire¥
1. Skobeltsyn Institute of Nuclear Physics, M.\fnbnosov Moscow State University, Moscow, Russia,
stepanov@cryolab.ru; 2. Department of Physics, Mdmonosov Moscow State University, Moscow, Russia,
esold@phys.msu.ru

This year Intel introduced the 22 nm technology of integratemlitiproduction. Production of
circuits with 14 nm technology is planned for the near future. édew the prospects for further
development are not clear until now. There are several candidatesifg in next-generation chips. Modern
transistors can be based on graphene monolayer or single nanotuledfe€hef single electron tunneling
through the structure is one of another perspective effect tod i effect was demonstrated previously
with the STM tip at room temperature [2]. However, the prattise of it is possible only if it will have a
planar implementation. In this paper the method of creating a ypetatf single-electron transistor which
can operate at room temperature was demonstrated. This methodesnibés using of lithographic
techniques for creation an integrated system of transistotsogles, and the using of electromigration effect
for the formation of nanometer gap between the source and drain electrodes.

The proposed lithographic technique for electrodes creation incledesabstages. At the first stage
a dielectric SiQlayer of 400 nm thick were formed on the samples. Then the reaghin electrodes were
deposited by using of UV lithography through the polymer mask (5 pdthyws0 nm thickness). After that
the layer of Al was deposited through the polymer mask which pvaviously exposed in a scanning
electron microscope. This Al layer can be used as gatecglectf the transistor. Aluminum is chosen
because of its good oxidizing ability and sufficient adhesion teuhface of Si@ In the same process the
Al layer was covered by 10 nm thick ;8% film which was sputtered by an electron beam. Suspended
polymer mask technique allowed us to deposit this oxide layasibg “two-shadow” technique. It helps to
provide an isolation of the Al film edges. After that Au driwere formed on the top of /8 layer
(thickness of 20 nm and a width of 50 nm) by the using e-beam lihlogr At the last stage the gold strips
lying in the center of chip were connected to the rough leaceeiretles of the sample. So, a lithographic
part of the creation of an integrated system of transistor electnatedinished.

Achieving the required width of the gap (~ 3 nm) between the sduaie electrodes cannot be
done by lithographic techniques. For this purpose we used the efffelgctromigration of gold atoms in
thin film. We built the setup which includes A/D and D/A boardsPlI-6229, NI PCI-6509 and PC with
RTOS Pharlab OS. We developed algorithm of control softwarehwdriavides controllable rupture of the
gold film. The voltage applied to the gold strip was increassutsy-step and its resistance was measured.
Voltage was reset and the process was repeated fromghstdip if resistance exceeds a specified threshold
value. When the resistance of the gold strip reached a valueKDhm external voltage was completely
switched-off, and formation of 2 - 3 nm gap were occurred under thernick of stress in the film (self-
breaking). This technique of electromigration of gold film allaygsto obtain gap of less than 5 nm in 75%
of cases.

The developed techniques of lithography and electromigration al®wo create a complete
integrated system of the transistor electrodes. For the te$tnguitability of the proposed techniques
deposition of quantum dot between the electrodes (gold nanopartitthea diameter of 3 nm) was carried
out and the characteristics of the electron transport of thiensywere measured. It has shown a single-
electron character of the conductivity at room temperature. d@monstrates the perspective of the
proposed methods in an experimental study of single-electron transistors.

This work was supported by RFBR (projeét 12-07-00816-a, 10-07-00712-a) and under the
Federal Target Program "Scientific and scientific-pedagbgiersonnel of innovative Russia" for 2009 -
2013 (state contrach 02.740. 11.0229, 14.740.11.0389, 16.740.11.0020, 14.740.11.0370).

1. D.V. Averin, K.K. LikharevMesoscopic Phenomena in Sojifiésevier, Amsterdam, 1991.
2. E.S. Soldatov, V.V. Khanin, A.S. Trifonov, S.P. Gubin, et al., JETP@4t0.510, 1996.
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Narrowing of nanogaps for purpose of molecular sinig-electronics

I.V. Sapkov, E.S. Soldatov
Department of Physics, Moscow State UniversitysRu&-mail: esold@phys.msu.ru

Molecular single-electronics may be the next step in the develupofi modern nanoelectronics. This is due
to miniaturization of element base which is described in well-kndware's Law [1] and leads us sooner or
later to the element’s size of the order of a few nanomeétwalecular electronics proposes to use natural
object for the nanometer-scale - a molecule (or a clufety that such objects placed between conducting
electrodes can be natural or, potentially, artificially createdjghhtving the specified properties.

The development of these single-molecule test structurédeifuture will allow to build a hybrid micro /
nanoelectronic memory devices (hybrid-CMOS, CMOL) [2] witighler recording densities than are
currently available, and a new generation of neural netwodsidBs that, the systems of this kind are now
engaged in the research fields of spintronics [3] and electro-optics [4]

We have proposed and developed a method of implementiatioranotransistors with extremely small (2-5
nm) gap between the electrodes by means of deposition of additietad on the electrode-workpiece. The
efficiency of narrowing of the gap between sousiod drain-electrodes (as a result of additional deposition
of metal film on the preformed gap) was 50-70% of the deposited film thieknes

The technology for implementatiaf electrode-workpiece with the gap's size of about 30 nmdmtreh-
beam lithography and two-layer polymer mask is developed. A caedtion of layer thicknesses of the
polymer mask, exposure dose, development time and the type of developer gapgde 20-30 nm wide.

The method of wet etching of the substrate in a 6% solution of hydriflacid buffered with hydrofluoride

of ammonium was used. The method proved its efficiency and allowedke samples with suspended
electrodes. The depth of the silicon oxide etching under theradest was order of 80 nm. The rate of
silicon oxide etching was about 2.7 +\ - 0.2 nm/ sec.

For implementatiorf finished electrodes of nanotransistor with required valuggpe$ (2-5 nm) additional
deposition technique of the metal film on a wide gap was developdte Aame time for additional metal
deposition on nanostructure the reliable method of positioning and fomveds developed. As a result this
method provided both a necessary restriction of a nanogap araligmthent of control electrode of the
transistor (the gate) with reliable isolation of all thedectrodes of nanotransistor located in the sub-5 nm
range.

Method of single-electron nanotransistors implementation suitablese at high temperatures (300 K) was
developed. This allows the creation of highly sensitive serfeoruse in research purposes in the fields of
physics, chemistry, medicine, and the creation of a new geneodti@noelectronic devices with improved
performance for systems of medical diagnostics and security. Thesfehthe developed technique is usage
of standard microelectronic manufacturing operations, which opens hep possibility of serial
implementation of complex integrated nanoelectronic single-electsbarsy / devices.

This work was supported by RFBR (projedts 12-07-00816-a, 10-07-007h2-and Federal Program
“Kadry” on 2009-2013 years (state contrackd 02.740.11.0229, 14.740.11.0389, 16.740.11.0020,
14.740.11.0370).

1. G.E. Moore, "Cramming more components onto integrated circuits", Electroagazied, 1965.

2. K.K. Likharev, “Nano and Giga Challenges in Microelectronicgitdt J. Greer, pp. 27-68, Elsevier,
Amsterdam, 2003.

3. A.R. Rochateal., “Towards molecular spintronics”, Nature Materiglspp.335-339, 2005.

4. C.W. Marquardtet al, “Electroluminescence from a single nanotube—molecule—nanotubgojinc
Nature Nanotechnolog$, pp.863—-867, 2010.
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Electron multiplier on diamond-coated silicon membane

E.A. Ilichev, A.E. Kuleshov, N.K. Matveeva, G.Nefukhin, R.M. Nabiev, and G.S. Rychkov
F.V. Lukin State Research Institute of PhysicalbRrms, Zelenograd, Moscow, 124460 Russia
E-mail: polt@niifp.ru

Diamond membranes are capable of amplifying electron flux, but messaith dimensions exceeding
10 mnt are subject to deformation and sagging. In order to avoid tligssitggested to build electron flux

amplifier on a silicon grating coated with a diamond film. Plssibility of using these gratings instead of
microchannel plates is discussed, in particular, in cases whisrgrating directly plays the role of X-ray,

UV, or proton detector.

We developed a technology of electron flux amplifiers based on dianuatdd silicon gratings (DCSGs)

with the holes representing EMC [1] cells. The process os®Cabrication involves the following main

technological stages (Fig. 1):
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Fig. 1. Schematic diagram of DCSG technology: (a) formation of highly doped siigen2 on substraté&
and
deposition of Si@and SiN, layers; (b) formation of cavit¥ through window3 in SiO, and SiN, layers;

(c) formation of hole$ in membrane through windows; (d) seeding diamond
(e) growth of polycrystalline diamond fil&

In modern electro-optical converters (e.g., IR viewers), the peesef heavy ions sharply decreases the
useful yield and the working life of devices, which usuallysdoet exceed 1000 h (maximum working life
was reported to reach 10000 h). Together with residual gasesyréeogenerated due to the electron and ion
bombardment of the MCP surface. In DCSGs, the membrane and EMEesigfcovered with diamond,
which sharply decreases the probability for carbon atoms to be knocked outédrenrface.

The action of X-rays, UV radiation, and protons on the diamond filnergoy the EMC walls leads to
secondary electron emission. Thus, the amplifier of theBati@ans can directly ensure the position-sensitive
detection with the subsequent amplification of secondary electrons.

Thus, we have considered the technology of electron flux amplifiased on diamond-coated silicon
gratings. Good prospects of this technology have been demonstititedgla some estimations (concerning
maximum DCSG dimensions, cost of production, minimum EMC cell size, et@)ttvdoe refined.

1. E.A. Ilichev, A.E. Kuleshov, E.A. Poltoratskii, and G.S. Rychkdulettron multiplier concentrator on
the base of polycrystalline diamond film”, Diamond and Related Mate?ialpp.23-25, 2011.
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Mechanism of sensitivity of a three-collector magretransistor

V.V. Amelichev, A.A. Cheremisinov, S.A. Polomoshn®&:.D. Tikhonov
SMC “TECHNOLOGICAL CENTRE” MIE;TCheremisinovAA@gmail.com

The mechanism of sensitivity of a three-collector magnetsistor with the base in a well which serves as
the third collector is investigated [1]. The device has theenrB@BVMTBW. For the first time it is shown that

a small rate of surface recombination and an extraction ohjingted electronpn-junction base-well allow

to receive high sensitivity on voltage to 11 V/T because of effect ofjaetia field deviation in one party of
two streams of the injected carriers of the charge proceédioggh the base and through the junction base-
well.

Sensitivity was measured in a constant magnetic field of a solendidhe@itmagnetic induction & =5 nfr.
Differential absolute sensitivity on voltage was determined by a farmul

Son’ =[Uc,(B) —Uc, (0) ~U,(B) +U,(0)]/ B

Son’, VIT

61 8301 83-03

Fig. 1. Dependency of sensitivity on voltage for samples BMT on the bias cofteetbase and the well
IBW.

Features of characteristics are defined by the curremibdition. The big current of the electrons injected
from the emitter extracted in then-junction base-well and in the magnetic field deviates inioglab
measuring collectors in the same party with the current, pdogeéirectly through the base. This gives a
big change of the current of the measuring collectors.

Magnetotransistor 3QBTBW with a small rate of surface recombination on the junatibthe silicon —
dioxide of silicon and with an extraction of the injected etextrremote from the surfage-junction base-
well allows to receive high sensitivity 11 V/T at the expeofseffect of a deviation of the magnetic field in
one party of two streams of carriers of the charge proceeding the emitter to collectors is directed
through the base and through the junction base-well.

Magnetotransistor parameters I@BBW are higher in comparison with SSIMT transistors [2].

The work is carried out with a financial support of the Mmji®of Education and Science of the Russian
Federation within FTsP «Researches and development in the ypuingictions of development of a
scientific and technological complex of Russia for 2008-2015» (Growgwropanies No. 16.513.11.3001)
and Grant President MK-6977.2012.8.

1. A. Kozlov, Yu. Parmenov, R. Tikhonov, “Experimental research of thgn®tatransistor in a double
well”, Report P1-23 of ICMNE-2009.

2. L.J. Ristic, H.P. Baltes, T. Smy, I. Filanovsky, “Suppressed Sidewall bmjediagnetotransistor with
Focused Emitter Injection and Carrier Double Deflection”, IEEE ElectracBg Letters9, pp.395-397,
1987.
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The observation of conduction quantization of metdic nanojunctions
at normal conditions

L. Fedichkirt®3 A. BorisoV?, M. Chernyshe¥; V. Rubae¥
1. Institute of Physics and Technology, Russiard@esy of Sciences, Moscow, Russia, leonidf@gmail.com
2. NIX., Moscow, Russia, leonid@nix.ru .
3. Moscow Institute of Physics and Technology, Belgdny, Moscow region, Russia, leonid@phystech.edu

The dynamics of electrical conductance between metallic cerbaatg mechanically gradually displaced
from each other provides sensitive tool to metal surfaaeacterization [1]. At certain conditions it enables
also the fundamental study of quantum behavior of electron traf@padvealing itself in particular in
conductance quantization of nanojunction [3,4]. This report presecentreexperiments [5] with
mechanically controlled molybdenum contacts. We demonstrate ¢catoel transport through molybdenum
nanojunction manifests the features of ballistic and quantotiomeven in air atmosphere under normal
pressure and room temperature. The conduction histogram in Fig. K, tkét pronounced peak
corresponding to one conduction quantum and the minimum corresponding to onéahaanduction
guantum, is in nice agreement with theory. The ability to obsgraatization peak proves persuasively the
validity ballistic and quantum description of electron evolutionlestst at scales corresponding to
nanojunction sizes.

Counts (105)

1 2 3 4
Conductance (2e°/h)

Figure 1. Conduction histogram. Number of events of nanojunction condactelue within +/- 0.025
conduction quantum from the central value of conductance versus conductance.

1. Yu.V. Sharvin, Zh. Eksp. Teor. Fi2], p.655, 1965.

2. F. Manders, A.K. Geim, and J.C. Maan, Physica B: Condensed Nad#e£95 p.332, 2001.

3. D.A. Wharam, T.J. Thornton, R. Newbury, M. Pepper, H. Ahmed, J.E.Ft, Bds. Hasko, D.C.

Peacock, D.A. Ritchie, and G.A.C. Jones, J. Phy21(.209, 1988.

4, B.J. van Wees, H. van Houten, C.W.J. Beenakker, J.G. WilliamsomnDder Marel, and C.T. Foxon,
Phys. Rev. Lett60, p.848, 1988.

5. L. Fedichkin, A. Borisov, A. Konin, R. Petrukhnenko, M. Chernyshev, andRl¥baev, Russian
Microelectronics41, pp.1-4, 2012.
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The novel THz generation and detection possibiliteof resonant-
tunneling based semiconductor multiple-quantum welhanostructures

A.L. Karuzskii, V.V. Kapaev, V.N. Murzin, Yu.A. Myiagin, S.A. Savinov, A.V. Perestoronin,
A.M. Tshovrebov, N.A. Volchkov, I.P. Kazakov, VEgorkin, S.S. Shmelev

P. N. Lebedev Physical Institute of Russian Acade®ciences, Moscow, Russia, E-mail address
karuz@sci.lebedev.ru

The novel perspectives in THz are bound up with nanotechnology anduueffects such as resonant
tunneling, characterized by very short transient times (tess1 ps) comparable with the fastest response of
superconducting devices [1, 2]. It has been shown recently that resonant tunnelisdRiiddeefficacy can

be strongly increased with use of more complicated triple-baRiED structures due to interaction of
electronic states in neighbour quantum wells [3-5]. These hopesfults look very promising but have been
obtained in frames of an approximate quantum theory consideration.

In the present work we bring up the results of high-frequency grepef RTD investigation on the base of
theoretical quantum model of resonant tunneling under exteleetir@magnetic field using numerical
solution of time-dependent Schrédinger equation with open-system boucaladitions. Applying this
model the high-frequency response in resonant tunneling double-b@DBRTS) and triple-barrier
(TBRTS) structures is analyzed for structures with differearriers of finite height and width in wide
frequency range from low frequency side of gigahertz frequerfciassical amplification mechanism) up to
terahertz frequencies, where high-frequency response mechisndatermined by theoretically predicted
“‘guantum amplification regime” promising a cardinal increasegain and efficiency of RTD at this
frequency area as a result of photon-assisted charactanmdling phenomenon. We present the parsed
analysis of high-frequency response regularities in RTD inrakpa frequency, electron energy, structural
parameters etc in both cases of monoenergetic and Fermidfypestter electrons distributions taking into
account the influence of DC bias voltage on electronic wave functions amesrstates.

One of principal disadvantages of low DBRTS efficiency in Ttdage as shown is an occurrence of
symmetry of high-frequency responses determined by injectetlogleavith higher or lower than resonant
level energies that results to the decrease of total sunmesponse because of a cancellation of
amplification and absorption processes. In case of TBRTS tkerme of additional resonant level destroys
the response symmetry. The energy level in the first beslbmes to be privileged that results to selective
narrow-band amplification at frequency equal to the energy spéeitvgeen levels in neighbour quantum
wells. The revealed phenomenon results in selecting of onltharramall portion of emitter electrons in
TBRTS that actively interact with external THz electrgmetic field (energy filtration effect). Both of these
circumstances promote realization in TBRTS the selectis@weband high-frequency tuning amplification
effect at terahertz frequencies by changing of applied lukisge, that really open marvelous perspectives
for engineering and development of novel high-performant generatecGtaletind other types units for
subterahertz and terahertz frequency range.

The experimental results of research of DBRTS and TBRT&-freguency response and effects of
distortions in the DC current-voltage characteristics of DBRnd TBRTS due to an applied gigahertz and
subterahertz electromagnetic field with the use of BWT HWABATT oscillators are presented. The
investigations were performed in the frequency range from 100 @Hto sub-THz for GaAs/AlAs and
INgs8G & 47/ AS/AIAS/INP samples of DBRTS and TBRTS heterostructures. fiingings revealed the
possibilities for the effective applications of DBRTS andRIES heterostructures as a basis for sensitive
sub-THz and THz detectors.

This research was supported by Ministry ES of RF, by GranBRRF#11-02-01182, #11-02-12133), by
Grants RAS (#24lv.12 and IIL.7).

1. S. Suzuki et al., Appl. Phys. Le@Z, pp.242102-1-242102-3, 2010.

2. M. Feiginov et al., Appl. Phys. Letf9, pp.233506-1-233506-3, 2011.

3. V.F. Elesin, JETR9, pp.377-383, 1999; JETPQO, pp.116-125, 2005.

4. O.A. Klimenko, N.V. Dyakonova, W. Knap et al., Bull. Lebedev Physt. 136 (1), pp.14-20;36 (1),
pp.21-28, 2009.

5. S.A. Savinov, V.N. Murzin, JETP Lette8s, pp.155-160, 2011.
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Suspended Silicon Single-Electron Transistor.

V. Krupenirt, D. Presnot?, S. Amitonov, K. Rudenké, V. Rudakoy
1. Laboratory of Cryoelectronics, Moscow State University, 119991 Moscow, Russia , viadimir.krupenin@phys.msu.ru
2. Nuclear Physics Institute, Moscow State University, 119991 Moscow, Russia, denis.presnov@phys.msu.ru.
3. Ingtitute of Physics and Technology RAS, 117218, Moscow, Russia.

Single-Electron transistor (SET) is a promising lmapion as an electric charge sensor. It's ultamat
sensitivity can be closely achieved to the quanliomt [1]. The silicon—based nanostructures now iara
great attention due to the material mechanicaldgpliand simpler fabrication technology. The very
important factor is higher operating temperatuteba same sizes of structure elements. In themercase
only one atom of the dopant can be used as a demept of the structure [2]. All above enable quite
convenient installation of the SET device on a itaver tip of scanning probe microscope as fieldfge
Sensor.

In this work we introduce fabrication and investiga of a single-electron transistor based on kigtdped
silicon on insulator material (SOI). We used Solt#¢IBOND® SOI wafers with top and buried oxide layer
thickness of 55/145 nm and originally dopant (byrooncentration ~I8cm?®. After As ion implantation
(dose 1.28.0"cm?) and rapid thermal annealing we have got nonumifdopant concentration ~?@t the
layer surface and less than®®t the depth more then 50 nm. To produce SOI SETethctron beam
lithography and anisotropic reactive ion etchinkglin previous work was used [3]. Future devicee siz
reduction carried out by the help of fluoric isqimion etching. To prevent the contact electrofiem
degradation, the resist mask with an open windawsral the SET area was used. There were sevepal ste
of etching with the test measurements between lieeae the clear single-electron behavior. The deic
locally suspended in the same area, looks more ipiognin terms of size reduction uniformity, remogi
bottom SOI layer with low dopant concentration, anobably also in terms of noise reduction [1].
Measurements of the transistors were carried digneperatures of 77 K and 4.2 K. The devices detretes
stable coulomb blockade and modulation curves2akK4Future investigations are in progress.
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Fig.1: Suspended Single-Electron transistor faketta Fig.2: Typical modulation curves of SOl SETs
from highly doped SOI. measured at 4.2 K.

1. V.A. Krupenin, D.E. Presnov, A.B. Zorin and Jeieyer, “Aluminum single electron transistors with
islands isolated from a substrate”, J. Low TempysBhi18 (5/6), pp.287-296, 2000.

2. V.N. Golovach, X. Jehl, M. Houzet, M. Pierre, Bche, M. Sanquer, and L.l. Glazman, “Single-dbpan
resonance in a single-electron transistor”, PhysR83, pp.075401-(1-4), 2011.

3. D.E. Presnov, V.S. Vlasenko, S.V. Amitonov, VKxupenin, “Highly doped SOI based single-electron
transistor: noise characteristics and charge $eitsit Abstracts of Invited Lectures and ContribdtPapers
of The International Conference “Micro- and nanogl@nics — 2009” (ICMNE-2009), Zvenigorod, Moscow
region, Russia, P1-02, 5-9 October, 2009.
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Optimization of topological parameters of triode wth cold cathode
based on ordered array of (99) carbon nanotubes with open ends

D.V. PozdnyakoV, A.V. BorzdoV, V.M. BorzdoV, V.A. Labunov
1. Belarusian State University, Minsk, Belarus,gmymkov@bsu.by
2. Belarusian State University of Informatics arabi®electronics, Minsk, Belarus, labunov@its.bsdu.by

The topological parameters of triode with cold cathode and cagricbbased on the ordered array of
(9,9) single-wall metallic carbon nanotubes with open ends have dq@@nized for the case of room
temperature. It was supposed that cathode’s nanotubes weesl macsubstrate with metallic type of
conductivity in square grid-type order, and grid’s nanotubes werespamid cathode’s nanotubes like a
net.

The distance between the nanotuBdsas been optimized. The optimization procedure is based on
search of the maximum of triode differential transconductaatesvalong with the minimum of triode self-
capacitance value under the following conditions: the height of narsdtijltiee distancé between the ends
of nanotubes and the anode as well as the distarmtween the control grid and the cathode are equal to
100 nm; the cathode potentifd is equal to O; the control grid potentiad and the anode potentid), are
equal to 12 V; the power dissipated by the anode does not exceedm®Wis ascertained that the
optimum distance between the nanotuigds equal to 82 nm.
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Experimental and theoretical study of nanowire FETbased on SOI

I.I. SolovieV}, I.A. Devyatov', P.A. Krutitskiy’, S.V. AmitonoV, D.E. Presno V.A. Krupenir?
1. D.V. Skobeltsyn Institute of Nuclear Physicsstdav State University, Moscow, Russia, isol@physrms
2. M.V. Keldish Institute of Applied Mathematicfyddow, Russia 3. Physics Faculty, Moscow Statedusity,
Moscow, Russia.

Over the last decade the semiconductor nanowire field effaetistors (NWFETS) were extensively studied
experimentally and theoretically. Large surface to volume aitthe nanowire allows achieving the record
sensitivities, e.g. 40e(H2)°° [1] at 25K (e is electron charge) that is orders of magnitude grelaer the
ones of conventional FET and nanomechanical systems. Opposed to highitvesesingle-electron
transistors [2] NWFETs could be easy operat~-

at room temperature that expands the area 0 -0.25
application.

In the work of Lieber's group [3] local S
bioprobe fabricated using VLS growing methc
was demonstrated. This probe was used
intracellular electrical recording from beatin . -
cardiomyocytes. Sensitivity to pH of thE
bioprobe was near the Nernstian limit £g
mV/pH. One year earlier this group reportea
about investigation of traditional planar ¢
biosensor with sensitivity of 30 mV/pH [4] tha  -1.25
is more typical for silicon ion selective field
effect transistors [5]. It was shown that char
sensitivity of the sensor in sub-threshold regir & T L T T o o

is about tens of. Despite the outstanding resul Time, s

of the works [3, 4] it can be noted that the USFig 1. Sj NWFET response to chga in buffer solution pt
fabrication methods are incompatible Wilaccording sensitivity is 59 mV/pH.

traditional semiconductor electronics fabricatic..

technique.

We fabricated Si NWFET using standard semiconductor electronicsdtbn technology starting from SOI
wafer. Results of pH measurements in liquids showed thaitiggynsof our sensor is also close to the
Nernstian limit 59 mV/pH (see Fig. 1) which can be compared tbéelter samples fabricated using VLS
growing mechanism. It was shown theoretically that our simgliéehnology for fabrication of contacts to
NW that implies Schottky barrier formation in the contactaadees not affect noise spectral density of
current flowing in NW channel. At the same time the technolalifyws to eliminate excessive steps of
doping with subsequent activation. Using theoretical model of imatetl device we estimated modulation
of NW channel surface charge according to observed changedoatance during pH measurements. This
estimation showed that for sub-threshold regime the chamsgtisity of our sensor is of an order ofel
This means that characteristics of devices fabricated tgpidown approach can be quite comparable or
even better than the ones fabricated by bottom-up a method thay {gemising from the point of view of
further steps to mass production of such devices.

We thank M.Yu. Kuprianov, and A.V. Semenov for fruitful discussions.

The work was supported by RFBR projects 11-02-12122-ofi_ m, 11-07-0074&rapect of Russian
Ministry of Science, grant # 16.513.11.3063.
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1. J. Salfi, 1.G. Savelyev, M. Blumin et al., Nature Nanotehnolbgy,737, 2010.
2. H. Brenning, S. Kafanov, T. Duty et al., J. Appl. Phi8Q 114321, 2006.

3. B. Tian, T. Cohen-Karni, Q. Qing, et al., Scier8%,p.830, 2011.

4. X.P.A Gao, G. Zheng, Ch.M. Lieber, Nano Let0, p.547, 2010.

5. R.E.G. van Hal, J.C.T. Eijkel, P. Bergveld, Sens. Ac2425 p.201, 1995.
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Instability-driven terahertz emission and injection locking behavior
In an asymmetric dual-grating-gate HEMT with a vertical cavity
structure

T. Watanabe, T. Fukushima, Y. Kurita, A. Satou, T. Otsuji
Research Institute of Electrical Communication, Tohoku University, Sendai, Japan, watanabe@riec.tohoku.ac.jp

Two dimensional plasmons (2DPs) in high electron mobility transistors (HEMTs) have attracted much
attention due to their nature of promoting emission/detection of electromagnetic radiation in the terahertz
(THz) range [1-3]. The authors have developed THz radiation sources made with the authors’ original dual-
grating-gate (DGG) structures in the HEMT. So far a broadband THz emission has been obtained reflecting
multimode of coherent/incoherent plasmons [2]. To realize coherent monochromatic THz emission we
investigate the possibility of injection locked oscillation to the difference THz frequency component of
photomixed dual CW laser irradiation and to the instability-driven self-oscillation modes. By irradiating dual
CW laser with different frequency Af the radiation power at the Af component increases, attracting the
surrounding frequency components although complete injection locking was not obtained [3].

We newly introduce an asymmetric DGG (A-DGG) structure [4] and try the injection locking operation.
Numerical analysis revealed that the A-DGG structure drastically enhances the responsivity to the THz
irradiation as well as the instability of the 2D plasmon resonance by 4 orders of magnitude (Fig. 1) [4]. The
device consists of an A-DGG HEMT with a high-Q vertical cavity consisting of an Au mirror on the
optically polished back surface of the substrate and ITO THz mirror on top and has a nice Q factor with
finess values ranging from 20 to 60. We first observed its free-running emission spectra using Fourier
transform infrared spectroscopy (Fig. 2). The gate bias Vy for the narrower grating fingers is set at 0 V
whereas that for the wider ones Vg, is varied from 0 V to —0.55 V (approaching the pinch off). With
decreasing V. in negative the confinement of the 2DPs is reinforced, promoting the plasma instability under
DC drain biased conditions. We confirmed clear asymptotic behavior of injection locking at 3.54 THz which
is estimated to be the third harmonic 2DP mode. The frequency synchronization and the injection locking
will be further accelerated by injecting the photomixed dual CW laser radiation.

[1] M. Dyakonov and M. Shur, “Detection, mixing, and frequency multiplication of terahertz radiation by
two dimensional electronic fluid,” IEEE Trans. Electron Devices, 43, pp.380-387, 1996.

[2] T. Otsuji, Y. M. Meziani et al., “Emission of terahertz radiation from dual-grating-gates plasmon-
resonant emitters fabricated with InGaP/InGaAs/GaAs material systems,” J. Phys.: Condens. Matters 20,
384206, 2008.

[3] T. Watanabe et al.,” Terahertz injection locked oscillation in plasmon-resonant transistors,” MOC'11 17th
Microoptics Conference Digest, D2, 2011.

[4] V. V. Popov et al., “Plasmonic terahertz detection by a double-grating-gate field-effect transistor
structure with an asymmetric unit cell,” Appl. Phys. Lett. 99, 243504, 2011.
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Fig. 1. Device structure of the asymmetric dual-gragting-gate (A-DGG) Fig. 2 Emission spectra of the A-DGG
HEMT (left) and enhancement of the responsivity as a function of the HEMT as a function of the bias for G..
asymmetric facter d,/d,, the ratio of the distances between G; and G, The biases for Drain and G; were fixed
(right). to 2V and 0 V, respectively.
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Formation of 3D high aspect ratio micro- and nanosuctures in Si by
plasma etching and thermal oxidation

l. Amirov?, V. LukicheV, M. IzyumoV, E. Zhikhare¥, V. Kal'no\.
1. Yaroslavl Branch of the Institute of Physics ded¢hnology, RAS, Yaroslavl, Russia.
2. Institute of Physics and Technology, RAS, MosBussia

We consider etching of high aspect ratio (HAR) trenches (A an8l)single Si pillars (A = 23) (Fig. 1) in
ICP plasma ¢Fg/SFs. Aspect ratio dependent etching (ARDE) effect and ion soajtérom side walls
influence on a profile shape of HAR are discussed.

Date:28Sep 20111 m WD= 7.4m Signal A= InLens y rig
Time :17:21:42 = ScanSpeed=10  Width=1001pm ¢,

SUPRA 403161 Mag= 173K X
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009 mbar  System Vacuum = 7.47e 006 mbar

Date :29 Dec 2009200 nm WD = 8.3 mm Signal A=InLens  Mix Signal=00000  Brightness= 2.0%
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'SUPRA 403161 Mag= 6084 KX lxing = Off
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Fig. 1. SEM micrograph of HAR trench (a) and single nano-pillar (b) stestur

With the use of ARDE effect and eventual thermal oxidatiamaan produce elements for micro- and nano-

optics (micro-lens).

We present examples of suspended silicon microstructures and hollow 3Dithn&gEywalls.
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Kinetic characteristic of electron impact processesin BCl;

A. Efremov , V. Plotnikov, V. Svettsov
Ivanovo State University of Chemistry & Technology, Ivanovo, Russia, efremov@isuct.ru

Recently, the BCls-based plasmas are widely used in micro- and nanoelectronics technologies for the dry
patterning of oxide materials or materias covered by the native oxides. Chemically, this works through the
action of unsaturated BCI, radicals which are able to destruct the oxide bonds and to hold the oxygen in a
form of BCI,Oy compounds. However, though the practical use of the BCls-based plasmas has evident
perspectives, the development and optimization of the etching process is retarded by the insufficient
knowledge on the plasma chemistry in this system.

Plasma modeling is an effective tool to analyze plasma chemistry as well as to obtain the information on
plasma parameters and densities of plasma active species. The accuracy of modeling depends on the quality
of the input data set, and the question of the principa importance is the list of the electron impact processes
included in the model and their kinetic characteristics.

The goals of this work were to compose the full list of electron impact processes for BCl; molecule, to
optimize the corresponding cross-section set using the comparison of model-predicted and measured electron
gas characteristics (drift rate, attachment and ionization coefficients) as well as to analyze the contribution of
various processes into the formation-decay kinetics for plasma active species. For this purpose, we used the
O-dimensional steady-state plasma model based on the Boltzmann kinetic equation. The Boltzmann kinetic
equation was solved using the finite-deference conservative scheme without accounting for both electron-
electron collisions and the second-order impacts. The accuracy of solution was controlled through the
electron energy balance. In order to obtain the steady-state reduced electric field strength (E/N) and the
densities of charged species, the self-consistent modeling algorithm was applied. Here, the Boltzmann
equation was combined with the plasma conductivity equation for the conditions of the dc glow discharge,
kinetic equation for negative ions and quasi-neutrality conditions for densities of charged particles as well as
for their fluxes to the reactor wall. As the self-consistency criterion, we used the formation-decay balance for
€lectrons with the approximation of “effective’ diffusion coefficient.

Table 1 shows the list of inelastic processes with corresponding threshold energies which have the principal
influence on electron energy distribution function (EEDF) and related plasma parameters.

Table1
R1 BCl; +e— BCl3(V1,2) +e 0.06eV | R6 BCl; + e — BCl,+ CI -
R2 BCl; +e— BCl3(V3) +e 0.15ev | R7 BCl;+e— BCl;' + 2e 12.0eVv
R3 BCl; + e — BCl3(V4) + e 0.03evV | R8 BCl;+e— BCl, + Cl + 2e 13.2eV
R4 BCl;+e— BCl,+Cl +e 4.6 eV R9 BCl;+e— BClI"+Cl, + 2e 19.2 eV
R5 BCl;+e—BCl+Cl, +e 57¢eV R10 BCl;+e— BCl,+Cl" + 2e 17.1eV

It was found that the basic set of cross-section from Ref. [1] provides a satisfactory agreement between
cal culated and measured electron drift rate and attachment rate coefficient. For the E/N = 10"°-5x10™" Vem?
the dominant electron energy loss comes from R1-R3 because of much higher cross-sections compared with
the rest processes. However, for E/N > 5x10™ Vem? the contributions of R4 and R5 in the medium part of
EEDF became to be noticeable. The much lower energy losses for R6—R10 allow one to assume the EEDF to
be independent on the electron formation-decay kinetics in bulk plasma. The rate coefficients for R4 and R5
were found to be quite close, so that one can expect a close generation rate for BCl,, BCl and Cl species.
Therefore, the repeatedly reported fact that [Cl] > [BCl,] > [BCI] is probably provided by various decay
kinetics (various sticking coefficients and recombination probabilities) for mentioned species.

Among R7-R10, the highest rate coefficient is for R8 because of higher process cross-section compared with
R7 (~6x10° and 1.5x10™® cm? at 30 eV, respectively). This explains the numerous results of BCl; plasma
diagnostics where the BCl," ion was found to be the dominant positively charged particle. The steady-state
E/Ns in BCl; are comparable with those in Cl, plasma under the same operating conditions. The reason is the
threshol d-less dissociative attachment of electrons to both molecules.

1. L. G. Christophorou and J. K. Olthoff, “Electron interactions with BCl3", J. Phys. Chem. Ref. Data, 31,
pp.971-988, 2002.
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Plasma emission spectra in CGF,/Ar gas mixtures

D.B. Murin, V.I. Svettsov, A.M. Efremov, A.E. Leveov
Ivanovo State University of Chemical Technologsnbwxo, Russia
efremov@isuct.ru, svetsov@isuct.ru, dim86@mail.ru

The mixtures of chlorine-containing chemically active gasds, BCls, HCI, CCLF,) with inert
gases (Ar, He) are widely used in “dry” etching technolofpespatterning of metals and semiconductor
layers in integrated electronic device structures. All tigeses produce Cl atoms during their dissociation in
plasma, and the Cl atoms form the volatile compounds with manyriatsitesed in the micro- and
nanoelectronics technology. The optimization of the plasma etgnogesses needs to find an optimum
yield of chlorine atoms and thus, to provide an optimum combinatiacheiical and physical etching
pathways. To solve this problem, the optical emission spectroscopy (©&$lied frequently.

The aim of this work was to investigate the emission speft€CLF,/Ar as well as to analyze the
correlations between emission intensities and densities of plasvea gudicies.

The experiments were carries out in the ICP etching realztva® 100 HT with a magnetic plasma
confinement. The plasma was excited at 13.56 MHz. The processiaandiere: gas pressure (p) of 0.1-
100 mTorr, input power (W) of 500-1300 W, sample temperatujeo{R0-300°C. The CCJF,/Ar mixing
ratios were set by adjusting partial flow rates of puegaThe OES measurements were carried out using
the grid spectrometer AvaSpec in the wavelength range 200-1000 nneni$sion was taken by the
waveguide through the wall side viewport on the reactor chamber.

Experiments showed that the emission spectrum of CCI2F2/Ar plasntains both atomic and
molecular components. The most intensive maximums with no overtappih their neighborhood are ClI
(438.99, 452.6, 725.67, 837.82 nm), C (247.62 nm), F (685.48, 703.76 nm), Ar (811.76, 912.26 nm) and
band: C} (256.4 nm), CCl (277.78, 278.46 nm). Fig. 1 and 2 show the dependence of theieatehsite
emission lines of atomic chlorine and chlorine molecules, anbahds of the radical CCl on the RF power
and gas flow rate.
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Fig. 1: Dependence of radiation intensity on the powéig. 2: Dependence of the intensity of radiation from the
deposition, a mixture of refrigerant R-12 to argbly. = and gas pressure, a mixture of refrigerant R-12r¢mn
200 Wi, total gas pressure of 2.4 mTorr) (W = 1150 Wt, Y, = 200 WHt, the ratio of gases 50/50%)

Intensity of lines and bands of chlorine-containo@mponents, and, consequently, their relative
concentration increases with increasing of power dwes not depend on the bias voltage. Effect of
pressure and gas flow rate on the radiation intyrscharacterized by peaks at 3 - 5 mTorr and gas
flow rates of 60 - 100 cimin, this is due to the fact that at low pressuhesdominant factor is the
increase in concentration of parent molecules,arfdgh pressures becomes a major factor in loss
of the electron density and, consequently, decréeeseate constant of the excitation process.
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Poly- and nanocrystalline silicon films
formed by PECVD for micro- and nanodevices

E. Gusev, R. Velichko

Taganrog Institute of Technology — Southern Fed¥ralersity, Taganrog, Russia, eyugusev@gmail.com

A polycrystalline silicon is now days widely used to construct modern micro- and visexjesolar cells as
well asMEMS and NBMS [1]. This material has been being used in technological and satl#yges. One
of the polycrystalline silicon obtaining methods is PECVD as a whole [1].

The present research work introduces the conditions of polycrystsilicen layers manufacturing which is
giving us the ability to obtain polycrystalline silicon films with thgstalline size (grain size) from 100 nm
to 250 nm as well as nanocrystalline phase with the crystal size from 40 nm t0.100 nm

Plasma chemical polycrystalline silicon deposition was performed indst with a monosilane restore
reaction in argon environment. The process took place in the camera atgpoéds2 Torr, the Ar and SiH
flow was kept at 450 and 50 sccm respectively, the process temperatedefrari 823 K to 973 K, at
power supply from 20 to 40 W [2]. The layer thickness obtained was obsernedvitthin the range from
750 nm to 1000 nm at the deposition rate on the of order 100 nm/min.

By means of reflection high-energy electron diffraction (RHEED)i$ Wound and indentified the existence
of amorphous, nano- and polycrystalline structure of layers obtained (Fibgelexistence of the above
mentioned phases was proved by ellipsometry (the refractive index val@stwaated to be within the
range from 3.5 to 5.2). It was clearly established that the structure sfdiltained changes with
temperature increase in the following way: amorphous phase — nandicysthhse (813 K) —
polycrystalline phase (883 K).

The grain size and the root-mean square (RMS) roughness were determéteohibyforce microscopy
(AFM). Fig.2 shows the polycrystalline silicon film image. AFM datalgsis clearly showed the grain size
increased three times with the temperature increase from 773 K to 973 &thveliRMS roughness
increased by 1.4 %. The grain size and RMS roughness increased by 8.5% and tvwespewwely with
the pressure increase from 1 to 2 Torr. The prolongation of the prooes$d to 20 minutes also tends to
increase the grain size and RMS roughness values by 14.6% and 20% respectively

Thus the grain size and RMS roughness of the surface of the samplesditaia determined to be within
40 — 250 nm and 0.5 — 4 nm respectively. Deposition conditions of poly- and nanocrystadiomefiifis

with the grain size of order 100 nm and RMS roughness of 3.5 nm were obtained and emgindibr
MEMS and NEMS device construction and manufacturing.

W & oty & 1 e e nm
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C)
Figure 1 — RHEED images of the
silicon films a) amorphous; b) nano-; Figure 2 — AFM images (left, 2x2 pm) of polycrystalline film
c) polycrystalline

1. P.J. French, “Polysilicon: a versatile material for Microsyste®ensors and actuators A: Physiéal,
pp.3-12, 2002.

2. R.V. Velichko, V.A. Gamaleev, A.S. Mikhno, “The investigation of PECVD conditionpdlysilicon
film obtaining for micro- and nanoelectronic devices”, V.V. Titov ed., pp.178-179 RF_Publishers,
Rostov-on-Don, 2012 (in Russian)
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Etching characteristics and mechanisms of Mo and Al,Os thin filmsin
inductively coupled Cl.,/O,/Ar plasmas

K.-H. Kwon?, K. Kim?, Y -H. Ham", A. Efremov®
YKorea University, Chungnam, Korea, kwonkh@korea.ac.kr, hamcos@paran.com
9Spgang University, Seoul 121-742, Korea, kimks@sogang.ac.kr
9vanovo State University of Chemistry & Technology, Ivanovo, Russia, efremov@isuct.ru

Recently, many new materials have been used in micro- and nano-electronics technology as substitutes for
conventional materials, and have achieved improved device characteristics. Particularly, the Al,O; is the
promising material to be used as the gate dielectric instead of SO, while the Mo is an appropriate el ectrode
material, which can be easily combined with Al,Os. Thus, the optimization of the dry etching process for
both Mo and Al,Osthin films is important in achieving accurate pattern transfer and stable device parameters.
However, the task of optimization cannot be solved without the knowledge on the process mechanism.

The gas mixtures composed from the chemically active (halogen-containing) gas and noble or molecular
additive gas are the widely used systems for plasma-assisted patterning of both metal and semiconductor
layers. The main advantage such systemsis that the gas mixing ratio gives an additional tool to adjust plasma
parameters and composition and thus, to optimize the etch result.

The main goal of this work was to analyze the influence of Cl,/O./Ar mixing ratio on etching characteristics
of Mo and Al,Ozthin filmsin order to determine the etching mechanism as well asto find an optimal process
conditions.

Mo thin film with a thickness of ~150 nm was deposited on the Si (111) substrate by RF magnetron
sputtering. The Al,O; films with a thickness of ~170 nm were aso grown on the Si (111) substrate by the
PEALD method using H,O and Al(CHj3); as the working gases. The experiments were carried out in a planar
inductively-coupled 13.56 MHz plasma reactor. The process conditions were: gas pressure (p) of 6 mTorr,
input ICP power (W) of 700 W and bias power (Wy) of 200 W. The initial gas mixture compositions were
set by adjusting the partia gas flow rate of the components within p = const. Langmuir probe diagnostics
provided the data on electron temperature (T¢), ion current density (J) and total positive ion density (n.). In
order to determine the densities and fluxes of plasma active species, the smplified global (zero-dimensional)
plasma model operating with volume-averaged plasma parameters and a Maxwellian approximation for the
electron energy distribution function was applied. The model directly involved the experimental data on T
and n, asinput parameters.

It was found that the dilution of Cl, by Ar without the oxygen results in similar non-monotonic behaviors of
both Mo and Al,O; etching rates. The Mo etching rate maximum is ~160 nm/min and is located at 50-60%
Ar. The Al,Os etching rate maximum is ~27 nm/min and corresponds to 20-40% Ar. In both cases, a more
than twofold increase in the etching rate compared with pure Cl, plasma takes place. The model-based
analysis of etching kinetics allows one to conclude that the etching process occurs in a transitional regime of
ion-assisted chemical reaction (no direct correlation with the behaviors of both Cl atom and ion fluxes is
obtained) while the non-monotonic etch rates result from the concurrence of decreasing Cl atom flux and
increasing ion energy flux. The last accel erates the ion-stimulated desorption of reaction products and rapidly
increases the fraction of free surface acceptable for chemical reaction.

The addition of O, to the Cl./Ar gas mixture causes again the non-monotonic Mo etching rate while the
Al,O; etching rate decreases monotonically. Accordingly, the maximum Mo/Al,O; etching selectivity of
~35-37 is obtained at 40% O,. Plasma modeling showed that the fluxes of Cl atoms and positive ions on the
etched surface change monotonically in one and the same direction. Therefore, the non-monotonic Mo
etching rate can be connected only with the changes in the heterogeneous etching chemistry, and namely,
with the change in the reaction probability. The reasonable assumption is an increase in the reaction
probability with increasing O, mixing ratio due to the formation of high volatile Mo oxy-chlorides. In the
framework of this assumption, the non-monotonic Mo etching rate results from the concurrence of increasing
reaction probability and decreasing flux of Cl atoms. Therefore, the addition of O, influences the Mo etching
mechanism only and serves for increasing Mo/Al,Os etching selectivity.
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Instrumented wafer as a Langmuir multiprobe tool for lateral plasma
homogeneity measurements in processing plasma rearct

A. Miakonkikh, S. Lisovsky, M. Rudenko, K. Rudenko
Institute of Physics and Technology, Russian Acgd#rgciences, Moscow, Russia, miakonkikh@ftian.ru

Introduction of new materials, processes, and process gase®ll as tightening of requirements, and
tendency to use wafers of high diameter lead to constant efforts in fielgraiviimg existing plasma sources
and designing of new types. Homogeneity of process parameterplésigna particles densities, electron
temperature, etching rate etc.) is one of the most dritezpuirements to commercial plasma tools. The
problem is complicated because the homogeneity as well as othengpars of the discharge depends on
pressure, gas, and applied power. This means that fast, nonpertuabatikaiable methods of diagnostics
of the process homogeneity are still to be developed. Common wdiitsis of reactors are hardly allows
any spatial-resolved methods of generally used diagnostics. Readafited for processing reactors method
of emission plasma tomography [1] still needs two optical windowls perpendicular orientation, which
not always in hand. Though usual Langmuir probe method is suitatieelasurements of local parameters
(electron temperature, density of electrons and ions, plasma pbteitsi positioning over wafer area is
barely possible. Another problem arising in processing plasmaenismination of probe surface with
dielectric films.

Recently developed technique of Dynamic Langmuir probe allows progrhlansleaning of probe
surface with flow of positive ions during measurement cycle T2le same electronic equipment and
modified program could be used for realization of instrumented vwefanique of Langmuir measurements
of plasma homogeneity in wafer region of reactor.

In the present work we present Langmuir multiprobe for spatiefiglved measurement of electron and
ion concentration, electron temperature and space potential én tkeditment area of reactor. Multiprobe is
a round fiber-glass plastic plate with round copper electrodesiggddby standard printed circuit boards
technology. It is placed on wafer holder during experiment, witttreldes connected to multichannel V-
curve measuring circuit of our own construction. Surface oftreldes is covered by nickel to prevent
sputtering and contamination of reactor. Conductive wires betywesye and connector is protected by
polyimide. Special measures were taken in order to insure as&ahility and high tolerance of probe to
plasma treatment. Direct measurements showed that tempeoétptate do not exceed 100C during 5
minutes process with applied power of 600 W.
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Fig. 1. Lateral distribution of plasma density @ctor for He plasma at 500 W, 7 mTorr'@icni).

Test measurements were performed in our plasma implantaator in Ar and He plasmas. To
check sensitivity of method to perturbations we also medshognogeneity of plasma produced with
modified (asymmetric magnet confinement system) and asymngaisicupply. Experiment shows higher
degree of homogeneity for Ar plasma, and strong adverse effeetacfor asymmetry for homogeneity.
Theoretical calculations prove plane probe theory to be adegutte case. Issue of probe contamination
with oxide film leading to current decay was correctly adskdsby in situ probe cleaning procedure by
accelerated positive ion flow.

1. K.V. Rudenko, A.V. Fadeev, A.A. Orlikovsky, K.A. Valiev, "Tomographicamstruction of space
plasma inhomogeneities", Proc. of SF3E01, pp.79-85, 2004.

2. A. Miakonkikh, K. Rudenko, "Measurement of polymerizing fluorocarbdasmpa parameters”,
Proceedings of SPIB26Q 62600A, 2006.
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Method of saturable absorber fabrication by PECVD & carbon
nanostructures on optical fibers

A.E. Mironov, S.V. Dubkov, D.G. Gromov
National Research University of Electronic TechiggloMoscow, Russia
E-mail address: mironov.mae@gmail.com, sv.dubkov@gmom, gromadima@gmail.com

Recent years witnessed great interest in studying carbonmmagerials, i.e. nanotubes, fullerenes and
diamond-like films, due to their high application potentiality. Bheanomaterials feature unigue structural,
mechanical and electric characteristics. Chemical vapor dgpo$CVD) is the most common synthetic
procedure of carbonic nanostructures owing to its simplicity and econoemefits in the process of
carbonic nanostructures synthesis. Usage of plasma during chewgpeal deposition (PECVD) makes it
possible to decompose carbon-bearing substances and to lower theaterapef synthesis of carbon-
bearing nanostructures.

One of the interesting features of carbon nanostructurgaatghey can act as passive Saturable Absorber
(SA). A saturable absorber is a nonlinear optical materialbtbeomes more transparent as the intensity of
light falling upon it increases. Passive saturable absorb@rde integrated into laser systems to provide
mode-locking and into fiberoptic systems for passive opticanegtion. Such lasers operate with short
pulses about pico- and femtoseconds and have a lot of applicatiangromachining, medicine. The
traditional saturable absorber is a multilayer semicomdigttucture that requires expensive equipment for
fabrication to reduce the device's saturation recovery time fihe nanosecond to the more practical
picosecond range.

Recently it has been showed that carbon nanostructures offmalskey advantages such as: ultra-fast
recovery time (<lps), polarization insensitivity, high optical dgen threshold, mechanical and
environmental robustness and chemical stability.

Some recent papers represent several technologies thatthéiofabrication of mode-locked fiber lasers
using carbon nanostructures as SA. For example, in [1] authorsatelorithin polyvinyl alcohol films
containing carbon nanotubes and placed them between two FC/ARCcdibeectors. In [2] authors
proposed a method for the integration of graphene and carbon nanotubefbietdearule using an optical
deposition technique allowing to deposit nanostructures directly ocotieeof a fiber edge and in tapered
fibers.

In this paper we represent low temperature PECVD method of caréootubes and carbon tubular
structures deposition on the tip of the optical fiber. BefoeeRECVD process optical fiber was cleaved at
zero angle. For nanotubes formation we used a catalystdhiwith thickness of several nanometers and
carbon tubular structures were deposited directly on the clddber using the method that we mentioned in
our previous work [3]. In both of this processes we used CO+H2 gasrenand temperatures lower than
400°C. After the deposition samples were tested using a broadlaind dight source and IR optical
spectrum analyzer. Measurements showed that samples haveiabgoepk at spectral range near 1500 nm
which corresponds to erbium doped fiber spectrum. For obtaining satatadmrption the thickness of our
samples still should be adjusted corresponding to the pump source power.

1. S.M. KobtsevS.V. Kukarin, Y.S. Fedotov, “Mode-locked Yb-fiber laser with saturablerées
based on carbon nanotubesaser Physic21, pp.283-286, 2010.

2. A. Martinez, K. Fuse, Bo Xu, S. Yamashita, “Optical deposition of graphene eh@hazanotubes
in a fiber ferrule for passive mode-locked lasing”, Optics Expfeggp.23054-23061, 2010.

3. S.V Dubkov., S.A. Gavrilov, D.G. Gromov, G.A. Krasulin, “Low-Temperature Peooéthe
Formation of Tubular and Graphene Carbon Structures”, Semicondyé&opp,.1705-1708, 2011.
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Plasma molding in deep silicon reactive ion etching

O. Morozov
Institute of Physics and Technology RAS, Yaroslemch, Russiamoleg1967 @yandex.ru, 150007

In the time multiplexed deep silicon etching (TMDE) for a noédectromechanical system (MEMS), the
typical etch depths are in the range of 10-500 um. Lateral giz@shed features can vary from submicron
size tomillimeters When the substrate surface contains geometrical featkeeddep cavity the plasma-
sheath boundary will try to wrap around the contour of the cavitis iBhcalled plasma molding. The
resulting curved electric field lines can alter the one@nion trajectories, greatly influencing the ion impact
angle. The important length scales that control behavior ardatma-sheath thickness and the lateral sizes
and depth of the cavity [1, 2].

This work presents experimental study of the plasma molding effect ol étehehtilt. Silicon etching was
carried out with ICP TMDE etcher. Sj@nd Cr layers were used as the self-aligned etching nfaskse(.)
The deep cavities with widtifsom 200 um to few millimetergvere etchedising Cr/SiO, masks (fig. 1b).
The cavities depth varies from 50 um up to 1500 um. The arragrodwn trenches was etched through
patterned SigfCr mask (fig. 1c). Trenches slope angles were studied asdiumms the depth and the lateral
size ofcavities andlistance fronthe corner of the cavity step.

For cavity lateral size of 3000 um and more the tilted tres@t the corner of the cavity step are observed
(fig. 2). The tilts of the trenches reach its maximum at corner of theyteft and tend to vertical across the
distance of few millimeters. The grater cavity depth there trenches slope. Experimental trench slope
angle and calculated from simulation data on ion impact angbré¢lih good agreement under certain value
of the plasma-sheath thickness. The plasma-sheath thicknessleteamined by fitting theoretical and
experimental data. Narrow trenches are vertical indepen@leatvity depth if the cavity lateral size is 200
um. But the narrow trenches have asymmetrical bottom profildasito shown in figure 2. Distortion of
symmetry of ion angular distribution function is most likely to be the caidgs asymmetry.

Plasma molding can lead to undesirable distortions of the ettibetuses geometry. On the other hand the
presented scheme for etching silicon trenches at an anglergiwespportunity for sophisticated MEMS
design.

- ¢ 2 pn*
o it —
Fig. 1 Experimental process flow. In c) dashed lirfeg.2 SEM micrograph of etched narrow trencheshat t
denotesurvedplasma sheath boundary. upper right hand corner of the cavityhe cavity depth
was 205 um. The slope angle i$.84

1. D. Kim and D.J. Economou, "Plasma molding over surface topograjpmytagon of ion flow, and
energy and angular distributions over steps in RF high-depkigmas”, IEEE Transactions on Plasma
Science 30, pp.2048-2058, 2002.

2. D. Kim and D.J. Economou, "Plasma molding over deep trenches anesthiéng ion and energetic
neutral distributions”, J. Vac. Sci. Technol. A, pp.1248-1253, 2003.
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Investigation of plasma etching of Si and Si@through electron resist
ZEP-7000

Yu. Shikolenkd, A. AntonovicH, D. Lapirt, V. Lukichev?
1. MSTU MIREA, Moscow, Russia.
2. Institute of Physics and Technology, RAS, MosBassia

Plasma etching of nanometer sized features in Si angiSi@ great importance for IC’s fabrication. We
explored electron beam lithography (RAITH-150) for producing 100-nanomvéttr equal spaced strips in
electron resist ZEP-7000 spinned on Si and, $Fly. 1). That type of resist is more plasma resistamt tha
conventional PMMA.

@ (b)
Fig. 1. Developed ZEP-7000 on Si (a) and Si9). Resist thickness 100 nm.

Those samples were etched in PlasmalLab-100 (Oxford Instr. Bgt®, mixture (50/5 sccm) at pressures

30 — 80 mTorr for 30 s (Fig. 2).
R T R S

D6 = 194.0 nm D4 =126.7 nm D1=67.30m

D1=144nm

SEM HV: 10 kV WD: 9.17 mm MIRA3 TESCAN|

View field: 1.51 ym Det: BSE 200 nm
SEM MAG: 287 kx  Date{m/dly): 08/17/12

(b)

Fig. 2. Cross section of etched samples on Si (a) and(I5iO

As a result etch parameters should be optimized, and work is in progress.
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Determination of alloy composition in GgSi,.,/SIO,/Si microstructures

B.Ya. Ber, E.I. Belyakova, D.Yu. Kazanzev, L.S. Koa, A.N.Smirnov, N.M. Shmidt
loffe Physical Technical Institute, Russian Academ$ciences Petersburg, Russia Natalia. Shmidt@ioféel.ru

Determination of alloy composition in individual layers mngplex semiconductor structures is essential for
the calibration of growth or annealing processes and contrdleoélectrical and optical properties of the
devices based on these structugicrostructures GeSiy/SiO, /Si (SiGe-on-insulator, SGOI) are presently
used to fabricate field-effect transistors (FET). On¢hefissues is to increase the Ge concentration on the
surface of GgSiy.x alloy, which is important to significantly improve FET paraenef1]. Express control of
alloy composition and Ge profiling along rather thick (i) Geg Siy« layers after growth or annealing
process is essential to achieve this task. The majority afdd@ional methods allow one to examine Ge
distribution in thin films (< 1000 nm), with the etching process beised to examine Ge distribution for
thick films [2]. In this paper Raman spectroscopy with highluti®m on split of microstructures was used
for express control of G&i,, alloy composition.
Two sets of SGOI microstructures under study were obtained via directhveaiging (DWB) of oxidized n-
Si (111) wafers with Ge5i« (x = 3 and 6 at% of Ge) wafers, the latter were thinned up fodfter DWB
[3]. To increase Ge concentration on the surface B¢ the annealing process was applied using Raman
spectroscopy for express control of,&&., alloy composition. The Raman measurements were carried out
using lines from an Ailaser and a triple monochromator with a diode array detédterincident excitation
was focused through and the scattering light was collected bicrascope. The laser spot on split of
microstructures with the line width of less than 1um and theHesfghbout 1 millimeter as well as the spot
transference along the split were realized. To determineSiggealloy composition, the first-order Raman
spectrum was studied. It contains the three strong first-omdes due to nearest neighboring Ge-Ge
(288.44crit), Ge-Si (406.64 cif), and Si-Si (520.0 ci) atomic vibrations. According J.C.Tsang [2], the Si-
Si phonon frequencyys(x) depends on x as in the following formula:

ws(X) = 520.0 — 68 1)
Thus, the GgSi;., composition was determined from the equation (1) and Ramaroshiife Si-Si phonon
frequency at several points along the split of SGOI miarotires from both sets before and after different
conditions of annealing process. The measurements of Raman shifictatspot were carried out
automatically for several minutes on Jobin -Yvon Hariba T 6400@liasbn. The results of express Ge
profiling were verified by means of Secondary-lon Mass Spediry (SIMS) on IMS 4F CAMEC
installation with several steps ofy®n depth etching. Both methods have demonstrated good correlation of
data on GgSi; alloy composition on the surface and at different depths. As ult,réise express Ge
profiling along the split of SGOI microstructures allowdita the optimal annealing conditions and obtain
SGOI microstructures with G8iy 4 alloy (for the first sek = 8.4 at% on the surface ard 6.5 at% at the
depth; for the second set at.5.4 at% on the surface axd 3.4 at% at the depth) rather fast. Moreover the
express control of alloy composition along the split of microatrest can be used to study the internal
boundaries.

1. Z.-Y. Cheng, M.T. Currie, C.W. Lei& al., “Electron Mobility Enhancement in Strained-Si n-MOSFETSs
Fabricated on SiGe-on-Insulator (SGOI) Substrate”, IEEE Electron @¢v,22, pp.321-323, 2001.

2. J.C. Tsang, P.M. Moonegt al, “Measurements of alloy composition and strain in thipShe layers”, J.
Appl. Phys.,75, pp.8098-8108, 1994.

3. V. Grekhov; L.S. Kostina; T.S. Argunowt, al, "Structural and electrical properties of SGOI substrates
fabricated by direct bonding”, Semiconductat4, pp.1101-1105, 2010.
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Monitoring of resonant-tunneling diode growth
by reflectance anisotropy spectroscopy

|.P. Kazakov
P.N. Lebedev Physical Institute of Russian Acaden$ciences, Moscow, Russia,
E-mail address: ipkazakov@yandex.ru

Optical reflectance observation methods, in particular, refleetanisotropy spectroscopy (RAS), have been
widely used in resent years for in situ real time analyktbe heterostructures growth. In the technology of
MBE, RAS is a good supplement to widely used RHEED due to the faljolenefits: submonolayer
sensitivity to chemical bonds, non-destructive effects on thecgyrfarge depth-sensing, electromagnetic
immunity. In the present work, the possibility of growrthsitu monitoring was studied for heterostructures
with ultrathin films (few monolayers thick), such as the resonant-turqndiode (RTD).

Heterostructures for RTD with the AlAs 2.3 nm/GaAs 4.0 nm/AlAB 2m active zone were grown by
MBE. Various stages of RTD heterostructures growth were extutdly RASIin situ (EpiRAS IR TT
spectrometer). Time dependences of reflectance anisotrof0@onm and 950 nm light waves and RAS
spectra in the range 500 — 1000 nm were analyzed. Obtained dependeaclysindicated different
processes occurring on heterostructures surface during growtle deibrption, surface reconstruction
transition, changes of surface roughness.

Figure shows the difference RAS spectrum obtained by subtrabengpectrum takeim situ before the
formation of the active region of RTD and immediately after it growithg substrate temperature of 600 °C.
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It is seen that in the 1.7 eV the difference spectrum has a featurerthes icéerpreted as the result of the
appearance of the active region of RTD. Position of the spectraldeathifts in energy, depending on the
width of the QW. The amplitude of the features reflects the value afiketropy, which is defined by
different structure of the direct and inverse heterointerfaces aindtiadity. This kind of spectrum will help
to make the necessary conclusions about the quality of the heterostrutiaresry important that this
information comes directly in the MBE process.

The research was supported by Ministry of Education and Scierie o6tate Contrad{e16.513.11.3079,
RFBR grants\e 11-02-00432-ai\e 11-02-12133-0ofi-m.
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Quality control of SOS structures by means of surfee photovoltage

S.V. Kozlo, V.M. Maslovsky
1. The company OJSC "Angstrem", Zelenograd, RuSsiaail address nelidovec@mail.ru. 2. The compadg©
"Angstrem-M", Zelenograd, Russia, E-mail addressnaaslovsky@mail.ru.

A non-invasive method of monitoring the quality of the structul@gion sapphire (SOS) is developed. For this,
the surface structure of the CND illuminated by rectangulasesubf UV radiation is recorded in digital form the
signal surface photovoltage (SPV), using a non-contact capagitiogode. The pulse duration of exposure should
be substantially longer than the leading edge of the signdhartine between pulses should be longer the trailing
edge.
To correct the registration of the amplitude and shape of the ple constant of the PPE measuring circuit must
be greater than the total duration of this pulse. At high intensity pulsesargmfadiation (~ 50 mW/chor more)
sets the saturation regime, when the quasi-stationary valuB\bfisSalmost identical with the surface potential.
This makes it possible to use direct oscillographic signal SPV tawatethis parameter.
The paper presents a block diagram of apparatus for signal detewid various types of SPV signal with SOS
structures (fig. A).

5 &

77
T e
1/ Q/HK 3
Fig. A. Block diagram of apparatus for recording signals SRW'dble 2 -semiconductor wafers, 3 - transparent
capacitive electrode, 4 - pulse generator; 5 - Laser LEEé fiber, 7 - high impedance instrumentation amplifier,
8 - digital oscilloscope.

It was established experimentally that the leakage custamttures are correlated with the magnitude of SPV (fig
B).
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Effective probe for scanning electron microscope

Yu.V. Larionov, Yu.A. Novikov
A.M. Prokhorov General Physics Institute, Russiaademy of Sciences, Moscow, Russia, nya@kapella.gpi

Scanning electron microscope (SEM) is widely used for vissgleiction of micro and nanostructures and
for its linear measurements. Parameters of an electron pucheas primary electron energy, probe size,
angles of divergence and convergence, probe focus depth and othemaimreharacteristics of a SEM.
However, values of these parameters are not sufficienthéoicorrect interpretation of a SEM image to
conduct measurements due to existence of secondary electE)ribgBare emitted by a sample surface and
are collected to form a sample image. The SEs are geddratprimary and backscattered electrons (BSE).
Thus it is necessary to use for modeling effective probg @8R its effective parameters instead of one
formed only by primary electrons.

One can represent an electron density distribution in th@€E® sum of the two distributions namely a
narrow and a wide ones. A qualitative picture of a distribution is shevEig. 1. The narrow part of the EP
distribution and its parameters are associated with primacgrehs (the curvé at Fig. 1). The wide part of
the distribution (the curv@ at Fig. 1) and its parameters are associated with backschttlectrons. The
dash lines at Fig. 1, Fig. 2 represent the null level of these densitigudions.

1 1
2 e | S
_‘—m—{%&“}xb \2
Figure 1 Figure 2

During a long time, an analysis of images formed by diffe&#i¥s working in SE and BSE regimes has
been conducting at GPl RAS. The images were formed by eleetiinenergy from 300 eV to 30 keV and

with a probe diameter from 10 to 300 nm from relief strigguwith the trapezoid profile etched in a
homogeneous substrate [1].

An analysis of information brought to a conclusion that an agreebetween computed and experimental
videosignals is not achieved when a probe electron distributibe isne showed at Fig. 1. For achievement
of this agreement one need to use the next form of a probe electron d@str{bag Fig. 2):

Fer (X’ Y) =1F (X’ Y)_ | 2FBSE(X’ Y),

whereF(x,y) is a function of an electron density distribution of a SEbbprFgse(X,y) — is a function of an
electron density distribution of a probe located at the @feaepth of backscattering; andl, are the
contributions of each of density distribution in the total d&ésity distribution, which are depended on
primary electrons energy and from an object material. ThedfBity distribution can allows to achieve an
agreement of experimental and computed signals almost for mdgtexh@ases. Causes of the density
distribution with negative level values and its physical meaning aceisiied in the paper.

The work was supported by RFBR grant (the project No. 11-08-01217).

2. Ch.P. Volk, E.S. Gornev, Yu.A. Novikov, Yu.V. Ozerin, Yu.l. Plotnikov, A.Molhorov, A.V. Rakov,
“Linear Standard for SEM-AFM Microelectronics DimensionaltMigy in the Range 0.01-1Q@m”,
Russian Microelectronic81, pp.207-223, 2002.
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Distortion of relief profile of a test object with nanometer sizes
due to contamination in SEM

Yu.V. Larionov, Yu.A. Novikov
A.M. Prokhorov General Physics Institute, Russiaademy of Sciences, Moscow, Russia, luv@kapellaugpi

Linear standards for SEM are subjected to prolonged and rdpefédets of electron beam in the same site
that results in formation of contamination film on the surfafceslief structures in the site. With the passage
of time, -afilm thickness can became comparable with the linear stdnglometric parameters in the
nanometer range and exceeds limits of a permissible ertbesé parameters. Because of this, the hottest
task is selection of the optimal regime of standard agjgican SEM associated with the minimum changes
of initial geometric parameters of a relief structure. @me of the paper is revealing distortions of structure
relief a test object (similar to the linear standardcstme relief) due to contamination in the scanned region
and selection of an area with the minimal distortions.

The figure shows the image (at TSE emission mode)
of a test object region (similar to the linear standard
[1] with the trapezoid profile) after it has been
scanned in a SENISM-6460during about one hour at

a current about 2 nA in the television mode. Sizes of
the scanned area are #25pm’ (indicated by the
white frame in the Fig.). Overall sizes of the distorted
area (is not shown at the Fig.) arex2® um?. The
darkish area in the ring form (see the Fig.) is an inner
part of the overall distortion area with the outer
boundary which is comparable-sized with the same
for contamination ring at a non-relief surface>&.5

; um?. The nominal value of a period of the grating is
Scanned ared g 2000 nm. The measured values of some pitches in and
1 near the scanned area are represented in the Fig.). As

Darkish area

: i D e One can see, some pitches of the grating are changed
S4800 20.0kV 8.7mm x12.0k SE(U) L due to contamination.

Figure

The non-uniform character of contamination around the scanned aredectpahange a pitch between
relief structures is described and explained in the paperpéndis on disposition of relief structures on the
surface of a standard. This character of contamination muské iteto account at repeated measurements
of geometric parameters of a standard in the selededusil at elaboration of a linear standard with some
measurable structures in one chip.

It has been found that the minimum distortion of a structur@edue to contamination was in the scanned

area, the maximum distortion of the one was discovered in thisllaiea (see Fig.). Tolerable distortions

of a structure relief in the scanned area appear as a ofseposure by relatively small doses and are
associated with conform changes of an initial trapezoid pridfileehen width of its slope base projections is

kept constant. A tolerable scans number of a selected piéadie on the degree of contamination of a linear
standard before scanning, a scan mode and a SEM type.

With increasing of exposure dose non-conform distortions of a strymtofile appears. In the above-cited
site (see the Fig.) a width of upper and down bases of trapezo®hsesr of 170 + 5 nm (standard
uncertainty) and respectively of 85 + 10 nm. In this case, a widilojpe base projections decreases of 42 +
10 nm. As a result, a metrological quality of a standard inehexted site disrupts. One needs to select a
new site of the standard for measurements or to remove the contamim@tivarh the surface of used site.

3. Ch.P. Volk, E.S. Gornev, Yu.A. Novikov, Yu.V. Ozerin, Yu.l. Plotnikov, A.Molkhorov, A.V. Rakov,
“Linear Standard for SEM-AFM Microelectronics DimensionaltMiogy in the Range 0.01-100m”,
Russian Microelectronic81, pp.207-223, 2002.
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An improved detection of the locally doped semicongttor regions
with the scanning electron microscope

N.A. Orlikovsky!, E.I. Rad, A.M. Tagachenkoy I.P. Vasyuk
1. Institute of Physics and Technology Russian &egdof Sciences, Moscow, Russia;
2. Moscow state university Physical department,ddos Russia; rau@phys.msu.ru
3. Institute of Nanotechnology and Microelectrorfusssian Academy of Sciences, Moscow, Russia;
4. Kharkov National University, Kharkov, Ukraine.

Since the time of the development of the first model of thardag electron microtomograph in the
scanning electron microscope (SEM) based on the toroidal spetgrofh], a need has emerged for its new
analytical and diagnostic possibilities in the microelectramea. In recent years the problem of definition of
dopant distribution in the scanning electron microscope has bexdapic of interest [2]. There is a high
need in nondestructive contactless and quantitative two-dimensiopaht profiling of modern large-scale
semiconductor devices. The SEM with the adapted electron epetar has emerged to satisfy this need
whereby it is possible to detect different energies fitered secondary electron (SE) signal and imaging
with high contrast of the p-type and n-type doped regions.

Fig.1 shows the image of the n-type Si-crystal with the pdiypal doping (implanted B) levels *0
cm’. In the standard SEM with the Thornly-Everhart SE detector the cobétageen n- and p- areas is very
low (Fig.1, a) whereas in the SE-filtered mode the contrashes 40% (Fig.1, b). The p-type regions show
bright contrast relatively to the n-type regions. Highly dopedsishow more contrast than lightly doped
areas. The spatial resolution of this technique is loniig the Debye length and the sensitivity to dopant
levels is of the first order.

Another possibility to visualize the dopant distribution in semicotwius the detection of the
surface electron-beam induced voltage (SEBIV) signal in the $8MA principal application of the
SEBIV-mode is to image and assess the uniformity and qudlitye implanted regions which is shown on
the Fig.1 (c) with the bright area representing the p-typeaimip] and the dark one represents the n-type Si
substrate. Inhomogeneities on the border of ion-implanted area werezé@duali

10 Lumn

ig.l. Images of locally dped Si crystal: in the andard mode (a), by the means of the specteorti®t and in the
SEBIV-mode (c). Bright and dark regions correspoegpectively to the p-type and n-type silicon

1. E.l. Rau, V.N.E. Robinson, “An annular toroidal backscattered electron energgearai use in SEM”,
Scanning,18, pp.556-561, 1996.

2. S.L. Elliott, R.F. Broom, C.J. Humphreys, “Dopant profiling with the scannimgrefemicroscope — a
study of Si”, J. Appl. Phys91, pp.9116-9122, 2002.

3. E.l. Rau E.I., A.N. Zhukov, E.B. Yakimov, “Application of surface electron beam inductedjeahethod
for the contactless characterization of semiconductor structur@a!, Sate Phenomg3, pp.327-332, 1998.
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The development of method for measuring of currentlensity
distribution in micro- and nanosystems

I. Rudnev, A. Podlivaev, S. Pokrovskiy, A. Menusken
National Nuclear Research University, "MEPHI", Mog¢ Russia, E-mail address sergeypokrovskii@gnoail.c

The analysis of different methods of measurements of cutessity distribution in micro- and nanosystems
is presented. It is shown that high spatial resolution and goodiwignto the magnetic field are achieved
by using a magnetic force microscope (MFM). The reconstructgoritim of current distribution from the
measured MFM signal is proposed and discussed

One of the important problems is the problem of obtaining quantitative charatiter of magnetic imaging,
which is closely related to the calibration of the effectparameters of the magnetic probe. Another
important task is to get the MFM quality magnetic imagHsis problem is closely connected with the
problem of the influence of defects on the magnetization chasitterof the cantilever. In the industrially
produced cantilever the thickness of the magnetic needle dgraratrs ranges from 50 to 100 nm. Since
the desired signal decreases sharply with increasing tlackstrom the surface of the magnetic coating of
the sample, the main contribution to the signal of the MSM giveshesiy of the needle.

We have proposed the method for calibrating the magnetic-forcesoige to measure the magnetic field
and its derivatives on the basis of conductive bridges having thie frédth 200 nm to 1 micron. In addition,
the numerical algorithm has been developed for solving the inpeotdem of the Biot-Savart-Laplace
equation to recover the spatial distribution of current in planar ralcdonanosystems.

Realization of the proposed approach allows to make qualitatitegaantitative measurements of the
magnetic fields of various structures and to investiga@raecurrent flow processes in nanosystems. The
developed method and a device based on it can be used in variousofigdgnce, engineering, and
technology. In particular, studies of the effects of electroriaraand associated erosion of thin films, the
study of current flow in nanochannels of modern nanoelectronics,ritedigtn of current in the pinch, the
study of the anisotropy of current flow in the different strrgtifor the solution of problems of spintronics,
superconductivity can be carried out.

1. Ch. Jooss et al., Rep. Prog. Ph§5, p.651, 2002.

2. D.M. Feldmann, “Resolution two-dimensional currents in superconduatoms & two-dimensional
magnetic field measurement by the method of regularization”, Phys. R&€. [).144515-144528, 2004.
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Determination of the content in AlGa;.,As alloys by secondary ion
mass spectrometry

V.V. Saraykir, I.S. Vasil'evskii, A.N. Vinichenkd, K.D. Scherbachév
1. Scientific Research Institute of Physical Proidenamed after F.V.Lukin, Moscow, Russia 12446@cbhlg,
Zelenograd, 4806 street, 6, e-mail: vwsaraykin@yandi, 2. National Research Nuclear University «MBR 15409,
Moscow, Kashirskoye ave., 31, e-mail: ivasilevskiig@.ru, 3. National University of Science and Technology
«MISiS», «Material science and Metallurgy» Cenidr9049, Moscow, Leninskiy ave., 4, e-mail:
kirill.shcherbachev@misis.ru

Ternary semiconductor compounds are the basis for the layergamant of the P-HEMT AGa.
As/In Gay.As/Al,Ga.As high electron mobility heterostructures, which are commoséd in microwave
electronics. AlGa,.,As layers serve as the barriers for thgGl.,As quantum well and also as the layers
where donor doping is placed. So the increase of AlAs fragtleads to deeper quantum well and reduces
the gate leakage. To the other hand, wki24% DX-centers &iaas become the traps for the electron and
thus affect the transistor performance. Such parasitic effetde as |-V hysteresis, thermal and light
sensitivity. Also there is a technological aspect, becauseauper contact iGaAs(Si) layer might be
removed by selective etching in the gate recess, al@@bAIAs provides good selectivity for= 22-24%. So
the technology control and probing of,8l ,As layers are very important issues for P-HEMT technology.
Secondary lon Mass Spectroscopy (SIMS) became one of the amtsdlfamong the analytics techniques
because of the unique potential in layers content profiling.
But the quantitative composition measurements are significaffdgted by pronounced matrix effect, i.e.
the strong dependence of secondary ion current on the surrounding cmahposition. One of the
approaches to solve this problem is cluster Cg8$Gaions yield registration for Cs beam etching mode [1,
2]. As Cesium possess the small ionization energy (3.89 eV)priimiion probability of this complex ions
is mainly connected to electron loss of Cs atom, rather than Ifar &a ionization (~ 6.0 eV). The
difference of CsAl and CsGacomplex ionization is much lower than that for Aihd Gasingle ions. For
this etching regime by Csons the surface is covered by deposited Cs sublayer, assisbedcomplex ion
yield. The AlGa;,As composition can be determined in this case in the proportional abproac

x=I(CsAl)/ {I(CsAl")+ I(CsG4d)}
The goal of the current study is the determination of aoguof the AlGa ,As content by the complex ion
yield technique. The series of experimental samples was grown bgutaolbeam epitaxy with the different
AlAs content (from 0.17 to 0.32) and uniform profile.
The layer composition was determined before the growth by Al anftlgaressures and controlled by Al
and Ga cell temperatures. The two types of the samplesimezrstigated - with thin and with thick /&a;.
«As layer, respectively. The samples with thick@4, ,As were used for composition profile uniformity
study in the dependence of technological parameters. Afterrtivethgreal composition was checked by
triple crystal X-ray diffraction (XRD) by the fine struce around (004) reflection. The samples with thin
(less than 100 nm) &Ba,.,As and short-period AlAs/GaAs superlattice the composition and treskofehe
layers was calculated from pendulum oscillations and additionakspe@hotoluminescence (PL)
spectroscopy was used to observe interband optical transitions implesat 77 K.
The dependence of registered current ratio on the analysis parsnvas studied. The comparison of SIMS
composition data to XRD and PL showed a good correspondence but had some peculiarities.fif ineabe
found for thick sample with the highest profile uniformity.
The examined SIMS technique with complex ion yield registraltmws the quantitative study of &a.
«As layers for modern heterostructures profiling.
The work is partially supported by the Project of Russian $¥tiyi of Education and Science #
16.648.12.3005.

1. Yu. Kudriavtsev, S. Gallardo, et al., Surf. hfdee Anal. 43, p.1277, 2011.
2. WWW.EAGLABS.COM, Application note AN372, 2007.
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Atomic force microscopy for line edge roughness mearements

A. Sosnina, A. Miakonkikh, and A. Rogozhin
Institute of Physics and Technology, Russian Acgd#rSciences, Moscow, Russia, rogozhin@ftian.ru

It is known that the influence of line edge roughness (LER), fdrduwging lithography and plasma etching
processes, on the MOSFET characteristics becomes morel evitttaownscaling of the device [1]. This is
because LER and line width roughness do not scale down with thegidme of the devices. High values of
LER can lead to increase of current leakage and voltagauditions and hence cause impact on circuit
performance and yield [2]. However the gate LER is hard to medsurconventional tools. Therefore
reliable LER metrology approach is required.

In this work samples with lines in photoresist with différearameters were formed. Some samples were
processed in ICP plasmas of He or Ne. The LER of linee metasured by atomic force microscopy (AFM)
and critical dimension scanning electron microscopy (CD-SEM).pgaason of CD-SEM and AFM for
LER measurements was made. The impact of the shape of AlpMis surface image was estimated. Also
the influence of plasma treatments on LER was investigated.

Fig. 1. AFM image of photoresist line with highlighted edge.

1. A. Asenov, S. Kaya, A.R. Brown, “Intrinsic parameter fluctuations in decananadw®®FETSs
introduced by gate line edge roughness”, IEEE Trans. on Electron Déficpp,1254-1260, 2003.

2. Y. Ban, S. Sundareswaren, R. Panda, D.Z. Pan, “Electrical impact of line-edge ssughsab-45nm
node standard cell”, Proceedings of the SPEES 727518 (pp.1-10), 2009.
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Josephsonp-device based on complex nanostructures
with normal metal/ferromagnet bilayer

S.V. Bakurskiy?, N.V. KlenoV, T.Yu. Karminskayg A.A. GoluboV, M.Yu. Kupriyanov
1. Faculty of Physics, Moscow State University, d6egs Russia
2. Institute of Nuclear Physics, Moscow State Uity Moscow, Russia
3. Faculty of Science and Technology, Universitywénte, Enschede, Netherlands

The ¢-junction is the Josephson device with nontrivial ground state §hasey < m). It provides a lot of
possible applications starting from double-well potential foromath quantum detectors and silent qubits,
development of metamaterials and ending with self-biasing one-photon detectors

However,p-junction is unavailable on the base of conventional Josephsarusés due to inappropriate
shape of current phase relations (CPR) in them. To avoid thigtiea it was proposed to use arrays of
parallel 0 andr junctions or SFS junctions with step-like ferromagnetic interlayemfortunately, these
devices haven't been fabricated experimentally yet.

In this work we have demonstrated that the structures compasaddngitudinally oriented normal and
ferromagnet films in the weak link region can be used aabtelip-device. To prove it, in the frame of
Usadel equations we solved two dimensional boundary problem for different gesroéthe structures and
found analytical criteria ap-state existence. In case of the ramp type S-FN-S stru€grda) these criteria
have form of the limitations on geometrical and material parameters

H L
100< = <25
21T, &, . (1)
o12<ee [ H v g5 @)
2\, d.

whereH — exchange fieldl — critical temperature&: — ferromagnetic coherence lengghs — transparency
parameter of SF interface and temperatlire- 0. Also we took into account the FN-interface impact
which terminates scalability @f-junction and determines minimal thickness

d, > Se —m—c 1+ Pu_1 LTC (3)
N \
YVeen H Pe Veen VW H )

The SN-FN-NS structure (Figl.b) is founded to have significant advantagkesling widerp-state area and
effective independence from N-layer thickness.

Furthermore we numerically estimated and showgudnction with scale in order of 100m and critical
current reaching finA

1. A. Buzdin and A.E. Koshelev, Phys. Rev6B, 220504, 2003.
2. N.G. Pugach, E. Goldobin, R. Kleiner, D. Koelle, Phys. Re81B104513, 2010.
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Figure 1: Different geometries of Josephson junctions: aNsSstructure b) SN-FN-NS structure.
Figure 2: Supercurrentdversus Josephson phasand electrode spacirgin SN-FN-NS structure
(dn=0.64&y\, d==1.4%y). Each section at certainis a CPR. The thick lines mark ground state plgse
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Macroscopic quantum effects in transmission of sigals along the
superconducting microwave slotline. Towards quantuntransmission
lines

M.A. Dresvyannikov, A.L. Karuzskii, A.V. Perestoian A.M. Tshovrebov, N.A. Volchkov,
L.N. Zherikhina

P.N. Lebedev Physical Institute of Russian Acaden®ciences, Moscow, Russia, E-mail address
karuz@sci.lebedev.ru

High-speed signal transmission lines are of a great impoet for recent electronics. Faster propagation,
weaker dispersion and lower losses of an electromagneticafielgtery desirable qualities of transmission
lines intended for high-speed applications. Recent electronitaiacterized by growing demands of an in-
crease of transmitted frequencies, by a miniaturizatiaeztronic devices and by employment of advanced
materials, from which elements of a device are fabricataih as superconductors or other materials with
guantum structures of lower dimensionality. These attributes shesildt in an increased significance of
guantum effects in electronic transport phenomena in conducting compafdransmission lines. It may
happen that a characteristic coherence length of the electrani fenctions becomes to be comparable
with a length of a characteristic piece of the trangons$ne in a device. Such a situation can make it
necessary to take into account quantum effects in the electiransport and to consider the line as a
“‘quantum” transmission line. Here we discuss a kind of such pram@monnected with quantum effects
related to the Einstein-Podolsky-Rosen (EPR) paradox, which condenprablems of locality and
causality in quantum mechanics. We analyze an influence of fiectiseon the properties of transmission
lines and a possibility to increase a speed of signal transmission byhesegjuantum properties.

Brief review of alternatives and phenomena related to the problebnstein-Podolsky-Rosen paradox is
presented. The essence of the EPR paradox related to the problenaityf &nd causality is highlighted by
one of alternatives, which supposes, following EPR, some hidden iidaraetween the parts of many-
body system, which would have to be instantaneous. Such an immedigaetioh between distant parts of
system would not in general be consistent with the classicaigalhytheories and might be extremely
interesting for high-speed applications whether it would existirherent property of all effects associated
with the EPR paradox is a presence of the strict cowaléetween the measured results, even if the points
of measurement are divided by the space-like intervals {g&t*+Ar%>0). According to the presently
adopted point of view, an absence of the classical field, which woaldde an interaction between the
distant parts of the system, opens a possibility of impleatient of the conditions for a perturbation to
propagate over the total system with hyperrelativistic vgldzy means of disturbing only a part of this
macroscopic quantum system. Additional experimental verificatainsuch possibility would be very
desirable in view of high-speed applications.

Macroscopic quantum behavior of the propagation of magnetic pertmrtzdting the microwave slotline at
T<T. (superconducting state) has been considered here with actdetphenomena related to the problem
of EPR paradox and an experiment is suggested. The experinagme at testing whether there really is a
guantum correlation in magnetic field perturbations of diffegamts of the macroscopic hole confined by
superconducting boundary contour. The slotline is a waveguide systxhmin a microwave technique for
transmission of electromagnetic waves. A slot, which is lmaugh a metal plate, forms the transmission
line, so the field of wave concentrates in the slot gap. When tipetatare decreases beldwT,, the metal
becomes to be superconducting, the current carriers condendeeit@odper-pair condensate - the coherent
guantum-mechanical state possessing a single common many-body fuveten. One of the most
important attributes of this coherent state is the inbditia of the magnetic flux trapped by the closed
superconducting circuit and the fluxoid quantization phenomenathduistonclusion is a reason to expect a
possibility for manifestation of the quantum properties spea@fiEPR paradox in the systems consisting of
superconducting contour with a trapped magnetic flux such, for exarmaglethe presented here
superconducting microwave slotline. For easier descriptionecdulygested experiment an equivalent circuit
taking into account the macroscopic quantum effects in superconductimgsoideveloped.

This research was supported by Ministry ES of RF (&k6.513.11.3079), by RFBR (11-02-01182, 11-02-
12133), by Presidium and OFN RAN (24, program SCESMSMM,2 and I111.7).
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Manifestation of long-range triplet superconducting
correlations in F1-SF1F2-F1 structures

T. Karminskaya M. KupriyanoV, A. Golubov?
1. Lomonosov Moscow State University, Skobeltsyrtutstdf Nuclear Physics,
Moscow 119991, Russia, janaph@gmail.com
2. Faculty of Science and Technology and MESA-itutstof Nanotechnology,
University of Twente, 7500 AE Enschede, The Neimngs

Artificial SF structures (S-superconductor, F- ferromagnmetal) are under great interest nowadays. This
interest is due not only to bunch of effects corresponding toasimail FFLO [1] phenomenon that was for
the first time observed experimentally in SFS artifictalictures [2, 3], but also due to recent experimental
observations [4, 5] of supercurrents in structures with thiclorfigagnetic layers; these supercurrents are
believed to be a manifestation of an odd-frequency equal rliet tsuperconducting correlations predicted
theoretically for bulk materials in [6].

We propose and theoretically explore other possible strigctarevhich odd-frequency equal spin triplet
superconducting correlations can be observed experimentally. Wstigate correlations in F1-SF1F2-F1
structures that represent a long thin ferromagnetic Mireonnected with thick superconducting film S on
the top of wire and thin ferromagnetic film F2 on the bottom ofvilre (the lengths of S and F films are
identical). Magnetization vector of the long ferromagneticews constant and directs along the F1F2
interface. Magnetization vector of the short ferromagnetin fi2 is declined from the first vector on an
anglea thus providing conditions for realization of equal spin triplgbesconducting correlations in the
structure. Odd-frequency equal spin triplet superconductingelations are insensitive to the value of
exchange energy, so they can penetrate ferromagnetic matdoaber distance. So, these correlations can
be observed in the long ferromagnetic wire F where the othgiesiand short-range triplet correlations are
already suppressed due to exchange energy.

Here we present results for Dos and differential conductalwey F1 film calculations in F1-SF1F2-F1
structure with noncollinear magnetizations of ferromagnegyerss that also differs with values of exchange
energies. The calculations were done in the limit of ‘dimgtals in the framework of Usadel equations for
both linear and nonlinear cases. We show how Dos depends omangdlee vicinity of SF1F2 part of the
structure and how Dos transforms to Dos corresponding to long-tidplgée correlations part only in the F1
wire far from SF1F2 part. Also we present differential cotaluze dependence on angleWe show that
maximum value of differential conductance is achieved nat=atv2 but for some intermediate angle that
depends on difference between values of exchange energies ofsFA#nit was shown in [7] there are
interesting effects form suppression paramggeat F1F2 interface due to phase slip. We also investigate
influence of parametag on the shape of Dos and differential conductance.

This work is supported by RFBR grat2-02-90010ben_a
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Jitter in ballistic read-out circuit based on Josefson transmission line
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In the last few years a variety of approaches based doh sigle flux quantum (RSFQ) electronic circuits
have been proposed for read-out the weak magnetic and currer$ signanano-sized objects such SPD
(single photon detectors) sensors or quantum bits [1-3]. One of thesadm® s an extremely fast ballistic
read-out [1] which exploits a ballistic motion of individual fluxdnsa Josephson transmission line (JTL).
Time delay or transmission/reflection even
associated with fluxon interaction witl
measurement system gives information ab
the state of the studied object. Such detec
allows achieving the read-out time of 30 ps [3]
Performance of the read-out circuit operatil
with SFQ pulses is limited by spontaneol
changes in the speed of the pulses causec
thermal fluctuations, fluctuations of currents
power lines and technological spread
parameters of JTL elements. Obviously the tir AT
jitter has to be minimized for proper resolutic 00— 25 35 20N 50
of the states of the measured object. _ L _ v
Natural analog of JTL formed by unshunteF'g' 1. Jitter in JTL for diferent values of da.mp|r?g parame
Josephson junctions characterized by vanish*=1; 0.5; 0.1. _B|as _currer?ltb:O.Slc, couplmg mdsuctanC(
damping parametenr is a long Josephsor' = 2.5, normalized intensity of fluctuationg= 10 N; —
junction (LJJ) if one considers the case number of junctions in JTlgy, — plasma frequency.

vanishing inductances coupling junctions u.

JTL. Analyses of the detector's JTL commonly based on study ofatJd model structure [4, 1, 3].
Analytical treatment in the frame of the model predicts tbgl jitter will increase with a number of
junctions in JTL ad\N", p > 1/2[3]. However, recently it was shown by numerical calculatibas in a long
Josephson junction the rate of the jitter growth can be substantially dgé&iice

We developed special program that takes into account lyitecreteness of Josephson transmission line
and includes analysis of the noises. The program allowslatig the jitter in JTL for arbitrary parameters
of Josephson junctions (damping and capacity) and finite values of inducthateouple junctions.

It is shown that imbalance of energy impact from current souedglissipations leads to speeding-up or
slowing-down of the fluxon motion with simultaneous sharpening or broggleh the SFQ pulse which is
similar to soliton dynamics in a long Josephson junction [4, ShdJeesistive shunted junction model of
Josephson junction we have shown that for a typical casdatively large velocity of fluxorhe jitter of
switching moment of a junction is inversely proportional to the o growth of the current’ flowing
through thgunction [6]. Thus, the pulse-sharpening leadseorease of the jitter and therefore the fluxon lecation

is accompanied by significant reduction in ratehaf jitter growth. For the same bias current aritiirfluxon speed

the imbalance increases with decrease of the dangairameter. Dependences illustrating accordingreggion of the
jitter growth with number of junctions in JTL arecsvn in Fig. 1. Optimization of JTL with realistmrameters allows
dramatically improvement of sensitivity of the ballistic detector.

The work was supported by the Act 220 of Russian Government (pRaggcbynasty Foundation, RFBR
project 11-02-12065-ofi_m and Russian Ministry of Science.
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Noise in bi-SQUID
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We present analysis of thermal noise in bi-SQUID which has lbeeently suggested [1] to improve
linearity of magnetic flux to voltage transfer function of tivell-known dc SQUID. In low frequency
SQUID-system, linearization of the transfer function can ti@exed by implementation of an external
following feedback loop. However this approach is infeasible $e cd broadband system. The problem can
be solved with implementation of bi-SQUIDs and arrays of bi-SQUIDs [2].

Despite the fact that the bi-SQUID is just a modification ©fSQUID, noise characteristics of bi-SQUID
differ from the ones for dc SQUID due to difference of both the neali dynamics and the phase
transformation. Analytical theory has been developed and provedibgrical simulation with use of the

noise-build software. The obtained noise characteristics scastied in detail and compared with the ones
for dc SQUID.
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Fig. 1. Schematic of bi-SQUID (a) and voltage responses of hiHB@solid line) and dc SQUID (dashed line) at critical
current biasingd = 2lc, where t —critical current of Josephson junction.

1. V.K. Kornev, L.I. Soloviev, N.V. Klenov and O.A. Mukhanov, “Bi-SQUIDNevel Linearization Method

for dc SQUID Voltage Response,” Superconductor Science and Teghr(@UST),22, pp.114011-1-6,
20009.

2. V.K. Kornev, L.I. Soloviev, N.V. Klenov, A.V. Sharafiev, O.A. Mukhanoliriear Bi-SQUID Arrays for
Electrically Small Antennas,” IEEE Transactions on Applied Supercondyc@®l, pp.713-716, 2011.
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Adequacy, completeness, and accuracy
of quantum measurement protocols

Yu.l. Bogdanov, A.K. Gavrichenko
Institute of Physics and Technology, Russian Acad#rciences, Moscow, 141700 Russia
e-mail: bogdanov@ftian.ru, gavrichen@mail.ru

A new methodology of statistical estimation of the quality of guanmeasurement protocols is considered
[1].The method is based on studying the completeness, adequacy,caratya®f quantum measurement
protocols. The completeness is estimated on the basis of camgidesingular decomposition of a special
matrix, which is constructed based on the measurement opera@t@sestimate of protocol adequacy
supposes the presence of redundancy in the measurement protosoipasec! to the minimally possible
number of measurements that are necessary for full recormtrwaftia quantum state. The adequacy of
guantum measurements is estimated as the degree of how muetiuhdant statistical data agree with the
laws of quantum theory.

The accuracy characteristics of the statistical recactstn of arbitrary quantum states are studied based on
the universal statistical distribution for accuracy los3ém quantitative characteristic of the accuracy of
statistical reconstruction of an unknown quantum state is toala fidelity F. In the general case, the
considered quantity is presented by the following formula [2]:

2
F= (Tr\/pé’zppé’z) : (1)
where p, and p are the theoretical and reconstructed density matrices, reggcti

It is natural to call the quantity a loss of accuracy. A lafsaccuracy is a random value the asymptotical
distribution of which can be represented in the form [3],

l—F:ZV:djEJ.Z, 2)

whered, >0 are nonnegative coefficients‘,j ~ N(O,l), j =1,...,v are independent normally distributed

random values with zero mean and unit variancey ar{ds—r)r -1, wherer is the rank of the mixture,—
dimension of the Hilbert space. The considered distribution is aahajeneralization of the chi-square
distribution.

For the parameter that characterizes the quality of a gwanteasurement protocol, it is convenient to
introduce a parameter (function of losses) that does not depend on the saompényol

L=n<1-F>=n)d,. 3)
j=1
The minimally possible (optimal) losses are given by the formula
o= Vo (4)
™ 4(s-1)

Examples of applying the developed methods are presented for sevenngyaotocols based on the
geometry of polyhedra with a high degree of symmetry. Ttmgsnumber of polyhedron faces defines the
number of rows of the quantum measurement protocol and equals 4, 6,a8d12) for the tetrahedron,
cube, octahedron, dodecahedron, and icosahedron, respectively. Faoblinetra we chose a truncated
icosahedron (that is form of fullerene) specifying a quantueasurement protocol of 32 rows and a
polyhedron that is dual to a fullerene (that is pentakis dodecahemirdrgpecifies a quantum measurement
protocol of 60 rows.

1. Yu.l. Bogdanov, I.D. Bukeev, and A K. Gavrichenko, “Studying Adequacypleteness, and Accuracy
of Quantum Measurement Protocols”, Optics and Spectrostafypp.647-655, 2011.

2. M.A. Nielsen and I.L. Chuan@Quantum Computation and Quantum InformatiGambridge Univ. Press,
Cambridge, 2000; Mir, Moscow, 2006.

3. Yu.l. Bogdanov, “Unified statistical method for reconstructing quargtates by purification”, JETP,
108 p.928, 2009.
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Polarization quantum operations in an anisotropic nedium with
dispersion

Yu.l. Bogdanov, A.A. Kalinkin®3, S.P. Kulik, E.V. Morev&®, V.A. Shershulin®®
1. Institute of Physics and Technology, Russiard@esy of Sciences, 117218, Moscow, Russia
2. International Laser Center of Moscow State Ursitg, 119992, Moscow, Russia
3. Zavoisky Physical-Technical Institute, Russiaademy of Sciences, 420029, KgZaunssia
4. Faculty of Physics, Moscow State University, 9019 Moscow, Russia
5. National Research Nuclear University "MEPHI",54D9, Moscow, Russia
6. National Research University of Electronic Temlogy MIET, 124498, Moscow, Russia

Based on the concept gfmatrix and Choi-Jamiolkowski states we develop #pproach of
guantum process reconstruction. Special attentigraid to the adequacy of applied reconstruction
models. The approach is applied to the statiste@bnstruction of the polarization transformations
in anisotropic and dispersive media realized by maeaf quartz plates and taking into account
spectral shape of input states.
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Experimental study of echo effect
in polarization transformations of qubits

Yu. Bogdanov, A. Kalinkin®® S. Kulik¢, E. Morev&®, V. Shershulih®®
1. Institute of Physics and Technology, Russiard@eyy of Sciences, Moscow, Russia. 2. Internationser
Center of Moscow State University, Moscow, Russidavoisky Physical-Technical Institute, Russiaademy of
Sciences, Kazan, Russia. 4. Faculty of PhysicsctoState University, Moscow, Russia. 5. NatioreseRrch
Nuclear University "MEPHI", Moscow, Russia. 6. Maial Research University of Electronic Technolog¥™
124498, Moscow, Russia

The effect of light propagation in an anisotropic medium @isipersion is a close analog of the well-known
effect of photon echo in optics, as well as the spin echo in nuukegmetic resonance. This analogy is due
to the coincidence between the evolution equations of the quasiespiors of electromagnetic waves in an
anisotropic medium with the Bloch equation for a spin in a magrfedld. In present work, we
experimentally demonstrate the echo effect for polarization transiomaayubits.
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Mathematical modeling of polarization echo in
optically anisotropic media

Yu.l. Bogdanov, A.A.Kalinkin®3, S.P.Kulik, E.V. Moreva®, V.A.Shershulin®® L.V. Belinsky"°
1. Institute of Physics and Technology, Russiardéweey of Sciences, 117218, Moscow, Russia. 2. &ttenal
Laser Center of Moscow State University, 119992sddwv, Russia. 3. Kazan Physical-Technical InstjtBtessian
Academy of Sciences, 420029, Kazan, Russia. 4ltFadiPhysics, Moscow State University, 119992sédwv,
Russia. 5. National Research Nuclear University B#E', 115409, Moscow, Russia. 6. National Research
University of Electronic Technology MIET, 124498 9dow, Russia.

As optical systems are one of the candidates for impletimmtaf a scalable quantum computer, it is
important to develop an adequate method of description of both quantie® stdight and operations
performed by optical elements. Using the concept of chi-meatpresentation of quantum operations and
Choi-Jamiolkowski isomorphism we expand Jones calculus to allowiplest of evolution of mixed
polarization states in linear optical systems. The developé#abohés then used to give a full description of
polarization echo effect, which was described in [1] basedn analogy between the effects of polarization
optics and spin dynamics. Theoretical predictions are confirmed bgsteacting operations performed by a
series of quartz waveplates using quantum process tomograpbggisoPotential use of polarization echo
effect to strengthen BB84 quantum cryptography protocol is discussed.

1. V.S Zapasskii, G.G. Kozlov, “Bloch model of light polarizatiaolation in an anisotropic medium and
polarization echo in optical waveguides”, Optics and Spectrosé8pyp.88-92, 1995.
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Quantum interferometer with compressed coherent sti@s

A. Karuzskif, A. TskhovreboY, V. Prijmachenkd L. Zherikhina
1. P.N. Lebedev Physical Institute of the RAS, blwsk19991, Russia
2. Student of the Moscow Institute of Physical Eegiing

The effect of quantum compression [1] is caused by a peribdicge of nondissipative parameters of an
oscillating system (modulation of capacity or inductivity ofeégctricLC-contour and correspondingly mass
M or stiffnessk of mechanical oscillator). The results of such influence &app be periodic oscillations of
middle square root deviations = AX(t) andAP = AP(t) of mutually complementary quantum mechanical
variables ensuring the full description of the system. Tlugli@isquare root deviations usually oscillate with
double self frequency of the undisturbed sys@g; = 2wo (Wherew, =V (L/C) or mo = v (K/M)). It means
that minimum values of quantum mechanical fluctuations amplivdg,) = min{AX(t)}, AP(t) =
min{AP(t)} could not satisfy Heisenberg relationstiBAP > /2. It happens so that if one fixes variables at
definite momentd,, t,, corresponding to the minimum of fluctuations amplitudt,) and AP(t,), then
precision of such strobe measuring can sufficiently exceedtuquamestrictionsAX(t,) < AXmnn =

V ((2Mwy)), AP(ty) < APpin = V (hwoW?2), whereAXmi, andAPyi, are minimum indeterminatenesses in the
absence of the compressing effect [2].

E, = s $mos
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In the figure the block scheme of superconducting quantum irderéter is present where the regime of
compressed coherent states could be realized. The cross ortlhé@efines Josephson junction included in
the turn of nonhysteresis RF-SQUID [Jhe last is connected through the step-up transformer to the
oscillatory contour consisted of inductivitids{ + L) and capacityC. The superconducting turn receiving
measured magnetic flux serves as the primary winding ofansformer with the step-up coefficient equal
to n. The generator (the squafe,.y, providing the parametric pumping necessary to realize quantum
compression, is adjusted to the frequency approximately equal to tHedimitddle resonance frequency of
the contoun.g = 2V (C(<L> + Lp)). The blocking inductivity, is inserted in the contour to avoid a short
circuit «to the ground» of the test sigrfals >> Qnod2n through the capacitg. The measuring of the
transformed value of Josephson inductivity = n°L(®e,) is performed through fixing the amplitude Ffs
signal on the secondary winding of the transformer (squgsés the generator of the test signal, triangle —
the resonance amplifier, adjustedig,). After amplifying theF s signal is detected and then with the help
of synchronous detector the selection is made at the momentghehamplitudes of quantum fluctuations

of the system are minimized due to quantum compression effect.

1. A. PippardThe Physics of VibratiolCambridge University Press, 2007.

2. Yu.l. Vorocov. Theory and methods of macroscopic measurements. Science, Moscow, 19884(r).Rus

3. K.K. Likhirev, B.T. Ulrikh. The systems with Josephson contacts. THgasis. MGU, Moscow, 1978 (in
Russian).
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Tradeoff analysis of ballistic detector for Josephsn qubits

N.V. Klenov, A.V. Sharafiev, V.K. Kornev
Physics Faculty, Moscow State University, Moscougsig, nvklenov@nm.ru

Ballistic detectors based on implementation of a pair aiftidal Josephson Transmission Lines (JTL) have
been recently proposed to read out states of a superconducting qiénfun®?]. One of the two JTLs is
magnetically coupled with qubit and the other one is uncoupled. The detector aftd tdoeidled with qubit
are shown schematically in Fig. 1. In this circuit, drivesiogle flux quanta (SFQ) simultaneously triggers
the quanta into each of the JTLs. The fluxon moving through the linedestanitself by successive
appearance of SFQ voltage puls@gdf = ®o, @, =h/2e, h — the Planck's constarg, — the elementary
charge) across Josephson junctions. When fluxon crosses the JTouwgdkd with qubit, it gains either

JTL

[S7Q drver - g — ] S7Q recoiver

a b

Fig 1. (@) Principal scheme of a ballistic detector based oreémentation of a pair of Josephson Transmission L(4€k) and (b
coupling between qubit and JTL.

acceleration or a delay in comparison to the fluxon in the reference J€h istsubject to the qubit state.
Informational approach considering decay of coherent state dsfamation flowing-out and the
corresponding increase of Von Neumann entro 1
is implemented to describe decoherence proc |- . , N
during the read-out procedure [3]. One c B o i
express the entropy through a density matrix, &
its evolution can be described by Lindble e
equation. To simplify the problem solution and 0.0 &= : ==
get possibility of an analytical consideration, v BERT
use a reduced Lindblad equation taking ir 45
account only one-dimensional coupling |
environment including readout device. Schema -
illustration of the readout procedure is given '1’%,0 ol,s 1,'0 1,'5 f’é_ u. 25
Fig. 2. Contradictory requirements to th Fig 2. lllustration of the readout procedurd; is current in th
procedure taking into account both the readc JTL cell coupled with qubitlp is current induced in qubiEy is
device influence on the coherent state decay . Von Neumann entropy; the dotted line shows Rabtillatons.
the desired increase in sensitivity of the ballistic detectojiaoeissed in detail.

La u

1

This work was supported in part by Russian Ministry of ScieDgeasty Foundation and RFBR grants 11-
02-12065-ofi-m, 10-02-00878-

1. D.V. Averin, K. Rabenstein, V. K. Semenov, Phys. Rew3094504, 2006.
2. A. Herr, A. Fedorov, A. Shnirman, E. IlI'ichev, G. Schon, Supercond. Sci. TecBd&450-S454, 2007.
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Quantum error correction in Si double dot charge qubits

A. Melnikov'? L. Fedichkirt*®
1. Institute of Physics and Technology, Russiardéegy of Sciences, Moscow, Russia.
2. Moscow Institute of Physics and Technology, DBoigdny, Russia, leonid@phystech.edu.
3. NIX, Moscow, Russia, leonid@nix.ru.

We considered the interaction of semiconductor quantum regigtenaisy environment leading to various
types of qubit errors [1]. In particular, we analyzed both phadeaaplitude decays during the process of
electron-phonon interaction. The performance of quantum error correxiaes whose will be inevitably
used in full scale quantum information processors was studiedalistic conditions in semiconductor
nanostructures. As a hardware basis for quantum bit we chose themsaattial states of single electron in
semiconductor coupled double quantum dot system [2]. The modified quantointorrection algorithms
by Shor and Di Vincenzo without error syndrome extraction [3] werdeabfmd quantum register composed
of Si charge double dot qubits. 5- and 9-qubit error correctioregues were implemented for double dot
gubits in the presence acoustic phonon environment.

Our results showed that the introduction of above quantum error tianrégchniques at small phonon noise
levels provided quadratic improvement of output error rates. Tiweaty of 5-qubits quantum error
correction algorithm in semiconductor quantum information processors was ditezhs

1. A.S. HolevoProbabilistic and Statistical Aspects of Quantum Thehligrth Holland, Amsterdam, 1982.
2. L. Fedichkin and A. Fedorov, Phys. Rev68, 032311, 2004.

3. M.A. Nielsen and I.L. ChuanQuantum Computation and Quantum Informati@ambridge University
Press, Cambridge, 2004.
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Could we believe that the moon is there?

A.V. Nikulov
Institute of Microelectronics Technology, Russiamademy of Sciences, 142432 Chernogolovka, Moscstriddi
Russia. E-mail: nikulov@iptm.ru

Most physicists believe thatQuantum mechanics is the most accurate theory of modern phjEics
because of the progress connected with it. But as John Betl imoteis talk presented in 1984THis
progress is made in spite of the fundamental obscurity in quanturnameg, see p. 169 in [2]. The
fundamental obscurity is connected first of all with a vague eqainaf ‘measurement’ in quantum mechanics
and the role of the mind of the observer in its description, seBelis paper “Against measurement”, p.
213 in [2]. Because of the difficulties of realistic descaptof some quantum phenomerand influenced
by positivistic and instrumentalist philosopHigbe creators of the orthodox quantum mechanics have
admitted that atomic and subatomic particles do not have any definite properieadvance of
observatiofi p. 142 in [2]. Recently this scepticism about realism was recpa to macroscopic level [3].
The authors [3] quoting the known remark by Albert Einsteiiké to think that the moon is there even if |
don't look at it claims that some experimental results obtained on supercondating [4] could refute
this trust by Einstein in objective reality even on the macrasdeyel. This scandalized claim bears a direct
relation to the problem of a possibility of superconducting quanttsn Adismall moon, which is not there
according to [3], is a magnetic flux inside a superconducting loowlidh is considered as flux qubit in
numerous publications [6] including the one [7] of the author of the scaadialaim [3].

J.E. Mooij believes paradoxically that quantum mechanics can phatenothing is there [3] but it is
possible to create anything, superconducting quantum bits [7] fonpdxausing this nothing. Ironically,
guantum bits can be created indeed only if quantum systemst have any definite properties in advance
of observationln this case definite properties should appear under influenttee ahind of the observer.
Therefore the creators of quantum mechanics, Heisenberg, Baalti, von Neumann and other admitted
that 'measurement’ might be complete only in the mind of the avsdrdefinite properties, described any
variables even hidden, exist in advance of observation than quantum ité possible. Thus, quantum bits
can not be possible outside the mind of the observer, according to the orthodox quenhamics.

Only basis both of the doubt in macroscopic reality [3] and supgucting quantum bits [1,6,7] is the
Leggett—Garg inequality referred to as a Bell's inequatitiime [3,4]. It will be shown in the present work
that the no-go theorem [8] by A.J. Leggett and A. Garg [5] sefat least because of three reasonthee

is not a well-grounded motive to call macroscom@alism in question; 2) the authors [5] repeat
virtually the mistakeg8] of the von Neumann’s no-hidden-variables proofit® assumption on
superposition [5] contradicts to the fundamental & angular momentum conservatiarherefore
we can believe for the time being in reality of the moonnesraall, and can not believe in a possibility of
superconducting quantum bits.

A. Bezryadin, “Tunnelling across a nanowire”, Natu®4, pp.324-325, 2012.

J.S. Bell, Speakable and Unspeakable in Quantum Mechanics. Collected Papersuamui@

Philosophy Cambridge University Press, Cambridge, 2004.

3. J.E. Mooij, “Quantum Mechanics. No Moon there”, Nature Phy&igp.401-402, 2010.

4. A. Palacios-Laloy, F. Mallet, F. Nguyen, P. Bertet, Vion, D. Esteve, and A.N. Korotkov,
“Experimental violation of a Bell's inequality imte with weak measurement”, Nature Physics
6, pp.442-447, 2010.

5. AJ. Leggett and A. Garg, “Quantum mechanics versus macrosceglism: Is the flux there when

nobody looks?” Phys. Rev. LeB4, pp.857-860, 1985.

J. Clarke and F.K. Wilhelm, “Superconducting quantum bits”, NatG8pp.1031-1042, 2008.

I. Chiorescu, Y. Nakamura, C.J.P.M. Harmans, J.E. Mooij, “Coherer@nfQm Dynamics of a

Superconducting Flux Qubit”, Scien2@9, pp.1869-1871, 2003.

8. N.D. Mermin, “Hidden variables and the two theoreaisJohn Bell,” Rev. Mod. Phy$5,

pp.803-815, 1993.
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Measurement of charge and spin qubits in a transist channel

M. Rudenko, V. Vyurkov, S. Filippov, A. Orlikovsky
Institute of Physics and Technology, Russian Acgd#rgciences, Moscow, Russia, vyurkov@ftian.ru

Recently, a novel implementation of a solid-state quantum compaged on field-defined quantum dots in
an ultrathin silicon bar was proposed [1] (Fig. 1). The quantfonntation can be encoded and processed in
either spin or space degrees of freedom. The constructitow$ola natural way of nanoelectronics.
Scalability is audible and it opens up a possibility of large-scale quattonputer.

Quantum algorithms could be effectuated via manipulation with gatatf@dsge After that the read-out could
be performed via a transmission of current through the channebpésated by gate potentials. Worth
noting during quantum computation the current is switched off and has no influence ohexajution.

We propose a regime of Coulomb blockade for measurement of ahasige and, respectively, a regime of
spin blockade for measurement of spin qubits. In the present commomittai most attention is paid to
charge states, since they can be controlled by electricagguolely: initialization, one- and two-qubit
operations, read-out. Charge qubits are based on double quantum dot3 (D@ Bssingle electron and the
measurement must reveal which quantum dot is occupied by tieorleAll guantum dots in the chain, but
the measured one, are ‘deepened’ by positive potentials appliedrésponding gates. Those dots create
potential wells for electrons moving through the channel. Whemtesured dot is empty there is a well
(Fig. 2A); when an electron inhabits the dot there is a baiffigr 2B). From classical point of view that
kind of measurement is absolutely exact. The quantum situatidiffasent. The quantum reflection from
potential wells much matters. The potential profile in the cHasheuld be fairly smooth to diminish
guantum reflection. The thorough optimization of the structure baseaihwtation is required to make it
possible to measure lots of qubits in the channel. The simulatguided by the quantum ballistic approach
of Landauer-Buttiker to calculate a current in field-effect fisd0ss.

It is important that the measurements are necessary not othg stage of read-out. They are also required
before a quantum computer is run. One needs to adjust qubits detahsir indispensable technological
variability and stray charges in the structure.

A measurement of spin states of electrons in qguantum dotnpority atoms) seems also plausible. In the
case the spin-polarized current should be transmitted through theeth@he exchange interaction of
moving electrons with the electron in a dot ensures sengitvitts spin state. It turned out that quantum
dots could be specially designed to make the strength of exchaegetiion comparable with that of direct
Coulomb interaction. Spin blockade of current turns thus feasible.

/ ampy E-gates A N
\ L | I T-gates
Insulator \
Substrate K /\]
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Fig. 1. Qubits in a transistor channel. Fig.2. A: transmission of the yagket through
the empty QD; B: reflection from the occupied QD.

The work was supported via the grant # 07.524.12.4019 of the Ministry of Education arw $€ithe
Russian Federation

1. S. Filippov, V. Vyurkov, and A. Orlikovsky, Proc. EUROSOI-2011, Granada, Spain, pp.101-102, 2011.
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Atomic force microscopy studies of ferroelectric ad electrical
properties in epitaxial BaTiOs/Pt heterostructures

A. Baturirt, A. Chouprik, K. BulakH, A. Kuzin', A. Zenkevici, M. Minnekae?
1. Moscow Institute of Physics and Technology, Biaigdny, Russigkvant755@gmail.com 2. National Research
Nuclear University “Moscow Engineering Physiicstihge”, Moscow, Russia, avzenkevich@mephi.ru

Using ultrathin ferroelectric (FE) films separating two différmetal (Me) electrodes opens up new vistas

for creating new type of non-volatile memory based on tunneling electtaresiseffect (TER), when

electrical resistance strongly depends on the orientation of thdcefmdarization in FE thin film [1,2]. In

this work, epitaxial BaTi@(4 nm)/Pt (10 nm) heterostructure grown on MgO (100) substrate by pulsed laser
deposition [3] with top Cr electrodes is investigated. Top Cr electian@eseposited by electron beam

physical vapor deposition (EBPVD) through shadow mask of thickness 100 nm @itimB@iameter holes.

The ferroelectricity of ultrathin epitaxial BaTi@Im is confirmed by hysteresis and butterfly loop

measurements. The coercive fieg . = -8400kV/ cmand E_ ., = 4000kV/ cm s calculated from

coer

hysteresis loop. TER effect reaching 10 for 4 nm BgDh@rier is obtained fromV characteristics for
generated antiparallel domains. Current density for low resistaredssia= 2.5 mA/ cnft .
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Fig. 1. a) Experimental local butterfly loop measured in 4 nm thick Bafllii® b) Experimental local hysteresis

loop measured in 4 nm thick BaTi@m; c) Experimental-V characteristics recorded on the

Au/Cr/BaTiG; (4 nm)/Pt tunnel junctions for opposite polarization orientations; d) ISKaistrating the

geometry of the experiment for AFM studies of ultrathin BaTilDn.

1. M.Ye. Zhuravlev et al., "Giant Electroresistance in Fegateic Tunnel Junctions”, Phys. Rev. Le®,
246802, 2005.

2. A. Gruverman et al., "Tunneling Electroresistance Effect @mrdelectric Tunnel Junctions at the
Nanoscale", Nano Lett9, pp.3539-3543, 2009.

3.A. Zenkevich et al., "Pulsed laser deposition of ultrathin BaF®bi-layers: structural characterization
and piezoelectric response”, Thin Solid Fil®20, pp.4586-4589, 2012.
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Formation of Ag clusters for resistive memory cells
from thin film

A. BeloV}, D. GromoW, O. Pyatilova, O. Sakharo¥ A. Trifonov?
1. National Research University of Electronic Tealogy MIET, Moscow, Russia; e-mail: netadm@miee.ru
2. Scientific Research Institute of Physical Pratdenamed after F.V.Lukin, Moscow, Russia; e-mail:
admin@niifp.ru

In recent years, development of nanodevices based on separatelesobetd atoms is of great interest.
Much attention is given to nonvolatile memory cells with low power consumatidrhigh memory volumes
which will enable the replacement of known memory types. Developrok periodical nanoparticles
metal/Ag chalcogenide/Ag formation methods is a topical probbEvause it forms a basis of nonvolatile
memory cell creation. This structure includes silver clusied chalcogenide glass which works as an
electrolyte and is able to conduct silver ions. Resistive angins characterized by high-speed performance,
can be realized with very high density, has long life time and is easy to produce.

The aim of this work is to create an array of Ag nanoclusthishacould be a basis of resistive memory cell
creation. Heating of the thin films up to disintegration tempieeais known as one of Ag clusters creation
methods. Therefore, in order to develop the idea of nanoclustgraeaation process as a result of film
disintegration to drops, the evolution of thin Ag films withigas thicknesses deposited on Skdrface
during heating in vacuum was investigated. The samples were dstudieg FEI Tecnai 20 S-Twin
transmission electron microscope (TEM).

Investigation of cluster size distribution has shown thafiliorthickness range from 12 to 130 nm there are
two most preferable cluster sizes. The first one correspandmeter value from 40 to 80 nm, and the
second is around 400 nm in diameter. For films in that thickness thegduration of the annealing has a
remarkable influence on the evolution of cluster array dubdgtesence of two simultaneously ongoing
processes:

» Coalescenceenlargement of the cluster size takes place (in szames up to several micrometers)

and the distance between them increases.
» Evaporation: the film is almost completely evaporated within 120 minutes of annealing.

The behavior in the disintegration process of the film with a thickne&siof is quite different. The study of
samples with different duration of annealing has demonstrategretically no changing of cluster array
was observed, and there was only one predominant size of 15 nm. Omehcd §lm was annealed in

hydrogen sulfide atmosphere during 12 hours. As a consequence the aldfimotion pattern of clusters

has changed.

As a result the correlation of clusters parameters Wihpirameters of the process (temperature, annealing
time) and initial film thickness have been identified. Isfoown that during the disintegration of the films
with a thickness from 20 to 130 nm two processes predominate: ewvapoaad coalescence. These
processes are the cause of the presence of two preferred cluster sizes

» Small-sized clusters. They can be caheoho-clusters that is, composed of a single nanocrystal.

» Large size clusters agtobular, that is, consisting of the union of nanocrystals.
In the process of disintegration of the film 6 nm thick, the®eesses are hardly noticeable, therefore only
mono-clusters are formed on the surface.
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Memory cells on the basis of metal-insulator-semicmuctor of
structure with multilayer dielectric with same nanometer layers

A.E. Berdnikov, A.A. Popov, A.A. Mironenko, V.D. @momordick, A.V. Perminov
Yaroslavl Branch of Institute of Physics & Technpl@f Russian Academy of Sciences, 150007, Russia
e-mail: imiraslab4@yandex.ru

In multilayer dielectrics with nanometre layers tunnellofga charge carriers on the built-in layers and
preservation of this charge are possible. It allows creatingus types of cells of hon-volatile memory. The
classical technology provides formation of MIS transistor with suckdaiét. That (flash memory) is widely
used in practice. The big relative square (7-8 of squareiroimal topology size) at one memory cell is a
main negative feature of such cell design. However other optiorss memory cell design, allowing
receiving a cross-bar topology of a memory device are possible also. Tiher anga (approx. 5 of square of
minimal topology size) needed from one bit of memory is a main advantages of suolgyopol

Properties of silicon oxide films with incorporated layers ib€@ nitride with total thickness of 40-90
nanometers were studied. For this purpose metal — insul&®miconductor (MIS) structures were made.
All dielectric materials were produced by low frequency plagmiaanced chemical vapor deposition (LF
PECVD). This method provides existence of silicon clusterseleatric. Clusters appear as a result of gas
phase polymerisation of silane radicals, and build-in deposited iatatetaterials differed also non-
stoichiometric degree in various experimental samples. Surpluscohsilgglomerates in a separate phase as
a nanosize clusters.

The research of current-voltage plot showed that such samples efff@e¢ of bipolar switching of
conductivity. It is possible to assume that as a result ¢ofbsekdown the conductivity channel between
metal and the semiconductor formed. Conductivity in which controlled¢hayges deposited in nitride
layers. It allows using MIS structure for creation of d oélmemory and a memory device on its basis.
Technological parameters of layers deposition and a desigmefreory cell were optimised. The memory
design with cross-bar topology was developed. The prototype was made.

Research of such structures voltage-capacitance ch@tacteshowed anti-hysteresis existence, see.fig.1.
The word "hysteresis" means a delay, in our case we obarraedvancing. Because it we use a word an
"anti-hysteresis". The anti-hysteresis can deposit ai bés voltage in case of correct MIS material
combination. Thus MIS capacity will depend on background of voltage geldrom structure. It means that
such structure can be used as a memory cell which conditidesiditapacity. The memory on their basis
can have topology a cross-bar. Conductivity of such structurdiseat voltage is equal to zero. Therefore
reading of a condition is possible without snake-effect.
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A resistive switching effect with memristive behawr in Hf (Al ,.,Oy
layers grown by atomic layer deposition

A.A. Chouprik, K.V. EgoroV, I.P. Grigal, Yu.Yu. Lebedinskfi, A.M. MarkeeV, A.V. Zenkevich
1. Moscow Institute of Physics and Technology, Dolgdpy, Russia, chouprik@mail.ru
2. NRNU Moscow Engineering Physics Institute, Mosd®ugsia

The phenomenon of memristive resistance switching (RS) iffikmmevices is currently a focus of
research for developing a high density non-volatile universalaneas well as computational functionality
beyond CMOS technology (programmable logic, signal processingalnmeativorks). The simple structure
of thin film memristor and the implementation of hafnium oxideantemporary CMOS technology both
facilitate the successful integration of hafnium oxide basedrma®ors in the future technology. It is known
that the resistivity in transition metal oxide layers embddaEtween metal layers in metal-insulator-metal
stack changes following the drift of oxygen ions/vacancies isuffeciently large electrical field. Therefore,
the key to increase the memristive RS effect is to fimethods enabling to change reproducibly and
reversibly the concentration of oxygen vacancies in a digeletyer. The formation energy of oxygen
vacanciesn HfO, is known to decrease once thed®pant is added (e.g. Al) [1]. In this work, we study the
RS effect in HfAl 1,0y dielectrics with Al content in the wide range.

Single HfQ layer, HfQ/Hf,Al1..Oy bilayer with the selected Al content inAf,.,O, layer and the
"graded" HfAIl..,O, layers with the wedge Al depth profile varying in the rarg6.2-0.9 were grown by
atomic layer deposition (ALD). The overall thickness of all digiedilms was ~ 6 nm. ALD was carried out
at T=240°C using Hf[N(CH)(C;Hs)]4, Al(CH3); and HO precursors for Hf, Al and O constituents,
respectively. Pd, TiN, Ti, Pt were used as electrodes. dhmpasition, chemical, structural and electrical
properties of as-grown films were studied using Rutherfordkduattering spectrometry, X-ray
photoelectron spectroscopy (XPS), X-ray diffractometrylavidneasurements, respectively.

According to the electrical measurements, unstable R&teffas found in TiN/Hf@Pt structure.
Instead, HfQHf,AIl,.O, bilayered structure and "graded",Af,..O, exhibited the memristive (multilevel)
RS behavior. "Graded" k#l,.,Oy based structure demonstrated the most stable RS effeanasiththan 8
resistance states and the highest/lowest resistance stat,rafyy ~ 15 (Figs. 1-2). XPS analysis revealed
the generation of the dipole at the/IPO," interface caused by the drift of oxygen vacancies in,HfO
towards the interface.
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Fig. 1. Typical J-V characteristics of the struetdiN/Hf,Al .,O,/Pt  Fig. 2. Endurance properties (a) and statistical
(x=0.2-0.9), that reveals RS effect with memristhedavior distribution of resistances (b) for thgraded
TiN/Hf Al O,/Pt (x = 0.2-0.9) structure
1. H.W. Zhang, B. Gao, S. Yu et al., "Effect of ionic doping on the behawf oxygen vacancies in

HfO, and ZrQ: A first principles study”, IEEE, p.155, 2009.
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Atomic layer deposition of HfAl;1.,O, dielectric layers for memory
devices

I.P. Grigaf, A.A. Chouprik, K.V. EgoroV, Yu.Yu. Lebedinskfi, A.M. Markeev

1. Moscow Institute of Physics and Technology, Dolgdpy, Russia, irina.grigal@gmail.com
2. NRNU Moscow Engineering Physics Institute, Mosd®ugsia

Transition metal oxides like Hf-based oxide attract much a@brersis a promising dielectric for logic and
memory devices. Moreover Hf-oxide based resistive random aocesery is one of the most promising
candidates for future universal information storage applicatiluesto its nonvolatility, simple structure,
scalability, high speed (~1 ns) and low energy consumption (9 I1pJDefects like oxygen vacancies
influence on dielectric properties. Meanwhile DFT calcalatshowed Al doping of Hf©decreases the
oxygen vacancy formation energy [2]. However the mechanismssistive switching (RS) are not clear
enough. Thermochemical processes during switching between lotamesiand high resistance states can
play an important role. In this study the influence of the mentipnecesses are modeled by rapid thermal
annealing. Thus this work is aimed at the structural and ielgcproperties investigations of as deposited
and annealed KAl ,.,O, thin films grown by atomic layer deposition.

Hf,Al 1.0y thin films were deposited by atomic layer deposition using A{&HH[N(CH3)3(CoHs)]4 and
H,O at 240 °C on Si, TiN/Si and Pt/Si substrates. The compodgiti the Hf-aluminate was controlled by
varying the ratio of cycles between the Hf@éhd AbOs; reactants. The films thicknesses were varied from 4
to 25 nm. Part of the samples were annealed imttosphere at T=700 °C for 5s.

The chemical, structural and electrical properties wéndiesd using X-ray photoelectron spectrometry
(XPS), Rutherford backscattering spectrometry (RBS), graagigence X-ray diffractometry (XRD), X-ray
reflectometry, C-V and I-V measurements.

According to RBS and XPS measurementgAHf,O, films exhibit Hf-Al compositions in a wide range of
x=0.2-1 depending on H#AI,O; cycles ratio. The rapid thermal annealing led teAHf,O, crystallized in
metastable orthorhombic structure instead of monoclinic steuttupure HfQ (Fig. 1). The appearance of
orthorhombic phase during annealing can be related to an oxyger iekigiAl 1.,Oy films [3]. Moreover
electrical measurements of MIM-stack showed thaAHfO, revealed more stable resistive switching effect
in comparing with Hf@. According to XPS investigations Hf3d and O1s lines in lovustasce state shifted
on 0.9eV compared with Pt4f line (Fig. 2). The shift can be dube@xygen vacancies level increase in
Hf,Al 1.0, dielectric what can confirm formation of oxygen deficient orthorhombic phassgdr6.
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Fig. 1. XRD of HfGQ (black line) and Hf-Alo:0, (red Fig. 2. XPS of Pt/Hf@Hf;7AlqO,/TiN structure in

line) annealed thin films. different states: red — low resistance, blue — high
resistance, black — fresh structure.

1. F.T.Chen et al., “Resistance switching for RRAM applicatioBgi, China Inf Sci54, pp.1073-1086,

2011.

2. H.W. Zhang et al., “Effect of ionic doping on the behaviors of oxygeanaes in Hf@and ZrQ: A first

principles study”, IEEE, p.155, 2009.

3. C. Weimer et al., “Evolution of crystallographic ordering in /Af,O, high-k dielectric deposited by

atomic layer deposition”, Appl. Phys. Le®3, pp.5271-5273, 2003.

P2-19



Influence of heating on electrical properties and rarphology of
indium-doped Ge,Sb,Tes thin films for phase change memory devices

P. Lazarenkd S. Kozuykhifi, A. Sherchenkoy A. BabicH, A. Vargunirf, O. Pyatilova
1. National Research University of Electronic Tealogy, Moscow, Russia, netadm@miee.ru. 2. Kurnékstitute of
General and Inorganic Chemistry, Russian Acaden8c@fnces, Moscow, Russia info@igic.ras.ru

In the last decadehin films of GeSh,Tes (GST225) are intensively studied due to their possible
applications in devices of phase change memory (PCM), particularly in noleviamory cells of PCRAM
type. Variation and optimization of the properties of matenieled in phase-change memory cells are
possible by doping and modification of the structural matrix. It vegerted that In-doping effectively
influences the kinetics of crystallization of £S&,Tes, which determine operation speed, and can be useful in
solving a problem of compromise between crystallization rate andival lifetime of the recording
materials [1]. However, questions of the influence of In-dopindhe properties and stability of S&,Tes
are not well understood yethe principle of phase-change memory devices is based on tlyeimdaced
reversible transformation between amorphous and crystalline phtasesell known that the crystallization
of PCM is accompanied by a large density change [1]. In tBis, s@lume change of the PCM material can
lead to the degradation of contacts between GST225 and theaésc which will initiate reliability issue of
PCRAM devices. So, in this study we investigated the influerickeating on electrical properties and
morphology of In-doped GE8b,Te; thin films.

The initially doped G£Sh,Tes alloys with different amounts of In (0, 0.5, 1 and 3 wt.%) were prepared
using quenching technique. The amorphous thin films were deposited byermal evaporation in vacuum.
Planar structures containing Al electrodes with fixed intecteode distances (1, 5, 1#n), and deposited
upon them GST thin film were fabricated on oxidized c-Si satestr The temperature of the samples during
the measurements was varied from room temperature to 350tACGhe heating rate of 1 °C/min. The
thicknesses of the films were determined with using of AFNI-fDT SolverPro), which were in the range
from 50 to 80 nm. The morphology of the thin films was studied by SEM (Carl-Zeis$N\i8) and AFM.
The chemical compositions of the films were determined fbgydluorescence analysis (XRF).

The temperature dependences of resistivity were measurddefSh,Tes and In-doped GShTes.
Exponential temperature dependences of resistivity were asithlfor the investigated thin films in the
range from room temperature to 120 °C, which are typical for aitmerphous chalcogenide glassy
semiconductors (CGS).The obtained data showed that incorporation mélaasnount of indium into
GST225 material (up to 1 wt. %) led to the increase of theaticin energies conductivity and resistivity of
amorphous thin films (0,29 eV, 11®* Q:cm for undoped GST225, and 0.35 eV, PR Qcm for GST225
with 1 wt. %, respectively). At the same time the additb® wt. % In is accompanied by the decrease of
the activation energy and resistivity (0,31 eV,-B08cm, respectively, for GST225 with 3 wt. %). The
deviation from the trends for the dependencies of electrical iiepen the dopant concentration with the
high dopant content might be associated with phase separation.

Sharp drops in resistivity for all investigated materialevepserved in the range from 130 to 170 °C,
which corresponded to a phase transformation from amorphous tolorgstédte. The value of resistivity
drop paveps/Prprer INCreased with the increase of In content. In addition, incoiparaf In in GeSh,Tes
shifts the phase transition temperature range from amorphougstallane state to the higher values (132-
141 °C for undoped GST225, and 140-166 °C for GST225 with 3 wt. % In), which ctribated to the
change in the energy bonding and local chemical order.

Further heating above the transformation temperature reveateeased resistivity values with
unsystematic changes within the orders of magnitude for akuned samples. According to SEM heat
treatment up to the temperature of 350 °C leads to the formdtilange number of cracks, discontinuity
areas, as well as the flaking of the CGS film away fromdlectrode contact boundaries. This effect was
eliminated with the help of a Sj@overing thin films with 0.5 pm thickness deposition by electrawbe
evaporation on the top of CGS film.

This work was supported by Ministry of Education and Science~afplRojects P847 from 25/05/2010
andNe 16.552.11.7033 from 29/04/2011), RFBR (11-03-00269) and FASIE (pNjd69867).

1. Ting Zhang, Zhitang Song, Bo Liu and Songlin Feng, Semicond. Sci. Te2&n@ab5010, 2008.
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Effect of the moist porous silicon oxide layer onhte electrical
characteristics of memory cells

V. Levin, V. Mordvintsev, S. Kudryavtsev
Yaroslavl Branch of the Institute of Physics andhirmlogy, Russian Academy of Sciences,
Yaroslavl, Russia, E-mail: el-bek@yandex.ru

Usually the washing operations in deionized water can solvedhamination problem, but the water
molecules can be contaminating impurity, as it happened in our caseerhary element on self-forming
nanostructures (MESN) [1], in a simplified design fig.1, is anetparallel

! Cathode \

7
SiO,
7y

capacitor system - "sandwich" structure consisting of two reldes separated
by a dielectric. The dielectric film is thin (tens of nanteng) to provide
sufficient intensity for field emission in the insulatingt skt low supplied
g . voltages (5+15V). In MESN the silicon dioxide ($)Qxs a dielectric is used,
S which is a good insulator and has convenient functional propestiasstorage
Y medium, it is effortless to electroforming [1]. In our experitse we used

z Anode ( thermal oxidation of silicon and plasma-chemical deposition of. $iGorming
the butt-end of a thin dielectric insulating slit is particylamportant etching

fig. 1

operation, as the butt-end surface state effects significantlyet reliability of
the MESN. Therefore, before the electroforming operation and aftezrieval

of the protective film of photoresist, it was decided to suljee open housings with chips to boiling in
deionized water for further cleaning of the open butt-ends ofdibkectric from the possible ionic
contamination. The quality of the obtained structures of theeaied and electrical properties of the

insulating slit has been tested.
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The experimental current-voltage characteristidsU)( of
structures with a thickness of silicon dioxide about 20 nm are
shown in fig.2. For the closed structure, i.e. capacitor with a
continuous film of SiQ the typical form oi-U are presented by
curve 1 where a visible current appear when the voltage dpplie
to the structure is more than 21 V only, which is typical for high-
quality films of SiQ. The curve 2 represents) of the opened
structure, i.e. in which the butt-end of %@ formed by wet
etching in the film of the same quality. After treatment ilitg
water, it was found that for the structure with thermal silicon
dioxide I-U shifted toward lower values - curve 3 and for the
structure with the plasma-chemical silicon dioxiddg shifted
toward higher values - curve 4.

To explain this behavior ofFU, we used the effective medium theory formulas [2] and the ncaher
simulation of electric fields in MESNThe plasma-chemical oxide has a higher porosity that is ailjire
confirmed by a comparatively higher rate of its etching due to rapid pgastof etchant into the pores. The
increased porosity leads to the water penetration after baiBeg into the pores and can persist long in
them. As the basis of the simulation model the assumptiokea that the thin surface layer of thett-end

of the oxide in the slit can be represented as a matrix mix - ndiotgsm of water with the relative
permittivity € = 81 in SiQ - matrix withe = 3.8.

The results of numerical simulations show that the increasittieaéffective dielectric constant of the layer
leads to a redistribution of the field in the slit, so the caonitfor emission of electrons from the cathode is
impaired, the breakdown probability of the dielectric near the aimodeases and in consequence of this the
stability of the electroforming process is reduced. In additiois, ibtunded that the deviations of the field
intensity calculated for our model have extremes depending on the depth dagearist

1. V.M. Mordvintsev, S.E. Kudryavtsev, V.L. Levin, Nanotechnologies in RussiadyN 1-2, p.121,

20089.

2. Z. Hashin, S. Shtrikman, J. Appl. Phys., Vol. 33, p.3125, 1962.
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Influence of thermocycling on the properties of GeFe system
materials for application in nanoscale phase changaemory cells

A. SherchenkoY S. Kozyukhifi, M. Michailovad, A. BabicH, P. Lazarenkb
1. National Research University of Electronic Tealogy. 2. Kurnakov Institute of General and Inorga@hemistry of
the Russian Academy of Sciences

Phase-change memory devices are actively developed now. Prometi@gals for this type of memory are
compositions in ternary system Ge-Sb-Te. The most perspéstoensidered to be G8b,Tes. However,
some aspects of these materials are not yet studied, whicinatogfow fully realize the potential of phase
change memory devices. We have previously shown that during repeated heanhtrebsmeh materials the
endothermic peak in the temperature range from 390 to 415°C ppawra[1]. The study of the processes,
which leads to the appearance of this peak, is very importeatge they may initiate reliability issue of the
phase change memory cells. The origin of this peak mayuseddy the phase separation during repeated
heat treatments due to the diffusion of mobile Te atoms togthen boundaries leading to strong
heterogeneity of the composition. This is confirmed by X-ray diffvacanalysis. The analysis of phase
diagram showed that the most probable reason for the appearahieesfdopeak is a local melting of the
eutectic composition (Te+GeTe) in the system Ge-Te. Heweeferred data on the composition and
melting temperature of the eutectic are contradictory.ddit@n, there is almost no information on its
behavior during repeated heat treatments, which accompanies tlsgg®of recording/erasure in phase
change memory cells. Therefore, the aim of this work was tatigete thermal characteristics and behavior
of the compositions close to the eutectic in the system Ge-Te by thplenDIBC measurements.

The synthesis of materials was carried out in evacuateddsqabrtz ampoules at 88D for 10 h, and 5
different compositions (Gegleg;, GaTegs, Gaslegs, Gaglegs, GasTegs) were obtained.

The thermal behavior was investigated with using of diffeaéstianning calorimeter DSC-50 (Shimadzu).
Samples were heated with the rate of 10 K/min in the nitrogeaspihere from room temperature to 470°C.
Empty Al pans were used as references. The phase compositi@roéterials was investigated with using
of X-ray diffraction diffractometer Rigacu D/max 2500. Proaagsif the results was performed with using
of FindIt and Mercury programs

For all investigated compositions endopeak in temperature rdri@@0el15°C was observed already after
the first DSC measurement. This peak is associated withahagnof the eutectic in the system Ge-Te. In
addition, for the two compositions with a high Te concentrations[@g and Ge;Tegs) there appeared
another endothermic peak with the higher temperature. Thateepéeat treatments of all investigated
compounds leads to phase separation and the appearance of two adukiaisala low temperature peak
(370-385°C), and a high temperature peak (410-465°C). Moreover, the vahe @fitectic melting peak
decreased. With increasing the number of measurements, high-tampeesk increases and shifts towards
higher temperatures with a saturation at 460 °C. This temperatal@se to the melting point of tellurium,
which indicates on a change in the composition of one of the ptagasls the increase of the tellurium
content. The position of low-temperature peak is close for atipositions, and during multiple heat
treatments varies slightly (within 4 degrees). Thermodyoaralculations of the possible reactions in the
solid phase were carried out. Presumably, this peak is due olitigphase reaction of formationefGeTe
from a-GeTe and Te. So, the decrease of the Te+GeTe eutectingdtik is associated with a decrease of
its concentration during heat treatment and the appearance of a high terepartectic Ge+GeTe.

X-ray analysis showed the presence of crystalline phasedusiuiel in the initial materials, with increasing
content after the heat treatments. The phases of Ge and Gedeabgent in the initial materials and
appeared after the heat treatments. Thus, repeated heatetrta leads to the phase separation of
compositions close to the eutectic, and appearance of crystalline phasesef GeTe.

This work was supported by Ministry of Education and SciendgFofprojects P847 from 25/05/2010 and
Ne 16.552.11.7033 from 29/04/2011) and RFBR (11-03-00269).

1. A.A. Sherchenkov, S.A. Kozyukhin, E.V. Gorhskova. “Transformationsasgichange memory material
during thermal cycling”, Journal of Optoelectronics and Advanced Matgtialpp.26-33, 2009.
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Formation of nanomask with 10-20 nm elements usingglf-organizing
processes in diblock-copolymers films

M.A. Bruk®, E.N. Zhikhare®, V.A. KalnoV?, A.V. Spirirt, I.I. Amirov?
1. Karpov Institute of Physical Chemistry, Mosc®ussia. 2. Institute of Physics and Technologysiaas
Academy of Sciences, Moscow, Russia. E-mail: brakdglsi.ac.ru

One of the ways of formation of the nanomask with small aksn®-10 nm) is the use of self-organization
phenomena of diblock-copolymers thin films deposited on the substrédees[l]. Each diblock-copolymer
molecule consists of two polymer chains of different chemma#lire, connected by a covalent bond. When
you create certain conditions (an energy neutral surface stitisrate with respect to each of the blocks, a
sufficiently high mobility of the blocks, a small 30-40 nm filhickness, etc.) the self-organization takes
place in these films. In this process the blocks of one compowghtthe small volume fraction in the
copolymer) may form a cylindrical nanodomains oriented perpenditoldghe substrate surface, while
blocks of the other component form the continuous matrix in whichahedomains are evenly distributed.
After the selective removal of cylindrical domains the narsdnis formed with the cells (diameter of 15-20
nm), separated by the matrix polymer walls with the width of 15-20 nm.

This report presents the preliminary results on the foomaif nanomask on the basis of self-organizing
films of diblok-copolymer of styrene (St) with methylmethacrylate (MMA) olicen wafers with a thin
natural oxide layer. The molecular weight of dibkapolymer was 77,000 at volume content of
poly(methylmethacrylate) blocks about 30%. To make the energyaheutiostrate surface the random
copolymer of St with MMA thin layer grafted to the silanobgps of the silicon oxide surface layer was
deposited. It is shown that the method used allows to form the yrelystnanomask with the sell diameter
of 15-17 nm (see the figure). The observed irregularity of csitilbution in the mask is apparently due to
discontinuous layer of the random copolymer grafted. This eiffeapparently due to the discontinuous
silanol layer on the thin natural oxide layer. Through the oldainask the plasma etching of the silicon
substrate was carried out.

This work was supported by the Russian Foundation for Basic Rbsg@anjects 10-03-00422 and 10-07-
00581.

100 nm Mag = 286.16 K X EHT=1505kV  Date:20 Mar 2012 ETIAN
WD = 20mm Signal A = InLens Time :16:05:03

1. ILA. Zucchi, E. Poliani, and M. Perego, "Microdomain orientation dependence ometbgdk thin films of
cylinder-forming P9-PMMA". Nanotechnology21, 185304 (5pp), 2010.
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The new method of image formation by direct electro-beam etching
of polymer resist
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1. Karpov Institute of Physical Chemistry, Mosc8ussia. 2. Institute of Physics and TechnologysiRusAcademy of
Sciences, Moscow, Russia, E-mail: bruk@cc.niftruac.

This report presents the results associated with the amaeht of the new "dry" technology of electron-
beam lithography based on the direct etching of the some posisigesrdirectly during exposure. The basis
of the new technology is the electron-induced chain reactiorcbingt of the polymer resist to the volatile
low molecular weight products. The method allows, in particularcdoy out the etching of the
poly(methylmethacrylate) resist layer with the rates ofl@0-times greater than in the traditional "wet"
technology. The main advantages of the method proposed aredealthe formation of spatial 3D-micro-
and nanostructures. The three-dimensional structures in form of "steps"ewitidth of the step from 0.2 to
10 um and the height from 5 to 50 nm are obtained in the PMMA ffidsis. The roughness of these
structures on the Z-axis does not exceed 1-2 nm, which is abowSltetter than in "wet" 3D-lithography.
The three-dimensional image in an atomic force microscopeeodrie of the spatial patterns produced by
the new technology is presented below.

276 nm

191 nm

X: 21 pm

Technological advantages of the proposed method can be summariaidves fl) reducing the number of
the lithographic process stages; 2) eliminating the neeardanic developers; 3) significantly increasing the
productivity of the lithographic process and reducing its cost) #)e formation of 3D-dimensional micro-
and nanostructures the quality of derived structures is impr&yetie method allows to form on the same
sample the structures of various types without any liroitatihe wet technology is limited to the structures
with identical conditions of development.

At present the new field of technology, based on the use dfaex3D-lithography for the production of
micro- and nano-electromechanical devices, elements of optitairs/égratings, waveguides, lenses, etc.),
stamps for nanoimprint lithography, etc. is actively formEue proposed method can make the significant
contribution to the development of this new field of technology.

This work was supported by the Russian Foundation for Basic Res@aojects 10-03-00422 and 10-07-
00581
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The charging of PMMA-film resist in electron beam lthography

Evstafjeva E.N., Knjazev M.A., Rau E.I., Svintso\AA Tatarintsev A.A., Zaitsev S.I.
Institute of microelectronic technology and highriipumaterials RAS, Chernogolovka, Russia, E-mail:
rau@phys.msu.ru.

A scanning electron microscope (SEM) is used in investigati@haiging polymethylmethacrylate
(PMMA) films on Si-substrate. The PMMA is an important insagtmaterial and widely used in electron
beam lithography, for photomask fabrication and direct pattertingiri But charges trapped in the
photoresist cause a positive or negative surface potargidepending on the PMMA thickneskand
primary electron energif,. The arising electric field will deflect incoming electroausd lead to pattern
placement error.

We report the results of potentdd measurements on PMMA coated silicon substrate with difter
values of PMMA thickness and beam energy. The estimatidfg isfbased on the measurement of the shift
secondary electrons spectra in the SEM with toroidal electrostatttremeter [1].

The resulting experimental surface potentials are showndr Bind 2. The electron energy was
varied between 0.2 and 20 keV and the PMMA resist thickndsesvavere 0.4, 1.4, 2.7, 4.0 um. For
comparison we have measuréglon bulk PMMA crystal with thickness 1 mm. The electron beament
was 1 nA onto irradiated area 100x100?(ffV-scan mode) for 60 second corresponding to a total dose of
600 uC/cr

The present results are important in low-voltage and high-wltlgctron lithography and
nanometrology, because of significant electron beam deflectientdffy charged insulators. The pattern
distortion due to electron beam deflection can reach unity nm invioiggge and tens nm in low-voltage
lithography.

The principal conclusion of the experiments is following. Féiedgnt film thickness two cardinal
energy points exist, wheré=0. These cardinal energies can be used in the low-voltagehankigh
voltage lithography (and metrology) to minimize pattern placgneeror. These energies however do not
coincide with well-known crossover energies for bulk insulatolschvare usually estimated at exposure by
primary electrons measuring a total yield of emitted electrons.
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Fig. 1. Depending of surface potenti& on electron Fig. 2. Surface potential on PMMA as a function of
energyk, for different PMMA film thicknessl. film thickness for different electron beam enekgy

1. Rau E.l, Fakhfakh S., Andrianov M.V., Evstafjeva E.N., Jbara O., Rondot S. "Secomyerassergy

of insulating materials using stationary electron beam under norn@dgmoe”. Nuclear Instruments and
Methods in Physics Research (B®6. pp.719-729, 2008.
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Micropattern formation of diamond films

E.A. Ilichev, A.E. Kuleshov, N.K. Matveeva, G.Nefukhin, R.M. Nabiev, and G.S. Rychkov
F.V. Lukin State Research Institute of PhysicaldRrms, Zelenograd, Moscow, 124460 Russia
E-mail: polt@niifp.ru

We present a technology that makes possible high-precighagiaphy on diamond films with areas up to
10" mnf. A minimum element size that can be achieved is only datednby the level of lithography
accessible for silicon-based integrated circuits. A disisiing feature of the proposed technology is that
the mask for etching is created prior to the growth of a dianfiimd The sequence of operations is as
follows (see Fig. 1):
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o« 1 1 —1 ﬂ — = ——1 1 —1 —1 | —
1
= - ==
Si3N4 74_ SIOZ
6 6
d 5 e f 3
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Fig. 1.

1. The surface of silicon wafdris covered by deposited or grown fil2rof a material suited for making a
mask for the etching of diamond (Fig. 1a). Possible matexialse.g., silicon dioxide (S silicon nitride
(SizNy), and titanium (Ti). Masks of these materials are not dposed and deteriorated at the temperature
of diamond film growth. The thickness of fil&is determined by the depth of etching required for the
diamond film. If the etching is to be performed in electron dyoioresonance (ECR) plasma in argon—
oxygen (Ar:Q, 6:20 cm) mixture, the mask thickness can be determined using data etctieg rates of
mask and diamond, which have been reported by Tran et al. [1] @apdesented in the table together with
data for etching in the presence of elegas)(SF

2. Mask3 for the etching of a diamond film is formed from filrby the usual photolithography or electron
lithography techniques (Fig. 1b).

3. Silicon dioxide (Si@) and silicon nitride (SNy4) layers with thicknesses 0.3 and Qrh, respectively, are
deposited onto the rear side of the silicon wafer and then widdsewpened for the subsequent etching of
silicon (Fig. 1c).

4. A suspension of diamond nanocrystals is applied by centrifuging leatorépared mask. After drying,
nanocrystal$d necessary for the stimulation of diamond film growth are methion the surface of mas8k
and on the exposed surface of silicon (Fig. 1d).

5. An appropriate chemical vapor deposition (CVD) technique is usgbto a poly- or nanocrtystalline
diamond film6 on the upper surface of the silicon wafer (Fig. 1e).

6. Silicon substrate is etched in a 40% aqueous KOH solution at @&°@indow 4. the process
automatically terminated when the etching front reaches rBagls a result, cavityZ with a shape of
truncated pyramid or cone is formed in the silicon wafer. Bwitycbase coincides with windo#and its
top is covered by maskwith diamond filmé (Fig. 1f).

1. D.T. Tran, C. Fanster, T.A. Grotjohn, et al., “Investigation ofkredectivities and diamond etching
using microwave plasma-assisted etching”, Diamond and Related Matejalp.778-782, 2010.
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Formation of buried Ge nanocrystals and Cr (Mn) disilicides in Si by
combination of ion implantation and MBE methods

N.G.Galkin!, E.A. Chusovitin®, K.N. Galkin!, S.A. Dotsenko?!, S.V. Vavanova?,

R.l. Batalov?, R.M. Bayazitov®
1. Institute of Automation and Control Processes, Far Eastern Branch, Russian Academy of Sciences, Vladivostok,
Russia, ngalk@iacp.dvo.ru. 2. Kazan Physical-Technical Institute, Kazan Scientific Center, Russian Academy of
Sciences, Kazan, Russia

Nanocrystallites (nc) of semiconducting chromium disilicide (CrSi,), manganese disilicide (MnSi; 74) and Ge
formed in Si matrix is of great interest for optoelectronics as photodetectors of near infrared radiation (A = 1-
3 um) and thermoelectrical converters [1]. The main method for the formation of buried CrSi, nanocrystals is
the reactive deposition of thin Cr layers followed by Si epitaxial overgrowth by molecular-beam epitaxy
(MBE) [2]. Alternative method of ion-beam synthesis of Si/CrSi,/Si heterostructures has been studied in [3],
where high Cr* doses (&= (1-10)x10'® cm™) and pulsed ion beam treatment (PIBT) were applied. However,
Mn silicide and Ge nanocrystallites in silicon matrix are not formed by this method as we know. In this paper
Si/nc-CrSiy/Si, Si/nc-MnSiy 74/Si and  Si/nc-Ge/Si heterostructures were fabricated by means of ion
implantation, PIBT and MBE. The comparison of its morphology and properties was done.

Silicon wafers of n- and p-type conductivity (4.5-10 Qxcm) with (100) and (111) orientations were
implanted by Cr*, Mn* or Ge* ions with energy E = 40 keV at room temperature with doses @ = (1-6)x10°
cm 2. After the implantation Si samples were subjected to PIBT by high-power carbon ion beam (E = 300
keV, T =50 ns, W = 1.0-1.5 J/cm?). The dose of carbon ions implanted into Si during PIBT did not exceed @
~ 10" cm™. After the implantation and pulsed annealing the surface of Si samples was subjected to UHV
cleaning procedure which is slow deposition (vs; = 0.05 nm/min) of thin Si layer (0.1-0.2 nm) onto heated Si
substrate (T = 850 °C) for 20 min. After the cleaning procedure 100 nm thick Si layers were grown by MBE
at the surface of the implanted samples at T = 700 °C with 7.5 nm/min deposition rate. The surface
morphology of samples was studied by atomic force microscopy method in tapping mode. The optical
transmittance and reflectance spectra of grown samples were registered at room temperature on Hitachi U-
3010 spectrometer with an integrated sphere and Fourier spectrometer Bruker Vertex 80v.

Morphology investigations of samples with equal ion dose and after PIBT have shown that after UHV
cleaning the root mean square (rms) roughness increases in line of ions: Mn*,Ge* and Cr* from 2.88 nm to
4.88 nm. These none atomically flat surfaces were used for MBE growth of silicon top layer. The roughness
of grown samples for all ions is in range of 16 — 26 nm. By low energy electron diffraction data only Si/nc-
CrSi,/Si heterostructures had silicon epitaxial continuous layer and minimum rms value (16 nm). The near
continuous Si epitaxial layer was formed in Ge-implanted samples; it has rms value about 24.6 nm. Silicon
layer grown atop Mn-implanted sample had a labyrinth structure without epitaxial orientation of silicon
islands. Investigations of optical spectra have confirmed that MBE grown silicon top layer covers Cr (Mn)
disilicides or Ge precipitates. It has monocrystalline structure for the case of Cr and Ge ions implanted in
silicon and polycrystalline — for Mn implanted samples. Such difference is probably due to a large crystal
mismatch of Si and MnSi; ;4. Thermoelectric measurements have shown that maximum value of Seebeck
coefficient (200-300 uV/K) is observed for Cr- and Mn-implanted samples. Carrier scattering mechanism
was studied from Hall temperature measurements in the range of 100-500 K. Photosensitivity of grown
heterostructures in photon range of 0.8-1.0 eV was confirmed by photoconductivity measurements.

1. V.Borisenko, Semiconducting Silicides, Berlin, Springer Verlag, 2000

2. N.G. Galkin, L. Dozsa, et al.,“Properties of CrSi, nanocrystallites grown in silicon matrix”, J. Phys.C:
Condens. Matter, 19, pp. 506204(1-11), 2007

3. N.G. Galkin, D.L. Goroshko, K.N. Galkin, S.V. Vavanova, a.o., “Influence of Cr+ ion implantation and
pulsed ion-beam annealing on the formation and optical properties of Si/CrSi,/Si(111) heterostructures”,
Technical Physics, 55, pp. 1036-1044, 2010
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Electroluminescence and photovoltage properties of Si-p/B-FeSi,
NC/Si-p/Si(100)-n mesa-diodes

N.G. Galkin', E.A. Chusovitin®, D.L. Goroshko®, A.V. Shevlyagin®, T.S. Shamirzaev®
1. Institute of Automation and Control Processes, Far Eastern Branch, Russian Academy of Sciences, Vladivostok,
Russia, galkin@iacp.dvo.ru. 2. Rzhanov Institute of Semiconductor Physics, Siberian Branch, Russian Academy of
Sciences, Novosibirsk

Nowadays, two common ways to form silicon structures emitting light in wavelength range 1.5 — 1.6 um are
silicon ion implantation with Er* [1] and thin layers or nanocrystallite (NC) arrays of semiconducting iron
disilicide (s-FeSi,) formation on a silicon substrate by means of reactive deposition or molecular beam
epitaxy [2]. Significant drawback of the both formation methods is a high density of point and linear defects
arising in the silicon layers with embedded NC. Decrease of point defect density demands a long time high
temperature annealing (900 °C, up to 20 hours) [2]. However, such temperature treatment results in intense
impurity diffusion which makes impossible integration silicon light emitters with a silicon integrated circuit.
Recently we show that solid phase epitaxy allows of obtaining defect free epitaxial Si/NC-S-FeSi,/Si
heterostructures without additional high temperature annealing [3]. Thus, such heterostructures can be
promising for light emitting diode fabrication, operating at room temperature.

In this work an electroluminescence (EL) of silicon diode structures with several f-FeSi, NC layers
embedded in the p-n junction area was studied. The f-FeSi, NC’s were formed by solid phase epitaxy (SPE)
and the combination of reactive deposition and solid phase epitaxy (RDE + SPE) [3]. The diode structures
were grown in ultrahigh vacuum chambers (UHV) on the substrates cut out from n-type silicon wafer with
(100) orientation. Semiconducting iron disilicide NC’s were formed on the atomically clean surface by two
methods: SPE — using Fe layer deposition with initial thickness of 0.2 — 0.4 nm, at room temperature,
followed by annealing at 630 °C during 20 minutes; RDE + SPE — by Fe layer deposition with initial
thickness of 0.2 — 0.4 nm, at 375 °C followed by cooling down to room temperature, silicon deposition, and
annealing at 475 °C for 2 minutes. Formed S-FeSi, NC’s were covered by a p-type silicon layer at 700 °C.
According to LEED data the silicon layer have grown epitaxially. Multilayer heterostructures were grown by
repetition of two steps: NC’s formation and the p-type capping silicon layer growth with thickness of
100 nm. To study EL of the heterostructures, mesa diodes with area of 1-7 mm® were made by chemical
etching. Electrical contacts from the substrate and the film sides were fabricated by Al deposition and 10
minutes annealing at 450 °C. EL spectra were analyzed by double grating monochromator SDL-1 and
recorded by Ge photodiode “Edinburgh Instruments” with liquid nitrogen cooling. All the measurements
were taken in temperature range 5 — 300 K.

From analysis of EL spectra was found that g-FeSi, NC’s grown by the combined method (RDE+SPE)
results in the formation of high density of dislocations, which are the main radiative recombination channel
of the non-equilibrium charge carriers at low temperatures, and of the defects that lead to the quenching of
the radiative recombination at higher temperatures. In the structures where s-FeSi, NC’s have been formed
by SPE method the defect concentration is small therefore such structures show intense EL in the wavelength
range 1.4 — 1.6 um even at room temperatures. Photo voltage dependences of mesa diodes grown by SPE
method have shown spectral sensitivity in the wavelength of 0.4 — 1.7 mm at low temperatures (10-100 K).
The work has been done under financial support from RFBR (grant No. 11-02-12075_ofi_m).

1. V.P. Kuznetsov, M.V. Kuznetsov, and Z.F. Krasil’nik, “Si:Er/Si diode structures for
electroluminescence observation on the wavelength 1.5 um at 300 K, Semiconductors, 44, pp. 385-390,
2010

2. T. Suemasu, Y. Negishi, K. Takarura, F. Hasegawa, “Room temperature 1.6 um electroluminescence from
a Si-based light emitting diode with 3-FeSi, active region”, Jpn. J. Appl. Phys., 39, pp. L1013-L1015, 2000
3. N. G. Galkin, E. A. Chusovitin, T.S. Shamirzaev, A. K. Gutakovski, and A. V. Latyshev, “Growth,
structure and luminescence properties of multilayer Si/S-FeSi, NCs/Si/.../Si nanoheterostructures”, Thin
Solid Films 519, pp. 8480-8488, 2011

P2-28


mailto:galkin@iacp.dvo.ru
1
Text Box
P2-28


Formation and properties of Ca silicide films and Si-Ca silicide-Si
double heterostructures on Si(111) substrate

N.G. Galkin', S.A. Dotsenko’, D.V. Bezbabny?, K.N. Galkin', D.L. Goroshko!, R. Kudrawiec®, E.
Zielony?, J. Misiewicz®
1. Institute of Automation and Control Processes, Far Eastern Branch, Russian Academy of Sciences, Vladivostok,
Russia, galkin@iacp.dvo.ru. 2. Amur State University, Blagoveshchensk, Russia. 3. Institute of Physics, Wroclaw
University of Technology, Wroclaw, Poland.

Calcium silicide (Ca,Si) is known as semiconductor material with direct energy band gap (0.3-0.35 eV) by
data of theoretical calculations [1] in the framework of density functional theory in the local-density
approximation. The recent results of Ca,Si quasiparticle band structure calculations [2] in the frame of GW
approximation shown that a direct energy band gaps are appeared for orthorhombic Ca,Si (1.02 eV) and
cubic Ca,Si (1.16 eV) crystal structures. In situ temperature Hall measurements data [3] have shown that thin
Ca,Si layer grown on 2D Mg,Si template on Si(111) substrate at 120-130 °C is characterized by 1.02 eV of
energy band gap value which precisely corresponds to Ca,Si quasiparticle band structure calculations [2].
But the formation of CasSi, film has been observed at Ca deposition on Si(111)7x7 substrate at 500 °C with
indirect band gap of 0.63 eV [4]. Both Ca silicide films are interesting for silicon planar technology as
narrow-band-gap semiconductors for silicon-silicide-silicon optoelectronic devices, so methods of its
growth, optical properties and burying in silicon matrix must be studied and optimized.

In this work we present morphology and optical data of Ca silicide nanostructured films grown on Si(111)
substrate grown in the UHV chamber with base pressure 2x10™° Torr. Ca, Mg and Si deposition rates
calibrated by quartz microbalance were 0.38, 0.35 and 1.6 nm/min, respectively. N-type Si strip with
resistivity 7.5 Q-cm was used as a Si source for silicon cap layer growth. Compositions of calcium silicide
and Mg,Si films were investigated with Auger electron spectroscopy and electron energy losses spectroscopy
after the finishing of corresponding growth procedures.

First series of samples was grown by deposition of Ca at 130 °C on preliminary formed amorphous silicon
layer and nanocrystalline Mg,Si template. The second series of samples was formed by different thickness
Ca deposition at 500 °C on Si(111)7x7 and covered by Si layer at 500 °C. For all samples stages of Ca and
Mg or Si depositions were repeated three or four times for the film thickness increase. It was shown by AFM
data that all grown films consists from nanograins (20-50 nm), which are sometimes packed in larger
granules (150-300 nm) and have crystalline planes for samples grown at 500 °C. Grown silicide layers have
different structure by Raman and optical spectroscopy data. Calculations of optical properties of Ca silicide
films and its modeling were performed. Only 2-nd series sample had strong Raman peaks at 333, 344, 382,
412 and 438 cm™, which corresponds to polycrystalline silicide closed to CasSi, composition and correlated
with first data [4]. By photoreflectance data only a sample grown at 500 °C had transitions at 0.89 and 0.91
eV that confirms its direct nature. Part of samples for double heterosrtucture formation was covered by thick
polycrystalline silicon layers that were confirmed by Raman spectroscopy data. Sensitivity of double
heterostructures in near infrared region (0.8-1.0 eV) was confirmed by photoconductivity measurements.

The work has been done under financial support from RFBR (grant No. 10-02-00284_a).

1. D.B. Migas, L. Miglio, V.L. Shaposhnikov and V.E. Borisenko, “Comparative study of structure,
electronic and optical properties of Ca,Si, Ca,Ge, Ca,Sn and Ca,Pb”, Phys. Rev. B, 67, pp. 205203 (1-7),
2003

2. S. Lebegue, B. Arnaud, and A. Alouani, “Calculated quasiparticle and optical properties of orthorhombic
and cubic Ca,Si”, Phys. Rev. B, 72, pp. 085103 (1-8), 2005

3. S.A. Dotsenko, D.V. Fomin, K.N. Galkin, D.L. Goroshko, N.G. Galkin, “Growth, optical and electrical
properties of Ca,Si film growth on Si(111) and Mg,Si/Si(111) substrates”, Physics Procedia, 11, pp. 95-98,
2011

4.S.A. Dotsenko, K.N. Galkin, D.A. Bezbabny, D.L. Goroshko, N.G. Galkin “Formation, optical and
electrical properties of a new semiconductor phase of calcium silicide on Si(111)”, Physics Procedia, 23, pp.
41-44, 2012
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Hydro chemical deposition method nanofilms Zng,Se,

M.A. Jafarov, E.F. Nasirov, S.A. Jahangirova
Baku State University, Z.Xalilov-23, Baku, AzerajjE-mail: maarif.jafarov@mail.ru

The use of a hydrochemical deposition method produces metalesfillifns with a wide variety of
properties, as well as allows to synthesize thin films of supestad solid solutions of substitution. The use
of chemically deposited thin films of metal chalcogenides as materialgeafical sensors is of great interest
for sensor technology. The starting reagents for preparatioongblexes of zinc and sulphoselenides on the
surface of porous glass and in solution the following reageete used: zinc nitrate Zn(NJR * 4H,0
(analytical grade), selenouera SeCgyHhighly pure) water ammonia NHH,O (analytical grade). Stock
solutions were prepared with concentrations of 0.1 and 0.5 m inatistilhter. pH of the solutions was
measured on a pH-meter pH-340 mark with accuracy = 0.01 units. Faythieesis of zinc sulfide
semiconductor films including iodine-doped ammonium substitutional solidiean ZnS.,Se (SSS). The
porous glass marks a DV-sized 20h15 and 1 mm thick was usesluasteate material. To obtain films of
the substrate was degreased at room temperature a solufidnrafhydrochloric acid, hot during the day,
and then repeatedly washed with distilled water. In order tonotgproducible results in the preparation of
reaction mixtures were of a strictly defined order of mergmagents. The solutions of complexes of lead
and replacement of metal were prepared separately and dleoglether before adding to the reactor
selenouera.

The rate of change in thickness of nanosize on time is iamgdobth for building of the quantitative
theory of chemical vapor deposition, and for practice. Knowing thmichéreaction rate of deposition by
varying the depth of its occurrence and mechanism of settingrtherf a solid surface, can be influenced
by the thickness of the resulting film. In turn, the thermabibty of nanocrystalline films determines the
working temperature range of devices that run on them. In connection wittsthidyeof the growth kinetics
of nanocrystalline films and determination of their thermabibta was carried out. The selected material
was a nanosize zinc sulfide. Films ZnS1-xSex were obtained éwichl precipitation from aqueous
solutions at 325 K. Deposition of films was performed on sijjizess. The kinetics of growth of nanosize
ZnS.,Se were investigated in detail by structural and optical methdalgs, Tthe method of interferometer
shows that the film thickness of 30 nm is achieved by the deposit about 45 minutes. The transparency
derived nanosize has been studied spectrophotometrically in tledewgth range from 320 to 3100 nm.
According to the optical transmission spectra in the intiages of deposition some bleaching of the glass -
the nanocrystalline film ZnSSe was observed at wavelengths over 3700 nm. However, after 70 mifiutes
deposition absorption of ZagSe in the range 3700-4100 nm increases sharply, leading to a decrélase i
intensity of transmission. According to the optical transmrsspectra, annealing of the film edge region of
absorption of the film is shifted to shorter wavelengths, due toyemha by the oxidation film on the air.
X-ray diffraction shows that the film ZngSe, is thermally stable up to temperature 620 K. Upon annealing
at a temperature of 620K nanosize in the air is recryst#dizawhich remains stable in the temperature
range studied up to 770 K. After annealing, the film £88 at 770 K, close to the glass transition point of
silica glass, some of the particles ZRSg, goes into the glass matrix near the surface. It is known that
glasses with semiconductor quantum dots are of interest to studfurtdamental properties of low
dimensional structures. The observed phenomenon can be used as farbdesi®loping an alternative
method for doping silicate glasses based on nanoparticlesZ®SIin all cases, the films of solid solutions
on porous glass are distinguished by a large content of zinc sudfitte crystal lattice. The maximum
content in the deposited ZnSe solid solution for both types of atdsstis achieved. The results can be
explained by more stable thiourea complexes of zinc compared to zinc.
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Solar sell on the bazis heterojunctions p-CdS/p-Cdd/CdZnS,
obtained by chemical deposition

M.A. Jafarov, E.F. Nasirov, S.A. Jahangirova
Baku State University, Z.Xalilov-23, Baku, AzerdajjE-mail: maarif.jafarov@mail.ru

Investigation of p-CdS/p-CdTe/CdZnS heterojunctions in order to use ithephotovoltaic
converters of solar energy began in the second half of XX cerdad/the best to create a photovoltaic
structure were CdTe/CdzZnS. This study focuses on the devetbpfneew technology of CdTeSe thin film
deposition on the CdZnS substrate and the photovoltaic properties of p-Cdi52/CdZnS heterostructures
[1,2]. Particle size of cadmium selenide prepared during reagtimcess has been defined by
spectrophotometrical method. Dependence of optical density on wgtlelevas measured by
spectrophotometer in cuvette in the range of wavelength 320-500 nm.

Electrodeposition of the p-CdS films onto the Al substrates was carried mgm temperature from
agueous solution containing 50 mM each of Gd&id NaS;0s. Polycrystalline films of p-CdTe were
prepared by using a threeelectrode system with the saturatexhel electrode from aqueous solution
containing CdS®(1.0M), TeG, (0.15 nM), 30 mM citric acid, and 10% ethanol by volume. The deposition
potential was — 0.75 V and the current amplitude was 10 to 12mAAKanocrystalline ZnCdS and CdTe
thin films were deposited by electrodeposition from singlecoonto ITO covered optical glass and Al-
pCdS substrates.

These films were analyzed by scanning electron microscopy @Bt spectroscopic ellipsometry
in the range of 300 — 1500 nm. The optical constants as well digmbehicknesses and the optical band
gaps were obtained by fitting the experimental spectra frapsefhetric measurements. The recorded data
were analyzed using a dedicated software package speciadigneleé for optical modeling. The
ellipsometrical parameters were acquired at three incelangles for a high number of wavelengths in the
mentioned wavelength range. In order to determine the refraciiex, the thickness and the surface
roughness of p-CdS thin films, as well as for obtaining a smoottiotdar the experimental data fitting
processes, the identification of the spectral regions in whefilths showed good transparency is required.
This working procedure generates a significantly increasatber of optical models with a slightly reduced
number of fitting parameters. A study of the function of p-CdS tiinsfand of its dependence on the
substrate temperature during deposition processes was also carried.

The structural variations and photovoltaic performance eptCdS/p-CdTe and p-CdTe/n -ZnCdS
thin film structures were investigated. Electrodepositibrhas been used in order to prepare thin film
structures on Al and ITO coated glass substrates. The deposition conditiongeaniitanesses of the films
were systematically varied in order to create structwaghtions. The local structures of the thin films were
probed by x-ray diffraction and x-ray absorption spectroscopy (XX8¥ simulations and fits determined
the process induced structural variations. This determined wstbatodification was correlated by
photovoltaic efficiency of the thin films.

Thus, the advanced technology in the chemical surface depositiodTef WBin films on the surface of
CdznS allowed for the first time to get photoconverting p-CdS/pe@ddZnS heterojunctions, showing the
possibility to realize high conversion efficiency of solar radiation ostlstrates CdZnS of large areas.

1. A.Sh. Abdinov, M.A. Jafarov, "Functionalities of the €li&Tex, films in IR region of spectrum", Proc.
SPIE,6636 pp.68-71, 2007.

2. A.Sh. Abdinov, M.A. Jafarov, E.F. Nasirov, "Negative infrared ptartductivity in CdS1-xSex films",
Proc. SPIE4467 pp.186-194, 2003.
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STM study of single tetrapod-shaped CdTe and CdTe/d@Se
nanocrystal

A.S. TrifonoV, R.B. VasilieV, I.S. Ezubchenko M.S. Sokolikov4, D.R. Britov*, D.E. Presnaoy
0.V. SnigireV
1. Lomonosov Moscow State University, Skobeltsstitute of Nuclear Physics, 1(2), Leninskie Gor$gRzl,
Moscow 119991, Russia, trifonov.artem@phys.ms.repartment of Materials Science, Moscow State
University, Leninskie Gory, Moscow 119991, RusaidNational Research Centre «Kurchatov institute»,
Akademika Kurchatova pl., Moscow, 123182, Russikadulty of Physics, M.V.Lomonosov Moscow State
University, Leninskie Gory, Moscow 119991, Russia.

Size-dependent electronic properties of semiconductor nanocriyatasbeen intensively studied over the
last decade. Branched nanocrystals for example tetrapodsddiigra new class of nanostructures. A
tetrapod-shaped nanocrystal is formed by four arms that brancht eetrahedral angles from a central
region. Due to their shape, tetrapods are attractive fotrehc and opto-electronic devices, for example
solar cell [2] and single-electron transistor [3]. Althougjirarge transport phenomena through a single
nanocrystal are of significant fundamental and practical interesty aXperimental works were reported [3].
In present work we have studied by scanning tunneling microscompreolayer of tetrapod-shaped
nanocrystals immobilized on gold surface. We use a CdTe/CdSeodimietured tetrapods with
heterojunction formed within single nanocrystal.

CdTe and CdTe/CdSe tetrapods were synthesized analogously te¢dtdiug to TEM measurements, the
average length of tetrapod arms was found to be 21 nm and armwaisifbout 3 nm with size distribution
of about 10-20% and high homogeneity of shape. Each arm consistswioodomnains: CdTe part with
length of 12 nm and CdSe tip with length of 9 nm selectively gratvine end CdTe arm along [0001]
direction. Due to small cross-sectional size (3 nm) tetrapadslglshow size-dependent absorbance and
luminescent bands with spectral position near 670 nm. Monolayéddé and CdTe/CdSe tetrapods was
immobilized on gold surface with use of mercaptoundecanoic eanjgloyed as linker molecule. Silicon
substrate coated with gold film was immersed in aceton¢i@olaf mercaptoundecanoic acid for 24 hours
and then in toluene solution of tetrapods for 24 hours, washed with toluene anddtien dr

We investigated electronic transport through single CdTepeds and CdTe/CdSe heterostructured tetrapod
using scanning tunneling microscope (STM). In particular, we unedsand analyzed statistics of current-
voltage characteristics (CVC) recorded in random place o€thiee, CdTe/CdSe and pure gold sample (~
3000 CVC were recorded). It was 3 different types of CVC shdp&cted. The first shape is CVC which
well fitted by Simmons formula [5]. Such shape of CVC is typfos metal-dielectric-metal (MDM)
systems [6]. The second shape is symmetrical CVC, which dditnoy Simmons. The third shape is
asymmetrical. CdTe tetrapods have 88.8% CVC of the secondQype/CdSe tetrapods have 69.5% CVC
of the second type and 26.6 % CVC of the third type. Different @vCdTe/CdSe tetrapods we explain by
different possible electrical current channels in STM: “tafs€-CdTe-bottom CdSe”, “CdTe-bottom CdSe”
or “bottom CdSe”. Observation of asymmetrical CVC may indicatgent rectification within single
nanocrystal heterojunction.

1. D.J. Milliron, et al., “Colloidal nanocrystal heterostruesimith linear and branched topology”, Nature,
430, pp.190-195, 2004.

2. 1. Gur, N.A. Fromer, A.P. Alivisatos, “Controlled assembly of hybritkdweterojunction solar cells by
sequential deposition”, J. Phys. Chem1B0, pp.25543-25546, 2006.

3. Y. Cui, U. Banin, M.T. Bjork, A.P. Alivisatos, “Electrical trgport through a single nanoscale
semiconductor branch point”, Nano Leg, pp.1519-1523, 2005.

4. R.B. Vasiliev, et al., “Facet-selective growth and optical enigs of CdTe/CdSe tetrapod-shaped
nanocrystal heterostructures”, J. Mater. R&§.pp.1621-1626, 2011.

5. J.G. Simmons, “Generalized Formula for the Electric TunnetElfetween Similar Electrodes Separated
by a Thin Insulating Film”, J. Appl. PhysS4, pp.1793-1803, 1963.

6. J.H. Scott, H.S. White, “Electric Field Induced Phenomena in Swanhinneling Microscopy:Tip
Deformations and Au(111) Surface Phase Transitions during Tunn&iopegtroscopy Experiments”,
Langmuir,9, pp.3471-3477, 1993.
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Luminescent properties of carbon incorporated poros silicon oxide

A. Vasirt, S. Gordienky A. Rusavsky, A. Nazarov, V.S. Lysenkd, Yu. Piryatinski, 1. Blonsky,

E. Makilg®, J.Saloneh S. Prucndl L. Rebohlé, W. Skorupa
1. Lashkaryov Institute of Semiconductor PhysicsNpuki 41, Kiev 03028, Ukraine. 2. Institute dfyBics, pr.
Nauki 46, Kiev 03028, Ukraine. 3. Department of $#tg, University of Turku, Turku FI-20014, Finlard.Institut
fur lonenstrahlphysik und Materialforschung, Helfm@entrum Dresden Rossendorf e.V., Dresden, Ggrman

White light emitting carbon incorporated nanostructured silicon ogm®posite material (SKXC) is a
promising material for artificial lighting and light indicati devices (for converting ultraviolet radiation into
white light) as well as luminescent labels in biomedicinas linteresting that spectral properties of the
photoluminescence (PL) of por-SiO2:C can be tuned almost idealilgat of natural white light of the
scattered day sun irradiation opening a new application progpéat this material as a single-component
environment and human health friendly whiteminophore free of heavy metal activators. Despite
increasing number of publications on the topic recent years thsicpghymechanism of visible
photoluminescence in such kind of materials is still unclear. Iseptereport the light-emitting carbon
incorporated porous silicon oxide layers (por-3iX) were fabricated by successive procedure of thermal
treatment of porous silicon in flow of acetylene (in tempeeattange of 1100-1300 K) followed by
oxidation in flow of wet argon (in temperature range of 900-1000 K). Teselved PL measurements were
performed using stroboscopic registration system allowingeBistration with given delay times. Excitation
PL spectroscopy measurements were performed using excitatictioadin range of 250-400 nm.
Luminescent properties were studied in temperature range of 20-420 K.

Por-SiQ:C layers exhibited strong white photoluminescence (PL) witkadispectrum covering all visible
range. PL spectra were shown to be composed of two bands with different decqy Yiolue band centered
at about 400 nm with long decay time (about 100 ns), and (2) broad lthnthaximum at about 540 nm.
Green component is significantly faster with decay time in ooflesieveral nanoseconds. Maximum of PL
intensity was shifted from green to orange spectral regionimgtleasing of carbonization temperature from
1100 to 1300 K due to decrease of the relative intensity obltreecomponent and red shift of the green
component.

Under intense ultra-violet irradiation under atmospheric cmmditlight emission efficiency of the material
dropped while in experiments performed in high vacuum PL intensitgased by UV laser radiation. It is
shown that degradation of PL efficiency under ultraviolet ramtiais associated with photo-induced
interaction (probably oxidation) of carbon material with atmosphexggen and can be avoided by
encapsulation of the material.

Luminescent properties of por-SiQ layers were studied at temperature range of 20-420 &shawn that

in temperature range of 20-300 K the PL intensity is almost aohistdicating a strong localization of photo
exited carriers. Farther increase of the temperature W2@oK resulted in drastic increase of the light
emission efficiency. Physical mechanisms of temperature depefd evolution as well as origin of light
emitting centers will be discussed.
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Germanium substrates for molecular-beam epitaxy

[.D. Burlakov, A.L.Sizov, N.I. lakovleva, E.D. Kotaev, A.E. Mirofianchenko
State Scientific Center of Russian Federation “RD&Enter ORION”, Moscow, Russia, orion@orion-ir.ru

HgCdTe epitaxial heterostructures grown on Ge (112) substrates by raoleeain epitaxy (MBE)
are the most perspective materials for high performance infiecatiplane arrays (IRFPA) in the field of
defense industry production [1, 2]. An atomic smooth surface of Ge substréteslwiin root-mean-square
surface roughness, a good surface morphology, high crystalline quality, optisatittance in the LWIR
range, electrophysics properties are need to obtain structuiedtpepitaxial layers.

Advanced photodiode arrays using the new architectures and technologies deacegio high-
quality surfaces “epiready” substrates, including combinations ofeliffdasic polishing techniques,
several methods such as cleaning, etching, and preparing to epitaxy. Beforetbpitubstrate surface
would be delivering from by-product of preliminary technological operations. &-ibaet procedure for
preparing atomically flat Ge surfaces was included cleaning, wetichleneatment, and surface
stabilization with further washing in deionized water. The sample wigglyndegreased by boiling in
isopropyl alcohol followed cleaning in HR@H, solution during 2-4 minutes at room temperature and
washing in special clean deionized water.

The etching part of the procedure was included a wet chemical treaimeain temperature. A
chemical etching process based on HF as@,ldolution was dependent on temperature and concentration of
using components. Etching substrates followed by a deionized water rinse armbhb/dxidationare or
drying. It was estimated, that approximately 0.02—0.03 monolayers of carbqmesast after oxide
removal.

Under atmospheric influence the surface is covered with the oxide \Wyieh also contaminate
Ge/GeQ interface. Special attention goes to Ge substrate of how to remove@ghexsde from the
substrate. The most commonly used method to prepare clean surface and redes/kas been ion
sputtering with etching of damage layer followed storageiathhosphere to protect from repeated
oxidizing.

We have investigated combinations of different basic cleaning and etebhmgques and measured
the resultant substrate surface quality using several advancedetization methods, including optical
analysis, atomic force microscopy (AFM), as well as scanning
(SEM) and transmission (TEM) electron microscopy. Scanning
tunneling microscopy showed that the surfaces were flat on the
>50 nm length scale and that atomic resolution was achieved.
X-ray photoelectron spectroscopy showed the formation and
removal of an oxide layer. The investigations of Ge (211) high-
alloy transparent substrates with of 600420 intended for
epitaxy showed high parameters, namely 0,2-0,6-nm root-mean-
square surface roughness, a good surface morphology, high
crystalline quality, optical transmittance 40 % in the LWIR
Fig. 1. Ge substrate after treatment ~ range, that confirms a possibility of producing high-quality

“epiready” substrates. Substrate after treatment is shown in the

Fig. 1.

1. J.P. Zanatta, P. Ferret, G. Theret, A. Million, M. Wolny, J.P. Chamonal, and @fdbest
“Heteroepitaxy of HgCdTe (211)B on Ge substrates by molecular beam efpitamfrared detectors”,
Journal of Electronic Materialgy, pp.542-545, 1998.

2. M.F. Vilela, D.D. Lofgreen, E.P.G. Smith, M.D. Newton, G.M. Venzor, J.M. Petersotrdnklin, M.
Reddy, Y. Thai, E.A. Patten, S.M. Jonhnson, and M.Z. Tidrow, “LWIR HgCdTe Detectors Growas on G
Substrates”, Journal of Electronic Materi@g, pp.1465-1470, 2008.
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Direct wafer bonding of SiGe and Si crystalline wadrs for
high-power bipolar devices and SGOI

l.V. GrekhoV, L.S. Kostind, T.S. Argunov&? E.l. Belyakova, N.M. Shmidt J.H. Jé
1. loffe Physical Technical Institute, Russian Aerag of Sciences Petersburg, Russia, konst@ mailroff
2. Pohang University of Science and TechnologyaRghRepublic of Korea, argunova2002@mail.ru

Si1-xGe (SiGe) solid solutions are presently used to fabricate high-power pégtdipolar transistors
(HBTSs), p-i-n diodes, field-effect transistors (FETS). SiGe layergeown on silicon substrates by epitaxial
growth technologies. In bipolar transistors, misfit and threading dislocatffett device performance and
production yield. In FET structures, SiGe buffer layer is prepared on Si watbefepitaxial growth of a
tensile strained silicon channel on top. The foremost critical clgdlan the FET technology is the control
of dislocation defects in the epitaxial layers.

As a second approach for FET structures, SiGe/Si@SiGe-on-insulator, SGOI) substrates were used to
attain high degree of strain relaxation at a low density of threadilugai®ns. SGOI substrates contain an
inner SiQ layer that is formed, as a rule, by oxygen ion implantation (separatiompbgnited oxygen,
SIMOX). Another way of the SGOI formation is direct wafer bonding (DWB)xidized silicon with
SiGe/Si virtual substrate.

In this communication we suggest an alternative approach. As reportealghevihe relaxed §SiGe/Si

and SGOI compositions with satisfactory structural and electi@icteristics can be formed by direct
bonding of SiGe and Si single-crystal wafers [1, 2]. Misfit dislocatiprssich structures are localized in a
thin layer near the interface where strain relaxation mostly amtwithout threading dislocations.
Structural defects in SiGe bulk affect the electrical propeofitise bonded structures. We have studied the
evolution of dislocations in SiGe single crystals with Ge concentrationd Guality crystals up to 50 mm in
diameter with Ge concentrations of up to 15 at. % were produced with the @gkictachnique [3]. We
compare the structural quality with the electrical resistaheetll carrier mobility, and the carrier lifetime
measured in the pre-studied samples. We analyze current-vieNWagjgracteristics and reverse recovery
processes from the bonded dio@eSi;-,Ge/n-Si. We introduce the fabrication of SGOI substrates by a
modified surface grooved DWB technology.

To fabricatep-SiGeh-Si heterostructures, mirror-polished SiGe wafers were bondetype Si wafers of
the same orientation. Prior to bonding, an artificial relief in the form ofthogonal net of grooves was
photolithographically prepared on the Si wafer surfaces. To fabricadé Sfsictures, mirror-polisheat

type SiGe (111) wafers with 2-15% of Ge were bonded to preliminary oxidiged111) wafers. The
bonded SiGe was then thinned down to below 10 um. To increase the germanium contentwamnding
complemented by the sequential thermal oxidations and oxide etching fromféiee sifithinned SiGe layer
in SiGe/SiQ/Si structures. Structural defects were investigated by x-ray taplogicombined with phase
contrast imaging at the 7B2 X-ray microscopy beamline of the Pohang laghteSin Pohang, Korea.

For all samples withNge < 15 at. %, thé-V curves of Si.,Ge/Si heterodiodes are satisfactory in the entire
range of current densities (1 mA/Erm 200 A/cnd), which shows good prospects for using DWB
technology in the formation of SiGe/Si heterostructures. The use of b€, single crystals instead of
Si1-xGe/Si epitaxial structures significantly simplifies the fabtica technology of SGOI substrates.

1. .V. Grekhov, E.I. Belyakova, L.S. Kostina, et al., "Current-voltage ctexistics of Si/Si.Ge,
heterodiodes fabricated by direct bonding”, Tech. Phys. Bdftpp.1027-1029, 2008.

2. L.V. Grekhov; L.S. Kostina; T.S. Argunova, et al., "Structural and electriopepies of SGOI substrates
fabricated by direct bonding", Semiconductd;,pp.1101-1105, 2010.

3. N.V. Abrosimov, S.N Rossolenko, V. Alex, et al., "Single crystal growth;gf58 by the Czochralski
technique”, J. Cryst. Growth66, pp.657-662, 1996.
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Copper germanium alloys formation by the low tempeature atomic
hydrogen treatment

A. KazimiroV!, E. Erofee?, V. Kagadei
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2. Research and production company “Micran”, TomRkssia, erofeev@micran.ru

The thin films of stoichiometric copper germanide compoundsG€uare perspective material for
metallization in micro- and nanoelectronics devices. It is knfly that CyGe compounds are achieved
room-temperature resistivity comparable to that of elemettal with superior thermal and chemical
stability upon exposure to air or oxygen at room temperatures. ‘éoweere are no studies where;Ge
alloys were used as transistor's metallization matereda@se, traditionally GGe alloys are formed using
heat treatmentl(= 400 °C) for a long time € 20—30 min) in a high vacuum environment. It is difficult to
introduce into resist lift-off technique at manufacturing GaAs #&miconductor devices and monolithic
integrated circuits. It is known [2], that the low-temperatut@méc hydrogen treatment can stimulate
diffusion of Au, Ni, Cu, and In into a Ge crystalline substrate. Thigadion of the solid state diffusion can
be caused by the surface recombination of hydrogen atoms into meldtigepossible to assume that the
atomic hydrogen treatment of Cu/Ge thin-film system can sblebove-mentioned problem and create a
CusGe compound at the lowered temperatures.

The purpose of the present work is investigation the opportuwfitthe formation of CiGe
compounds by atomic hydrogen treatment at room temperature.

In experiments for the GGe compound formation with low temperature atomic hydrogen treatment
GaAs (100) substrate was used. To remove the oxides of GaAsesbiefflace deposition, the substrate was
treated in HCI : HO (1 : 10) solution, followed by rinsing in de-ionized water and driynng flow of pure
nitrogen. The Ged=78 nm) and Cud= 122 nm) thin films were deposited by the vacuum e-beam
evaporation. The samples were treated in a flow of atomic hydrogen with a floity déjs 10° at.-cni-s*
duringt = 5-30 min at room temperature for;Ge compound formation. The surface morphology of treated
samples was investigated with scanning electron microscdfiM)She distribution of Cu and Ge elements
in the depth of the samples was investigated by Auger elegeetrascopy (AES) and the electrical
resistivity of CyGe thin films was measured by the four probe method.
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Fig. 1. Distributions of Cu and Ge elements in tHelg. 2. Cross sectional SEM images of the as-
depth of the samples treated in the flow of atomfteposited §) and Ge/Cu films treated in atomic
hydrogen fott = 5min at room temperature hydrogen flow for 5 min at room temperatubg (

There was found, that the treatment of Cu/Ge/GaAs sampths atomic hydrogen flow with density
j = 10* at.-cmi-s* duringt = 5 min at room temperature leads to interdiffusion Cu and Gilth (fig.1)
with the formation of the polycrystalline gbe compound with vertically oriented graims=100-150 nm)
(fig. 2) and low electrical resistance (4,5 pOhm-cm). Inangasie treatment time in atomic hydrogen flow
lets to improve interdiffusion of Cu and Ge elements. The nmésina responsible for the discovered
phenomenon have been discussed.
1. M.O. Aboelfotoh, M.J. Brady, Lia Krusin-embaum, “Compound with room teatpe electrical
resistivity comparable to that of elemental copper”, United SRatenNe5288456 at 22.02.1994.
2. V.M. Matyushin, R.V. Martynyuk, “Influence of defect generatbonlow-temperature diffusion of Au in
Ge under influence of atomic hydrogen”, Journ. Functional Mate8atg.401-404, 2001.
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Fabrication and structural study of In,Ga;_As layers on porous
GaAs(001) substrates
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grym@ufe.cz . 3. Institute of Physics of Acaden8cance of Czeh Republic, Prague, Czech Repdbiiational
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The growth of perfect InGaA/GaAs heterostructures with higledntent is a fundamental task for the
fabrication of modern optoelectronics devices, high-frequency and-tovise electronic equipment. But the
remarkable lattice mismatch between the GaAs subsiratean InGaAs layer stimulates forming a lot of
misfit and threading dislocations. This process is a baforeincreasing the critical layer thickness. The
growth of strained InGaAs layers does not solve completelptbielem of fabrication of fault-free layers
because residual stresses lead to degradation of the mieetnd optical properties subsequently. In [1] the
possibility to reduce elastic stresses at the inteffigc®rming a porous buffer layer between InGaAs and
GaAs substrate. But the growth on porous substrates has a weakitp@ndifficult to have sharp In
concentration profile at the interface because of the porous subatfategoughness.

In the present study we show the influence of differentstygfgoorous buffers on crystalline perfection and
content of In in InGaAs/por-GaAs/GaAs:Si(001) (carrier conediotn of 2*1G® cm®) heterostructure. The
task was to prepare porous subsurface (buffer) layer onragbstith a high degree of porosity and
uniformity while leaving minimum damage to the substrate sarfdhis was achieved by a two-steps
anodization process. In the first step, a short high current densgg was applied to create a number of
nucleation sites while in the second step a low current gargjime was used to get a highly porous layer
under “smooth” surface with small pore diameters. The poténgtavas carried out in an electrochemical
cell containing a fluoride-iodide aqueous electrolyte(QHHF-KI) using a three-electrode configuration.
In(x)Ga(1-x)As layers were prepared in an EpiRAS 200 TT equippedrRON 200 machine by low
pressure metalorganic vapor phase epitaxy (MOVPE). TMGa, TMIausie were used as precursors. The
following technological parameters were used: total growthspres70 hPa, Htotal flow 8 slpm and the
V/II ratio was 334. Prior to growth, the substrate temperatusim@eased to 560°C for 10 minutes under
arsine flow and the same temperature was used for the growth.

The structural properties of the samples were investidgatddgh resolution triple axis diffraction, electron
microscopy (SEM, TEM, STEM), and energy dispersive X-ray speotipy (EDXS). The X-ray diffraction
curves (scans around 004 GaAs reflectiofti/@d andw modes, Culd rad.) were taken with using Ge(004)
3-fold crystal as a monochromator and 2arc min slit in front obunter. Figure shows the experimental
9/29 scans from InGaABR5nm layers on GaAs with one-stdp &nd two-steps?) anodized porous buffer.

100000 The measured curves demonstrate a good structural
quality of epilayers with different values and depth
profiles of In. It has to be pointed out that both
samples were fabricated in one growth process with
1000 InGa, As x[0.15. The shape of the curv®) fproves that there
is In diffusion into the substrate across the pores. The
reconstructed parameters (thickness, strain, In
content) are in satisfactory agreement with the
scanning electron microscopy data.
This study was supported in part by the Russian
Foundation for Basic Research, project no. 10-02-
L 00527 and the project P108/10/0253 of the Czech
-4000 -3000 -2000 -1000 0 Science Foundation.
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1. F.Yu. Soldatenkov, V.P. Ulin, A.A. Yakovenko et al., “Unstraineith&@l InxGal2xAs films obtained
on porous GaAs”, Tech. Phys. Lef5, pp.852-854, 1999.
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Conductive Langmuir-Blodgett films based on poly
(p-phenylenevinylene) derivates

N.K. Matveeva, E.A. Il'ichev
Federal State Unitary Enterprise “Research Insttwf Physical Problems named after F.V.Lukin", Zelgrad,
Russia, E-mail: Nadezhda.Matveeva.41@mail.ru addmkl. 6, Pas. 4806, Zelenograd, Moscow, Rus$id460

Highly oriented electroluminescence films on the basis of chaagsfer complexes (CTC) were prepared
by the Langmuir-Schaefer (LS) technique Poly (p-phenylenevinylRR¥)) modificated with alkyl-chains
was used. Stable monomolecular layers of PPV were preparestuatield at the air-water interface. The
surface pressure-area isotherms of PPV monolayers westired. The collapse pressure value and the area
molecule of PPV monolayers are equal to about 40 mN/m and 0.25ceomespondingly. Thin films
containing from 1 to 100 and more monolayers were deposited for gatésgi. Nonamphiphilic acceptors
were used for CTC obtaining. It was found, that PPV monolayeas gper decrease with contents of
acceptors. Such a behavior can have the following explanatiamoridgceptor complex arising during
monolayers formation have more dense packing at the air-water ipterfac

Absorption spectra of PPV and CTC Langmuir-Blodgett (LB) dilmvere measured. Absorption was
observed at 470 and 540 nm correspondingly (Fig. I).
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FIG. 1. Absorption spectra of PPV and CTC LB filris- PPV, 2 — PPV + acceptor 1, 3 — PPV + accéhtor

The longitudinal conductivity have appeared | = ¥0for PPV and | = 3 1&for PPV+ acceptor (without
doping), U = 10 V (Fig. 2). The electroluminescence of PPVilmBsfwas detected in present of acceptor by
using SnG and Al electrode par.
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FIG. 2. The longitudinal conductivity of PPV and CTB films: 1 — PPV, 2 — PPV + acceptor 1, 3 — PP¥cceptor 2.
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Features of formation of highk dielectric layer in the
W/ultrathin HfO ,/Si (100) structures under annealing
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Yaroslavl Branch of the Institute of Physics andhrmlogy, Institution of Russian Academy of Scignce
E-mail: valeryrudakov@rambler.ru

The dimensional scaling of MOS transistor elements regthiezseplacement of the conventional sifate
with a higher dielectric constant (high-material. The main purpose of this change is to reduce the
parameter of "equivalent oxide thickness." It objectiveimtrease the physical thickness of the dielectric
by the use of a higk-material. This will keep the same or even increase thacitance of the dielectric,
simultaneously solving the problem of leakage current resultorg flirect tunneling. Hf@and Hf-based
dielectrics k= 15 — 30) are the most promising candidates for it. However, the sputterin@.odiiFéctly on
Si-substrate results the formation of an interfacial laysrcétmposition (Sig) HfSi, HfSi,Oy) strongly
depends on the methods of formation of the Hfin. Moreover, the replacement of Si@vith HfO,
involves the replacement of the dogmaly-Si gate with an alternative one. In the case of Hfhgsten W

is the most frequent material for a metal gate. Obvioukby,electrical properties of the W/H#Si (100)
structures will depend on the chemical state and the steuciuthe interfacial layers at the bottom
HfO,/Si (100) and the upper W/Hfnterfaces. Therefore, the study of features of formation sktheyers
and their composition are important. In this work, the investigatighe relationship between the change in
the electrical parameters (maximum capacitance per unitratiea accumulation (that is the capacitance per
unit area of highe dielectric) C. andk parameter) and the change in the chemical composition of the
bottom and upper interfaces of the W/ultrathin H8D(100) structures during annealing are presented.

The initial W(150 nm)/HfQ(5 nm)/Si (100) structures were fabricated by rf magnetron simgtténigh-
purity HfO, target, Af-plasma [1]). Then the annealing either at 500 °C in vacuum for 30 min, either RTA at
950 °C in Ap atmosphere for 12 s were held. After the annealing, W-pads wamghemically etched
through a photomask. With the help of SIMS using the TOF.8Iu® types of SIMS profiles were taken:
1) in the W-pads free places, i.e. on the Hfin surface, 2) over a depth of metallization during the ion
milling of the W/HfQ,/Si (100) structures. On the basis of the first type measursritems established that
the physical thickness of the dielectric layer after R¥&s ~ 6.5 nm, which is 30 % greater than that of the
as-deposited HfO film (5 nm). According to the SIMS profiles, the following traimsms at the
HfO,/Si (100) interface could take place: Hf©> HfSi,O, — (HfSiy + SiQ, + Si) — Si (substrate). The
results of the second type measurements also indicated senpeeof the HIQD, interfacial layer. The
SIMS profiles simultaneously evidenced the relationship dyrametween the W-, Hf- and Si- oxide
phases. It was found that with the increasing of the annealing riunes the penetration of the substrate
atoms into the interfacial layer at the HfSi (100) interface was intensified as well. It should be ntitad

an increase in the intensity of the HfCHfO,) and SiQ@ (SiO) ions from the corresponding oxide phases
was observed in the evident absence of an external source afnokyghe structures. The electrical
parameters of the samples before and after RTA werendetal by high-frequency (0.9 and 1.0 MHZV
measurements performed with the Keithley 4200-SCS.CFNecurves were plotted in accordance with the
approach taken for the measurements for ultrathin dieled@icslt was determined tha€n,.x for the
W/HfO,/Si (100) structures before RTA was 4.80°F/cnf and after RTA — 3.2 10°F/cnf. The
estimation of the averadevalue (taking into account the complex structure of the irgatfé&ayer) showed
that such a behavior €., was in conjunction with a decreasekifrom 27 to 23. Besides, a shift of tGeV
characteristics towards positive values of the appliechgeltvas observed. Thus, the reducing ofGhg
andk values during the annealing of the initial W/ultrathin K (100) structures was closely connected
with the formation of the new phases under the temperaturengmeiatThese effects were accompanied by
an increase in the total physical thickness of the oxide kaye an increase of the Hf-silicate phase in its
fraction formed at the bottom interface of the investigated strigctliree reason of the formation of the WO
phase type at the upper interface is probably the residual oxygen imtedgnted in the structures.

1. V.I. Rudakov, E.A. Bogoyavlenskaya, Yu.l. Denisenko, V.V. Naumov, “Foomatdf thin-film HfO,/Si
(100) structures by high-frequency magnetron sputtering”, Russian Micralegp.383-388, 2011.

2. K.J. Yang and C. Hu, “MOS capacitance measurements fordagghde thin dielectrics”, IEEE Trans. on
Elec. Dev.46, pp.1500-1501, 1999.
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Temperature oscillations in a silicon wafer under onstant power
of incoherent irradiation by heating lamps in a themal chamber
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The technology evolution of microelectronics calls for new &fféavolving temperature behavior and
variation of optical properties of semiconductor wafers undént#ogical processing. In recent publication
the observation of optical and temperature bistability inieosilwafer at radiation heat exchange between
the wafer and thermal chamber elements of a rapid thermeg¢gsing (RTP) set up is reported [1]. It is
assumed, that this effect can be utilized for supplementaryotlorg in the technology of the rapid thermal
processes in the elevated temperature range (300-900 K), whereon#ti#uent elements of semiconductor
devices, such as contact systems, gate structures andzattellare formed in manufacturing process of
microelectronics and nanoelectronics.

Among the effects connected with optical bistability thersuish effect as periodic temperature oscillations
which is observed at interaction of laser radiation with norafimeedia. In this paper we report about the
observation of temperature periodic oscillations in the siligafer which is heated and cooled in the mode
of constant power incoherent radiation of heating lamps in them#hechamber of the RTP setup.
Oscillations are observed at temperatures corresponding ablesteady state solutions to the heat balance
equation for the silicon wafer. Figure shows the temperaturediaggam (TTD) of heating and cooling of
the silicon wafers p-Si:B (10)=12 Q. The solid line represents readings of a thermocouple attazhiee t
wafer; the broken line represents readings of a pyromesponsive to the optical variations of the wafer
[1]. The temperature oscillations are corresponded the TTdpvaltfrom 1400 to 6100 s at the process of
heating of the wafer and from 7600 to 10600 s at the cooling.

1000
800 J
© | S
: V&
@ 600| | ]
3 I: 2,
1
5 1| @
+ 400 - =
N I o
© o
2 s
200 == Pyrometer { =
- Thermocouple ]
| l |

0
0 2000 4000 6000 8000 10000
Time, s

The revealed effect can be used in epitaxial growth of superlattices.
This study was supported by the Russian Foundation for Basic Research, Nwo[E07-00521-a.

1. V.I. Rudakov, V.V. Ovcharov, A.L. Kurenya, V.P. PrigdBistable behavior of silicon wafer in rapid

thermal processing setyicroelectronic Engineerin@3, pp.67-73, 2012.
2. H.M. GibbsOptical Bistability: Controlling Light with LightAcademic Press, Inc., New York, 1985.
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Hopping conductivity in Ge-SiO,-Si structures with Ge nanoclusters

S.V. Kondratenko', Y.N Kozyrev’, M.Y. Rubezhanska’, V.S. Lysenko’, Y.V. Gomeniuk® o

1. National Taras Shevchenko University, Physics Department, Kyiv, Ukraine.
2. Chuiko Institute of Surface Chemistry, Kyiv, Ukraine.
3. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, Kyiv, Ukraine,” yurigom@lab15.kiev.ua

The Ge nanocluster structures were grown using a molecular beam epitaxy (MBE) technique on boron-doped
(N, ~ 10" em™) p-Si(100) substrates. A standard chemical pre-epitaxial treatment resulted in formation of a
2 nm thick SiOj layer on the substrate. The presence of a silicon oxide layer at the surface was checked using
high-energy electron diffraction technique. Then the oxidized silicon surface was annealed in vacuum at the
temperature of about 800°C for an hour. The diffraction pattern allows us to conclude, that the film can be
considered as a silicon suboxide SiO, (0<x<2). Then the temperature was lowered to 700-730 °C, and the
deposition of germanium from electron beam evaporators was performed, leading to the formation of Ge
nanoclusters on the SiOy layer. After deposition of Ge nanoclusters, half of the wafer was covered by a mask,
and the system was exposed to a weak flow (2-3x10'* cm?/s) of Si ions. As a result, on the uncovered part of
the wafer Si/Ge nanoclusters were formed due to additional deposition of silicon.

AFM image shows that deposition of germanium onto the SiOy film results in formation of nanoislands with
the semispherical top surface and the surface density of ~ 5x10'" ¢cm™. The height distribution of Ge
nanoclusters is approximated by Gaussian function with a maximum at 1.7 nm and a full width at half
maximum (FWHM) of 1.1 nm. After deposition of Si atoms onto the surface with Ge nanoclusters, the
surface morphology changes: the mean size of the formed Si/Ge nanoclusters increases and their surface
density decreases to ~ 10'° cm ™. The height distribution of Si/Ge nanoclusters is approximated by Gaussian
function with a maximum at 7 nm and an essentially larger FWHM of 7 nm. Measurements of a.c. and d.c.
conductivity were carried out in a coplanar geometry. The distance between two Au-Si contacts was 5 mm.
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Fig. 1. Dependence of a.c. conductivity on frequency at
different temperatures.

Fig. 2. Dependence of pairwise hopping component of a.c.
conductivity on temperature for different frequencies.

Figure 1 shows frequency dependences of conductivity of the as-grown sample measured in the temperature
range 120-200 K. It can be seen that conductivity increases with increasing frequency as o = gg.+4w’ [1].
Low-frequency part of conductivity represents the d.c. conductivity, the temperature dependence of which
can also be fitted by Mott’s law for variable range hopping conductivity. Subtraction of d.c. conductivity
from the measured conductivity o gives us the a.c. fraction of conductivity related purely to hopping between
two states in frame of pair approximation theory [2]. The temperature dependences of reduced conductivity
at different temperatures are shown in Figure 2. Such a behaviour of conductivity is explained in terms of
electron hopping transport through the system of states in the quasi-impurity band in the near-surface silicon
layer. This band is induced by the holes trapped in the Ge or Si/Ge nanoclusters.

1. M. Pollak and T.H. Geballe, “Low-frequency conductivity due to hopping processes in silicon”, Phys.
Rev., 122, pp.1742-1753, 1961

2. A.R. Long, “Frequency dependent loss in amorphous semiconductors”, Advances in Physics, 31, pp.553-
637, 1982
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Modeling the influence of internal mechanical streses on spatial
distribution of oxygen during its precipitation in silicon

R. Goldstein, T. Makhviladzé, M. Saryche¥
1. Institute for Problems in Mechanics, Russiand&ray of Sciences, Russia, goldst@ipmnet.ru 2tutesthf
Physics and Technology, Russian Academy of ScigRuassia, tarielmakh@mail.ru

In the given work we continue to develop the new model for kinefiéermation and growth of oxygen
precipitates in crystalline silicon plates used in micraedmics [1,2]. The model earlier suggested in [1,2]
takes into account the influence of the internal mechanicedses caused by the difference of the specific
volumes per one silicon atom in a precipitate particle {Sa@d in the silicon matrix on the rate constants of
atomic oxygen transport and the chemical reaction of oxidationiadrsibn the precipitate particle surface.
In [1,2] the dependences of activation energies of the refalyede processes on the internal mechanical
stresses were obtained. The estimations performed in theks slmwed that the influence of the given
factor on the rate of growth of precipitate particle sixed the rate of oxygen accumulation in precipitates
can be sufficiently considerable.

In the present work the model is applied to the description exfigitation kinetics in the case when an
inhomogeneous distribution of atomic oxygen concentration over ansiliater is taken into account. In the
framework of the 1D diffusion-kinetics description [3] the doues determining the distribution of
interstitial atomic oxygen over the silicon plate volume afermulated and analyzed. These equations take
into account the diffusion of oxygen and its participation in the psesesf growth of precipitate particles.
The diffusion and kinetic regimes are two practically imgottimiting ones of the growth kinetics which
have been analyzed in the work.

It is shown in the work that the diffusion regime is the meslistic one for the oxygen precipitation in
silicon. For this regime the comparison between the resultseotalculations of the dependence of the
defect-free zone width on a annealing time obtained with the hélye afew model equations and the results
of the analogous calculations in the work [3], where the pres#rtbe internal mechanical stresses was not
taken into account. The comparison is performed for different Angeéamperatures. It is obtained that the
differences obtained in the results can be formally reductmachange of the time scale or to a change of
the annealing temperature values for which the calculatiomgp@rformed. Thus including the internal
mechanical stresses in the model we have that the form chlbalated curves is the same as earlier but
their slopes decrease in some manner. In our opinion this regulhes better agreement with the available
experimental data [3]. On the base of the obtained resultsama@raw a conclusion that simultaneous
consideration of an inhomogeneous oxygen distribution and action of inteznhhnical stresses is needed
for a correct description of oxygen precipitation in massive silicaegla

1. R.V. Goldstein, T.M. Makhviladze, M.E. Sarychev, “Modeling the influence of medhastiesses on the
growth kinetics of oxygen precipitates in silicon”, Vestnik TRG Mekhanika,Ne 1, pp.35-43, 2010 (in
Russian).

2. R.V. Goldstein, T.M. Makhviladze, M.E. Sarychev, “Modeling theumfice of internal mechanical
stresses on the rate of growth of oxygen precipitates oosili Izvestia VUZ,Ne 2, pp.37-42, 2012 (in
Russian).

3. S.V. Buliarsky, V.V. SvetukhinQ.V. Prihodko, “Modeling inomogeneous oxygen precipitation in
silicon®, Phys. Techn. Semicon®3, pp.1281-1286, 1999 (in Russian).
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Modeling the electromigration and mechanical stresss in conductor
lines containing impurities

T. Makhviladze, M. Sarychev

Institute of Physics and Technology, Russian Acgd#rciences, Russia, tarielmakh@mail.ru

To evaluate the reliability and lifetime of nano- and micrdedmic structures of IC it is necessary to model
their electrical and mechanical properties determined leyostructure and evolution of the IC elements.
One of the main failures in integrated circuit performanceirscdue to electromigration of vacancies (ions)
in thin film conducting lines, which causes their damage. {&ats we have developed a full 3D model of
electromigration and generation of electromigration-induced mediatiesses in IC metallization lines [1-
4]. It considers the electromigration failures as a set ofegsms occurring at the nano-, micro- and
mesoscale. These processes determine operational reliadfilitg metallization system. The physical
foundations of degradation and lifetime of conducting elements obracid submicroelectronics products
are analyzed. By now the various mechanisms of their defamsatind failures that are of practical
importance for different types of multilevel arrangement manctostructure of conductors were studied [1-
4].

In the framework of the theory above, now we put forward an approach to modeling theretgation and
mechanical stresses in conductors containing impurities. nestigate the influence of impurities on
vacancy transfer in the metallization under a simultaneotignaof electric current, mechanical stress
gradients and temperature fields. This clarifies how nietallization lifetime can be controlled by
introducing various impuritiedzor the first time arab initio model for calculating the effective charge of
vacancies (ions) in grain boundaries of polycrystalline condsttiocture is proposed, this charge being the
major electromigration parameter. The model developed adeguddstribes the influence of grain
boundary characteristics on the effective charge of propemamatity ions. These quantities strongly effect
on the reliability of microcircuit performance. The main fadtwat results in distinction between values of
effective ion charges in a grain boundary and in a monocrystdleofame metal is a difference of their
atomic densities. The effective charges of ions of Al andrCani Al grain boundary are calculated as a
function of the grain boundary misorientation angle, the grain bouridatyre, and the temperature. We
give also the modeling results for some other metallizatioteisygs In particular, these simulation results
demonstrate that the effective charge value in the grain baguodardiffer greatly from that in the crystal
bulk and strongly depend on the boundary texture and temperdhgevays of the interconnect lifetime
increasing are discussed.

1. T. Makhviladze, M. Sarychev. “Electromigration theory and its appibns to integrated circuit
metallization”, Proc. SPIE/521,752117 (pp.1-15), 2010.

2. T.M. Makhviladze, M.E. Sarychev. “The theory of elecrtomignatiailufe of thin-film conluctors and its
application”, Proc. of the Phys.-Techn. Infpuantum computers, micro- and nanoelectronics: physics,
technology, diagnostics and modelingd.by A.A. Orlikovsky, Vol.20, pp.85-110, Moscow, 2009 (in
Russian).

3. K.A. Valiev, R.\V. Goldstein, Yu.V. Zhitnikov, N.M. Makhviladze, M.E. r§ehev, “Nano- and
micrometer-scale thin-film-interconnection failure theory arichutation and metallization lifetime
prediction, Part 2: polycrystalline-line degradation and lailkire”, Russian Microelectronic89, pp.145-
157, 2010.
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The numerical model of simplest FIB on ions of rargases for nano
diagnostics and nano patterning

VA. ZhukoV!, N. V. Badenkd, P. V. Shpartkd

1 St. Petersburg Institute of Information Sciened Automation, Russian Academy of Sciences, StrsBatg, Russia,
E-mail address: valery.zhukov2@gmail.com 2. SieBburg State Polytechnic University, St. PetergbRussia

The so-called "ion guiding effect” [1-3] has been discovered in the past décamesists in elastic passing

of singly and multiply charged ions of noble gagés'{, N&'*, Ar®") with medium energy (7 keV + 2 MeV)
through a conical glass capillary without kinetic energy and chargesldssthe experiments [1-3] capillary
was 50 mm in length and had an output diameter of 1 + 25 microns.

There are the two most important characteristic features of "iomgudfiect” observed experimentally:

1) The ion current, coming from the end of the tube, increases maraitpniith time and goes to its
saturation level which is equal to the level of the input current;

2) The ion beam, passing through the conical capillary tube, is coateehin axisymmetric spot of much
smaller area (T0- 1¢° times) than the area of the tube inlet (~ 13nm

In the present work a numerical-analytical model of electnrging of short (1 + 3 mm) tapered dielectric
rings by the beam of inert gases ions was developed. It is ptbffeaethe beam passes parallel to the axis
of the ring and has constant bulk denslty.contrast to our previous work [4] we took into account the
presence of a metal screen with a circular hole inatqa in front of the inlet hole of the tapered dielectric
ring. It is shown that in the charged stationary state tigeaan be used as a lens. It is calculated that such a
lens of 1mm has a focal length of 3.4 mm (calculated using paesrfedm experiments [1-3] where an
input diameter was 0.8 mm, the angle between the generatrig obtie and the axis was equal t& &d).
Spherical aberration coefficient and chromatic aberration icaeft of the lens are 760mm and 14 mm
respectively. The resolution of a scanning ion microscope with Eregh would be comparable to the
resolution of the best modern scanning helium ion microscope {SheAsame time production of such
devices would be much easier and cheaper.

This work was supported by the program of basic researctA8f e direction of "The organization of
calculations on the basis of new physical principles".

T. Nebiki, T.Yamamoto, T. Narusava, “Focusing of MeV ion beams by meangeoéthglass capillary
optics” J.Vac. Sci. Technol. A21,No. 5, pp.1671-1674, 2003.
T. lIkeda, Y. Y. Kanai, T.M. Kojima, Y. lwai, T. Kambara, Y.Yamazaki, M.Hoshimo, Thikg
T.Narusawa; Production of a microbeam of slow highly charged ions with a tapered glailary”
Applied Physics letters89,163502, pp. 1-3, 2006
T.lkeda, Y.Kanai, T. M.Kojima, Y.lwai, Y.Kanazawa, M.Hoshino, T.KobayashR ®okhil, Y.Yamazaki,
“Focusing of charged particle beams with various glass-made opticsialo@iPhysics: Conference Series,
88, 012031, pp1-9, 2007.
4. V. A.. Zhukov, P.VShpartko “Electron-optical properties of a charged conical dietaitigs”,

Russian Microelectronicg,l, No. 5, 2012 (in print).
5. Essential Specification data of “ORION” heliuamimicroscope. Available on
http://www.smt.zeiss.com/nts.
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Molecular dynamics simulations of the low energy Aion-plasma
sputtering of copper nanostuctures

A. Kupriyanov, O. Trushin, I. Amirov
Yaroslavl Branch of the Institute of Physics andlifmlogy of Russian Academy of Science, Yaroftangsia.
ildamirov@yandex.ru

The processes of ion sputtering and surface modification areasiogly used in the technology of
nanoelectronics [1]. Low energy ion treatment of solid susfac@n cause ultra-smoothening or self-
organized nanoscale surface pattern formation, depending on control feasameh as ion and target
species, ion energy and incidence angle. In contrast to traditimmedenergetic ion beam sputtering an ion-
plasma sputtering is characterized by wide distributiomefgies of the incident ions. In addition, the ion
flow is characterized by a certain angular distribution.

In this paper molecular dynamics (MD) simulation was used to ghalgputtering of copper rectangular
groove (Fig 1a) by low energy argon ior§ €200 eV). MD simulation was done using home made
computer code (IMPACT) implementing numerical algorithm LeaygH2] with a time step of 18's. The
substrate is modeled by a single crystal of copper with atientof surface FCC (100) consisting of 6000
atoms. Interatomic forces were modeled by generalized form of the Lejoraad potentials [2].

The simulation showed that the dependences of the yield ofdis aputtering per ion on impact energy
(Y) and the angle of incidence of the ions are in satisfactgmeeaent with experimental data [3]. A small
angular deviation of the ion flux is not affected by this depeceleThe yieldr has maximum at an angle of
incidence of the ions equal to 40-60 degrees, depending on the energy of & iocis.

Fig.1. a) Cu rectangular grooves and b) Cu grooves after the fall of 5@@tAenergy 50 eV.

Simulation of sputtering copper rectangular groove width of 5 nim awitenergy of 50-150 e\ & 0.22-
0.65) showed that the preferential sputtering of copper atoms oc¢airarp corners (Fig 1b). The effect of
smoothing of sharp corners of the groove was also observed ixpgheneents. Results of modeling and
dependenc¥ on the parameters stated above was analyzed.

1. K. Sugiura, S. Takahashi, M. Amano, T. Kajiyama, M. Iwayama, ¥a0i\ N. Shimomura, T. Kishi, S.
Ikegawa, H. Yoda, A. Nitayama, “lon Beam Etching Technology fighHDensity Spin Transfer Torque
Magnetic Random Access Memory”, Jap. J. Appl. Ph8spp.08HDO02, 2009.

2. W. EcksteinComputer Simulation in lon-Solid Interactior&pringer-Verlag, Berlin, 1991.

3. D. Kress, D.E. Hanson, A.F. Voter, C.L. Liu, X.-Y. Liu, and D.G. Coronklbléecular dynamics
simulation of Cu and Ar ion sputtering of Cu (111) surfacés¥ac. Sci. Technol. A,7, pp.2819-2827,
1999.
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Mechanisms of strain relief in Cu/Ni(100) heteroepaxy

O. Trushir, T. Ala-Nissil&, S-C. Yind, E. Granatb
1.Yaroslavl Branch of the Institute of Physics andhfmlogy, Russian Academy of Sciences, Yaroslasi&®
otrushin@gmail.com; 2. Aalto University, Helsinkinland; 3. Brown University, Providence, USA; Astituto
National de Pesquisas Espaciais, Sao Jose dos Car§poBrasil.

Heteroepitaxial systems play an important role in modernoeliectronics technology [1]. Due to the lattice
mismatch between the film and the substrate, consideralsiiced&rain energy is accumulated in epitaxy.
For sufficiently thick films, defects will form leading the relaxation of strain energy and to the loss of
coherent epitaxy [2]. Controlling the film-substrate interfgcality and preventing defect formation is an
important problem of modern technology. Experimental methods atnprégsenot allow either a detailed
study of the defect core at the atomic level or the timeutieol of the system during defect nucleation
process. Therefore, theoretical modeling plays an important rofe istudies of defect core structures and
the mechanisms of their formation

Typical example of heteroepitaxial system is of Cu/Ni(1@8fesn having compressive strain (+2.6%) and
FCC(100) surface geometry. Experimental studies of this systewed presence of rectangular shape
defects on the surface [3] for film thickness up to 20 ML. Sengidometrical interpretation of the defect has
been given (internal (111) faceting model), however no atomigticlations supporting this idea is
available in literature up to now according to our knowledge.

In this work we made an attempt to explore nature of those tdefising atomistic simulations with
semiempirical potential of Embedded Atom Model [4]. In all casesuge a universal molecular static
method for generating Minimum Energy Paths for transitions fte@rcoherent epitaxial (defect free) state
to the state containing an isolated defect (localized ond&th [5,6]. In this way we are able to generate
isolated defects in this system and explore its geometry and energetics
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Fig.1 Top view on atomlstlc model showmg Wedgepaihdefect (Cu atoms shown in dark, Ni atoms int)igind
corresponding energy profile along Minimal EnerghPobtained in simulation.

Our simulations showed (Fig.1) that wedge type defect obserexpariment [3] is indeed local energy
minimum for the system. However, according to our simulatioshatuld be metastable state (defect state
has higher energy than initial coherent state) and could be induced liydtieskof the growth mode.

1. S.A. CampbellThe Science and Engineering of Microelctronic Fabricati@xford University Press,
New York, 2001.

2. H. Luth.Surfaces and Interfaces of Solid Materj&@gringer 1998.

3. B. Muller, et a.l, Phys. Rev. Let?§, pp.2358-2361, 1996.

4. S.M. Foiles, M.I. Baskes, and M.S. Daw, Phys. Red3Bp.7983, 1986.

5. O. Trushin, P. Salo, T. Ala-Nissila, and S.C. Ying, Phys. Re&9K).033405, 2004.

6. H. Jonsson, G. Mills and K.W. JacobsenCiiassical and Quantum Dynamics in Condensed Phase
Simulationsed. by B.J. Berne ,World Scientific, Singapore, 1998.
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Modeling of profile evolution at the low-energy ionsputtering in Ar
plasma

A.S. Shumilov, I.I. Amirov
Yaroslavl Branch of the Institute of Physics andhfmlogy of Russian Academy of Sciences, Yaroflasgkia.
ashumilov@inbox.ru

The control of feature profiles in directional plasma etghprocesses is crucial as critical a formation of
nanostructures, line-edge roughening, dimension and other artiffestt gdvice performance and process
yields. The developed dynamic Monte Carlo methods [1, 2] explore ttieicascale mechanisms of
nucleation of nanostructures, provide pertinent information and p@lysisights. However, in the
framework of this method is impossible to simulate the proses$eformation of high aspect ratio
nanostructures in real time intervals. That's why the ptablie modeling of this process is necessary to
understand the surface processes responsible for changesilen poophology. The purpose of this work
was to develop a modeling method for simulating materials aelwvgy ion sputtering processes, taking
into account ion reflections and material redeposition. The methsdnearporated into the 2-Dimensional
Monte Carlo profile simulator EDPS with a cell-based reptagion. Method uses special algorithms to
calculate the surface normal for accurate determinatidheofon’s incidence angle and the emission angle
of sputtered atoms. The simplified set of particle-surfaterantions was carefully chosen to reflect the
overall etching characteristics and the rate coefficierdgewitted to experimental data. A single-layer
surface kinetic model with 6A cell width was used to account for plasmiace interactions.

Model was tested for accuracy using Si and Cu wave-like tategt sputtering in Ar gas plasma. We
approximate the sputtering yield dependence with the incident energy byflinetion [1-3]. The sputtering
energy threshold and the linear yield coefficient were cakedilasing formulas obtained in article [3]. In
lack of precise experimental results we use specula riefteat ions in all angle range. Sputtering of surface
Ar atoms was not considered because of its low emitted endfgyuse an analytical formula of angular
dependence of sputtering yields which was developed in workif#]the peak in 50-65°. We have found
that the angular distribution of sputtered particles with loergy ions is greatly different of well known
Sigmund cosines distribution [4], but can be described by a simplesi@alike formula [1, 5]. Our
experiments show that the sputtered atoms fly out at the pewuds direction of reflected ions at off-
normal ion angles and along the surface at direct striledgteé8ed material atoms redeposited on the surface
with a constant sticking probability.

We examined the dependence of smoothing or roughening behavior onistheumniace of Si. Result shows
that the rough surface becomes smooth and the smooth surface becoghesumiuto low energy Ar
vertical ion beam sputtering process and both finally saturatematete RMS value. With the none-vertical
ion directions we observe the periodic structures known asespigples [2]. We compare the modeling
results with experiments of sputtering of pyramidal nanostrestan Si surface by low energy argon ions
(Ei < 200 eV). The resulting profile depends of the ion’s energy, andefgndence of sputtering yields and
redeposition of sputtered atoms. The simulation results agree welheiéxperimental data.

1. X.-Y. Liu, M.S. Daw, J.D. Kress, D.E. Hanson, V. Arunachalam, D.G. Cordbell, Liu, A.F. Voter,
“lon solid surface interactions in ionized copper physical vapor sié@a’, Thin Solid Films422
pp.141-149, 2002.

2. Y. Ishii, W.L. Chan, E. Chason, "Kinetic Monte Carlo simulation of epfirmation by sputtering:
Effects of multiple defects and Ehrlich—Schwoebel barriétsitlear Instruments Methods in Phys. Res.
B, 272 pp.188-192, 2012.

3. W. Guo, Bo Bai, H.H. Sawin, "Mixing-layer kinetics model for plasntehieg and the cellular
realization in three-dimensional profile simulator”, J. Vac. Bethnol. A,27, pp.388-403, 2009.

4. Q. Wei, K.-D. Li, J. Lian, L. Wang, "Angular dependence of sputteyiiedd of amorphous and
polycrystalline materials”, J. Phys. D: Appl. P&, pp.172002 -172006, 2008.

5. Yu V. Martynenko, A.V. Rogov, and V.I. Shul'ga, "Angular distribution adms$ during the magnetron
sputtering of polycrystalline targets”, Technical Phy$ad@spp.439-444, 2012.
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Numerical calculations of the concentration profilefor InGaAs/GaAs
heterostructures with 6-doping layers

S.V. Khazanova, V.E. Degtyarev

Lobachevskiy Nizhnii Novgorod University, Nizhniviorod, Russia, khazanova@phys.unn.ru

Semiconductor heterostructures with quantum wells is great shtdve to wide implications for
electronic and optoelectronic devices. In particular, InGaAsf3aherostructure is applied for construction
of PHEMT structures. Because growth of high-quality heterostrestis the expensive processes, previous
analyzing of these structures is needed. It is known the aralgblution of the same systems is possible
only for limited cases, therefore numerical method is used. ik powerfull method for determination of
parameters of semiconductor heterostructures including energypssifi subband levels, wave functions.
One of the main problems is determination of the electron detisitiybution in the obtained structures.
Unfortunately known methods from the literature are not sufficieexigctly for structure wittd-doping
layers ore require large time of computation [1-3].

In this work we prepare modified numerical method concentraticiulesibn in the nanostructure
containing of quantum well and -layer puc. 1). The width of
quantum well is about 1@8m and distance between well adéd 02t
layer is 8-12am. The numerical self-consistent solution of coupled o /\ ,\
Shredinger and Poisson equations is used to solve this problems |k ===
conventional approach to the solution of equations has been tBe | | ~

[J]

finite difference method. Real space is divided into discreesh ¢ ’ ’

Ll

points and wave functions are solved within discrete spacing. As hll

known in the quantum system spectrum energy have both *°[ I
continuous and discrete component. But if we put our system the %4 00 50 200
box with infinity potential walls the problem is reducing to Coordinate, nm

concentration calculation for system with discrete spectrumit{2] pyc.1.calculated band conduction profile
should be noted levels density and their number will be determingsi quantum level energy.

by box size. According our investigations, number of levels used

for correct calculation should be N/4, N — spacing discretizaionber. By the way, spacing discretization
result in to energy nonparabolicity and this fact should be actotim calculations. Our testing shows that
the approach is valid for large range of Fermi level position and coordisa@ddion.

Iterative procedure was used to obtain the self-consistentosol@tarting with a trial potential, we
find eigenvalues of the quantum states and wave functions istrilngture. The iteration procedure was
repeated until maximum difference between the present and previouseffetential was 1eV.

Effect of structure geometrical parameters and the dopingeelem the concentration profile are
investigated. It is shown concentration dependence on the didt@bhween the doping layer and the
qguantum well. Our results show that at the certain paramegcamsee double concentration peak, carriers
is distributed between well ardayer. The same profile has been observed in the experimental work [4].

We demonstrated modified humerical model for calculation ofezraconcentration of the complex
InGaAs/GaAs heterostructure. The results of the calculaiencompared with experimental work, good
agreement is observed.

1. P.N. Brounkov, T. Benyattou, G. Guillot, J.Appl.Ph$§,,p.864, 1996.

2. V.l. Zubkov, M.A. Melnik, A.V. Solomonov, and E.O. Tsvelev, Phys.Rev.(B075312 (2004).

3. M.P. Anantram, M.S. Lundstrom, D.E. Nikonov, Proceedings of the I18&pp.1511-1550, 2008.
4. Proc. of XVI Int. Symp. «Nanophysics and Nanoelectronics», pp.406-407, 2012.
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Formation of silicon oxide layer on the surface omono-Si wafer by
means of ion beam irradiation

B. Gurovich, K. Prikhodko, A. Taldenkov, D. Komardv. Kutuzov
National Research Center “Kurchatov Institute”, Kimatov sg.1, Moscow, Russia, E-mail: kirill@irmki&e.ru

This work is dedicated to the formation of the silicon oxide orsthitace of the mono-crystal wafer using
two types of ion beam irradiation. First technique is utilizedrtfagliation by the 1 keV composite ion beam
containing protons and oxygen ions at room temperature up to theeflaeBe1@cm? The second one is
using low energy (40 eV) oxygen ions irradiation at temperaturkCA@0 the fluence of 7-70™ cm™.
Industrialn-type P doped 0.006 Ohm-cm (carrier concentratiohct®) andp-type B doped 0.03 Ohm-cm
(carrier concentration 4-1¥cm?®) [001] silicon wafers were chosen for ion beam irradiation. lMvese
extracted from the RF plasma discharge by applying the neda#iseo the substrate. lons content at the
composite beams was controlled by the partial pressures of skes ggected to the discharge chamber.
Typical value of B.J/Py, ratio was 3.2.18 The thickness of the silicon oxide layer after irradiaticas w
measured by XPS depth profiling using “Quantera” scanning xgegtmometer (PHI). The microstructure
was investigated by EFTEM/STEM techniques using “Titan” trassion microscope (FEI) equipped with
GIF2001 EELS spectrometer (Gatan) on a cross-sectional sapnptisced by Ar ion milling using PIPS
(Gatan). Irradiation induced oxide electrical propertiesewatudied on MOS (metal-oxide-semiconductor)
structures which were formed by the sputtering of 100 nm Au laryeéhe surface of the samples after ion
irradiation. These MOS structures were investigated usinthl€gi 4200-SCS semiconductor measuring
station and Agilent 4980A LCR-meter. Frequency range waH¥0- 2 MHz and voltage range was +10 V.
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Fig.1 Bright field TEM cross section image of the Fig.2 Frequency dependencemefandp-MOS structure
conductivity at zero bias.

wafer after ion irradiation (d- damage layer).
TEM structure investigations of irradiates samples showedmmiflistribution of the silicon oxide layer at

the surface of the silicon wafer and the presence ofcasilamage layer between the oxide and bulk wafer
(fig.1). The position of the plasmon energy loss peak within the ralistduced oxide layer was 24 eV that
corresponds to the value of bulk Sidt was found the presence of a transition S@&yer close to the
SiO,/Si interface with the thickness ~10 nm. It had been found hieaglectrical field working range of the
irradiation-induced silicon oxide was above 3¥tm and the resistivity ~10 Ohm-cm. One of the
features of irradiation-induced insulation layers was the foomatif electrical traps that reveals in the
presence of maximum at theusitequency dependence curve (fig.2).

The perfect structure and low level of leakage current grihet this radiation induced silicon oxide can be

used as an insulator during nanostructures formation under ion imadiativarious applications [1].

This work is supported by the Russian Ministry of Science and Educationa@d@t16.513.12.3004).

1. B.A. Gurovich, K.E. Prikhod’ko, A.N. Taldenkov, A.Yu. Yakubovskii, K.I. M&sla, D.A. Komarov,
L.V. Kutuzov, G.E. Fedorov, "Development of lonBeam Technique for Marwiagt Silicon

Nanowires”, Nanotechnologies in RussiaNos.1-2, pp.93-97, 2012.
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The quantum-size Si dots formed in PECVD Si/Si@omultilayers by
irradiation with swift heavy ions

G. Kamaev?, S. Cherkova? A. Antonenkd?, G. Kachurif, A. Gismatulirt,
D. Marin*? V. Volodin*? A. Cherkov? and V. Skuratol
'A.V. Rzhanov Institute of Semiconductor PhysicR&8, 630090 Novosibirsk, Russia;
“Novosibirsk State University, 630090 Novosibirskss®a;
3Joint Institute for Nuclear Research, 141980 DubRassia; e-mail: kamaev@isp.nsc.ru

The ability of the quantum-size Si nanocrystals (Si-ncs) t@ &ght stimulates research into the
processes of their formation and modification. Usually Si-nc$oaneed via self-organization in the Si-rich
SiO, layers during furnace annealing. However, this way of formagsalts in a relatively broad size
distribution of the synthesized Si-ncs. Moreover, the size and derfsifye quantum dots cannot be
controlled independently. To make the Si-ncs formation more predicthbl layer-by-layer gas phase
deposition of the nanometer-thick amorphous Si and &ilbwed by a high temperature annealing was
proposed. Unfortunately, the thinner is a nanolayer, the higher tetupger are needed for its crystallization;
therefore the methods which allow a local stimulation of thectural transformations would be of great
interest.

We studied the influence of swift heavy ions (SHI) on symghefsthe silicon quantum dots in stacks of
the gas phase deposited ultrathin SifSi@iltilayers. Si/Si@multilayer nanoscale structures were obtained
usinga procedure of amorphous silico-$i:H) thin film PECVD and subsequent partial plasma enhanced
oxidation in the plasma-chemical reactor with a wide apertuneso8uch sources provide high density of
the active ions (up to 18-10" cmi®) with low energies (less than 4+6 eV), as well as good unifgmifithe
film thickness within the large spatial ar&ix pairs of the 7+8 nm-thick-Si:H and 10+12 nm-thick SiO
layers have been prepared on the crystalline Si substratequahim-size Si dots were formed in PECVD
Si/Si0, heterostructures by irradiation with 167 MeV Xe ions in the dasger of 110" cmi®. Some
samples were annealed in the temperature region of 500°C106630 min in N ambient.

Photoluminescence (PL), optical FTIR absorption, Raman scatterthgross-sectional high resolution
electron microscopy (HREM) were used for the charactéizat The electrical properties of multilayer
nanostructures were studied by the measurements of their eapaeiltage (C-V), conductance-voltage
(G-V), and current—voltage (I-V) characteristics. The C-V and Gharacteristics were studied in the
frequency range 1 kHz — 1 MHz by using an automated Agilent E4980A multifrequencie@Rr-

According to the electron microscopy data the irradiation btio&dayers integrity (see inset in Fig.1).
Raman spectroscopy evidenced an increase in the
scattering by amorphous silicon, and in the

6.0x10° photoluminescence (PL) spectra the yellow-orange
4.0x10° _band _ appeareq,_ us_ually ascribeo! to the tiny
' inclusions of Si in Si@Q The annealing at 800
2 0x10° - restored the SiOnet, pushing the excess Si atoms
out. The annealing at 11 led to an appearance

< 0.1 of more intensive PL peak at about 780 nm, typical

B of the Si nanocrystals, and its intensity was growing

-2.0x107° with the dose. It is concluded, that the irradiation

. creates the nucleation sites, which facilitate

-4.0x10 30 10 & 5 20 30 o formation of the. Si  nanocrystals under "[he.
subsequent annealing. The processes proceed inside

uyv the tracks due to the high temperatures resulting

Fig. 1 from the heavy ionization losses of the ions.

The electrical properties of the structures were
investigated by the measurements of MOS capacitors the thatcs. Electrical measurements revealed
the significant peculiarities connected with charge transppwdugh the prepared nanoscale multilayer
structures. It is seen in Fig.1 that the |-V curves havestBps and the negative differential resistance
regions, which can be caused by the resonant tunneling through the Si clusters.
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The study of nanostructures formation on AlSi thinfilm surface under
lon-plasma sputtering

V. Bachurin, I. Amirov, M. Izyumov, V. Naumov, Sirnsakin
Yaroslavl branch of the Institute Physics and Technology of Russian Academy of &gien
Yaroslavl, Russia, vibachurin@mail.ru

lon bombardment is widely used method in the last time for ftmmaon the solid surfaces such
nanostructures as ripples, quantum wires and dots and etc. Theofsigesh structures depend on the
conditions of ion bombardment (ion energy, angle of ion incidence, fluence) which can bbaragyd. The
goal of the present work was to study the possibilities to mbtanostructures on the surface of two
components thin films under low energy ion-plasma sputtering. It wgsosed that the same structures may
be formed due the preferential or selective sputterimgné of the components of thin film has a small
concentration and lower partial sputtering yield.

AISi thin films on the Si@Q substrate were used as the samples. The ratio of partigrsputtields (Y) in

this case is defined mainly by the ratio of surface bindinggise which is W/Us; =0.71 and sputtering
yield of Al is almost two times more then of Si [1]. The péev were prepared by magnetron sputtering of
Alg.osSip 01 target. The content of Si in the film measured with AES lgas then 1%. The sputtering of
samples was carried out in the reactor of high density Amadaof RF inductive discharge [2]. The average
energyE; of the Af ions (25-400 eV) bombarding the substrate surface was deterhyirtee applied RF
bias powelPg, (0-400 W, 13.56 MHz). The morphology of the surfaces was studied with SEM Supra 40. The
chemical composition of surface was investigated using SOASTOF. It permitted to measure the relative
concentration and distribution of Si on the surfaces of initial and ireattistmples.
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Fig. 1. SEM image of initial (left) and irradiatédght) AISi thin film surfaces.

One can see that initial thin films have a grain structith the average size of grain about 20 nm. The
small parts of grains are brighter. The data of SIMS arsayfgiw that they belong to Si. Usually the AlSi is
one phase compound at Si concentration more than 5%. Possibly the thin film istthre ofihomogeneous
AISi with inclusions of Si grains. Irradiation of the surfagith 60 ev Af ions leads to the decreasing
average sizes of grain (about 10 nm), increasing on one ordeprtenicof Si on the surface and the
formation of a lot of Si grains (see Fig. 1, right). The possi®ehanisms of the formation nanostructures
including the preferential and selective sputtering ion induced diffusion areha&gn will be considered in
the report.

1. Sputtering by Particle Bombardment Hdited by R. Behrisch. Springer-Verlag, Berlin, 1983.
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Efficiency of fast neutral particle beam sources bsed on gas-phase
charge exchange processes

V.P. Kudrya
Institute of Physics and Technology, RAS, Moscaxssi, E-mail address: kvp@ftian.ru

Gas-phase charge exchange processes are one of the mechaupsrdsite beams of fast neutral particles
from ion beams. Fast atom beam (FAB) sources based on thismsech#ave been used for sputtering,
etching, and neutral beam lithography [1-4]. A specific feabfithis mechanism is an inevitable influence
of the elastic neutral-neutral and ion-neutral scatteringrésalts in removal of fast particles (neutral and
ion) from the beam. Therefore, passing through a gas the fast ionibasntralized but its intensity
decreases due to scattering. Thus, efficiency of the FAB emwansidered depends on the gas thickness
(product of the pressure and the length) of the neutralizing system used.
An analytical model in which the elastic scattering of iond meutrals are equal was used in [2, 5]. We
present a model in which different elastic cross section®fe and neutrals can be used. In this case the
neutrality coefficient (fraction of neutrals in the beam tHaracterizes the charge quality of the output
beam) is given by
K — Nn(l) — 1 exd_ (exch |e|ast /]ntlast)]

neutr(l) - -1
Ni(|)+ Nn(l) 1+/]exch( ielast nelast)exd_ ( exch+/]|elast nelast}J
wherel is the length of the neutralizing systeli(l) andNi(l) are the numbers of neutrals and ions in the
output beamAegyen An elast @Nd Ai cast @are the mean free lengths for ion-neutral charge exchanggalneu
neutral elastic, and ion-neutral elastic scattering, respctideie to the inequalityl, ejast = Ai east the
dependenc¥..u(l) is monotone increasing.

The second important value is the neutralization coefficiefitigricy of converting the primary ion beam
into the neutral beam) is given by

Keff (I) =

The maximum value df«(l) is given by

/‘\t(/‘ h+/‘1\t/‘\t)
- [ nelast(/]exch |e|ast)]
eff max 1+/] /A
In the approximation ofl, jast= A elast = Aelast ONE Can obtain that

£
Keffmax ZW ’

whereé = Agias{Aexch = Oexcd Oelast O IS the cross section. The dependeiigyma{ <€) is monotone increasing.
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1. Mizutani T., Nishimatsu S., "Sputtering yield and radiation dgaray neutral beam bombardment"”, J.
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3. lijima Y., Yamada T., Matsumoto S., Hiraoka K., "Low-energyN&utral Beam Etching Method for X-
ray Photoelectron Spectroscopy”, Surf. Interface ARal.pp.778-784, 1994.

4. Wolfe J.C., Craver B.P., "Neutral particle lithography: a stngallution to charge-related artefacts in ion
beam proximity printing", J. Phys. B}, 024007, pp.1-12, 2008.

5. Hara Y., Takashima S., Yamakawa K., Den S., Toyoda H., HoriTéndble low-energy Ar fast atom
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Piezoelectric generator with filled space betweeré ZnO nanowires

D.G. Gromov, A.M. Kozmin', M.U.Nazarkirt, S.P.Timoshenkdy S.A.GavriloV}, A.l.Kozlitin?
National Research University of Electronic TechggloMoscow, Russia, e-mail: nodanceak@mail.ru.
2Joint research center "Synchrotron", Moscow, Russéamail: info@ckp.su

In the world scientific community over the past few ye#ues idea of converters any to electrical energy
successfully developed. Already known devices that convert most fobwelar, wind and ocean waves
energy into electricity, but along with it humanity surrounds aofosources of dissipated energy - the
vibrations, mechanical and sound fluctuations. One of such convertas typergy “harvester” that collects
electrical energy from array of nanotransducer elements. &gy harvester is the nanogenerator using
piezoelectric ZnO nanowires array for converting mechanicasanic energy into electricity [1]. However
the nanogenerator has the deficiency: low voltage (hundreds of mV) andr@ntqtens of nA) values. The
main problem of piezoelectric nanowires array device is tod#fksignals simultaneously from tip of every
nanowire. It is considered that when piezoelectric nanowire isabehe top tip its polarization results in
appearance of positive and negative charges [1]. The regibe onowire where the crystal lattice extends
becomes positively charged, and the one where the lattice sbhafges negatively. In this connection the
top electrode should commutate only with that part of the topftipach piezoelectric wire which has a
charge of one type. For this purpose different top electrode wsteactvere used such as an array of
metalized V-shaped trenches or an array of metalized spkeesop electrode in the nanogenerator structure

[2].

According to the classical theory of the piezoelectric &ffglc for higher piezoelectric effect it is necessary
to apply pressure on lateral edges or lateral faces dietkeegonal ZnO crystal. To achieve this aim, we have
filled the free space between the ZnO nanowires with sotitemal. We have used a flat movable top
electrode to gather the electric charge at the top contact withrélyeod ZnO nanowires.

The first oxidized silicon substrate using magnetron sputteringadetas covered with 300 nm Ni layer,
which was playing the role of the bottom electrode. Then usingathe snethod of magnetron sputtering of
ZnO:Al target the bottom electrode was covered with 20 nm Zh€eAding layer. ZnO nanowires array
was formed on the structure by chemical deposition from watettisol®,4M NaOH and 0,0
(Zn(NGy),)BH,0. Further 300 nm ZnO layer was deposited on ZnO nanowires arrthe fal stage ZnO
nanowires array has grown additionally. The second oxidized siigbstrate was covered with a 400 nm
Cu layer playing the role of the top electrode using magnetrorespgtt The second substrate with its Cu
layer down was placed on the ZnO nanowires array of thesfitsttrate. And finally an elastic adhesive
sealant was applied along the perimeter of the structugeidcantee the moving of the second substrate
relative to the first one.

To study electrophysical properties of the assembled piezdeldetiice a vibration machine LDS V455
PA1000L was used, having the following characteristics: from 1@®® Hz vibration frequency range and
acceleration amplitude up to 1147 fn/Biezoelectric device was exposed to sinusoidal vibrations by the
vibration machine. The piezoelectric device output signal was recordedillyscepe and nanoammeter.

It was found that the ZnO nanowire piezoelectric generatornsitse to low-frequency vibration range
(from tens of Hertz to hundreds of Hertz). It is importantmention that the voltage and current device
signal change in time repeats the sinusoid of the vibratiomim&cThe maximum response of 7 V and 156
nA for an acceleration of 1g was achieved with a vibration frequency of 300 Hz.

References:

1.Y. Gao, Z.L. Wang, "Electrostatic Potential in a Bent PiezoelectimNire. The Fundamental Theory of
Nanogenerator and Nanopiezotronics", Nano L&tpp.2499-2505, 2007.

2. Z.L. Wang, "Nanogenerators for Self-powered Devices and Systems", Schaateoiald Science and
Engineering Georgia Institute of Technology, Atlanta GA USA, 2011.

3. S.G. KalashnikowElectricity, FIZMATLIT, Moscow, 2003 (in Russian).
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Simulation of ZnO piezocantilever deflection for acontact AFM

E. Gusev, Yu. Eroshina
Taganrog Institute of Technology — Southern Fed®ralersity, Taganrog, Russia, eyugusev@gmail.com

Obtaining a qualitative conception of the sample surfacbafienging for materials technology and related
application. Traditional technique for surface study is atomicefonicroscopy (AFM). The developing of
design and fabrication technology of cantilever probe determiee&RM advancement [1]. Appearance of
new constructions of cantilevers is conditioned by tendency tedse spatial resolution and threshold of
minimum measureable force of interaction. The former dependip shape, and the latter — on design of
cantilever and deflection registration system. The registraystem based on external (optical) and internal
(e.g. piezo) electronic are known. The latter representgrattsl strain-sensitive element in the form of a
piezoresistive or piezoelectric layer. Today piezoelectitilever is used as a basic element in sensing and
actuation [1].

In this work we performed numerical simulation of beam deflactif piezocantilevers based on zinc oxide
as sensitive layer. Planar cantilever beam bending dependenekatrodes shape under DC voltage
applying was investigated early [2].

Two type of electrode pattern were investigated: planar amdwseh. The first shape was presented as a
structure of Si — ZnO — Al having silicon tip: bulk silicon ba$e3,4x1,6x0,3 mm with rectangular beam of
400%x240x2um and extension of 150x50x@n, piezoelectric ZnO film of 400x240xQif and aluminum
interdigital electrodes, tip basis radius girh and tip height of 1pm. Geometry of multi-layered model of
cantilever was presented as a structure of Si — Al — ZAD same bulk silicon base with rectangular the
cantilever of 400x240xpm and extension of 150x50%@n; first aluminum layer as a bottom electrode,
piezoelectric ZnO film of 380x230x06n, and second aluminum layer as a top electrode.

Total displacement and deformation of the piezocantilevers wdeveloped by finite element method
(FEM). Cantilever deflection and sensitivities was determifégsicochemical properties of the materials
(density, Young modulus, Poisson ratio, piezoelectric strain tensor, ete.Jaken into consideration.

The value of beam deflection was 49.9 nm for planar cantilevgrljf and 62.7 nm for multilayer
cantilever. The sensitivities were 7 mV/nN (fig. 2),10 nm/V anch®N for of planar cantilever, and
8.8 mV/nN, 12.6 nm/nN and 110 nm/nN for multilayer cantilever.

These results correlate with well-known in the literatusttngates made by analytical models and FEMs [1].
The results will be checked after cantilevers fabricated atelde
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Figure 1. Total displacement and deformation (nm) Bigure 2. Induced voltage dependence on
the “planar” piezocantilever effective force to cantilever tip

1. D. Sarid Exploring Scanning Probe Microscopy with MATHEMATI®Aley-VCH, Weinheim, 2007.

2. Yu.Yu. Eroshina, R.V. Velichko, “Bending model and investigation of piezocantibean”, V.V. Titov
ed., pp.182-183, SSC RAS Publishers, Rostov-on-Don, 2012 (in Russian).
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NO,, CO and CO, gas sensor based on magnetron
deposited n- and p-type ZnO films

E. Gusev, A. Mikhno, V. Gamaleev, O. Mironenko
Taganrog Institute of Technology — Southern Feddraversity, Taganrog, Russia, eyugusev@gmail.com

Thin metal oxide films are widely used in sensing devicasroamechanics, gas-sensitive sensors, solar
cells, etc. One of materials, whose properties determirappfcability in these applications, is zinc oxide
(Zn0O) [1]. For formation of ZnO films and other metal oxides, magnetron sputtptitegd laser deposition,
vapor deposition methods are used. Magnetron reactive sputtering allobtaitohigh-quality pure films of

metal oxides at high speed [1, 2].
We investigated the deposition conditions of thin ZnO films agmetron reactive sputtering at radio-

frequency currents and its sensitivity to NOO and C@gases was detected.
Zinc oxide films were deposited by BOC Edwards Auto 500 vacuum caatstigm [3]. Morphology of the
surface, thickness, refractive index and sensitivity of thesfiwere analyzed by scanning probe
nanolaboratory NTEGRA Vita, scanning electron microscope Novelsl 600, Linnik interferometer and
gas-sensitive bench.
Deposition of ZnO films was carried out by sputtering of zinthangas mixture of argon and oxygen [3].
The effect of conditions on quality and characteristics of thesfiin the range of operating pressures in the
chamber from 0.2 to 0.8 Pa, the percentage of oxygen in the gas mixture from 10% to 80%,qno\86rtd
150 Watts, pre-heating phase up to 250°C was studied. Refractive mitléxdvi5 roughness of the films
were 2.157 to 2.224 and 2.11 to 4.86, respectively.
The sensors based on the films were created. It was found, tlzatetfage response time of the gas sensors
was about 5-10 seconds to N@O and CQ@gases (Fig. 1). At various concentrations of the gas (from 20
ppm to 100 ppm for N§ from 50 to 100 ppm for CO and GOsensitivity was 30-67%. At various
concentrations of the gas (from 200 ppm to 1000 ppm) sensitivity wag%®0 Average response time of
gas sensors based on p-type zinc oxide was about 5-10 seconds. ¢iighi@ 1 shows that the films of n-

and p-type conduction were obtained as confirmed by [1].
Thus, optimal conditions of n- and p-type ZnO films deposition bgrma@on reactive sputtering, suitable

for the manufacture of gas sensors were obtained.
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Figure 1 — Sensitivity of the ZnO films to N@t room temperature: n-type (left, 50 ppm) angiget(right,200 ppm)

1. V. Kobrinsky, E. Fradkin, V. Lumelsky, A. Rothchild, Y. Komem, Y. LifshitZunable gas sensing
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The mode matching technology for MEMS gyroscope wht mutually
spaced eigenfrequences

O. MorozoV, A. PostnikoV, I. Kozin', A. SolovieV, A. Taraso®
1. Yaroslavl Branch of the Institute of Physics dieghnology, Russian Academy of Sciences, YarpRlassia,
laser_lab@bk.ru. 2. Federal state Unitary Enterpri€enter for Ground-Based Space Infrastructure ikaes
Operation”, Moscow, Russia, gyros@inbox.ru

The operation principle of the micromachined vibratory gyroscogess on the generation of a sinusoidal
Coriolis force due to the combination of vibration of a proofgreasd an orthogonal angular-rate input. The
proof mass is generally suspended above the substrate by a susggsem consisting of flexible beams
(torsions). The overall dynamical system is typically a two degre&gedom (2-DOF) mass-spring-damper
system, where the rotation-induced Coriolis force causes etrarggfer to the sense-mode proportional to
the angular rate inputdeally, it is desired to utilize resonance in both the drivetaedense modes in order
to attain the maximum possible response gain, and hence sensiinig is typically achieved by designing
and electrostatically tuning the drive and sense resoreguidncies to match. However, the limitations of
the micromachining technologies define the upper-bound on the perfornarterobustness of
micromachined gyroscopes[lhevitable fabrication imperfections affect both the geometiy the material
properties of MEMS devices and shift the drive and sense-mnesd@ant frequencies [1]. Paper presents a
new technology for silicon micromachined gyroscope mode matching with mutpatlga eigenfrequencies
by repeated oxidation-wet etching cycles. This technique leadinultaneous thinning of the torsions
which comprise 2-DOF dynamic systeifihe torsions have a hourglass section so the values tfiswid
W(5,)) at the base and waist size contribute significantly to &equ shift. A peculiarity of considered gyro
is that drive frequencl()) is half of sense mode natural frequeR€). The device design limits mismatch
frequencies values withitF =0...+150 Hz

AF =F(B)-2* F()) Q)
On the basis of FEM (finite element method) modeling cru@ahmetry parameters responsible for resonant
frequency shift were determined. Torsions width random divergérama chip to chip within one wafer)
was +0,15 um. It was found by comparison natural frequencies me®suseand computer simulations.
Frequency mismatch distribution measured through a wafer prdserfieg. 1 A.The frequency shift could
gain 73.4 HzThis quantity defines the requirements for resulting iahieimperfections of micro-fabrication
techniquesilt is worth noting that mismatch values could be both posaéineg negative. Taking into account
wafer thickness variations total mismatch overrides desigit. [To meet this condition for all chips on
wafer and a mode mt technology was developed. The repeated silicon oxidation-wet etirhiRidr
solution procedure based on reliable FEM calculations steeproblemFrequency mismatch distribution
has undergone desired change to positive values as one could fapere 1B after tuning procedure.
Technology could be applied for fine tuning of silicon fabricated resonators.
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Fig. 1. Frequency mismatch distributidi before A), and after B) treatment oxidation/wetéatg depth 0.95 um.

1. C. Acar, A. ShkeMEMS Vibratory Gyroscopes: Structural Approaches to Improve Rasss8pringer,

2008.

2. A. Soloviev, Y. Malkov, “Alternative designs of MEMS gyroscope with mutuglced eigenfrequencies

silicon sensor”, Digest of “New materials and technologiegadcket and space technics” conference,

Zvezdniy Gorodok, 2011.
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Principal Physical and Technological Problems and &chnical
Solutions for Creating a New Generation of High-Terperature
Microelectromechanical SOIMT Strain Sensors

L. SokoloV, N. Parfeno$, S. Igochifi
1. Branch of MAI (TU) “Strela”, Zhukovsky, Moscowdron, Russia, E-mail: sokol@niiao.com. 2. MAI (TMpscow,
Russia, E-mail: sedennik@mail.ru. 3. JSC “InterlaMoscow, Russia, E-mail: igochin@interlab.ru

Under severe operational conditions for electronic systenagrobpace equipment there is an acute
problem of creating high-temperature, high-reliability and alsopatitive sensors of mechanical quantities
[1]. This problem can be resolved on the basis of innovativeoelertronics and micromechanics
technologies, which allow integral strain sensors without isolgi-n-junctions to be produced in batches
[2].

The analysis of physical and technological problems, as wstinas basic technical solutions are given
for manufacturing an experimental batch of strain sensor modulemtagral MEMS-SOI membrane-type
pressure sensors with a monolithic tensoframe (SOIMT) based ‘@onomosilicon-glass-monosilicon”
heterostructure by a group method.

VEECO,TM-3000, as well as Quanta 200 3D FEI electronic scanning micrascthz include an
EDAX detector for the X-ray microanalysis, are used to aeallie physical and technological problems of
precision microprofiling of a 3D micromechanical structure for MEMSAND§ensors, which are caused by
the contact photolithography process on a relief surface, and the proh@nting a MEMS-SOIMT sensor
chip, which contains glass nanocluster fragments on its comtdiats, with a Pyrex glass support element,
in the electrostatic field.

1. L.V. Sokolov, A.A. Zhukov, A.V. Kapustian, "Physical and Technologicabms of Producing New
Generation High-Precision Semiconductor Pressure Sensors \vigfitizédl Output for Information
Measuring, Control and Diagnostics Systems". Proceedings of thRugsian Scientific&Technical
Conference "Actual Problems of Space Rocket Instrument Engigeand Information Technologies”,
Moscow, 28-30 April, 2008, Fizmatlit, 2009, pp.364-367 (in Russian).

2. L.V. Sokolov, "Conceptual Basis for Creating New-Generatiogh{ditable High-Temperature
Microelectromechanical Sensors Based on a Silicon-On-Isolataréstructure with a Monolithic Integral
Tensoframe for Intelligent Transducers". Proceedings of thimt@rnational Symposium on Measurement
Technology and Intelligent Instruments (ISMTII-2009), Volume 3, SteiBburg, 29 June — 2 July 2009,
pp.248-251.
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MEMS angular rate sensors and roll sensors

A. Timoshenkov, S.M. Naing, D. Daniltsev, V. Kalagi
National Research University of Electronic TechiggloDepartment of Microelectronics, Moscow, Russia,
E-mail: spt@miee.risanminnaing@gmail.com

MEMS in particular micromechanical gyroscope (MMG) are nowlelyi used in civilian and military
industries [1.] A gyroscope is a rapidly rotating rigid bodyahihéxis of rotation can change its direction in
space. It has some interesting properties observed in rotatasgialebodies, artillery shells, turbine rotors
installed on ships, etc. The gyroscope is most often used aser(sing element indicating gyroscopic
instruments; (b) how to gauge the angle of rotation; (c) or angellacity for the automatic control. In some
cases, such as gyrostabilizer, gyroscopes are used as generataes af &mrergy moment.

Sensors and micro systems can independently perform the funofionsasurement, evaluation of their
results, the adoption and implementation of management decisitiey. are compatible with the
technologically advanced systems of information processing. Irrajeceesse MEMS consist of a sensing
element (SE) that responds to external perturbations, and electmpiogéss the incoming signal [2].

The developed design is in demand in practical problems. Some ofatlecbasically new to the micro-
mechanical ARS, in particular, their application for thessemoll, which must measure the angle of rotation
around the longitudinal axis of the object. Rotational speedeamir20 Hz. Acceleration acting along the
longitudinal axis of the object (acceleration or braking) reach 200 g, and also perpendicular to them (due
to taxiing or maneuvering) as high as 20 g. The flight time of amition was less than 60 seconds. Error in
determining the roll angle of the flight should not exceed 20 degneesder to implement the control
system could taxi plumage object. Such high dynamic requirementsefoneasuring system, based on the
dynamic characteristics of the object would require not only thelalement of special ARS, but the
corrections for the vector acceleration of gravity, if that vertical flight of the object, or magnetic fields of
the earth. With the help of accelerometers and magnetometdraciathe frequency of rotation, and reduce
calculation errors. In dynamic conditions, this problem will middeeadjustment to an accelerometer is quite
difficult, since the congestion during taxiing as high as 20 g.

In researching the problem of measuring the roll angle by thet diemsformation of the angular velocity,
where the axis of the measuring sensor is almost identichl vt axis of rotation, we obtained the
following results. Standard deviation or SKO (error for 25 secontteabtation speed of 3000 degrees per
second was 4.88 degrees. Indeed, in practice, the systematicaanmonents cannot always be reduced to a
level much lower than random. For the successful solution of setieprs requires individual calibration
of each sample in a two-level approximation to reality. Nevestiselthe use of ARS series production
MMGK MIET to resolve this problem is justified and timely.

As a result, we can conclude that the use of angular vekxmitgor series MMGK MIET production allows
us to solve the problem of constructing roll sensor for rapathting body (20 Hz) along the longitudinal
axis of which are speed reaching 200 g, and also perpendicular ugp2@d. Creating such a sensor on the
basis of domestic MMG has real prospects of implementation immiliary and civil industries, and
relatively low cost makes it possible to compete with foreign manufasture

1. AS. Timoshenkov, S.M. Naing, “Vibrating Ring Gyroscope micro-sdemtchanical: study
characteristics, methods, variations and signal procesdi@gnss”. Proceedings of the 4th All-Russian
Inter-University Scientific Conference on "Actual problemsirdbrmation in science, education and the
economy." MIET, p.105, October 2011.

2. S.P. Timoshenko, V.V. Kalugin, S.A. Anchutin, Y.S. MorozMicro - electromechanical Systems
Moscow: MIET, pp.3-22, 20009.
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Technology development for the creation of conformanultilayer
wiring boards based on polymers

A. Titov, Yu. Dolgovykh, K. Tikhonov, S. Timoshenko
National Research University of Electronic TechggloDepartment of Microelectronics,
Moscow, Russia, E-mail address: mg@miee.ru

Development of micro-mechanical sensors and systems baséénorist one of the development
branches in microelectronic technology and labeled as one ofctiveotegies of the 21-st century. In recent
years, this industry is one of the fastest growing. Appbasti include micro computing and
telecommunications, biology, medicine, chemistry, environmental monitoraagtomotive, space
exploration, aviation and other technologies.

Manufacturing techniques of conformal multilayer wiring boards\W@Yis constantly evolving. It is

necessary to create new manufacturing technologies of the Ch\ldBiing the increasing integration of
components, the functionality of the equipment, reducing its size and weight.
The use of flexible dielectric material for the manufactur@rimted circuit boards allows developers and
users of electronic devices, a number of unique features. Weagarthat this, above all, reducing the
construction size and weight, assembly efficiency, improvinglierical characteristics, heat transfer and,
in general, reliable.

Three technological routes through the creation of the CMM@Bimide film, liquid crystal polymer
(LCP), as well as the version of the sequential depositionedéddiic layers of the metal soared to an
insulating substrate have been developed and investigated.

The process of making test structures starts with thd iager cutting of sheet materials Ultralam 3850
and 3908 Ultralam for the formation of the external circlitefiwise blanks format 200 x 200 mm. Also,
laser cutting is used to create cross-cutting core holethéomechanical alignment of the layers, and
structural holes in the intermediate layer Ultralam 3850 iantivo layers of connective Ultralam 3908,
serving for the formation of internal cavities of the built-in semductor chips and MEMS switches.

One promising technology to create multi-layer board is conformal, sd-gattaum brazing technique,
which avoids the high pressure during compaction of individual layer.

The analysis showed that the LCP material has a number of enhaneess featnpared to the polyimide
film, such as stable electrical properties=2.9; polyimides = 3.5); uniform thicknessA(= + 0.05% ),
extremely low moisture absorption (<0.04% for 24 hours at 23 °C), adimy a stable electrical,
mechanical and dimensional properties in humid environments.

Prospects for the use of LCP as a material for switchingdbgarovide the possibility of using
unpackaged LSI-s mounted inside, which provides protection from eieflo@nces have been showed.
The relevance and significance of the paper related to theodwogy creation for the development and
manufacture of silicon sensors with capacitive signal pickygtem. Methodology was based on an
integrated approach to solving such problems as the procdsae$ace preparation, etching of the complex
profile surfaces, matching the silicon structures, etc. which allowe#becMEMS elements.
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