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Cexuusi 3. IMHCCUA HOHOB, YJIEKTPOHOB, ()OTOHOB M PEHTT€HOBCKOI'0
U3JIyYeHUs NPHU HOHHOI OoMOapaupoOBKe

Section 3. Emission of ions, electrons, photons and X-rays under ion-surface
interaction
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Secondary ion mass spectrometry (SIMS) is a powerful tool in analyzing the chemical
composition of surfaces and it has become one of the standard tools in materials science. Even
though this technique has been in use for several decades, there are still some fundamental
questions unanswered. One of the most pressing problems to be solved is the understanding of
the ionization of emitted material during the sputtering process. Theories targeting this
question consider the electronic excitation at the surface during particle emission as an
important parameter, allowing predictions of ionization probabilities in very rare cases.
lonization probabilities are usually of the order of <107 for organic samples and even lower
for clean metal surfaces. The more complex the sample system is, the less predictable are the
influences on the ionization probabilities. In cases with more than one component present at
the surface, the substances may influence each other’s ionization probabilities, leading to
signal enhancement, reduction, or complete suppression. These effects are called matrix
effects.

Investigating these effects makes it necessary not to only investigate sputtered ionized
particles, but also neutrally emitted material. To gain access to the information contained in
the sputtered neutral species, post-ionization techniques have to be applied to the experiment.
This allows not only to use material sputtered as ions, but also to make use of the neutrally
emitted material, which represents in most cases the vast majority of the sputtered material.
The beauty of analyzing post-ionized neutrals is not only the capability of increasing the
measured signal and being able to investigate fundamental processes in the sputtering process,
such as measuring ionization probabilities, but also the capability to overcome matrix effects
by decoupling the sputtering and ionization process. As pointed out earlier, the electronic

excitation at the surface during the sputtering process is used as a parameter to model and
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predict ionization probabilities during the sputtering process. That makes changing the energy
transfer channel from the projectile to the solid a very interesting parameter to vary by
changing the energy of the primary particle from the range of keV kinetic energies up to total
Kinetic energies of GeV.

Up to a kinetic energy of a couple of a few hundred keV, the kinetic energy of the projectile is
transferred to the sample mainly by hard collisions directly to the nuclear sub-system, this so-
called nuclear stopping may lead to the emission of particles from the solid (nuclear
sputtering). Energy from the projectile is transferred to the electronic system, e.g. by
electronic friction of the projectile and the recoils or electron promotion. The processes
leading to energy transfer from the projectile to the electrons of the target are accordingly
called electronic stopping. By increasing the Kinetic energy of the primary particle into the
range of several MeV/u, the situation changes dramatically. The higher the energy, the lower
the amount of energy directly transferred to the nuclear system. After reaching a maximum in
the low to mid energy region the amount of nuclear stopping is decreasing. Simultaneously
the amount of the electronic stopping and with it the energy transferred to the electronic
system of the solid increases, until it reaches a maximum around a few MeV/u of Kinetic
energy of the projectile (figure 1). The energy which has been deposited in the electronic
system of the solid is transported away from the point of impact and transferred to the nuclear
system by e.g. electron-phonon-coupling, depending on the electronic properties of the target.
This energy transfer will eventually lead to particle emission from the target, called electronic
sputtering. The different energy channels not only change the electronic excitation at the
surface during the emission of particle, but also change the way particles are emitted. While
nuclear sputtering is induced by hard collisions of the projectile and recoils with atoms in the
target, almost no direct interaction between the primary particle and the atoms and molecules
of the target is involved in electronic sputtering and emission occurs through a thermal spike
process. Due to the less violent nature of the electronic sputtering process, the damage build-
up in molecular samples, such as organic layers, may be greatly reduced.

To investigate the influence of the different energy transfer channels on the sputter yields and
secondary ion yields an instrumental setup has been designed and installed at the M-Branch at
the GSI Helmholtz center for heavy ion research in Darmstadt, Germany. Here, we present the
design and the development of novel methods to integrate the new setup into the existing

structure of M1 branch of the UNILAC (universal linear accelerator) beam line.
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Figure 1: SIMION calculation of the stopping power for an Au projectile in an Ag sample. The green
marked area represents the energy regime of common keV-SIMS, the blue area marks the energy
regime of the MeV-SIMS setup at GSI.

Our instrument is a reflectron type time-of-flight (ToF) mass-spectrometer, which uses the
swift heavy ion pulses, delivered by the UNILAC, or a pulsed 5 keV rare gas ion beam as
primary ion source. Commonly ToF-SIMS experiments use short ion pulses of the order of a
few 10 ns up to a few ps width. In contrast to these conditions the pulses of the UNILAC (3.6
MeV/u to 11.3 MeV/u) have typical width of a few ms and comparable low repetition rates.
While typical ToF-SIMS experiments operate at repetitions rates in the order of 10 kHz, the
highest repetition rate the UNILAC is capable to deliver is 50 Hz. In normal operation, these
50 Hz are split between multiple experiments, leaving repetition rates as low as > 1 — 10 Hz
for each experiment. Due to the long pulses and the extremely low repetition rate new and
novel concepts had to be developed to prevent wasting valuable beam time and to ensure
effective operation. The solution to this problem is to operate the ToF-SIMS experiment using
a multiple extraction scheme, such that the extraction voltage is not applied only once after
the primary ion bombardment ends, but multiple times during a single shot. To assure the
same experimental conditions for MeV and keV bombardment, the spectra using the 5 keV
rare gas ion beam were acquired within the breaks between two consecutive UNILAC pulses,

using the same multi extraction beam. In addition to that control spectra were collected during



the break as well to prove that the measured signals arise from the ion bombardment and are
not caused by noise or other influences.

To access the sputtered neutral counterparts to the emitted ions, the instrument is equipped
with an F, excimer laser, delivering 5-7 ns long pulses with a wavelength of 157 nm and a
corresponding energy of 7.88 eV. These laser pulses are focused into the plume of sputtered
material to post-ionize the emitted neutral particles in a single photon ionization scheme. By
adding post-ionization to the timing scheme, six spectra are acquired during a single UNILAC
cycle. In addition to the MeV- and keV-SIMS and blank spectra, an MeV-SNMS (secondary
neutral mass spectrometry), keV-SNMS and residual gas spectrum are collected. The latter is
important to distinguished between signals arising from sputtered neutrals or residual gas in

the vacuum chamber.
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Figure 2: Mo spectra of secondary ions and neutrals sputtered from a clean molybdenum surface with
5 keV Ar and 4.8 MeV/u "' Au®* projectiles. The left-hand panel shows a linear signal axes, the right-
hand one a log-scale on the y-axes [1].

Here, we present the application of this technique to metal samples, organic films and ionic
crystals. By comparing the measured signals for secondary neutrals and ions sputtered under
MeV/u bombardment and keV bombardment, shown in figure 2, we were able to calculate

ionization probabilities for sputtered Molybdenum. As a general trend, we observed for
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Molybdenum and other metallic samples, that ionization probabilities in nuclear sputtering
conditions and electronic sputtering are of the same order of magnitude. These findings were
surprising on the first glance, due to the very different amount of energy transferred to the
nuclear sub-system in both cases. A possible explanation for the similarity of the ionization
probabilities are the good electronic properties of metals. The initial peak of electronic
excitation energy has to be transferred from the electrons to the nuclear system to create
particle emission. By the time this processes is completed the electronic excitation at the
impact point has been transported away, leading to similar electronic conditions at the surface
as in keV sputtering. A way to test this hypothesis is to trap the electronic excitation by
changes of the topography of the sample. For that purpose, thin silver films of different
thickness and surface coverage were created. The thicknesses of these films varied from
approximately 3 nm to 10 nm. While the thinnest films formed nano-islands of 25 nm
diameter the thicker films the coverage increased with film thickness until a complete
coverage was reached at a thicknes of 10 nm. Here, we present the influence of the changing

topography on sputter yields and ionization probabilities under irradiation with an 4.8 MeV/u
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Figure 3: Signal measured for different carbon hydrate anions sputtered from a coronene sample,
normalized to the C, signal [2].
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To investigate the effects of high energetic particle bombardment on the sputtering of
molecular samples, different organic layers were deposited on Si substrates. From common
keV SIMS it is known, that the use of atomic projectiles with kinetic energies of a few keV
leads to fast damage build-up, making these projectiles not suitable for analysis. Cluster
projectiles have been found to be the better choice for the analysis of organic films, due to
their capabilities to clean up the damage produced by them at the same time. We compared
the sputtering process with atomic projectiles in the keV regime (30 keV Bi;*), small metal
clusters (30 keV Biz"), Buckminster fulerens (20 keV Cgo") and swift heavy ions (4.8 MeV
Y7 Au,%*) regarding the fragmentation pattern they produce. Figure 3 shows the normalized
signals of typical fragments sputtered from a coronene sample, normalized to the
corresponding signal of the C, fragment. In another set of experiments, we analyzed the
temporal emission behavior of a Irganox 1010, which has become a widely used standard in
the SIMS community. These experiments revealed that not only sputtering leads to particle
emission during swift heavy ion bombardment, but also a thermal desorption process has to

take place.

1. L. Breuer, F. Meinerzhagen, M. Bender, D. Severin, A. Wucher, Nucl. Instr. and Meth. B
365 (2015) 482

2. L. Breuer, F. Meinerzhagen, M. Herder, M. Bender, D. Severin, J.O. Lerach, A. Wucher J
Vac Sci Technol B 34, 03H130 (2016).
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DEVELOPMENT OF ION BEAM ANALYSIS TECHNOLOGY
FROM VACUUM TO AMBIENT

J.Y. Kim, H.J. Lim, KW. Jung, DaeWon Moon

Department of New Biology, DGIST, Dalsung, Daegu, Korea 711-873
dwmoon@dgist.ac.kr

lon beam analysis methods have been successfully development for surface and interface
analysis such as Secondary lon Mass Spectrometry (SIMS) and Medium Energy lon
Scattering (MEIS) with indispensable contributions to semiconductor and display industries,
thin films, nanoparticles, and recently bio-analysis. However, most of SIMS and MEIS
techniques have been developed for vacuum environment. Vacuum provides ideal and clean
environment but most of important issues must be investigated in ambient conditions such as
liquid interface, corrosion, battery, and biology.

We recently have been trying to develop ion beam analysis techniques applicable to
ambient environments. Firstly, we developed ambient mass spectrometric imaging techniques
based on laser ablation and plasma ionization for live cells and tissues imaging. The method is
based on nanoparticle assisted femtosecond laser desorption and nonthermal plasma induced
ionization for ambient MS imaging as shown in Fig. 1. We found that the desorption of
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Fig. 1: Schematic diagram of ambient mass spectrometer.
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molecules in the tissue was greatly enhanced by the strong photothermal effect of gold
nanorods and femtosecond laser, and the subsequent ionization process with nonthermal
atmospheric helium plasma jets enabled production of sufficient amount of molecular ions of
important molecules from a live hippocampal tissue, such as monoacylglycerols, cholesterols,
ceramides, fragments of sphingolipids and glycerophospholipids. Combined the ambient mass
imaging with microscopic sample scanning, MS imaging with spatial resolution of 1.4 pum
could be obtained. The detected ions were observed to differ in spatial distribution according
to sub-regions of the hippocampal tissue as shown in Fig. 2. In addition, the ambient
nanoPALDI MS imaging shows the decrease of cholesterol by treating methyl $-cyclodextrin,
which envisions the potential of new MS imaging platform for live tissue imaging and live

tissue based drug screening without nay pretreatment and/or labeling process.

m/z 311.253 m/z 313.258 - m/z 339.269 m/z 341.302

m/z 369.269 m/z 385.332 m/z 136.037 m/z 548.517

Fig. 2: ambient mass spectrometric imaging of a mouse hippocampal tissue.

Secondly, we have been trying to apply MEIS for liquid interface depth profiling using a
UHV compatible liquid cell with a graphene window. An electric double layer (EDL) at the
Kl electrolyte and graphene solid interface was analyzed by TOF-MEIS. we report medium

energy ion scattering (MEIS) can be used to profile the composition and structure of liquid
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interfaces with single atomic depth resolution. We have developed a liquid cell to be used in
UHV conditions with a graphene window for MEIS analysis as in Fig. 3. A single layered or
multiple layered graphene window has little effects on the scattered ion energy and angle so
that the liquid interface between graphene and liquid interface could be profiled with MEIS in

atomic scale.

Vacuum (~10e-8 torr)

Electrolvte

Fig3: Schematics of a UHV compatible liquid chamber

We focused on profiling the electric double layer (EDL) structure which has been known for a
long time to play important roles in electrochemistry and microfluidics and liquid surface
chemistry. However, the atomic scale profiles of EDL have not been reported. With MEIS we
could measure the composition profiles of EDL with single atomic depth resolution and the
dependence of EDL structures on bias voltage and electrolyte concentration could be

measured.

Fig. 4-1: SEM image o liquid filled quid chamber for TOF-MEIS analysis
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Fig 4-2: TOF-MEIS spectra revealing the EDL structure formed between KI electrolyte
solution and a graphite.

In addition to MEIS, we studied the feasibility of He lon Microscopy (HIM) for investigation
of liquid interface for nanoscale imaging. Even though HIM cannot depth profile liquid
interfaces, sub nm imaging capability of HIM should be useful for liquid interfaces.
Combined MEIS and HIM analysis of liquid interfaces, especially bioliquid interfaces is in

progress
With preliminary ambient ion beam analysis results, progresses and future plans will be

discussed to develop ion beam analysis technology practically powerful for various fields of
nano and bio technology.
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SIMS ON SMALLEST SCALE
N. Klingner’, R. Heller’, G. Hlawacek” and S. Facsko™
“ lon Beam Center (IBC), Institute for lon Beam Physics and Materials Research, Helmholtz-

Zentrum Dresden-Rossendorf (HZDR), Bautzner Landstrafie 400, 01328 Dresden, Germany,

e-mail: n.klingner@hzdr.de

Ongoing miniaturization in semiconductor industry, nanotechnology and life science demands
further improvements for high-resolution imaging, fabrication and analysis of the produced
nanostructures. Continuously shrinking object dimensions lead to an enhanced demand on
spatial resolution and surface sensitivity of modern analysis techniques. Secondary lon Mass
Spectrometry (SIMS), as one of the most powerful technique for surface analysis, performed
on nanometer scale may comply with this challenge. The mass of sputtered ions directly
serves elemental and molecular information and even allows measuring isotope

concentrations.

During last decades, primary ion species used in SIMS have optimized in terms of best
ionization probabilities and small molecule fragmentation. Thereby, highest mass-resolution
has been one of the biggest design goals in the development of new SIMS spectrometers. In

contrast to former developments, our approach aims for ultimate lateral resolution.

Typically the lateral resolution is limited by the probe size of the primary ion beam. Minimal
probe sizes can be achieved using Gas Field lonization Sources (GFIS) in a Helium lon
Microscope (HIM). Due to the high brightness of up to 5-10° A-cm?-sr* and the sharp
primary ion energy of 30000 + 1 eV spot sizes below 1 nm can be achieved. In recent years
Helium lon Microscopy has been developed as a valuable tool for nanofabrication and high-
resolution imaging. However, in terms of analytical capabilities it is still lacking behind
electron microscopes. Recently, we implemented Time of Flight (TOF) spectrometry to the
HIM and thus enabled the measurement of the energy of backscattered particles and
simultaneously the mass of sputtered ions [1, 2]. SIMS has also been achieved by adding a
sophisticated magnetic sector field analyzer to the HIM [3]. In this way SIMS could be
performed with unprecedented spot sizes.
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Using a sufficient small ion probe size in the HIM the achievable lateral resolution for bulk
samples is mainly determined by the size of the collision cascade and the sputtering process
by impinging primary ions and backscattered particles. Different binary collision codes were
utilized to simulate the ion-solid interaction for various beam and sample parameters. Here we
discuss the origin of sputtered particles with respect to the primary ion impact. We will show
simulation results for pristine samples as well as in dependence of increasing ion beam
fluence. The size of the collision cascade influences the intermixing behavior and therefore
the achievable depth resolution [3]. Low primary ion energies would be favorable but widen

the spot size in the microscope.

Another constrain for the limited minimal resolution is the finite amount of available sample
material, which is analyzed. Therefore it is crucial to collect as much information on the
sample composition as possible prior the destruction or intermixing of the sample layers.
Collection efficiency of the ion extraction optics should be close to one. Ultimately, the
detection limit for an element is determined by the ratio of charged emitted particles during
sputtering. This so-called useful yield (UY) was studied for Helium and Neon and could be
enhanced by Oxygen gas flooding on the sample surface [4]. The detection limit was
calculated for various minimal feature sizes for a 10nm thick layer (Fig 1). Unfortunately the
charge state of sputtered particles is strongly influenced by the surface chemistry, which

makes quantification hard and standards necessary.

SIMS 10nm Layer
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Fig 1: Detection Limit for SIMS as a function of the minimum feature size and a layer thickness of 10 nm

for various usefull yields (UY).
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The available space in the HIM is strongly limited by the arrangement of multiple devices
around the focal point making it necessary to extract the secondary ions and guide them to the

mass spectrometer. We will discuss benefits and drawbacks of several approaches.

As a common feature for all kind of mass spectrometers, the ions have to be extracted in a
narrow beam and accelerated to a sharp ion energy. Simultaneously, the applied extraction
fields near the sample surface or extensions should not distort the primary beam focus and

influence the optical performance of the microscope.

The TOF spectrometer presented here is minimal invasive to the microscope and therefore the
high-resolution capabilities of the device are not derogated when the TOF setup is not in use.

The system can be retrofitted and flange-mounted on one of the free ports the HIM offers.

The TOF measurements are triggered by blanking the primary ion beam into an existing
Faraday cup and release the beam for short time windows to ensure minimal applied fluence.
Using a custom made blanking electronic we could achieve pulse lengths down to 17 ns. The
sputtered secondary ions are accelerated by applying a bias voltage up to +/-500 V towards
the extraction system on ground potential. We used ion optics simulations and a genetic
algorithm to tune the ion optics inside the spectrometer for high mass resolution and high
extraction efficiency. A trajectory simulation for the secondary ions flight paths within the ion
extraction system is shown in Fig. 2.
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Fig 2: Simulated trajectories of 1000 ions through the ion extraction optics. For best extraction efficiency
the sample (on the left side) must be oriented towards the extraction system. The optics was designed to

use a maximum extraction potential of +/-500V to ensure use of standard sample holder.

The secondary ion mass spectrometry technique can be used in the microscope to measure
mass spectra of selected regions of interest, to create depth profiles on small spots or to map
the lateral distribution of selected element masses. The measurements are recorded in list
mode and allow post evaluation. Preliminary TOF-SIMS spectra obtained from different

samples are presented in Fig 3.
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Fig 3: Secondary ion mass spectra using preliminary extraction system for different samples. (a)
Reference sample containing carbon, silicon, nickel and gold (b) aluminum foil (c) organic glue.

TOF-SIMS in the HIM is perfectly capable of delivering an excellent elemental contrast for
imaging purposes. However the lateral resolution could not reach the intrinsic imaging
capabilities by just measuring the secondary electron yield. In order to combine the elemental
information with the high resolution imaging correlative microscopy represents the best way.
However, quantification of elements in mixed layers cannot be done from pure SIMS
measurements without comparison to standards. This drawback of SIMS is partly

compensated by additional measurement of TOF backscattering spectra.

In the present contribution we intent to present the technical realization of our TOF-SIMS
approach and show first results, drawbacks and derived conclusions for the practical use of
this promising technique. We will further stress out the benefits of correlative measurements
in different modes (SIMS, backscattered particles, secondary electrons), giving a maximum of
information on the subject of interest.

[1] N. Klingner, R. Heller, G. Hlawacek, J. von Borany, J.A. Notte, J. Huang, S. Facsko.
Ultramicroscopy 162 (2016), 91-97

[2] R. Heller, N. Klingner, G. Hlawacek. Helium lon Microscopy, Chapter 12, Springer
(2016)

[3] T. Wirtz, D. Dowsett, P. Philipp. Helium lon Microscopy, Chapter 13. Springer (2016)

[4] T. Wirtz, N. Vanhove, L. Pillatsch, D. Dowsett, S. Sijbrandij, J.A. Notte. Applied Physics
Letters 101 (2012)
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O ®OPMHUPOBAHHUHN YACTHUL B BO3BYKAEHHOM COCTOSHHHU B
CKPEHIEHHBIX E x H ITOJIAAX

ON EXCITED PARTICLES FORMATION IN CROSSED ExH FIELDS

N.A. AdanaceeBa, B.B. bo6ko, B.B. I'pursina, FO.E. Jloraues, A.A. CkpunHuk,
U.N. Okcenwok, J.W. IlleBueHko
I.A. Afanasieva, V.V. Bobkov, V.V. Gritsyna, Yu.E. Logachev, A.A. Skrypnik, 1.I. Okseniuk,
D.l. Shevchenko

HUIIVIATI, Xapvrosckuu HayuonanvHulu yHusepcumem umenu B.H. Kapazuna,
np-km Kypuamosa 31, Xapvkos, Yrpauna, 61108,
e-mail: vbobkov@mail.ru

The analysis of radiation from ionization zone of magnetron discharge in crossed E x H fields
was done. The processes of formation of cathode substance excited particles in discharge
plasma was considered. It was suggested the possibility use of magnetron discharge for
element rapid-analysis.

OnTuyeckasi CHEKTPOMETpUS JIEKUT B OCHOBE psiia aHaJIMTHUYECKUX METOJOB
MCCIIEIOBAaHMS COCTaBa MaTepuaia o0pasia U IpoIeccoB, MPOTEKAOIINX HA €T0 MOBEPXHOCTH
u B 00beMe. CBSI3aHO 3TO C BBICOKOM JOCTOBEPHOCTHIO OMPEAEICHUS IPUPOIBI U3TyUaroIei
YacTUIbl MO €€ CHEKTPY M OTHOCUTEIBHON MPOCTOTOM CHCTEMbl aHAIM3a U PErUCTPALNH
U3ITydeHusi. BakHOW OCOOCHHOCTBIO TPHU 3TOM SIBIISIOTCS CIIOCOOBI BO30YXKICHHS YaCTHII,
BXOJILIMX B COCTaB MCCieNyeMbIX MulleHel. [Ipexae Bcero kK HUM OTHOCSTCS UCKPOBOM U
JIyTOBOM pa3psAlibl, aHAIU3 U3JyYEHHUs IJIa3Mbl KOTOPBIX MO3BOJIMI MOJYYUTH ONTHYECKUE
CIEKTPbI MPAKTUYECKH BCEX 3JIEMEHTOB MEPUOAMYECKON CUCTEMBI [1] M MHOTMX MOJIEKYJ
(OKHCIIOB, TUAPUJIOB, HUTPHUIOB, KJIACTEPOB psiia METAIJIOB) [2]. SIBneHne noHHO-POTOHHOM
smuccun  (MPD)  3akmoyaercss B UCIYCKAHUM  DJIEKTPOMAarHUTHOTO — U3ITyYEHHS
BO30YKJICHHBIMU YaCTULIAMH, OTJETAIOIIMMU OT MOBEPXHOCTH NpHU €€ OOIYy4eHUH HOHAMH
k9B sHepruii. Meton nonHo-potonHoit cnekrpomerpuu (MDC), ocHOBaHHBIN Ha SBICHUU
N®D, mno3BonseT HCCIENOBaTh W3MEHEHHE 3JEMEHTHOTO M KPHUCTAIUIMYECKOTO COCTaBa
MOBEPXHOCTH 00pasiia B Mpoilecce HOHHOU O0MOapIUPOBKH, ONPEILIISITH apaMeTpbl 30HHOM
CTPYKTYpbI TBEPAOIO Tela, UCCIEN0BaTh (OPMUPOBAHNE HAHOCTPYKTYP B IpoOllecce MOHHON
6omMOapaupoBku u jp. [3].

B mocnexgnee BpeMsi 3aMETHO BBIPOC HMHTEpEC K H3YyUEHUIO (U3UKU MArHETPOHHOTO
paspsaa (MP), Tak Kak Hapsay ¢ TPaJAMIIMOHHBIM TEXHOJOTMYCCKHM IMpuMeHeHueM [4], on
UCIIOJIB3YETCS JUIS pelieHus psia pusndeckux mpodsem [5]. MHTeHcHBHOE CBeUCHHE TIIa3Mbl
HaJl TOBEPXHOCTBIO KAaToJa MarHeTpoHa YKa3bIBa€T Ha BO3MOXXHOCTb HCIIOJIb30BAHMS

OINTHYECKOM CIICKTPOMETPHUH IAJId SKCIPCCC-aHAIN3a 3JIECMCHTHOI'O COCTaBa TBEPABIX TCJI.
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B pa6ote uccnenoaics nporecc popMupoBaHusi BO30YKACHHBIX YacTHUIl B Tuiazme MP
B ckpenieHHbIX E x H mossix. Xapakrepusie mapameTpsl padbotel MP: maBienue rasza (Ar) 4-10
[Ta, paspsaaubiii Tok a0 120 MA, paspsigHOe HaNpsSKEHUE HECKOJIBKO COTEH BOJIBT, KaTOJ
MmenHblid. Bo30yxnennsie yactuisl B MP 00pa3yroTcst He TOJIBKO MPH pacIbUIEHUH aTOMOB
Marepuana Karoja IoJ JEHCTBUEM HAJETAIOIIMX HOHOB ra3a, HO W IPU CTOJKHOBEHHH
BBIOUTHIX C MOBEPXHOCTU KAaTOAA YACTHI] C OOJIBIITUM KOJIMYECTBOM CBOOOHBIX IEKTPOHOB B
MarHMuTHOM I10Jie B 30HE MOHHM3ALUH W BO30YkaeHus [6] rurasmel marnetpona. M3myuenue
IJIa3Mbl  BBIBOAWJIOCH YE€pE3 OKHO B BaKyyMHOW KaMepe IUIAHAPHOW MArHETPOHHOU
pactsuuTensHoi cuctemsl (MPC), dokycupoBanoch Ha BX0oaHYO miens ciekrporpada UCII-
51 u peructpupoBangoch Ha QoTomieHKy. Takas cCUCTeMa aHalli3a U PErucTpaly CHeKTpa
U3ITy4eHUs: BO30YKICHHBIX YacTUIl U3 o0iacTu sipkoro ceeueHust MPC mo3Bossier coxpaHsTh
OJINHAKOBbIE YCJIOBUS BO30YXKAECHMS JUIsl BCEX YACTHUL, SMHCCUU KOTOPBIX HMCCIEAYIOTCS, U
JTa€T BO3MOKHOCTb OIIPENENATh paclpesreieHre BO30YKIEHHBIX YacTHUIl OT IOBEPXHOCTU
karoga. Ha puc.1 npuBenen cnekrp cBeuenuss MP, ykazaHbl JJIMHBI BOJH U MHTEPIpPETALIMS

psifa TUHUHA CcrieKTpa.

442.6 Ar 11+
434.8 Ar 11+

| LT
= — —
< < <
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O O 0
<t < <

515.2 Cu I
510.3 Cul

Puc.1 Yyactok CIICKTpa CBCUYCHH IJIa3Mbl MArHETPOHHOT'O pa3pgaaa.

Bricota nauHHI B CIICKTPE COOTBCTCTBYCT HAIPABJICHUIO (l) 30HbI HOHHU3alIUHN
MNEPHNCHAUKYJIAPHO K MOBCPXHOCTH KATOJ4 MPC. I[J'Iﬂ HUCCIICO0OBAaHUA ObLIHN BBI6paHBI TpHu
mmHAK crektpa Cu I: 1521.8 mm, 4d °Dsp-4p P, (6.19 9B); A515.3um, 4d 2Dap-4p°Plus
(6.19 5B); A510.31um, 4p 2p0, -4s? 2Dy (3.82 3B). B cko0Okax yka3aHa SHEPTHUsi BO30YKICHHS
BCPXHECTO YPOBHA IEpexoaa. Tak xaKk HHTEHCHBHOCTH CHGKTp&J’IBHOﬁ JINHUN (l) ABIISICTCA

YHEPreTHYeCKOil BEIMUMHOM U CBSA3aHA C UHMCIOM BO3OYXKIEHHBIX yacTuil (N’ ) M dHeprueit

kBanta (hv) cooTHomenueM | =Nhv, To W3MeHeHHE MHTEHCHBHOCTH IIMHHH BJOJb
HafpaBJIeHus: OT MmoBepxHocTu karoga MPC oTpaxkaeT m3MeHeHHE 4Yuciia BO30YKICHHBIX
YyacTHll, U3Mydyaronux (GOTOHBI Ha JJIMHE BOJHBI UccienyeMoil nunuu. Ha puc.2 npuBeaeHsl

3apucumocTt In I(l) 1t uccneoBaHHBIX JTMHUN MEIH.
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Puc.2 3aBucumocts In 1(X) psaa munuit cnekrpa Cu |: A515.3 um (0), A521.8 uMm (0),
A510.3 um (A). KTII — katogHoe TeMHOE IpoCTpancTBo, 3M — 30Ha nonu3anuu [6].

Bunno, uro pacnpeneneHue BO30YXKIACHHBIX aTOMOB MEIU B paspsie SBISETCS
CIIO)KHOM (yHKIMeH paccTosHus. bornee Toro, B 3aBHCHUMOCTH OT peXHMa pabOThI
MarHeTpoHa, OTHOCUTENIbHAs] MHTEHCUBHOCTb  HCCIENYEMBIX JIMHUHM  CYILECTBEHHO
u3MeHnsercs. [Ipuyem, 3To U3MEHEHUE OTIIMYACTCS JUIsl YACTHLL, BO30YXKIECHHBIX B COCTOSTHUS
C pasnmuyHOW DdHeprued Bo3OyxkneHHs. CBA3aHO 3TO, BEPOSATHO, C  Pa3TUIHON
3¢ (eKTUBHOCTBIO BO30YKIEHHS BEPXHETO COCTOSTHUSI UCCIIEyeMOro epexoa B aToMe Meind
3JIEKTPOHAMHU MOHU3aLlMOHHOM 30HBI IUIa3Mbl Pa3psa.

B pabore mposeneHo cpaBHeHHE 3 PeKTUBHOCTH BO30YyKaeHMsI aToMOB Meau B MPC u
npu GombapaupoBKe Mean HoHaMu Ar' ¢ sHeprueii 20 k3B, Oka3anock, 4To s MOTydeHHs
OJIMHAKOBON MHTEHCUBHOCTH JMHHH criekTpa Cu | A521.8 HM BpeMsi SKCHO3HWIINN TUICHKU B
cyqae MDD pasHsanoce 4 yacam, a BpeMs dKCHO3MLMM u3nydeHus MP cocraBisiio 5 cek.
O1neHKM MOKa3bIBAIOT, YTO 3((HEKTUBHOCTh BO30YXIEHUS aTOMOB MEAM B MarHETPOHHOM
paspsze B 5000 pa3 Beiie, yem npu noHHON 6oMOapaupoBke (MDD).

[ToyueHHble B paOoTe pe3ysnbTaThl YKa3bIBalOT Ha BBICOKYIO 3(P(EKTUBHOCTH
BO30Y)KJI€HHsI YacTUL[ MaTepualla KaToJa B MarHeTPOHHOM pa3psijie U BO3MOXKHOCTh BIIMATH
Ha Hee M3MEHEHHEM pekuma paboThl MarHETPOHA B 3aBUCHUMOCTH OT 3HEPTUU BO30YXKACHUS
HCCIIEYEMOTO  BO30YXKJIEHHOTO COCTOSIHUS ~BBIOMTOM W3 Karoja YacTHIBL. — ITO
CBUJIETENILCTBYET O BO3MOXKHOCTH pa3pabOTKH MeToAa 3JIEMEHTHOTO JKCIpecC aHaau3a

TBCPABIX TCJI C UCITOJIB30BAHUECM MATHETPOHHOTO pa3paa B CKPCIICHHBIX E xH nonsx.

[1]A.H.3aiinens, Tabnunp ciekTpanbHbix auHd, M: Hayka, 1977.

[2]P.ITupc, A.T'eiinon, OTOXKAECTBICHUE MOJICKYIISIPHBIX cIeKTpoB. M.: 3. MuHocTp. nut., 1949,
[3]V.V.Babkov, V.V.Gritsyna, V.T.Gritsyna, |.A.Afanasieva, D.l.Schevchenko, J. of Surf. Inv. 10 (2016) 1234.
[4]15.C.dananun, B.K.Coipunt, MarHeTpoHHbIE pacbUIHTEIbHbIE cCHCTeMbl, M: Paano u cBsi3b, 1982.
[5]1B.M.I'panos, A.M.3umun, C.E.Kpusuukuii, A.M.IlIymos, BAHT. 1 (2009) 64.

[6]0.®.bapanos, Otkpsiteie Madopm. 1 Komm. Uurerp. Ttexn. 64 (2014) 102.
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RADIATIVE AND NON-RADIATIVE DE-EXCITATION OF SLOW HIGHLY
CHARGED IONS TRANSMITTED THROUGH FREESTANDING SINGLE LAYER
GRAPHENE

R.A. Wilhelm*?, J. Schwestka', E. Gruber', R. Heller*, R. Kozubek*, M. Schleberger*,
S. Facsko*, F. Aumayr'

*Helmholtz-Zentrum Dresden-Rossendorf, Institute of lon Beam Physics and Materials
Research, 01328 Dresden, Germany,
e-mail: r.wilhelm@hzdr.de;
"TU Wien, Institute of Applied Physics, 1040 Vienna, Austria
University Duisburg-Essen, Faculty of Physics and CENIDE, 47057 Duisburg, Germany

Slow highly charged ions interacting with a solid surface undergo an ultrafast charge
exchange combined with a rapid electronic de-excitation within less than 10 fs [1, 2]. These
processes involve capture of some 10 electrons, emission of at least some 10 additional
electrons from the surface and radiative as well as non-radiative de-excitation of the ion. To
investigate the branching ratio of radiative vs. non-radiative de-excitation we measured Xx-ray
emission of highly charged Ar ions with two, one or no K-shell hole(s) when they are
transmitted through a freestanding single layer of graphene. To discriminate x-ray emission
from ions impacting on the sample holder or the graphene support grid structure we use a
coincidence technique where ions are measured after transmission in a channeltron.

Additionally the channeltron is mounted at the exit of an electrostatic analyzer, thus we have
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Fig. 1 Ar*™ x-ray emission due to the ion interaction with graphene. The data is compared to
calculations by Bhalla [3]
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also access to the transmitted ion’s energy and charge state.

Fig. 1 and 2 show x-ray emission spectra from Ar'"* and Ar'®*, respectively, due to their
interaction with graphene. Peaks between the K, - and the Lyg - lines are observed. The peak
positions and their ratios can very well be reproduced by comparison to atomic structure code
calculations by Bhalla and Mirakhmedov [3, 4] when their values and ratios are convoluted
with a Gauss shaped detector function with a FWHM of 140 eV (energy resolution of the
Bruker x-flash silicon drift detector).
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Fig. 2 Ar'®* spectrum as in Fig. 1. The data is compared to calculations by Mirakhmedov [4]

From this comparison we see that the radiative K-shell emission occurs while the outer
shells are not fully filled yet. Additionally, since we use a windowless silicon drift detector
we are also sensitive to emitted electrons. From the spectrum we can directly identify Ar KLL
Auger electrons (after passing through a thin dead layer in the detector surface) and estimate
the branching ratio between radiative and non-radiative de-excitation for our experimental

situation.

As a result of these measurements we see that both de-excitation channels, i.e. radiative
and non-radiative are important for ion neutralization even in single layer graphene. To link
the neutralization pathway with a certain de-excitation channel we have to measure ion charge

exchange, electron emission and x-ray emission in coincidence. To realize this we built an
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Fig. 3 Experimental setup with ion, electron and x-ray detection

experimental setup as depicted in Fig. 3 where our electrostatic analyzer and the Bruker x-
flash detector discussed above are combined with a Vienna electron statistics detector [5]. The
latter allows the determination of the electron emission yield with almost 100% efficiency,
which includes low energy electrons not observable with the silicon drift detector. This is
important since we assume a large fraction of low energy electrons from the data in Fig. 1 and

2. All events are recorded in a list-mode and coincidence can be reconstructed later.

[1] E. Gruber, R.A. Wilhelm, R. Pétuya et al. Nature Commun. 7, 13948 (2016)

[2] R.A. Wilhelm, A.S. El-Said, F. Krok, R. Heller, E. Gruber, F. Aumayr, S. Facsko Prog.
Surf. Sci. 90, 377-395 (2015)

[3] C.P. Bhalla Phys. Rev. A 8, 2877 (1973)

[4] M.N. Mirakhmedov Nucl. Instrum. Meth. B 98, 429-435 (1995)

[5] G. Lakits, F. Aumayr, and H. Winter, Rev. Sci. Instrum. 60, 3151 (1989)
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OCOBEHHOCTH BTOPUYHOM JIEKTPOHHOM YMUCCHUHU U3 TOHKNUX
JUIJIEKTPUYECKHUX IIVIEHOK ITPH OBJIYYEHUHN HOHAMM I'EJIUA

FEATURES OF SECONDARY ELECTRON EMISSION FROM THIN INSULATING
FILMS UNDER HELIUM ION BOMBARDMENT

10.B.I1letpos, A.D. AnukbeBa, O.D. BriBeHko
Yu.V. Petrov, A.E. Anikyeva, O.F. Vyvenko

* Canxm-Ilemepoypeckuii 2ocyoapcmeerHulll yHugepcumem, Ynusepcumemckas Hao. 7/9,
Canxm-Ilemepbype, Poccus, e-mail:y.petrov@spbu.ru

In this work we investigated secondary electron yield from thin insulating films
under excitation with focused helium ion beam. The dependence of secondary
electron yield on number of primary ions was obtained for silicon oxide and silicon
nitride films on silicon. Effect of charge accumulated in film during ion
bombardment on secondary electrons is discussed.
MeTonbl CKaHUPYIOIIEH HMOHHOW MHKPOCKONMMM UM CQOKYCHPOBAHHBIX HMOHHBIX IIyYKOB
IIHUPOKO HCIOJB3YIOTCA IJIA XapaKTCpUu3allunu U MOI[I/I(l)I/IKaLII/II/I Pa3JIMYHBIX MaTCpHaIOB. B
OCHOBE ME€TOoAa CKaHI/Ip}/'IOH_[eﬁ HOHHOU MHUKPOCKOIIMU JICKKUT PCErucrpaiusd BTOPHUYHBIX
QJICKTPOHOB, BO36y>K,I[aCMbIX HOHHBIM ITYYKOM. B MHUKPOCKOIIMU PETUCTpalld BTOPHUYHBIX
AJIEKTPOHOB TPaJULIMOHHO IIPOU3BOJUTCS C UCIIOJIb30BAaHUEM JeTeKTopa DBepxapTa-TopHiau
[1]. HccnemoBanuwe AMAIIEKTPUUECKUX MATEPHAIOB METOJAMHM CKAHHPYIOIMEH HOHHOU
MHUKPOCKOIIUHU npeacCTaBIACT OIIPCACIICHHYIO CJIIOXKHOCTBD, ITOCKOJIBKY o6nyquI/Ie
HCCIICAYEMOT'O 00BeKTa 3apSAKCHHBIMU YaCTULAMHU IPUBOAUT K HAKOIVICHUIO SJICKTPUYICCKOT'O
3apsaa, KOTOpBIfI OKa3bIBACT BJIMAHHUC KAK HA BTOPHUYHBIC 3JICKTPOHLBI, TAK U Ha HepBI/I‘lHHﬁ
WOHHBIM TNy4yoK.. B rmocnenHee Bpems pa3sBUTHUIO METONOB CKAHMPYIOUIEH HMOHHOMN
MHKPOCKOIIMU YACIACTCA BCC OoJIpllIEe BHUMAHUE. DTO CBA3aHO, B TOM 4YHUCJIIC, C IIOSABJICHUEM
CKaHUPYOUIETO HOHHOT'O TCIMCBOIO MHUKPOCKOIIA. Hcnonp3oBaHue ra3zoBoro aBTOMOHHOT'O
OJHOATOMHOI'O HCTOYHHUKA IIO3BOJIACT JO0CTUYb Cy6HaHOMeTpOBOFO pa3peuiCHu-d
(GOKYyCHpPOBKM HMOHHOTO IlydyKa, a HeOoJsplIass Macca HOHOB Tenusi CHUXKaeT 3(pdext
HEOOpaTHUMBIX M3MEHEHHMH oOpaslia B Ipolecce uccienoBanus [2]. B xadecTBe OCHOBHOTO
METOJa KOMIICHCAIUH 3apdaida IOBECPXHOCTU B JaHHOM MUKPOCKOIIC UCIIOJIb3YCTCA O6Hy‘{eHI/Ie
06pa3ua paC(I)OKYCI/IpOBaHHLIM QJICKTPOHHBIM ITYYKOM. CYI_LICCTByCT 0O0JBIIOE KOIUYECTBO
METOJOB UCCIICAOBAHUA, UCITOJIB3YIOUIUX PETUCTPAIUIO BTOPUYHBIX 3JICKTPOHOB, B TOM YHCJIC
B I'eJIMCBOM MOHHOW MHUKPOCKOITMH, OCHOBHBIE M3 KOTOPBIX OmMHcaHbl B padore [3]. Tem He
MCHEC, 0 HACTOALICTO BPEMCHH HAKOIUICHUC 3apd/ia B AHUIJICKTPUKAX IIpHU 06Hy‘-ICHI/II/I
HOHHBIM IIYYKOM W BJIMAHUC I3TOr0 3apsd/ia Ha BTOPUYHBLIC 3JJICKTPOHBI paCcCMaTpUBaAJIOCh

TOJIbKO Kak apTedakT, 3aTpyAHSAIOIMN uccienoBaHue. B mganHON pabore mnpeniaraercs
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paccMOTpPETh MNPOLUECC HAKOIUICHHA DJBJICKTPUYCCKOIo 3apsdaaa B TOHKHUX IJUIJICKTPHYCCKUX
IIJICHKAaX IIpH 06J'IyLIeHI/II/I C(l)OKYCI/IpOBaHHBIM HWOHHBIM ITYYKOM, MU OLHCHHUTH BIIMAHHUE I3TOI'O

3apsaa Ha BbIXOJ BTOPUYHLBIX 3JICKTPOHOB.

B nameit pabote nccienopanuch 00pasibl INIEHOK TUOKCHA U HUTPUAA KPEMHHUS Pa3InYHbIX
TOJIIIMH Ha IOAJIOXKKE KpeMHMs. JlaHHble Marepuaibl ObLIM BbIOpAaHbI B CHIIY LIMPOKOIO
NPUMEHEHHS B DJIEKTPOHHKE, a TAKXKE, MOCKOJIBKY MX JIEKTPO(U3NIECKUE CBOMCTBA XOPOIIO
U3YYEHbl. OKCIEPUMEHTAIbHbIE  HCCIENOBAHUS  MPOBOJAMWINCH €  HMCIOJIb30BAaHUEM
CKaHUPYIOIIEr0 HMOHHOTO TeIUeBOro Mukpockoma Zeiss Orion. CurHan BTOPHYHBIX
JJIEKTPOHOB PETUCTPUPOBAJICS € IMOMOLIbIO JI€TeKTOpa OBepxapra-TopHiIM B mpolecce
00TydeHus1 CPOKYCHPOBAHHBIM HOHHBIM ITyYKOM. J1JIs1 MCKITFOUEHUS BIMSTHUS TIOJIS JIETEKTOpa
Ha BBIXOJ BTOPUYHBIX DJEKTPOHOB oOpasel] MOMEHalcs B IIEHTP 3a3eMJICHHOU
noychepruyecKoi CeTKH, UCIONb3Ys CXEMY, OIMCAHHYIO B padote [4]. DHeprus HOHOB reius
BapbupoBaiack oT 15 1o 35 k3B. /luamerp choKyCMpOBAaHHOTO MOHHOT'O IyYKa OLIEHUBAJICS
BEJIMUMHOM 2 HM MO PE3KOCTH Kpas Ha n3o0paxeHuu. Tok mydka cocrasisi 0,32 A, a Bpems
HAKOIUIEHUsl CUTHala Jjs ofgHoro usmepeHus - 0,5 MKC, YTO COOTBETCTBYET B CpPEIHEM
OJIHOMY HOHY, IOIaBIIeMy Ha oOpasel 3a BpeMs HaKOIUIeHHWs CUrHayia. B nanbHeiimem
CUTHQJI YCPEOHSUICS 10 CEepUM IOCIEJOBATENbHBIX M3MEPEHMH sl  yMEHBLICHUs
CTaTUCTHUYECKOro paszOpoca. [lias M3MepeHus NpU MaJoM 4YHCIE HOHOB HCIOJIb30BAIOCH

yCpeIHEHHE 110 HE3aBUCUMBIM M3MEPEHUSIM Ha pa3HbIX ydacTkax oOpasia Ha pacctossHuu 100
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Puc.1. 3aBuCMMOCT CUTHaIa BTOPHYHBIX AJIEKTPOHOB OT YHCIIA HOHOB TeNKsA, MOTABIINX Ha 00pasell,
JUISL TUIGHOK TUOKCHUA KPEMHHUSI Pa3IMYHBIX TOJIIUH Ha KPeMHHUH. DHEPrusi HOHOB renus - 30 kaB.

DKcriepuMEeHTabHbIE HMCCIENIOBaHMs IIOKa3alMd, 4YTO B Ipolecce o0iaydeHus oOpas3ioB
MOHAMU TeJIMS CUTHAJT BTOPUYHBIX 3JEKTPOHOB MaJaeT CO BPEMEHEM, UYTO OYEBHIHO
OOyCIIOBJICHO HAKOIUICHHEM IOJOXHUTEIBHOTO 3apsifa B JUDJIEKTPUYECKON IIJICHKE.
JeranbHOe wHCClIEIOBAaHUE I10KAa3aj0, YTO XapakTep 3aBUCUMOCTH CHUTHajla BTOPUYHBIX
DJIGKTPOHOB OT YHMCJIa HOHOB TMOMAaBIIMX Ha O0pas3en Npu 3aJaHHOW HSHEPTrUM HOHOB
ONpeNesieTCss TOJMIIMHOM JUAJIeKTpUuecKo IuieHKH (puc.l). s meHOK MeHbIIei
TOJILIMHBI BBIXOJ] BTOPUYHBIX 3JIEKTPOHOB HE CIIAJaeT 10 HYJS, & YMEHbBIAETCS JJO KAKOT0-TO
pPaBHOBECHOTO 3HaueHUs. AHanOruyHbINA 3¢ dekT HabmoaaeTcs mpu OONBLIINX SHEPTUsAX s

q)HKCHpOBaHHOﬁ TOJIIIWHLI IIJICHKH, KaK B HUTPUAC, TaAK U B OKCUJIC KPECMHUS.

B kadecTBe MexaHHW3Ma HAKOIUICHHUS 3JEKTPHUYECKOTO 3apsAaa B JMAJICKTPUUECKOHN IIJICHKE
npeJiaracTcsi paccMaTpUBaTh 3axBaT HOCUTENEH 3apsiia (IbIPOK) Ha JIOKAIM30BAaHHBIC
coctosiHUs (oBYIIKHM). [Ipm 3TOM JMAJIEKTPUK paccMaTpUBaeTCsl KakK MIMPOKO30HHBIN
MaTepuan, B KOTOPOM TPHUCYTCTBYIOT JIOKaJU30BAaHHBIE YpPOBHH B 3alpeLICHHOW 30HE
(97IEKTPOHHBIE U JBIPOYHBIC JIOBYIIKM) U TOJ JEWCTBUEM HOHHOTO Iy4Ka TE€HEPUPYIOTCS
HEPAaBHOBECHBIE HOCHUTENW 3apsja. Bo30yxkmaeMmble HOHaMHM 3JEKTPOHBI, 0oO0jajarolue
BHGPFI/Ieﬁ BBIIIC YPOBHA BaKyyMa, MOI'YT HOKHMHYTb OHU3JICKTPUK, 3TU 3JICKTPOHBI ABJISAIOTCA
BTOPUYHBIMU W PETHCTPUPYIOTCA B OKCIICPHUMEHTC. B PE3YIbTATC SMUCCHU BTOPUYHBIX
AIIEKTPOHOB B MPHUIIOBEPXHOCTHOW OOJIACTH JUDIEKTPHKA OCTAIOTCS HECKOMIIEHCUPOBAHHbBIE
IOeIpkd. B manmpHeiinem pe3ynbTaTe Bo3HHKaET MU (y3noHHO-Apei(OBbIil MOTOK ABIPOK OT
TOYKH TE€HEpalu BOJIM3U MOBEPXHOCTH (IMOTOK SJEKTPOHOB K TOYKE HA MOBEPXHOCTH). B
PE3YIbTATC MOJOKUTEITbHBIN 3apsaa 3aXBAUCHHBIX JbIPOK HAKAIJIMBACTCA Ha JIOBYIIKAX
BOJIM3U TOYKHU BXOJ[a MOHHOTO MydYka B oOpaseil. [Ipu 5ToM BO3HHKAET pa3HOCTh MOTEHIAIOB
MeX1y 00pa3IoM U OKPYXKAIOMIMMH €T0 MOIyCPEpUIECKUM SIEKTPOAOM, KOTOpas MOBLIIIAET
HOTGHHI/I&J’IBHBIﬁ 6apbep AJI1 BTOPHUYHBIX OJOJICKTPOHOB W BBIXOA BTOPHYHBLIX JJICKTPOHOB
YMEHbILIAETCS. YMEHbIIEHHE TOKA BTOPUYHBIX JJIEKTPOHOB U3 o00paslia NpUBOIUT K
YMEHBILIEHUIO CKOPOCTH HAKOIUIEHHMs 3apsA/ia, CBSI3aHHOTO C HECKOMIIEHCUPOBAHHBIMU
IplpkamMu. B mpezene BbIXOJI BTOPUYHBIX 3JIEKTPOHOB YCTPEMUTCS K HYJIO, U HAKOIUJICHUE
MOJIOKUTEIBHOTO 3apsja OyneT MPOUCXOIUTh JIMIIb 33 CUYET COOCTBEHHOrO 3apsijia MOHOB.
II1OTHOCTP HAKOIUIEHHOTO 3aps/a OrpaHWYEHa CBEpXy KOHIICHTPALMEW JIOBYIIEK, Ha
KOTOpBIE MOTYT OBITh 3aXBay€HBI JBIPKH, CIEIOBATENbHO, MO MEPE YBEIWYCHHS IOJHOTO

3aXBAUYCHHOI'O 3aps/ia pacTCT pa3sMEp Bapﬂ)KCHHOI\/'I o0Jactu. HCO6XOI[I/IMO TAKKC YUYUTLIBATD,
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YTO B IMPOIECCE BO3JCHCTBHS MOHOB HAa 00pa3el] MPOUCXOAUT O00pa30BaHUE PaIHAIIMOHHBIX

,I[e(beKTOB, KOTOPBIC, MOT'YT ABJIATHCA JIOBYIIKAMU JJI1 HOCUTENCH 3apsaa.

B Hamem skcriepuMeHTe HCCIEeI0BAINCh TOHKUE AUAIEKTPUUECKNE TUIEHKH Ha 3a3€MJICHHOU
HOJUIOKKE, CIeI0BATEIbHO, HEOOXOIUMO YUYUTHIBATh BIMAHNUE KOHEUHOMN TOJIIMHBI IUIEHKU U
3¢ ¢dexToB Ha rpaHulle ¢ MOoAN0XKKOM. KoHeuHas ToimuHa MIeHKH IPUBOIUT K OTPAHUYEHUIO
MaKCHMAaJIbHOIO KOJIMYECTBA JIOBYIIEK, KOTOpPBIE MOIYT 3aXBaTUTh HOCUTENb 3apsja. llpu
JOCTUXKEHUM HEPAaBHOBECHBIMU JbIPKAMHU TPaHMIbl IUIEHKHM OHU YHWIYT B 3a3€MJICHHYIO
IOJUIOKKY M HaKOIUICHHME 3apsia B JUIEKTPHUKE Npekpatutcs. B ciydae, ecnu TosimumHa
IUIEHKA MEHbIE TIyOMHbI NPOHUKHOBEHHS HOHOB B MaTepuas, BO3MOXHO BO30YXIEHHE
MOHAMU DJIEKTPOHOB M3 IOJUIOKKH, KOTOpbIE OyIyT 3aTArMBaThCS B JUAIEKTPUK MOJ
JEHCTBUEM IOJISI MOJIOKUTEIBHOTO 3apsia B JUAJIEKTPUKE. DTU JiBa IIpolecca NMPUBEAYT K
BO3HUKHOBEHUIO TOKOB CKBO3b IUIEHKY, YMEHBIIAIOIIMX IOJIOKUTEIbHBIA 3apsia B
audnekTpuke. Ilpu 3TOM MOXKET YCTaHOBHUTHCS CTallMOHApHBIA IOTOK 3apsijia CKBO3b
JURJIEKTPUK, U BBIXOJ] BTOPUYHBIX 3JIEKTPOHOB HE YyMaJeT OO0 HYJsA, YTO HaOirogaercs B

Clly4ae IUIEHOK Majol TOJIIMHBI U OOJIBIINX SHEPTHil IEPBUYHBIX HOHOB.

Takum oOpa3zom, B paboTe 3KCIIEPUMEHTAIBHO MCCIIE0BaHA JUHAMUKA M3MEHEHHUS BbIXO0JA
BTOPUYHBIX  DJIEKTPOHOB U3  JHUIJICKTPUYECKHX IUIEHOK B  Ipolecce  OOIydeHHUs
c(OKyCHUpPOBaHHBIM ITYYKOM HOHOB reinus. [lonydeHHbsle pe3yapTaTbl MOTYT ObITh OOBSICHEHbI
C y4eToM BO30YXKACHHUS 3JIEKTPOHOB M3 MOJUIOKKH MOHAMH, MPOIIEAMIUMH CKBO3b TOHKYIO

IJICHKY OUDJICKTPHUKA.

DKCIepUMEHTAIbHBIE PE3YIbTaThl TOJYYEHBI C WCIOIB30BAHUEM MEKIUCIUILTHHAPHOTO
pecypcHoro nentpa «Hanorexnomorun» Hayunoro mapka CIIO6I'Y. PaGota BeimonHeHa npu

noanepxkke POOU, npoext 16-32-0050 mon_a.
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EXCITATION OF THE ELECTRONIC SYSTEM OF SUBSURFACE
LAYERS OF TIO, IRRADIATED WITH SWIFT HEAVY IONS

R. A. Rymzhanov'”, N.A. Medvedev?®, A.E. Volkov!*>%7

*(1) FLNR, JINR, Dubna, Russia, rymzhanov@jinr.ru;

2) Department of Radiation and Chemical Physics, Institute of Physics, Prague, Czech
Republic;

(3) Laser Plasma Department, Institute of Plasma Physics, Prague, Czech Republic;

4) NRC ‘Kurchatov Institute’, Moscow, Russia;

(5) Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia.

(6) National University of Science and Technology MISIS, Leninskij pr. 4,119991
Moscow, Russia

(7) National Research Nuclear Institute MEPhI, Kashirskoe shosse, 31115409, Moscow,
Russia

A swift heavy ion (SHI, E=1-10 MeV/nucl) penetrating through a solid deposits the
largest part of its energy into the electronic subsystem of the target. Further kinetics of lattice
excitation in the nanometric vicinity of the ion trajectory (ion track) depends crucially on

achieved parameters of the disturbed electronic system.

Exchanging energy and particles with an environment, a subsurface layer of the target
can react unusually to strong perturbation induced by an SHI, forming inhomogeneity in the

parameters of excited electronic system along the ion trajectory.

Rutile (TiOy) is an important material which has high chemical stability and radiation
resistance and has been subjected to various applications using SHI beams. The most notable
studies involved patterning of the TiO, surface using ion beam lithography which requires

understanding of the SHI-surface interaction processes.

The developed Monte Carlo model (MC TREKIS [1,2]) is applied to describe such
surface effects on the excitation Kinetics of the electron subsystem of a TiO, film of 20 nm
thickness irradiated with swift heavy ions. Complex dielectric function (CDF) formalism
[3,4] is used to take into account the collective response of target electrons and the lattice to

excitations when determining the cross sections of ion and electron scatterings in a target.

The MC model relies on the asymptotic trajectory method of the event-by-event
simulation of individual particle propagation. Application of this MC model allows us to
describe: (a) ionization of a target by a projectile resulting in appearance of primary fast

electrons (o8- electrons), (b) scattering of these &- electrons on lattice atoms and target
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electrons as well as the kinetics of all secondary generations of electrons arising during

relaxation of the excited electron subsystem, and (c) Auger decay of deep shell holes,
resulting also in the production of secondary electrons.

Results

Fig. 1 shows the dependence of the energy density of generated electrons in TiO, on the
depth and on the distance from the Xe 167 MeV ion trajectory at 1 fs after the ion passage.
Propagation of an excitation front is clearly demonstrated in this Figure. At these times the
maximum of the excess energy of the electron subsystem is located at 1-3 A from the ion
trajectory and at ~15 nm in depth from the sample surface, which corresponds to the distance
travelled by a Xe 167 MeV ion during 1 fs. (15,6 um). The energy of electronic excitation at

larger distances from the track axis dissipates fast due to spatial spreading of free electrons
and their interaction with the electrons and lattice.
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Figure 1. Energy density of delocalized electrons in track of Xe 167 MeV ion in TiO; at
1 fs after the projectile passage.

The distribution of the excess lattice energy density distribution on the distance from the
ion trajectory and the depth is demonstrated in Figure 2. The excess energy accumulated in

the lattice within the depth of 5-6 nm is lower by ~25% than that in the center of a layer due
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to emission of electrons from the surface and lower energy transfer to the ionic subsystem in
this near-surface region.
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Figure 2. Lattice energy density in a track of Xe 167 MeV ion in TiO, at 100 fs.

Conclusions
We described the spatial and temporal dependencies of the kinetics of the electron
ensemble energy and their density as well as the excess lattice energy distributions in a
track of a swift heavy ion in titanium dioxide. The parameters of electron subsystem
excitation dependence on the depth are determined. These distributions can serve
initial conditions for further of electron-lattice energy exchange and structure

transformations forming ion tracks, for instance, by means of the ab initio models, or
molecular dynamics simulations.

[1]

N.A. Medvedev, R.A. Rymzhanov, A.E. Volkov, J. Phys. D. Appl. Phys. 48 (2015) 355303.
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R.A. Rymzhanov, N.A. Medvedev, A.E. VVolkov, Nucl. Instrum. Meth. Phys. Res. B. 388
(2016) 41-52.

[3] L. Van Hove, Phys. Rev. 95 (1954) 249-262.
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DEPTH PROFILING OF MAGNETIC TUNNELING JUNCTION USING ION TOF
O. Trushin, S. Simakin, S. Vasiliev

Yaroslavl Branch of the Institute of Physics and Technology of RAS, Universitetskaya 21,
Yaroslavl, Russia, e-mail: otrushin@gmail.com

Magnetic Tunneling Junction (MTJ) is an important element of modern MRAM cell. It is
believed that MRAM might be the next generation of computer memory because it combines
both fast access rate and nonvolatility [1]. Therefore optimization of the technology for MTJ
fabrication is of very important task. Achievement of high functional characteristics of MTJ
requires intensive quality control at different stages of the technological route. In this work we
discuss different aspects of quality control during this process with emphasis on the depth
profiling of multilayer structure using Secondary-lon Mass Spectrometry (SIMS).

Multilayer structure of the following composition (from bottom up to topmost layer):
5 Ta/30 CuN/5 Ta/3 NiFe/16 IrMn/2.0 CoFe/0.9 Ru/2.5 CoFeB/MgO /2.5 CoFeB/10 Ta/ 7 Ru
has been deposited on Si wafer using magnetron sputtering at Singulus Timaris PVD cluster
tool[2]. Here the numbers in front of chemical elements show thicknesses of corresponding
layers given in nm. Bottom electrode contains relatively thick conductor bus (CuN) and
exchange biased magnetic layer CoFeB together with artificial antiferromagnet structure for
strong pinning of its magnetic state. It is separated from the upper electrode (containing free
magnetic layer CoFeB) by ultra thin insulating layer of MgO with thickness less than 2 nm.
Express diagnostics of as-deposited structure using CAPRES surface contact resistivity
measurements [3] showed expected Tunneling Magnetic Resistivity on the level of 140 %.

Before starting the lithography process for MTJ fabrication it is very important to get
complete information about quality of as-deposited multilayer film. For this purpose visual
inspection of the cross section of the structure has been performed using Transmission
Electron Microscopy. Typical result of such analysis is shown in Fig.1.

Bright narrow strip running along diagonal in center of the image corresponds to MgO
insulating layer. Dark areas located from both sides of the tunneling barrier represent pinned
magnetic layer (bottom electrode on the left side) and free magnetic layer (upper electrode on
the right). Visual inspection of the image shows high quality of all interface layers. They are
characterized by very low roughness that is required property to prevent “orange peel effect”
which leads to degrading of TMR effect. TEM analysis also let us to estimate thicknesses of

layers in multilayer structure with high accuracy.
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Figure 1 TEM bright field image of the cross section of the MTJ multilayer structure
(Tecnai G2 F20 U-TWIN).

Further analysis assumes control of chemical composition of different layers in the stack.
It has been done here using depth profiling with cation SIMS (ION TOF). This analysis has
been done in the regime of registering both positive and negative secondary ions while using
Cs ions for sputtering target and Bi ions for probing. Typical results of such analysis for

particular elements are shown in Fig.2.
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Figure 2 Results of depth profiling using cation SIMS (ION TOF) for particular elements.

Comparing these profiles with requested structure of MTJ stack listed above one can see
overall good qualitative agreement. Although thicknesses of layers are not well reproduced
because of limited accuracy of SIMS depth profiling but order of different layers corresponds
to initial guess. There are two substantial discrepancies observed for Ta and Ir distributions in
the structure. It might be attributed to artefacts of SIMS analysis when using negative ions.
Combination of data obtained for negative and positive ions allows extracting such errors and
improving accuracy of the analysis. Thus we conclude that depth profiling using SIMS might
be useful tool in optimization of MRAM technology.

The work has been done on the equipment of the Center for Collective Use of Scientific

instruments “Micro and Nanodiagnostics”[4].

1. H. Yoda, MRAM Fundamentals and Devices, Handbook of Spintronics: Springer
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3. D. Worledge and D.L. Trouilloud, Magnetoresistance measurements of unpatterned
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SECONDARY EMISSION OF NEUTRAL AND CHARGED PARTICLES
FROM INTERMETALIC SINGLE-CRYSTAL

K.A. Tolpin, K. F. Minnebaev, V. E. Yurasova

Moscow State University, Moscow 119991, Russia, E-mail: ktolpin@mail.ru

Sputtering, secondary ion and secondary electron emission were studied experimentally for
intermetalic NjMo compound with high corrosion resistance and great hardness that is used as a
material for constructing components of rockets and nuclear reactors [1]. The process of
sputtering was studied also by molecular dynamics calculations. Regularities of emission from
(111) Ni;Mo face irradiated by 10 keV Aions at normal incidence: & 0°) was investigated.

Modelling
Simulation of sputtering was performed for (111) face of disordered and ordefdd bingle-

crystal. The crystalline structure of ordered crystal is illustrated in Fig. 1.

Fig.1. The structure of single-crystal jJMio with a
tetragonal latticeg = 5.720 A,c = 3.564 A). Large
and small circles correspond to Mo and Ni atoms,
respectively. Half-open circles are the atoms arranged
within the lattice.

We used MD model of mobile single-crystalline block of atoms [2,3]. The equations of motion
were integrated by Euler predictor-corrector scheme [4]. Inelastic losses were calculated by
Firsov’'s formula [5]. Crystal lattice parameters and atomic binding energies were chosen from
the experimental data [6,7]. Simulation of sputtering was carried out for natural state of (111)
NisMo face — with segregation (when the three topmost layers had, according to [8], 82%, 24%
and 50% of Mo, respectively) and also, for comparison, without segregation (hypothetic case).
The results of calculations for disorderedMib single-crystal are shown in the figures below.

Distribution of sputtered particles on the polar angbé éutputis presented in Fig.2.
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Fig.2. Angular dependence of Ni (green line) and Mo (red line) sputtering frgdoNiL11) face on
polar angle 0 of exit ilf112) plan for surface without (a) and with (b) segregation of three upper layers.
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We note, that the common coefficient of sputtering fgMai (111) faceY = 6.7 atoms/ion for
the studied case (Fig.2a,b). Segregation does not change the main sh¥gep avirves but
leads to noticeable growth of Mo sputtering with respect to Ni (Fig.2a,b). The obtained maxima

of sputtering are explained by the correlated collisions in the upper layergvid bliystal.
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The preferential sputtering of single-crystals arises in the directions of close-packed chains by
direct and assisting focusing [1,3]. According to our calculations for sputteriipNiL11) face
the direct focusing occurs in <011> and <111> chains and the assisting focusing — in <113> and

<001> chains, for both Ni and Mo atoms.

Distribution of sputtered particles on the azimuth angdé dutputis presented in Fig.3a,b.
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Fig.3. Distribution of sputtering coefficient for Ni (green line) and Mo (red line) atoms versus the
azimuthal angley of exit from the NjMo (111) face without (a) and with (b) segregation of three upper
layers. Polar angle of observation 6 = 35°.

The received maxima o¥(p) in Fig.3 corresponds to <011> and to <113> directiohs
sputtering and are explained as well as the results in Fig.2(6pr Y
We have analysed the trajectories of atoms moving in tid\single-crystal and calculated

the dependencies of sputtering coefficiemnythe source depth positi¢ihig.4a,b).
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Fig.4. Dependence of sputtering coefficidhon a source deptk, under ion irradiation of the ho
(111) face without (a) and with (b) segregation of three upper layers; green curves are for the output of Ni
atoms, and red curves are for Mo atoms.

It is seen that a source depgifor most of Ni and Mo atoms sputtering are situated on the fourth
and deeper layers when the conditions of focusing collisions well work. For a case with
segregation the source is located closer to a surface, than without segregation.

Numbers of generationk that lead to sputterindgpave been calculated. Atom of the first

generation (L= 1) is the atom sputtered by an ion; this is a recoil atom.2 — for the atom
sputtered by a recoil atom, L = 3 — for the atom sputtered by a secondary recoil atom, etc.
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Fig.5. Coefficient of sputtering for IWlo (111) face versus theumbers of generationsfor a surface
without (a) and with (b) segregation of three upper layers; green curves are for the sputtered Ni atoms,
and red curves are for Mo atoms.
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From the Fig.5a follows that the most of Ni and Mo atoms sputtered from a surface without
segregation are the third generation. For the surface with segregation the maxima of both
components correspond to L = 4 (Fig.5b), i.e. they are sputtered by the tertiary recoils.

Spatial distribution and the enerByof Ni and Mo sputtered atonis shown in Fig.6a,b.

Fig.6. Spot patterns for sputtering of Ni+Mo (the horizontal plane) and the energy of sputtered Ni and Mo
atoms (the vertical planes) for the,Nio (111) face without (a) and with (b) segregation of three upper

layers.

Sputtering of an initial surface is slightly higher than for a changed one owing to preferential
sputtering of Ni (a light component). For the surface with segregation the spot patterns become
more distinct (Fig.6b) due to additional focusing of the sputtered particles leaving through the
top layer of Mo atoms. For the initial surface the fast-moving Ni atoms dominate; for the
changed surface composition the exit of slow Mo atoms increased. A distinction in the speed of
Ni and Mo atoms is more considerable for the surface without change of top layers composition.
It was found that the ordering of /Mo single-crystal causes a shift of maxima of Ni sputtering

with respect to Mo, as was observed experimentally in [9] for sputtering of (0{Md face.
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Fig.7. Spot pattern on a glass collector of sputtering the (141)d\face (a). Dependence of coefficient
I" of secondary ion emission on azimuthal angté exit for Ni* ions from NjMo (111) face at the polar
angle of observation 6 = 8%b). Mass spectrum for ion-irradiated the (111) face gifINi(c).

The experimental results in Fig.7 correlate with those obtained by calculations. Indeed, the spot
patern in Fig.7a is like the calculated pattern in Fig.6b and the azimuthal distribution in Fig.7b
for Ni* ions emitted from the (111) Mo face is the same as those obtained by MD simulations
for Ni sputtering (Fig.3b). The top layer is enriched vaeitheavy component — with Mo (Fig.6c),

as was shown also in our simulations (Fig. 2b and 3b).
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Secondary electron _emission from the;Mp (111) faceversus the angle of the primary

electrons in(112) planfor initial and ion-irradiated surface was studied. The results are shown

in Fig.8a,b together with the surface relief after sputtering.
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Fig.8. Dependence of the secondary electron emission coefficient the anglex of incidence the
primary electrons ir{112) plain for initial (upper curve) and ion-irradiated (lower curve)Mdi (111)
face (a). Surface structure after ion irradiation by, Ag = 10 keV, & = 0°), dose = 18 ion/cnf; the
height of hills ~ 30 nm (b).

The maxima of emission in [113] and [001] directions appear (Fig.8a) due to scattering of
primary and secondary electrons on the atoms located in open channels [3,10,11] in these
directions. The emission is less for the disturbed surface than for the initial one because of
absorption of secondary and scattered electrons on the lateral faces of hills (Fig.8b) on the ion-
irradiated surface. The shapeagé) curve changes for the ion-irradiated surface withettged

surface roughness: the additional small maxima(@} curve arise when the primary electrons

fall onto the lateral faces of hills at the angles, which coincide with the angles of open channels.

The obtained regularities should be taken into account when exploring the mechanisms of
sputtering, secondary ion and secondary electron emission, and designing devices where these

emission processes are used.

This work supported by the Russian Foundation for Basic Research Xgta&di2-07819-A).
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INFLUENCE OF NANOSTRUCTURING ON WORK FUNCTION AND ION-
INDUCED ELECTRON EMISSION OF METAL

R.Mulyukov ™

“Institute for Metals Superplasticity Problems of the Russian Academy of Sciences,
Ufa, Russia, e-mail: radik@imsp.ru;
*Institute of Physics and Technology of the Bashkir State University, Ufa, Russia

Properties of nanostructured (NS) materials differ from properties of usual coarse-
grained materials. The NS metals and alloys with an average grain size of about 100 nm
prepared by deformation nanostructuring by means of high pressure torsion were objects of
investigations in the given work [1]. Deformation nanostructuring of metals provided a
formation of homogeneous granular structure with a mean grain size 100 nm and non-
equilibrium grain boundaries (Fig.1). A diffusive contrast of grain boundaries, and bended
extinction contours within grains observed on diffraction patterns testify the presence of long
range fields of internal stresses attributed to grain boundaries. Higher values of microhardness
as compared to ones calculated by the known Hall-Petch relationship also testify the presence

of long range stress fields [2].
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Fig.1. TEM image of iron with NS structure formed due to deformation nanostructuring

Investigation by field ion and electron microscopy, field electron spectroscopy have
been shown that energy distributions of field emitted electrons from NS tungsten differ from
those of coarse-grained metal (Fig.2). In the case of emission from the surface areas, a grain
boundary in an additional peak in the low energy region or in an inflection in the high energy

region is observed, respectively [3].
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The electron work function was determined by the electron beam retarding Anderson
technique. Measurements revealed that nanostructuring results in a decrease in the electron
work function of a metal. For example for tungsten with a grain size of about 100 nm, this

decrease is equal to 0.8 V [3].
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Fig.2. Total energy distributions of field-emitted electrons from NS tungsten at different anode
voltages (given inset) obtained for different areas of the surface of the tip, containing the grain
boundary (a) and away from the grain boundary (b)

The effect of metal nanostructure on the formation of multipeak surface has been
investigated. (Metals with multipeak surface can be used as a field electron emitter). The
multipeak surface on the metal has been formed by ion-beam sputtering. It is shown that
uniformly distributed plurality of needles by the surface are formed on the nanostructured
metal, size of needles at the vertex is less than 1 pum. This relief is beneficial for field electron
emission. On the surface of the coarse metal are also formed a lot of needles, however, their
distribution over the surface is uneven, there is a large scatter of needles by the elevation, size
of needles at the vertex is up to 10 um. Current-voltage characteristics of field electron
emission of nanostructured and coarse-grained samples with a multipeak surface has been
measured. The current of field electron emission from the nanostructured sample with
multipeak surface at the applied potential of 1.5 kV was equal to 110 mA. Metal field
multipeak cathode with the nanostructure was designed and manufactured. An
cathodoluminescent lamp has been made. It is demonstrated the fundamental possibility of
improving the efficiency in the using of such multipeak nanostructured cathode.

The cold cathodes, operating on the principle of ion-induced electron emission are the
main elements of gas-discharge devices. It is investigated the influence of nanostructuring of

cathode material of the gas discharge device on its current-voltage characteristics. Pure nickel
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and aluminum alloy Al-6%Mg were used as metals for investigation. The choice of these
materials is due to widely application them as cathode materials: Al-6%Mg - in ion sources,
nickel - in neon lamps. The measurements of J-V characteristics of glow discharge in gas-
discharge lamp show that the current of gas discharge from nanostructured materials at the
same voltage is higher than current one for coarse-grained materials. The excess of the current
of gas discharge for nanostructured Al-6%Mg and nanostructured nickel relative to coarse-
grained ones is about 30%. The current gas discharge enhancement of nanocrystalline metal
based on the ion-induced electron emission theory was explained. The analysis showed that
decrease of work function leads to increase of ion-induced electron emission coefficients.
Thus, the reduction of work function of nanostructured material as well as the increase of the
current of gas discharge from nanostructured material is caused by the small average grain
size and the increased relative grain boundary length on the surface of nanostructured material
in comparison with that of coarse-grained material. Deformation nanostructuring may become

a new method of increasing the emission efficiency of cold cathode materials.
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OINMPEAEJIEHUE KPUTHYECKOI'O PACCTOAHUA MOHU3BAIIMU U 30HBI
NOHU3 AU B ITPOIECCE BBICOKOTEMIIEPATYPHOI'O ITOJIEBOI'O
UCITAPEHUA MOJIMBJAEHA.

DETERMINATION OF THE CRITICAL IONIZATION DISTANCE AND
IONIZATION ZONE IN THE PROCESS OF HIGH TEMPERATURE FIELD
EVAPORATION OF MOLYBDENUM.
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Steady-state field evaporation of Mo at high emitter temperatures (T~2000 K) has been
studied using a magnetic mass spectrometer equipped with a field ion source. Only low-
charged ions (Mo*?and Mo*) has been observed in the course of evaporation. The measured
ion energies and evaporation fields were used to determine the critical ionization distances X
and ionization zones A for singly and double charged ions. The obtained X, and A values
show that the formation of ions takes place at a certain distance from the emitter surface.

SIBneHune mojieBoro HUcrapeHus COCTOUT B MUCIIAPCHUHN ITIOBEPXHOCTHBIX dTOMOB B BUIC
IIOJIOKUTECIIBHBIX HOHOB IIO[ BOBI[GI‘/’ICTBI/IGM TOJIBKO CHJIBHOT'O DJJICKTPHYCCKOI'O0 II0JIA
HaINpsHKEHHOCTHIO F Topsiika HECKOJIBKHUX JECATKOB BOJIBT Ha HaHoMeTp (00braHO F ~ 10-60
V/nm), ©3BECTHO 3TO SIBJIEHUE JA0BOJLHO JaBHO [1]. JIis co3AaHus CUIIBHOTO HCHAPSIOIIETO
SJICKTPHUYCCKOIO  ITOJIA 0OBIYHO HUCIOJIB3YIOTCA OMUTTCPBI-KATOAbl M3 IIPOBOASALICTO
MaTepHala B BUAE OCTPUI C paAnyCcOM 3aKpyrieHus B KoHle octpus I ~ 50-150 nm, x aHoxy
e TPUKJIIbIBACTCS BBICOKOE cTaimoHapHoe Hanpspkenue U ~ 10-15 kV. Brepssie Bonpoc
00 OIPCACIICHUU TAKOr'o pacCTOAHUA OT IMOBEPXHOCTU OMUTTEPA, HA KOTOPOM IPOUCXOAUT
06pa3OBaHI/Ie HOHa U3 HeP’ITpaJIBHOFO aToMa, ObLII IIOCTaBJIEH Ipu HMU3y4YCHHUU IIpolecca
MOJIEBOM HOHHU3allMHu T1a3oB, T.C. o6pa30BaHHe HOHOB IIOJ ,HeﬁCTBHeM TOJBKO CHIIBHOI'O
SJICKTPHUYCCKOT'O I10JIA. B IMPUCYTCTBUH CUJIBHOI'O F npu HpI/I6J'II/I)KeHI/II/I aToMa K IMMOBEPXHOCTU
€T0 DHEPIruAa BO3pacCTacT W AJId HOHU3AIUU H€06XOJII/IMO, 4TOOBI YPOBECHB J3JICKTPpOHA B aTOME
pacnojiarajicsi BbIIIC YPOBHA cDepMI/I B MCETaJlJIC. HpI/I HpI/I6J'II/I)KCHI/II/I K TIOBCPXHOCTHU
MMpO3pPavYHOCTDh 6apbepa AJId 3JICKTPOHA MOBBIMACTCA WU HAKOHCI], IMPU HTOCTUKCHUHN HCEKOCTO
KPUTHYECKOIO PACCTOSHMS X¢r DHEPIHS YPOBHS JJIEKTPOHA CTAHOBHUTCS PaBHOM SHEPIUU

®depMH B 3TOM cilydae BO3MOXKEH TYHHENbHBIN IEpexXo/1 2JIEKTPOHA B METAUT U 00pa3oBaHUe
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rnoHa. OOBIYHO 3HAYCHUS BEIMYHH X¢r JJII OOJIBIIMHCTBA ra3oB JiexaT B mpeaenax 0,46 — 0,60
NM, a BeJIMYMHA 30HBI, B KOTOPOI MOKET MPOUCXOANTh HOHU3ALNS OYCHb Majla, KaK IMPaBUIO
A ~ 0,015 — 0,030 uM BCIIEOCTBHE TOrO, YTO OJIMDKE X aTOM HMOHH30BATHCI HE MOXKET
MOCKOJIbKY PHEPIeTHUECKHUI YPOBEHB JJICKTPOHA B aTOME CTAHOBUTCSI HUXe ypoBHS DepMu B
MeTaJlJIe ¥ MEPEeX0JT JCKTPOHA B METAJUT HEBO3MOJXKEH, a yJIaJCHHE aToMa OT IOBEPXHOCTH
HNPUBOJUT K OBICTPOMY TAJCHUIO IMPO3PAYHOCTH IOTCHIMAIBHOIO Oapbepa W MaJICHHIO

BEPOATHOCTH MOHU3ALNH [2].

WHas cutyanus BO3HHMKAET B Clydyae IOJIEBOI0 UCIApeHMsl, KOTI/la HOHbI 00pa3yroTcs 3a
CYET HCIApEHMs] aTOMOB CaMoOIro OCTpUA-3MUTTEpa. B ciyuae moseBoro ucnapeHus Inpu
KpUOTeHHBIX T MOHBI ObIBaIOT MHOI03aPSAAHBIMU U UCHAPSIOUIME MOJI JOCTUTAIOT BEIMYUH
Fev ~ 50 - 60 V/nm 1 B 3TOM ciiydae 3Ha4eHUsI X¢r MOTYT OKa3aThCsl MEHBILIE Pajnyca aToMma.
ABTOpPBI IPAKTUYECKH €TMHCTBEHHON KOPPEKTHOM paboThl [3] MBITaINCh SKCIIEPUMEHTAIBHO
OIpENIeIUTh BEIMYUHY X¢r I10 CKOPOCTH mosieBoro ucrnapeHus W u 3Ta BelIWYMHA MU
HEOOJIBIIION CKOPOCTH HUCIIApCHUS 10”2 MOHOATOMHOTO CIIOS B cekyHny B mose Fey =57 V/nm
oKa3zajlach BecbMa Maliol X¢r ~ 0,13 NM T.e. MeHblIe yCIOBHOIO pajuyca aToMa Boibppama I
= 0,143 nm. BeneactBue 3TOro NpUHSITO OBLJIO CYUTATh, UTO BEIMYMHA X¢r HE UMEET B CIy4yae
[OJIEBOI'O MCIAPEHUsl PEAJbHOTO CMBICIA M MCIAPEHUE aToMa B BHUJE MOHA IMPOUCXOAUT
HEIOCPEACTBEHHO C IOBEPXHOCTU HMmuTTepa. OOHAKO €clu HCIOJb30BaTh  I10JIEBOE
UCIApEHUE TpPU JOCTATOYHO BBICOKHX T osmurrepa, TO cuUTyalUsi CTaHOBMUTCSA
NPUHLMINAAIBHO MHOW. OCOOEHHOCTSIMU IOJIEBOIO UCHApEHUs MpU BBICOKUX T SBISIFOTCS
pe3Koe NOHMKEHUE 3apsaja UCIapsieMoro noHa ¢ poctoM T BcieACTBUE CHUXKEHUS BEIUYMH
Fev , a Taxoke NmosBICHHE 3aMETHON BEJMYMHBI SHEPTUU aKTUBALMU Ipolecca ucrnapeHus Qn
BMECTO HYJEBBIX MPAKTUYECKH €€ 3HAUYCHH B Clydae MCIapeHHs mpu KpuoreHHbix T[4-6].
Ecnu Benmnumnnbl Qp y’e He paBHBI HYINIO, TO U 3HaYEHUS Xcr (OyZleM Ha3bIBaTh 3Ty BETUUHUHY
KPUTUYECKHM PACCTOSHUEM, MPOCTO CIeAys TPaJUuLUN) TaK)Ke MOTYT ObITh C Halled TOYKU
3peHus Oonee 3HaUUTENbHBIMU. CIie10BaTENbHO, [VIABHOM 3a7aueil TaHHOW palboThI SIBIISETCS
OTIpe/ieNIEHUE PACCTOSIHUS OT IIOBEPXHOCTH 3MUTTEPA, HA KOTOPOM ITPOUCXOIUT MPEBpAILIEHUE
aToMa B MOH B IIpolecce mojeBoro ucmnapeHuss Mo mnpu Bbicokux T. DKcrepuMEHTHI
MPOBOAMINCEH ¢ AMuUTTepamu u3 Mo, a Takxke u W ¢ UCIOIb30BaHUEM TIOJIEBOTO MAarHUTHOTO
Macc-CIIeKTPOMETpa, KOTOPbI obnaian pasperieHneM mo macce om/m ~ 1/200. Bakyym B
npu6ope GbIT He CIMIIKOM BEICOKHM P ~ 10 Top, oxmako 510 He MMEN0 NPUHIHMIHATEHOTO
3HAYEHUS B Cllydae IPOBEJEHUH dKCIIEpUMEHTOB ITpH BbIcokuXx T ~ 2000 K.

Kakum >xe crnocoboM MOXKHO OMpPENENUTh BEIHUUHY X¢r ? [Ipexkne Bcero Heo0Xoammo
OTIPEACIUTh DHEPTUU OOPA3yIOMIUXCS B TMoJie HOHOB. VIOHBI B MOHHOM UCTOYHHKE BHauaje
YCKOPSIFOTCS JI0 TMOTEHIHala yckopsitoiero aiekrpona U, = 10-15 KV, a 3arem 3amesiroTcs
o moteHnuana Ha koiekrope Uc. Ecnu makcumanbHas SHEprusi HOHAa B TOYHOCTH paBHA
Pa3HOCTH TIOTEHIMAJIOB MEXJy SMHTTEPOM U YCKOPSIOMEM 3jiekTpoaoM, to Ue = 0 ,
BEIIMYMHA X« OTCYTCTBYET M MOHBI OOpPa3ylOTCS HEMOCPENCTBEHHO Ha IOBEPXHOCTH
OMUTTEPA, €CIU KE HOHBI POKIAIOTCSA HAa KAKOM-TO PACCTOSHUU OT IMOBEPXHOCTH SMHUTTEPA,
TO DHEPTHH MOHOB OYyT MEHBIIIE PA3HOCTH MOTEHITMAIOB HA BenuIrHy U M 4eM Jaitbiie ot

MOBCPXHOCTHU POKAACTCA HOH, TCM OoJIbIIIe 6y,£[eT BCIIMYHMHA Uc. IIocne OIpCACIICHUA
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BenuuuHbl Uy HE0OXOAMMO OMpeneuTh BETUYHHY Fey, TP KOTOPOW HCIApseTCs TaHHBIN
HOH U 3aT€EM MOJEIIUTh 3TH BEIUYHHEI.

B cryuae ucnapenust npu KpuoreHHbIX T HaOII0Aal0TCsS MOHBI BBICOKHX 3apsoB, TO
npu Bbicokux T cutyanus cranoButcs uHOW. Cam mo cebe poct T MPUBOAUT TOIBKO K
9KCMOHEHIIMATbHOMY POCTY | U HE MOXKET BIHSTH Ha 3aps] HOHA, U3MECHCHHS BEIUYUH |
MOHOB Pa3HBIX 3aps/I0OB OOBICHIIOTCS TEM, YTO IMPU OJHOBPEMEHHOM BO3JIEHCTBUU BBICOKUX
T u F npoucxoauT cioxkHoe u3MeHeHHe (POpPMBbI OCTPUITHOIO AMUTTEPA U BCIEACTBHE STOTO
CIOXKHBIM 00pa3oM MeHsieTcss M BenuuuHa Fey naxke mpu HemsmeHHoMm U, kotopas u
onpezaenser 3apan voHa [4]. Ecnu B ciywae ucnapeHus npu KoMmMHaTtHOMl T Ha cmekTpax
HAOJTIOANTHCh B OCHOBHOM HOHBI MO™®, To poct T sMHTTEpa NpHBOANI K 3aMETHOMY
nosiieHmio noroB Mo u Mo* | npu T > 1400 K ocHoBHOI muk 00yciosiaen nonamu Mo
IIpu T ~ 1400 K kpuBble 3aBUCUMOCTH TOKa OT T mepecekaroTcsi, 4TO JAaeT BO3MOKHOCTh
onpeaenuTs Bennuuny Fe,. [Ipeamnonaraem, 4to 1 B JaHHOM Cllydae 3aBUCHMOCTh CKOPOCTH
MOJIEBOTO HcmapeHuss oT T XapakTepu3yercs OOBIYHBIM 3aKOHOM AppeHHycCa, TOJIbKO
BEJIMUMHA DHEPIMM aKTHUBALIMM UCHAPEHUs 3aBUCUT OT NIpuiioxkeHHoro mois. CoriacHo [2]
MoJIaraeM, 4TO BEJIMYMHA HOHHOTO TOKA MOJIEBOTO HCIIAPEHUS OINIPEAeTsSeTCs BHIpaKEHUEM

i = vo exp(-Qn/KT) )

rac vo - HpeHBKCHOHeHHI/IaﬂbH]&Jﬁ MHOXHUTCIb, a Qn - JHCpPrusa akTUBallMM HCIIApCHHA N-
KpaTHO 3aps’KCHHOI'O HOHA. BBIpa)I(eHI/Ie JJIA Qn y,HO6HO MNpEeaACTaBUTH B CIICAYIOLIEM BU/IC:

Qn =20 + Ynln—ne — 1,2nVnF + 3,45:10" aF? (2)

rae Ag - TEIUIoTa MCIapeHus Marepuaia 3MUTTepa, |, — MoTeHIMan MOHMU3AIUU N-KpaTHO
3apsDKEHHOTO MOHA, (0 — padoTa BBIXOJ/a SMHUTTEpA U O - TOJIIpU3yeMocTh noHa. [Ipu Takoi
3amucu BBIpaKeHUs BenuunHa Q, mMmomydaercs HemocpeacTBeHHO B €V, ecnu  Fey
ompenensiercss B V/nm, a o — B nm® . Eciu TOKH OfHO H JBYX3aps/IHbIX MOHOB B TOYKE
nepecedeHus] paBHbI, TO paBHBI U BedMuuHBl Qn , T.e. Q1 = Q2 u mpeHeOperas 4iIeHOM C
MOJISIPU3ALUEH:

Fev = [(12 - 9)/2,19]? (3)

[ToacTaBmsisi COOTBETCTBYIOIIME JJisi MOJIMOJIEHA BEIWYUHBI | U ¢ MBI UM TOJy4dUM
BenmuunHy Fey = 29,6 V/nm, uro 3ameTHO MeHbIe BeTUUUHBI Foy = 46 V/NM mis cinydas
WCIIApEHUs MIPU KPUOTEHHBIX T.

Kak 1OKa3bIBAIOT 3aBHCHMOCTH H3MEHEHHs Jorapu)MoB TOKa MOHOB Mo' u Mo*? or
noTeHIMaja Ha KoJulekTope Ue eciii MOHBI POXKJIAIOTCS Ha TTOBEPXHOCTH AMUTTEPA TOKH 3TU
nokHbl Habmonathes npu Ue = 0, ogHako 0bU10 00HApykeHO, YTo BeanuuHbl U, coBCeM He
paBHBI Hy/TI0 ¥ ToK M0" Habmomaercs B mutepsane U, ot 26 10 34 V, a mist nonos Mo*?
Habmroaercs 6onee y3kuit untepBan Ue = 28 - 34 V. Takum obpa3om, oOpa3oBaHHE HOHOB
MPOMCXOIUT SIBHO HE Ha MTOBEPXHOCTH AIMHUTTEPA, a T1Ie-TO BOJIHM3M Hee.

O,Z[HaKO OIIPCACIINTh BEJIMYHUHBI X¢r , @ TAKKE U A Ha OCHOBaHUH MOJIYYCHHBIX JaHHBIX
HC MPCACTABIIEICTCA BO3MOXHBIM, ITOCKOJIBKY BCJIIMYMHA Uc MOXET OBIThH 06ycn013J1eHa n
Ppa3siInuYHbIMU HpI/I60pHI)IMI/I 3(1)(1)6KTaMI/I, IMpOBUCAIOIITUMU IIOJISAIMU, KOHTaKTHBIMH
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pPa3HOCTSIMM TMOTEHIMANIOB U Ap. s ycTpaHeHHs NOJOOHBIX BO3MOXHBIX 3((EKTOB U
onpezeneHuss UCTUHHBIX BenuuuH U; ObLI MpoBeJeH B 3TOM e Macc-CIIEKTPOMETpE
SKCIIEPUMEHT [0 TOBEPXHOCTHOM HMOHM3allMM aToMoB 1ie3us.  Ha Takoil ke, HO
BOJIL(PaMOBBIN SMUTTEP ObLIa OCylIecTBIeHa aacopOuus aroMoB CS. XopoI1io U3BECTHO, YTO
atom Cs, aacopOupoBannbiii Ha W, W3HAYalbHO SBISICTCS HMOHOM [7], TOCKOIBKY €ro
norennuan nonusanuu |; = 3,9 eV 3ametHo MeHbIe padboTel Beixoga W, y kotoporo ¢ = 4,5
eV [8]. Iosromy ecam ymamute unon CS c¢ moBepxHoctd W JIETKUM TIpOTpEeBOM H
3apEruCTPUPOBATH €r0 Ha KOJUIEKTOPE HUKAKOTO JAe(PHUIINTA SHEPTUU y TAKOTO HOHA HE MOXKET
ObITh 1 1OKHO OBITH U = 0. O1HaKO MPOBEACHHBIN TaKUM 00pa30M IKCIEPUMEHT IMOKa3all,
YTO BeJIMYMHA NOTEHIMala Ha KOJUJIEKTOpE, COOTBETCTBYIOIIETO MPOXOXKICHUIO BCETO
nonHoro toka Cs cocraBmsier Uy = 11 V . Takum o6pa3om, peanbHbie BenuuuHbl Ug s
noHoB Mo’ 1 Mo™ cocTapsior Ucl =15-23V u UC2 = 17 — 23 V COOTBETCTBEHHO.
Omnpenenenre UCTUHHBIX BeTU4YUH U JaeT BO3MOXKHOCTH OINpPENEIUTh M BEIUYUHBL Xer U A.
3HaUEHUS OTU COCTABIISIOT JIJIsi 00Pa30BaHUsS OJHO H JBYX3aPSTHBIX HOHOB Xcr1 =051 nmu
Xcr2 = 0,57 nm, a COOTBETCTBYIOIIHE BEIUYUHBI IIHUPUHBI 30H HOHM3AMH - A; = 0,27 nm u
A; = 0,20 nm. /lanHbIe BEIWYHHBI TOBOPAT O TOM, YTO BO-TIEPBBIX aTOMBI HE HCIAPSIOTCS
HETIOCPEJICTBEHHO C TIOBEPXHOCTH JSMHTTEpa B BHUAEC HOHOB, a 0Opa3yroTcs BOJIHM3U
MOBEPXHOCTU HA PACCTOSHUM MPUMEPHO IBYX aTOMHBIX IUAaMETpOB (quamerp aroma Mo —
0,278 nm) B ouensb y3ko# 30He mUpuHON A ~ 0,20 — 0,27 nm. Bo-BTOpBIX, TOT daKT, 4YTO Xert
< X’ , a TaKe U Ay < A; CKOpee MOATBEpXKIACT paHee BBICKA3aHHYIO TOUYKY 3pEHHs Ha
mporecc oOpa3oBaHMsSI MHOTO3apSAAHBIX HOHOB TIPU IIOJIGBOM UCHApEHUU — BHaYale
00pa3yroTCs OJHO3APSTHBIA WOH, KOTOPBIA BIIOCJICICTBUU TOCICIOBATEIIBHO MOHU3YETCS C
noBeilieHUeM 3apsna [9]. Takum o0pa3oM, mpeBpalieHHe HEHUTPaJbLHOTO aroMa B HOH B
MPOIIECCE BBICOKOTEMIIEPATYPHOTO ITOJICBOT0 HCIApeHHs] MO MPOUCXOIUT HA PACCTOSHUSIX
MPUMEPHO J[BAa-TPU aTOMHBIX JTUAMETPa OT TOBEPXHOCTH IMHUTTEPA.
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IMHUCCHU B HOHHBIX KPUCTAJIJIAX TP TEPMOSJIEKTPHYECKOM
BO3JEUCTBHUU

EMISSION IN IONIC CRYSTALS UNDER THERMOELECTRIC INFLUENCE

A.I1. 3anuna, JI.I'. Kaprsie, B.A. ®enopos
A.P. Zanina, L.G. Karyev, V.A. Fedorov

ITY um. I'.P. Jlepocasuna, yn. Humepnayuonanvuas 33, 2. Tambos, Poccus,
e-mail:feodorov@tsu.tmb.ru;

The behavior of internal surfaces of cleavage fracture in ionic crystals under
complex thermoelectric effect under the normal orientation of the electric field
lines to the investigated crack surfaces is determined by the emission ion current,
the migration of ions inside the crystal, the mechanoemission of ions from the
sample surface, and recombination crystallization.

B ombiTax HCHONb30BaM MOHOKpHCTa/UTbl LIF, cymMmapHbIii cocTaB mpuMmecei B
2 +2 pat2 5 103 0
koTopeix o Ca™*, Mg™“, Ba™* BapsupoBanu B mpenenax 10°—10" Bec. % U MOHOKPHCTAILIBI

NaCl ¢ xonnenrpanueii npumeceii 10° — 102 Bec.% o Fe?*.

O6pa3ubl ¢ pazmepamu ~ 20x10x5 MM BBIKaJIbIBAIM IO IIJIOCKOCTSM CITAWHOCTH W3
KpynHbIX 0OyiokoB. TpemuHy ckona BBOIAWIM JIe3BUEM HOXka. PaccTosHue Mexay
UCCJIEAYEMbIMU TOBEPXHOCTSIMU COCTABIISUIIO ~ 5-10°-10" mm. Kpucrann ¢ uckyccTBeHHO
BBEJCHHOW TpEIIMHON NOMEUaJid B M€Y MEXAy DJEKTPOJaMH, PpPacCIOJIOKEHHBIMU
NapauleJIbHO IUIOCKOCTH TpeluHbl. Ha ayeKkTponabl 1mopaBasoch MOCTOSHHOE HaIPSDKEHHE
400 B. DkcnepuMeHTHl NMPOBOAWINM B BO3AYILIHOW CpEle U B BAaKyyMe, B TEMIIEPaTypHOM
untepBasie 293-893 K. IInoTHOCTP HMOHHOrO TOKa jgocTuraia ~ 27 AN, Bpems B
3aBHCUMOCTH OT TeMIlepaTypbl 0OpaOOTKU M Iiesieil ombITa BapbUpoBaIu OT 1,5 MuH. 10 7
yacoB. HanpsKeHHOCTh 37eKTPUYECKOTO MOJI MEKIY MOBEPXHOCTSMU TPELIMHBI COCTaBIIsIIA

~1,6:10< Eg<1,3-10" B/m.

[Tocne mpoBeneHUs: ONBITOB M3MEHEHUs, HaOJI0laéMbleé Ha IMOBEPXHOCTSX TPEIIMHbI
CKOJIa, KaYECTBEHHO OTJIMYAIOTCS MPU MEPEeXo/ie OT OJAHOI0 TEMIEpaTypHOTO MHTEpBaia K
APYToMy.

B rtemmeparyprom mHTepBasne mpumecHoi npoBomumoctu (7 < 823 K, LiF) u npu
HeOoNbIIMX BpeMeHax o0paboTku (2—10 MMH) JOKanbHbIE M3MEHEHUS NMPOTHBOMOIOKHBIX
MOBEPXHOCTEH CKOJa TMpOSIBISUINC, B BHJAE O0Opa3oBaHUs UCIOKALMOHHBIX PO3ETOK,
pacmoyIoKeHHBIX HampoTuB aApyr apyra (Puc. 1). Buag po3eTtok Ha NOJ0XHUTEIBHO
3apsHKEHHON MOBEPXHOCTH NpeacTasieH Ha Puc.l a. [ImoTHOCTE pacnpeneneHust po3eTok Ha

MMOBCPXHOCTU HCKYCCTBECHHO BBEJICHHOMN TPCIIHUHBI U HUX (bopMa 3aBUCAT OT pPaCCTOAHHA
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MEX/1y MTOBEPXHOCTSIMU: TUIOTHOCTb [0 MEPE YAAICHHSI OT BEPIIMHBI TPEIIUHBI YMCHBIIIACTCS,
dopma craHoBUTCs OKpyrJiol. [Ipu HarpeBe KpUCTAIOB 0€3 3JICKTPUUECKOTO MOJIST PO3ETOK
He HaOmomanu. [Ipu Gompmux BpemeHax obOpabotku (0,5—1,5 Wac) mpoWCXOAUT pa3MbITHE

PO3ETOK.

Q

Puc. 1. JlokanbHbIC U3MEHEHUS POTHBOIOJIOKHBIX TIOBEPXHOCTEH CKOJIa HCKYCCTBEHHO
BBEJICHHOW B KPUCTAJI TPEIIMHEI B II0CcKOCTH {100} : & - qucIoKanMoHHbIe PO3ETKA Ha
HOJIOXKUTENBHO 3aPsHKCHHOI NOBEPXHOCTH TPEIIUHBL; D - CHMMETPHUYHO PacroIoKeHHbIC

JIMCIIOKAIIMOHHBIC PO3ETKU Ha OTPHUIATENILHO 3apsHKSHHON MOBEPXHOCTH TpeIuHsl, LiF

B TtemmeparypHoMm wuHTepBajie coOcTBeHHOW mpoBoaumocti (7 > 823 K, LiF)
Habroman 00pa30BaHME JIOKATBHBIX MOHOKPUCTAUIMYECKUX HApOCTOB ¢ pazmepamu 4,4-10°
2.3-10™" mm. Mopdonorust U CTpyKTypa HOBOOOpPA30BaHUU TaKKE 3aBHCIT OT PACCTOSHUS
MEXy IUIOCKOCTSIMM, peibeda MOBEpXHOCTEH M pexUMOB 00paboTku. Bo Bcex ciydasx
HACJIOGHUS TOSBJSUIMCh Ha TOJIOKHUTENBHO 3apsDKEHHBIX TMOBEPXHOCTAX B MecTax
CYIIIECTBOBAHHS TUCIOKAIIMOHHBIX PO3ETOK, (opMa HApOCTOB COOTBETCTBOBaia (hopme
PO3ETOK, Ha KOTOPBIX OHHM 0Opa3zoBaiuch (puc. 2, &, b). IlonuroHanbHbIE CTEHKH BOJIH3U
HapOCTOB MOATBEPKJAOT TO, YTO B 3TOW 00JacTu ObLIa MpeaBapuTenbHas aedopmarus (puc.
2 ¢). [Ipu 3TOM B 30HAX MIACTHYECKUX CABUTOB MMEET MECTO MEXaHOIMHCCHS KaTHOHOB [1],
NpUBOAAIIAs, B pe3ylbTaTe PEKOMOMHAMOHHOW KPHUCTAUIM3AIMA Ha IIOJIOKUTEIHEHO

SapﬂX(GHHOfI MMOBEPXHOCTU TPCUIUHEI, K o6pa3013aHmo MOHOKPHUCTANIMYCCKUX HAPOCTOB.

JIOCTUTHYB TIPOTHBOIIOJIOKHOM OTPHULATENIBHO 3apsSKEHHOM ITOBEPXHOCTH, HApOCT
o0pa3yeT nmepemMbIuKy, COeTUHSIONTY0 Oepera ckomna (puc. 3). B aTux ydactkax HaOo1aeTcs

BOCCTAHOBJICHHC CIIJIOIIIHOCTH.

Tak xak B BO3AYIIHON cpefie MeXay OeperaMu TPEIIMHbI, KpoMe COOCTBEHHO MOHHOTO
TOKa, CYIIECTBYIOT pa3psibl B Ta3e, ObUIM MOCTABJIEHBI YKCIIEPUMEHTHI 110 OOHAPYXKEHUIO U

HCCJIEIOBAaHUIO HApOCTOB B Bakyyme. OTiauumii B popMe U KMHETHKE Pa3BUTHUSI HApOCTOB,
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MOJIYYeHHBIX B 00€MX cpemax, He oOHapyxeHo. B Bakyyme  HaOmoganmm

MOHOKPHCTAIUTMYECKUE HacloeHus U B MoHOKpucTaiax NaCl.

Puc. 2. CooTBeTCTBUE (1)opM AUCIOKAlIMOHHBIX PO3CTOK U MOHOKPUCTAJUNIMYCCKHUX HAPOCTOB
BOJIM3HU BEPIIUHBI TPEILUHBI - @, D; MOHOKPUCTAJUTMYECKHI HAPOCT B yIaJI€HHH OT BEPIINHBI TPEIINHEI
—c. LiF (107 Bec. %)

Puc. 3. Y4acTok BOCCTaHOBHUBIIICHCS CIUIOIIIHOCTH B PYCJIE TPEIMHBI Ha MOBEPXHOCTH CKOJIa
MEPIEHUKYIISIPHOTO TNIOCKOCTH TPEIIHHEL. [1010KNTENBHO 3apsKeHHas NOBEPXHOCTh PacloIOKeHa
Bhime pycna tpemuasl. LiF (107 ec. %)

OOHapyXeHHBbIE 3aKOHOMEPHOCTH OOBSCHSIOTCS BO3HMKHOBEHMEM B OIPEJIEIIEHHBIX
TOYKaX IOBEPXHOCTU (HAaNpuUMep, B Yy4YacTKax MHUHUMAJIbHOTO PpACCTOSHUS MEXKAY
MOBEPXHOCTAMH) HAMHCCHOHHOTO HMOHHOTO TOKa. IIpoTHBOMONOXKHBIE BHYTpEHHUE
MOBEPXHOCTH HECIUIOIIHOCTH (Hampumep, Oepera TpELIMHBI) MO-Pa3sHOMY pearupyroT Ha

00paboTKy UX DIMEKTPUUYESCKUM IOJIEM.

B cBs3u ¢ a3TUM ObUIM TOCTaBIEHBl JKCHEPUMEHTHI IO BBIBIECHHIO €ro
3aKOHOMEPHOCTEH U OmpeaeNeHNI0 paboThl BEIX0a MOHOB. OMBITH MPOBOJIWIN B BAKyyMe (~
0,01 TTa) mpu temmeparypax 293 K < T < 793 K na kpucramuiax LiF ¢ xoHIeHTparuen
npumecen ~ 10° Bec. %. OrmbIThI IIPOBOAMJIM II0 CXEME IIJIOCKOI0 KOHJEHcCATopa: MEXIy

OJIHMM U3 DJIEKTPOJOB M IOBEPXHOCTBIO KpHcTayula ocraBaics 3asop 0,1 mm, apyroi
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AMEKTPOA HaA&KHO KOHTAKTHUPOBAI C IMPOTUBOMOJIOXKHOM TI'PAaHBIO KPUCTAJIA. YCTaHOBKY
pasMeniaiym MmoJ KOJIakoM BakyyMHoro mnocra YBP-3M. B skcnepuMeHTax HW3MEHSUIIU
MOJIIPHOCT: TPSMasi, COOTBETCTBYIOIIAS IOJIOKHUTEILHOMY IOTEHIIMAY Ha CBOOOIHOM
ANIEKTpOAe, U oOpaTHas — B NMPOTUBHOM ciydae. [locTosisHHOe HampspbkeHue Ha oOpasern

MOJIaBAJId HEMPEPbIBHO, HaunHas ¢ 7' =293 K.

[TosiBNIEHHE SMUCCUOHHOTO TOKA PETUCTPUPOBAIN TOJILKO MpH TemmepaTtypax 1 > 573
K. Ero Bo3pactanue ¢ pocToM TeMIlepaTypbl MpU OOpaTHON MOJSPHOCTH BO BCEX CIydasix
OBLJIO MOHOTOHHBIM, TOTJa Kak MpU MPSAMOM MOJSIPHOCTH, B OOJIBIIMHCTBE CIy4aes,

Ha6n10/:[an1/1 CKa‘IKOO6p33H06 BO3paCTaHHC TOKA.

[TpoBoauMOCTh (Y) IIEIOYHOTAJOUIHBIX KPUCTAJUIOB YAOBJIETBOPSET 3aBUCUMOCTHU:
Y(T)=Aexp(-Uun/KT), Tne 4 — Ttepmuueckuii KO3(QOUIHMEHT 3IEKTPONPOBOIUMOCTH [2].
OueBHUIHO TaKOW >K€ 3aBUCUMOCTH (C TOYHOCTbIO A0 KO3(PPULIMEHTOB) MNOAYMHSETCA
IPOBOJIUMOCTH (Y,) ydacTKa "IOBEPXHOCTh KpUCTaJIa — IEKTPOA'", TaK Kak ompeaessercs
UJICHTUYHBIM BEPOSITHOCTHBIM MeXaHU3MOM 3toro mpoiecca [3]. Toraa Bo BTopom ciydae U
OyZeT COOTBETCTBOBATH SHEPTHH CYOJIMMAallMM MOBEPXHOCTHOTO HMOHA (0€3 ydera PHEPTrUu
BOCCTAHOBJICHHS HMOHAa Ha DJJCKTPOJE), 9JIeKTpoHHas oSmuccus B LIF mnpaktudecku

OTCYTCTBYET.

Takum 00pa3om, ONpeIeTHB IKCIEPUMEHTANIBHO 3aBUCUMOCTh In(y,(1/T)) aus pasbpema
MEXy CBOOOJHON TMOBEPXHOCTHIO KPUCTAJUIA M IJIEKTPOJOM, IMoiydaeMm 3HadeHus U uis
npssiMOM M O0paTHOM MOJSIPHOCTH COOTBETCTBeHHO: 2,16 m 5,02 3B, moxareepxknaroiue
AQHMOHHBIM XapakTep SMHCCUOHHOTO TOKa MeXJ1y OeperaMum HCKYCCTBEHHO BBEIEHHON

MaKpOTPCUINHEI.

[To pe3ynbraTaMm 3KCHEPUMEHTOB NPOBEJCHA aHAJTUTHUYECKas OLIEHKAa pabOThl BBIXOJa
KAaTHOHOB C ITOBEPXHOCTH KpUCTAJJIa B 00JIaCTH Pa3BUBAIOIINXCS 1€()OPMALIMOHHBIX CIBUTOB.
MexaHosMHUCCHsI KaTHOHOB ~XapaKTepU3yeTcsi MeHbIIeld padoToM BBIXOJAa HOHOB C
MOBEPXHOCTH B 00JIaCTH pa3BUBArOIIUXCA Je()OpMAIMOHHBIX CABUIOB - 1,7 3B, B cpaBHEHHH

¢ paboToii BBIXO/Ia TEX K& HOHOB Ha HelleOpMHUPYEMBIX ydacTKax - 5 9B [4].
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3. MaBnos, I1.B. ®usuka tBepaoro tena I1.B. Ilanos, A.®. Xoxmo. M.: Beicmas 1mkosa,
2000. 494 c.
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Kpuctawiax // ®@usuka u xumusa o0padoTku Matepuainos. 1998. Ne5. C. 64-68.
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UCCJEIOBAHUE B3AUMOJENCTBUA BOJIOPOJA C HOBEPXHOCTBIO
CILVIABA LaNis METOAOM BUMC

SIMS INVESTIGATION OF HYDROGEN INTERACTION WITH THE LaNis
ALLOY SURFACE

B.A. JlutBunos, N.1. Okcentok, JI.W. [lleBuenko, B.B. bookoB
V.A. Litvinov, I.l. Okseniuk, D.l. Shevchenko, V.V. Bobkov

HUIT UlI, Xapvrosckuu HayuoHanvHsi yHusepcumem um. B.H. Kapa3una,
np-km Kypuamoea 31, Xapwvkos, Yxpauna, 61108,
e-mail: vbobkov@mail.ru

The paper presents the results of the SIMS studies of the initial stages of hydrogen
interaction with the surface of the LaNis alloy. It is shown that, on reaching the surface of
the alloy, hydrogen forms chemical compounds with both nickel and lanthanum. As the
amount of hydrogen increases on the surface and in the near-surface region, some hydride
structures of different stoichiometry, which include both components of the alloy, are
formed.

Wutepmerammua LaNis crmocoOeH morionark, a mpu JAeCOpOIUU BhIICIATh 0OJIBIIOES
KOJIMYECTBO BOAOPOJA MPU OTHOCUTEIBHO HU3KMX JaBJIEHHUSAX U TemIepaTypax, OJU3KHX K
kKoMHaTHOU. PaBHOBecHOe Hachienre LaNis BOIOpoAOM ocTUraeTcs 3a BpeMs, nopsiaka 10
MUH, mpudeM Ooiblias yacTe Boaopoda (mo 90%) mornommaercs WM JecopOupyercs 3a
nepBble HECKOJbKO MUH. CKOpOCTh MOIVIOIIEHUS Ci1a00 3aBUCUT OT TEMIIEpaTrypbl |
JABJICHUS, YTO CBUJETENBCTBYET O MajJoWl DSHEpPruuM akTHUBALlMM JTOro Ipoliecca.
AOcopburonHas eMKocTh uHTepMmerauuaa LaNis 3aMeTHO BO3pacTaeT C IMOHM)KEHHEM
TeMIepaTypbl NpPU MPAKTHYECKH Hen3MeHHOH ckopoctu abcopbimu. CrutaB LaNis jerko
oOpazyeT THApUI TIpU JABICHUSX BOAOpPOJAa OJM3KUX K aTMochepHOMY B 00JacTH
KOMHATHBIX TeMIeparyp. DHTalblus 00pa3oBaHMs TWIpuja paBHa -15.7 kJx-momb 'H, a
DHTAJIBINSA Pa3siokeHusd -15,1 Kk Mo H.

LaNis, B uucie mOpodyMx MaTepuajoB-HAKOMHTENeH BOAOPOAa, HMEET OOJbIIoe
3HaueHue JUI psAfa TEXHUYECKUX MpuwiokeHud. OH HUCHoNb3yeTcsi B CUCTeMax Juid
CTal[MOHApHOTO  XpaHEHUs W  TpaHCIOpTa BOIOPOJA, IS  TEPMOCOPOIMOHHOIO
KOMIIPUMHPOBaHMs, KaTajau3a, OYMCTKH BOJOPOJA, Pa3lElCHMsI €ro MU30TONOB, a TaKXKe B
TOIUINBHBIX JIEMEHTAaX.

O6pasusl Texamdeckoro crmana LaNis o6myuanucs mydkom moHoB Ar' ¢ dHeprueit
8 k9B mpu aHanmM3e MONOKUTENBHBIX M 16 K9B mpu aHamm3e OTPHUIATENBHBIX BTOPUYHBIX
noHOB. OCTaTOYHBIM BaKyyM B KaMepe MHIIEHU COCTABJISIT 1-10°® [Ta, mioTHOCTH TOKa
neppuaHoro mydka 0,9 - 45 mkA cM?. VIHTEHCHBHOCTH >MHUCCHIA BTOPUYHBIX HOHOB
U3MEpSUINCh B JUHAMMUYECKOM JMana3oHe He MeHee 6 mopsakoB. Ilepen m3mepenusMu

00pa3ibl OTXKHUTAIUCh B ocTaTouHoM Bakyyme npu Ttemneparype ~ 900 K. Cocras razoBoit
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(a3pl KOHTPOIMPOBAICA C MOMOLIBIO I'a30BOr0 Macc-crekTpomerpa. C MOMOIIBIO 3TOTO XKe
Macc-CIEKTPOMETpa I0cIe HEOOXOIUMBIX KaJlMOpPOBOK H3MEPSUIMCh Majlble NaplualibHbIE
JIaBJIEHUS Fa30B B KaMEPE MULIEHH.

AHanu3 Macc-CIIEKTPOB IOJIOKUTEIbHBIX M OTPHULATEIbHBIX BTOPUYHBIX HOHOB,
pACIBUICHHBIX C IOBEPXHOCTH MCCIEIyeMbIX OOpa3loB, M3MEPEHHBIX II0CIE€ OTXKHUra M
OYUCTKH MOHHBIM ITy4KOM, ITOKa3aJl HaJIn4yue OOJBLIOr0 KOJIMYECTBA SMUCCHM, CBA3AHHBIX C
KOMIIOHEHTaMHU CIUIaBa, C IPUMECSMHU IPUCYTCTBYIOIIMMM B CIUIABE, a TAKXKE SMHCCHH,
KOTOPBIE COOTBETCTBYIOT COCIMHEHHUSM aTOMOB MAaTpPHUIBI C KOMIIOHEHTaMH Ta30BO# (hazbl.
CHeKTpbl TOJIOKUTEIBHBIX BTOPHYHBIX HMOHOB, PAacCIbUICHHBIX ¢ ToBepxHOCTH LaNis
Colep)KaT dSMHUCCHUM  aTOMapHbIX W  KJIACTEPHBIX HMOHOB  JIaHTaHAa M HUKEH,
MHTEPMETAJNINYECKUE MOHBI JJAaHTAHA U HUKEJS, YMUCCUH, COOTBETCTBYIOLINE COCIUHEHUSIM
KOMIIOHEHTOB CIUIaBa C BOJOPOJIOM, KHCIOPOAOM, yriaepoxom. IIpuuem mnpeobnamaror
HYMHCCHHM, CBSI3aHHBIE C JJAHTAHOM, a CAaMOM MHTEHCUBHOM 3MHCCHEN SBIISETCS YMUCCHS HIOHOB
OKCHJla JaHTaHa. B To)ke BpeMs 3MHCCUS MOHOB OKCHJAa HHUKEIs Ha YpOBHE (POHOBBIX
3HaueHui. CHeKTpel OTPHULATEIbHBIX BTOPUYHBIX HMOHOB B OTIMYHME OT IOJIOKHMTEIbHBIX
cozepKat OOJIbIIEH YacThI0 SMUCCHH, CBSI3aHHBIEC C HUKEJIEM, B TOM YHUCIIE U YMUCCUU NOHOB
OKHCIIOB HUKeNd. Takoil cocTaB Macc-CIEKTPOB CBHJIETEIBCTBYET O TOM, YTO JAXKE IIOCIE
OTXKUIa U OYHUCTKM IE€PBHUYHBIM IyYKOM IIOBEPXHOCTh MCCJIEIOBAHHBIX OOpa3loB B
OINPEICIICHHON Mepe MOKpbITa XMMHUYECKUMHU COCIUHEHUSMH, B COCTaB KOTOPBIX BXOZST
TUAPUIBI, OKCHUJIbI, TUAPOOKCUIBI, KAPOUIBI.

PaBHOBecHOe AaBiieHHE POLECCOB THIPUA000pa30BaHUs U THIIPUIOPA3IIOKEHUS IS
LaNis mpu Temneparypax Bblllle KOMHATHOM Tropa3fo OoJbliie, YeM JaBlICHHE B BaKyyMHOU
kamepe B BUMC skcnepuMeHTax. OTO MO3BOJSET IOJararth, 4TO BOAOPOJ, Momazas Ha
noBepxHocTh LaNis, Kak ¥ B cilydae psja ApYrMX METAUIOB M CIUIABOB, B3aWMOJAEHUCTBYET
TOJIBKO C MOBEPXHOCTHBIMH aTOMaMH M HacChIIIAE€T TOJIBKO NMPUIOBEPXHOCTHYIO 00JIacTh, HE
TMpoyHaupys B 3aMETHOM KoiudecTBe B o00beM. Takum o00pa3oM, B YKa3aHHBIX
DKCIEPUMEHTAIbHBIX YCIIOBUSAX, MMEETCSI BO3MOXHOCTb MCCIEA0BAaTh HA4YaJIbHBIE CTaIUU
IIPOLIECCOB HAKOIUIEHUS BOJOPOJAA - TMIPUPOBAHMSA, & UMEHHO B3aMMOJEHCTBHE BOJIOpPOIA
COOCTBEHHO C MOBEPXHOCTHIO yKa3aHHBIX CILIaBOB, 0e3 yueTta Au(dy3uu ero B 00beM, Kak
OJIHOTO U3 KaHAJIOB U3MEHEHHUS COCTaBa NOBEPXHOCTH.

IIpoBenensl UCCIIEIOBaHUS WU3MEHEHUNI MHTEHCUBHOCTHU OMUCCUU
BOJIOPOJICOJICPIKAIIMX BTOPUYHBIX MOHOB, PACIHBUICHHBIX C TMOBepxHOCTH oOpasia LaNis B
3aBUCUMOCTH OT TIapIMajbHOTO MaBJIEHUS BOAOpona B Kamepe mumienn. Ha puc. 1, 2

MNPUBCACHLI 3aBUCUMOCTH [Jid psda BOJOPOACOACPIKAIIUX OMHUCCUM IIOJIOXKHUTEIbHBIX U
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OTpPHULIATENIbHBIX BTOPUYHBIX HOHOB, U3MEPEHHBIE PU KOMHATHOW TeMIlepaType U INIOTHOCTH

-2
TOKa NEPBUYHBIX HOHOB 4,5 MKACM “.

1, rel. units
a
PNiH"
100 4
58, (- +
Ni,H
NiH"
1E-6 1E-5 1E-4 1E-3 0.01
p(H,), Pa

1, rel. units
100000 5 6
*NiH,”
1 4 B
0000 N
1000 -
*NiH"
ENiH
100 4
58p 1+ -
NIAH
10 4
14
0.1+ d
0.01 . r : : T
1E-6 1E-5 1E4 1E-3 001
p(H,), Pa

Puc. 1. 3aBHCHMOCTh MHTEHCHBHOCTH SMHUCCHH BOJOPOACOJICPM AKX BTOPHUYHBIX HOHOB C
HUKEJIEM TIIOJIOKHUTEIbHBIX (2) M OTpHIATENbHBIX (0) OT MapIUalbHOTO JABJICHHS BOJOPOJIA,

pachbUIeHHBIX ¢ ToBepxHOCTH LaNis

1, rel. units
a
1000 - LaH*
.
La,H
N
100 - LaH,
LaH,
104
1 4
0.1
1E-6 1E-5 1E-4 1E-3 001
p(H,), Pa

I, rel. units
6
100 LaH,”
LaH™
LaH3
104
14
*+
0.1
T T T T T
1E-6 1E-5 1E-4 1E-3 0.01
p(H,), Pa

Puc. 2. 3aBUCHMMOCTh MHTEHCUBHOCTH SMHUCCHU BOAOPOACOACPIKAINUX BTOPHUYHBIX HOHOB C
JIAHTAHOM TIOJIOXKHUTENBHBIX (a) W OTpHUIATEIRHBIX (0) OT TapHUATBFHOTO JaBJIICHHWS BOJOPOA,

pacIbUIeHHBIX ¢ ToBepxHOCTH LaNis
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Hanmnume »smuccuii BomopojcoAepiKalliX HWOHOB C JIAHTAHOM M C HHUKEIEM H
KOMILIECKCHBIX JIaHTaH-HuKeneBbiXx HoHOB (LaNiH", LaNi,H") ykaseiBaet Ha TO, 94TO BOAOPOI,
rormajiasi Ha MOBEPXHOCTh, 00pa3yeT XUMUYECKUE CBSI3U C OOOMMH KOMIIOHEHTaMH CILJIaBa.
Poct WHTEHCHMBHOCTM 3THUX OHMHUCCHH C POCTOM IIOTOKAa BOJOpOJa Ha MOBEPXHOCTb,
CBHUJICTEIILCTBYET 00 YBEIWYEHWH HA TOBEPXHOCTH KOJIMYECTBA BOJOPOCOACPIKAITUX
XUMHUYECKUX COCTMHEHHH, B COCTaB KOTOPBIX BXOJAWT HUKEJIb U JIAHTAH.

AHanmM3 pe3yabTaTOB MOKA3bIBACT, YTO B JIWAIIa30HE MAPIHUAIBHBIX JaBICHHHA OT 10°
n0 107 ITa maGmonaeMble BOIOPOACOAEPIKALIME HOHBI MOXKHO Pa3ieNNTh HA JBE TPYIIIBL
Jlns mepBoit rpynmsl nonos NiHy', LaoH,", LaH,", LaH,", LaH3', conepxamux Gosee 01HOro
aToMa BOJIOPOJIa, MHTEHCUBHOCTh AMHCCHHM C POCTOM NapIHAIBHOTO JaBIICHHUSI BOJIOpPOJA
yBEJIMYUBaAETCs 00Jiee CYHIECTBEHHO, HEXKENHU JI1 BTOPUYHBIX MOHOB BTOPOM IPYMIIbI, TAKHX
kak La,H*, LaH", LaH’, LaNiH*, LaNi,H". 3aBucumMocTs OT MaBieHHS WHTCHCHBHOCTH
AMUCCHUU BTOPUYHBIX MOHOB MEPBOM TPYMIIBI, B YKa3aHHOM JIMAIla30HE JaBJICHUH, TOMYCKaET
anmnpOKCUMAIIMIO CTETIEHHOW (YHKIIMEH ¢ mokazaTelieM CTeNeHH OOJBbIIUM €IUHUIIBI, TOT/a
KaK i1 HOHOB BTOPOM I'PYMIIBI - ¢ TOKa3aTeleM CTEIIEHU MEHbIIIE €IUHULIBI.

[IpuBenenHble pe3yabTaThl MO3BOJISIIOT MPEANOJIOXKUTh, YTO TPH MaplUUATBHBIX
JIaBJICHUAX BOAOPOJA BBILIE 10® Ila ma NOBEPXHOCTH U B IPUIIOBEPXHOCTHOM 00JaCTH
CYILIECTBYIOT, MO MEHBIIEH Mepe, JIBE POIUTEIHCKHE BOJIOPOACOAEpKAIINE CTPYKTYPHI,
XapaKTepHbIMU (PparMeHTaMu KOTOPBIX SBJISIOTCS BTOPUYHBIC HOHBI YKa3aHHBIX TPYIIIL.
Hannune B mepBoii rpynne moHoB NiH; u LaH; ngaer ocHoBanust mnomaraTh, 4TO B
MOBEPXHOCTHON CTPYKTYpE€ aTOMBbl HHKEIS OO0pa3yloT XHMHYECKYI0 CBS3b C JIBYMS
OnmkallluMyU aToMaMu BOJIOPOJIa, @ aTOMBI JIaHTaHa ¢ TpeMmsi. PomuTenbckas CTpyKTypa,
dbparmMeHTaMH KOTOPOH SBJISIOTCS BTOPUYHBIE MOHBI BTOPOW TPYIIBI, XapaKTEPU3YeTCs TeM,
YTO aTOMBl KOMIIOHEHTOB CIUIaBa HE 00pa3yeT CTEeXHOMETPUYECKUX COCIUHEHHHA C
BOJIOPOJIOM, a POCT HHTCHCHUBHOCTH TaKUX OMUCCHUM OTPAXKaeT TOJIBKO YBEIHMYCHUE
KOJIMUECTBA XMMHUUYECKU CBS3aHHOTO BOJOPOJA B JIAHTaH-HUKEIeBOW MaTpuile. OTpakeHueM
3TOTO SABISETCS M TO, YTO B ITY TPYIIY HOHOB BXOJISAT KOMIUIEKCHBIC JTAHTaH—HHUKEJIECBBIC
HOHBI. VIMEIOTCS M TPOMEKYTOYHBIE BAPUAHTHI POJIUTEIBCKUX CTPYKTYP.

[IpoBeneHHbIE HCCIENOBAaHUS HAYAIbHBIX CTAIUM B3aMMOAEHCTBHUS BOAOpPOJA C
MOBEPXHOCTHIO CIUIaBa-HaKomuTels Bogopoaa LaNis gaioT ocHOBaHHMS MMoJiarath CJeIyoIee.
Ha navanbHOM 3Tame BOJOPOJ HE MPOCTO ATOMUZUPYETCS HA MOBEPXHOCTU C MOCIEAYIOIIEH
mubdysueit B o6beM, a oOpa3yeT Ha IOBEPXHOCTHM W B IPHUIOBEPXHOCTHOU oOnactu
TUAPUIHBIE CTPYKTYPHI, B COCTaB KOTOPBIX BXO/IT 00a KOMIIOHEHTA CIiaBa. Takum o0pazoM,

HMECT MCCTO CIIIC OAHA HEMAJIOBaXXHas CTaAuAd MPOoUCCCa HAKOIIJICHHUA BOAOPOJAa.
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UCCJIEJOBAHMSA KJIACTEPOB Y,," 1 YO, PACHBIJIEHHBIX HOHHOH
BOMBAPJIUPOBKOM

INVESTIGATIONS OF Y,," AND Y,,Oy," CLUSTERS SPUTTERED BY ION
BOMBARDMENT

C.E.MaKCI/IMOBl‘Z, H.X.I[}KeMI/IJIeBl, C.CD.KOBaJ'IeHKOl, O.CD.TyK(baTynJII/IHl, Hl.T.Xo;xneBl,
B.M.Pormreiin®

S.E.Maksimov'? N.Kh.Dzhemilev?, S.F.Kovalenko®, O.F.Tukfatullin, Sh.T.Khojiev’,
V.M.Rotstein*

1HHcmumym UOHHO-NJIAZMEHHBIX U 1a3epHbIX mexHoaozul um.Y.A.Apughosea Axademuu Hayx
Pecnybnuxu Ysbexucman; yi.ypmon Hymu, 33, Axademeopodox, 100125 Tawkenm;
2HHcmumym Xumuu u Quzuxu Ionumepos Axkademuu Hayk Pecnybnuku Y36exucman;,

100128, . Tawxenm, yn. A.Kaowipu 76, e-mail:maksimov_s@yahoo.com

The investigations of Y, and Y,On" clusters sputtered from V surface by Xe" ions have been
carry out. It is shown that the distribution of Y," is approximated by power law, and their
formation can be described in frameworks of the mechanism of combinatorial synthesis. The
conclusion about enhanced stability of Y,On" clusters with similar numbers of n and m is

made.

Opnolt 13 Haubosee aKTyalbHBIX MPOOJIEM COBPEMEHHOW BTOPHUYHO-MOHHOW Macc-
cnexktpoMerpun (BUMC) sBnsercst nosiydyeHHe HHTEHCHBHBIX IYYKOB MOJIEKYJSIPHBIX U
KJIACTEPHBIX HOHOB DAa3JIMYHOIO pa3Mepa M CTEXMOMETPUUYECKOro cocraBa. JoHHOe
pacIblUIeHHe UMEeT psii MPEUMYILIECTB Mepe] APYrMMU crnoco0aMH IeHepaliy KiacTepos,
MO3BOJISASL MOA0OpOM Tuma OomMOapAMpYIOIIMX HMOHOB M MaTepuana OomOapaupyeMoit
MUIIEHU CO3/1aBaTh KJACTepbl, KOTOpBIE CII0O)KHO CHHTE3UpOBaThb HMHBIMU MeToaaMu. B
HacTosIel pabore HaMu Mpu OOMOAPMPOBKE YMCTOM M OKUCIIEHHON MMOBEPXHOCTENH UTTPHUS
HCCIIEI0BAHO MOJTyYeHHe TOMOSIAEPHBIX Y, U IeTeposiepHbIX OKCHaHbIX YnOn' KiacTepon
JUIsl peleHus npukiIaaaeix 3agad BUMC.

UccnenoBanust smuccuu u (parMeHTAIlMU PACTIBIIICHHBIX KJIACTEPOB Yo" 1 YiOn'
BBIMOJIHSUIMCh  HA BTOPUYHO-MOHHOM MAaccC-CIIEKTPOMETpE C JIBOMHON (POKyCHpOBKOMH
oOpatHoit reomerpun [1]. Kimactepbl reHepupoBanmuch mpu OoMOapaupoBke MuiieHed Y
noHamMu Xe' ¢ sHepruei 8,5 ¥3B mox yriom 45°. N3yueHne okcHaHBIX Ki1acTepoB Y, Om'

POBOAMIOCH 10 MeTorKe [2-4] pu Hanycke O, B paGouyro kamepy 10 asierns 5*107 Ia
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Y CKaHMPOBAHWU TMOBepXHOCTU B pacTp 1,5x1,5 mm. Monubie Toku coctaisiau 0,4-0,5 MKA

-4 -2
MIPH TUIOTHOCTH Toka ~10™ A*cM ™.

Macc-CreKTp pacibLIEHHBIX HOJT0KHTEIbHBIX TOMOSIEPHBIX KiacTepoB Yy, HpuBenéH

n Ha Puc. 1. AHanu3 nojiy4eHHBIX pe3yIbTaToOB
+
107 —m-Yp
IIOKa3bIBacT, 9TO pacripeniesieHue
o 10°4 '\ UHTEHCUBHOCTEH BBIXOJIOB I(n) B
'n
E3
> ]
E10°] ~ 3aBHCUMOCTH OT 4Kciia N aTOMOB B KJIACTEpe
z \.\ MOXET OBITh OMHCAHO B COOTBETCTBUH C [5]
c 10" 3 ]
£ m CTETIEHHBIM 3aKOHOM BHJIA
PP \
107 4 u -5
G I(n) ~n", (1)
2_
10 rJe rnokasareib cremnenu o = 4,9.

1 2 3 4 5 6 7 8
n, number of Y atoms in cluster Hccnenosanue o CTaHIAPpTHOH

©

Fig.1. Mass distribution of Y," clusters, sputtered

meromuke [1-4,6] npomeccoB pacmana
by 8,5 keV Xe" ions a [1-4,6] npou pacran

pacrblUICHHbIX KJIaCTEPOB \
CBHUJIETEJILCTBYET O HAJIMYUMM HHTEHCUBHOIO (DparMEeHTAllMOHHOTO KaHajla ¢ BBIOPOCOM
HelTpaapbHOro aroma Y BHJA!

Yo' 2 Y+ Y @)
aHAJIOTUYHO TOMOSAEPHBIM KinacTepaM Huo6us Nb," u Bamamus V,' [6]. O6pazosanne mpu
MOHHOM pACTBUIGHMH KJacTepoB Y,  MOXeT ObITh ONMCAHO MEXaHU3MOM HX
KOMOMHATOPHOTO CHHTe3a [7], B COOTBETCTBHM C KOTOPBIM MOHOMOJICKYIISPHAS
(dparMeHTaIMs KIaCTEPHBIX HOHOB pacCMaTPUBAETCS KaK BTOpas MOJOBUHA OMMOJIEKYJIIPHOU
XMMHYECKOW PEaKlUM, U KaHAIbl pachaja KIacTepoB YKa3bIBAaIOT, COIJIacHO [7], U3 Kakux
HCXOJIHBIX KOMIIOHEHTOB (hOpPMHpYETCS JAaHHBIA KiacTepHblii moH. Kmactepsl Y, B 3TOM
ciydyae oOpa3yroTcs MyTEM IOCIIE0BATEIbHOIO MPUCOEAUHEHUS HEUTPAIbHBIX MPOJIYKTOB
pacmbuieHnst — atoMoB Y (MOHOMEpOB) K aKTHBHBIM KaTHOHaM Y B pe3y/lbTaTe MapHBIX
CTONIKHOBEHHiA, a 06pa3yoNuiicsa MPU 3TOM KJIACTEpPHbIH HOH Yy, MPHOGPETaeT BHYTPEHHIOK
HHEPTHUIO, JOCTATOYHYIO JJIs €r0 0OpaTHOTO pacnaja.

W3ydenne W3MeHEHHs BBIXOJOB TOMOSIEPHBIX KimacTepoB Y, mpu Hamycke Op Ha
pacmbUIIEMYI0 TMOBEPXHOCTh T0 MeToauke [2-4] mokas3piBaeT, 4TO HaOIOAaeMast
MHTEHCHBHOCTH MOHOMepa Y  Bo3pacTaeT B 15 pa3 NpH yBENTHYEHHH NABIEHHUS C 2*10° Ila
(octatounsii Bakyym) g0 5*10°Ila, a nareHcuBHOCTS muMepa Yz' B 9THX ke yCIOBHAX
BO3pacTaeT IMPUMEPHO BTPOE BCIIEJICTBUE YBEIMUEHUS BEPOATHOCTH MX MOHM3aUuu. B To ke
BpeMs, BBIXOJBI OCTaJIBHBIX TOMOSAEPHBIX KIacTepoB Y,  pe3Ko MajaioT, AaBas pOCT

+
reTeposIepHBIM OKCUIHBIM KitactepaM Y ,On . Ha Puc. 2 mpencraiena quarpaMmma BBIXO/I0B
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+ MOJIOKUTETHHO 3apsKEHHBIX
10°4 YO N
10¢] & Y,0t Y30 I Y O reTeposiaepHbIX KiaacTepoB Yn,Om' B
m
©0 2
= 10 1 4 v,ot Voot 3aBUCUMOCTH OT cepud N Ipu
s 3 3 4%m 5Ym 3
= 10 ) 5 Ty ot naBieHuu kuciaopoaa P=5*10" ITa.
é 10° 2 ) B 6 6~'ms
o s 7 [Tony4yeHHsie pe3ybTaThl
Z 10° 1 .
§ 10° l2 K 6 CBUJIETENLCTBYIOT, YTO CIIEKTP Macc
[O) 5
'é 10 ° 4 . L3 o B OTOM CJy4yae CYILIECTBEHHO
1 7
10 Pa3BUT, U HAMU 3apPETUCTPUPOBAHBI
10°
. . . . kmactepsl Y,On® ¢ n=1-6. B
Fig.2. Diagram of yields of YOy,  clusters, sputtered by 8,5
keV Xe" ions under pressure of O, P=5*10 Pa KOKJIOM KIAacTepHOMl cepun N

HAauOOJBIIYI0 HWHTEHCHUBHOCTh HMEIOT TMHKH C ONpeAeNEHHBIM MPUMEPHO PaBHBIM
OTHOILIEHWEM YHCJIa aTOMOB BaHaUs N K YUCILYy aTOMOB Kuciopoaa M. /s kimacteposB ¢ m<n
HaOJII01aeTCsl POCT MHTEHCUBHOCTEH C YBETMYEHHEM M; B TO K€ BPEMsi, BEIXOJBI KJIACTEPOB
+
YO ¢ 9nciioM aTOMOB KHCIOpoaa M>N+2 pe3Ko CraiaroT.
+

JlaHHbIE Macc-pacnpeieleH s PaclbUIeHHbIX KiIacTepoB YOy HMEIOT 3HAYUTEIHHOE
CXOJICTBO C IOJYy4YEHHBIMU B [8] MeTOAOM Jla3epHON aOIsALMM MUIIEHH OKCHUJA UTTpUs B
atMocdepe remus ¢ 5% kucnopoaa. Kak u B Hamem ciydae, HanOOJbIINEe UHTCHCUBHOCTH B

+

[8] umerot kmacrepsl YO €O CTEXHOMETPHUECKUM COOTHOIIEHHEM, MeHbIINM Y03, Takue

+ + + + + +
kak YO, Y,0,", Y30, (m=2-4), Y,On (m=4,5), YsOn  (Mm=6,7), Y¢On (M=7,8). B 10 x%e

+

BpeMs, UHTEHCUBHOCTH Y,Op™ ¢ 0ojbmuM oTHOMmICHHEM M K N B [8] pe3ko cmamaror. D10
TO3BOJISET C/IENATh BBIBOJ, UTO Kinactephl Y,Om' ¢ MPUMEPHO PaBHBIM OTHONIEHHEM N K M
SBIISIOTCS CTPYKTYpaMH C TOBBIIIEHHOW CTAOMIBHOCTBIO U TPEIACTABISIOT 3HAYUTEIbHBIN
MHTEPEC C TOYKU 3PEHHUS] UX HCIONB30BaHUSA B MyYKax KIACTEPHBIX HOHOB JUISI PELICHUS

npukiIagHeix 3agad BUMC.
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BJIMSTHUE HAHOYACTUIL Ag HA MOHHO-®OTOHHYIO 9MUCCHIO NaCl
IPU BOMBAPJUPOBKE K*

INFLUENCE OF NANOPARTICLES OF Ag ON AN ION-PHOTON EMISSION OF
NaCl WHEN BOMBING K*

U.E. Mutponoasckuid, B.B. Ky3ema, B.C. bykcap
|.E.Mitropolsky, V.V. Kuzma, V.S. Buksar

JIBH3 Yorceopodckuii HayuonanvHulil yHusepcumem , yi. Bonowuna 54, Yaceopoo, Yrpauna,
e-mail:vasja_kuzma@ukr.net

It is shown that when bombing a surface of NaCl with the adsorbed Ag
nanoparticles, intensity of spectral lines of the excited dispersed and scattered
particles changes. It is assumed that the particles departing from a surface are
affected by a plasmon not the field of nanoparticles.

B mnacrosiiee Bpemsi aKTUBHO NPOBOAATCS MCCIEJOBAHUS MEXaHU3MOB Iepenadu
SHEpruu BO3OYXKIECHUS aJCOpPOMPOBAHHBIX YAacTUL[ TBEPAOMY Teldy C 0Opa3oBaHUEM
MOBEPXHOCTHBIX IJJA3MOHOB B METAJUIE WJIM MOBEPXHOCTHBIX 3KCUTOHOB B MOJIEKYJISIPHOM
kpuctaiuie [1]. B [2] npemnoxkena Mozenb BO30YKACHUS TUIa3MOHAMH aTOMa, JBHKYIIETOCS
BOJIN3M TOBEPXHOCTH MeTauia. B cucremMax HaHOMETPOBOIO MaciuTaba IOBEPXHOCTHBIE
IpOILeCChl CTAHOBATCS OCOOEHHO 3aMeTHbIMU. B 3Tux mpoueccax Haubojiee MHTEPECHOU
0COOEHHOCTBIO SIBJISIOTCS CHUJIbHBIE KOJUICKTUBHBIE 3((EKTHI B AIIEKTPOHHOH CHCTEME,
onpezensomue peakuuto HaHoyactull (HY) Ha BHewHee Bo3MylieHue. Eciau Monekynbl uiu
aTOMBI HaXO/ATCS BOJIM3U HAHOYACTHUL], TO UMEET MECTO YBEIMUEHUE CKOPOCTH 3alpelieHHbIX
NIEPEXO0/I0B, U3MEHEHUE CKOPOCTH CIOHTAHHOTO HU3JIy4EHHMs aTOMOB, 3HAYUTENIBHBI POCT
CeUeHUs KOMOWHAIMOHHOTO paccesHus [3,4]. HccrnenoBanumsimu [5] ycTaHOBIEHO, 4YTO
obnydeHne mudIekTpukoB moHamu Ne' um F' cpenHedl >Heprum TO3BOJAIOT YIIPABIATH
WHTEHCUBHOCTBIO U YaCTOTOM MOBEPXHOCTHOTO IJIA3MOHHOI'O PE30HAHCA B METAJUIMUECKHUX

HY, cuHTE3upOBaHHBIX B MAaTpULAX.

VYuurbiBas, KBAaHTOBO-MEXAHWYECKYIO MOJIENIb BO30YXKIEHHS IUIa3MOHOB IPH HOHHOU
GomOappoBKe [6], SKCIIepUMEHTaNBHO TOATBEPKACHHYIO ¢ HCTonb3oBaHueM K, MoxkHO
noJjlaratb, 4To CBOOOJHBIN AJEKTPOHHBIM ra3 BHYTpU Metayunueckoil HY, moxer ObITh
BOBJICUEH B KoyieOaTelnbHOE JBI)KEHHE I0JI BO3JCHCTBHEM YCKOPEHHBIX MOHOB. Jlns
CYILIECTBOBaHMS TOBEPXHOCTHBIX IUIA3MOHOB AMAJIEKTPUUYECKas IMPOHUIAEMOCTb OJHOM W3
cpel JOJKHA ObITh OTPHUIATENIbHOM W 1O a0COJIOTHOW BEIUYMHE IPEBOCXOJIUTH
MPOHUIIAEMOCTh BTOPOH Cpe/bl. DTO yCIOBHE BBIMOJIHAETCS AJI TPAHUIIBI pas3jesia MeTa-
JTURJIEKTpUK B ontudyeckoM M OmmwkHemM WK nmanasonax uactor. B Hacrosmieil pabote

IIOoCTaBJICHA 3agada HUCCICaJ0BaHUA XapaKTCPUCTUK HOHHO-(I)OTOHHOﬁ OMUCCHUHU
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(CHCKTpaJ'IBHOFO COCTaBa, KBAHTOBOI'O BbIXOJa H3JIIYYCHHA PACIBIJICHHBIX W OTPAXCHHBIX

B030ykaeHHBIX yacTuil) NaCl, ¢ ocax1eHHBIMH Ha €T0 MOBEPXHOCTH cepedpsabiMu HY.

Hccnenyempie 00pasiibl MpeACcTaBsuid co00i mockonapauienbhbie miactuibl NaCl
pasmepoM 20x10%3 MM, KOTOpBIC BBIKAJIBIBAINA U3 KPYIHBIX OJOKOB YHCTOTO KPUCTAJIA IO
miockoctsiM cnaiiHoctu (100). Beicanka omnpenenennoro koiumdyectBa HU Ag u3 xujkoro
pacTBopa Ha MOBEPXHOCTh OCYIIECTBIISIACH KANEIbHBIM METOJOM C MOCIEAYIONIEH CYIIKON
(1000C pu P< 10* [Ta). ITo nadopmanuu mocraBumka pasmep dactuil coctayst 10 - 80 HM.
DJIEeKTPOHHO-MUKPOCKOIIMYECKUI aHanu3 mokaszai, yro ¢opma HY AgQ mpeumyiiecTBEHHO
chepuueckas. YacTuipl Ha TMOBEPXHOCTH JIO0 Hayaja SKCIEPUMEHTOB OBLIH H30JIMPOBAHBI
ApYyT OT pyra.

DKCHEpPUMEHTHI TMPOBOAWINCH HAa BBICOKOBAKYYMHOM (10® Ila) mOHHO-POTOHHOM
crektpomerpe. Mcrounuk HoHoB obecneunsan Gopmupopanue nydka K* ¢ sneprueit E=2-15
k9B u mwiotHoCcTRIO TOKA j=0,5-20 MKA/cM?. Otkauxa BAaKYYMHOW KaMephl OCYIIECTBIISLIACH
IByMsi Marautopaspsaaaeivu Hacocamu HOPJ/[-250 u typO6omonexynspusiii Hacocom TMH-
200. Dmuccus ¢potoHoB B obnactu iuH BoJaH A=200—-800 HM aHaIM3MpPOBAIACh C TTIOMOIIBIO
M/IP-6Y. U3nydyeHnue mpoeKTUPOBAIOCH HA BXOJHYIO IIE€Th MOHOXPOMATOpa C IMOMOIIBIO
KBapIIeBOM JMH3BI C (POKYyCHBIM paccTossHueM 140 MM, a omTuYeckas OChb MOHOXpOMAaropa
COCTaBIIsIa MPSMOM Yroj C HampaBieHHEeM OOMOapAUPOBKM U HOPMAIBIO K MOBEPXHOCTH.
Yron nagenus noHoB coctapisut 30°. Birarogaps HCIIONb30BAHHIO JUTMHHO(OKYCHOM JTHH3BI
YUUTBHIBAIUCH BCE BBIMYIIEHHBIE (DOTOHBI, YTO MO3BOJSIIO pacCMATPUBATh OPEOJT CBEUEHUS,
00yCJIOBJICHHBIH HM3ITydeHHEM BO30YKIEHHBIX UYACTHII, BBUICTAIONINX OT MOBEPXHOCTH, KaK
UCTOYHMK  CBE€Ta  Majoro  pasmepa. Perucrpamms  W3Iy4eHHsS  MPOBOJMIIACH

(bOTORIEKTPUYECKUM METO/IOM C Hcmonb3oBanrneM OV -106.

Crextp MDD uncroro NaCl mpu 6omb6apauposke nonamu K ¢ E=10 k3B cocTouT u3
HECKOJIbKUX KOMIIOHEHT: TpeX mnosnoc (MakcumyMmbl npu AA=380, 430 u 560 HM) u
CHEKTPaJIbHBIX JUHUHA BO30YKJEHHBIX PACIbUIEHHBIX aTOMOB Na, TEXHOJIOIHYECKON mpruMecu
tutana (Til 498.17 um), Bomopona (H,, Hp) M oTpakeHHBIX aTOMOB NEPBUYHOrO ITyYKa.
Cnexrpanbnblii cocraB NaCl ¢ HU Ag npaktuuecku He MeHsieTcsi. [10osiBIsieTCsl TOBKO JTHMHUS
Agl 328.1 HM ¢ HU3KHM KBaHTOBBIM BBIXO/IOM, CBUCTEIBCTBYIOIIAS O PACHBIIICHUNA aTOMOB
cepebpa m3 HYU. CymiecTBEeHHO H3MEHSIOTCS OTHOCHUTEIbHBIE BBIXOJBI BO30YKIEHHBIX
aTOMOB, OTJIETAIONIMX OT MOBEPXHOCTH. B Tabn.1 m 2 mpuBeAeHBI OTHOIICHHS BBIXOJOB
¢doTroHOB s pacmblieHHbIX aToMoB Na u paccesHHbix atromoB K mpu GomOapaupoBke

mouduimposantoi (1) u uucroii (lp) moBepxuoctu kpucramia NaCl.

60



Taom.1

JIuansa Nal, 330.24/3 514.88 568.26/82 588.99 589.59
HM
[Tepexonm, »B 3.75-0.0 451-21 428-2.1 21-0.0 2.1-0.0
I/ 0.87 2.18 5.61 4.2 4.2
Taomn.2
JInnns K, 404.4/7 | 464.19 | 474.09/4 | 475.74 691.1 766.45 769.89
HM 3
[Tepexon, 3B 3.06- | 2.67-0.0 | 4.22-1.61 4.22- 3.40- 1.62-0.0 1.61-
0.0 1.61 1.61 0.0
/o 1.32 2.21 3.85 3.45 2.10 1.38 1.38

C Tabnum BHAHO, YTO BIHMSHHE Ha OOpa3oBaHME BO30YKICHHBIX YacTHUI TPHU
o6omOapaupoBke NaCl-Ag oka3biBaeT JONOJHHUTEIBHBIA 10 OTHOIICHHIO K KPHUCTALIY C
YHCTON MOBEPXHOCTHIO KaHall CO3/IaHusl BO30YKIECHHBIX YacTUll. Bo30yxaeHue MIIa3MOHOB
IpU MOHHOM OOMOApAMPOBKE MOXKET OCYIIECTBIATHCS HEMOCPEICTBEHHO HMOHAMH [6], Tak u
BTOPUYHBIMU aTOMaMH M 3JIeKTpoHaMH. B cuity ocobeHHocTel (hyHIaMEeHTaIbHBIX CBOMCTB
HY Ag B030yxaeHHe B HHUX IUIa3MOHOB COIPOBOXKIAETCS MHOTOKPATHBIM YBEIHYCHHEM
ANEKTPUYECKOTO MO (C PHEPrUsIMH B ONTHYECKOM JMana3oHe) B YacTUIAX U BHE UX B
obmactu mopsiagka ux pasmepa. CyliecTByeT BEpOSTHOCTh M0BO30OYxaeHus [2], kak
PACIBIJICHHBIX aTOMOB MATPHIIBI, TAK U OTPAKCHHBIX OT MIOBEPXHOCTH IPH IEPECCUCHUH OIS
IUTa3MOHOB. JTa BEPOSTHOCTh 3aBUCHT OT CKOPOCTH BTOPHYHBIX YACTHIl, YTO XOpOIIO
coriacyercss C TIONy9eHHBIMH JIaHHBIMH. Bo30ykneHue ypoBHeH Ooiiee MeIIeHHBIX
(pacnbuteHHBIX) TporcxoauT dddexTuBHee (Tabmn.l). OueBuaHO, UYTO 3PGHEKTUBHOCTH
MUIa3MOHHOTO MeXaHu3Ma OyleT BBICOKOM B Cly4ae JJOCTAaTOYHO Malloil BETHYHMHBI
OTCTpPO#KHU OT pe3oHaHca. Hanbomnbime 3HaueHus I/1o momyuenst mis Nal 568.26/82, 588.99,
589.59 um u KI 474.09/43, 475.74 um. Taxke yBenmuuuBaercs B 3.2 pa3a WHTEHCHBHOCTh
auan Til 498.17 M. AHamusupys SHEpruM BO30YXKICHHBIX YPOBHEH aTOMOB, MOXKHO
MPENONIOKUTh, YTO Ha JABIKYIIMECS BOIU3M TOBEPXHOCTH ATOMBI JEHCTBYIOT JIBE MOJIBI
TUTa3MOHHBIX KojeOanuii: 2.1 u 2.6 3B. IlposBrnenue nByx mox [3,7] g IJIa3MOHHOTO
pe30oHaHca peanusyercs B ciaydae chepounanbHoit popmbl metammmaeckux HY. CnencrBuem
MPEUMYIIECTBEHHOTO BBIOMBAaHUS aTOMOB U3 HAHOYACTHUI] B HAMPABICHUH JIBIKEHUS
OOMOapIUPYIOLIUX MOHOB C MOCIEAYIOIIUM MPUCOSTUHEHUEM UX K KpynHbiM HUY siBnsieTcst

npuobpetenue HekotopbiMu HU cheponanbroit hopmst [5].
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[Ipenmnonaraercs, 4TO CyIIECTBOBAaHUE CBSI3M MEXIY IUIa3MOHHBIM pe3oHaHcoM HY u
s dextuBHOCTRIO M3mydaTene MDD, mozpomut npumensts mMeron MDPC mnsa w3ydeHus
pa3sMepHBIX 3 (EKTOB, CIBUTOB IUIa3MOHHBIX pe3oHaHcoB HY oT BHemHUX (akTopoB, A
YTOYHEHHUSIE  MEXaHW3MOB  OJHEprooOMeHa  MeXIy  TBEpJOW  IOBEPXHOCTBIO U
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HNCCIEJOBAHUE ®OTOMUCCHOHHBIX ITAPAMETPOB IOBEPXHOCTHU
HHUOBUA UMIIVTAHTUPOBAHHBIX HU3KOOHEPI'ETHYECKUMU NOHAMMU
TFA®HUA

INVESTIGATION OF PHOTOEMISSION PARAMETERS OF NIOBI SURFACE
IMPLANTED BY LOW-ENERGY IONS OF HAFNIA

H.A. Hypmatos, 1.X. XaMumkaHOB
N.A.Nurmatov, I.X. Xamidjanov

Hayuonanvnoiii ynusepcumem Yzo6exucmana, Tawkenm, yin. Yuueepcumemckas 4,
men.: (+998 71) 246-99-03, e-mail: yergashev@rambler.ru

In the work it is shown that when implanting low-energy ions of refractory metals,
the doped atoms are mainly distributed near the surface of the metal matrix with a
depth of up to 10 atomic layers. If before implantation of the Nb (100) sample, the
quantum of an exit of photoelectrons has a fast growth in dependence on the energy
of the incident photons, then after the implantation a weak dependence Y = f (hv) is

observed.

OnHOM M3 aKTyaJdbHBIX 33734 (U3UKK MOBEPXHOCTH TBEPABIX TEN SBISETCS CO3TaHUE
IIOBEPXHOCTHBIX CILJIABOB JIFOOOr0 COCTaBa M Pa3HbIX KOHLUEHTPALUHU JIETHPYIOLIUX JIEMEHTOB Ha
OCHOBE TYTOIUIaBKUX MeTauioB. Kak M3BECTHO, CIUIaBbl TYrOIUIABKMX METAJUIOB MOJHMOJEHA,
HUOOus, rapHus, TUTAaHA U T. J. IIUPOKO UCHOJB3YIOTCS B SJIEPHONM DSHEPIETHUKE,
MAaIIMHOCTPOEHUH, B BakyyMHOM TexHosoruu, CBU nmpubopax a taxxke B TOllax B xadectse
JIEKTPOJHBIX MaTepuagoB. MHorue (U3MKO-XUMUUECKUE SMHUCCHOHHBIE, aJICOPOLIMOHHBIE
KaTaJIUTHUYECKNE, U TAKKE MHOTME MEXAHUYECKUE CBOMCTBA METAJIOB 3aBUCUT OT UX aTOMHOIO
cTpoeHuss U (a3oBoro cocrosiHusA. B mepBylo ouepenb, BhIIECKAa3aHHbIE MapaMeTphbl
OIpENeNAeTCsl IEKTPOHHOW CTPYKTYpOHM JaHHOTO 3JIEMEHTA, IUIOTHOCTBIO 3JIEKTPOHHOIO
COCTOSIHUS M MX paclpejienenne BOau3u ypoBHs depmu.

OKCIIEpUMEHTAJIBHBIE M TEOPETUYECKHE  MCCIEAOBAaHUS II0Ka3ald, YTO YIPABIICHUE
cocTosiHue d — 2JIEKTPOHOB MyTEM BBEIICHHS PA3IMYHBIX MMPUMECEH, CO3/JaHNue MOBEPXHOCTHBIX
U OOEMHBIX CIIJIaBOB pelaeT psan (QyHIaMEHTAIbHBIX 3a7ad MPUKIAJAHOIO U TEOPETHYECKOIO
xapakrtepa. M3BeCTHO, UTO CIUIaBbl MOJYYEHHBbIE TPAJUIMOHHBIMU CIIOCOOAMH HMMEIOT CBOU
IIpeuMyIlecTBa U HenocTaTku. OIHUM M3 HEJOCTAaTKOB TAKMX CIUIABOB SBIIAETCS TPYIHOCTb
MOJIy4YEHUsI aTOMHO-YHUCTBIX CIUIaBOB, HE MMEIOIIMX OOJBIIOr0 KOJIMYECTBA aTOMOB YIJepoja,
KHCJIOpPO/1a, Cephl U APYTUX MPUMECHBIX 3yieMeHTOB. [loydyeHne CruiaBoB myTeM MMIUIaHTaluu
HU3KOOHEPreTUYECKMMH  HMOHAaMH  pPAa3JIMYHBIX  TYTOIUIABKUX  DJIEMEHTOB  MCKIJIFOYAET
BBIIIECKA3aHHbIE HEJOCTAaTKU CIIaBOB. Kpome TOro, paauManyoHHBIE U APYTHE NOBPEXKICHUS
MPUIIOBEPXHOCTHOM OO0JACTH MOJYYEHHBIX CIUIABOB HE3HAYUTENBHO BIHUSAIOT Ha CTPYKTYpPY
MOBEPXHOCTHBIX aToMoB. Hebosb1110# nmporpeB oOpasia NpakTHUYEeCKH MOJIbHOCTHIO MPUBOAUT B

PaBHOBECHBIC COCTOAHUS IMOBECPXHOCTHBIX aTOMOB. B nannoi pa60Te Ha MMpUMCEpPE UMIIJIAaHTaAIUA
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HU3KOOHEPIreTHUECKUX HOHOB radHMs B MOHOKpHcTauiax — Huobus rpameit (100), (110)
UCCIIEIYeTCsT HM3MEHEHHUE CHEeKTPaIbHOM 3aBUCUMOCTH KBAaHTOBOTO BbBIX0/Aa (POTOIMHUCCHH
(KB®), 3naueHue (HOTOIMUCCHOHHONW pabOThl BBIXOJA W KPHUBBIX OIHEPIeTHUECKOTO
pacnpezenenus ¢potornekTpoHoB KOP® B o0nactu 6iMKHET0 ¥ BAaKyyMHOTO yibTpaduosera.

KoncTpykuus  MHOTO(GYHKIIMOHAJTBHOW  CBEPXBBICOKOBAKYYMHOH  yYCTaHOBKH  C
TBEPJOTCIIPHBIM HOHHBIM HCTOYHUKOM omnucana B [1]. Kpucramn radHus ycTaHOBICHHBIH B
TAHTAJIOBYIO YallleUKy MPOTPEBAJICS 0 BBICOKHX TEMIIEPATYyp C IENbI0 OYHCTKH OT MPUMECHBIX
ajeMeHTOB. Pabounii BakyyM B Kamepe mnpudopa (3-5)10‘10 Topp. Bo Bpemsi uMmIanTanuu
BaKyyM B YCTaHOBKE ObLI HE XYK€ (2-3)10‘8 Topp. MoHHO# TOK atromMoB radHUs (1-2)10'8 A.
[Torox MOHOB HHOOHUS B 3TOM PEXKHME COCTABISET ~10" wom.em?c?, sHeprus noHos E=3-4
K3B.

B MaHUMynATOp SKCIIEPUMEHTATBHOM YCTAHOBKH OBLIM YCTAHOBJIEHBI MOHOKPHCTAILIBI
radpuus, Nb(100) u Nb (110). Tlociennue CiayXuiad B KadeCTBE STAJOHHBIX O0Opa3I[OB.
[TpenBapuTenbHO KpucTaLibl porpeBaiauch 10 (2200-2400)K ¢ oqHOBpEMEHHBIM CHATHUEM OKe-
crekTpoB. B o6mmeit cinoxxkHoct MoHOoKprcTauisl Nb oasepramuce TepmoodbpadoTke 6osee 50
yacoB. [locine gocTukKeHHs aTOMHO-YMCTOM TOBEPXHOCTH, CHHUMAIUCh CIEKTpajbHbIC

3apucumocTd KB® wu ompepensiock 3HaueHHe pabOThl BBIXOJA METOAAMH MPSMBIX U
u3oTepMuueckux KpuBbix Paynepa. Ilpu stom crpommmcs — 3aucumoctn YV2 = f(hv) u

Ig_l\_(—zz f(%) B Jauana3oHe sHepruu ¢otoHoB oT 3,95 3B g0 5,15 3B. Ilpsmeie daynepa

obpabarsBanuck MetogoM MHK. KOP® Obutn cHsATHI nipu dHEprusix ¢potoHoB hv=8,4 3B u 10
B, r7e B KayecTBE WCTOYHUKOB M3IIyYCHHS CIYXKHIN pPE30HAHCHBIE KCEHOHOBHIE W
kpuntoHosbie Jamnbl tuna KcP-2-1 u K,P-2-1. Oxe crekTpsl CHUMalUCh B YHEPreTHYECKOM
nuarnasoHe ot 80 1o 540 5B nocie BeIcOKOTEMIEpaTYPHBIX MPOTPEBOB U HATPETHIX COCTOSHUIX
MOHOKPUCTAJIJIOB HUOOMS U TaHUS.

Oske-CrieKTpsl MOHOKPUCTAIITOB raHust U HHoOus. [lociae TepMOOUNCTKH HCCIIeIyeMBIX
00pa3oB OBUTM CHSATHI OKE-CIIEKTPHI OT TOBEPXHOCTH AaTOMHO-YMCTBIX MOHOKPHCTAJUIOB
rapauss u HuoOusa. Kpucramn rapHus ciayXul B KadecTBE STaJOHHOIO oOpasua Juis
COIIOCTABJICHUS OXe CHEKTPOB MOJYYEHHOIO CIlaBa HUOOusA-TadHus ¢ 4yucThiM ragpuuem. Ha
puc.1l. mpuBeneHs! oxe crnekTpsl mocie umruiantanuu Nb (100) nonamu raduus. 13 pucynka
BUJHBI OCHOBHBIE THKH JUIsi HHOOWs Tpu sHeprusix: 146, 169, 200 m mukum raduus npu
sHeprusx 172 u 182 5B, a Takke MUK UPKOHHSL.

CriexTpajbHble 3aBUCUMOCTH KBaHTOBOTO BbIXoAa (hotosmuccuu KB®. KBD wuccnemyembix
KPHCTAJUIOB OBLIM CHSTHI O M mocie uMmiuiantanuu nosepxHoctu Nb (100) nonamu raduus

BBIUUCIICHBI 3HAYCHHE (POTOIMHUCCHOHHOTO paboTh! Bhixoaa. Eciu qo umrutantamuu  Nb (100)
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e(110=4,51%+0,02 3B, TOo mocie WMIUIAHTAIlMK 3TO 3HAa4YeHHE e@100—4,32+4,33 3B TO ecTh

Ha0II01aI0Ch YMEHbIIeHUEe paboThl Beixoaa Ha 0,2 3B.

A

x10
153 182
S Hf 200
] Nb
=
& 172
=
°© /
i 166 Hf
S Hf
b
© x10
94 146
Z N
' b 169
Nb

E, B

3
>

Puc. 1. Oxe CIIeKTpbl HOHHO-IETHPOBAHHOTO KPHUCTAILIA HHOOHS HoHaMu raduus npu 1o3e D=3-10"

I/IOH'CMZ, E=3-4 x»B

Kpussie sneprermueckoro pacmpeneneHus (otodnektpoHoB KOPD caumanmch s
. 14
noBepxHoctd HUOOHS (100) mo m mocie UMIUIAaHTaUWU aToMamu radHus ¢ m030i (3-5)-10
2, -1 S B =
HOH.cM “*c " M dHepruell E,=3-4 x3B. Ilpu 5ToM noBepXHOCTHAsl KOHIEHTpALUs aTOMOB radHus
BbIUUCIIEHHAs (DAaKTOPOM JIEMEHTHBIX UyBCTBUTEIBHOCTH cocTaBsuIo (2-3) at.%.
Ha puc.2 npuBenensl ¢oroanekrponnsiii ciiektp N(E) mist crmaBa HUOOHS-TadHHS TIPH
sHepruu (potoHoB 8,4 »sB. OOHapykuBalOTCI MakKCUMyM OOYCJIOBJIEHHUN 30HHOM CTPYKTYpOM
rapaus npu 1,3 3B Huxe ypoBHs @epmu. Kpome TOro cymecTBeHHO YBEIMYMBAETCS

AMINIUTYABI HU3KOOHEPIETUICCKOI'0O MaKCUMYyMa.

=
o
B
o
m
Z
E, »B
| | | |
4 3 2 1 0

Puc.2 ®oToaneKTpOHHBIHN CIIEKTp IS cIiaBa HHOOUsA-radHus pu sHeprun GoToHoB 8,4 9B.
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B pabote [2] mokazaHo, 4TO MpU UMIUTAHTAIIMN HU3KOAHEPTETHUECKUX HOHOB TYTOTIABKUX
METAJIJIOB JISTUPOBAHHBIE aTOMBI B OCHOBHOM pACIPEACISIOTCS MPHUIIOBEPXHOCTHOW 001acTu
MeTajuIa-MaTpyibl rryouHoi g0 10 atomusix cioeB. Eciau o ummiantanuu oopasia Nb (100)
KB® wumeer OBICTPBIH POCT B 3aBUCUMOCTH OT JHEPIHMM IMaJalomuXx (OTOHOB, TO IOCIIE

UMIUIAaHTalMK HaoOmogaercs ciabas 3aBucumocts Y = f(hv). D10 cBs3aHo, BO-NEpBBIX, ¢

HEYIOPSI0YEHHOCTBIO TOBEPXHOCTHOTO AaTOMHOTO CJOS M KOX(P(HUIMEHTOM OTPaXKCHHUS
IIOBEPXHOCTU B JIaHHOW CHEKTpaibHON 00nacTH u3iaydyeHus. Bo BTOpBIX, BHEApsEMbIE HOHBI
ragHusa oOpa3yeT TBEpAbIl pacTBOP 3aMELICHUs U NPUBOAAT K W3MEHEHMIO MOTEHLUAIBHOTO
noist pemieTkd. POTOIIEKTPOHBI YYACTBYIOIIME B 3MHUCCUU U3 ITOBEPXHOCTHOIO CJIOS 3a CHET
o0Opa3oBaHus IePEeKTOB M HEOONBIINX PAJUANMOHHBIX MOBPEKICHUH NPU MOHHOM BHEIAPEHHUH
TEpAIOT 4YacTh CBOed sHepruu. Kpome TOro 3T HapylleHUs MOBEPXHOCTU T.€. 0Opa3oBaHHE
JMCIIOKALIMOHHBIX Je(EKTOB, MO-BUIMMOMY, BIHUSAIOT Ha OJ0XKeHUe ypoBHs DepMu KpucTaia.
Taxum 00p0o30M, 3TO IPUBOAUT K M3MeHeHHIo 3HaueHus: KB® u paboTsl BBIXOJa MOBEPXHOCTH
WOHHO-JITUPOBaHHOTO  Kpuctauia. Anamuz KOP® npu hv=8,4 5B Oonee uyerko
IIOKa3bIBa€TOCOOCHHOCTH 3JIEKTPOHHBIX COCTOSHUM IOBEpXHOCTHOro ciosi. I[Ipoucxoxxnenue
HU3KO?HEPreTHYECKOro MakCMMyMa B YHMCTBIX MeTajulax B OCHOBHOM OOYCJIOBJEH MOTEpsAMHU
SHEpPTuu (OTOIJIEKTPOHOB TPHU DIEKTPOH-IIEKTPOHHBIX HEynpyrux paccesausax [3]. Ipu
MOHHOM JIETUPOBAaHUM pPa3BUBACTCA KacCKaJl CTOJIKHOBEHMs B TBepaoMm Ttene. Ilpu stom B
MeTaJule-MaTpuie obpasyercst O0blIoe YMCIO /1e(eKTOB THIA BAKAHCUH M MEXIOY3EJbHBIX
atomoB. Takum 00pa3oM, CYyIIECTBEHHOE YBEIUYEHUE aMIUINTYIbl HHU3KO3HEPreTHYECKOIro
MakcUMyMa OOYCJIOBJIEHO MOTEPSMHU 3HEPIHMH (DOTOIIEKTPOHOB Ha CTPYKTYPHBIX M TOUEUHBIX
nedexTax.

N3 kpusbix N(E) cusaTbix npu sHepruu ¢oronoB 10 u 8,4 5B a1t MOBEpXHOCTH HOHHO-
JIETUPOBAaHHOTO HHOOMS C MOBEPXHOCTHOM KOHIEeHTpauuu 2-3 % aTomMoB radHHUs BUIHBI
JIOTIOTHUTEIbHBIE MAaKCUMYMBI 1ipu 3Hepruu 1,25-1,3 aB Hmke ypoBua depmu. Ham kaxercs,
3TO CBSI3aHO C JIETUPOBAHHBIMU aToMaMu rapHus. VIMIiaHTupoBaHHbIE aTOMbI HUOOUS CO3/IAI0T
CBOM DHEPreTHYECKHUEe MOA30HBI CBsi3aHHble C 4d-dnexkTtpoHamu Huobus [4,5,6]. Drtm

DIIEKTPOHHBIE COCTOSTHUS MPOsBIsOTCS B criekTpax N(E) .
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ONTUMU3ALUA NAPAMETPOB JIETUPOBAHUS ATOMAMMU IIVIEHOK Al Fe,
Mo HA TIOBEPXHOCTH OBPA311OB CIINTABOB IMPKOHMUS 11O /1
OBJIYYEHEM IIYYKOB NOHOB API'OHA

TITLE OPTIMIZATION OF ALLOYING PARAMETERS WITH Al, Fe, Mo FILMS
ON THE SAMPLE SURFACE OF ZR ALLOYS UNDER IRRADIATION BY BEAMS
OF Ar IONS

JI.A. Cadonos, A.C. SlmmH, H.B. Boinkos
D.A. Safonov, A.S. Yashin, N.V. Volkov

HUAY «MUDN», Kammpcekoe 1., 31, Mocksa, Poccust

Study of sputtering process influence of the film-substrate system at the near-
surface layers modifying of the zirconium alloy (Zr-1% Nb) by ion mixing method
under irradiation by a beam of argon ions with a wide energy spectrum.

W3BecTHO, 4TO HMOHHAas OoMOapIuMpOBKa IUICHOK, HAHECEHHBIX Ha MOBEPXHOCTH
MacCHUBHOIo o00pa3lia — TMOJJIOKKH  IO3BOJIAET BBOJUTH B IPHUIIOBEPXHOCTHBINA CIION
MOJJIOKKH Ha TAYyOWMHBI 10 eauHuI MKM. [Ipu 3ToM st moBbIieHUS 3((HEKTHBHOCTH
BHEJPEHUS aTOMOB W3 HAHECEHHBIX IJIEHOK HEOOXOIUMO CHHKATh CKOPOCTh PACHBLICHHS
IUICHOK U CTPEMHUTHCS YBEIWYUTH BHEIPEHHE aTOMOB B MOJIOKKY Ha 3HAUUTEIbHbBIE
DIyOMHBI C KOHIEHTPAIMSMHU BBIIIC TIPEJeia PACTBOPUMOCTH 32 CYET paJAHAIHMOHHO-
CTUMYJIMPOBAHHBIX Tporeccos [1].

Lenpto Hacrosimiel pabOThI SBUJIOCH HM3YUYEHHE BIMSHUSA TpoOIlecca pPacbUICHUS
CUCTEMBI «IUICHKA-TIOAJIOKKA» MPU MOAUPHUIIMPOBAHUH MPUIIOBEPXHOCTHBIX CIIOEB CILIaBa
nupkonust 9110 (Zr-1%NDb) B pexxumMe HOHHOTO TEpeMEIIMBAHUS 0] OOTYYEHHEM TYYKOM
WOHOB aproHa ¢ IMHPOKUM IHEPTCTUIECKUM CIICKTPOM.

B xagectBe 00pa31oB /i MPOBEACHUS UCTIBITAHUI OBLIIM BHIOpaHBI 000JIOUKH TBIJIOB
muamerpoM 9,15 MM ¢ TommumHOM cteHok 0,65 MM w3 cmimaBa mupkonus 3110,
MouduimrpoBanne MOBEPXHOCTH 00pa3iioB MPOM3BOAMIOCH Ha yctaHoBke MJTYP-03 [2], ¢
pa3psIHON KamMepoW TO3BOJISIONIEH O00MydaTh UWIMHAPUYECKHE O0Opasibl paguaibHBIM
MyYKOM HOHOB C HIMPOKUM dHepreTudeckuM crektpom (mnc) 0,5-5,0 k3B, cpenusis sHeprus
<E>~3,0 k9B, no3a oGmyuenus (5-10)x10'® mon/cmM® u Tpu MarHeTpoHa, MO3BOJSIOLIMX
HABUISATh TOHKHE TJICHKH METAJIOB B aTMOC(epe WHEPTHOTO Ta3a MpH JaBIECHUU pabouyero
rasa oime 10™ ITa.

Jlnst m3ydeHus 0COOCHHOCTEHW pachbUICHUS CIUIABOB IHUPKOHUS TOJ] BO3JEHCTBUEM
paMaIbHBIX IyYJKOB aproHa MpH HAJIWYUM Ha TIOBEPXHOCTH MHIICHEH MHOTOCIOWHBIX
MIEHOK OBLJIO M3TOTOBJICHO 4YETHIPE OCHOBHBIE TPYNIBI O0OPa3oB, HAXOJISIIIMXCA B

CICAYIOMUX  COCTOAHHUAX: B IITaTHOM  COCTOsHHH, MEPOXOBATOCTL  MOBCPXHOCTU
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Ra = 1,75+0,5 MKM; MOIMPOBAaHHOW BHEIIHEH IMOBEPXHOCTHIO ITyYKOM HMOHOB aproHa
Ra = 0,2+0,1 wmxwm; nermpoBanHoii aromamu Fe, Fe-Mo, Al, wmeromoM HOHHOrO
MEePEeMEITNBAHUS; ACCHCTUPOBAHHBIM TMOKPHITHEM (IIPUIIOBEPXHOCTHBIN CJIOW JIETHPOBAHHBIN
aTOMaMH{ METOJIOM HOHHOTO MePEMEIINBaHUS + HAHECCHHOE TIOKPHITHE).

Kak u3BectHo [3] ko3¢ duumenT pacubuieHus Sy CBSI3aH ¢ apameTpaMy cleayromeit

3aBUCUMOCTBIO:

AxxF_ (E
sp(E)zxﬁTq()’ @

rae Fq(E) — sHeproBeienenue B ciioe Marepuana AX.

0

BenuunHa 3HEProBBIACICHUS B JIMHEWHOM NPUOIMKCHUM MOXKET OBITh paccUMTaHa
kak Fq(E) = <E>/<X>, rae <X> — ycpenHEeHHbIH NpoOer HOHOB U €r0 MOXKHO PacCUUTHIBATh
KaK MPOCKTUBHBIN MPOOEr HOHOB ¢ dHepruei E; B MaccuBHOM MarTpuile, T.¢.

R(E) - =
) o R(E,) IS (E)+S © 2u3)
1+0,36 2

1

Q

rine R(E;) — monueblii mpoder nona ¢ sueprueii E;j, Sp(E) — ceuenue ynpyroro B3auMo ieiicTBus,
Se(E) — ceuenue Heynpyroro B3anmoeiictBusi, No — aTOMHasl INIOTHOCTh MaTepHala.
Ha puc.l mpexncraBineHsl A CpaBHEHUS BBIYHMCICHHBbIE 3HaueHus Fy cucrembl

«IIeHKa-TOIOKKA»y Fe-Zr mpu obmydenun myukamu uoHoB Ar- m He' ¢ <E>=3 3B ¢

IIMPOKUM SHEPreTHYECKUM CHEKTPOM, M3 KOTOPOrO BHJHO, YTO SHEprosbiaeneHue Fq mpu
+

o0ydeHUM MOHaMH He'™ BbIlle B HECKOJIBKO pa3 MO CPAaBHEHUIO ¢ OOIyuyeHHEM ITydKaMu

+ o
HoHOB Ar' . Tak ke BenuunHa Fq YBEJINMYHNUBACTCA C BO3PACTAHUCM ATOMHOUN MACChbl MaTCpHrajia

IIJICHKH
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3Heprua MOHOB, 3B
1-He", 2-Ar
Puc. 1 — 3aBucumocts sHeprosoiaeneHus B nupkonuu s [IBA Fe mpu o6myuenun nonamu
Ar'u He'
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B kauectBe mapamerpa, XapakTEpH3YIOIETO MPOIECC HOHHOTO MEPEMEIIMBAHUS ObLT
5
BbIOpaH mapaMeTp — ko3¢ uimeHT 3¢hHeKTHBHOCTH Tpoliecca nepemeninBanus B (HM°/3B)
[4], koTOpBIii OnpeaesIcs 1o clieayoLei hopmyle:
Xm

or 3)

B =

rae X,,— niyouna murpanuu, @—no3a o6mydenus, Fq — s3HeproeolaencHue.

+
Ha puc. 2 mpencraBieHbl 3aBUCUMOCTH BeJluuuHbl B oT sHeprum monoB Ar . Kak
BUJIHO M3 PUCYHKA TIPU 00TydeHnH HoHaMH At 3(()EKTUBHOCTh HOHHOTO MepeMeNnBanys B
YBEJIMYUBACTCS C YMCHBIIIEHUEM aTOMHOW MaccChl MaTepuaia IJICHKH, YTO CBS3aHHO C Ooliee

3¢ GeKTUBHOM Mepeaveii SHEPTUH MEXK Ty HAJICTAIOIICH YacTUIIEH U aTOMOM MUIIICHH.

0,1
1

@ 2
)
= 0,01 3
X
o

0’001 I Iy S| I T T I Ty T |

0 1000 2000 3000 4000 5000 6000 7000
SHeprva MOHOB, 3B

1-Al, 2— Fe, 3-Mo
Puc. 2 — Koaddurment s dexkruBHOCTH HOHHOTO NepemernBanus s [IBA Al, Fe,
Mo B uMpKOHUM Npu 00IydeHUH HOHaMH Ar+

OpHako yBEIMYEHUE SHEPIrMU HMOHOB NPUBOAMUT K POCTY CKOPOCTH PACHBLICHUS WU,
CJIeZIOBaTeNIbHO, 00I1Iee KOJTUYECTBO BHEIPEHHBIX aTOMOB B MaTPHILy CHUXKAETCS.

B ob6mem cnydae pacmpeneneHue BHEIPSIEMBbIX aTOMOB IpU IEPEMELIMBAHUU C
MIOMOIIIBIO ATOMOB OT/Ia4X MOXKHO OITUCHIBAIOT BhIpaXKeHUEM [5]:

C(x) = Aexp(—x/l), (4)

rae | — nmuHa «3atyxanusiy, 4 — mapametp Baeapenus. [lapamerp | u A paBHbI:

? Ln(R, /%)
_AMM, . ,A:8,7-107@—(M1+M2) exp ——( /%)

| =0,357E,
(M, +M,) 4XM,M, 0,51

, (5u6)

rne E, — sHeprus aroma otnauu, Ry — npoexkunonusiii mpoder [IBA B marepuaie, X —

TOJIIKWHA ITJICHKHU, @ — noza O6J'Iy‘-IeHI/I$I.
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Ha pucynke 4 mpencraBieHbl SKCIEPUMEHTaIbHbIE 3aBUCHUMOCTH COJEp>KaHUs

+
BHEJPEHHBIX aToMOB MO B ZI moasioKy npu oOJy4eHHH MyYKaMd MOHOB Ar ¢ HIMPOKUM
DHEPreTHYECKUM CIIEKTPOM, U KpUBBIE, MOCTPOCHHBIC MO MOJEIU JorapupMHIecKOro

3aTyXaHU.

1,000

0,100

0,010

Copepxanue, OTH.€]I.

0,001 t t t t t t t t t t t t t t t t t t t t
0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 BOO
['myOuHa, MKM

1 — pacuernsiii npoduae C(x)y 1t mydka HOHOB Al ¢ IIMPOKUM YHEPTETHICCKUM CIIEKTPOM;
2,3 — »OKCHepUMEHTalbHbIE JaHHblE, A03a oOmydenus D=2 u 1 X 108 I/IOH/CMz,
COOTBETCTBEHHO; 4 — MOJIEIIb JIOTapH(PMHUUYECKOTO 3aTyXaHUs

Puc. 3 — Pacnpenenenue Mo B Zr npu o6mydenny mydkom Ar’

HJ’IH ITIOBBIIIICHH A SCI)CI)GKTI/IBHOCTI/I IMIPOHUKHOBCHUA  BHCAPACMBIX AaTOMOB H
peam3anun ONTUMAJIBHBIX yCHOBI/II\/JI JICTUPOBAHUA MCTOAOM HMOHHOI'0 NECPEMCIIMBAHUA TIPU
O6J'Iy‘leHI/II/I ITYYKOM HOHOB C HIUPOKUM JHCPICTHICCKHUM CIICKTPOM MOKCT OBITh YBCIIMYCHUC
SHCPTUU MOHOB B IMYYKE C OJHOBPEMCHHBIM YMCHBIICHHUEM HpHBGJIGHHOfI aTOMHO#M MacChI
IMy4Ka, KOTOpPOC PCAJIN30BAHO NNPUMCHCHUCM KOM6I/IHI/Ip0BaHHOFO o COCTaBy IIyYKa MOHOB

pasHBIX Macc, Hanpumep He™ + Ar’, B onpeieIeHHOM COOTHOIICHHH.

[1] A.IT.Axonb3un, A.IL.)KykoB, Kucnopomnas KOppo3usi XUMHYECKAX MPOHM3BOACTB. M.:
Xumus, 1985.

[2] b.A.Kanun, H.B.Boakos, P.A.Banukos, A.C. S, ®XOM. 4 (2016) 5.

[3] ®.®.Komapos, MonHas umrianTanus B MeTauisl. M.: Metamtyprus, 1990.

[4] N.Matsunami, Y.Yamamura, Y.Itikawa, Atom. data nucl. data tabl. 30 (1984) 261.

[5] L.A.Christel, J.F.Gibbons, S. Mylroie, Nucl. Instr. and Meth. 182-183 (1981) 187.
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PROCESS OF RADIATION DEFECTS FORMATION IN INDIUM PHOSPIDE
E.G. Soboleva, Kuznetsov M.A., V.V. Litvinenko

Department of welding production, Yurga technological institute of Tomsk polytechnic
university, Leningradskaya st., 26, 652050, Yurga, Russia, e-mail: sobolevaeno@mail.ru

The aim of the given paper is studying the rates of radiation defects introduction
and annealing in the neutral region (NR) and in the space charge region (SCR) of InP n-type
as well as building the physical models of these processes with consideration to the dynamics
of defects charge state transformations on the base of the obtained data.

A differential characteristic of InP is that, under the room (and probably, below the
room) temperature, primary radiation defects are mobile. That’s why currently the defects
observed in InP after ray treatment at T > 300 K are considered complex secondary defects.
Such characteristics allows applying understanding of that kind of defects when analyzing the
experimental data. Due to that when planning experiments on defect formation in InP we
expected that, together with controlling rates of defect introduction through changing their
charge state, formation of absolutely new defects which have not been observed before, is
possible.

To obtain the information about both SCR and NR of indium phosphide we applied
samples presenting diodes with Schottky barrier produced from epitaxial films n - InP grown
on heavily doped bases using the method of gaseous epitaxy with the concentration of free
carriers n = 2-10" cm™. The rates of introduction and other parameters of radiation defects
were measured according to the method of deep level transient spectroscopy (DLTS) [1].

The samples were irradiated in y - reactor facility contour with the intensity of
dd/dt = 1,7-10"2 quantum/cm? -s. The temperature of the irradiated samples was between 50-
70 °C. The integrated flux of y - quanta was 1,2-10'" quantum/cm? . The samples were also
irradiated by electrons with the energy of 1 and 4 MeV with pulse accelerator. Intensity of
irradiation was chosen so that SCR determined by bias potential did not practically decrease
during the pulse of electron stream.

Diodes with Schottky barrier were irradiated with reverse-bias voltage U = 10 V and
without it (U = 0). Bias voltage Uy, determining the depth of the explored area was 4 V (less
than 10 V to ensure that only the irradiated SCR is explored).

In the original samples we observed two basic growth electron traps A (Ec — 0.37 eV)
and B (Ec — 0.55 V) which concentrations were 1.5-10'* and 1-10'* cm™ accordingly (Fig. 1,

curves 1,1'). After the irradiation with y - quanta under the room temperature there appeared a
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peak under T =294 K (Fig.1a, curve 3; Fig.1b, curve 2') in DLTS spectra together with other
radiation induced peaks.

At the same time the filling pulse duration was reduced up to 0.1 ms to make the given
peak dominant in relation to peak B. Activation energy of electron thermal emission obtained
this way equals (0.62 £ 0.1) eV which corresponds to E10 centers in [2] or E5 in [3].
Comparison of curves 2 (or 3) and 2' to 1 and 1' shows that concentration of E10 centers in

SCR is significantly larger than in the neutral region (NR).
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Fig. 1. DLTS spectra of two indium phosphide samples irradiated with y—quanta, D = 1.2-10" cm?,
time interval t/t, = 2/10 [ms/ms], bias voltage when measuring - 4 V, filling pulse amplitude - 4 V; a:
1 — before irradiation, 2 — after irradiation under U = 0, 3 —result of curve 1 subtraction from curve 2
in the peak E10 region; b: 1' — before irradiation, 2' — after irradiation under U =10 V [5].
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Fig. 2. Distribution profiles of shallow donors (1), E10 centers (2), growth traps B (3) concentration.
Irradiation of indium phosphide with y -quanta under reverse bias voltage U = 10 V [5].

The rate of E10 centers introduction in NR equals 1.8-10 cm™ , which corresponds to

the data in [2, 4]. In SCR the introduction rate is 8 times higher and equals 1.42-10° cm™. The
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rates of E10 center introduction into NR and SCR under electron irradiation of 4 MeV equal
0.13 and 0.78 cm™, and their relation is 6 which is smaller than under y — irradiation.

In Fig.2 distribution profiles of E10 centers, shallow donors and growth traps B
concentration in the sample irradiated with y -quanta under reverse bias voltage U = 10 V. It is
apparent that the profile of defect concentration E10 is stepwise and the rate of these defects
introduction does not depend upon the intensity of electric field in SCR (concentration of
centers does not change in a significant part of SCR while intensity decreases linearly from
the semiconductor surface). The “step” coordinate ion the profile equals the SCR border
coordinate determined by the voltage of 10 V in the process of irradiation.

In Fig.3 we present dependences of E10 centers concentrations in SCR (curves 1-3) and
NR (curves 1'-3') upon the temperature under isodose irradiation of varying intensity. We can
see that under low temperatures center concentrations in NR and SCR coincide, then, as

temperature increases the concentration in SCR grows abruptly and remains stable in NR.

1014

NEe1o, cm™

1013

100 200 300 400
T,K

Fig. 3. Experimental (symbols) and calculated (lines) temperature dependences of E10 centre
concentrations in NR and SCR of indium phosphide under isodose electron irradiation; the light
symbols — NR, the dark ones - SCR; D, cm™ 1,1' — 1.13-10" (irradiation time t;,, = 360 s, E = 1 MeV),
2,2' —4.7-10" (t;; = 180 s, E = 1 MeV), 3,3' — 2.4.10™ (t; = 7 s, E = 4 MeV); calculation: full curves —
for SCR, dashed-line curves — for NR [5].

According to available data [3] center E10 is a complex defect formed under the
temperature of 340 K. Due to that the increase of the rate of these centers (secondary defects)
introduction as well as the step in E10 distribution profile can be explained both by the effect
of the charge states of defects (components of the complex) upon the height of the barrier for
complex formation and by the influence of Frenkel pair (FP) upon the probability of
dissociation. At the same time the fact that the relations of the rates of E10 centers

introduction into NR and SCR decrease as the energy of recoil atoms grows and the fact that
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on the curves (Fig.3) there are regions where center concentrations in NR and SCR coincide
under low temperatures attests to the last mechanism. Thus, the process of complexes
formation is controlled by the process of FP separation and increase of free pair components
concentration immediately results in growing concentration of complexes “dopant atom-FP
component”.

In Fig.3 the lines (full lines — SCR, dashed lines — NR) show the calculated temperature
dependences of complexes introduction for the irradiation times used in our experiments. For
the calculations we applied the model in which barrier height depends upon the charge states
of FP components and in which the dynamics of their charge states in NR and SCR is taken
into account [4]. Increase of E10 concentration can be explained by the dependence of the
probability of FP separation in SCR on temperature, for example, within the following model.

So, it has been established that the differences of introduction rates of E10 centers into
NR and SCR is not associated with possible difference of potential barriers for secondary
defects formation or difference of migration energy of Frenkel pair components in these
regions but with different probability of Frenkel pair annihilation.

It has been established that different probability of annihilation is determined by the
dynamics of recharge of pair component (components).
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BO3BYKJIEHUE SJEKTPOHHBIX COCTOSSHUI MOBEPXHOCTH
HEMETAJIJIOB ATOMAMUA BOAOPOJA

IO.1. TIOpI/IHl, HH HI/IKI/ITeHKOBl,B.C. CblnquKol, Ban }IOMI/IHl, UYxan XyH>1<y1,
JLU. Cemkuna®, T.U. Curdyccon 2.

Tomsk polytechnic university, 30 Lenin avenue, Tomsk 634004, Russia, tyurin@tpu.ru
?Innovation Center, Arleynir 28, 112 Reykjavik, Iceland

The results of a study of the luminescence excited by the interaction of H atoms to the
surface of the phosphor ZnS-Tm are given. Detected time-dependent change of ZnS-Tm light
intensity over time. An interpretation of this phenomenon, taking into account the acceleration
of the surface recombination of hydrogen atoms in the adsorbed layer of vibrationally excited
hydrogen molecules on the exchange-associative mechanism. Possible mechanisms of
excitation of the electronic states of the surface of solids of the hydrogen atoms discussed.

BBenenune

B3aumopeiictBue aToMoB BOAOPOZAA TEIJIOBOM SHEPTHH C MOBEPXHOCTHIO HEMETAIJIOB U
(wm) ux wmsoronoB (H, D, T) compoBoxmaercs o00pa3oBaHMEM M HAKOIUICHHEM Ha
IIOBEPXHOCTH JIONTOXKUBYIINX KOJe0aTeIbHO-BO30YKIACHHBIX cocTosiHuid Hy; HD D3 [1].
CkopocTu nepexoia BHYTPUMOJCKYISIPHOTO KOoleOaHUsl B KOJIeOaHUSI MOJIEKY/bl KaK IEI0ro
Tw= 107—109C'1) WIN JUCCUTIAIMKA SHEPIHUU B aJICOPOLIMOHHBIN CIIOM (FVV:1010—1011C'1)
3HAYUTENIFHO MEHBIIIE YaCTOT KOJICOaHUs JIETKMX aTOMOB U BHYTPUMOJICKY/ISIPHBIX KOJIeOaHUH
wo = 102-10" ¢* u nerkme aromsr BOJIOPO/Ia CHOCOOHBI COBEPUIMTH IO pelaKcaluu
HECKOJIbKO COT KoseOaHuil. Bo BHOBH 00pa3oBaHHON KojeOaTenbHO-BO30YKIEHHOU CBSI3U
BO3PACTalOT AaHTapMOHM3M KoneOaHMH M momgpu3anus cBsi3u  [2]. MHOTOKBaHTOBBIH
KOJIeOaTeIbHO-IIICKTPOHHBIN MEPeXol BO3MOXKEH NMpH yvere aHrapmonusma ces3u H-H [3].
[TepeHoc JHEpPruu OT KoieOaTeNbHO-BO30YKICHHOTO COCTOSHUS H; K LIEHTpaM CBEYCHHS
TBEPJIOTO TeJla WJIM JIOKaJIn3alusi e€ HENOCPEICTBEHHO B aJCOPOLIMOHHOM KOMILIEKCE C
nocienyomeil u3ayJaresbHOM penakcanuei, NpUBOANUT K JTIOMUHECLEHIIMU TBEPJOrO Tela.
JlroMHHECTIEHITNS TaKOTO pO/ia Ha3BaHa reTeporeHHon xemmmomuHectenuen — ['XJI [4].

VYHukanpHas HHPOpMaus 00 U3MEHEHUHU DJIEKTPOHHBIX COCTOSIHUN IEHTPOB CBEUCHHS B
NPUIIOBEPXHOCTHOM 00JacTH TMOJIydeHa Ha OCHOBE CHEKTPalIbHBIX H3MEPEHHUH MpHU
Bo30yxkaeHnn [ XJly. B wactHOCTH, OBLIO OOHApPYKEHO WHOE (Eu3+), gem B 06Beme (Eu”),
BaJICHTHOE COCTOSIHME pelKo3eMeNIbHOTO akTuBaTopa EU Ha moBepxHocTu docdopa ZnS—Eu
[4,5]. VYcraHOBI€HO  B3aMMOJEHCTBHE  BBICOKOYACTOTHBIX  JIOKAIBHBIX  KOJeOaHMA
ajcopOoupoBaHHbIX vacTHll (Hz) ¢ amekTpoHamMu IIEHTPOB CBEUEHHSI, PACIIOIIOKEHHBIX Ha

noBepxHoctu pochopos ZnS—Mn, CaO-Mn [5-6].
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2. TexHuka 3kcnepuMeHTa

Pa3BuTHe JIOMUHECIICHTHBIX METOJOB ONpPEICICHUS  IPOLECCOB B3aUMOJCHCTBUS
CBOOOJHBIX aTOMOB BOJOpOJa C TOBEPXHOCTH TBEPABIX TEJ, JJO0Ka3ajlo BBICOKYIO
YYBCTBUTEIHHOCTh U MaJlyl0 MHEPIIMOHHOCTH pa3zpadaThIBaéMbIX METOJUK [5,7] U mo3BOJISIET
U3YYUTh DJIEMEHTAPHBIE CTAJUU ITHUX MIPOLECCOB.
HccnenoBanus MpOBOAMIM HAa BBICOKOBaKYyMHOMW(IIpEIENbHBIA BaKkyymM B cucremel0° Pa)
ABTOMAaTH3UPOBAHHOM YCTaHOBKE, IOAPOOHO omucanHoi B [7]. Mcnoas3oBau ra3: Hy (99,999
%). CBoOOnHBIE aTOMBI BOAOpOoA H monydanu aucconuanuei eKTPUIeCKH MOJYyYeHHOTO U
OYMIIIEHHOTO MOJICKYJISIPHOTO BOjopoaa B OesanekTpomnoit  1urasme BY paspsiga. Crektp
cBeueHnH Kpucramuiopochopa ZnS-Tm ompenenen ¢ nomoisto cnekrpomerpa IHR320, T13C
marpuisl CCD (ALTA U47, Charge-coupled device) u MHOTrOKaHaIbHOTO (DOTOIIEKTPOHHOTO
ymHoxutenss VSE-FM16 ¢ BO3MOXXKHOCTBIO paboOThI B peXHMe cueTa (POTOHOB.

3. Pe3yabTaThl M 00CyXK/IeHHE

Kak Bumno m3 puc. 1 cmekrp mommHOpopa ZnS-Tm uMeeT y3KHE MOJIOCHI C
makcumymamu 480 HM (BO30Yy>KICHHE aTOMAapHBIM BOJOpoaOM ), 481,5HM (BO3OYykIeHHE
prytHoii Jamnbl (OY®K-01 (BA125)) ) u 807,5 uHM , XapakTepHble IJs HMOHA Tm*" , uro
OJIM3KO K pe3ylbTaraM IMoJiydeHHbIM B [7]. Jluauss 478HM BbIpaKeHa CYIIECTBEHHO sipye,

yeM nostoca 807,5 um.

400000 -

=~ 481,5 Hm —1
380000 -| =2

480 Hm
360000 -

340000 {
807,5 um

320000 —J N

300000

MHTEHCUBHOCTL CBYEHUA.OTH.€A.

T T T T T 1
500 600 700 800 900 1000
[AnuHa BonHa, HM

Puc 1. Cnextpsl momuHecueHmmu ZnS-Tm: 1-Crnextp moMuHecneHmmmu ZNnS-Tm, Bo30yxaaemMoin
aTOMapHBIM BOJOPOJIOM IPH AABICHHH B pa3psHoii Tpyoke 4.1:10°Topp, crenens auccormarmu 10%,
temreparypa obpasia 310 K |, Bpems peructpaiuud ¢oro 40 ¢, IMpUHA BXOJHOH IIENIH
MoHoxpoMmaropa 0,5 mm; 2- CnekTp IOMHUHECHeHIIMH ZNS-Tm Bo30yXJaeMOi PTYTHOW JIaMITbI
(OY®DK-01 B/1125) temneparypa obpasua 310 K, Bpems peructpauuu 40 c, mIMprUHA BXOTHOH MIETH
MoHOXpomaropa 0,5 MM

IIpu nanmycke aromoB H Ha mnoBepxHocTh ZNS-TM  mpeaBapUTENbHO OYHMILEHHYIO
nporpeBoM oGpasia B Bakyyme 1,310° ITa pi 675 K B TedeHne 2 4 1 oXIaxeHHyo 10 310

K nabmromaercss cnmabast JIOMHHECIIEHTHAs  BCTBINIKAa CBeUYeHHUs (monoca 478 HM) C
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MOCJICIYIOIUM POCTOM HHTEHCHBHOCTH JromuHectienimn (1), puc. 2, kpusast 2
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Puc. 1. Kunetnueckass kpuBas JrOMHHecHeHIMH ZNS-Tm B atomapHoM Bomopoze. [loBepxHOCTB
ZnS-Tm  mpeABapUTENbHO OYMIIEHA TMPOTPEeBOM oOpaslia B BakyyMe.  1-9KCIEpUMEHT, 2-
MpoCTeHilas annpoKCUMAaUsl KUHETHYECKOW KPUBOW JIFOMUHECUEHUIUMU MOZEIBHON 3aBUCUMOCTBIO,
anmpoKCUMalusl ~ KUHETHYECKOW KpUBOW  JIIOMHHECIICHIIUH C y4eToM  SHeprooOMeHa B
ancopOLHOHHOM cioe. JlaBieHne B paspsiaHoil TpyOke 2.2:10™ Topp, Temmeparypa o6pasua 310 K

HavanpHblil y4acTOK KHHETUYECKOW KPUBOM pa3rOpaHusl ONIMCHIBAETCS 3aBUCUMOCTBIO :

)=nv,N,D =1, @-e")+ (1+Vl)rte” —950[1-exp(-0.00011t)-1.410 texp(-

-3

0.00011%)].

Jns ommcaHus neTanell KWHETWYECKMX KPHUBBIX YYTEM B MEXaHH3ME BO30YyXKICHUS
JIOMHMHECLEHIIMY TOBEPXHOCTH CTUMYISILUIO Mpolecca PeKOMOMHALMU aJcOpOMPOBAHHBIX
aromoB HL konebarenbHO-BO30Y)KACHHBIMU IPOAYKTaMH peakuuu — MonekyiaamuH; L [8].
Hamnume xomeOarenbHO-BO30YKACHHBIX MOJIEKYJI Ha IOBEPXHOCTH MOXKET NTPUBOIUTH K
pacmany HIL Ha arombl, reHepanuu (OHOHOB B TBEPAOM Telie, OOMEHY KoyieOaTelbHOM
SHeprueii ¢ ancopouoHHEM cioeM HiL+ HoL—HE 'L+ HE 'L, cTHMYIHpOBaHHOI ecopOImm
monekyn HiL—HY+L, HepaBHOBecHoi mecopOmmu artomos HiL+ HL—H + L+ HI'L,
ctuMmynupoBaHHo  muddysunm wu  pexomOuHanmu atomoB  HL mo  mexanusmy
Jlenrmiopa—Xunmensyna 2HL + HEL—H:L+ H: 'L+ L, mnopoxkzaaromeil pa3BeTBICHHbI
LEMHOM peakIuy peKoMOMHAIIMY Tpoliecc TUma "B3phiBa':

HonyquHaﬂ 3aBUCHUMOCTD

1(t)=950[ 1-exp(-0.00011t)- 1.410™t exp(-0.00011t)]+
480sin((6.28/2401)t)exp(-0.000542t); (- ots. ex.t- 8 c)

KQ4Y€CTBECHHO M KOJIMYCCTBCHHO HE IMPOTUBOPCUYUT IMOTYYECHHBIM OKCIICPHUMCEHTAJIbHBIM

pe3ynbraram, puc.l , kpuBas 3.
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Haub6onee a¢ppexruBabiMU B BO30OY)aeHnu ['XJI 10 MHOTOKBAaHTOBOMY KOJI€OAaTEIbLHOMY
MEXaHU3My SIBIISIIOTCSI aTOMbl W TIOJSIPU30BaHHBIC MOJICKYJIBI BOJOPOJA, OOJamaromnme
MaJIbIMU MacCaMu H 6OHBH_II/IMI/I OHCPIUsIMU KOJIC63T€JIBHBIX KBAaHTOB, a TakK¥Xe
oOpa3yromuecss Ha TOBEPXHOCTU COCAMHEHUS C 3aMETHBIM aHTaPMOHHU3MOM KOJIeOaHWd U

nossipuzaruern  (O—H, C-0O, C-H, Ge—H u 1.11.).

K, - \/;hz fi [65(8"'2) /'J(I’O)} ‘P(iJexp(_ hgﬁ pJA(é‘V —&q);

- 3
2M, 0, 3eR £ @,

J1s1 pa3pereHHOro JUITOJIBHOTO TEPEeX0/ia B IEHTPE CBEUYCHUS, BRI3BAHHOTO pelaKCaluei
TOJIAPU30BAHHOM IIOBEPXHOCTBLIO BOLOPOAHOM cBsa3u (H™® —H™® —L), umeeM cieayromue
OLICHKH 3Ha4YeHnH BenuunH, BXomamux B K, fi= 1 - cuna ocummsatopa Ha gacrore
nepexo/ia 3EKTPOHa, hm,=0,45 3B, &= 2,6 3B, 0= 2,6 3B, ju(r,) =1(D/A),e =1, R=3 A.

CKOpOCTh MHOTOKBAHTOBOI'O KOJ€OATEIbHO-AJIEKTPOHHOIO TIEpexoja CpaBHHUMA CO
CKOPOCTBIO KOJICOATEeIbHON peslakcaliui Bo30YKIeHHBIX MosieKyn Hy, ¢ mepenaueii suepruu B
azcop6uuonnsiii cioit, (Mw= 10°c™) u MEOrOdOHOHHOI penakcaruu (Tvpn= 10°-10%c™).

[Tomyuennsie BolpaxkeHust sl Kyg MOKa3bIBaeT, YTO BO30YXKACHHE IICHTPA CBEUCHUS
MPOUCXOIUT HEpaBHOBeCHO. Bo30yxkaeHHe MMeeT aKkTUBAIMOHHBIN XapakTep ¢ JHeprueit
AKTUBALIUM PAaBHOW SHEPTUU JIIEKTPOHHOTO mepexona &= Er Ej. CTumymnsamus maHHOTO
nepexo/ia OCYIISCTBIISIETCS HE 3a CUET SHEPIUU TEPMHUUECKH PaBHOBECHBIX Kosiebanuit KT, a

ho,

HEPABHOBECHBIMH KOJIEOATENbHBIMH KBAaHTAMHU BO30YXJICHHON CBS3H (> dexTuBHAs

SHEPTHU KBAHTAa YMCHBIIICHA N3-3d aHNApPMOHH3Ma KoJsieOanuii B P pa3).

V.P. Grankin, V.Yu. Shalamov, N.K. Uzunoglu, , Chem. Phys. Let..328 (2000) 10.

B.b. Kazanckuii , JKBXO um. /.. Menneneesa., 22 (1977) 506.

10.1. TropuH, [ToBepxHocts. Ou3.xum.Mex. 9(1986) 115.

Yul. Tyurin, Surf. Phys. Chem. Mech. 9 (1986) 115.

B.B. Ctoipos, 0.1 Tropun, HepaBHOBecHBIE XeM0O3((EKTHI Ha TTOBEPXHOCTH TBEPIBIX
ten.M.: Dueproatromusaar, 2003.

S.Kh. Shigalugov, Luminescence of Solids Surface Excited in Heterogeneous Reactions with
Oxygen and Oxygen—Containing Particles, Doctoral Sci. (Phys.—Math.) Dissertation, Tomsk,
2005.

B.B. Crbipos, B.1. TroTronHnkoB, Heopranndeckue marepuaisi,28,(1992)2353.
Shigalugov SH. ,Izvestiya of Tomsk Polytech. Univ. 308(3) ( 2005) 57

V.P Grankin., V.V. Styrov, Yu I. Tyurin, Journal of Experimental and Theoretical Physics
94(2) (2002) 228.

o urwbdpE

© N

78



NANOSTRUCTURED MATERAILS AS MATERIALS FOR COLD CATHODES
OF GAS-DISCHARGE DEVICES

R. Khisamov", K. Nazarov", Yu.Yumaguzin* and R.Mulyukov *

“Institute for Metals Superplasticity Problems of the Russian Academy of Sciences,
Ufa, Russia, e-mail: r.khisamov@mail.ru;
*Institute of Physics and Technology of the Bashkir State University, Ufa, Russia

Nanostructuring of metals and alloys may result to substantial changes in their
physical properties. An effective method of obtaining the nanostructure in material with the
average grain size about 100 nm is deformation nanostructuring [1,2]. It was earlier shown
that the formation of nanostructure reduces the work function of tungsten by 0.8 eV [3]. The
work function affects the emission properties of materials, it is an important characteristic of
the electron emission cathodes. It is expected that the lowering of the grain size in cathode
may increase the efficiency of electronic devices.

Gas-discharge devices, which is implemented by glow gas-discharge the widely used
in the practice. They are used as gas-discharge light sources, ion sources, they are an essential
part of gas lasers. The cold cathodes, operating on the principle of ion-induced electron
emission are the main elements of these devices. In this regard it is interesting to study the
influence of nanostructuring of cathode material of the gas discharge device to its emission
properties.

In this work, we investigated the influence of nanostructure in the cathode material on
the work function and the emission efficiency in gas-discharge device. Pure nickel (99.99%)
and aluminum alloy Al-6%Mg were used as metals for investigation. The choice of these
materials is due to widely application them as cathode materials: Al-6%Mg - in ion sources,

nickel - in neon lamps.

Fig.1. SEM pictures of nickel:
a) nanostructured sample, b) coarse-grained sample
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The formation of nanostructure in the samples of nickel and Al-6% Mg with the grain
size of 100-200 nm obtained by deformation nanostructuring by means of high pressure
torsion (Fig.1a). Properties of nanostructured (NS) samples were compared with the
properties of coarse-grained (CG) samples. Coarse-grained samples were obtained by
annealing of nanostructured samples (Fig.1b). All investigated samples were in the form of

discs with diameter of 10 mm and thickness of 0.2-0.3 mm.

0.9

I, arb.units.

1 2 3 4 5 6 7 8
u Vv
Fig.2. Characteristic curves measured by the Anderson method: 1 — NS Al-6%Mg, 2 — CG Al-6%Mg,
3 — NS nickel, 4 — CG nickel, 5 — platinum (standard)

The work function of the samples was determined by measuring of the contact difference
potential by the Anderson method [3,4]. Fig.2 presents characteristic curves corresponding to
samples with different grain sizes outlying from each other along the potential axis. One can
see that the curve 1 of the NS Al-6%Mg and curve 3 of the NS Nickel are shifted by 0.4 V
and 0.3 V, respectively, in the direction of smaller potential values compared to the curve 2 of
CG AIl-6%Mg and curve 4 of the CG nickel. The work function of NS Al-6%Mg and NS
nickel has decreased by 0.4 eV and 0.3 eV, respectively, compared to CG Al-6%Mg and CG
nickel.

The emission efficiency of the samples was determined by measurement of J-V
characteristics of glow discharge in gas-discharge lamp. Fig.3 presents the measurements
results of the glow discharge current dependence in gas-discharge lamp on the applied voltage
between an anode and cathodes. The current of gas discharge for the cathode of NS nickel
(curve 3), for example, at the voltage of 1000 V is about 0.26 mA, while the current of gas
discharge for the cathode of CG nickel (curve 4) at the same voltage is about 0.2 mA. The
excess of the current of gas discharge for NS nickel relative to the current for CG nickel is
(Ins-JIce)Jce=30%. The current of gas discharge for the cathode of NS Al-6%Mg (curve 1) at
the voltage of 1000 V is about 0.58 mA, while the current of gas discharge for the cathode of
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CG AIl-6%Mg (curve 2) at the same voltage is about 0.43 mA. The excess of the current is
(\]NS'\]CG)/JCG:34%-
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Fig3. J-V characteristics of glow discharge. 1 — NS Al-6%Mg, 2— CG Al-6%Mg,
3 —NS nickel, 4 — CG nickel

The lowering of work function of nanostructured material and the increasing of the
current of gas discharge from nanostructured cathode due to the increased length of the grain
boundaries. Owing to the small grain size nanostructured material contains a large length of
the grain boundaries. For example, when the grains size is 100 nm, specific length of grain
boundaries on the surface is 16 um™. In coarse-grained material, when the grains size is
10 pm, the specific length of the grain boundaries on the surface is 0.16 pm™.

Thus, the reduction of work function of nanostructured material as well as the increase
of the current of gas discharge from nanostructured material is caused by the small average
grain size and the increased specific grain boundary length on the surface of nanostructured
material in comparison with that of coarse-grained material. Deformation nanostructuring

may become a new method for increasing the emission efficiency of cathode materials.

1. A.A.Nazarov, R.R.Mulyukov, Handbook of NanoScience, Engineering and Technology, CRC Press Boca
Raton, (2002) 22-1-22-41.

2. R.R.Mulyukov, Severe plastic deformation: toward bulk production of nanostructured materials, New York:
Nova science publ., (2006) 183.

3. R.R.Mulyukov, JVST B. 24 (2006) 1061.
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LOW-ENERGY ION BEAM MANIPULATION OF 2D MATERIALS—FROM
IMPLANTATION TO AMORPHIZATION

J. Kotakoski

University of Vienna, Faculty of Physics, 1090 Vienna, Austria,
e-mail: jani.kotakoski@univie.ac.at

The research field of two-dimensional (2D) materials was launched now already more than a
decade ago with the pioneering work of Geim and Novoselov [1]. Graphene, made famous by
its extraordinary mechanical [2] and electronic properties [3], is the best known example from
this material class. However, there are also other members providing one with a wide variety
of properties. Mono-layer transition metal dichalcogenides (TMDs) and hexagonal boron
nitride (h-BN) were among the first to be discovered, before the more recent discoveries such
as silicene, germanene, phosphorene (black phosphorus) and others. Many more materials
have been suggested theoretically.

One of the reasons behind the growing interest in 2D materials is their limited third
dimension, which in some cases (e.g., graphene, h-BN) contains just one atom and even in the
‘thicker’ materials is limited to just three atoms. The limited dimensionality leads to quantum
confinement, giving rise to non-conventional phenomena arising from quantum mechanics.
Due to the limited thickness, 2D materials also expose all of their atoms for external
manipulation through electronic and magnetic fields as well as chemical and physical means.
In this presentation, I will discuss how ion irradiation can be used to tailor the atomic
structure of 2D materials in a well-controlled manner, concentrating specifically on low-

energy ions and mainly on graphene as the example material.

Ion irradiation allows detailed control over most of the properties of the material,
ranging from charge carrier concentrations and local electronic density of states to chemical
reactivity as well as thermal and mechanical properties. Although it might appear that the
often harsh method of accelerating particles towards target materials is ill-suited for the
precise manipulation of membranes just one or a few atoms thick, preliminary studies by us
and others show that this idea is indeed feasible and does not necessarily result in destruction

of the material.

One manipulation method directly from the book of conventional semiconductor
technology is heteroatom doping. In the case of graphene, the natural dopants are boron and
nitrogen atoms, because they are of similar size to carbon and posses one electron less and

more, respectively. Nitrogen-doped graphene can be grown with the chemical vapor
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Figure 1: Electron energy loss spectrum averaged from 17x17 pixels over a substitutional P
dopant in graphene, implanted via 30 eV ion irradiation, shown in the overlaid spectrum map
(energy windows from 130-240 eV and 280-315 eV for the P L and C K -edges,
respectively). From Ref. [10].

deposition method introducing N-containing molecules in the feedstock [4]. However, B-
doping of graphene has turned out to be more challenging (although some successes have
been reported, e.g., in Refs. [5,6]). lon irradiation is an alternative and often preferred way to
introduce dopants into a material. The advantages of ion irradiation over introducing the
dopants during growth is that this method avoids segregation of the dopant atoms, does not

affect the growth process and should allow higher concentrations than what is possible during

the growth.

According to our early computational work [7], the ideal irradiation energy in
graphene is in the range of 20—100 eV, dictated to this range by the displacement threshold
energy in graphene, for which we have measured the hitherto most accurate estimate of 21.14
eV [8]. Using our simulation work as guidance, Bangert and co-workers recently successfully
carried out both N- and B-implantation [9]. Even more recently, we have succeeded in
implanting phosphorus atoms into graphene [10] using 30 eV ion irradiation (see Figure 1),

expanding the playing field beyond nitrogen and boron.

Unlike controlled atomic substitutions in materials, which are challenging for such
delicate samples as 2D materials, it is relatively easy to introduce disorder using energetic

particles. It has been understood for a long time that a controlled rearrangement of the atoms
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Figure 2: Example scanning transmission electron microscopy images from three graphene
areas amorphized via Ga+ focused ion beam treatment at 35 keV and a pristine area. A
deconvolution with the electron beam profile, modeled as a sum of two Gaussians, has been
applied, followed by a Gaussian blur and the application of a minimum filter with a radius of
10 pixels to enhance the visibility of the nonhexagonal rings. The size of each ring marked on
top of the rings. The bright areas around the atomically thin structures are covered by
hydrocarbon contamination. All scale bars are 1 nm. From Ref. [13].

in graphene from the honeycomb pattern into other structures will affect the electronic
properties of the material and increase its chemical reactivity. However, experimental studies
on the properties of disordered free-standing graphene membranes have remained rare,
presumably due to the challenges related to achieving controlled defect creation and
amorphization. In fact, most studies of defected graphene have been carried out on substrates,
where it is nearly impossible to distinguish the substrate effects from those of the thin
membrane on top of it. Moreover, the defects have been often created with particle irradiation
at energies where the manipulated structure was rather the interface between graphene and the

substrate than graphene itself.

In our research, we concentrate exclusively on manipulating suspended mono-layer
graphene through electron and ion irradiation and analyzing the resulting changes through
atomic-resolution transmission electron microscopy. Interestingly, it turns out that even when
disorder in graphene is pushed to its fundamental limit and the membrene is completely
amorphized, as we have done using both electron [11,12] and ion irradiation (Figure 2) [13],
the out-of-plane distortions are limited to local height changes and the material remains
overall two-dimensional, which allows the introduction of different levels of disorder for

studying in detail its effects on the material properties.

Ion irradiation has clearly started to gain traction as a method for the manipulation of
2D materials over the past few years. While the method has great promise, as outlined briefly
with the examples presented above, some challenges remain to be solved before it can be

established as the go-to method for tailoring these exciting materials. For examples, graphene
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samples are well-known to be notoriously dirty due to the easily absorbed hydrocarbon

contamination that quickly covers graphene in ambient conditions. This situation is further

worsened through carbon deposition in most irradiation setups, that both hides the effects of

the irradiation and effectively establishes a buffer layer that prevents low-energy ions from

ever reaching the actual sample during the irradiation. Ways to overcome these issues will

also be outlined in this presentation.
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IMPROVED RADIATION RESISTANCE IN EQUIATOMIC
MULTICOMPONENT SINGLE PHASE ALLOYS

F. Djurabekova'*’, F. Granberg', S. Zhang?, K. Nordlund**, W. J. Weber® and Y. Zhang®

'Department of Physics, University of Helsinki, Finland

?School of Nuclear Science and Technology, Lanzhou University, Lanzhou, China

*Materials Science and Technology Division, Oak Ridge National Laboratory, USA

*National Research Nuclear University MEPhI, Kashirskoye sh. 31, 115409 Moscow, Russia

The conventional metals are well-ordered crystal structures, with additional elements mixed in at

small concentrations. A conceptually new way of making to mix numerous (three to seven)

different types of metal atoms at completely random positions in equal concentrations, while still

retaining a single crystalline phase. In these, so called equiatomic or high-entropy alloys, the

atoms are thus completely disordered in position.

Fig.1 Single phase concentrated 5-
element alloy with randomly ordered
species.

Even though a metal with high degrees of disorder like
high-entropy alloys might not at first appear like a good
candidate to avoid radiation-induced disorder, however,
it can be seen the other way around: the high level of
disorder may in fact prevent the disorder level from
increasing. Combining simulations and experiments we
have recently shown [1,2] that atom-level disorder in
NiFe and NiCoCr alloys, compared to elemental Ni,
indeed lead to a substantial reduction of damage
accumulation under prolonged irradiation. The random
arrangement of multiple elemental species lead to

unique site—to-site lattice distortions, that slow down

the motion of extended defects, known as dislocation formed by the irradiation. This, in turn,

lead to slower growth of large dislocation loops, which are the dominant form of radiation

damage in metals at high doses. The examples of damage buildup in Ni and NiCoCr after the

same irradiation dose of 0.3 dpa are shown in Fig.2. These simulations were performed by

running 5keV recoil cascades in started at random positions within the simulation box. The
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cascade was allowed to develop for 300 ps with the border cooling only, and after that, the
excess of energy was scaled down to the room temperature by applying the Berendsen thermostat
to all atoms in the box. The details of the simulations can be found in [1,3]. Here one can see the
large dislocation loops in Ni absorbing smaller dislocation formations, while the population of
small dislocation loops is almost intact in NiCoCr. Understanding of alloying effects on modified
energy landscapes in such chemically disordered single-phase alloys will allow prediction of
radiation-tolerance alloys for next-generation nuclear reactors and other high-radiation

environments.

The analysis also revealed that alloying effects
on significant reduction of dislocation mobility is
generic, and not specific to the current choice of
materials or number of elements in the system.

The large improvement from Ni to NiCoCr

demonstrates that a reduction will depend on

Fig. 2 Damage buidup in pure Ni (left) and
NiCoCr (right) after 0.3 dpa irradiation dose.

material choice, and suggests that there may be

alloys with even larger damage reduction than
the currently observed one — especially in more chemically disordered alloys with increasing

number of principal elements at significant concentrations, where the number of possible
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Fig.3 Simulation cells are subsequently selected to correspond to the damage level
generated by irradiated ions along the path. The sequence is selected as shown in the
diagram to the left. This way a sample of experimental size can be reconstructed. The
comparison of RBS/C spectra from an experiment samples and corresponding
simulation models, reconstructed from molecular dynamics simulations, shows a very
good agreement without use of any fitting parameters. For more details see [5].
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element combinations and alloy compositions are practically limitless.

To enable the direct comparison of simulation results with experiment, we developed a new
method using binary collision approximation to simulate the Rutherford backscattering spectra in
channeling conditions (RBS/C) from molecular dynamics atom coordinates of irradiated cells
[4]. In this approach, a simulation of damage buildup in a single simulation cell was used to
select the frames at the time when the irradiation dose reached the value corresponding to the
damage depth profile in experimental samples (see Fig.3 to the left). Built on top of each other,
these frames form a single sample with the damage distribution depth profile close to the one
observed in the experiment. The approach allows comparing experimental and simulated RBS/C
signals as a function of depth without fitting parameters. The simulated RBS/C spectra of
irradiated Ni and concentrated solid solution alloys (CSAs, NiFe and NiCoCr) show a good
agreement with the experimental results. We also conclude that the good agreement indicates the
damage evolution under damage overlap conditions in Ni and CSAs at room temperature is
dominated by defect recombination and migration induced by irradiation rather than activated
thermally.
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NCTOYHUKHU NOHOB HA OCHOBE COBPEMEHHBIX NOHHO-
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NOVEL ION-BEAM SOURCES BASED ON ADVANCED ION-CONDUCTIVE
MATERIALS FOR ANALYTICAL AND TECHNOLOGICAL APPLICATION
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We report the recent development and state-of-the-art of ion-beam sources used
advanced ion-conductive materials - room-temperature ionic liquids and superionic solid
electrolytes as working substances. An application of such sources in miniaturized
electrostatic rocket engines (thrusters) and focused ion-beam systems for technological
processing and microprobe analysis is discussed.

B noknazne paccMaTpuBarOTCs TEHJEHIMU Pa3BUTHSA, KOHCTPYKTUBHBIE OCOOCHHOCTH,
pexuMbl pabOTBl M TEXHOJIOTUS M3TOTOBJIEHUS MOHHBIX HCTOYHHUKOB Ha OCHOBE
NEPCIEKTUBHBIX HOHHO-TIPOBOJSIIMX MaTepualoB — HU3KOTEMIIEPAaTypHBIX HOHHBIX
KHUJIKOCTEH U TBEPHABIX DJIEKTPOJUTOB C OBICTPHIM HMOHHBIM TpaHCIOPTOM. OCHOBHBIMU
00J1acTAMH IPUMEHEHUS TAKUX UCTOYHHUKOB SIBJISIOTCS MOJIM(UKAIUS TOBEPXHOCTH, BKIIFOYast
TEXHOJIOTHYECKYI0 00pabOTKy MaTepuagoB M CTPYKTYp B MHKPO- U HaHOMETPOBOM
Uana3oHax, HOHHO-30H/IOBbIM aHAllM3 METOJAOM MacC-CIEKTPOMETPUM BTOPUYHBIX MOHOB U
a’POKOCMHMYECKHE TEXHOJIOTUH, I'IE OHU MOTYT MCIIOJIb30BaTbCsl B KA4€CTBE 3MHUTTEPOB B
IIEKTPOCTATUYECKUX MOHHBIX JIBUTaTEISAX, PEAHA3HAUYECHHBIX JJI YIPABICHUS CIIyTHUKaMU
U MaJIopa3MepHbIMH KOCMUYECKUMHU afrapaTaMy MOoCje UX OTIENIEHUS OT PaKeThl-HOCUTEIIS.

K MOHHBIM JXHUJKOCTSIM, B IIUPOKOM CMBICII€ 3TOTO MOHATHUS, MOTYT OBITh OTHECEHBI
Jqr00ble pacIulaBbl COJIeH, Hampumep, XJOpua HaTpusi npu Temmeparype Bbime 800 °C.
Haubonpmmii mHTEpec MNpencTaBiIsIOT pPACIUIaBbl OPraHMYECKHX COJIeH ¢ Temreparypoit
rraBnenns Hwke 100 °C — Hu3KoTeMIepaTypHble HOHHBIE KUAKOCTH [ 1], KOTOphie B HaIieMm
noknane OyayT UMEHOBaTbes mpocTo MOoHHBIMU kujkocTsamu (MK). Kak mpasuno, B coctaB

MOHHBIX JKUIKOCTEH BXOJUT CIOXKHBIA OOBEMHBIA OpraHUYECKH KaTHOH, a aHHOH MOXKET
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OBITh, KaK HEOPTaHUUYECKUM, TaK U opranndeckumM. Celiuac u3BectHo Oosiee S000 pa3mHIHBIX
MOHHBIX JKHUJKOCTEH, CHHTE3 HOBBIX COE€IUHEHHWI ycmemHo mnpogoinkaerca. MK mmpoxo
HCIIOJIB3YIOTCA B KauCCTBC paCTBOpI/ITeﬂeﬁ B «3CJICHOMN) XUMHUH, B TOIUIMBHBIX 3JICMCHTAaXx,
AKKyMyJIATOpax 4 T.1.

Haspanus, cokpamniéunble 0003HAa4YCHHs, XUMHUYECKHE (DOPMYJIbl MU MOJEKYISIpHbIE

MaCChbl HOHHBIX )I(PI,I[KOCTeﬁ, HCITIOJIb3YCMbIX B HOHHBIX UCTOYHHKAX, IIPUBC/ICHLI B Ta6n1/1ue.

Taoauna

Honnnie KUOKOCTHU, KOTOPHIE UCIIOJIB3YHOTCSA B COBPEMCHHBIX HOHHBIX UCTOYHUKaX

Homanseinoem Copaenoe | Xuscrn g
oot | eniny (e G
oo Tt
oSt | iy | CHNOSE:
omidwenmoni | ominy g N

C TouKM 3peHHs KOHCTPYKIMU U IPUHLUIIOB paboThl, Hanbosee OJIM3KUMU K HOHHBIM
UCTOYHUKAM ¢ MOHHBIMH XuIKocTIMU (MMMK) saBistoTCS XKUIKOMETAJUIMUECKUE HOHHbBIE
ucrounuku (PKMUU). Cxematnueckoe M300paKeHHE TOUYEYHOTO (MT0JIbYaTOro0) MCTOUHUKA
MOHOB C MOHHOM XUAKOCTBIO npuBeneHO Ha puc.l. Ilomumo Toueunsix MUK Taxxke
UCIIOJIb3YIOTCSl KalWJUIpHBIE, JIMHEHHBIE IIeNieBble U MaTpU4yHble MCTOYHHUKHU. JleTanbHoe
onucanue paznuuyHbix KoHCTpykimid MUMXK, ocobenHocTedt ux pabOThHI M TEXHOJIOTHH
M3TOTOBJICHHSI MOKHO HaiTH B 0030pe [2].

[lepeuncnuM OCHOBHBIE INPEMMYLIECTBA HMCTOYHMKOB Ha HMOHHBIX MXUAKOCTAX IIO
cpaBHeHHIO ¢ kuakumu Metaulamu. MWW  cnocoOHbl TeHepupoBaTh MYYKH Kak
MTOJIOKUTENBHO, TAK U OTPULIATEIBHO 3apsDKEHHBIX MOHOB C Pa3IM4YHONM MAaccoil B AMana3zoHe
3-5 k/la. )KMMU npuHIMNUaNbHO HE MOTYT CO3[aBaTh OTPULIATENIbHBIE MOHHBIE MYYKH, a
Macca Jake O4YeHb THKENBIX METaIMYECKUX KIACcTepHBIX MOHOB, Hanpumep, Bi;', He
npesbimaer 1.5 x/la. Pabouee nampsikenne y UMMK nwxe, yem y JKMUUM uz-3a Oonee
HU3KOT'0 TTOBEPXHOCTHOTO HATSXKEHUSI HOHHBIX skuKocTel. Taxke oTnagaer HEOOXOAUMOCTh

B Harp€BC MOHHBIX )KHHKOCTCﬁ, 0e3 KOTOPOIr'o HCJIb35 00OUTHCH B CJIy4dac )KUJKUX MCTAJJIOB U
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CIUIAaBOB. OTH MpEUMYIIECTBA OCOOCHHO BaXKHBl M KOCMHUYECKHMX allaparoB ¢
OrpaHUYEHHBIMU OOPTOBBIMH PECYPCAMH.

[Mpumeneane MUK nmns MoauduKanuy TOBEPXHOCTH TO3BOJISET IPOBOIUTH
JIOKaJIbHOE XUMHUYECKOE TPABJICHHE MaTEepHajoB 0e3 Hallycka aKTUBHBIX ra3oB, T.K. IYYKH
nepBuyHbIX HoHOB MWDK yxe cogepkar coeauHeHus xiopa, (ropa M KHUCIOpOAA.
Hcnonp30BaHnEe TKENBIX KIACTEPHBIX MOHOB C OTPULIATENIBHBIM 3apsJOM MHHUMHU3UPYET
3¢ ¢exT 3apsaKd MOBEPXHOCTH, IMO3TOMY OTMNAgaeT HEOOXOAMMOCTb B JIONOJIHUTEIBHOM
MCTOYHMKE IEKTPOHOB Ul HEUTPAIU3ALMK 3TOTO 3aps/a.

NHNMX MOryT HCHOJB30BaThCS B IJIEKTPOCTATHYECKUX MOHHBIX JBUTATENAX JUISA

MHUHHATIOPHBIX CIYTHHKOB B (hopmare CubeSat,

NoHHasna

OaszoBas sg4yelika KOTOPBIX IIPCACTABIISACT coboit KUAKOCTD

kapkac ¢ pasmepamu 10x10x10 cm®. OGumii Bec

SMmuttep

CIyTHHKa He mpesbiiiaetr 1.33 kr.
U
Ha Bricote 600-700 kM OT OBEPXHOCTHU -
3eMJIM CuJla CONTPOTHUBIIEHUS BO3lyXa COCTABIISET >W < 2r
o ™™ $ d

npuMepHo 0.15 MHUKPOHBIOTOHOB, HO3TOMY IS

BKcTpakTop

ABTOHOMHOTO MaHEBPUPOBAHUS HA TaKO opouTe
Puc. 1. TodeuHBIH HCTOYHUK HOHOB C
HOHHOM XUaKkocThlo: U — BeITArUBaroniee

B HECKOJIbKO necsaTkoB MKH. J[ns oOecrieuenuss — HampsbkeHWe, I — pajnyc MIJIBI-OMUTTEPA,
d - paccrosHMe 10 3a3eMJICHHOIO
UIEKTPOA-dKCTPaKTOpa, & — Yroia IpHu
BeplUIMHE KOHYca Teinopa.

CIIYTHHK JOJIKCH UMETH ABUTATCIIb C CHUJION TATH

TaKOM CHJIBI TATH ObUIO NPEJIOKEHO CO3/aBaTh
n3  toueunslx MUK  ynopsaodeHHsle
CTPYKTYpbI (MaTpULbl UM YuIbl). [IOTHOCTP KOHUYECKUX SMUTTEPOB B OJIMHOYHON sueiike

2, a B KauycCTBC pa60qero BCIICCTBA

MaTpUYHOrO0 HMCTOYHUKAa MoOkeT pocturatb 500 cm
UCIIONIB3YIOTCSL MOHHBIE kuakocTu [emim][BF4] u [emim][Tf,N]. Beuio mokasano [3], uto
IIPU yCKOPSIOLIEM HampspbkeHun 1-2 kB ornenpHas marpuna pasmepamu 1.22x1.22 em?
criocoOHa BbIpabaTbiBaTh TOK 10 400 MKA. Cuna Tsaru npu atoM coctasisuia 10-20 mxH, a
yAenbHbIA uMITysbe gocturan 3000 c.

Pa3zpaboTka MCTOYHMKOB MOHOB C MOHHBIMHU JKHJIKOCTSIMH, TTOJYYUBIIMMH OOpazHOE
Ha3BaHUE <OKMJKOM IUIa3Mbl WIM IJIa3Mbl B OyThUIKe», Hayanach okojo 10 yer Hazan.
OpHako, HECMOTpS Ha CTOJb KOPOTKYIO MCTOPHIO, OHHM YK€ celdac CIOCOOHBI

KOHKYPUPOBATH C Ta30BBIMU H XKUAKOMCTANIMYCCKMMU HCTOYHHUKAMU, 0COOCHHO npu

CO3aHUH IJICKTPOCTATUYCCKUX PAKETHBIX JIBHFaTeHeﬁ.
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Pa3paboTka HCTOYHMKOB MOHOB C CYNEPHUOHHBIMH TBEPIBIMU 3IIEKTPOJIUTAMHU
(MACTD) naxomuTcs Ha HAa4aJIbHOW CTaauH. UWCIO MOHOB, KOTOPOE MOXKHO TOJYYHTHh B
TaKOM MOHHOM HCTOYHHUKE C elIMHUIIBI 00bema pabouero BemecTBa Ooinbiie, yem B MMMIK
u3-3a OoJjiee BBICOKOW KOHIEHTpPAlUM MOOWJIBHBIX HOHOB B TBEPIOM DJICKTPOJIUTE IO
CpaBHEHHUIO ¢ HWOHHOW kuakocTthro. HMHUCTD  xapakrepusyiorcs 0ojiee  BBICOKOM
MEXaHUYECKOM MPOYHOCTHIO U CTAOMIBHOCTHIO pabOThI, YeM MAaTPUYHBIE HOHHBIE UCTOYHUKHU

C HU3KOTEMIIEpaTypPHOU MOHHOM KUIKOCTHIO.
Beam-forming

o Heater
Hamu 6bu1 pazpaboTaH U UCHIBITAH ONBITHBINA electrode
+ Lou
oOpazell TOYEYHOrO0 HCTOYHMKA HOHOB AJ Ha Sol El
Of®
. © o < © lon
OCHOBE TBEPJOI0 JIEKTPOJIUTA C OBICTPHIM HOHHBIM Ag reservoir gg@@@ Lo ® o beam
tpancioptom  RbDAQsls.  Koncrpykums — 3Toro —_ |
UCTOYHMKA ObLIa 3amareHToBaHa [4], TEXHOJIOTHsI U
€ro MU3rOTOBJICHUS M Ppe3yJbTaTbl HCIBITAHUN U

ONyOJIUKOBAaHLI B 5]. IlpuHuun  gelcTBUA .
Y (5] p Puc. 2. Uctounuk noHoB Ag" ¢ Urioii-

UCTOYHUKA WUTIOCTpUPYET pHc. 2. VICTOYHHK  pe3epByapoM, HOKDPBITON MIIEHKOH
. TBepaoro sekTpoanta RbAg,ls.
coctouT u3 urisl (Ag reservoir) quamerpom 1.5 mwm,
Ha OCTpPHE KOTOPOM METOJOM HMIYJIbCHOTO JIA3€PHOTO OCAXKICHHS HaHECeHa IIJICHKA
kpuctauinaeckoro sekrpoiura (Sol El) tommuuoit oxomo 1 mkm. ITokasano, uro mpu
yckopsitomieM HampspbkeHun 10 kB (Uy) u paboueit temmepatype 195 °C, kortopas
oOecrieunBaeTcs BHEIIHUM HarpeBareiem (Heater), uCTOYHUK crocoOeH TI'€HepHUpOBaTh
HMOHHBIM TOK BETMYMHOM HECKOJIBKO COTEH MA B T€UEHHE HECKOJIbKHUX JAHEH. MakcumanbHOe
3HAYEHHE TOKa cocTaBisuio 25-50 HA, m 3TOoT TOK Oonee, yeM Ha 99% cocrosn wu3
MOJIOKUTEIBHBIX HOHOB cepebpa. OCHOBHBIM MexaHH3MOM 3muccun noHoB B MUCTO
SIBJISIETCS TIOJIEBOE MCTapeHue (1ecopOIrsi) MOHOB C MOBEPXHOCTHU TUICHKHU JIEKTPOJUTA TPU
TEeMIIepaTypax HIKE TOpOora TEPMOMOHHOM AMHUCCHMU M HAMPSKEHHOCTH JJIEKTPHUUYECKOTO
MOJIi MEHbIIIE, YeM Yy OOBIYHBIX TIOJEBBIX SMUTTEpoB. [Ipu OSTOM TUIEHKA TBEPIOTO
AIIEKTPOJIUTA BBIMOIHSIET POJb TPAHCHOPTHOW CHUCTEMBI, B KOTOPOW AIMHUTHPOBAHHBIC MOHBI
cepebpa TMOCTOSHHO 3aMEIIAIOTCS HWOHAMHU cepedpa, TIMOCTYMAaloIMMU €3 pe3epByapa.

OTI[GJ'H)HI)Ie TOYCYHBIC MCTOYHHKU MOTYT OBITH co6paHm B MaTpumly, 4YTO IIO3BOJUT

YBCIUYUTDH CUITY TATH HOHHOT'O ABUTATCIIA.
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Ga,03 bulk crystals have been implanted with Europium ions to fluences ranging from
1x10" to 4x10" at/cm®. The damage build-up and lattice site location of Eu was assessed by
Rutherford Backscattering Spectrometry in the channelling mode (RBS/C). RBS/C results
suggest a mixture of defect clusters and extended defects such as dislocations. Implantation
defects are efficiently removed during rapid thermal annealing at ~1100 °C and RE ions are
optically activated. However, extended defects still remain. Eu ions reside mainly on random
lattice sites and higher annealing temperatures lead to the diffusion of Eu towards the surface.
Implantation at elevated temperature considerably reduces implantation damage and promotes
the incorporation of Eu on substitutional sites and in the optically active 3+ charge state.

Introduction

Ga,0g, is an emerging wide band gap semiconductor. With its 4.8 eV band gap it is a
promising material for photonic devices working in the visible and ultraviolet spectral region,
as transparent conductive oxide as well as for gas sensing, among many other applications
[1,2,3]. Doping Ga,O; with optically active rare earth (RE) ions may extend these
functionalities taking advantage of the sharp and mostly temperature stable RE emission lines.
Eu-doped Ga,O3 has been studied as phosphor material due to the intense red intra-4f°
transitions of the Eu®* ions [4]. REs incorporation into single crystals during growth is a
challenging task due to low solubility limits. lon implantation is a powerful technique to
incorporate dopants in a reproducible way, with easy lateral patterning and allowing
overcoming solubility limits. lon implantation was successful for the doping and optical
functionalization of Ga,O3 NWs with Er, Eu and Gd ions [5,6,7]. However, implantation

effects in bulk Ga,O3 were only addressed in very few studies [8,9].
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In this work, Ga,O3 single crystals were implanted with Eu ions. Implantation damage
formation and its removal by rapid thermal annealing (RTA) was studied by Rutherford
Backscattering Spectrometry and channeling (RBS/C). Although for room temperature
implantation Eu is not incorporated in substitutional lattice sites and diffuses towards the
surface for annealing at 1100 °C, optical activation of Eu®* is achieved. Implantation at
elevated temperatures promotes substitutional incorporation of Eu and yields improved

optical activation of the Eu®* ions [8,10].
Experimental Details

-Ga,03 bulk single crystals were grown using the floating zone technique in a set-up
equipped with four halogen lamps and the corresponding ellipsoidal mirrors. Growth details
have been reported previously [11]. The crystals were cleaved on the (1 0 0) plane, and

2 samples. 300 keV Europium implantation has been

subsequently cut into ~5%5 mm
performed at different temperatures from room temperature (RT) to 1000 °C and to fluences
from 1x10" at/cm? to 4x10" at/cm?®. Post-implant rapid thermal annealing (RTA) was
performed for 30 s in an ANNEALSYS halogen lamp rapid thermal processor in flowing

Argon gas at temperatures from 500 to 1200 °C.

RBS/C was performed using a 2 MeV He' beam and a PIN diode detector at 160°
backscattering angle as well as a Si surface barrier detector at 140°. Aligned spectra were
taken along the <201> direction, normal to the surface, and analyzed using the two-beam
approximation to take into account dechannelling and correctly extract defect profiles from
RBS/C data.

The optical properties of the samples were assessed by RT cathodoluminescence (CL)

spectroscopy in a Hitachi S2500 scanning electron microscope (SEM).

The charge state of implanted Eu was determined by X-ray Absorption Near Edge
Structure (XANES) measurements collected at RT in fluorescence mode at the Eu LIII edge

at the European Synchrotron Radiation Facility in Grenoble, France.
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Results and Discussion

Fig. 1 shows the defect profiles for implantation at RT to several ion fluences. These
profiles were extracted from RBS/C spectra using a two-beam model which separates direct
backscattering from the yield caused by dechannelling of the analyzing beam [9]. For low
fluences, the measured defect profile corresponds well to the vacancy distribution estimated
using the Monte Carlo code SRIM [12]. For higher fluences, the measured defect profiles
reach deeper into the sample bulk and their shape differs significantly from the simulation
suggesting defect mobility. Close to the surface the fraction of displaced atoms reaches 100%.
This is commonly interpreted as amorphisation of the crystal. However, a recent RBS/C study
of implantation in Ga,O3; with a different surface orientation revealed a saturation of defect
concentration below the amorphisation level which may rather suggest the formation of
another crystalline phase [9].

Annealing effectively reduces implantation damage and optically activates the Eu®* ions
as can be observed in the RT CL spectra shown in Fig. 2 for the sample implanted to the

highest fluence of 4x10™ at/cm? and annealed at various temperatures.
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c & 14 2 420
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Figure 1. The relative defect concentration as a function of depth for bulk Ga,Oj3 crystals
implanted to different Eu-fluences at RT. The defect and Eu profiles calculated using the
SRIM code are also shown (in arbitrary units) as well as the Eu-profile extracted from the

RBS spectra of the sample implanted with 4x10*° at/cm?®. (adapted from [8])
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Figure 2. Normalized RT CL spectra of Ga,Os; implanted with 4x10%° at/cm? and
subjected to RTA up to 1100 °C showing the wavelength region of the *Dy—'F; intraionic

Eu* transitions. (adapted from [8])

CL spectra reveal Eu®* emission at ~610 nm due to the °Dy—'F; intraionic transitions in
all samples even without annealing. However, for the as-implanted sample the emission lines
are very broad. Effective defect recovery occurs around 700 °C leading to a significant
narrowing of the Eu** emission lines and subsequent strong increase of emission intensity (not

shown) for higher annealing temperatures.

XANES measurements reveal the coexistence of Eu in the 3+ and the 2+ charge state with
relative concentrations being strongly dependent on the implantation and annealing
conditions. The fraction of Eu®* ions can be significantly increased by implantation at
elevated temperatures (400-600 °C) which is in good agreement with an increased

substitutional fraction revealed by RBS/C and higher Eu®*-related CL intensity (not shown).
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The application of clusters in surface analysis (SIMS) led to a significant improvement of
the detection of organic molecules. The major advantage of cluster beams is the low energy of
each atom in the projectile (down to 1 eV per atom), so that an impact breaks much less bonds
in the sputtered molecules compared to conventional ion beams. The advancement in the field
led to the appearance of many different types of cluster sources, like liquid metal sources, Cgo
guns and gas expansion sources, which are very popular nowadays. The latter are used to
produce gas cluster ion beams (GCIB) mostly from argon, but few other species have been
used recently: CO, [1] and water [2, 3] beams have been investigated. These effort pursue the
main issue of the ions mass-spectrometry — the ionization efficiency. Few percent of CH, [4]
or HCI [5] were added to the argon gas in the GCIB to push the sensitivity of SIMS and some
success was acquired indeed. Most notably, it were the mixed clusters that produced the larger
ion yield, however, authors report that the composition of these clusters from GCIBs were
very different from initial gas composition [4,6].

Our work is inspired by mentioned experimental studies and we look into how mixed
clusters are formed using molecular dynamics simulations. As it was shown in our study [7] it
is crucial to maintain energy conservation (NVE) and not to apply any kind of thermostat to
obtain the correct compositions. In this work our focus is to obtain clusters made of Ar and
CHy, of the size that matters for experimental setups, i.e. >100 monomers. Their compositions
and the spatial distribution of monomers in a cluster are monitored along with the cluster
history.

We used open-access LAMMPS code to perform simulations with a set of potentials:
standard Lennard-Jones for Ar-Ar interaction, Born potential for Ar-H (derived from the
experimental data [8]) and AIREBO for all hydrocarbon interactions. For the latter only the
long-range part is relevant for the study because methane molecules were fixed in their
center-of-mass as at 40 K there is no vibration in C-H bonds. Ar-C potential was neglected for

the sake of calculation speed as it was found to be non-impactful.
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The simulations at early clustering stage clearly indicate that even at 1% methane doping
all clusters have a methane seed. Furthermore, as the simulation goes, the methane fraction in
the gas gets drained considerably (at least 40% is gone to clusters) while Ar monomer fraction
never goes beyond 93% and even rises a little bit. The conclusion is made that the clusters
grow based on heat-capacity dynamics rather than governed by the surface-to-bulk energy
relation as it is in the classic nucleation theory.

As shown in Figure 1, where an example of a cluster is given, Ar tends to cover CH,4 and
as further cooling simulations show, it serves as a heat exhaust, carrying form the cluster the

excessive energy, which was gained when a large cluster consumes a smaller one.

Figure 1. An example of large methane-argon cluster. Pink atoms are argon.

The latter process is very important as it is the way, by which clusters grow dominantly in
the late stage of nucleation. In Figure 2 the time evolution of the cluster population matrix is
given and the gaps between populations are clearly visible as simulation passes 70 ns mark.
New strains of clusters appear when a large cluster (e.g. 100 monomers) consumes a smaller
one (e.g. 20 monomers). This draws us to idea that might be beneficial for the binary GCIB
construction design. If we exploit this late-nucleation growth mechanism and fuse pre-
designed clusters, new types of clusters could emerge, bearing the structure and the

composition that is hard or impossible to obtain in the conventional GCIB.
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Figure 2. Cluster population evolution through time.

Therefore, along with the standard nucleation runs we designed a new scheme to test
binary nucleation in a different environment. Namely, we run several simulations with clean
gases (argon, methane) and the resulting pure clusters are moved afterwards to a new scene.
The process of pure clusters merging into a binary one is discussed and examined.
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Carbon has several allotropes viz. graphite, diamond, amorphous carbon and
synthetically produced allotropes such as pyrolytic carbon, glassy carbon, fullerenes and
carbon nanotubes. Although a brief review of these different allotropes will be presented, in
this talk attention will be given to glassy carbon. Glassy carbon is classified as a disordered
graphitic carbon. Consequently, some of the radiation damage results from graphite and
pyrolytic carbon can be used.

One of the many applications of carbon is in the nuclear industry. For fission reactors
the applications are focused in two areas. The most common application is that of acting as a
moderator for the fast neutrons emanating from the fission reactor. Another modern
application is to encapsulate the nuclear fuel elements with coating layers which can act as
diffusion barriers for fission products. Effective coatings will contain the radioactive fission
products within the fuel particles and thereby prevent release of radioactivity during accidents
such as those at Three Mile Island, Chernobyl and Fukushima.

The different microstructures of the different carbons give unique properties to the
carbons. The microstructure of the two most popular carbons for the nuclear industry, namely
pyrolytic carbon (PyC) and glassy carbon, are also very different. Pyrolytic carbon
manufactured by a CVD (chemical vapour deposition) process using a gaseous precursor
(such as methane CHy,), consists of small graphitic crystals (sizes up hundreds of nm) with a
turbostratic (i.e. showing no evidence of three-dimensional order) structure, usually with
many warped basal planes, lattice defects, and crystallite imperfections [1, 2]. The reaction
temperature determines the different microstructures observed. Depending on the orientations
of the crystallites, pyrolytic carbon range from isotropic to high anisotropic as illustrated in

Figure 1. Isotropic pyrolytic carbon is the preferred one for nuclear applications.
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Furthermore, it has a very low neutron absorption cross-section, a high melting point, a high
sublimation energy, a relatively high thermal conductivity coefficient, and the flexural
strength (or modulus of rupture or bend strength or fracture strength) increases with

increasing temperature up to about 2400°C [1].
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Figure 1. Microstrcture of pyrolytic carbon. (a) Illustration of the classification of pyrolytic carbon.
(b) SEM image of laminar, medium anisotropic PyC. (c) SEM image of microstructure of isotropic
PyC, showing openings and small spheres.

In contrast, glassy carbon (or vitreous carbon) has a vitreous structure, i.e. it has no
long-range crystalline order, with randomly orientated crystallites [1]. Due to the small sizes
(up to 3 nm), the characteristics and properties of glassy carbon are essentially isotropic. It
has an extensive and stable network of graphitic ribbons cross-linked by carbon-carbon
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covalent bonds with varying bond energies [3, 4]. This structure results in glassy carbon also
containing sp® bonds in addition to the graphitic sp? bonds.

Again, due to the difference in microstructure between graphitic and glassy carbons,
radiation damage in these two materials has common and some different mechanisms. Since
isotropic pyrolytic carbon has been used as a moderator in reactors belonging to Generations |
to Il nuclear reactors, the effect of neutron bombardment on different types of graphite
(including PyC) has been studied extensively. Originally, the interest in radiation damage in
graphite and its effects arose largely through concerns raised by Wigner and Szilard from the
behaviour of moderators in the first nuclear reactors. The so-called Wigner energy [5] is
stored in a local defect structure and can be released when the temperature increases
sufficiently, which in turn can lead to a catastrophic temperature increase. As was mentioned
above, pyrolytic carbon consists of graphite crystallites. Thus, radiation damage in graphitic
carbon essentially means damage to the graphitic structure.
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Figure 2. Radiation damage mechanisms in graphite, following Burchell et al. [6]. (a) Formation of
vacancies and interstitials. (b) Formation of dislocation planes. (c) Collapsing of graphitic planes.
(d) Formation of amorphous reagions.
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Radiation damage in graphite encompasses several mechanisms — see Figure 2.
During the cascading process, atoms are displaced to form vacancies and interstitials — see
Figure 2(a). Some of these displaced atoms remain displaced but others diffuse between the
graphite layer planes. A high proportion of them will recombine with lattice vacancies.
However, the interstitials between the graphitic planes will increase the spacing between the
planes leading to crystallite growth in the c-axis direction. Some of the other carbon atoms
will coalesce to form linear molecules and a new graphite plane resembling a dislocation loop
- see Figure 2(b). Adjacent lattice vacancies in the same graphite crystal basal plane can lead
to collapsing lines parallel to the basal plane — see Figure 2(c). This coalescence of (planar)
vacancies will cause a shrinkage in the planes (i.e. in the a-axis direction) leading to localized
negative strain. The competition between c-axis directed expansion and a-axis direction
shrinkage depends on the irradiation fluence and the temperature of the substrate. The latter
determines the mobility of the interstitials and vacancies. With increasing fluence, local
amorphised regions in graphite appear which grow slowly with increasing fluence [7].

Because of its vitreous structure, radiation damage in glassy carbon manifests itself by
the breaking of the chemical bonds, thereby also destroying the small crystallite structure
leaving a more truly amorphous structure. In our laboratory we determined the effect of
radiation damage on glassy carbon using Raman spectroscopy. Figure 3 shows the Raman
spectrum of as-received glassy carbon and the spectra of glassy carbon implanted with 360
keV Cd" at different bombardment temperatures. The spectrum of the unimplanted sample
has two Raman peaks, viz. the D (at about 1350 cm™) and G (arround 1580-1600 cm™) bands
representing the sp® and sp? bonds. After ion bombardment to a fluence of 2 x 10'® Cd*cm™
at room temperature, these two peaks merged into a single broad peak representing damaged
carbon [8, 9]. Implantation with the substrate at higher temperatures (429°C and 600 °C)
resulted in Raman spectra where small D and G peaks are superimposed on the broad
“damaged” Raman peak. This indicates the presence of some sp® and sp? bonds in the
substrate, i.e. that the glassy carbon is slightly less damaged than the room temperature
bombarded glassy carbon.

In this study, Rutherford backscattering (RBS) and vacuum annealing was used to
determine the diffusion of implanted elements into pyrolytic and in glassy carbons. Examples
will be shown of how radiation damage, and also anisotropy, affects the diffusion the

implanted species.
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Figure 3. Non-normalised Raman spectra of virgin glassy carbon and glassy carbon implanted with
360 keV Cd" ions at three different temperatures, i.e. room temperature, 429°C and 600 °C.
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Metallic nanoclusters are of great interest today; the increasing number of works devoted
not only to the fundamental studies but also to the application purposes in the fields such as
biomedicine and catalyst is observed [1]. A variety of experimental techniques and theoretical
researches have been used to determine the structures of small to medium-sized metal
nanoclusters [2]. Heterogeneous catalysis is one of the most important applications of
bimetallic core-shell clusters; the catalytic reaction takes place only on the shell of the
nanoparticles whereas the core metal can markedly affect the performance of the whole
cluster [3]. The resultant core-shell structures exhibit remarkable synergistic catalytic activity,
which can be tuned by systematically changing their composition or/and structure [4]. At the
same time, it is difficult to obtain the core-shell bimetal clusters of nanometer scale,
especially without of a substrate [5]. In this work the evolution of bimetal clusters which are
inclined to form the core-shell structures under ion bombardment is studied.

Two pairs of elements to obtain the model clusters were picked up: copper-bismuth and

copper-gold. The choice is due to the different heat of mixing (AH{”XE}), that leads to

fundamental distinction in forming the resultant bicomponent structure. For the pair Cu-Bi

AH {”;j;} =15kJ /mol , whereas for the pair Cu-Au AH {";\‘g} =—9kJ /mol . These values indicate

the propensity of the second pair of elements to mutual mixing and lack of such propensity of
the first pair of elements. The model clusters used in the calculations were obtained by the
arrangement of two equal initial clusters consisting of 195 atoms at a distance of 2 A between
the nearest surface atoms. As a result of the interaction between atoms, the clusters merged,
forming a unified cluster. Bimetallic clusters were bombarded by monoenergetic single Ar
atoms and Ary3 clusters with energies from 1 eV to 1.4 keV. At the initial time instant, the
bombarding particles were at a distance of 6-7 A from the closest surface target atom. The
velocity vectors of incident atoms in the case of Ariz had equal absolute values and were

oriented parallel to the vector outgoing from the center of mass of the argon cluster to the
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center of mass of the bimetallic target cluster. For each initial energy, 200 independent
experiments with different initial coordinates of bombarding particles were performed. The
simulation time was 100 ps in each experiment. The simulation was performed within the
framework of the classical molecular dynamics. For interactions between metal atoms, the
many-body Ackland potential [6] connected with Born-Mayer potential [7] was chosen. The
interaction between argon atoms is described with the help of the HFD-B3 potential [8]. At
short distances between particles, the potential HFD-B3 is also replaced with the Born-Mayer
potential. The interaction between the atoms of argon and metal was described by the
universal Ziegler-Biersack-Littmark potential.
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Fig.1 —Radius of mono-component parts, distances between mono-component part centers and
sputtering yields vs energy of bombarding particles: a) Cu-Au, Arg; b) Cu-Au, Args; ¢) Cu-Bi, Ary; d)
Cu-Bi, Ars.

To identify the formation of core shell-structures at the end of the simulation time the

radiuses of mono-component parts were calculated. Under the radius we mean the average
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distance from all atoms of one type to the mass center of the correspondent part of the cluster.
Also, the distances between these mass centers in the bimetal cluster were obtained (fig. 1).
The significant excess of the bismuth part radius in comparison with copper part radius along
with small distance between their centers points to the existence of core-shell structures for
the case of Ar;3 bombardment (fig. 1, d). The radiuses of the parts of Cu-Au cluster under
Ar13 bombardment are nearly equal while the center distances are rather small (fig. 1, ). This
means that the components of this cluster tend to mix that agrees with the negative heat of
mixing. For the cases of Ar; bombardment the centers of the clusters’ parts are on the
distances comparable with their radiuses (fig. 1, a, b). That means that there is no full
interpenetration between the copper and gold parts of the bipartite cluster as well as no full
encapsulation of the copper core by the bismuth shell. As example, the core-shell structure
which takes place in resultant Cu-Bi cluster for some simulating test at Ari;3 bombardment is
shown in fig. 2. One can see that due to the greater binding energy the copper atoms form an

explicit core while the bismuth atoms form a shell around it.

Fig.2 —Evolution of Cu-Bi cluster under Ar;3 bombardment: a) 0 ps; b) 100 ps.
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The aim of this work is to investigate the radiation stability of nickel nanowires
fabricated by matrix synthesis using polymer track membranes and Ar* and Xe* (E
=20 keV, j = 300 pA/cm?®) beam irradiation. The dependence of the stability of
nanowires on their diameter, fluence, and type of implanted ions is investigated.
The assumption that the thermalized regions of dense cascades of atomic
displacements (thermal spikes) play an important role in the nanowire structure
change is made. These regions are nanosized zones of explosive energy release and
heated to several thousands of degrees.

Beenenue. B nocnenHue roapl Ha0t01aeTCsl BO3PACTAIOUINI MHTEPEC K IMOJIYYEHHUIO,
UCCJIEJOBAaHUIO M TPHUMEHEHUI0 HaHOpa3MepHbIX MarepuanoB. OIUH W3 MEPCIEKTHUBHBIX
TUIIOB TaKMX MAaTepUaJOB — MAacCHBBl OJHOMEPHBIX METAUIMYECKUX CTPYKTYp —
Ha"onpoBoJsiok (HIT). Maccussr HII u3 menu u cepeOpa MpencTaBlIsIOT HHTEpPEC Kak
AMUTTEPHI JEKTPOHOB (XOJIO/IHBIE KaTO/bl) U MOHOB, a HII u3 maTepuanoB rpynmsl xeneza
NEePCIEeKTUBHBI KaK MarHUTHBIE MaTepHalibl (CEHCOPBI, MaTepUalIbl JIIsl MATHUTHOW 3aIliCH C
BBICOKOW MJIOTHOCTHIO).

K uncny BaxubIx Xapakrtepuctuk maccuBoB HII oTHocuTcst ux crabunpHOcTh. Tak B
o030pe [1], uto cmenuduyeckas reoMeTpus MU pa3BUTas MOBEPXHOCTb MPHUBOJIAT K HX
MeHbIIeH (10 CpaBHEHMIO C OOBEMHBIMM aHAJOraMH) XHMHMUYECKOH U TEepMHUYECKOM
crabmibHOCTU. [lo TpeaBapUTENbHBIM JaHHBIM, TaKH€ MAacCHUBbI MMEIOT M OTJIMYHYIO OT
00BEMHBIX MaTepHAJIOB PAAMALMOHHYIO CTA0MIBHOCTE. IHTEpec K M3ydeHHIO paJualliOHHON
cTabuabHOCTH O0YCIIOBIIEH, IO MEHBLIEH Mepe, IByMs (paKTopaMu:

— panuanMoHHasi 00paboTKa SBJISIETCS OJHUM U3 CIOCOO0B MO (DUKAIINY, YIIPABICHUS

cporictBamu Takux HII;
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— paaualnyioHHas CTOMKOCTh — COXpPaHEHHE CBOMCTB IPU Pa3IUYHBIX THIAX
paIualMOHHOTO BO3ACHCTBUS — BO MHOTHUX CIyd4asX SBIS€TCd OJHUM U3 BaXHbIX
HKCIUTYaTaI[MOHHBIX MTaPAMETPOB

OTMeTuM Takke, 4YTO MOMHMO MPAKTHYECKOTO aCIEeKTa BONPOC M3MEHEHUS CTPYKTYPHI
OpY paJUallMOHHOM BO3JEHCTBMM NPEACTABISET U CAMOCTOATENIBHBIA TEOPETUYECKUH
uHTepec. Ecau uccnenoBanus pagualMoOHHbIX 1€(eKTOB B 00BEMHBIX METaJlJIax MPOBOASTCS
JOCTaTOYHO JABHO, TO JUI1 HAHOPA3MEPHBIX CTPYKTYP TAaKOro poja HCCIEI0BaHUHA OYEHb
Mano. OCHOBHasl 4acTh TaKWX MCCIEIOBAHUM IOCBAILEHA MaTepHajlaM C HaHOpPa3MEpPHBIMU
3épHamu. Tak, B padore [1] oTMe4eHO, YTO OCOOCHHOCTHIO HAHOPA3MEPHBIX CTPYKTYP MOXKET
ABJISITbCSI HEBO3MOXKHOCTh HAKOIUIEHUS DPAJUAllMOHHBIX JE(PEKTOB H3-3a TOrO, 4YTO TaKHe
neQeKTbl MOTYT Cpa3y BBIXOJIUTh Ha MOBEPXHOCTb.

JKcnepuMeHTanbHass 4Yactb. Mccnenyemble HII Obuin  monydeHsl MeETOAOM
1a0JIOHHOTO CHHTEe3a. B kauecTBe MaTpuibl-mabdioHa ObUIA HCIOIB30BAHBI IIPOMBIIIICHHBIC
TpeKoBbie MeMOpaHsbl ¢ nuamerpoM mop ot 0,03 o 0,1 mxm, npousBoactsa OUSAMN, r. /yOHa.
[ToxpoOHO mpolece ocaxkaeHus omnucaH B padotax [2, 3]. [ns momyuenus: HukeneBbix HIT
UCIIONIB30BAJICS  «AJIEKTPOIUT YoTTca» ciuenyromero cocraBa: NiSO4-7H,O — 300 r/m;;
NiCly-6H,0 — 45 r/m; H3BO, — 38 r/i1; Temmieparypa saekrposuta 50-60°C.

Maccussl HII, oTnenenHble OT MOJMMEPHOro 11abIoHa, 00JyJaluch HOHAMU aproHa B
HENpepbIBHOM pekume Ha ycrtaHoBke MJIM-1, ocHalleHHOM TEXHOJOrMYECKMM HOHHBIM
ucrounnkoM «I[IYJIbBCAP-1M» Ha OCHOBE TJCIOMIEro pa3psga HU3KOTO JaBJICHHS C
XOJIOJHBIM TOJIBIM KaToOAO0M, oOecreuynBaromeM paboTy B HEMPEPHIBHOM H HMITYIIBCHO-
NEPUOIUYECKOM (MUIUIUCEKYHIHOM) PEKHMME (Spyua ~ 100 cM%;, B HEIIPEpBIBHOM PEKHME
npeJienbl N3MEHEHHsI SHEPTHH U TUIOTHOCTH HOHHOTO ToKa cieaytomue: E = 5-50 k3B, j = 10-
500 MxA/cm?, £=50 ') [4]

O6nydyenne HIT wmomamu Ar® um Xe' mpoBOAMIOCH HA MEJHON TIOMIOKKE C
BpalaloIUMCs Jiep)kaTesieM (OCh MOHHOIO ITydKa COCTaBisuia yroil 45° ¢ HOpMaiblo K
noBepxHocTu nouioxku. E = 20 k3B, j = 300 MKA/cM?, CKOpPOCTh BpameHust 8 00/MUH)
pa3MYHBIMU (PIFOCHCAMH B HECKOJIBKUX TEMIepaTypHbIX pexkumax: a) 150°C; 6) 550°C

[Tocne o6mydenust oOpasubl ObUIM HCCIENOBaHbl Ha PACTPOBOM 3JIEKTPOHHOM
mukpockone FEI Scios.

Ha puc. 1 npusenensl mukpodotorpaduu ucxoansix HII (mo oGnyuenus) auameTpom

60 M.
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Puc. 1. Vcxommbie HIT u3 Ni (60 HM™M)
Hwuxe na puc. 2 npuBeaensl HIT u3 Ni auamerpom 60 HM mocne oOiydeHUs] HOHAMH

. 7 2
Ar+. Crpenkoii YCIOBHO yKa3zaHO HampapieHue oOmydenus. Ilpu ¢uroerce 107" cM“ u

BpeMeHu oOnydenust 1 munyta (puc.2a) oraBuwinch Makymku HIT (sieBblil BepxHuit yron Ha
¢doto). Ilpu menbmeM daroeHce (1016 CM'Z) BUJIUMBIX M3MEHEHUH He HaOmromaetcs. [lpum
yBemmuennn ¢umoerca 10 5101 cm™ (oGmydeHne B TeUCHNH 5 MEHYT 10 1 MHHYTE) 0GIACTh
OTLJIABJICHUS TOXOIUT 110 mojoBHHBI cHoma HII, uto xopomo BuaHO Ha MUKpOhOTOTpadusix
(puc.2b). IIpu nanpHeimem HakomaeHuu ¢uaroeHca (puc.2c) (o0iaydyenue B TeueHue 10 MUHYT
no 1 MuHyTe) MPOMCXOAUT JanbHeliee omiasiaenue u gepopmanus HIL. Ilpu HenpepbiBHOM
ob0nyyeHun ¢ HarpeBoM (puc. 33) (5 MHUHYT) IPOUCXOIMT OIUIABJICHHE MOBEPXHOCTH BCETO

cHoIa poBoJIoK. [Ipu 3TOM BHYTpHU CHOIIA TPOBOJIOKH MEHEE OIJIaBJICHBI.

Pnc. 3. oq)OTopaq)H n3 Ni ,Z[I/IaTPOM HM 10CJIe o0JryueHust HoHaMH Ar+ ¢

Puc. 3. Mukpodotorpadus HIT u3 Ni auamerpom 60 HM mociie o6mydenus nosamu Ar' (a) u Xe' (b)
¢ HarpeBoMm 10 550°C. F = 5-10"cm™
Ha puc. 3 (a, b) npusoaurcs cpaprenue HIT mocne o6nydenus HoHAMH Ar’ ¥ HOHAMH

Xe®. B 060ux cilyyasx pexuM o6mydeHns ObUT oguHakoBeIM: E = 20 ¥9B, j = 300 MKA/cM?
BparnieHue 8 006/muH, yrou - 45°, Harpe 550°C. O0ny4eHne HEMPEPHIBHO B TEYCHUH 5 MUHYT.
Ha wu300paxkeHMM BHAHO, 4YTO MOCTe OONydeHHs HOHaMM Xe' TPOBONOKH 3aMETHO

+
I[C(I)OpMI/IpOBaHLI U UMCIOTC ABHBIC OTJIMYUA OT ClIy4das O6J'Iy‘-IeHI/I$I HoHaMmu Ar .
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OObsicHeHHeM  HaONIOJaeMoOro  Mpoliecca  OIUIABJICHUS  HAHOMPOBOJIOK  MPH
HEJIOCTaTOYHBIX ISl TuiaBiieHus uuctoro Hukens (150 m 550° C) mMokeT SABIATHCS JIMIIb
sBIieHUE (DOPMHUPOBAHUS TIPH OOITYYCHHUH TSDKEIBIMA MOHAMH TEPMHUYECKUX TMUKOB (thermal
spikes) [5, 6]. DTo moutu chepuueckre (B ciiyduae BHEAPSHHS TSHKEIBIX HOHOB B TSKEIIbIC
MaTpulibl) 00JaCTH IJIOTHBIX KACKaJOB aTOMHBIX CMEIICHUM ¢ TUIMYHBIM AuameTpom ~5-10
HM (mopsika 11 mms Ar' u 6 ana Xe' [TRIM]), Tepmanu3syemsie 3a BpeMs mopsaka 10-12 ¢
(Bpems octeiBanus ~10-11 ¢) u pocturaromue temmneparyp 3000-5000 K u Boime. Cpenass
ryOouHa QopMupoBaHHs Takux oONacTe MpH HIHEPTUM PACCMAaTPUBAEMBIX HOHOB
cocrasistroneit 20 k3B Taxke nopsinka 5-10 um. [Tomrmo HarpeBa B mporiecce o0IyueHus B
o0véme HII yBenmumBaeTcss 4Mcio HEPaBHOBECHBIX 1€(EKTOB, UTO MOXKET CHOCOOCTBOBAThH
CHI)KCHUIO TeMIIePaTyphl MIIaBICHUS.

3akarouyenue. TakuM o0pa3oM, IPOBEIEHHOE HCCIIEIOBaHUE I10Ka3ajlo, YTO IIpH
HCIIOJIB30BAHHEIX MapaMeTpax 00IydenHus kak noHamu Ar’ u, Tak u nonamu Xe' (E = 20 k3B,
j = 300 MxA/cM2, diroeHCh 10 - 10 CM'Z) npoucxoauT aeopmanus u orasiaeHue HIIT,
JaXe TpHM He3HAuMTeTbHOM HarpeBe mmyukoM (mo 150°C). BoszeiictBue moHos Xe' 6omee
MHTEHCUBHOE.

MoxHo cpaenaTh BBIBOJA O HHU3KOM paguanuoHHoi crabuiabHoctu HII  mpm
HICTIONB30BAHHEIX PEXHMax o0aydeHns noHamMu Ar' m Xe' moa Bo3ueiCTBHEM HMOHHOTO
00Jy4eHHs ¢ BBICOKOM TNIOTHOCTHIO HOHHOTO TOKa. B HacTosiiee Bpemst IpoBOASTCS pabOThI
[0 MCCIIEJIOBAHUIO TepMuUeckoi ctabuibHOCcTH 3TuX HII mpu aHamornyHslx TemmepaTypax
(6e3 o0myuenus). Takoit SKCIIEPUMEHT TTO3BOJUT BBIIECIUTH PAIUAIIMOHHYIO COCTABJISIONIYIO

BO31€HCTBUA.
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ION BEAM MODIFICATION OF WIDE BANDGAP SEMICONDUCTORS
A.Yu. Azarov, and B.G. Svensson

University of Oslo, Dep. of Physics, SMN, PO Box 1048 Blindern, N-0316 Oslo, Norway
e-mail: b.g.svensson@fys.uio.no

Ballistic processes of defect formation as well as thermalization of collision cascades oc-
cur within a very short time scale (~10™2 s) [1] and significant progress has been achieved in
the understanding of these processes by employing molecular dynamics simulations [2]. In its
turn, the resulting amount and distribution of ion-induced defects is determined to a large ex-
tent by dynamic annealing, i.e. the defect evolution after thermalization of the collision cas-
cades. These processes have several orders of magnitude longer characteristic time scales as
compared to those for the ballistic processes [3] and are generally thermally activated. How-
ever, in most cases our understanding of the dynamic annealing stage is limited due to the
complexity of the processes involved. In particular, molecular dynamics simulations are not
highly suitable for such long time scales. The insufficient understanding of the dynamic an-
nealing processes makes also other kinds of simulation approaches challenging, such as kinet-
ic Monte Carlo [4] and rate theory modeling [5].

In the present contribution, we demonstrate how ion bombardment can be used for defect
engineering in ZnO which is one of the most intensively studied semiconductor materials in
recent years. Indeed, ZnO is a wide and direct band-gap semiconductor belonging to the
group of so-called “radiation-hard materials” where amorphization is strongly suppressed
even for heavy ion bombardment at cryogenic temperatures [6]. The research efforts on ZnO
have been stimulated by its potential applications for optoelectronics operating in blue and
ultraviolet spectral range and electronic devices able to work in harsh environments including
high-energy physics experiments, space craft and fusion/fission reactors. For the latter exam-
ple, we will also discuss some recent results on the progress of ion beam modification silicon
carbide (4H polytype).

Previously it has been shown that ion-induced damage formation in ZnO exhibits some-
what unusual behavior. In particular, in contrast to most other semiconductor materials the
defect formation in ZnO is not a function of the collision cascade density [7]. However, the
final amount of defects and their distribution depend strongly on the implanted species due to
dopant-defect reactions and defect stabilization by the implanted atoms. For example, Fig. 1
shows the maximum relative disorder in the bulk peak as a function of displacements per at-

om (DPA) for room temperature (RT) implants with B, Ar and Ag ions (see Ref.[6] for de-
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tails). The B ions produce considerably more defects for the same value of DPA as compared

to that for Ar and Ag and the damage saturates at ~0.75, which is a high level relative to that

typically observed for other ion species. Moreover, the inset in Fig. 1 shows a comparison of

disorder versus fluence dependence for B and Si — another element for which an enhanced

disorder in ZnO has been attributed to defect stabilization by the element itself [8]. Both

curves resemble each other despite the large difference in atomic masses and, therefore, in the

amount of primary generated defects as well as in the density of collision cascades. Hence, the

pronounced effect of defect stabilization by B prevails clearly over the effect of DPA.
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1 Maximum relative disorder on the Zn-sublattice in the bulk

damage peak after implantation at RT with B*, Ar* and Ag” ions
as a function of DPA. The inset shows the dose dependences of
the maximum relative disorder for B (present study) and 60 keV
Si (see Ref. [6] for details).
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with the Zn depth scale as well as the surface positions of Zn and
O atoms are shown by the arrows. (see Ref. [11] for details).

117

Fig. 1 reveals also a lower
relative disorder for Ag ions as
compared to that for Ar ions.
This behavior for Ag is differ-
ent from that for other heavy
elements such as Cd, Au and
Bi [9] and can, therefore, not
be associated with the high
density of the collision cas-
cades. Instead, an enhanced
formation of extended defects
stimulated by Ag ions can play
a role. This is also supported
by the data in Fig. 2 showing a
comparison of RBS/C spectra
for the samples implanted at
channeling and off-axis direc-
tions with 500 keV Ag ions to
a dose of 5x10™ cm™. Even
for off-axis implantation, the
RBS/C spectrum exhibits an
enhanced yield beyond the
bulk damage peak located at
depths around 180-200 nm. It
was demonstrated previously

[10] that such an increased



dechanneling yield implies formation of extended defect structures in the implanted region

which do not contribute to direct ion backscattering. In contrast to the off-axis implant, the

RBS/C spectrum for the on-axis implanted sample does not show a well defined damage

peak. Instead, it displays a considerably enhanced yield deeper than R, (marked by the arrow),

while the spectrum shallower than R, is close to that of the unimplanted sample. The results

imply that the generation of extended defects has a weak dependence on the off-axis versus

on-axis implantation direction [11].

Relative disorder

Relative disorder

Relative disordrer

In order to reveal an interaction of mobile point defects with extended defects we use 80
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Fig. 3 Depth profiles of the relative disorder in 80 keV N-
implanted ZnO samples with (a) and without (b) a pre-existing
buried layer of extended defects. The surface, near the R, and
end-of-range defect peaks are labeled as SP, BP and EOR, re-
spectively, in panel (a). (c) Dose dependences of the relative
disorder maximum of the BP and the EOR peaks in the samples
with and without a buried layer of pre-existing extended defects
(see [13] for details).
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keV N implantations performed
at RT in the Ag on-axis pre-
The N-
induced primary defects are
lightly
damaged layer between the sur-

implanted samples.

generated within the

face and the buried layer of pre-
existing extended defects. To
analyze the defects produced by
the N implants the
DICADA [12]
were performed relative to the

only,

calculations

defect level in the Ag implanted
samples, so the pre-existing de-
fects were not taken account in
the final defect vs depth pro-
files. Fig. 3 shows the relative
disorder vs depth profiles in-
duced by the N ions after doses
of 1x10™ and 1x10% cm? in
the samples with (a) and with-
out (b) pre-existing disorder. In
the reference sample, the de-
fects accumulate close to R, of
the N ions (~145 nm) irrespec-

tive of the ion dose with a neg-



ligible disorder at the surface. However, in the pre-implanted samples the defects accumulate
initially (doses below 1x10% cm™) in the end-of-range region at depths more than twice that
of R, forming a broad peak around 350-400 nm (labeled as EOR in the panel 3(a)). For high-
er doses (1x10" - 1x10' cm®), the peaks near the surface and around R, labeled as SP and
BP, grow and the total damage versus depth profile exhibits a distinct multi-modal distribu-
tion.

The interplay between BP and EOR defects in the pre-implanted samples is also illus-
trated in Fig. 3(c) summarizing the dose dependence of the two peaks relative to that in the
control samples. In the pre-implanted samples the EOR peak dominates at low doses and then
almost saturates at ~ 0.04 for doses > 1x10* cm™, while the defects in the BP start to domi-
nate above 5x10% cm™. The EOR peak may be attributed to mobile point defects generated
by the N ions and subsequently trapped at the pre-existing extended defects. With increasing
dose, the implanted ions start to play a role in defect stabilization and the BP emerges. In its
turn, trapping at the BP limits the amount of migrating defects into the bulk, and eventually
the BP becomes dominant at high doses. It is important to note that at high doses the maxi-
mum amplitude of the BP is higher in the control samples. Therefore, a defect engineering
scheme where a high density band of extended defects is formed outside the active volume of

an operating device in ZnO appears as a viable route for improved radiation tolerance [13].
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ELECTRICAL ISOLATION OF GaN BY 200 MeV Ag ION IRRADIATION
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3 Department of Physics, Indian Institute of Technology Delhi, Hauzkhas, New Delhi, India

It has been known for a long time that irradiation of epitaxial conducting GaN layers
with accelerated ions leads to an increase of their sheet resistance. (See, for instance, [1, 2]
and references therein) The resistance of these films can be grown by ~ 10 orders of
magnitude as a result of damage of the lattice.

In earlier experiments on formation of electrical isolation layers in gallium nitride light ions
with energies not higher than few MeV [3,4] were used. It is obvious to suggest that
resistivity degradation is mostly caused by formation of some stable complexes of point
defects. Such complexes are formed of simplest point defects (SPDs) generated in the target
by stopping ions. Conductivity of the sample can be decreased by these complexes due to
following physical reasons:

(1) Carrier mobility decreases due to enhanced scattering on defects; (2) free carrier
concentration decrease due to carrier capture to deep defect levels which compensate shallow
donor or acceptor levels; and (3) these shallow doping levels can disappear due to formation
of complexes consist of that doping center and one or more point defects generated by
stopping ion [1,2]. We exclude from the list of possible mechanisms the speculation on
polycrystalline nature of GaN epitaxial layers and raise of inter-crystal potential barriers
height during irradiation given in [5].

Shift to swift heavy ion irradiation (SHI) with energy ~ 1 MeV/amu, dramatically
change spectrum of defect structures formed by irradiation. Nuclear energy losses become
very small even for relatively heavy ions, whereas excitation of the electronic system of a
target significantly increases. Inelastic energy loss could reach tens of keV/nm. So large
energy deposition happened in a very small volume around straight ion trajectory could result
in formation of disordered zones (tracks) along ion path. These tracks may have either
amorphous or nanocrystalline structure [6-8] and could be continuous or consist of a number
of separated zones along ion trajectory. They can appear after each ion impact (if electronic

energy loss exceeds some threshold value) or as a result of overlapping of the damage formed
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Figure 1. Experimental sheet resistance of GaN sample
normalized to resistance of virgin sample as a function of
Ag ion fluence (symbols) and result of modeling (curve).

in sequential impacts. It is of
interest to investigate degradation
of sheet resistivity under SHI
irradiation.

Un-intentionally doped (0001) n-
GaN epitaxial layers grown by
metal-organic  chemical vapor
deposition technique on sapphire
were used in this study. Initial
carrier concentration was
~3x10%cm>®,  GaN
thickness ~ 3.7 um. Samples were

irradiated at the 15 MV Pelletron

layer

facility at the Inter-University Accelerator Center, New Delhi by 200 MeV **’Ag*** ions. lon

flux was 6.25 x 10° ions cm2 st

, target temperature was 80 K. The sheet resistivity of the

GaN layers was measured in-situ by Van der-Pauw method not later than 10 minutes after the

end of every irradiation to each fluence.

Fig. 1 illustrates measured resistivity with the fluence increase. Interestingly, shape of the

experimental curve is very similar to one obtained in the case of much lower (few MeV)

energy ion irradiation, when nuclear energy loss is much more pronounced in energy transfer

[1-4], and no track formation is possible. According to SRIM simulations, inelastic energy

loss of 200 MeV Ag ions in GaN is

E 1

Figure 2. XTEM image of GaN sample
irradiated by 200 MeV Ag ions to a

fluence 0.5x10 cm™ Arrows mark
series of amorphous cluster chains
formed in ion tracks.

about 25 keV/nm [9]. Threshold energy for track
formation in GaN was found to be ~ 15 keV/nm [7].
Thus tracks could be formed during irradiation. This
is supported by Fig. 2, where XTEM image of a
GaN sample irradiated to a fluence of 5x10™ cm 2 is
presented. In the Fig. 2 one can see native
dislocations threading from the sapphire substrate to
sample surface and a few chains of separated
amorphous clusters shown by arrows. These high-
density regions have diameters about several nm.
Moreover, earlier [10] in HRTEM image we have
not found any significant amorphization at the

surface or in the bulk after irradiation by 200 MeV

121



Ag ions to a fluence 5x10™ cm™.

Let us estimate relative volume of amorphous zones formed within tracks, assuming them
discontinuous with one third of its volume being amorphized. Average cross section area of
track created in GaN by 104 MeV Pb ion (having almost same 24 keVV/nm energy loss) will
be less than ~ 50 nm? as follows from high resolution plain view TEM images given in [7].
Thus, total amorphized area, which we consider as switched off from conductive state, will be
less than ~ 0.03 after target irradiation to highest experimental fluence of 2x10 ™ cm . Such a
low value will not significantly affect sample resistivity Rs = f (®). On the other hand, nuclear
energy loss of 200 MeV Ag ion in GaN is about 70 eV/nm [9]. Hence, it will generate enough
simple point defects to determine the observed effect in a similar manner to a few MeV
irradiation case.

In a few MeV ion case, the mostly probable mechanism of resistivity increase is
formation of complexes consisting of a doping atom and SPD generated by stopping ion.
Thus the dopant becomes electrically inactive and resistivity of the epitaxial layer increases.
Considering that simple model [1, 2], we derive following equation describing ion fluence ®
and concentration of defect-dopant complexes ng:

In(1 —ng/ n;) = ang(l — g @ /ng), (1)
g is the average density of point defect generation; n; — initial dopant concentration; a —
constant of dopant-point defect quasi-chemical reaction; t — SPD lifetime before its

recombination on unsaturated sinks. Sheet resistance will be expressed as

-1

Ry =[euNg]" =[enh(n +n,)] 2

where e — electron charge, u—charge carrier mobility, Ns — sheet and n. — volume
concentration of free carriers, h — epitaxial layer thickness, [ezhn,] — sample resistance
after irradiation to a high fluence. In the extreme conditions of low and high irradiation
fluences [1, 2] Eg. (1) can be rewritten as follows:

ng/mi << 1 n, =N ep[-arg®/l+arn)] A3)

(1-ngn) << 1 n, =n@—n, /n;)=nepam lep[-argd]  (4)
Thus, either at low or at high fluences the dependence In Rs = f (®) would be linear and its
slopes will be described by Egs. (3) and (4). Straight lines reflecting both these irradiation
regimes are clearly seen in Fig.1. This fact let us derive model parameters at and g using
experimental data.
Curve in the Fig presents the result of calculation of Rs = f (®) on the base of our model.

Obtained values of fitting parameters were reasonable in compare to given in [2]: at =
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3.77x10 ~ *em3 g=6.23x10° ecm™ | nj=3x10'® cm 3. It is seen that model and
experimental data coincide quite well.
Indeed, formation of strongly disordered zones within track, neglected in our model, will also
affect sheet resistance raising deviations between experimental data and simulated results. But
if we consider amorphous zone as intrinsic semiconductor surrounded with n-GaN, electrons
will need to overcome barrier to enter this zone. Thus, tracks will not act as a carrier sink. One
more reason of these deviations is that not only charge carrier concentration but their mobility
might depend on ion fluence, which was also neglected. However, mobility change will not
strongly affect simulated R =f(®). Indeed, sample resistance changes up to 6 orders of
magnitude whereas mobility will not drop more than 10 times [4].
In conclusion, SHI irradiation induced sheet resistivity change in GaN epilayer can be
explained by mechanism suggested in [1, 2].

Work was supported by Russian RFBR grant 17-52-45145 and by DST of India.
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COCTAB, CTPYKTYPA U 3JIEKTPOHHBIE CBOIMCTBA HAHOIIJIEHOYHBIE
CUCTEMBI SiO,/Si/CoSi,/Si(111)

COMPOSITION, STRUCTURE AND ELECTRONIC PROPERTIES OF NANO-FILM
SYSTEMS SiO,/Si/CoSi,/Si(111)

B.E. Ymup3sakos, E.C Dpramos
B.E. Umirzakov, Y.S. Ergashov

Tawkenmckutl 20cy0apcmeeH bl MeXHUYeCcKUll yHugepcumem
V3oexucman, 100095, Tawkenm, yin. Yuueepcumemckas 2, men.: (+998 71) 246-65-50,
e-mail: yergashev@rambler.ru

In this work by the method of ion implantation in combination of heating obtained the
heterostructure type of SiO,/Si/CoSi,/Si. It is shown that between layers of SiO,/Si and
Si/CoSi, are formed transition layers with a thickness of 8-10 nm. The width of the band
gap Egq of the CoSi, and SiO nanolayers was determined.

B mocnegnue ronmbl pe3ko BO3pOC HHTEpEC K TMOJNYUYEHUI0O W HU3YUEHHUIO CBOMCTB
HAaHOPA3MEPHBIX TOJIYIPOBOJHUKOBBIX CBEPXPEMIETOK. MHOTOCIOWHBIE TOHKOIJICHOYHBIE
HAHOCTPYKTYphI, comaepskamue ciou NiSi; u CoSi, umeroT nepcrnektuBbl B co3ganun MJIIT-,
[TAII-cTpyKTYp, OMHYECKHX KOHTAaKTOB, OapbepHBIX CJOE€B, OJJIEKTPOHHBIX M MAarHUTO-
3anoMHUHAOMIX yCTporcTB [1-3]. TTomoOHbIe CTPYKTYphI OOBIYHO CO3MArOTCsA MeTogom MJID.
[lpu cosznanuu cinoeB MeSi; OCHOBHOC BHHUMAHHUE YACISICTCS YMEHBIICHUIO JO MHHUMYMa
MOBEPXHOCTHOW KOHIICHTPAILIUU KUCIIOPO/Ia, KOTOPBIN MPUBOIUT K CYIIECTBEHHOMY YBEITUYCHUIO
p KOHTakTa W yMmeHblueHH0 auddy3un aromoB Me B Si. [l uzbaBiieHHs OT KHUCIOpPOJA BO
MHOTHX CITy4asiXx MEXIy KpeMHHEM U IUIEHKOW KobanmbTa cosnaercss Aud¢y3uoHHbIN Oapbep,
NyTeM HAHECCHHs CBEPXTOHKUX IieHok Ti, Ta u W [2, 4,5]. OaHuM H3 MEepPCrIeKTHBHBIX
METOJIOB CO3/IaHUsI HAHOPA3MEPHBIX CTPYKTYp Ha MOBEPXHOCTU U B MPUIIOBEPXHOCTHOM 001acTH
MIOJTYIIPOBOTHUKOBBIX W JHMAJNIEKTPHUECKUX TUICHOK SBIISCTCS HHU3KOIHEpPreTH4eckas HOHHAs
umiiantanus [6,7]. B [8] mpemiokena meroauka MmojaydeHHs JIBYXCIOHNHBIX HaHOPa3MEPHBIX
a3 CoSiy B pasmuunbIx rybunax Si ummianrtanueit Co’ B Si ¢ Bapuarueii S5Hepruu B Mpeesax
Eo=1-40 x3B.

B nmanHO#i paboTe MBI TOMBITAIHCH IMONYYUTHh JBYXCIOHHBIE TE€TEPOCTPYKTypa THIA
SiO,/Si /CoSiy/Si. qns storo B Si(111) cHayama MMIUTAHTHPOBAIMCH MOHBI CO' C BHICOKOM
sueprueii (Eg=20-30 k3B), a 3ateM nonsl O, ¢ Hu3Koii sHeprueii (Eg=1-5 k3B). Hccnenosanne
NpOBOAUIUCE € wuccienoBanueM wmetonoB OOC, YOOC u u3MepeHuss WHTEHCUBHOCTHU
MIPOXO/ISAIETO U OTPAKEHHOTO CBETA.

Ha puc. 1 npuBenens! 3aBUCUMOCTH UHTEHCUBHOCTU oxe-iika Co (765 3B) ot riyOuHsI
ans Si, ummnanTuposarHoro noHamu Co’ ¢ Eg = 25 k3B 10 u nocne nporpesa npu T = 900 K.
W3 puc. 1 BugHO uTO B 000MX ciydasx Kpusbie lco(h) mpoxoast depe3 MakcUMyM, KOTOPBIN

pacnionaraercst Ha riiyoune 20 — 25 um. Ilocne nporpeBa mHTEeHCUBHOCTH MUKa lc, B o0nactu
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MaKCHMyMa CYIIEeCTBEHHO yBeiawuuBacetrcs (B 1,5 — 2 pasa), a momymupuna kpuBoi lc,(h) —
yMeHblnaercss u coctaBisieT ~ 10 — 12 HM. Ananus pesynbraroB OOC mokasain, 4To Ioclie
OTXHra B TPUIIOBEPXHOCTHOM cjioe Ha riuyouHe 24 — 25 um dopmupyercs cioit CoSi, ¢
ToamUHON ~ 12 — 15 mm. Jlimg 3Toit cuCTEeMBbl OBLIM CHSTHI 3aBHCHMOCTH HWHTEHCHBHOCTH |
MIPOXOJISIIETO CBETa OT PHEpruu (MIMHBI BOJHBI) GoToHOB (puc. 2). U3 puc. 2 BUAHO, 4TO B
cllydae YUCTOTO KPEMHHUSI MHTCHCUBHOCTH CBeTa lcosio/lsi pe3ko ymenblaercs, HaunHas ¢ hv =
1,0 5B, a B ciryuae Si ¢ Buyrpennum HanocioeMm CoSi; — ¢ hv = 0,5 3B, rae lsj — HHTEHCHBHOCTD
CBETa MPOXOIAIIMIA Yepe3 YHUCThI MOHOKpHCTALI Si, a lcesiz — yepe3 Si ¢ nanocioem CoSis.
DKCTpanoysLus STHX KPUBBIX K ocu hv mokasano, 4yro juis mieHok Si u CoSi; 3nauenus Eg
COOTBETCTBEHHO paBHHI ~ 1,1 u 0,6 3B. 3aTem >T0T )e 06pazen Gombapauposancs nonamu O ¢
HusKoii sHeprueit Eg = 4 B npu D = 8:10" cm™® Iocne mporpesa mpu T = 800 K

obpazoBaiack cucteM tumna SiOy/Si/CoSiy/Si(111) ¢ nepexoaHbMu ciiosMu (puc.3).

ICCH
OTH.CI.

~
1 \q 1 1
35 40 45  h,Em

]
0 5 10 15 20 25 30

Puc. 1. U3MeHeHne HHTEHCUBHOCTH 0ke-MuKa Co mo riryoune 175 Si, HMIVIAHTHPOBAHHOTO
17 2
nonamu Co’ ¢ Eg =25 k3B npu D = 10" em™, 1 — 10 oTskura, 2 — nocje nporpesa npu T =900 K B
TeyeHuu 30 MuH.

ICOSL'Z

Is;

Si(111)

0.8

0.4

0 0.4 0.8 1.2 hv.»B

Puc. 2. 3aBucMMOCTH HHTEHCMBHOCTH MPOXO/SIIIEr0 CBeTa oT YHepruu ¢poronos mis: 1 — Si (111), 2
— Si ¢ Hanocs1oem CoSi; nHa riayoune 18 — 28 am.
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Tonmaa moBepxHocTHOM TuteHKH SiO; coctaBimsia 4 — 4,5 um. Mexnay cinossmu SiO; u
CoSi, umeercs cioit Si ¢ ToamuHoi ~ 8 HM. [10100HBIC CTPYKTYpBI OUY€Hb BaKHBI TSI CO3AaHUS
npuOOpPOB, OCHOBAaHHBIX Ha A(PPEKTUBHOM IOTJIOMIEHUH CBETOBBIX JIyueil B HIMPOKON 001acTu

SHEPIHUH.

Csi

A ot’ | ! ! 10~ ! |
0 8 16 24 32 40  h,EM

Puc. 3. IIpodpuau pacnpeneienust aromos Si, O u Co no riayoune cuctembl SiO,/Si/CoSi,/Si(111). 3a
100% npuHATAa KOHIEHTPAIMS XOPOLIO OYHIEHHOH MOBEPXHOCTH Si.

I[J'ISI HCIIOJIBb30BaHHA HO,HO6HBIX CTPYKTYp B CO3JaHHUHN COJIHCUHBIX 3JICMCHTOB BMCECTO IIJICHKH

SiO, Heo6x0auMO (GOPMUPOBATH TUICHKH C ITMPUHON 3aPEIICHHON 30HbI ~ 2 — 2,5 3B.
Takum 00pa3oM MeToJ] HU3KODHEPreTUYeCKO MOHHOW MMIUIAHTAIMMU SIBIsSETCS dPQPEKTHUBHBIM
CPEACTBOM IOJIYYEHUSI HAHOPA3MEPHBIX CTPYKTYP KaK HA MIOBEPXHOCTH TAK U B IIPUIIOBEPXHOCTHOM CJIOE
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®OPMHUPOBAHUE p- CJ10SI HA MTOBEPXHOCTH
GaAs [TIPU EE OUMCTKE HOHAMMU Ar”
FORMATION OF A p- LAYER ON THE GaAs-SURFACE IN ITS ETCHING
BY Ar* IONS
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Abstract. Wide usage of the ion etching method for surface cleaning makes research of the proper-
ties of the etched surfaces topical. The core-level and valence band electronic structure of the near-
surface layer of n-GaAs (100) wafer has been studied by synchrotron-based photoelectron spectros-
copy before and after etching the native oxide layer by an Ar* ion beam. Formation of the p- type
conductivity has been revealed in the irradiated layer several nm thick. The effect is assumed to be

coursed by creation of the acceptor antisite defects when Ga atoms occupy the As position.

TpaBieHue mMyukaMy HOHOB Al’ IMIMPOKO MCHOJB3YETCS IS OYUCTKH TTOBEPXHOCTH
MaTepHajioB OT CJIOs aIcopOaTOB U COOCTBEHHBIX OKCHIOB, KaK ISl HCCIICIOBAHUSI CBOMCTB
MaTepHaJoB, TaK U JJIS MPOBEIACHUS Pa3HOOOPA3HBIX TEXHOJIOTUYECKHUX OIepallyii, Harpas-
JICHHBIX Ha CO3J[aHUE DJIEKTPOHHBIX mpubopos [1, 2]. McciaenoBanue OYMINEHHBIX HOHHBIM
TPaBJICHUCM HOBerHOCTeﬁ TaKUMHU MMOBCPXHOCTHO-UYYBCTBUTCIIbHBIMU MCTOJAMH, KaK MC-
TOJIBI DJIEKTPOHHON CIEKTPOCKOINH, MO3BOJISIET MOMyYaTh BAKHYIO HH(popMammio 00 3e-
MEHTHOM W XHMHYECKOM COCTaBe MaTepHaia B MPEINOI0KEHUH, YTO COCTaB 00BEMA U HC-
CJIETyeMOT0 TPUIIOBEPXHOCTHOTO CJIOs TONMHMHON 1-3 NM ommnHakoBbl. OHAKO JTaHHOE
MPEIIOJIOKEHNE BEpHO Jaeko He Bcerja. OHO HE BBIMOJHSACTCS B TAKOM HCKITIOYUTEIHHO
Ba)KHOM TOTYyIpoBOoaHKKE, Kak GaAS. B paborax [3 - 7] Obu1 0OHapyKeH U uccieaoBaH 3¢-
ekt oborameHnss 00JIydeHHOTO TPHUIIOBEPXHOCTHOTO CJIOS TAJUTMEM 3a CUET MPEUMYIIECT-
BEHHOT'O DPACHBUICHUS aTOMOB MbIIIbsIKA. DPQPEKT MPOSBIAETCS B IIHPOKOM JUATIA30HE
3Hepr1/n>'1 O6J'Iy‘IaIOH_[I/Ix HOHOB U JOCTUTACT BBLICOKOI'O OTHOIICHHWSA KOHLCHTpAWU TaJllIusd U

mbiibsika [Ga]/[As] = 1.45 [5,6]. B nacTosiieit paboTe ObUTO MOKAa3aHO, YTO MPUITOBEPXHO-
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cTHBIN cioit GaAS B pe3ynbTaTe HOHHOTO OOJy4eHHsI HEe TOJbKO 00oraIaercs rajiieM, HO
U CTAaHOBUTCS CJIOEM P-THIA, JaKe €CJIM W3HAYaIbHO OH 00J1a1a1 MPOBOAUMOCTHIO N-THIIA.

OKCHEpUMEHT MPOBOJWIICA B CBEPXBBICOKOM BakyyMe Ha Poccuiicko-I'epmaHCKOM Ka-
Haye HakomutenbHOro konbia BESSY-Il (BepnauH) ¢ moMombio (OTOAIEKTPOHHOTO CIIEK-
TpoMmeTpa “Mustang”, cHaGkEHHOTO MOTychHEeprUUEeCKHUM SHEProaHaTu3aTOPOM. DHEpreTHIe-
CKoe paszpemnieHue crekrpomerpa coctaBisuio AEe ~ 300 maB. PeructpupoBanucey GhoTodmek-
TPOHBI, HCITyCKAaeMBIE 110 HOPMATbHBIM yraoM. Ilmactuia GaAs(100) n-ruma (n ~ 10™® em™)
HCCIIeNOBANAch 0 U mocie obmydenus noHamu Ar' ¢ sueprueii Ej = 2500 2B HemocpecT-
BEHHO B BAKyYMHOM CHCTEME CIIEKTPOMETPA.

Ha Puc. 1 npeacraBieHbl (HOTORIEKTPOHHBIC CHEKTphl Tautus Ga3d, nu3MepeHHbIe 10
(crmomrHast TUHUS) U TTOce (MYHKTUPHAS JIMHUS) HOHHOTO TPABIIEHUS C 1030, JOCTAaTOYHOU
JUIS yAaJeHUs CIos COOCTBEHHBIX OKCHIIOB. [Ipoliecc ynmaleHus OKCHIOB KOHTPOJIUPOBAJICS
1o (oToanekTpoHHOMY NMUKY Kuciopoaa O1s. CrnexTpbl u3mMepeHsl Ipu d3Hepruu GoToHOB /v
=150 5B u npuBeAeHBI B IIKAJIE YHEPTUU CBS3H EKTPOHOB (Eg), OTCUMTBIBaEMOIi OT YpOBHS
®epmu. CHEKTp UCXOAHOM MOBEPXHOCTH COCTOUT U3 IIMPOKOTO MUKA C LIEHTPOM MPH SHEPTUU
Eg = 20.5 3B, cootBercrBytomeit paze Ga,O3 [1, 2], uTo cBUAETEILCTBYET O (OPMUPOBAHUU
CMECH DJIEMEHTapHBIX OKCHJIOB IPH OKHUCICHHM HPUMIOBEPXHOCTHOro ciosi GaAs. DHeprus
csa3u nuka Ga3d mocie ymaneHus Cosi COOCTBEHHBIX OKCHJIOB IMPAKTHYECKH COBIAIAET CO
3HaYCHHEM, TIOJTYYeHHBIM aBTopaMu panee [9], u ¢ Tounocthio 110 0.1 — 0.2 3B cormacyercs ¢
JAHHBIMU, OMYOJIMKOBAaHHBIMU JJIsi KPHCTAJUIMYECKUX, aMOP(HBIX, XUMHUYECKH M HOHHO-
TpaBieHHbIX moBepxHocTeld GaAs [1, 2]. bau3ocTh 3HaYCHUH SHEPTUM CBSI3H, MOJYYCHHBIX
JUISL pa3HBIX MOBEPXHOCTEH, CBUIETEILCTBYET O cIab0i 3aBUCUMOCTH XUMUYECKOTO COCTOSI-
Hus aroMa Ga u ero OIKHETO OKpYyKeHus B GaAS OT CTeneH! KpUCTAUTMIHOCTH MaTepuaa.

OI[HaKO IIpU CPABHCHUU NAHHBIX PA3JIMYHBIX aBTOPOB HGOGXO,Z[I/IMO MpCaANOJIOXKUTH, YTO BCC

T ' T ' ' ' T Puc. 1. ®orosnekrponnsie crnektpel Ga3d

Ga,0, ucxonHou miactuabl N-GaAs (100) co cnoem

T 1 COOCTBEHHOI0 OKcHza (CIUIOIIHAS JIMHUSA) U

9TOHM K€ MJIACTUHBI MOCIIE YAAICHUS OKCHJ-

HOTO CJIOSl TTy4KOM HOHOB Ar’ ¢ sHeprueii E;

= 2500 »B (myHKTHpHaAs JTUHUSA). DHEPTUs
tdhotoHoB co /v = 150 3B.

p-GaAs

Ga3d
| hv=150.1eV

[ntensity (arb.un.)

3HA4YCHUA EB ObLTH MOJIYYCHBI [JId OOHO-

ro ¥ TOTO K€ THUIa MPOBOJUMOCTH (P WU

! , ! . | , ! n). B mporuBHOM citydae pa30opoc JaH-
24 22 20 18

Binding encrgy (eV) HBIX JOJDKEH ObLT ObI OBITH MOPSIIKA IITH-
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puHbI 3anpenéHaol 30Hb6I GaAs (AEq = 1.42 5B), mockonbKy SHeprus cBsA3U, OTCUMTHIBACMAS
ot ypoBHsa Pepmu, Bo3pacTaeT Ha Benuuuny ~ AEg nipu niepexoze oT P- K N-TUIy IPOBOJMMO-
cru. Ha Puc. 1 yka3ano 3nauenue sHepruu cBsizu Ga3d B GaAsS n-tuma, KOTOpoe IpakTHye-
CKH coBmajaet ¢ nentpom nuka Ga;Os; . Hinke nokaszano, uyTo 3HadyeHus sHepruu ceszu Ga3dd
B GaAs, monydennsie B paborax [1, 2, 9], otHocsites k GaAS p-tumna.

BriBoz 0 THIlE MPOBOIUMOCTH CJ10s1, 00IYy4EHHOTO MOHAMH, CeyeT U3 (POTOAIEKTPOH-
HOT'O CIIEKTpa BaJICHTHOM 30HBI IOBEPXHOCTH HccieayeMoii iactunbl N-GaAs (100) nocre eé
TpaBiieHus IMyukoM HoHoB Ar’ . CriekTp TpecTaBieH Ha Puc. 2 U xapaKTepusyeT IIOTHOCTh
3aMOJTHEHHBIX COCTOSIHUM 3JICKTPOHOB BAJICHTHOW 30HBI ¢ MakKCHMyMoM B oOmactu AEg ~ 2
5B. BuaHo, 4TO Kpail BaJICHTHOW 30HBI MIPUMBIKAET K ypoBHIO Depmu. XBOCT BBIIIE YPOBHS
®epMu CBA3aH C KOHEUHBIM 3HEPIETUYECKUM PA3PELIEHUEM CIEKTPOMETPA. DKCTPANOJIALIUS
Kpas CIIEKTpa JAaeT IO0JI0KEHNE BEPIIMHBI BAJIGHTHOW 30HBI, KOTOPOE, KaK BUJHO U3 PUCYHKA,
Bcero Ha 0.1 3B Huxke ypoBHa @epmu. bin3ocTh BepIIMHbBI BaJIEHTHON 30HBI K ypoBHI0 dDep-
MU JI0Ka3bIBaeT, YTO MOHHAsT OOMOapIupOBKa MPUBOAUT K U3MEHEHHUIO THUIIA TPOBOJUMOCTHU U
dbopmupoBannio Ha oBepxHOCcTH GAaAS HOHHO-MOIU(DHUIIMPOBAHHOTO HAHOCHIOs P-Tumna. Ha
Puc. 3 myHKTHUpHOM KpUBOM MOKa3aH MOJENbHBIN criekTp GaAS N-Turia, KOTOPBINA MOTy4aeTcst
cBUroM criekTpa P-GaAs B CTOpOHY OOJIBIIMX 3HEPTUil CBA3M Ha BEIMYHUHY MOPSAIKA HIHPHU-
HBI 3aMPEIIEHHON 30HBI.

IIpeobpa3oBaHue THMA TIPOBOAMMOCTH CJIOSI IPH €ro TpaBIeHHH MoHamMu AIT ecTecT-
BEHHO CBS3aTh C NMPEUMYILIECTBEHHBIM PACIbUICHUEM aTOMOB MBIIIbAKA U OoOOrameHneM 00-
Jay4deHHoro ciost rajutueM. Ha Puc.3 npexncrasnen naxasl nuddepennupoannbiii Gadd ¢o-
TODJIEKTPOHHBIN CHEKTp, MOJIy4YeHHbIN A macTubl GaAs mocie yaaaeHus: OKCUIHOTO CIIOs

+ ) ) o
nygkoM HOHOB Ar". (COOTBETCTBYIOIIHIA HCXOMHBINH CIICKTP MpUBEAEH Ha Puc.1.)

: : : : : Puc. 2. DOTOIEKTPOHHBIA CIIEKTP BAJICHTHOMH
] 30HBI HaHoclos P-GaAs, chopMupoBaHHOTO Ha
p-GaAs noBepxHocTH N-GaAs(100) OGomOapanpoBKOiA
ponamu Ar* (crutorTHas JTMHMS), ¥ MOJEITBHBIN
CIIEKTp BaJIEHTHO# 30HBI 00pasma N-GaAs(100)
(TyHKTHpHAS JTUHUS).

Valence Band

hv =150.1 eV

Intensity, arb.un.

. JBoiinoe muddepeHIpoBanne mMo3BOsSET
n-GaAs

BBISIBUTH CJ1a00 pa3IuduMBbIe 0COOCHHOCTH

HCXOOHOI'O CIICKTpa, TaKuC, HaIpuMmep,

Binding energy, eV opouranbpHoro pacmerieHus (3ds, 3d1/).
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Puc. 3. [saxnasl nuddepeHIUPOBAHHBIH

18.55

GaAs

(oroanexrponnsiii criektp Gadd mmacTuHBL

GaAs mocie yaaaeHUS OKCHIHOIO CJIOs

£ .
S | hv=1501ev ITy9KOM HOHOB AI.
Tt Ga-met
3d,, ‘ Ha Puc.3 BugHa 0cO6EHHOCTH U30BITOY-
i Gamer | Horo (He Haxopsmerocs B ¢aze GaAs)
/ rauis B Metayuinueckoi daze (Eg =
1 L 1 i 1 i 1 L 1
21 20 19 18 17 19.55 5B). 3naunTenbHAsA YaCTh H30BI-

Binding energy, eV TOYHBIX aTOMOB (Ga MOKET Tak)Ke 3aHHU-

MaTh MecTo atoMoB AS u 00pa3oBbIBaTh akientopHeie aedextsl Tuma “antisite defects”,
NpUJAloIIKe MaTepually MPOBOJUMOCTh P-Tumna. Ilpu 3TOM KOHIIEHTpAIs JETKUX JIEeTH-
pYIOIUX JOHOPHBIX aTOMOB, OJIaroapsi KOTOPLIM UcXoaHas TuiactTuHa GaAs obnamaer mpo-
BOJIMMOCTBIO N-THITA, YMEHBIIAETCS BCICCTBHE UX MTPEUMYIIECTBEHHOTO PACIIBIIICHHUS.

Takum 06pa3oM, O4rCTKa MoBepXHOcTH GaAs uoHamu Ar° HpUBOIMT B (hOPMHPOBA-
HUI0 P-GaAsS ciiosi TONIIMHON B HECKOJIBKO HM. D(PQPEKT MposBIsIeTcs KaKk B MPUMBIKAHUH
Kpasi BAJICHTHOM 30HBI K ypoBHIO Depmu, TaK U B CABUIE OCTOBHBIX YPOBHEHl B CTOPOHY
MEHBIIIUX HEPTHIl CBSI3M HAa BEIWYUHY, CPABHUMYIO C IIUPUHOM 3ampeneHHoi 30Hb1. [Toka-
3aHO, YTO PAJ M3BECTHBIX JAHHBIX 00 DHEPrUSX CBSI3M OCTOBHBIX DJIEKTPOHOB, HIMPOKO HC-
NOJIB3YEMBIX JJIS MACHTH(PHUKAIMNA XMMUYECKOTO COCTOSHUS aToMoB B GaAS, OTHOCUTCS K
MOJTYIPOBOTHUKY P-THra. Tpancdopmarus Tuma mpoBOJIUMOCTH CBs3aHA C IPEUMYIIECTBEH-
HBIM pacnbuieHreM AS, o0orameHueM 00Jy4eHHOTO CJIos rajutieM U oopasoBanueM Ga- aH-
THUY3€JbHBIX aKIENTOPHBIX IEeHTPOB. OOHAPYKEHHBIH MPOIleCC HEOOXOAUMO YUUTHIBATH MPHU
UCCIICIOBAaHUM XHMHUYECKOTO COCTaBa M AJIEKTPOHHOW CTPYKTypbl GaAS MoBEpXHOCTHO-
YYBCTBUTEIbHBIMU METOJIAMH, UCTIOIb3YIOLUTMMHA HOHHYIO OYHUCTKY TOBEPXHOCTH.
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BJIMSIHUE BOMBAPJIMPOBKH HOHHAMM Ar" HA COCTAB CJ105
COBCTBEHHOI'O OKCHUJA GaAs
EFFECT OF THEAr" ION IRRADIATION ON THE COMPOSITION OF THE
GaAs NATIVE OXIDE LAYER

B.M. MHKymKHHl), B.B. BpBIBFaJIOBl) , C.10. Huxonos” , AIL COJIOHI/IHBIHal),

IL.E. Mapquxoz)

V.M. Mikoushkin”, V.V. Brysgalov?”, S.Yu. Nikonov?, A.P. Solonitsyna®,
D.E. Marchenko?

Y oTH un. A.@. Hoghghe, Ilonumexnuuecxasn 26, Canxm-Ilemepoype, Poccus,
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2 Helmholtz-Zentrum BESSY |1, German-Russian Laboratory, D-12489 Berlin, Germany

Abstract. The drawback of the commercially important semiconductor GaAs is a poor dielectric
quality of its oxides. To tap the approach to improving the quality of the n-GaAs wafer native oxide
layer, it has been dlightly irradiated with Ar* ions of energy E; = 2500 eV and studied by synchro-
tron-based photoelectron spectroscopy to control the elemental and chemical compositions. lon in-
duced transformation of the As,O3 phase into the As’ one diffusing away has been revealed. As a
result, the native oxide layer was essentially enriched by the Ga,O; phase which is known to be a

quite good dielectric with the bandgap width ashigh as4.9 eV.

GaAs ¥ MOJYIPOBOJHHUKU HA €r0 OCHOBE UTPAIOT OOJBIIYIO POJIb B COBPEMEHHOM
BBICOKOYACTOTHOW 3JIEKTPOHUKE Oyiaroaps BHICOKOM MOABMXKHOCTH UX 3JIEKTPOHHBIX HOCH-
teneit Toka [1]. CylecTBeHHBIM HEOCTATKOM 3THX MOJIYIPOBOJIHUKOB SBJISETCS HU3KOE Ka-
YECTBO JIUIIEKTPUUYECKUX CIOEB OKcHIOB GAAS. DIIEeMEHTHBIN U XUMHUYECKHI COCTaB CIOEB
GaAS, OKHCIIEHHBIX pa3HBIMHU CIIOCO0aMHM, UCCIEI0BAJICS B pse paboT MeToA0M (hoTOodIIEK-
TPOHHOMW CHEKTPOCKOIUH U JAPYyruMHu MeTogamu [2-8]. Bbuto ycTaHOBJIEHO, YTO OKHUCICHHBIC
ciou coctosT u3 cMmecu okcuaoB GapOs , AS03 1 AS;Os . Hannuue rpanuir pa3zaena Xumu-
yeckuX (a3 W IUIOXHE TUAICKTPUYECKHE CBOMCTBA OKCHJIIOB MBIIIbSIKA OOYCIOBIMBAIOT
OOJBIINE TOKU YTEUKH OKUCICHHBIX CI0EB. OUEeBHUIHO, YTO yAallEHUE OKCHJIIOB MBIIIbSIKA U
dbopmupoBanue crutontHou dazel GapOs MO0 Obl YMEHBIIUTH 3TH TOKU. [eliCTBUTENBHO, B
TEPMHUYECKUX OKCHJaX OTHOIIEHHWE KOHIEHTPAIMil 3THUX DJIEMEHTOB JIOCTUTaeT BEIUYHHBI
[Gal/[As] ~1.2 [4] BciencTBHE OTHOCHUTENBHO BBICOKOM JICTYYECTH OKCHJIOB MBIIIbsiKa. B
HacTosmel paboTe B ciioe cobcTBeHHOTO OKcuaa GaAs, oOpasyromerocs mpyu KOMHATHOM

TeMIepaType Ha BO3Jyxe, HabMoganock enlé 6osaee 3HAYUTENIbHOE YBEINYEHUE YKA3aHHOTO
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OTHOIIEGHNS Gnarojaps oOTy4eHHIo ci1os MOHaMH A’ | KOTOpoe MPHBOIMIO K MOTHOMY
pacmany OKCHIa MBIIIbsIKA, 00pa30BaHUIO 3JIEMEHTAPHOTO MBIIIbSIKA U €0 MOCIeayIomen
g dy3un 3a mpenenbl uccleayeMoro cios. B pesynbrare ObUT MOTy4YeH ClIOH, B KOTOPOM
KOHIIeHTpauusi GanmoyTH B TpU pasa MpeBbICKUiIa KOHIEHTpanuio AS.

OKCIEpUMEHT MPOBOAWICS B CBEPXBBICOKOM Bakyyme Ha Poccuiicko-I'epmanckoM ka-
Haje HakorurtenbHOoro kosibila BESSY-II (bepnauH) ¢ moMoripio (OTOIIEKTPOHHOTO CIEK-
tpometpa “Mustang”, caaoxkEHHOTo MoychepuvaeckuM 3Heproanaiuzaropom [9]. Duepreru-
4yeckoe paspeieHue crekrpomerpa coctaBisiio AEe ~ 300 mdB. PerucrpupoBanucek ¢oro-
3JIEKTPOHBI, UCITyCKaeMble MO0 HOpMajIbHbIM yrioM. CHeKTphl MPUBEEHBI B IIKAJIEe YHEPTHU
cBs3u 2eKTpoHOB (Eg), oTcunThiBaemoii ot ypoHst @epmu. [Tnactuna GaAs(100) n-tuma (n
~ 10™ cm™®) o6yuanace monamu Ar' ¢ sueprueii E; = 2500 5B HemoCpeACTBEHHO B BAKYYM-
HOU CHCTEME CIIEKTPOMETpa.

Ha Puc. 1 npuBenensl 0030pHbIe (POTOIIEKTPOHHBIE CIIEKTphI TacTuHbl N-GaAs (100)
co crmoeM cobctBenHoro okcuaa (“initial”) u Toi ke MIACTHHBI MOCJIE yAAICHUS OKCHIHOTO
ciost monamu Ar® (2500 €V). BuHo, 9To MccIeyeMblii 1 KOHTPONBHBIH CIIEKTPHI HE COJep-
XKaT IpU3HAKOB npumeceid. OKCUIHBIN CIIOW MCXOTHOU TUIACTHHBI OBbUT OOTY4EH ITy4YKOM HO-
HoB Ar* ¢ manoit 1030 (D ~ 510" ions/cm?), 10cTaTOYHOM TONBKO IS YAANCHHS CIOS YI-
JIEPOOCOIEPKAIINX MOJIEKYJI M HAHECEHUS paualliOHHBIX MOBPEXICHUHN, CBSI3aHHBIX C BbI-
XOJIOM aTOMOB M3 Y3JI0B peméTku. CIeKTp UCXOTHOro 00pasia IeMOHCTPUPYET OTCYTCTBHE
YIJIEPOJHOTO MUKA U HAIWYME MHTEHCUBHOTO KUCIOpoHOTO. [IpakTHyecku MoIHOe UCUE3HO-
BEHHE KUCIOPOJHOTO MUKA MOCIEe MOHHOTO TPABJICHUS CBUACTENBCTBYET 00 yIaJIeHUU OKCH/I-
HOro cJ0si. Vi3MepeHre OTHOCHTENIbHBIX UHTeHCUBHOCTEH ynHuid Tamus (Ga3d) u Mbliiibska

(As3d) ¢ yuérom KO3 IHUIMEHTOB JIEMEHTHON YyBCTBUTEIBHOCTH MO3BOJISCT MOJYYHTh OT-

, — —_— HOCUTENBHOE COACpPKAHUE ATUX

hy = 649 9 eV As3d ] BIIEMEHTOB B CJIOC MOPSIKA JIJIH-
= Ga3d

= HBI CBOOOJHOTO mpobera (4) co-
]Q‘?; OTBETCTBYIOIIUX  (POTOIIEKTPO-
2| o As3p ] HOB.

wa

5

= Ga3p

Gass

. Puc. 1. O630pHBIC CrieKTpHl (HOTO-
3JIEKTpOHOB  miacTuHbl  N-GaAs
(100) co cmoem COOCTBEHHOTO OK-
cuna, 00My4EHHOTO MYYKOM HOHOB
Ar" masoii o3sl (initial), u oToii ke
TUTACTHHBI TIOCIIE YIalleHUsT OKCH/I-
600 500 400 300 200 100 0 Horo cjosi monamu Ar’ (2500 eV).
Oueprus ¢poToHOB Av = 650 3B.

Binding energy (eV)
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. . Puc. 2. ®otosnexrponnsie crnekTpel Gadd
Ga.O. ncxoaHou ruiactuHbl N-GaAs (100) co cio-
| | | eM COOCTBEHHOTO OKcHja (CIUTOIIHAs JIH-
I HUS) ¥ 3TOH K€ TUIACTHHBI MTOCIE YAAICHUS
p-GaAs | OKCHJTHOTO CJIOS TTy4KoM HOHOB Al ¢ 3Hep-

rueit E = 2500 5B (myHkTHpHAs JIWUHHA).
Oueprus ¢poroHoB v =150 3B.

Ga3d
| hv=150.1eV

Intensity (arb.un.)

7 st poroHoB ¢ sHeprueit Av = 150 3B

JUTHHA CBOOOJIHOTO MpobOera COCTaBIseT

/4 ~ 1 um [10], a oTHOCHTENIBHOE CONEp-

24 22 20 18
Binding energy (eV)

KAHHWE DHIIEMEHTOB JIOCTUTaeT HEOXKH-
naHHo Oosbiioi BenuuuHbl [Gal/[As] =
2.8, KOTOpas MOYTH B TPU pa3a MPEBBIIAET 0OOralleHne TajulueM B CJI0€ TEPMUYECKOTO OK-
cuna [4]. OueBugHO, IpUUMHA HAONIOAAEMOro O0OTAlICHUs] KPOCTCSI B MOHHOM OOJTy4eHHH
OKCHJTHOTO cJI0sl. YTOOBI €€ MOHATH, ObUIO MCCIIEI0BAHO XMMHUYECKOE COCTOSIHME Taluusl U
MBIIIBSKA.

Ha Puc. 2 npeacraBieHbl (HOTOAIEKTPOHHBIE CHEKTphl Tajuus Galdd, n3aMepeHHbIe 10
(crutomHas JUHMA) W 1ocie (MyHKTHpHAs JIMHUS) yIOaJeHHs CIIOsi COOCTBEHHBIX OKCHJIOB.
Oueprus ces3u (Eg = 19.3 3B) nuka Ga3d KOHTPOIBHOTO CIIEKTPa AaTOMHO-YHCTOM MMOBEPXHO-
ct GaAS MpakTHYECKH COBIAMacT ¢ M3BECTHRIMU 3HadeHHUsAMHU [11]. CriekTp MCXOAHO# 1mo-
BEPXHOCTH COCTOMT U3 OAHOro Impokoro muka (Eg = 20.5 3B), coorBercTBYyMoMmIEro ¢ase ok-
cuna rawms GapOs [2]. Oxuaanock, 9To criekTp Mblbsika AS3d oOHapyKUT U3BeCTHBIC (a-
361 ero okeuZoB AS03 u AS05 . OgHako cekTp, npecTaBieHHbli Ha Puc.3, neMoHcTpupy-
€T COBCEM MHYIO KapTHHY. B criekTpe Mbllibsika, coaepKaiierocs B OKCuzie, 00pa3oBaHHOM Ha
BO3/yXe NMPU KOMHATHOHN TeMIlepaTrype HaOJt01aeTCsl BCEr0 OAMH MUK, MOJ0KEHUE KOTOPOro
(Es = 41.9 5B) cooTBeTcTBYET (ha3e IEMEHTAPHOTO MbIIIbsKa. [Ipr 3TOM JIMHUS KOHTPOJIb-

HOTr'0 CIICKTpa aTOMHO-YHCTOH 11{0):160) G

T T T T T T T

As3d p-GaAs
I hv—150.1 oV 1 3HadeHusMu [11]. AHaau3 XuMH4ecKo-
v de

"Hoctu GoAS coBmamaer ¢ U3BECTHBIMUA

A |} 0 COCTaBa MO3BOJISIET OMPEIETUTh

Puc. 3. ®orosnexkrponnsie cnekTpbl AS3d
ucxomuoi mractuael N-GaAs (100) co
cloeM COOCTBEHHOTO OKCHIa (CIUIOLIHAS
JIMHUSA) W OTON JKe TUIACTHHBI TOCNE ya-
JIEHHS] OKCUJIHOTO CJIOS Ty4KOM HOHOB Ar”
¢ suepruer E; = 2500 »B (myHKTHpHAS
, ) ) | , | ) nuHwYs ). DHeprus GotoHoB v = 150 3B.
46 44 42 40 38

Binding energy (eV)

[ntensity (arb.un.)
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OTHOCHUTEIIbHOE COJiepKaHue OOHAPYKEHHBIX XUMHUYECKHX (a3 ¢ y4ETOM UX CTEXHOMETPHUHU:
[GaO3]/[AS] = 4.2. D10 03HavaeT, uto 80 % aTOMOB HaOJIF0JAEMOT0 OKCHIHOTO CIIOSI COCTaB-
astet ¢azy GapOs , muprHa 3anpeméHHon 30Hb1 KoTopoit gocturaet 4.9 3B.

OOHapyxeHre SJIEeMEHTAPHOTO MBIIIbSIKA MO3BOJSIET OMUCATh BO3MOXKHBIA MEXaHU3M
oboraimieHus: HOHHO-MOAU(PHUITUPOBAHHOTO CJIOsI COOCTBEHHOTO okcuaa GaAS muaneKTpude-
ckoit dazoni GapOs . Obmyuaromue HOHBI ¥ BTOPUYHBIC HOHHBIC KACKaJIbl pa3pyIIatOT KHUCIIO-
pPOAHBIE CBSI3H, BHIBOAS aTOMBI U3 Y3JIOB KPUCTALTMYECKON peméTku. [Ipu 3ToM BeposiTHOCTh
MOBTOPHOT'O OKUCJICHUSI MBIIIbIKA OKa3bIBAETCSl 3HAYUTEILHO MEHbIIIECH, YeM TaJlius. ATOMBI
MBIIIbsIKa TUOPYHIUPYIOT K TOBEPXHOCTH U TIOKUAAET 00pa3ell, YaCTUUYHO 00pa3ysl MBIIIbS-
KOBBIH cerperar. OOpa3yromuiics Mpu O0TydeHUH aTOMapHBIM W MOJEKYJSIPHBIA KHUCIOPO,
HE YJacTBOBABIINK B TOBTOPHOM OKHCJICHHH, TAKXKE MMOKUIAET 00pasell.

Takum o0Opa3om, HccIeIOBaHUE DJIEMEHTHOTO M XMMHUYECKOTO COCTaBa CIIOS COOCT-
BeHHOro okcuaa GaAs, 061yuéHHOro myuxoM noHoB Al ¢ sueprueit E; = 2500 5B, no3somu-
710 0OHAPYKUTH O0OTAIIEHNUE CJI0SI aTOMaMH TaJlTKs, KOTOPOE B TPU pa3a IpeBbImaeT obora-
HIeHHe, Ha0IIo1aBIeecs paHee B TepMUYecKoM okcuze. [lokasaHo, yTo oOHapyKeHHOE TPEX-
KpaTHOE MPEBBILIEHUE 3JIEMEHTHOIO COJACPXKAHUS TaJIUs COOTBETCTBYET JOMHUHHUPOBAHUIO
da3zer GapOsz B MOHHO-MOAM(PUIIMPOBAHHOM clio€ cOOCTBeHHOTO okcuzaa. Conepkanue Tou
JTURIIEKTpUUecKor (pa3bl ¢ MHpUHON 3ampeniéHHON 30HBI okoso 5 3B nocturaer 80 at.%.
OO6HapysxeH n30upaTeNnbHbIi U MOJIHBIN pacnaj] OKCHUJAa MBIIIbSKA U MEPEXO] €ro B dJIEMEH-
TapHOE COCTOSIHHE ¢ mocneayromeit nuddysuei 3a npeaensl ucciemyemMoro cios. [lpu stom
KHCJIOPOJI B aTOMapHOM U MOJIEKYJISIPHOM BHJIE, HE YCHEBUIUN MPUHSITH y4acTHE B BOCCTAHO-
BUTEIHHOM OKHUCJIEHUU TaJUIMs, TaKXKe MOKUJAeT OKCUIHBINA cioi. B pesynbrare AudnexTpu-
YECKUE CBOWCTBA OKCUAHOTO CJIOSl 3HAYUTENBHO YITY4IIaloTCA.

ABtopbl Onaromapsar I'ensmromnbi-tientp-bepnmun (HZB) u Poccuiicko-I'epmanckyto
naboparopuro Ha cuHXpoTpoHe BESSY |l 3a mpemocTaBieHHYI0 BO3MOKHOCTH BBITIOJTHHUTH
9KCIIEPUMEHTHI C UCIIOJIb30BAHUEM CHUHXPOTPOHHOTO U3ITyYEHHUS.
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MAGNETORESISTANCE IN GaMnAs PREPARED BY Mn ION IMPLANTATION
AND HELIUM ION BEAM INDUCED EPITAXIAL CRYSTALLIZATION

ChienHsu Chen™*, Nai-Hui Chen? and Chien-Ping Lee?

L* Accelerator Laboratory, Nuclear Science and Technology Development Center, National
Tsing Hua University, HsinChu 30013, Taiwan, e-mail: akiracc@gmail.com;
2 Department of Electronics and Engineering, National Chiao Tung University, HsinChu
30010, Taiwan

In this study, we used Mn ion implantation and following with helium ion irradiation to
prepare GaMnAs thin film. In order to improve the doping concentration, we used Mg as co-
implantation element at the same depth with Mn ions. Then we used electron transmission
microscopy, X-ray diffraction, extended X-ray absorption fine structure, X-ray absorption
spectrum, and Raman scattering to analyze the crystalline of Mn implanted GaAs layer. And
these results showed Mn implanted layer recrystallized into GaMnAs without observable
secondary phase or surface precipitation. After prepared the GaMnAs thin film, we
demonstrated magneto-transport measurement to investigate the magnetic and electronic
properties, and the preliminary results show the prepared GaMnAs has room temperature

magnetoresistance.

The GaMnAs diluted magnetic semiconductor (DMS) has attracted much attention for
the past two decades due to its potential application in spintronics and its physical models[1,
2]. The GaMnAs DMS is the most well-study material of the I1I-V based ferromagnetic
DMSs[1, 3]. But it is also notorious that relative difficult to fabricate because of the low
solubility of transition elements in I11-V semiconductors. Low temperature molecular beam
epitaxy (LT-MBE) is well-known reliable method to make the GaMnAs thin film[1, 3]. The
samples prepared by LT-MBE show carrier mediated ferromagnetism at low temperature, and
remain the ferromagnetism up to 173K][4]. In order to operate the DMS-based device under
room temperature, many groups have tried to increase the Mn doping concentration, but it

usually causes serious secondary phase precipitation in the thin film or out to the surface[5].

lon implantation is a flexible tool to dope the impurities into materials. Especially, ion
implantation can dope the impurities over solubility of materials in non-equilibrium. In this
study, we want to use ion implantation to cooperate Mn ions into GaAs substrate to make
GaMnAs thin film. Due to ion implantation will introduce damage in the region that ions

passed or stopped, so the subsequent annealing is necessary to remove it. Thermal annealing
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process is usually needed to repair the damage in the crystal caused by implantation.
However, traditional thermal annealing process usually cause serious secondary phase
precipitate in the GaMnAs layer. To avoid secondary phase form in the Mn implanted layer,
we use Helium lon Beam Induced Epitaxial Crystallization (He-IBIEC) as an annealing
method[6]. The penetrating helium ion will heat the damage region and regrowth the thin film
in a very short time to keep Mn atoms from being gathering and precipitating into secondary
phase clusters. In the previously studies, we have concluded that the IBIEC annealed sample
can be regrowth without forming secondary phase or precipitation. And XMCD result also
shows its carriers are spin-polarized. In this study, we finally successful obtain its
magnetoresistance and we analyze the field dependence and magnetoresistance and try to

reveal the mechanism of the origin of its ferromagnetism.

Sample
Magnetic Direction
Controller

TR

o — |

Computer

Figure 1 The Figure shows the measurement system.

Before implantation, atomic layer chemical vapor deposition (ALD) was used to growth a
10 nm Al,O3 on the semi-insulating (001) GaAs wafer. This capped oxide is used to protect
the surface of thin film from implantation (Mn®) or irradiation (He") damage. In the
beginning, we use 80keV Mn to implant GaAs for structure analysis. In order to obtain more
magnetic moment in magnetic measurement, then Mn ions was implanted into the prepared
sample with 150 and 300keV respect to 3.4x10" cm™ and 4x10™ cm™. The implantation was
done under room temperature. The corresponding atomic concentration was 2.6 % of Mn. In
order to increase the dopant concentration, we co-implanted Mg ions into GaAs with same ion
range of Mn to make same distribution profile in GaAs. Due to the Mn and Mg implantation
will damage GaAs crystal, a post-annealing procedure was necessary to remove it. In this
study, we use helium-IBIEC as annealing method. And we use 1MeV helium ions to
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annealing the sample to compare the regrowth quality. The temperature of the substrate
during IBIEC treatment were kept below 573K in case of possible secondary phase formation
in the GaMnAs layer. The low temperature magneto-transport measurement system shows in
Fig. 1. Due to the variation of magnetic field dependence magnetoresistance is very small.
And it might affect by the current inject direction, so in this study, we use direct current (DC)
current source to for the magnetotransport measurement. Under this requirement, we used
Keithley 6221 programmable current source and Keithley 2182A Nanovolt meter to carry out

their resistance.

AR i BB R 0 —
A s e e e

MnAs (NiAs type)
——GaMnAs/GaAs
Ga(Mn)As/GaAs

Normalized Intensity(arb. units)

o L L L
6500 6600 6700 6800

Photon energy (eV)

Figure 2 The result of EXAFS, we compare our result with MnAs and Ga(Mn)As (growth
by LT-MBE) samples.

——IBIEC Annealed
10° - —— Not Annealed

Resistance

T T T T r T
50 100 150 200 250 300 350
Temperature K

Figure 2 Temperature dependence resistance was carrier by the measurement system
show in Fig. 1, here we shows the resistance of as-implanted sample and IBIEC annealed
sample. It can be seen that the resistance of IBIEC-annealed sample drop over an order.

In this study, we are the first time to get room temperature magnetoresistance which has

memory effect by its experienced applied direction current or magnetic field. It is the evident
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that the carriers in the GaMnAs made by IBIEC are spin polarized. This result is in agree with
our previously XMCD study. In conclusion, we have succeed to fabricate room temperature

ferromagnetic GaMnAs using Mn ion implantation and following with IBIEC annealing.
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ION BEAM-ENABLED CMOS-COMPATIBLE MANUFACTURING OF SETs
OPERATING AT ROOM TEMPERATURE

K.-H. Heinig, S. Facsko, K.-H. Stegemann*, G. Hlawacek, L. Bischoff, R. Hiibner, D. Wolf,
H.-J. Engelmann, W. Maller, T. Priifer, X. Xu, J. von Borany

Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Bautzner Landstr. 400, 01328 Dresden,
Germany
*XFAB GmbH, Dresden, Germany

Electronics has been dominated by silicon since half a century. Si will dominate
electronics another decade, however its functionality might change from classical field-
controlled currents through channels (the Field Effect Transistor FET) to quantum mechanical
effects like field-controlled hopping of single electrons from a source to a drain via a quantum
dot (the Single Electron Transistor SET). Due to single electron hopping, the SET is the
champion of low-power consumption. This is very attractive for the expanding Internet of
Things (10T): more and more devices need batteries and plugs. Therefore, together with
improved batteries, advanced computation and communication must be delivered at extremely
low-power consumption. At very low temperatures, the perfect functionality of SETs has been
proven for tiny metal dots [1] and larger Si islands [2]. However, large-scale use of SETs
requires Room Temperature (RT) operation, which can be achieved with tiny Si dots (<4 nm)
in Si0,, exactly located between source and drain with distances of ~1...2 nm allowing
guantum mechanical tunneling. Manufacturability of such nanostructures is the roadblock for
large-scale use of SETs. Lithography cannot deliver the feature sizes of 1...3 nm required for
RT operation. Therefore, there are currently intense studies to fulfill these requirements by
self-organization processes. Convincing proof of concepts have been reported [see, e.g., 3] on
room temperature operation of silicon based SETs. However, the self-organization processes
developed so far are not reliable enough for large-scale integration.

The ion beam technique is a well-established technology in microelectronics used for
doping and amorphization of semiconductors and even for ion beam synthesis of buried
layers. The parameters of ion beam processing like ion flux, fluence and energy as well as the
temperature and time of the subsequent thermal treatment are very well controllable.
Therefore we searched for a self-organization process based on ion irradiation which

overcomes the bottleneck of manufacturability of SETs working at room temperature.
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Thus, in the framework of an international project funded by the European Commission
[4], we develop an ion-assisted, CMOS-compatible process [4] which will provide both (i)

self-assembly of a single Si dot and (ii) its self-alignment with source and drain (see Fig. 1).

L f | @ \
Fig. 1: RT-SET to be manufactured by our ion-irradiation-
BOX assisted self-assembly process. The tiny single Si quantum
dot (2...3 nm) embedded in a thin SiO2 layer will be
Si CMOS-compatibly fabricated, it is the heart of the vertical
nanowire Gate-All-Around SET.

Based on our knowledge of ion implantation [5,6] and irradiation [7] induced phase
separation and Ostwald ripening processes as well as ion-assisted fabrication of non-volatile
nanocluster memories [8], we concluded by computer simulations that phase separation of
tiny, metastable SiOx volumes (<10° nm®) will transiently lead to a single Si nanodot in SiO,
(see Fig.2).

I.. .....'

S, .
time (MC-step;)
1598 3596 5394 8091 12137 18206 27309

Fig. 2: Atomistic 3D kinetic Monte Carlo simulation demonstrating the phase separation in an ion-
beam-mixed SiO, layer sandwiched between silicon. Plotted are the excess Si atoms in SiO, (green)
and the O atoms in Si (blue), whereas the other Si and O atoms in SiO, and Si are made transparent.
After ~10000 MC-time-steps (MCS) a Si cluster forms, after ~15000 MCS the Si/SiO, interfaces have
completely reconstructed and the Si dot has its ideal size, whereas for >27000 MCS the Si nanodot has
completely dissolved. This kind of simulations have perfectly predicted the ion-irradiation-induced Si
nanocluster formation for memory fabrication [8].

The tiny, metastable SiOy volume is formed by ion beam mixing of a bulk Si/SiO,/a-Si

layer stack. In order to get the very small SiO, volume necessary for single dot formation, two
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approaches are used: (i) point-like Ne* irradiation for fundamental studies, and (ii) broad

beam Si* irradiation of nanopillars for the device fabrication (see Fig. 3).

Si nanodot formed by Si nanodot formed by
focused Ne* ion beam from HIM Si” broad-beam implantation
a-si

s
— . ) 5 -7 nm SiO,by RTO
7 5-7nm Sft.)z by RTO = and deposition of
and deposition of 20...40nm a-Si
20 - 40 nm a-Si
Si0,

tall pillars

|—’ | Fabrication of an
EBL of a-Si pads
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array of 10 - 20nm
J
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thermally activated
Si dot self-assembly

Si dot self-assembly
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Fig. 3: The Si nanodot self-assembly approach is organized in two steps: At first (left hand side), a
very thin (6 nm) SiO, layer sandwiched between Si has been ion-beam-mixed by point-like Ne* ion
irradiation with a Helium lon Microscope. Subsequent thermal activation in a furnace or by RTP will
lead to self-assembly of a single Si nanodot in each nanobeam-mixed SiO, region. The SiO, layer
thickness, the ion fluence as well as the annealing condition have been varied. Later on (right hand
side) a SiO, layer in Si nanopillars will be mixed with Si by broad-beam Si* irradiation of a
conventional implanter. Due to the small pillar diameter (<20 nm), thermal activation will lead to a
single Si nanodot self-assembly in each pillar.
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For both approaches, the predictive computer simulations use for the dynamical 3D ion
beam mixing the recently developed program TRI3DYN [9]. TRISBDYN provides the initial
conditions for phase separation and coarsening processes simulated (see, e.g. Fig. 2) with the
3D kinetic Monte Carlo program 3DkMC [6].

25 keV Ne” £
point-irradiatio / -
with the HIM 15 I !

I

0| Kprmrananana

Fig. 4: Left: part of the schema of Fig. 3 showing that from the locally ion-beam-mixed SiO, layer a
single Si quantum dot should form by a self-assembly process. Right top: XTEM image of a first
point-like irradiation of a layer stack (30 nm a-Si / 7nm SiO, / bulk c-Si) with about 10.000 Ne" ions
of 25 keV energy in a Helium lon Microscope (HIM). The dominating feature of the XTEM image is
the large volume of bulk c-Si which becomes amorphous due to the Ne* ion irradiation (bright half-
sphere). Right middle images, left ones: Here, exclusively electrons slowed down by 17 eV due to
scattering with Si valence-band plasmons are used for the image (EFTEM). The color green is given to
silicon, the remaining part (red) is SiO, which has been proven by imaging electrons with 27 eV
energy loss (SiO, plasmons) too. Besides of a local a-Si surface depression due to ion erosion, the
local ion beam mixing of the SiO, layer can be seen. Right middle images, right ones: Computer
simulations with the dynamical 3D TRIM program (TRI3DYN) agree nicely with the features of the
EFTEM images (surface sputtering, ion beam mixing, c-Si amorphization). Bottom right, left image:
3D kinetic Monte Carlo (3DkMC) simulation of the phase separation of SiO into Si and SiO5. In this
figure, perfect Si as well as perfect SiO, are assumed to be transparent, i.e. only the SiO, (red) mixed
into Si and the Si (green) mixed into SiO, are shown. The data of ion beam mixing were calculated
with TRI3BDYN and then transferred to the 3DKMC program as initial conditions for phase separation
calculations (in the case shown: SiO, layer thickness 7 nm; Ne* beam diameter 6.5nm, # of Ne™ ions
7.500). The snapshot shows the SiO, phase separation after 10 Monte Carlo Steps (MCS). Bottom
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right, right image: The same 3DKMC simulation after 10.000 MCS. The Si/SiO, interfaces have
restored almost completely, and a single Si quantum dot is left in the middle of the perfect SiO..

First results of our studies with the Helium lon Microscope are shown in Figs. 4 and 5. The
ion beam mixing of the SiO, layer as imaged by EFTEM agrees nicely with that predicted by
TRI3DYN simulations. Using this mixing profile as input for 3DkMC simulations, a single Si
nanocluster is formed (Fig. 4). Although it appears to be extremely difficult to image a single
Si nanodot of 2...3 nm diameter embedded in SiO, in a ~50 nm thick TEM lamella, Fig 5
proves that after annealing such a single cluster can be formed. The next activities will be
focused on the single Si nanodot fabrication in Si nanopillars and the optimization of this
process for RT-SET fabrication.

FIB carbon

20 nm
polycryst. Si

Si substrate

0.036 a Iz
= Linescanin a)

= Linescan in b)

0.034
0.032
0.030
0.028
0.026

0.024

Figure 5: Detection of a single Si nanocluster within a Ne single line irradiated a-Si (20nm) /
SiO, (7nm) / (001)-Si layer stack. A nominal line width of 4 nm and optimized RTA conditions
(1100°C, 60 s) has been employed. (a) Experimental thickness over MFPL (t/ASi) map gained from a
Si plasmon-loss TEM image. (b) Calculated t/ASi map of a single Si nanodot of 2.4 nm diameter. (c)
Line profiles along the line scans in (a) and (b). For comparison, the line profile of (b) is shifted
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vertically by 0.03, the background of the experimental profile is due to the inelastic scattering in the
SiO,.
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3AKOHOMEPHOCTH HOHHO-CTUMYJIUPOBAHHOM TEPMUYECKOH
I'PAOUTHU3ALIINN AJIMA3A

REGULARITIES OF ION-STIMULATED THERMAL GRAPHITIZATION OF
DIAMOND
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To analyze the process of ion-induced graphitization of polycrystalline diamond
the conductivity and microstructure of surface layer after high-fluence irradiation
by 10-30 keV C*, N*, N,", Ne* and Ar" ions at temperatures from 30 to 720°C
were experimentally studied.

WccnenoBanusi MOHHO-IYY€BOTO MOAMGMUIIMPOBAHUS aJIMa30B M aJIMa30MoJd00HBIX
MaTepHagoB mpojonkatorcs yxke Oosnee 50 smer [1-4]. OcHoBHas 0COOEHHOCTH HOHHOTO
oOydyeHus: anMasa 10 CpaBHEHHIO, HalpUMep, C KPEMHHEM, CBsi3aHa C €ro
METacTaOUIbHOCTBIO M C MOHHO-MHJYLIUPOBAaHHBIM IIEPEXOJOM ajMa3a B CTaOWJIbHBIE
rpaputononoOHsie  ¢Gopmbl.  Kackamel — ynmpyrux — CMENIEHHH  aTOMOB  BBI3BIBAIOT
TpaHChOPMALHIO SP>-THOPHAM3HPOBAHHOTO YIIEpPOaa anMasa B SP°-THOPHIM3MPOBAHHbIH
yIJIepoJ U HpU AOCTATOYHO OONbLIMX (uryeHcax OOIydeHus (>10" non/cm™) HEoOpaTUMO
HOPUBOAAT K MpoBoAsieMy TpaduronoqooHomy ciow [2-5]. HoHHO-MHIyLHpOBaHHAS
rpadputnzanmsi ¢ GOPMUPOBAHUEM TPEXMEPHO YIOPSAOYEHHOIO sz-FI/I6pI/IJII/ISI/Ip0BaHHOFO
yriaepoaa HaOJFoIaeTCsl MPU MOBBIIIEHHBIX TeMITeparypax o0ixydaemMoro aimMasa 7oe, = 200 —
400°C [6]. ITpu Ty, < 200°C HAGIIOHAETCS IKCTIOHEHIMAIBHBIN POCT 3JIEKTPOCONPOTHBIICHHUSI
oOpaszoBanHOro cios. OOnydeHHe MOHAMHU yriepona B [2] mokasano, 4TO MOBBIMICHHBIC
COIIPOTHUBIICHUS] OOJYYEHHOTO CJI0S HAOJIOMAI0TCSl HE TOJBKO MPH TeMIepaTypax ONHM3KUX K
KOMHATHOM, HO U TIpH MOBBIMIEHHBIX To5; > 400°C. Ipeanosaraercs, uTo MOCAEAHEE CBI3aHO
C OUHAMHUYECKMM OTXHIOM paJHallMOHHBIX HapyIIeHWH B anMasze. B cBs3u ¢ 3TuM, B
HacTosIIEeH pabote BBICOKOJI03HAs MOHHO-WHAYIIMPOBAHHAS IPOBOJIUMOCTb
HOJIMKPUCTAIUINYECKOTO ajMa3a UCCIEAYETCs NPH TeMIepaTypax oT KoMHaTHOM 10 720 °C
KaK Ui MOHOB MHEPTHBIX Ta30B M a30Ta, TaK U Il HOHOB YIJIEpo/a.

HonHoe 00ydyeHue npoBOAMIIH 110 HOPMaJIM K TOBEPXHOCTH 00pa3lioB ajMa3a Ha Macc-

monoxpomatope HUMAD MI'V [7]. [TnoTHOCTh MOHHOTO TOKa cocTaBisuia 0.2 - 0.3 MA/cM?
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MIPU TIONIEPEYHOM ceueHHH Tydka 0.3 oM’ bayeHc oOmydeHusT > 10" non/cm®. Mumuensmu
CIIY’)KWJIM TUIACTUHKU TMOJUKPUCTAUIMYECKOro anmasza ToMmuHon 450 MKM, Moixydaemble
IUIA3MOXMMHUYECKUM MeTojoM Ha ycranoBke ARDIS-100 [8]. Dnekrpuueckue u3MepeHUs
MPOBOAMIIN 4-X 30HOBBIM METOJIOM MPU KOMHATHOHN TeMIIepaType ¢ ONPEISICHUEM CIOEBOTO
conpotusiieHus: Rs. J{is comoctaBpneHus: yaenbHbIX COMPOTUBICHUM OOIYYEHHBIX CIOEB p =
Rs't ux TonumuHy t OllEHMBAJIM MyTeM MOJAETUpPOBaHUA Mpoduieil BakaHCHUN B Kackauax
coynapeHuii ¢ momoipio nporpaMMbl SRIM. MUKpOCTpYKTYpY MOAU(PHUITMPOBAHHOTO CIIOS
UCCIICIOBAIA C TIOMOIIBIO CIEKTPOCKONUK KOMOWHAIIMOHHOTO pACCEesIHUS CBETa Ha
cnektpomerpe Horiba Jobin Yvon T64000 ¢ nazepom Ha jymHe BONHBL 514.5 HM.
Hcnonp3yemblie B SKCIIepUMEHTE 00pa3ibl MOJUKPUCTAIUIMUECKOrO aiMasa MPaKTUYECKU Ha
100% coctoar U3 yriepoaa B BUAE CIy4alHO OPUEHTUPOBAHHBIX KPUCTAJUIMTOB ajMasa.
Crnekrpsl komOuHamoHnHoro paccesiHust (KP) mist 06pas3ioB qo oOnyueHus copepxar OJHY
Y3KYIO JINHUIO anMa3sa rpu cMmeriennn Ak =1333 emt,

Ha puc.1 npencraBieHsl SKCIIEpUMEHTaIbHbIC 3HAYCHHS! YIEIIBHOTO CONIPOTUBIICHUS P
00JIy4eHHOTO CIIOSI aJlMa3a B 3aBHCUMOCTH OT TeMIlepaTypsl 00irydeHus 1,6, Ha pucynke
OTMEYCHBI TAKXKE CIIPABOYHBIC 3HAUCHUS yICITHHBIX COITPOTUBJICHHUIA CTEKIOYTIIEPOIOB U
MOJIMKPUCTAITNYECKHX TpaduToB. BuaHO, 4TO /U1 BCeX TUIOB UCHOIB30BAaHHBIX HOHOB

YHGHBHOGCOHpOTHBHeHHeHOHHOTMOHH@HHHPOB&HHOFOCHOHaHMaBaSKCHOHCHHHaHLHO

Ne™ 30 xaB
Ar 30k3B
Ar 20 k3B
N;EUmB c

o od oo

u]

N 30 k3B
Ar 10 keV
C" 30 keV

* ¥

T T T T T T T
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T.°C

Puc.1. 3aBucuMocTH y/IeNbHBIX COMPOTUBICHUN OJUKPHUCTAIIMIECKOTO ajiMa3a MOoCiIe HOHHOTO

001y4eHMsI HOHAMU yIJIepoAa, a30Ta, HEOHA U YIJIepoJia OT TeMIIepaTypbl 00iIyyaeMbIx MULIeHeH 1,
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ymeHbIaercs 6osiee yem B 100 pa3 mpu yBenmuueHUU Temmnepatrypbl Tos; OT KOMHATHOM 0
~200°C ¢ mocneayromuM BBIXOJAOM Ha YPOBEHb YJEIBHOTO CONPOTHBIICHUS I'padHUTOB, /e
3aBUCUMOCTD P(To6,) 10 Tosn = 500°C sBisercs cinaboit. [lpu nanbHeimeM noBbieHun 7o,
yIeTbHOE COMPOTHBIEHHME P mocie oOmyueHmss anmaza wuoHamum Ne® u Ar® BHOBB
yBenuumBaercs, mis uoHoB Ne' p mpu 720°C mpeBhIIAaeT yAeNbHOE COMPOTHUBIICHHE
crexyoyraeponos. Jlas uonos C* 31or sddekT Bo3pacTaHus p B AECATKH pa3 GOJIbIIE, YeM
nns uonos Ne* u Ar'. YiensHoe conpoTupiienue anamasa mnocie oomydenus nonamu C mpu
Tos, = 650°C Gonee uem B cTO pa3 GojbLIe, YeM p mocie obmydenus npu 250°C.

Ha puc.2 npusenensl crektpsl KP myist anmasa nocne o6myuenus nonamu Ne®, Ar',
N, C'c sueprueit 30 k3B mpu Tos, = 650 - 720°C. MOHHO-UHAYLUPOBAHHEIN IPOBOASLINNI
CJION TPOSBISETCS B CHEKTpax B BHUJAE IMIMPOKOM MOJOCH C MOJOTMMH MaKCUMyMaMH B
o6mactn cMemennii 1000 - 1700 ev™. Tuk anmasa mpu 1333 cM™ 06yCIIOB/ICH YaCTHUHOMN
IPO3PAaYHOCThI0 MoAu(UUMpoBaHHOrO ciod. Ilpu rpaputuzanum anmasza crnekrpel KP
xapakTepusytores G-ronocoit mpu Ak = 1580 em™ 1 D-nonocoii pu 1360 cm™. Criexrpst KP,
TaKKe KaK W DIEKTPOCONMPOTHBIIEHHE,  OTPAKAIOT  CYIIECTBEHHBIC  Pa3JINYHA
MOJIU(UIIMPOBAHHOTO CJI0S ajMa3a Mociie ero 00MyuyeHUs HOHAMU Pa3InYHbIX 31eMeHTOB (C,
N, Ne, Ar). Tak mpu To,; = 650 — 720°C mocne oGnydenuss woHamu asora crekrp KP
COOTBETCTBYET Tpa(uUTOBOMY CIIOIO, IOCIe OOJNydeHHss HMOHAMH aproHa W HeEoHa —
HAaHOKPHUCTAUTMIECKOMY TpaduTy ¢ XapakTepHbIM cMmenieHneM G-miHka B CTOPOHY OOJIBIINX
gacror ot 1580 k 1600 cm™ [9]. TTocre o61yuenus nonamu C* B criekrpe KP momunupyer

IIUK aJiMa3sa.
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Puc.2. Crexktpst KP i anvasa mocine o0irydeHus HOHAMHU Ne*, Ar', N, u C* ‘snepruu 30 k3B
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B unTepBane 200° < Ty6; < 500°C sKcrIepuMEHT MOKa3bIBa€T BHICOKYIO PaIdalliOHHYIO
CcTOMKOCTh TpaduroBoli (aspl. MoaudunupoBanue rpadUTOB HOHHBIM  OOJYYCHHEM
HEOJHOKPATHO MCCIIEJOBAIN B CBSA3M C MPOOJIeMaMH paHalliOHHON CTOHKOCTH rpaduTOBBIX
mMarepuaioB. V3BecTHBIM, B YacTHOCTH, sBisgercs >PdexT amopdusanuu rpadura mpu
MOHHOM OOJIyYEeHUH TIPU TeMIIepaTypax OJM3KHX K KOMHATHOW U pEeKpHCTAILTH3AIMK rpaduTa
npu  Temneparype  Tosn, IPEBBIIAIOIIENH — TeMmMIepaTypy  JUHAMHUYECKOIO  OTXKUIa
pamuanvoHHbIX Hapymenuii T, [10]. Jlas yciaoBuii OaM3KHX K OOJyYEHHIO ajiMas3a B
HacTosmel pabore Temmeparypa T, mns rpadutoB cocrapiser 150 - 200°C. MmenHno mpu
TaKUX TeMIeparypax Tos; UIA anMasa HaOmomaercs u3ioM Ha 3aBUCUMOCTIX  P(Topn),
XapaKkTepU3yIOUMi MHUHUMAJIbHYIO TeMIeparypy l.p, HEOOXOIUMYIO [UIi HOHHO-
UHIYIIUPOBAaHHOW TpadUTH3AlMKM ¥ SBISIOUIYIOCS, [0 CYIIECTBY, TEMIIEpaTypord T,

JTUHAMHYECKOT0 OT)KUTa HOHHO-UHAYIUPOBAHHOM rpaduTOBOM (a3bl.

OKCIIEpUMEHT TaKXe IOKa3blBaeT, 4TO rpaduTH3alMs HOHAMH HHEPTHBIX Ta30B U
yriepoia OrpaHUuYeHa HE TOJBKO CO CTOPOHBI HU3KHX TeMieparyp Tosn < Trp, HO H CO
CTOPOHBI TIOBBIIICHHBIX TeMIeparyp Tos; > 500°C. MoxHO, Kak u B [2], mpeanonoKuTh, 4TO
3TOT 3P PEeKT 00YCIOBICH AMHAMUYECKUM OT)KUTOM paJMAIIMOHHBIX HApyIICHWH B anMase,
XOPOILO MCCIIETOBAHHBIM Ui MHOTUX MOJYIPOBOJHUKOB U TPaUTONOZOOHBIX MaTEpPHAIOB
[7,10]. BmecTe ¢ TeM, HaOJtOjacMble KauECTBEHHBIC M KOJIMYCCTBEHHBIC Pa3IUYUs HOHHO-
WHIYIMPOBAHHBIX HM3MEHEHUH aiMa3a Uil MOHOB WHEPTHBIX Tra3oB, a30Ta M Yriepojaa
MO3BOJISIIOT TaKXKe MPEANONIOKUTb, YTO JJIS JUHAMHYECKOTO OTXKUIa pPaJuallMOHHBIX
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E.l. Rau, A.A. Tatarintsev, E.Yu. Zykova, V.V. Khvostov, I.P. Ivanenko, A.A. Haidarov

Mocxosckuii 2ocyoapcmeennviii ynusepcumem um. M.B. Jlomonocoea,119991, Mockea, Poccus

Lomonosov Moscow State University, 119991, Moscow, Russia. E-mail: rau@phys.msu.ru

The electron beam charge kinetics of Al,O3 and SiO, has been studied by scanning
electron microscope. It has been found a large difference in kinetics for the initial
dielectric samples in comparison with the samples pre-irradiated by electrons and
ions. This difference can be explained by radiation-induced defect formation. It has
been shown a strong influence of the surface structure modification and changes in
the electrical characteristics of the surface, in particular the charge spreading.

3apsaKa JUAJIEKTPUYECKUX MHUIIEHEH I0J] BO3JACHCTBHEM 3JIEKTPOHHOIO JIyya CHJIBHO
3aTpyIHsAET NPOBEIECHUE AUATHOCTUKH OBEPXHOCTU METOJAMHU 3JIEKTPOHHOM CIEKTPOCKONHNU U
MHUKPOCKOIIHMH, II03TOMY HCCIIEJOBAaHUS 3TOr0 IMpolecca SBIAETCS aKTyaJbHOM 3ajadei.
[IpoBeneHuble Hamu panee [1, 2] 3KCIEpUMEHTBI TIOKa3aJli, YTO Ha KHHETUKY 3apsIKH CHIIBHO
BIIMSIET MPEJIBApUTENbHOE OOIYyYeHHE MOBEPXHOCTH JUAJIEKTPUUYECKUX MUIIEHEH 3JIEKTpOHAMU
WA MIOHAMH CPETHUX SHEPTHil.

[lenpto HacTosiLel sBiseTCs OBLIO CpaBHEHHE KHHETHUKU 3apsAIKd JUAJIEKTPHUUYECKHX
00pa31oB, MOABEPrHYTHIX MPEIBAPUTEILHOMY BO3AEHCTBHIO 3JEKTPOHOB, a TaKKe€ HOHOB
MHEPTHOTO Ta3a U METAIUIMYECKUX NOHOB PA3JIMYHBIX SHEPTUH.

Meroauka IKCriepuMeHTa

B kadyecTBe 00BEKTOB MCCIEIOBaHUs ObLIM BBHIOpPAaHBI qUAIeKTpUdeckue muiieHun SiO; u
Al,O3 (canidup), pazmepsl koTopbix coctaBimsuin 10x10x1 mm. s ompeneneHus pa3iuduii B
KMHETUYECKUX XapaKTepUCTUKAX 3apsAJKd TOJ D3JEKTPOHHBIM IYYKOM OTH MHILIEHU
TpeaBapuTENbHO O0Mydanuch IubO 3MEeKTpoHaMU ¢ SHeprueil 1 koB, mu6o momamm Ar' ¢
sHeprueit 10 k3B, nubo MeTayMueckuM MOHaMHU rajutus ¢ 3Heprueil 15 kaB. JlonoaHurenbHO
OBLTM TIPOBEACHBI HCCIICIOBAHMS 3apsaku o0pas3ioB Al,Osz, mpeaBapuTENbHO OO0JydEeHHBIX
MoHaMH IuHKa ¢ 3Hepruei 100 k3B.

Kunetnueckne xapakTEepUCTHKHM 3apsAkd H3ydainuch Ha mnpubope COM LEO-1455,
CHa0KEHHOM KOMIUIEKCHOW HW3MEpUTENbHOM YCTaHOBKOW, CXeMa KOTOpPOHM IpHBEJCHA,
Harpumep, B [1]. B mporecce 3apsiaku moj 3J€KTPOHHBIM IMyYKOM MOBEPXHOCTh JTUAJICKTPHKA

proOpeTaeT OTpHUIIATEIbHBIA MOTEHIIHAN -Vs, BEIMUYUHY KOTOPOIO MOKHO U3MEPUTH I10 CABUTY
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MOJIO’KEHHUS CIIEKTPOB BTOpHUHON amuccuu (BD), mpoucxozsiieMy B pe3yibTare YCKOPEHHUS
BTOPUYHBIX JIEKTPOHOB MO JEHCTBUEM I0JIS1 OTPULIATEIBHOMN 3apSAKH.
B nmporiecce CHATHST KUHETHYECKUX XapaKTEPUCTHK 3aPSIKA 00pasilbl 00IyIauCh JIEKTPOHHBIM
mydkoM ¢ 3HeprusiMu Eo=5 k3B u Ey=15 k3B npu Toke mangatomero mydka lp=1HA wu 1p=10 nA
Ha KBaJpaTHYI [uiomaaky pasmepamu 100x100 MKM? (TUTOTHOCTH  OOJTYYAIOIMIEro TOKa
cootBerctBeHHO jo=10" Alem® u jo=107 Alem?).
Pe3yabTaThl IKCIIEPUMEHTA
1. Kunemuuyeckue xapakxmepucmuxu 3apsaoxku cangpupa

Ha puc. 1 npuBenensl rpagyiku 3aBUCHMOCTH MOTEHIIMAJIA IIOBEPXHOCTH caridupa ot
BpPEMEHU O0JTyYEHHSI AIEKTPOHHBIM ITYYKOM C IIOTHOCTBIO TOKA jo:10'5 Alem? u sHepruei (a)
Eo=5x3B u (6) Eo=15 x3B.

5keV, ALO,
'”’"Vs* kV 2 1) e Initial

2) A After electron bombardment
3.5 5 3) ® Znimplanted

4) ¢ Gaimplanted
~ 5) ® Arbombardment
3.0 4

84l 15kev.ALO,

1) —e— Initial

2) A After electron bombardment
6 3) = Znimplanted
4) ¢ Gaimplanted
5) ® Arimplanted

1.0 4
21 1
0.5+ 1
L]
0.0 ' ' : . r , 0 T T T |
0 250 500 750 1000 1250 1500 0 500 1000 1500 2000
l,s t,s
(a) (6)

Puc.1. 3aBUcUMOCTD TOBEPXHOCTHOTO MMOTEHIMANA carndupa OT BpEeMEHH 00TyUeHHS DIIEKTPOHHBIM
TY4KOM C IIOTHOCTHIO TOKa jo=10" A/eM® 1 ¢ smeprueit (a) Eg=5 k3B u (6) Eo=15 x3B.

Kpusas | — nucxonHast moBepxHOCTh candupa, 2 — nocjie NpeaBapUTEIbHOrO HIEKTPOHHOTO 00ITyUeHHS
no3oit De =10% sn/em? u sueprueii 1 k3B; 3 - mocne 06iyuenus nonamu Zn' ¢ sueprueit 100 k3B;

4 — ocnie o6yuenus nonamu Ga' ¢ sHeprueii 15 k3B, 5 — nociie 06mydenns nonamu Ar' ¢ sueprueit 10
K3B.

W3 puc.la BuaHo, uro B TeueHue nepBboIx 500 cCeKyH[ 3apsAAKu MOBEPXHOCTU HCXOJHOTO
candupa (xkpuBas 1) HE MPOUCXOIUT, MOCIE YErO0 OTPUIIATEIbHBINA MOTEHIMAJ TTOBEPXHOCTH
HAa4YMHAET HE3HAYUTEIbHO YBEIMUNBaThes, a ciyctsa 1000 ¢ mocie Havana U3MEpEHUH HAaCTyIaeT
6osiee OBICTPBI POCT MOBEPXHOCTHOTO MOTEHIIMANA C TIOCIEIYIOLIMM BBIXOJIOM B PABHOBECHOE
cocrosinue V; = —3.7 kB uepe3 Bpems nopsiaka 1 yaca rmocsue Hayaga 00IydeHuUs.

[Tocne mpeaBapUTENBLHOTO OOIYYEeHUS dJIEKTPOHAMU (KpHBasi 2) 1 MOHAMU MHEPTHOTO rasa
(kpuBass 5) candup TNPaAKTHUYECKH MIHOBEHHO 3apsDKaeTCs 10 BBICOKOTO  3HAYCHUS
NOBEPXHOCTHOTO TOTEHIHana (cooTBeTcTBeHHO 3 W 2.7 kB), 3areM MeIeHHO HapacTaer,
BBIXOASI HA pa3HOBECHOE 3HAueHHE. Takoe pe3Koe YBEIWYEHHE CKOPOCTH 3apsaKu
IpeBapUTENbHO 00Jy4EeHHOW MOBEPXHOCTH carndupa O0ObSICHIETCS TeM, YTO MPU MOHHOW WU

AJICKTPOHHOM OOMOApIUPOBKE MUAJIEKTPUKA B TOHKOM IPHUIOBEPXHOCTHOM ciioe (10 3 HM)
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TEeHEpUPYIOTCA PaJlalliOHHO-CTUMYJIMPOBaHHbIE Je(PEKThl, B YACTHOCTU BAaKaHCHUU KHCIIOpOJa
(F - HeHTpBI) U MEXIOY3CIbHBIA KUCIOPOA, KOTOPBIC SIBJISIFOTCS JIOBYIIKAMH JIJIsl 3JICKTPOHOB.
[Toaromy B mpouecce 3apsIku AMAJIEKTPUKA IO DSJIEKTPOHHBIM JIy4OM IPOMCXOJUT
MHTCHCUBHBIA 3aXBaT 3JIEKTPOHOB Ha Y€ CT€HEPUPOBAHHBIC NMPEIBAPUTEIHHBIM 00IydYeHUEM
JIOBYIIKH.

OpHako, Kak BUAHO W3 puc.la, ecam TOBEPXHOCTh canupa NpPeABAPUTEIHHO
nojiBepranach OGoMOapAMpoBKe MeTamnumueckumu uoHamu (Ga® u Zn'), kapTuHa MeHsercs.
Iocne ob6mydenns nonamu Ga' ¢ sHeprueii 15 k3B 3apsnka candupa IPOMCXOIUT MEUICHHEE,
yeM mocie 60MOapaMpoBKK HOHAMH Al', HO 3HAYMTENHHO OBICTpEE, YeM B CIydae MCXOTHOM
noBepXHOCTH carpupa. PaBHOBECHOE 3HauEHHE MOBEPXHOCTHOTO MOTEHIMANA AOCTHraeTcs 3a
Bpems 250 ¢ u coctaBisier ~ 1,6 kB, 4T0 3HAYMTENHHO HUXKE, YEM JUISI CITydaeB HEOOIydeHHOH
TIOBEPXHOCTH M MOBEPXHOCTH, MPEABAPUTENHLHO OONYYEHHOH JNMEKTPOHAMH MIIM HOHaMH Ar.
YMeHbIlIeHHe  CKOPOCTH  3apsalIku  JUis  Ccioydas [peABapuTelnbHOM  OoMOapIupoOBKH
METAJJIMYECKUM HOHAaMU BO3MOYKHO OOBSCHSAETCS YMEHBUIEHHMEM KOJIMYECTBA JIOBYLIEK MJIS
AIIEKTPOHOB B IIPUITOBEPXHOCTHOM 0OJIACTH KPUCTAJUIA 3a CUET 00pa30BaHMSI XUMUYECKOH CBSI3U
MMIUTAHTHPOBAHHOTO MeTaindeckoro Ga ¢ MeXJI0y3elbHBIM aTOMaMU KHCJIOpOJa, KOTOphIe
ABIIAIOTCA TNIYOOKMMHU aKIENITOPaMHU C TOJIOKEHHEM YPOBHS B CEpeAMHE 3alpelieHHON 30HBI.
Bropoii BO3MOXXHON NPUYUHON SBIISETCS BIUSHUE OOJIBLIErO MO BEJIWYMHE IOJOXKHUTEIBHOTO
3apsaa B OOJIy4eHHOH 00J1acTH, B 3HAUUTENBHONW Mepe KOMIEHCHPYIOIIETO Pe3yJbTUPYIOLIUI
3apsj (4 ¥ TEM CaMbIM YMEHBIIAIOIIMI 3HAYE€HHE OTPHUIIATENBHOTO IoTeHuana -Vs.

Paccuntannas nmo mporpamme SRIM [3] rny6mma mpobera monoB Zn', o6mamarommx
sHeprueit 100 k3B, B candupe cocraBisger 85 HM, a TiayOMHA, HAa KOTOpOM HabIto1aeTcs
MakcHUMasbHas KOHUEHTpalus HMMIUIAHTUPOBAHHOrO IMHKA, - okoimo 40 HM.  IlosTtomy
00JTydeHUe BBICOKOIHEPreTHUECKUMH HOHAMHU IIMHKA MPUBOIUT K co3iaHuio B AlpOz Gombiero
yHclia paJualuoHHbIX Ne(EeKTOB, paclpeleieHHbIX B ciioe Oosblued TommuHbl. Kpome Toro,
o0pa3oBaHHEe XMMHMUYECKOH CBA3M ZN C MEXJ0Yy3€/IbHBIMU aTOMaMM KHCJIOpPOJa TakKke
IPOMCXOIUT Ha Oonbliel riyOMHE. JTO MPUBOAUT K TOMY, uTo B oTiumuue oT Ga, B ciyuae
060MOapIMpPOBKM MOHAMM IIMHKA (KpHuBas 3) MOBEPXHOCTHBIM MOTEHIMAT PACTET MeJJICHHEE,
JIOCTHUTasi, OAHAKO, OOJIBIIET0 PABHOBECHOTO 3HAYECHHS.

B ciayuyae usmepeHnii KMHETHYECKUX XapaKTepUCTHK 3apsiaku candupa npu Ep=15 k3B
(cM. puc.16) 3aMeTHO HEKOTOpOE OTIMYUE B IOBEJACHUN KPUBOU 2, COOTBETCTBYIOILEH Ipolieccy
3apsAAKH AMAJIEKTPUKA MOCTIe MPEBApUTENILHOTO 3JIEKTPOHHOTO 00Iy4eHus. B TeueHue mnepBbIx
cekyHJ oOmydeHust camdup OBICTPO 3apspKAeTCs 10 HEKOTOPOTO KPUTHYECKOTO IMOTEHIHasa
Vs=2.5 kB, mocne dero mporiecc 3apsAaKd Pe3KO 3aMeIUISIeTCS W TOTEHIHAT TTOBEPXHOCTH

AOCTUTACT CBOCTO PABHOBCCHOI'O 3HAYCHHUA UCPC3 BPEMSA, Ha MTOPAOOK 60.IIBI_HCC, 4CM IIpu E():5
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k3B, u Oonbliee yeM mpu 3apsaaKe UCXOIHON MOBEpXHOCTH camndupa. Takoe MOBEICHHE MOXKET
OOBSACHATBCSA pAaCTEKaHUEM 3apsja IOJ JEHCTBHEM CO3JaBAaEMOIr0 3apSAKOM 3JIEKTPUYECKOTO
HOJIST TIO TIPEIBAPUTEIBHO OOIY4YeHHOW 00JacTH MOBEPXHOCTH KPHUCTAJUIA, TAE B pe3yjbTare
JNIEKTPOHHO-CTUMYJIMPOBAHHOW  jgecopOumu  [4] co3maroTcs  ycinoBHs ISl NPBDKKOBOM
IPOBOJUMOCTH 3JIEKTPOHOB Yepe3 METAJUINYECKUE (aJIFOMUHHUEBBIE) OCTPOBKHU.

Kpome Toro, npu sHEpruu 3IeKTpOHHOTO myuka Eo=15 k3B xapakrep 3apsaku candupa,
TIpeaBapUTEIbHO 0OIYdeHHOTO HOHAMU ZN', OKa3bIBAeTCs MOJOOHBIM 3apsaKe 00pa3loB Moce

OoMOapIMPOBKE HOHAMU aproHa.

2. Kunemuueckue xapaxmepucmuxu 3apsioxku SiO;

3aBUCHMOCTH TOTEHIMaNa MOoBepXHOCTH SiO; OT BpeMEHH OOJIYYEHUS AJIEKTPOHHBIM
Iy4KOM C IUIOTHOCTBIO Toka jo=107 Alcm® wu smeprueil Eo=5 kB npuBeneHbl Ha puc.2.
AHAQJIOTUYHBIC 3aBUCUMOCTH I SHEPTHH DJICKTPOHHOTO myuka Ep=15 k3B mpencraBiieHbl HA
puc.3. [lng nonyuenusi Oonee neranbHONH wHPoOpMauu Ha puc. 20 u 30 u300pakeHbI Te Xe

3aBUCHMOCTH, YTO H Ha prc.2a 1 3a, HO B [PYrOM BPEMEHHOM MacIiTaoe.

Si0,. 5 keV. 10 pA

Si0,. 5 keV. 10 pA initial

1 e

2 = after electron bombardment
3 4 after ion Ar bombardment
4 e

o) 1 e initial
“ 2 4 o 4
2 = ‘1t?er 'elcumn bombardment aficticn Ga bomburded
3 4 afterion Ar bombardment
| 4 & after ion Ga bombarded 14
0 T T T T 1 0 T T T T T 1
0 500 1000 1500 2000 0 50 100 150 200 250
l,s t,s
(a) (6)

Puc.2. 3aBHCHMOCTD TTOBEPXHOCTHOTO noTeHnua a SiO, OT BpeMeHH 00TyYeH s 3JIEKTPOHHBIM ITYYKOM C
jo=10" A/cm® u Ey=5 x3B. Kpusas 1 — ucxomnas moepxsocth SiO,, 2 — 0CiIe IpeBapuTeIbHOTO
3JEeKTPOHHOT0 06yuenus 1030t D, =10 an/cm?; 3 — mocie 06myuenns nonamu Ar' ¢ sueprueit 10 k3B;
4 — ocnie o6iyuenus nonamu Ga' ¢ sHeprueii 15 k3B; (6) — To %e B IpyroM BpeMEHHOM MacITabe

W3 puc.2 u 3 BuaHO, uTo nporecc 3apsaaku SiO; mocie npeaBapuTeaIbHOr0 00TyUYeHUs KaK
WOHAMHM WHEPTHOTO rasza, TaKk M METALTUYECKUMHU HOHAMU (KpuBble 3 W 4) MNpaKTUYECKU
aHaJIOTHYEH Tpolleccy, HaOIogaeMoMy JUIsi UICXOQHOTO obOpasma (kuBas 1). B To xe Bpewmst
KAHETHKA 3apsaKu 00pasia, NpeaBapUTEeIbHO OOIYYEHHOTO SJEKTPOHAMH, OOHApYKHBAaeT
0ocoOeHHOCTh (kpuBast 2). Temn 3apsaku W TOBEPXHOCTHBIA TOTEHIHAN SJIEKTPOHHO-
00Jy4eHHOT0 00pa3iia U3MEHSIOTCS TUIABHO 32 BpEMs Ha MOPSIIKH BEIMYUHBI OOJIbIIEE, YeM IS
HCXOJIHOTO U MOHHO-00Iy4€HHOTO o0pasia. DTo pa3Iudue MOXKET ObITh 00BICHEHO d(dexTom
pacTeKkaHus 3apsija 1o MOBEPXHOCTH MPeIBapUTEIbHO 00Iy4EHHON 3eKTpoHaMu obnactu SiO;

MmuiieHu [2].
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Puc.3. [otenmman noepxHocTi SiO, kak QyHKIHsS BpeMEHH 06 TydeHNs SIeKTPOHHBIM MydKoM ¢ jo=10"7
Alem®u Eq=15 x3B. Kpusas 1 — ucxonas moBepxHocTb SiO,, 2 — mocie npeaBapuTeI-HOr0
3NEKTPOHHOT0 06yuenus 1030t D, =10 an/cm?; 3 — mocie 06myuenns nonamu Ar' ¢ sueprueit 10 k3B;
4 — nocne o6iydenns nonamu Ga'® ¢ sueprueii 15 k3B; (6) — To %e B APyroM BpeMEHHOM MacIuTade.
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OCOBEHHOCTH IIVTIASMEHHOT'O HAHOCTPYKTYPUPOBAHMUSA
MOBEPXHOCTMU IVIEHOK Pb;4SnxTe IIPU PA3JIMYHOM COOTHOLIEHUN
CBHUHEIL/OJIOBO

FEATURES OF THE PLASMA NANOSTRUCTURING OF THE Pb;SnxTe FILM
SURFACE WITH THE VARIED LEAD/TIN RATIO
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In this work we have carried out investigations of the nanostructuring of the
surface of the single-crystal Pb;,Sn,Te films with 0<x<1 on BaF,(111) substrates
using inductively coupled argon plasma treatment. A dependence of the
nanostructure parameters on the lead/tin ratio is shown. A possible mechanism of
the nanostructure formation involving vapour-liquid-solid growth and its absence
for the topological insulator range for x>0.6 is described.

TBepaplii pacTBOp TeiIypuaa cBHHLA-ojgoBa Pb;SnyTe sBnsercs oguum u3
HNEPCHEKTUBHBIX MOJIYIPOBOJHUKOBBIX MarepuanoB ais cucteM HK-onTosnekTpoHuku u
TEPMOAIEKTPUKH HOBOro rnokosieHus [1]. HoBblil Oonbliol MHTEpEC K JAaHHOMY TPOHHOMY
TBEPAIOMY pacTBOpPy B IIOCIEHEE BpeMs CBs3aH C OOHApy)XKeHHEeM IpH KOMHATHOM
temneparype B Pb;,Sn,Te npu x>0,6 cBoiicTB Tomonoruueckoro usonsitopa [2]. Oquum u3
NOAXOJOB K  YCHUJEHMIO  CBOMCTB  TONOJOTMYECKMX  M30JATOPOB  SIBISAETCS
HAaHOCTPYKTYPUPOBaHHE MOBEPXHOCTU. B paborte [3] HamMu ObutM MpOBEIEHBI UCCIIECIOBAHUS
npoiieccoB pacmbuieHust 1wieHok Pb;,Sn,Te ¢ 0<x<l B aproHoBOil MJOTHOW IUTa3Me
BBICOKOYACTOTHOTO MHJYKLIIMOHHOTO pa3psjia HHU3KOro JaBJICHHs, ObUIM OIpeaesIeHb
CKOPOCTH DAaCHBbIJICHHs U BCEro Juana3oHa cocTaBoB. [lomyueHHbIE pe3ynbTaThl ObUIM
MPOAHAIM3UPOBAHBl B paMKax MOJEIU PaclbUICHUs] TPOMHBIX COEIMHEHUN, OCHOBAHHOM Ha
TEOPUU PACIIBUIEHUS TBEPOTO Tela 3UrMyHa MPU yUeTe SHEPruil cyOoinManuu o0pas3yomux
pacTBop OHMHapHBIX coenuHeHHH. Llenbio 1aHHON pPabOTHI SIBISETCS PAacCMOTpPEHHE
0COOCHHOCTEH HaHOCTPYKTYPHPOBaHHS MOBEPXHOCTH IuIeHOK Pb; 4Sn,Te Bo Bcem nuanazone

X, BKJIIOYas NEPEeXo[ K TOIIOJOTUYECKOMY HU30JISTODY.

Momnokpucramyeckue mieHku Pb;,Sn,Te ¢ moasHO# poseit onosa 0,0; 0,2; 0.4; 0,5;
0,6; 0,8 m 1,0 ToMIMHON 2 MKM BBIPAIIUBAIUCH METOJIOM MOJICKYJISIPHO-TYI€BOH SITUTAKCUN

Ha momiokkax BaF,(111) [1-4]. B kadyecTBe HMCTOYHMKOB Marepuajga TpPU SIUTAKCHU
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ucnosb30BaIKch 3G dy3nonnsie sueiiku PbTe, SnTe u Te. [Tnasmennas o6paboTka CTPYKTYp
IPOBOAMIACH B APrOHOBOW IJIOTHOM IJIa3Me€ BBICOKOYACTOTHOTO HMHIYKIIMOHHOTO paspsia
HU3Koro nasneHus [5]. Pexxum oOpaboTku Obu1 crienyronmm: BU-MOIMIHOCTE HA MHIYKTOpPE
800 Bt, mourHocTh BU-cMenienust Ha anoMuUHMEBOM Tojuioxkoaep:xkarene 300 BT, cpennsas
sHeprus noHos 200 B, pabouee nasnenue B peakrope 0,07 Ila, nmurensHocTs 06paboTku 60
c. UccnenoBanne Mopdoaoruu moBEpXHOCTH IICHOK IPOBOINIIOCH METOIAMH CKaHUPYIOIIEH
asekTpoHHor Mukpockoruu (COM) Ha ycranoBke Supra 40 (Carl Zeiss). Xumudeckwuii
cocTaB 00pa3loB KOHTPOJIUPOBAICS METOJAMH SHEPro-AUCIEPCHOHHOTO PEHTI€HOBCKOTO
anamusa (D/IPA) ¢ wucnosnp3oBanuem mnpuctaBku INCAx-act (Oxford Instruments)

ycranoBke Supra 40.

Hcxonnble MIIEHKM BCEX COCTAaBOB MMENM COBEPIICHHOE MOHOKPHUCTAUIMUECKOE
CTPOCHHE C 3EPKATBHO POBHOW MOBEPXHOCTHIO. Ha OTHenpHBIX 00pasiax HaOImauch
BBI3BAHHBIC pETaKCcalle TePMUYECKUX HANPSDKEHUH CTPYKTYpHBIC Ne(EKTHl B BUIEC SMOK
BbIxoAa auciokanuii. Tunuunoe COM-uzoOpaxkeHHe MOBEPXHOCTH Ui JaHHOTO CiIydas

MOKa3aHo Ha puc. 1.

Puc. 1. COM-u300paskeHre UCXOTHON MMOBEPXHOCTH MOHOKPHCTAIUIMYECKOH IIIEHKN
Pb0,63n0,4T6/BaF2.
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[nasmennast o0OpaboTka moBepxHOCTH IIeHOK Pb;«SnsTe compoBokmanach
HAHOCTPYKTYPHUPOBAaHHUEM  IOBEPXHOCTH C  00Opa3oBaHMEM  MAacCHUBOB  KOHHYECKHUX
HaHOCTPYKTYp. BakHoii 0COOEHHOCTBIO MpoIiecca HAHOCTPYKTYPUPOBAHHS SBJSUIOCH TO, YTO
JUTSL COCTaBOB C MoJbHOU moneir omoBa X pasuoit 0,0; 0,2; 0,4; 0,5, 0,6 ma BepmmHax
HAHOCTPYKTYP HaOIIOAANUCh ChEepUYECKUEe KIIacTephl, yKa3bIBAIOUIME HA IMOTCHIHAJILHYIO
POJIb MEXaHU3Ma «I1ap-KUAKOCTh-KpUcTaD» [6] B ux pocte. Tunmmunoe COM-u3zobpakeHne
HAHOCTPYKTypupoBaHHOU moBepxHocTH st X<0,6 Ha npumepe rienku Pb;,SnyTe ¢ X = 0,4
nokaszaHo Ha puc. 2. Oxnako ais X, pasaoi 0,8 u 1,0, T.e. 115 mepexoa K TOMOJIOTUYECKOMY
U30JIATOPY, HAHOKOHYCHI CO C(EepHUecCKMMH KJIacTepaMH Ha BEpIIMHAX IOJHOCTHIO
npornajaiy, HUMel0 MECTO aHU30TPOIHOE PAacCIbUICHUE MOBEPXHOCTH C (OPMUPOBAHUEM
OKPYTJIBIX BBICTYNOB. Jlpyroil Kio4eBoil OCOOEHHOCTHIO HAHOCTPYKTYPUPOBAHMS IIICHOK
Pb; xSnyTe ObUIO TO, YTO TEOMETPUYECKUE MapaMeTpbl (HOPMUPYEMBIX HAHOCTPYKTYP
BapbUPOBAINCH B 3aBHCUMOCTH OT COOTHOIIEHUS CBHUHEI/ONOBO. {1 cOCTaBOB C MOJIbHOU
noneit onmoBa X<0,6 cpeaHsisi BbICOTAa HAHOKOHYCOB MPAaKTUYECKU JUHEHHO BO3pacTaia B
unTepBane 125-310 HM npu yBeIMYEHUHU X, JIATEPAIBHBIN pa3Mep COCTaBIsI B cpenHeM ~150
HM, MX TMOBEPXHOCTHAs IJIOTHOCTH COCTaBIIsJIa ~10°. s X, paBuo#t 0,8 u 1,0, cpenusist
BBICOTA OKPYTJIBIX BBICTYIIOB cOCTaBiisia 250 HM IpH 3HAYUTEIHHO OOJBIINX JIATEPATLHBIX

pa3mepax a0 500 HM, UX MJIOTHOCTH ObLIa HEOOIBIION (-~108 eM ).

Puc. 2. COM-u300pakeHre HaHOCTPYKTYPUPOBAaHHOM NOBepXHOCTH TUieHKU Phg ¢SNng 4 Te/BaF,.

Haxkson o6pasua npu ceemke coctaisia 70°.
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[Tna3meHHass 00pabOTKa MOBEPXHOCTH MHOI'OKOMIIOHEHTHBIX IOJIYIPOBOJIHUKOBBIX
COCTaBOB C JIETKOIUIABKOW KOMIIOHEHTOW (CBMHEL, OJIOBO) MOXET COIPOBOXKIATHCA
napajyieIbHbIM TPOTEKAHWEM HECKOJIbKUX TIpOLEeCCOB. Bo-TepBhIX, BO BCEX Cllydasx
OPOUCXOMUT (DU3UYECKOE paClbUICHHE MPHUIIOBEPXHOCTHOTO CJIOS C IMOTEHIHATBHBIM
MHUKPOMAaCKHPOBAHUEM M aHHU30TPOIMHOCTHIO, CONPOBOXKIAIOIIEECS] HAIPEBOM ITOBEPXHOCTH.
Bo-BTOpBIX, pacnbUleHHBIE CBHHEL[ M OJIOBO MOTIYT cOOMpaTbcs Ha IIOBEPXHOCTH B
XKHUJIKO(pa3HbIe KJIACTEPhI-3aTPaBKH, Ha KOTOPBIX HAET POCT KPHUCTALIOB M3 Ta30BOU
pacIbUICHHON (a3l MO0 MEXaHU3MY «IaP-KUAKOCTh-KPUCTAIUD [6] U KOTOpbIE OCTAIOTCS Ha
BEpIIMHAX (OPMHUPYEMBIX TaKUM 00pa3oM HAHOKOHYCOB (puc. 2). XapakTep H3MEHEHMs
apaMeTpoB HaHOCTPYKTYp Ha MmOBepXxHOCTH IieHOK Pb; ,Sn,Te ykaspiBaerT Ha TO, 4TO ISt
cocTaBOB ¢ MoubpHOW gomedr omoBa X=0,0-0,6 wumeer wMecto camohopMUpOBaHHE
HAaHOCTPYKTYP MO MEXaHU3MY «Iap-KUAKOCTh-KPUCTAIUDY, MPH STOM (OPMHPYIOLIHECS
HAaHOKOHYCBl CTaHOBSTCSI BBILIE IPU YBEIUYEHUHU COJEpXaHHUsA 0yI0Ba. JlaHHBIH MeXaHU3M
pocTa ¢ OOOramieHHBIMHM OJIOBOM 3aTpaBKaMH ObLI MOATBEPXKAEH NpoBeaeHHbIMH D/IPA-
UCCJICIOBAaHUAMH, KOTOpBIC IIOKa3ald, 4YTO TIIOCIE IUIa3MEHHOW O0OpabOTKH OJIOBO Ha
IIOBEPXHOCTHU yBEIWYMBACTCSA 3HAUUTENIBHO. Bo3pacTtanue cojepKaHus 0J0Ba KOPPEIUPYET €
yOBbIBaHHEM TeJUTypa, CBUHELl OCTAeTCsl B IIOCTOSHHON KOHIIEHTpaluu. Ilepexo Kk cOCTOSIHUIO
TOIOJIOTUYECKOTO M30JISTOPA MOJHOCTBIO M3MEHsET Ipolecc 00pa3oBaHUS METAIMYECKUX
Kareslb CBUHIIA-0JIOBA W COOTBETCTBYIOUIMHM pPOCT HAHOKOHYCOB IO MEXaHU3My «Iap-
KHUJKOCTh-KPHCTAJLD», BMECTO YEr0 HAOIIIOAAETCsl aHU30TPOITHOE PACTIBIICHNE TIOBEPXHOCTH C

(bOopMUPOBAHKUEM OKPYIJIBIX IIMPOKUX BBICTYIOB.

DNEeKTpOHHO-MHUKpOCcKonnueckue uccienosanus nposeneHsl B LIKIT «J/luarHoctuka
MHUKPO- M HAHOCTPYKTYp» IpH (uUHAHCOBOW mnoanaepxke MuHoOpHayku P®. Pabota
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MOJUPUINPOBAHUE NOBEPXHOCTH AIIOMUHHUEBOI'O KOMITIO3UTA
IINTASMEHHBIM BO3JAEUCTBHUEM B 3JIEKTPOJIMTE

SURFACE MODIFICATION OF ALUMINIUM COMPOSITE BY PLASMA ACTION
IN ELECTROLYTE

JLE. ArypeeBl, K.A. Annkun®, A.A. AH_IMapI/IHl, A.B. BI/IHOFpa,HOBZ, C.B. CaBanKI/IHal,
A.B. Duens eJIbI[Z
L.E. Agureev’, K.A. Anikin?, A.A.Ashmarin®, A.V. Vinogradov?, S.V. Savushkina’,
Apelfeld A.V.?
1l“HI_I OI'VIT «entp Kengpimay, 125438, Onexckast, 8, Mocksa, Poccus
2 MAMU, 109383, r. Mocksa, yi. [Tonbuna, 45 , Mockga, Poccust

Oxide coatings were formed were formed in silicate-alkaline electrolyte by micro-arc
oxidation (MAQ) on aluminum composites without additives and with copper additives. .The
methods of scanning electron microscopy, X-ray microanalysis, X-ray photoelectron
spectroscopy and X-ray diffraction were used for investigations of the coatings. The oxide
coatings have typical morphology of the MAO-coatings on compact aluminum alloys but are
characterized by excessive content of aluminum.

HOpOI_HKOBLIe AJIIOMHUHHECBBIC KOMITIO3UTHI ABJIAOTCA MNECPCIICKTHBHBIM
KOHCTPYKIOMOHHBIM MAarcpuaJioM C TOYKH 3PCHUSA HX MAJIOro BCCa M HU3KHX KaAlIUTAJIbHBIX
3arpar Ha npou3BoAcTBO [1]. Kpome Toro, B Hactosimee BpeMs pa3paOOTaHbI IMOIXOIBI JUIS
SHAYUTCIIBHOI'O YIY4YIICHHA HUX IPOYHOCTHBIX CBOﬁCTB, HalpuMep, JICTUPOBAHUC MCIAbIO H
MO,I[I/I(I)I/II_II/IpOBaHI/IC I[O68.BK8.MI/I HaHO4YaCTUuI [2] B cBs3u ¢ 9THUM, aJJFOMHUHHECBBIC KOMITIO3UThI
MOT'YT NPHMCHATHBCA JId M3TOTOBJICHUA, HAIPUMCP, TaKHX IleTaHGfI Typ60HaCOCHLIX
arperatoB PpaKeTHBIX JIBUTaTeliei, Kak padouue Kojeca, BTYJIKHU, PACIOPKH, 3allelKH,
YHOOPHBIC TUIACTUHBI U JP. OI[HaI(O 151 3(1)(1)6KTI/IBHOI‘ O HCIOJIb30BAHUS TAKHX MAaTCpHUaiOB
Tpe6yeTc;1 IIOBBIIIICHUEC HUX I(OppO3I/IOHHOI71 CTOMKOCTH. OI[HI/IM N3 MCTOAOB PCHICHUA ,HaHHOfI
npoOiemsbl sBisieTcs: (POPMHPOBAHWE HAa MUX TOBEPXHOCTHU 3AIIUTHBIX KEPaAMHUKOTOIOOHBIX
MOKPBITUH  METOJOM  MHKpOAyroBoro  okcuaupoBanms (MJO) [3]. MIO -
BHGKTpOXI/IMI/I‘leCKI/Iﬁ Imponecc, HCHOJIB3YIOHlI/II>’I OHEPTHUIO JJICKTPUYCCKUX MHUKPOPA3PAOOB,
(GYHKIMOHUPYIOIIMX Ha MOBEPXHOCTH 0OpabaThiBaeMOro Marepuajga, 4YTO IO3BOJISET
IIOJIy4aTh OKCHUJHBIE MOKPBITUS C BBICOKOM M3HOCOCTOMKOCTBIO, KOPPO3MOHHON CTOMKOCTHIO,
TEPMOCTONKOCTBIO U 1p. [4-5].

B nannoit pabore MJIO-mOKpBITHS MONyyald Ha aTOMHUHHMEBBIX KOMIIO3MTax Oe3
no6aBok (Al) u nerupoBannbix menpio (Al + 1 % Cu) u (Al + 4,5 % Cu) B anekrposure,
coliep)kameM 2 T/ THAPOKCUAA Kamus U 9 T/ KHUIKOTO CTEKJIa HAaTPHEBOTO B aHOJHO-
KaromHoM pexkume. CyMmapHas IMIOTHOCTh TOKa cocTaBisuia 12,5 Alnm? TIPU PABEHCTBE
AHOJHOI'0 W KAaTOAHOI'O0 TOKOB, MPOAOJDKUTCIIBHOCTH IMPOHCCCa MI[O — 60 mun. HOKpBITI/I}I

HCCIICAOBAIM C IMOMOLIIBIO  paCTpPpOBOTO  IJICKTPOHHOTO  MHKPOCKOIIA Quanta 600,
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peHTreHoBckoro Mukpoananuzaropa TRIDENT XM 4, peHTreHOBCKOro (hOTO3IEKTPOHHOTO
cnekrpomerpa Quantera, penrrenosckoro audpaxromerpa Empyrean PANalytical (CuKao-
U3ITyYEHHE).

Tonmuaer MJ1O-niokpeituit st komno3utoB (Al) u (Al + 1 % Cu) cocraBunu 35 u 40
MKM COOTBETCTBeHHO, a i kommosuta (Al + 45 % Cu) — okoino 25 MKM. AHanu3
3aBUCUMOCTEH aHOJHOTO HAMPSDKEHUS OT TeKyiero MomeHTa mporecca MJIO (puc. 1)
HoKa3aJ, 4To Hanpspkenue s kommnosuta (Al + 1 % Cu) HEeMHOTO HPEBBIIIATI0 TAKOBOE IS
komrio3uta (Al), uro mpuBeno k Oonbmieli HA 5 MKM TONIMIMHE MOKPBITHSA. OJHAKO MpU
YBEJIMYCHUN KOHIIGHTPAIlMK MEIW B QIIOMHHHEBOM Komrio3ute 10 4,5 % MpoucxomuT
3aMeJUIeHHe pPOCTa HaNpsOKeHUs Ha HadalbHOM dTtame mpornecca MJIO, cBsf3aHHOM cC
oOpa3oBaHreM OapbepHOTO CJIOS, YTO MPUBOIUT K HTOTOBOMY YMEHBIIEHHUIO TOJIIMHBI

HOKPBITHUS J10 25 MKM.

I T T T I T T T T ¥ T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000

Bpems, ¢

Puc. 1 CDOpMOBO'—IHI)Ie KpUBBIC QAQHOAHOI'O0 HAIIPSKCHUA Ua JIs1 AJIFOMUHUEBBIX KOMIIO3UTOB:
1—(Al); 2—- (Al +1% Cu); 3— (Al +4,5% Cu)

Cpennuii pa3Mep 3€peH KOMIIO3UTOB COCTaBIIET OKOJIO S5 MkM (puc. 2, a).
Mopdomorust moBepxHocTd M/IO-TIOKPHITHII HA KOMITO3UTaX COOTBETCTBYET TUITMYHOM ISt
MOKPHITHH HAa KOMIIAKTHBIX ATFOMHHHEBBIX cruiaBax (puc. 2, 0) [3]. [is Hee xapakTepHbI
KparepooOpa3Hble 00JacTH OKCHAA ATIOMUHHUS U YYacTKH, OOOTralleHHbIe COeIMHEHHSIMH,

CUHTC3UPOBAHHBIMU U3 J3JICMCHTOB, BXOJAAIIHMX B COCTAB KOMIIOHCHTOB 3JICKTPOJIMTA.
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[ToBbIIIeHNE KOHIICHTPAIMU M/ B aTFOMHHUAEBBIX KOMIIO3HTaX MPUBOJIUT K POCTY pa3Mmepa
KpaTepoB U IUIOIIAAN YYACTKOB, 000TAIIEHHBIX 3TUMH COeTMHEHUSIMU. [IOKpBITHS COCTOAT U3
3-X OCHOBHBIX CIIOCB: MEPEXOAHOTO (0apbepHOT0) CIOSI HA TPAHMIIEC C TIOJITIOKKON TOIIUHON
okoj10 0,5 MKM; OCHOBHOTO (CPEAMHHOTO) CJIOSI M HapyXHOTro cios (puc. 2, B). [lopucrocts
OCHOBHOTO CJIOSI YBEIMUMBAETCS MPU MPUOIMKEHUH K MEepexoaHoMy (puc. 2, T). IT0 MOXKET
OBITh CBSI3aHO C BJIMSHUEM WCXOJHOW IOPUCTOCTH AIFOMHUHHUEBBIX KOMITO3UTOB. MOXKHO
NPEIOIOKHUTh, YTO B Tpoliecce GOPMHUPOBAHUS MOKPHITHS MPOUCXOIUT TOCIIEAOBATEIILHOEC

OKCUAUPOBAHUEC OAHOI'O 3€pHA 3a APYIr'UM C 06p2130BaHI/I€M BOJIHUCTOT'O IICPEXOJHOI'0 CJI04.

Puc. 2. UzoOpaxenuss POM BO BTOPUYHBIX BJIEKTPOHAX: HCXOJHAs CTPYKTypa aJIOMHHHEBOTO
kommo3uta (a); mopdosorus moBepxHoctd MJIO-mokpeiTus Ha kommosute (Al)(0); cTpykTypa
nokpeITHs Komiio3uTta (Al) Ha nmomepeunom numde (B); 6 — nepexogusiii cnoir MIO-okpeITHS Ha
kommosure (Al) (T).

CormocraBieHue JaHHBIX PEHTT€HOBCKOTO0 MUKpoaHanu3a, POM nonepednsix numdos

u POC-cnektpoB nosepxHoctd M/IO-IOKpBITHI MTO3BOJISIET MPEANIOIOKHUTD HAJTMUNE TAKKE
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TOHKOTO  IOBEPXHOCTHOTO CJOfA, TOJIIMHA KOTOPOrO HE TpeBbIIaeT 1  MKM,
IPEUMYIIIECTBEHHO COCTOSIIETO U3 JIEMEHTOB KOMITOHEHTOB asiekrpoiuta (Si, O, Na, K).

. OcHoBHOM cnoit MJIO-IOKpBITHI TPAKTUYECKH ITOJHOCTHIO COCTOUT U3 AIIFOMUHHUS U
KHCJIOPO/Ia M XapaKTEPH3YyeTCsl TOBBIIMICHHBIM COJIEPYKAHUEM AJIOMHHHS 110 CPaBHEHUIO C
M/IO-noKpBITUSIMU Ha KOMIAKTHBIX aJIOMHUHHUEBBIX CILJIaBaX, YTO MOXKET OBbITh CBSI3aHO C
BKJIIOUCHUSIMU ~ aJIFOMUHUEBOTO KOMIIO3UTA, BOIICAIIMMU B CTPYKTYpY MOKPBITHSA,
OKCUJMPOBAHUIO KOTOPBIX MOTJIM MPEMSITCTBOBATH AOCTATOYHO TOJICTHIE OKCHJIHBIE IMJICHKU
10 TPaHHIIaM €T 3EepEeH.

MJIO-1OKpBITHSI HA aTFOMUHUEBBIX KOMITO3UTaX cocTosT u3 yY-AlyOs, a Takxke 1-Al,O3
¢a3pl, MUK KOTOPOU YIIUPEHBI, YTO XapaKTEPHO AJIsl PEHTTeHOoaMOp(HOM cocTaBistoLIeh U
MOXET OBITh CBS3aHO C HAJIWYMEM HaHOKpUCTanindeckux obmacreil. HecmoTps Ha
IPUCYTCTBHE B HAPY>KHOM CJIO€ 3HAYUTEIBHOTO KOJTHMUYECTBA KPEMHHS, PE(IEKCHI €ro OKCHI0B
OTCYTCTBYIOT, 4TO TOBOPHUT O €ro aMoppHOM cocTostHuu. J[iis mokpeitust Ha kommo3ute (Al +
4,5 % Cu) 6putn otMedeHsl pediekcel MmymiuTa Al,SiOs — cMeaHHOTO OKCHIA ATIOMUHUS U
KpemHus (puc. 5, 6). Cnexyer oTMeTuTh, uTo pediexcsl okcuna menau CUO OTCYTCTBYIOT Ha
nudpaxrorpamme it mokpeitus Ha kommnosute (Al + 1 % Cu) u mOsIBISIOTCS IS TOKPBITHSI
Ha komnosute (Al + 4,5 % Cu).

Pabora BbeImonHena npu ¢uHaHcoBO# mongepxke Cosera mo rpantam Ilpesuaenra

P® (rpant Ne MK 524.2017.8).
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SHI IRRADIATION ENHANCED DIFFUSION OF SILVER
IMPLANTED INTO POLYCRYSTALLINE SiC
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2 Physics Department, Shendi University, Shendi , Sudan
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ABSTRACT

Migration behavior of silver (Ag) ions implanted into polycrystalline CVD-SIiC was
investigated by Rutherford backscattering spectrometry (RBS), Raman spectroscopy
and scanning electron microscopy. Silver ions of 360 keV were implanted into CVD-
SiC to a fluence of 2x10™ cm™ at room temperature. Some of implanted samples
were irradiated with xenon (Xe) ions of 167 MeV to a fluence of 3.4x10™ cm™ and
8.4x10* cm™ at room temperature. Both the as-implanted and implanted then
irradiated samples were isochronal annealed at temperatures ranging from 1100 °C to
1400 °C in steps of 100 °C for 10 h. Raman results of the as-implanted samples
showed that implantation of Ag resulted in the amorphisation of SiC, while irradiation
of the as-implanted samples with Xe ions caused some recrystallization.
Recrystallization was already taking place after annealing at 1100 °C in both samples.
After annealing at 1400 °C, un-irradiated samples were fully recrystallized, while the
irradiated samples were still not fully recrystallized. Ag started to move towards the
surface without broadening after annealing at 1100 °C in the un-irradiated samples,
while no movement of Ag was detected in the irradiated samples up 1200 °C.
Diffusion of Ag was detected after annealing at 1300 °C for the irradiated samples and
no diffusion was detected in the un-irradiated samples up to 1400 °C. Therefore, SHI

irradiation somehow enhanced diffusion of Ag.
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INVESTIGATING EFFECT OF HEAT TREATMENT ON THE DIFFUSION
BEHAVIOUR OF XENON IMPLANTED IN GLASSY CARBON

MYA Ismail*?, JB Malherbe®, TT Hlatshwayo', EG Njoroge®, 0S Odutemowo®, E Wendler®

'Department of Physics, University of Pretoria, Pretoria, 0002 South Africa
Department of Physics, University of Zalingei, Zalingei, central Darfur, Sudan
3Institut fiirFestkorperphysik, Friedrich-Schiller Universitdt, 07743 Jena, Germany

ABSTRACT

The effect of sequential isochronal annealing on the diffusion behavior of implanted xenon in
glassy carbon was investigated and reported. Glassy carbon substrates were implanted with 200
keV xenon ions to a fluence of 1 x 10**Xe*cm™. The sample was annealed in vacuum at
temperatures ranging from 300°C to 1000 °C for 5 hours. The RBS depth profiles obtained at
temperatures above 800 °C showed a slight broadening of the Xe peaks, indicating that some
Fickian diffusion occurred. The broadening of the peaks was not accompanied with a loss of the
implanted Xe. Microstructural changes in the glassy carbon substrate due to Xe bombardment
and annealing were monitored using Raman spectroscopy. The Raman spectrum obtained after
Xenon bombardment showed that the glassy carbon substrate became amorphised. However, a
slight recovery of the glassy carbon structure was noticed after heat treatment. The SEM
micrographs of the glassy carbon substrate showed an increase in the surface roughness of the
glassy carbon substrate after implantation. The increase in the roughness of the glassy carbon
substrate was attributed to the sputtering of the loosely bonded carbon atoms along the polishing

marks after implantation and annealing.
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DIFFUSION OF IMPLANTED EUROPIUM IN GLASSY CARBON

Mahbub.F. Kenari*, O.S. Odutemowo, J.M. Nel, T.T. Thulani, J.B. Malherbe, E. Wendler

'Department of Physics, University of Pretoria, Pretoria, 0028, South Africa

?Institut Fur Festkorperphysik, Friedrich-Schiller Universitut, 07743 Jena, Germany

Abstract

Glassy carbon is a disordered form of carbon with very high temperature resistance, high
hardness and strength and chemical stability even in extreme environments. Europium is one of
the fission products which has been found to escape from TRISO particles. Glassy carbon
(GC) samples were implanted with 250 keV europium ions to a fluency of 1x10 jons/cm? at
room temperature. Sequential isochronal annealing was carried out on the implanted
samples at temperatures ranging from 200 °C - 900 °C for one hour in vacuum. In 200 °C
annealing temperature for 1h no significant diffusion has been seen. However, in this
temperature for 100h there is unignorable diffusion. Furthermore, in the 900 °C we can see the
more segregation and about 30% loss of Europium. Diffusion of the implanted Eu was
determined using Rutherford Backscattering Spectroscopy (RBS), while the radiation damage
and its annealing at these temperatures have been measured by Raman spectroscopy. Scanning
electron microscopy (SEM) and atomic force microscopy (AFM) were used to investigate the
effect of annealing on the surfaces of the implanted samples.
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FOCUSED ION BEAM DEVICE PROTOTYPING EMPLOYING LIGHT AND
HEAVY IONS

P. Mazarov, L. Bruchhaus, S. Bauerdick, M. Kahl, A. Nadzeyka, R. Jede

Raith GmbH, Konrad-Adenauer-Allee 8, 44263 Dortmund, Germany
e-mail: paul.mazarov@raith.de

Nano device prototyping (NDP) is essential for realizing and assessing ideas as well as
theories in the form of nano devices, before they can be made available in or as commercial
products. Application results patterned similarly to those in the semiconductor industry
(usually carried out by optical lithography, for the fabrication of cell phone/computer
processors, or memories) will be presented. For NDP, some requirements are different: thus,
other technologies are employed. Currently, in NDP, for many applications direct write

Gaussian vector scan electron beam lithography (EBL) is used to define the required features

in organic resists on this scale.
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Figure 1. Some examples for nano device prototyping.
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We will take a look at many application results carried out by ion beam techniques with a
special focus on those based upon liquid metal ion sources, as recent developments have
significantly increased their applicability for NDP [1]. Combining this Focused lon Beam
(FIB) technology with a lithography platform, advanced FIB nanofabrication enables
applications such as X-ray zone plates, large area gratings, plasmonic arrays, and wafer-scale
nanopore devices (Fig. 1).

FIB tools are mainly based on Gallium liquid metal ion sources (LMIS). We have
extended the ion column and source technology towards new ion species employing a liquid
metal alloy ion source (LMAIS) and an ExB filter for the long-term stable delivery of
multiple ion species. This range of ion species with different mass or charge (see Figure 1)
can be beneficial for various nanofabrication applications and especially for ion implantation
down to the single ion level. We focus mainly on the family of alloys based on Au, Si and Ge,
whereas nearly half of the elements of the Periodic Table are in principle available in LMAIS
technology (Fig. 2) [2].

He
F | Ne
Cl | Ar
Br | Kr
I | Xe
At | Rn

Figure 2. Periodic table, available ion species for LMAIS and other ion sources, LMIS and
LMAIS: The red marked elements in the periodic table can be provided as single or doubly

charged mono- or even as heavy polyatomic ions (cluster).

Main properties of a modern LMAIS are long life-time, high brightness and stable ion
current. As an example a characteristic mass spectrum of a AuYSi LMAIS [3] is shown in

Fig.3. This contribution will cover the physical basics and experimental results of LMAIS,
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their physical properties (I-V characteristics, energy spread) and questions of the preparation
technology using elementary as well as binary and ternary alloys as source material.
Furthermore selected applications will be presented to underline the impact of these sources in

modern nanotechnology by highly focused ion beams.
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Figure 3. Mass spectrum of a AuSiY LMAIS.

1. L. Bruchhaus, P. Mazarov, L. Bischoff, J. Gierak, A. D. Wieck, and H. Hovel “Comparison
of technologies for nano device prototyping with a special focus on ion beams: A review”,
Appl. Phys. Rev. 4, 011302 (2017).

2. L. Bischoff, P. Mazarov, L. Bruchhaus, J. Gierak “Liquid metal alloy ion sources—

An alternative for focussed ion beam technology”, Appl. Phys. Rev. 3, 021101 (2016).

3. N. Kukharchyk, R. Neumann, S. Mazarov, P. Bushev, A. Wieck and P. Mazarov
"Development of Yttrium alloy ion source and its application in nanofabrication”, Appl. Phys.

A 122, (2016)
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MODIFICATION OF INDIUM IMPLANTED GLASSY CARBON BY THERMAL
ANNEALING AND SHI IRRADIATION

E. Njoroge”, C. Theron*, M. Mlambo*, T. Hlatshwayo*, V. Skuratov”, J. Malherbe*
“Physics Department, University of Pretoria, Pretoria, South Africa, e-mail:

eric.njoroge@up.ac.za;
# Joint Institute for Nuclear Research, Dubna, Russia.

The structural changes, migration behavior of indium (In) implanted into glassy carbon and
the effect of annealing on radiation damage introduced by ion implantation were have been
investigated. The implantation of indium in glassy carbon substrates was done at a fluence of
2.0x10% jons/cm? and energy of 360 keV at room temperature (RT) and 350 °C. The RT
implanted samples were isochronally annealed in vacuum at 200, 300, 400, 600 and 1000 °C
for 1 hour. The GC substrates implanted at 350 °C were irradiated with Xe®* ions with
energy of 167 MeV at room temperature to a fluence of 5.0x10% 5.0x10%, 1.0x10%,
5.0x10™, ions/cm?. The as-implanted, annealed and the swift heavy ion (SHI) irradiated
samples were characterized by Raman spectroscopy and Rutherford backscattering
spectrometry (RBS). The Raman results revealed that RT and 350°C implanted GC structure
was damaged and had an almost amorphized structure. The density of the implanted layer was
observed to increase from 1.42 to 2.22 g/cm? at the implantation dose. Isochronal annealing of
the RT implanted samples resulted in some recrystallisation which varied with increasing
temperature and the diffusion behaviour of implanted In. Fickian diffusion of implanted In
started to occur after annealing the RT implanted samples at 300 °C, however, structural
changes in the GC were observed after annealing at 200 °C. At higher annealing temperatures
0f 400 and 600 °C resulted in diffusing toward the surface of GC accompanied by a loss of In.
At the highest annealing temperature of 1000 °C, the glassy carbon structure did not revert
back to the pristine GC structure, although all the implanted In had diffused out. The SHI
irradiation of the 350 °C implanted sample at increasing fluence, did not result in visible shift
of the In profile. However, the irradiation did induce considerable damage to the GC

structure.
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Introduction

Glassy carbon (GC) or vitreous carbon is a synthetic form of carbon with very attractive
physical and chemical characteristics which combine ceramic properties with those of
graphite. GC is a homogenous isotropic and continuous form of carbon material prepared by
controlled pyrolysis of organic resin precursors. This black and glass-like material has
fracture behaviour is similar to that of glass from which it derives the name. This material has
a complicated network structure having a level microstructural disorder consisting of a
mixture of graphite like ribbons or micro fibrils (turbostratic structure) therefore long range
order does not exist. GC is a micro-polycrystalline material made up of multilayers primarily
consisting of sp? bonds but unlike graphite it has been suggested that GC has a fullerene-
related microstructure.

In this study, the effectiveness of glassy carbon as a good containment material, In ions are
implanted into GC substrates to a fluence of 2.0x10% jons/cm? at room temperature and at
350 °C. Post ion implantation annealing and SHI irradiation experiments of implanted GC
were conducted to investigate the stability, diffusion and structural modification of GC. This
has been performed by Raman spectroscopy and Rutherford backscattering spectrometry
(RBS) analysis techniques. The samples implanted at 350 °C were irradiated with 167 MeV
Xe ions to a fluence of 5x10** jons/cm? at room temperature.

Experimental

Commercially available glassy carbon (SIGRADUR® G) with density of 1.42 g/cm® was used
as the substrate. Indium ions with energy of 360 keV were implanted into the polished glassy
carbon surface, to fluence of 2.0x10"® ions/cm? at near room temperature (RT) and at 350 °C.
Some of the RT implanted samples were isochronally annealed in vacuum at temperatures of
200, 300, 400, 600 and 1000°C for 1 hour. To investigate radiation effects from potential
nuclear waste materials, we irradiated the GC material with Xe®* ions with energy of 167
MeV at room temperature to a fluence of 5.0x10%, 5.0x10%, 1.0x10™, 5.0x10™, jons/cm?
using the IC-100 cyclotron at FLNR JINR in Dubna, Russia.

The structure of GC before implantation, after implantation, the effect of annealing and SHI
irradiation were investigated by Raman spectroscopy. The depth profiles of indium implanted
in glassy carbon, behaviour after annealing and SHI irradiation were monitored using
Rutherford backscattering spectrometry (RBS) using a-particles with energy of 1.6 MeV at a
backscattering angle of 165°.

Results and Discussion

The Raman spectra of pristine GC, room temperature and 350 °C implanted GC at a dose of
2.0x10% jons/cm? at 360 keV in the 1200 - 1800 cm™ range are shown in Figure 1. The
pristine GC spectrum is composed two typical peaks at approximately 1350 and 1585 cm™..
The two peaks are characteristic of carbon materials with sp? bonds and describe the order—
disorder relationship in the material. There is also a hump at 1620 cm™ (D' peak) which is
attributed to small sp? crystallites in GC that results in a Raman doublet of the 1585 and 1620
cm* peaks. For the RT and 350 °C implanted GC, the effect of In implantation on the
structure of GC is shown by the drastic change in the Raman spectra with the appearance of a
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broad peak between 1200 and 1700 cm . The indium ion implantation damaged the near
surface region of GC resulting in an increase in disorder and the destruction of graphitic
microcrystals leading to the amorphization of virgin GC structure. The implantation
temperature of 350 °C did not have a major influence in the structure of GC compared to the
RT implantation and the shape of the broad peaks are similar.

Intensity (AU)

L L L L L L
1200 1300 1400 1500 1600 1700

Raman shift {cm™)

Figure 1. Raman spectra of (a) pristine glassy carbon, (b) indium implanted glassy carbon at
room temperature (RT) and (c) at 350 °C.

The Ip/lg ratio of pristine GC was found to be 1.4 and this value is typical for nano-sized
disordered sp® carbon materials [1]. The crystallite size, L, for SIGRADUR® G GC was
calculated using equation 1 and found to be 3.14 nm. This crystallite size confirms that glassy
carbon is indeed a nano-crystalline graphite material. The crystallite size of the amorphized
region after ion implantation was found to be 1.328 nm. This confirms that In ion
implantation leads to more damage and disordered region with reduced crystallite size.
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Figure 2: (a) Depth profile of In implanted in glassy carbon at room temperature (b) after
annealing.

The experimental depth profile of the implanted In was found to be Gaussian and the FWHM
was found to be slightly broader than the simulated SRIM profile. The In projected range (Rp)
and range straggling (ARp) of the of In distribution in GC calculated with SRIM were
approximately 144.8 nm and 28.1 nm, respectively. At annealing temperature of 300 °C, the
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depth profile broadened and exhibited tailing on both sides of the profile. The FWHM of this
profile is wider than that of the as-implanted and 200 °C profiles as seen in Figure 2. The
implanted indium starts to diffuse at 300 °C and the shape of the profile is still Gaussian.
Since the depth profile was still Gaussian, this indicates that Fickian diffusion occurred when
the samples were annealed at this temperature. This broadening of the profile is due to indium
trapping in implantation induced defects within the amorphous region.

After annealing at 400 °C, the In profile is asymmetric and no longer Gaussian with In profile
shifting towards the surface. The shift of the In concentration maximum after annealing at 400
°C is due to the thermal diffusion of In. This diffusion towards the surface is in the more
damaged region of GC. No significant shift towards the region of undamaged GC beyond the
amorphized region was observed to occur indicating a presence of a diffusion boundary. The
diffusion of In at 300 — 600 °C is due to the presence of defect traps present in the amorphized
region. At this temperature range, the thermal energy of implanted ions is enough overcome
the diffusion barriers in the system and migrate through the armophized region of glassy
carbon towards the surface. The diffusion coefficient of indium migration within the damaged
glassy carbon was estimated by comparing the FWHM of the as-implanted indium depth
profile to that of the sample annealed at 300 °C for 1 hour using an in-house code developed
by Malherbe et al. [2]. The value for the diffusion coefficient of 2.15x10" m%™ was
obtained.

After SHI irradiation, the degree of disorder increased with increasing fluence of irradiation.
With increase in the irradiation dose, the damage level also increased and the clusters become
smaller due to loss of short-range order. The thermal spike due to SHI irradiation was not
sufficient enough to cause further damage or recrystallization of the amorphized region.

SHI irradiation does not influence the diffusion of indium and no diffusion of indium towards
un-damaged GC occurred and the implanted indium was stable.

Conclusions

The GC surfaces were changed to an amorphous structure by indium ion implantationdue to
strong disorder increase at the near surface. The density of the GC surface increased from
1.42 to 2.22 g/lcm® due to the formation of a modified amorphous structure by In ion
implantation. The RT implanted In profiles are stable after annealing up to 300 °C where
Fickian diffusion was observed to occur. At higher temperatures the In ions have migrated
toward the surface and out of the GC substrate. The thermal spike due to SHI irradiation at
increasing doses did not result in any In diffusion but in only structural modification. The SHI
irradiated GC resulted in further break down of the graphitic ribbons leading to increased
degree of bond disorder within the amorphized region resulting in smaller crystallite size.

[1] A. C. Ferrari and J. Robertson, Phys. Rev. B, 61, (2000) 14095-14107.

[2] JB Malherbe et a. Nucl. Instr. and Meth. (2017) submited.
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In-situ RBS STUDIES OF STRONTIUM IMPLANTED GLASSY CARBON

0.S. Odutemowo ", J.B. Malherbe”, C.C. Theron”, E.G. Njoroge” and E.Wendler”

“ Department of Physics, University of Pretoria, Pretoria, 0002, South Africa.
*Institut fiir Festkorperphysik, Friedrich-Schiller-Universitit Jena, 07743 Jena, Germany.

Glassy carbon (GC) is an advanced allotrope of carbon which combines the properties of
glass, ceramic and graphite. It has been described as a purely sp? artificial carbon with
superior features when compared to graphite [1]. The properties of glassy carbon include high
hardness and strength, extreme thermal resistance, high corrosion resistant and extreme
resistance against thermal shock [2]. These properties suggest that glassy carbon might be a
good containment material for high level nuclear wastes.

The diffusion behaviour of strontium in glassy carbon due to heat treatment was
investigated using real time in-situ Rutherford backscattering spectroscopy (RBS). The glassy
carbon samples were implanted with 200 keV strontium ions to a fluence of 1x10*® Sr*/cm? at
room temperature.

Real-time RBS analysis was carried out in-situ in a vacuum chamber fitted with a copper
heating stage. The setup allowed for the sample to be annealed and analyzed simultaneously
over a wide range of temperature. The RBS spectra were acquired with 1.6 MeV He" particles
using a backscattering angle of 165° and the sample was tilted 10° towards the detector. The

annealing procedure is shown in Fig. 1.
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Fig. 1: Graph showing the temperature profile during in-situ analysis.
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Diffusion of the implanted strontium towards the bulk was observed after annealing the
sample at temperature ranging from 450 °C — 560 °C. The diffusion depth was limited to the
end-of-ion-range region where there was still some radiation damage present. At high
annealing temperatures, segregation of the implanted Sr was observed. The segregation was
not accompanied by a loss of Sr. The RBS spectra observed after annealing the sample at 650

°C isothermally for 2 h show that there was no further diffusion/segregation of strontium.
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Fig. 2: Contour plot representation obtained during real-time RBS analysis. The vacuum
annealing was carried out in-situ. The arrows indicate the surface channels for all the atomic

species present.

[1] S.S. Bukalov, Y.V Zubavichus, L.A. Leites, A.l. Sorokin, A.S. Kotosonov, Structural
changes in industrial glassy carbon as a function of heat treatment temperature
according to raman spectroscopy and x-ray diffraction data, Nanosyst. Physics, Chem.
Math. 5 (2014) 186-191.

[2] H.O. Pierson, Handbook of carbon, graphite, diamond and fullerenes, Noyes
publications, New Jersey, 1993.

173



PHASE TRANSFORMATION IN *Zn* IONS AND THERMAL OXIDIZED
SAPPHIRE
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The properties of metal and metal oxide nanoparticles (NPs) are comprehensively investigated
because of its possible application in modern opto/microelectronic devices. Metal zinc NPs can
be use in UV photo-detectors based on surface plasmon resonance phenomena [1]. Zinc oxide
NPs plays an important role, since ZnO has wide direct-band gap of 3.37eV and large exiton
binding energy of 60meV. So it can be used in UV light-source and electroluminescence
displays. According to other ZnO unique properties its NPs may be used in solar cells, gas
sensors, spintronics devices and memristors. There were some attempts to form the Zn and ZnO
NPs in Al,O3 by Zn ion implantation and thermal oxidation [2-4]. Here we present the study of
phase transformation and visualization of Al,O3 implanted by **Zn* ions and thermal oxidizing at
elevated temperatures.

Single crystal Al,03 (012) substrates were implanted by %Zn" ions with a dose of 5x10"°cm™
and energy of 100keV. To avoid the substrate significant heating effect the ion beam current
density was j<0.5puA/cm?. After implantation the substrates were subjected to furnace annealing
in oxygen during 1h at temperature range from 400 up to 1000°C with a step of 100°C.

Surface topology of the samples was observed using scanning electron microscopy (SEM)
MERAS3 (TESCAN) in a second emission (SE) and back scattering (BSE) modes. The last mode
can us to obtained so-called Z-contrast and element mapping.

Visualization of the sapphire subsurface layer was carried out with the help of an analytical
complex based on Titan 80-300 (FEI) transmission electron microscope (TEM). With the help of
focused ion beams (FIB) the electron-transparent membrane samples (cross-section) were
prepared. The obtained samples had lateral dimensions of 14x8um and a thickness of 10-50nm.
Using the energy-dispersive spectroscopy (EDS) microanalysis it is possible to determine the
stoichiometric composition of the clusters after implantation and high-temperature oxidizing. The
images were obtained in TEM using two methods for detecting scattered electrons: 1) bright-field
with recording of electrons scattered at small angles. This method of recording allowed to obtain

data on the structure and composition of the subsurface layer, and also to analyze its phase
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structure using direct visualization of the crystal lattice. 2) Also there was used the method of
detecting electrons elastically scattered from crystal lattice atoms at large angles, using a high-
angle annular dark-field (HAADF) detector. In this case, the images have a significant Z-contrast,
which allowed determining the structure elements by direct visualization and analysis of the
Fourier transforms of the atomic structure images.

The chemical state of sample element with profile control was investigated by Auger
electron spectroscopy (AES) using the UHV module based on NANOFAB 25 platform (NT-
MDT). The energy resolution of electron spectrometer SPECS Phoibos 225 through the Ag 3ds,
line was 0.78 eV for non-monochromatic X-ray Mg Ka illumination. For layered depth analysis
of the AES curves the etching with a rate of 1 nm/min using Ar* ion beam with energy of 3keV
was used. This beam has a diameter of 0.7mm and was replaced to the sample surface normal
under angle of 50°. For investigation scan area was 2.8x4.0 mm?.

In as implanted sample the surface is not uniform: it has the roughness, namely, surface open
voids with in the plane characteristic dimension of 10nm and an average roughness about 1.5nm.
During thermal treatment in oxygen atmosphere the surface structure has continually
transformation. The results indicate the formation of an amorphizied area in sapphire subsurface
layer after Zn ion implantation. Zn implant distribution has a Gaussian shape. After Zn ion
implantation the Zn metal NPs in amorphous state were existed in sapphire substrate layer.

After Zn thermal oxidizing at temperature in temperature range from 400 up to 600°C the Zn
metal NPs in crystalline state were created in sapphire substrate layer. By subsequent oxidizing in
temperature range from 700 -800°C the zinc nanoparticles were oxidized to the zinc oxide phase

and ZnO NPs with structure Zn(core)/ZnO(shell) were created in sapphire substrate.

SEM HV: 7.0 kV WD: 9.55 mm SEM HV: 15.0 kV WD: 9.58 mm
View field: 5.00 ym Det: SE View field: 3.37 ym Det: BSE
SEM MAG: 57.8 kx SEM MAG: 85.8 kx

a) b)
Fig. 1. SEM-SE (a) and BSE (b) images of Zn implanted and annealed at 900°C Al,O5 substrate.
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After annealing at temperatures 900-1000°C and higher the ZnO NPs were disappeared and
the ZnAl,O, phase was formed in Al,O3 substrate. Thus on the sapphire surface the deep voids
with depth down to 25nm were formed due to out of Zn diffusion from sapphire surface.

On Fig. 1 there are presented SEM-SE (a) and BSE (b) images of Zn implanted and annealed
at 900°C sapphire samples. From the Fig.1,a one can see, that after annealing on a sample surface
the big number of deep voids are existed. They are located between longitudinal the shallow
pricks. On image the surface voids are presented as black spots. The formation of these voids is
attributed to the Zn NP creating in the sapphire near-surface layer and the subsequent Zn out of
diffusion from the sample surface to the surrounding atmosphere during high temperature
oxidizing. One can see and bright spots too, which have in plane characteristic dimension order
of 10nm. From the last image on a Fig.1,b one can see, that in annealed at 900°C sample state the
bright spots with in the plane characteristic dimension order of 10nm are presented. From these
two images on Fig.1 we can proposed, that these NPs were connected with element which has the
atomic mass grater than atomic mass of Al,O3 matrix element, i.e. metal Zn, zinc oxide ZnO or
ZnAl,O,4 phase on the sample surface.

On Fig. 3 there are presented survey bright field TEM (a) and HRTEM (b) images of Zn
implanted and annealed at 900°C Al,O5; sample (in insert there are presented the FFT of image b).

a) | b)

Fig. 2. Survey bright field TEM image (a) and HR TEM (b) image of crystalline sample part of Zn
implanted and annealed at 900°C Al,Os substrate (in insert the FFT of image b is presented).

In Fig.1 one can see the middle image part that presented the amorphisied region of sapphire

sample. Below is the broken crystal sapphire layer. In this layer, you can see various radiation

176



defects, which are represented as a image contrast. In insert the FFT of image Fig.2,b is
presented. It confirms the presence of some part of the amorphized phase in this sample region
and it differs from the same FFT for the sapphire crystalline part. From this it can be concluded
that in this sample region there can be phases of zinc, its oxide or zinc spinel, since all they have
interplanar parameters close to each other, for example, 2.4759A for ZnO and 2.4380A for
ZnAl,Oy4 [5].

On Fig. 3 there are presented X-ray AES spectra of Al,O3 substrate after Zn implantation (a)

10_x10"

Fn TNM 183102
Name Pos. FWHM LSh.  Area %drea TN
n 20

99120 2735 GL(30) 8465 40.035
98720 3885 GL(30) 12667 $59.965

Fig. 3. AES in depth spectra of Zn implanted Al,O3 for the samples: as implanted at a depth of 80 nm (a)
and after annealing at 900°C in oxygen for the depth of 30nm (b).

and after thermal oxidizing at 900°C (b). Data were measured at a depth region from 0 nm up to
100nm across a signal maximum at 80nm. On can see that the spectrum in a Fig.3,a consists of
two curves, whose maxima correspond to the following quantities, namely, 987.3eV (Zn" state,
for example, ZnO) and 991.3eV (Zn° state, namely, metal Zn) [6, 7]. On can see that the
spectrum in Fig.3,b consists of two curves too. Namely, these maxima corresponded to the
following quantities: 987.7eV (Zn" state, for example, zinc spinel, i.e. gahnite ZnAl,O4) and
991.1eV (Zn° state, namely, metal Zn) [6, 7].
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N3YYEHUE COCTABA U ITPOPWIIA PACHPEJEJTEHNASI ATOMOB
ONoOJIYITPOBOJHUKOBOU CTPYKTYPbI CdS-SnO,- CUTAJI METOAOM
BUMC

STUDY OF THE COMPOSITION AND PROFILE OF DISTRIBUTION OF ATOMS
ON THE SEMICONDUCTOR STRUCTURE OF CdS-SnO,-SITAL BY THE SIMS
METHOD

A.A. AonysaiintoB, X.X.boiraes
A.A. Abduvayitov, Kh.Kh. Boltaev

Tawkenmckutl 20Cy0apcmeeHHblll MeXHUYeCcKUll YHusepcumem
Tawrxenm, ¥Y36exucman Khurshid.boltaev@gmail.com

Profiles distribution of atoms Si, Cd, Sn, S on depth of system Ni-CdS-SnO, are studied.
It is shown, that at a thickness of films CdS and SnO; it is less than 10 microns on
border of section CdS/SnO, and SnO.fsital width of a transitive layer (depth
interdiffusion atoms) does not exceed more than 1-2 micron.

W3yyenne npoduiast pacrnpeneneHus atoMoB 1o riryoune cucrembl CdS-SnOj-curan
MOKa3aJd, YTO B Cciaydae TOHKUX IuieHOK (d<10MKM) IUpuHa TMEPEeXOHOTO CIO0s Ha TPaHHIe
CdS/SnO u SnO/curan e npessimaer 0,15-0,18 MxM.

W3BecTHO, 9TO JJIs pEHICHUS psijia TEXHUUYSCKUX 3aJad, HApUMEp IS CO3JIaHUS
YCTPOMCTB KOPPEISIUOHHONW OOpa0OTKH ONTHUYECKHX U AJICKTPUYECKUX CHTHAIOB IMTUPOKO
ucrons3yercs (oropesuctuBHbie wiéHKH u3 GaP, CdS wu japyrue ocaxaeHHble Ha
NpO3payHble JIUAICKTPHUCCKUE TOIOKKHA C MPO3PAYHBIMU METANIM3UPOBAHHBIMU CIIOSIMU
tuna cutan-SN0O,. Ha TOBEpXHOCTh TAaKUX IOJTYIMPOBOJAHHKOBBIX TUIEHOK HAHOCSATCS
KOHTAaKThl B BHJE TIOJIOC U3 OJaropoJHbIX METAUIOB (HUKENb, cepebpo u mp.).
[MonynpoBonHukoBbie CTPYKTyphl THma cutan Ni-CdS-SnO, u ap. cosgarorces myTeMm
MOCIIEA0BATEIHLHOTO BAKYYMHOT'O HANTBIIIEHUS (OCaKIEHUS) OTACIBHBIX KOMIIOHEHTOB.

B nannoOl paboTe B KadecTBE MOJJIOKKH HCIIOJIb30BaH cUTal. Ha mooxkke cHavaa
ocaxancs cinoit SN0, TonmuHo# 10 MKM, a 3aTeM Ha ero MOBepXHOCTh-ci10i CdS TommHOwM
>10 mxMm. IIneHKM HaMBUISJIUCH CTYMEHYAaTO TaK YTOOBI YTO Ha OO30pPHOM MOBEPXHOCTH
uMenuck curtai, SnO, u CdS.

[TepBBle OMBITHI TTO U3MEPEHHIO OCHOBHBIX XHMHYECKHX KOMITOHEHTOB B ITpOIlecce
HOHHOTO TPaBJICHHUS TOKAa3ajd, 4TO CKOPOCTh MOHHOrOo TpasicHus CdS cocraBmser ~ 2,2
MKM/4ac. BusyanbHOe W3ydeHHE TMOBEPXHOCTH OOpPa3IOB TMOCIAE€ HMOHHOTO TpaBICHUS
MoKa3aso, 4To 3((}eKT KpaTepa AOJDKEH CYIIECTBEHHO MCKaXaTh TITyOMHHOE paclpeaeleHue
KOMITOHCHTOB CTPYKTYpPHI. [IJIsT YMEHBIICHUs BIUSHUSA 3TOT0 3¢ dekra mocie psjia mpoOHBIX
U3MEpPEHUIl y4acTOK IIOBEPXHOCTH OTrpaHUYUBaici aAuaparmMoid u3 MenHou ¢osbru

tosHon 40 MKM ¢ oTBepcTHEM D=1MM.
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B 0030pHOM criekTpe Hapsay ¢ MHKaMH KOMIIOHEHTOB CHUCTEMbI OOHApYKHBaIHCh
nuku npuMmecHsix aromoB Cr, C, Na, Ca, Al, K u ap. /s usMepeHuii B yCIOBHIX Macc-
cnekrpomerpa MC 7201 3Tm 00pa3mpl MPUILIOCH pa3pe3arh Ha Kycku. s momydeHus
MIyOMHHOTO pAaclpe/ieliCHusl KOMIIOHCHTOB TIOJTYMPOBOJHUKOBBIX CTPYKTYpP B IIpoLiecce
HWOHHOTO TpaBjcHus (pukcupoBanuch muku Cd, S, Sn, u Si (KOMIIOHEHT cHTaNa).

Ha puc. 1 nmokazanbl 3aBUCUMOCTH WHTCHCUBHOCTH ATHX IMHUKOB OT BPEMEHU HOHHOTO
TPaBICHHUS U OT TIIyOMHBI C YIETOM OIPENIEICHHOM BBIIIE CKOPOCTH TpaBiieHUs. 13 pucyHka
BUJIHO, YTO MUKKA SN U SI Pe3Ko BO3PACTalOT MPUMEPHO IOCIIE OJHOTO M TOTO YK€ BPEMECHU
TpaBiicHHs, B TO ke BpeMs muku Cd u Sc 3TOro ke MOMEHTA JIHMIIb HAYMHAIOT MEICHHO
craziaTh.

YroObl OlEHUTh KaKOH XapakTep TIyOMHHOTO paclpeieicHHUs B OOJIACTH TPAHUIIBI
Mexny SNO; U CUTAIOM HMOHHOE TpPaBJICHWE OTICIBHO TPOBOJWIM HAa YYacTKax CHUTala,
MOKPBITBIX TONBKO cioeM SNO,. Tlpodwnm pacrpenencHus, CHAThIE HA 3THX Y4YacTKax,
NOKa3aHbl Ha puC.2. BHIHO, YTO TOJINMHA MEPEXOAHOro ciosi Ha rpanuie SNO/curan

coctaBiseT 0,15+0,18 MkM.

* 28 (Si)
4114 (Cd)
0 120 (Sn)

10 |

01

0.01r

5 10 15 20 =25 4§ v

| I | (| L1y 11 1 1

1 3 5 7 9 11 t, yac

Puc. 1. 3aBucumoctu Benmunn nmukos 114 (Cd) - A, 28 (Si) -e, 32 (S) - o,

120(Sn) -0 ot rimyOuHbI TpaBieHus oopasia 6.

CpaBHI/IBaH HpO(I)I/IJ'II/I Ha pHCl Hn Ha pI/IC.2, MOXHO CI€JIaTb BBIBOA, YTO JJIA TOHKHX CJIOCB

MNpUMCHCHHAasd HaMH MCTOJHKA TIO3BOJIACT C XOpOIIHMM FJIY6I/IHHBIM Pa3speCIICHUEM

179



¢dbukcupoBarh npoduau pacrpeaeneHus. UYto kacaercs IuieHok Oosee 10 MKM, TO B 3TOM
ciy4ae oummoOka, mo-BUJIMMOMY, CBSI3aHHAsl C HEPAaBHOMEPHBIM HMOHHBIM TPaBIIEHUEM, PE3KO
YMEHBINIAET TITYOMHHOE pa3pelieHue U MO3BOJIsIeT (PMKCHPOBAThH JIMINb TIYOMHY TIEpexo/ia OT
CdS k SnO; u cutany. TomKMHa MEPEXOTHOTO CJIOS 10 TUM JaHHBIM MOXET OBbITh OIlICHCHA
~2-3mkM. Ecii roBoputs 0 npoctuparoriemcs 10 20-25 mxm pacipeaenenuu Cd u S, To ator
(hakT MOXXKHO CBsI3aTh JTUOO C METOAUKOW M3MEpPEHUH, MO0 ¢ MU Py3HOHHBIMHA TTPOLIECCAMH.
Jlns Oonee OMpeNeneHHOro CyKIEHUS HeOoOXOIUMBbI JOMOJHUTENIbHbIE CpaBHUTEIbHBIC

HCCICIOBAaHUsA HA 06pa3uax C 3aBCIOMO HCPA3MBITLIMU MICPEXOJaMH MCKIY CIIOSIMU.

| |
100 100} o
.............. /
/
/
10+ i 10 //
S Si(28) // ......... Si(28)
—— T === \\ — Sn(lZO) \\ ............................................... / L. —_—— Sn(lzo)
1F 1F N /
....................... N ~N——_ -~ 7
01 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 5 7 9 11 13 15 17 t,Mmuu 3 6 9 12 t, Mun
a) 0)

Puc. 2 [Ipodunu pacnpeneneHus, TOXy4YeHHbIE HA Y9acTKaX, MOKPHITHIX TOJIBKO cinoeM SnOs.

[Ipodmnn KOHUEHTpalMid, TMOJyYeHHbIE MpPU HU3YYEHUH MOJIYHPOBOJIHUKOBOMH
crpykrypsl CdS-SnO, — cutan, CBHICTENBCTBYIOT O TOM, 4TO Oojiee YETKHE Pe3yJbTaThl
MIOJTYy9ar0TCsl TIPH U3YYSHUH TOHKUX CJIOEB TakWX, Kak mieHka SNO; Ha cutane. [lpu ananmze
cioeB Oomnbinol TOMMMHBL (>10MKM) NPOGUIN KOHIEHTPAMU BOJU3U TPAHUI] MOTYT
CYIIECTBEHHO HMCKaXXaThCs) M3—3a HEPABHOMEPHOTO TPABICHHS PA3JIMYHBIX KOMIIOHEHTOB.
[Mony4yeHHOe B AaHHO# padoTe yanuHeHHOe pacnpenencaue CAS MoxkeT ObITh TaKXkKe CBSI3aHO
¢ aupdy3uOHHBIMU MpoOIlecCaMH, KOTOpble B HW3BECTHBIX YCIOBHAX HE HCKIIIOYAOTCS

TEXHOJIOTHYECKON 00pab0OTKOM MOIYITPOBOTHUKOBBIX CTPYKTYD.

180



OCOBEHHOCTH JIIOMUHECHEHIWU F, u F;* TEHTPOB B KPUCTAJLJIAX
LIF OBJIYYEHHBIX HOHAMM 12 M>B *°C

PECULARITIES OF F, AND F3* CENTERS LUMINESENCE IN
LiF CRYSTALLS IRRADIATED WITH 12 MeV **C

A. AKI/IJ‘I6€KOB1, A. I[ayneT6eI<0Ba1. H. KI/IpI/IJ‘IKI/IHZ, P. 3a6encg, M. Ba].I)KYMaHOB4,
M. 3/£L0p013eL15‘6
A. Akilbekov?, A. Dauletbekova®, N. Kirilkin?, R. Zabels®, M. Baizhumanov*,
M. Zdorovets™®

'EBpasniickuii HanmonansHbii yauepenter uM. JLH. T'ymunesa, yi. Carnaesa 2, 010008,
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206 beIMHEHHbII MHCTUTYT SIIEPHBIX UccaenoBanuid, yi. Xommo-Kropu, 6 lyona, Poccus
3I/IHCTI/ITYT ¢bu3uku TBepoTO Tena, YHuBepcuret JlatBuu, yi. Kenrapara 8, LV- -1063,
Pura, JlatBus
4FocyzlapCTBeHHbH71 yauBepcuteT uM. [llakapuma ropoga Cemend, yi. I'munku 20A,
071412, Cewmeii, Kazaxcran
5I/IHCTI/ITyT anepHoit ¢usuku, yiu. Moparumosa 1, 050032, Anmartsl, Kazaxcran
6YpaJ1LCI<I/II7I tbenepanbublii yausepcutet, 620002, ExatepunOypr, Poccus

In this work, we present results of the study on the volume luminescence of F, and F3*
centers, and the luminescence of these centers along the ion pat, nanohardness on the frontal
surface, and the surface of the cross-section in LiF crystals irradiated with 12 MeV carbon ions.
The effect of a burst of luminescence is observed at the end of the ion path. Thus, the effect is
associated with the creation of anion vacancies by the mechanism of elastic collisions.

1 BBenenue

HNonnas Moaudukanuss MaTepualoB 3apeKoMeHoBana cels Kak d3()(eKTHBHBIN
UHCTPYMEHT AJIsl (POPMUPOBAHUS U MOAU(DUKALIUK HIIEKTPUUECKHX, ONTUYECKUX, MEXaHUUECKUX
U XMMHUYECKHX CBOWCTB MIMPOKOTO Kpyra marepuajioB. VccriemoBaHWe W3MEHEHHUs CBOWCTB
MaTepUalioB BO B3aMMOCBSI3U MPEACTABIISCT CIOXKHYIO 3a1ady ¥ KpucTtauiel LIF urparot posb
IPU pEeIIeHUH. MOJOOHBIX MPOoOJieM, BCIEACTBHE MPOCTOM CTPYKTYPHI U XOpOIIeH HU3y4eHHOCTH
paIualMOHHbIX TOBPEXKICHUH.

B Hactosmelt paboTe mpencTaBieHbl pe3yibTaThl [0 HCCIEIOBAaHUIO OO0BEMHOMN
JJFOMUHECIICHIIN F2 nu F3+ HECHTPOB , JIOMUHECUCHIUN 3THUX LECHTPOB BJAO0JIb MOHHOI'O IyTH,
HAHOTBEPJIOCTH Ha (POHTATHLHONW TIOBEPXHOCTH M TOBEPXHOCTH IOMEPEYHOTO CKOJia B
kpuctaiuiax LiF, o6mydeHHBIX HOHAMH yriieposa ¢ sHeprueit 12 MaB.

2 JKCnepuMeHT

Oo6irydaenne o0pasnoB kpuctawioB LiF mpoomminoces Ha 1ukiaorpone DC-60 mpu
IUIOTHOCTH TOKa Iydka 10 HA/cM’, IIpH KOTOPOM HATpeBOM 06pasiia BO BpeMsi OOIydeHHS
MOKHO TipeHeGpeun [1]. ®mroenc msmensucs or 102 no 10 mon/cm?. doTomomuHeCeHIHs

BO30YyKIaNack Jla3epoM ¢ ATUHOU BONHBI 473 HM U u3Mepsiiack B nuanazoHe 500-900 um. s
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UCCIICIOBAaHUSI MHUKPO- M HAHOMEXaHWYECKHUX CBOWCTB HCIIOJIB30BANACh CHCTEMa IS
unaentuposanus Agilent Nano G200 (CILIA), oHa mo3BOJISIeT AeNaTh CTAaHAAPTHBIE U3MEPEHUS
CSM (Continuous Stiffness Measurement) B pexuMe MOCTOSHHON PEruCTpalluy MPHIIOKEHHON
CHJIBI U CMEUICHHUS OCTPHS WHICHTOPA.

3 Pe3yabTarsl M 00CyKIeHHE

[omocsl nornomenuss F, u F3' LEHTPOB CHIIBHO TEpEKpHIBAIOTCA 4YTO 3aTpPyAHSAET
uccneoBanue. Briepsble JeTanbHble MccaenoBanus mo Fou F3' mentpam npoBoaunuch ydeHsM
Nahum [2]. B nanbHetiniem, uccienoanus (Anekcanapos u U.b. JIymuk [3], Ckyparos, [4, 5] u
np.) ycraHoBwin, 4To 3TH 11O oOpasyrores no peaknusam: F + Vo O F Fr+e>F, F+
VAR 3

1750 1600 | ° -
- LiF “C 12 MbB | LiF C12MsB
1500 | oo - ~ 1400 | . .
~ ! i i b} -
) = 1200 |
g 1250 3x10" ] S
i 11 1000 -
= 1000 T GX1012 iy g
S - 3x10 2 800}
= 13 @
2 750 —-—3x107 5
g - —---3x10" 5 600 -
s = I
E 500 . T T = 400 |
= r 7/ N\, L
250 P L \.\. o, - 200 |-
0 ;/_"_..---_ e _"-"‘-.-_:_:_;';'.-z- o | L] TR .
500 550 600 650 700 750 800 850 900 3x10° 10 10 10 107 3x10
JITHHA BOJIHBI (HM) Diroenc (Hon/cnz)
Pucynok 1 CriekTpsl (POTOTFOMUHECIICHITHH Pucynok 2 UHTEHCUBHOCTD JTIOMUHECIICHITUT
+ .
st F (670 um) u F3™ nentpoB (530 HM) nipu st kpuctawioB LiF, o0myueHHBIX HOHaMU
12 N
BO30YXI€HIHU CBETOM 473 HM JIJisi KPUCTAJIIIOB nonamu ~“C c sneprueit 12 M>B
: 12 .
LiF, o6my4yennbix nonamu ~“C c sHeprueit 12 B 3aBUCHUMOCTH OT (hJIroeHca
M>5B 10 pa3nuuHbIX (IIIOEHCOB (TJIOTHOCTH TOTJIOIIEHHOW SHEPTUH )

[TpucyrctBue F, u Fs* [EHTPOB MOXHO HAONIOAAaTh MO HMX JIOMUHECHEHINH (pUcyHOK 1).
CrelyeT OTMETUTh, 4TO NPH MaJoil ONTHYECKOH TIOTHOCTH KoHmeHTparus F, u F3' meHTpos
MPOMOPIIMOHAIbHA HHTEHCUBHOCTH JIFOMUHECHIeHIIUU. OTHAKO, ’TOMY MPEMNSTCTBYET CHUKEHUE
JIOMHHecLeHIuH Kak Fp, Tak u F3' HEHTPOB C POCTOM (IIFOEHCA, YTO MOKa3aHO Ha PUCYHKaX | u
2.. TymieHue TFOMHHECIEHIIMN 3TUX IICHTPOB OKpacku Habmomamu Montereali npu o6mydeHuu
anektponamu [6] u CkyparoB mnpu oOinydeHuu ObicTppiMu uoHamu [4, 5]. Tymenue
momuHectieHnmu [4, 5] B kpuctamiax LiF cBs3sIBalOT ¢ paaMalidOHHO-WHIYITHPOBAHHBIM
MEXaHHYECKHM CTPECCOM, U3MEHSIONIMM TTOTEHINAN U YHEPruio akTuBaiuy Fou F3' eHTpos.
Hapactanue momunecteniuu Fo u F3* 1eHTpoB HaumHaercs ¢ ¢mmoeHca 3x10° non/cm®
mis uoHos 12 M»oB 12¢c , JOCTUTaeT MakCUMyMma IpH 6x10* mon/cm? qas Fp ueHTpoB u
MakcHMyM Ui F3' IIeHTpOB CABMHYT B CTOpPOHY MeHBIIHX (roeHcoB. IIpu MansIx (roeHcax

+ 12 2
noMuHUpYIOT F3" 1ieHTphl, HO HauuHas ¢ (aoeHca 3x107° won/cM®, noMuHUPYIOT F2 HEHTpPHI.
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Ecnu Ha sTame manbix (UIFOCHCOB JTOMUHHUPYIOT MPOIECCHI, CBSI3aHHBIE C 3aXBATOM aHWOHHBIX
BAKaHCHUH, SIBIIAIONINXCS KOMIIOHEHTAMU 3apsKeHHbIX DPEeHKENEeBCKUX Map, TO ¢ YBETUYECHUEM
¢roeHca cBOM BKJIAJ BHOCUT MEPEKPHIBAHUE TPEKOB, MPUBOJIICE K CO3MaHUIO Fy IIEHTPOB 1O
peakuuu: F + F > F,. Haumnas ¢ ¢uroeHncos D>6x10M I/IOH/CMZ, KOrJja TPEKH HAYMHAIOT
MePEKPBIBATHCS, HAOMIOAACTCS ACTEKTUPYEMOE YIIPOUHEHUE U TTOSBIICHUE JUCTOKAIUi (PUCYHOK
3). iomunecuentus Fpu F3* eHTpOB 4yBCTBUTENBHA K HAPYIIEHUAM OKPYKAIOIIEH CTPYKTYpHI,
npudeM F3' 1eHTpBI, Oyayun 3apskeHHBIMH, GOliee YyBCTBUTENIBHBI, YTO M OOBACHSET CIABHT
MaKCMMyMa WHTEHCHUBHOCTH B CTOPOHY MeHbIUX (uroeHcoB. CBOM BKJIaa BHOCUT M oOIee

YMCHBIICHUE KOMIIIICKCHBIX Fn LHCHTPOB.

4 ‘ :
. — 0 10% 116
35 b= ,if,f,:,,,‘ ,,,,,,,,,, by \_> A 104 '
P a g | o

,,,,,,,,,,, O gpialf | 0w 112

== == DMeKTpOH. IOTEPH

w
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[
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0 2 4 6 8 10 12

PaccTosiHHe OT 00.Ty€eHHOH IOBEPXHOCTH [MKM]

Pucynok 3 HanotBepocTh Ha mpoduiie MOBEPXHOCTH B 3aBUCMOCTH OT T1yOuHbI Jitst LiF
o0sryyeHHoro noHamu 12 MaB 2c IpU pa3InyHbIX (paroeHcax

TecTel HaHOMHIEHTHPOBAHUS Ha (POHTAIBHON IMOBEPXHOCTH, OPUEHTHPOBAHHOU
HOPMaJIbHO K MOHHOMY ITYYKY, IIOKa3bIBalOT 3HAUNUTENbHBIN 3(PPEKT yIpoUHEHHs B KpUCTAJLIax
LiF mpu ob6mydenuun wonHamm yriepoma 12 M»dB. Dddekt ynpouneHus (poHTaIbHON
TMOBEPXHOCTH MPHCYTCTBYeT ¢ (moerca Beime 6x10™ non/cm?, yBemmunBascs ¢ (IioeHCOM 1
JOCTHraeT HachimeHus npu  Qumoencax Bemme 6x10* mom/cm®.  Jlns  toro  uToGbI
XapaKTepu30BaTh IOBPEXKIEHUS BJAOJIb HOHHOTO IYTH, OBUIM CHOENaHbl HU3MEpPEeHUus
HAHOTBEPAOCTH Ha Npoduie MOBEPXHOCTU. Pe3ynbTaThl, NpeACTaBIE€HHbIE HA pPHUCYHKE 3
MOKa3bIBAIOT HBOJIOIMIO TBEPJIOCTH Ha IMOMEPEYHOM CKOJIe 00pa3lioB, OOIYYEHHBIX HOHAMH 12
M5B Y2C 110 pazmiunsix dmoescos. Jlis cpaBHEHHS, IPEICTABICHBI PACCIUTAHHBIE TIPOMIIIH 10
TIyOMHE JUIS DIIEKTPOHHBIX IOTEPh JHEprud (IMyHKTUPHAS JHHWSA) W ISl SACPHBIX TIOTEPh
(crutomHas munMs). [lpu droencax 5x10" 1 10™ won/cm? YIPOYHEHUE HE JETEKTUPOBAIOCH.
[Tpu ¢pmoencax 3x10™ u 6x10™ non/cm? YIIPOYHEHHE Ha MOBEPXHOCTH MPO(UIIS MOSBISIOCH
TOJBKO B 00nactu bparrosckoro makcumyma. Ilpu Oonpimx ¢uroencax, 3¢ GexT ynpodHeHus

YBCIUYMUBACTCA, U €ro Bapyvalliui BAOJb HWOHHOTIO IIYTH CICAYIOT H3MCHCHUAM OJJICKTPOHHBIX
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MOTEPh PHEPTHH MOHA, PACCYMTAHHBIX ¢ MOMOIIbI0 kKojga SRIM. Dta TeHaeHIMs SICHO BUIHA Ha
pucynke 3. B oOmewm, pe3ynbTaThl HAHOWHICHTHPOBAHHS XapaKTEPHU3YIOT 3BOJIOIUIO
HNOBPEXJICHUNA Ha (POHTATBHOH M TPOPHILHONW MOBEPXHOCTSAX. Pe3ynbTaThl MOKa3bIBAIOT
3HAUYUTEIILHOE YIPOYHEHHE B KOHIIE MOHHOTO MpoOera, HeCMOTPps Ha TOT (DAKT, YTO BEITMYHMHA
PACCUMTAHHBIX DJICKTPOHHBIX IMOTEPh YMEHBIIACTCS 0 HIDKAWIIUX 3HadYeHWH. [Ipu BBICOKHMX
3HAUCHUAX (IIFOCHCOB 00JIACTh MAaKCHMAJILHOTO YIPOYHEHUS PACIIUPSIETCS J0 KOHIA MOHHOTO
npoOera, Tlie siIEpHbIE MOTEPU PHEPTUU CMEUIAIOTCS K MAaKCUMyMY, PUCYHOK 3. Mbl MoxeM
3aKJIIOYUTH, YTO OOJYYCHHE JISTKUMH HOHAMH 12C cnoco6ro co3aBath cubHOE MOBPEXKICHUE U
YIOPOYHEHHE MOCPEACTBOM MEXaHHM3Ma YIPYTHX CTOJKHOBEHHH. D(PQeKT mposBiseTcs B y3KOU

30He OJIM3KOH K KOHITy TpoOera HoHa.

30000 - 10000
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b S 4000
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IIpoGer moHa (MKM) IIpoGer mona (MKm)

Pucynox 4 Jliomunecuenmus Fp nentpo (670 Pucynox 5 Jlromunecuenmus F3* 1enTpos

HM) BJOJb MOHHOTO MyTH B 3aBUcHMOCTH OT (530 HM) BJIOJIb HOHHOTO TMYTH B
ryounsl U ¢urtoenca it LIF 00iydeHHOro 3aBHCHMOCTH OT Ti1yOuHbI U (iroerca s LiF
nonamu 12 MhB oOydenHoro nonamu 12 MaB

NuTencuBHOCTS MomuHecteHmn Fou F3' 1IeHTpOB BI0Is HOHHOTO TTYTH PAacTeT Y TOBEPXHOCTH
¢ ¢umoeHca 3x10"° won/cm® o 3x10™ mon/cM?, Opu 3TOM HaOJIr0AaeTcsl yMEHbILEHHUE
WHTEHCUBHOCTH TI0 MeEpe MPOJBMXEHHUS HMOHOB BIJyOb, TO €CTh 3TH IEHTPHI CO3JAOTCSA
BCJICJICTBME MEXAHU3MA JJIEKTPOHHBIX MOTEPh SHEPTUH. TylIEHHE TIOMUHECUECHIIMA HAYMHAETCS
¢ 3x10" non/cm?, P 3TOM OOHAPY’KEH BCILIECK JIIOMHUHECIICHIIMA 00OUX LEHTPOB Ha TIyOnuHE
6 HM, YTO COOTBETCTBYET pE3KOMY YMEHBILIECHHUIO DJIEKTPOHHBIX MOTEPh BSHEPIUM U K
YBEIIMUYCHUIO TMOTE€Ph CBSI3aHHBIX C YHOPYTMMH CTOJKHOBEHHUSIMH, CO3/IAIOTCS CHJIbHBIE
MOBPEXKICHUSI, CO3/IAI0IIHNE OOJIBIIIOE KOTMYECTBO aHUOHHBIX BaKaHCHH.
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BO3JIEVICTBHUE BbICOKOAO3HOI'O HOHHOI'O OBJIYYEHHWA HA CTPYKTYPY U
IJIEKTPUYECKHUE CBOUCTBA INOJIUKPUCTAJIVIMYECKOTI'O AJIMA3A

EFFECT OF HIGH-FLUENCE ION IRRADIATION ON THE STRUCTURE AND
ELECTRICAL PROPERTIES OF POLYCRYSTALLINE DIAMOND
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RHEED patterns, Raman spectra and conductivity temperature dependences of CVD
polycrystalline diamond after high-fluence 30 keV Ar™ ion irradiation at normal
incidence have been studied.

CtpykTypa M NpOBOJAMMOCTb aJIMa3HbIX MaT€pUaAlIOB MOXKET CHUJIBHO 3aBUCETh OT
TeMIIepaTypbl HOHHO-TY4eBOH U TepMuyeckoil 06padoTku [1,2]. BeiOupas pexxuMbl HOHHOTO
o0JlydeHUs U TEpMHUECKOM OOpabOTKM MOXHO IOJIy4UThb, HAlpUMep, ajMa3z N-Tuna
npoBogumocTi [3]. B maHHON paboTe aHAMM3UPYIOTCS KapTHHBI AU(paKmuu OBICTPHIX
OTPaKEHHBIX AJIEKTPOHOB, TEMIEpPaTypHbI€ 3aBUCUMOCTH CIIOEBOIO AJIEKTPOCOIPOTUBICHUS
Rs 1 cnekTpbl komOMHanmoHnHoro paccestHus (KP) cBera monmkpucTauiMyeckoro anmasa
mocye Beicokoo3roro (210" non/cm®) o6mydenns monamu Ar’ ¢ sueprueii 30 k9B mpu
pa3IMYHBIX TEeMIepaTypax MOHHO-TY4eBOH M TepMHuecKoi oOpaboTku u3 uHTEepBasia oT 20
10 400°C.

OO0pa3ibl MOJIMKPUCTAIMYECKOTO anmasa, BeipainieHHoro CVD-meromom, obimydanu
TIp¥ HOPMaJbHOM MafeHuH MOHOB Ar’ ¢ sHeprusimu 10 - 30 kB Ha Macc-MOHOXpOMaTOpe
HUUAD MI'Y [4] no metonuke [2]. IInotHOCTs MHOHHOTO TOKa cocTaBisiia 0.2-0.4 MA/cM?,
duryercs obydenus > 10™ non/cm’. TemmepaTypy MUIICHH BapbHPOBATH OT KOMHATHOM 110
400°C. MOHUTOPHHT MOHHOTO OOJYyYeHHUS MPOBOIIIN MyTEM PETHCTPAIMHd TOKA MOHOB U
AIIEKTPOHOB Il ompezeneHus ¢uyeHca obnyudeHus. MccnempoBaHus MOIuUGUIIMPOBAHHOTO
CJIOSl TIPOM3BOAMIM TPU TMOMOIIM AU(DPaKIUU OBICTPBIX AJIEKTPOHOB HAa OTPaXKEHHE, Ha
ycraHoBke Nanometrics HL5500, mo3Bonsitonieit nsmepsats Rs OT TemmepaTypsl >KHIIKOTO
a30Ta /10 KOMHAaTHOM, U Ha MHUKpopamaHoBckoM crnektpomerpe Horiba Yvon T64000 mpu

KOMHATHOW TEMIIEpaType C Ja3epHbIM U3YUYE€HUEM C IJIMHOW BOJIHBI 514,5 HM.
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Breibop ycnmoBuit juis  MccienoBaHUs MOIMU(PHIMPOBAHHOTO CIIOS TPOBOIMIN TI0
pe3yibTaTaM SKCIEPUMEHTOB HOHHO-IYYeBOM M TepMHUYECKoi oOpaboTku anmasa [4], a
HUMCHHO, OJIi 3HAa4YCHUU Rs B HHTCPBaJIaX OJSKCIIOHCHIUAJIBHOTO IAaACHUSA B HWHTCPBAJIC
temreparyp ot komHaraoi (RT) no 120°C (cm. puc. la), Beixoaa Ha mwiaro (220°C), a takxke

JUTSL 3HAUEHUS CIIOEBOTO COMPOTHUBIICHUS aiMasza o0iydeHHOro npu RT u oToxKEeHHOro mpu

320°C.
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Puc.1. 3aBucuMOCTb €C10€BOTO CONPOTUBIECHHUS OT TEMIIEPATYPbl 00IyUYeHus (a) ¥ 3aBUCHUMOCTh

CJIOEBOTO COTPOTHUBIICHHSI MOJU(PHUIIMPOBAHHOTO CIIOS OT TEMIIEPATypbl u3mMepenus (0)

T T T
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TemmnepaTypHble 3aBUCUMOCTH 3lieKTpoconpoTusieHus Rs(T) u3MepeHbl B MHTEpBaie
temneparyp ot 100 mo 300K. M3 pucynka 16 BUAHO, Y4TO MpH TemIeparype OOIydeHHUs
220°C, xorga JoCTHTaeTcst NPOBOAUMOCTH rpaduroB, usmeHenue Ry(T) sBisiercs crnaObiM.
Jis  ocTanbHBIX ClIy4aeB C YMEHbLICHHMEM TeMIepaTypbl HU3MEpeHus HabIoaaercs
BO3PaCTaHUE CIOEBOI'0 CONPOTUBICHUS. J|aHHbIE TEHCHIIMN YKa3bIBAIOT Ha TO, YTO C POCTOM
Temrieparypbl o0aydenust B untepsaie ot RT mo 220°C npoucXoauT u3MEHEHHe Xapakrepa
IPOBOJIUMOCTH HOHHO-MOJU(PHUIMPOBaHHOTO cJosA. [Ipum 3TOM, Kak MOKa3bIBaeT aHAIN3
TU(PPAaKLMOHHBIX KapTHUH, IPOUCXOAUT U3MEHEHUE CTPYKTYpPhl MOJUGPHUIIMPOBAHHOTO CIIOS —

oT amop¢HOW (a3bl (puc. 2a) K COOTBETCTBYIOLIEH TpaduTy KpHCcTalmauueckoi (puc. 20)

CTPYKTYpE.

Puc.2. Kaptunsl audpaximm ObICTPBIX OTpaKEHHBIX AJIEKTPOHOB 1ocie o0imydeHus aamasa npu RT
(a) u ipu 220°C (6)

Anamn3 KP-cnekTpoB MoIu(MUIIMPOBAHHOTO CJIOS TO3BOJIET MPOCIEAUTHh MEPEXOa OT
aMop(U3UPOBAHHOTO COCTOSIHUSI K MOJMKpUCTaJUIMYeckoMy Tpaduty. H3BectHo, uTo
paznoxxenue KP-cnekTpoB 001ydyeHHBIX 00pa3IoB YIIEpOAHBIX MAaTEPHAIOB, YUUTHIBAIOIIUX

pazuanoHHbIe HAPYLIEHHUs CTPYKTYpPbI OJMKHETo mopsaaka npu amopdusanuu, kpome G- u
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D-nuxoB, TpeOyeT BBeneHusi nmuka amopdroro yriepoaa (A) mpu 1500 em[5]. Ha puc.3
nokazana dBoyionusi KP-CIeKTpoB MOJIMKPUCTAUIMYECKOTO aiMasa, MOIUPHUIIMPOBAHHOTO
IpY BBIIIE YKA3aHHBIX YCJOBUAX OOiydyeHHs. BUIHO, 4TO MHTEHCHMBHOCTH aMOpP(HOTrO MUKa

YMEHBIIIAETCS PAKTHYECKH 0 HYJIS IPU Temiieparype ooinydenus soimie 220°C.

P A S
NM“'Jl e

MHTEHCMBHOCTL OTH.€[.

1000 1 1‘00 1 2‘00 13‘00 1 4‘00 1 5‘00 1 6‘00 17‘00 18‘00
Ak, oM™
Puc.3. KP-ciexTpbl MoaupUIMPOBaHHOTO CIIOS MOTUKPHUCTATIINIECKOTO aIMasa

3aBUCUMOCTH CJIOEBBIX CONPOTHUBIEHUN OT TeMIleparypbl u3MmepeHus (puc.16) Obum
NIEpPEBEJICHbl B y/EJIbHbIE CONPOTUBIIEHUSI p U MEPECTPOECHBI B ILKaJbl JIMHEapu3auuu [6],
COOTBETCTBYIOILIME TEMIEPaTypHOM aKTUBALMM IPUMECHON INPOBOAMMOCTH, pHC. 4a, U

MPBDKKOBOM MPOBOJAMMOCTH, PHC. 40.
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Puc.4. TemnepatypHble 3aBUCUMOCTH yJI€THHOTO COMTPOTHBIICHHUS B IIKaJaX JIMHEAPH3AIIH:

por THa)u p/TlIZOT TV46)

JInHEeHOCTh KpHUBBIX Ha pHC. 46 CBUACTCIILCTBYET O MECXAHU3MC HpLI)KKOBOfI
MMPOBOAUMOCTH MOHHO-UHAYLIUPOBAHHOTO IMOBCPXHOCTHOT'O CJIOA ajiMa3a IpHU TEMIICPATypax
06J'Iy‘I€HI/I$I, Koraa OSJCKTPOCOIIPOTHUBIICHUC MOI[I/I(l)I/IIII/IPOBaHHOFO CJI0d CYIICCTBCHHO

MPEBBILIAET ANEKTPOCONPOTUBIIEHUE IPAPUTONOI00HBIX MAaTEPUATIOB.
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MOCJIEJJOBATEJBHAS UMILJIAHTAIIASAA HOHOB JTEUTEPUA U T'EJIUA B
KOMIIO3MITUOHHYIO CTPYKTYPY C BOJIb®PAMOBBIM IIOKPBITUEM

SEQUENTIAL IMPLANTATIONS OF DEUTERIUM AND HELIUM IONS INTO
THE COMPOSITE STRUCTURE WITH TUNGSTEN COATING

B.B. bookos, JL.I1. Tumenko, P.U. Crapooiitos, }0.1. KoBryHenko, FO.E. Jloraues,
JILA. I'amaronoBa, A.b. Ilanenko
V.V. Bobkov, L.P. Tishchenko, R.I. Starovoitov, Yu.l. Kovtunenko, Yu.E. Logachev, and
L.A. Gamayunova, A.B. Tsapenko

HUIT UlI, Xapvrosckuu HayuonanvHbi yHusepcumem um. B.H. Kapaszuna,
np-km Kypuamoea 31, Xapvkos, Yxkpauna, 61108,
e-mail: vbobkov@mail.ru

The amount of accumulated deuterium and helium in the tungsten-coated composite
structure and the shape of thermal desorption spectra were shown to be depended on the
way of irradiation by the D* and He" ions: individually or sequentially.

Hacrosmas paborta siBisieTcss npoAobKeHHeM ucciienoBanuil [1—4] mpoueccos, comnpo-
BOXKIAIOIIUX UMIUTAHTAIIMIO HOHOB JIEHTEPHsI M TEIHS B KOMIIO3UIIMOHHBIE CTPYKTYPHI C KOH-
JICHCUPOBAaHHBIM BOJIb(PAMOBBIM TOKPBITHEM. J[1s1 BOIB(PAMOBBIX MOKPHITUH H3YYEHO
BJIMSAHME TIPeBAPUTENbHON UMILIaHTaul HoHoB He™ um D* Ha HakomIeHHe COOTBETCBEHHO
JelTepus WK reyus U UX TepMOAECOPOLMIO B BAKyyM U3 00pa3LloB MPH MOCIEI0BATEIbHOM
o6myuennn nonamu He', D* B pasHoit ouepennoctu. Mccnemyemble MOKPHITHS HOTyYaly Me-
TOJIOM MarHeTpoHHOTo pacnbeuieans W mumenn B atmocdepe Ar mpu gasnenuu 1,0 Ila u
OCKJICHUS Ha MOJUIOKKY U3 HEPIKABEIOIIEH CTANN C MPOMEKYTOUHBIM CIIOEM T1 TOJIMHON
<10um mpu temneparype 7=600 K (H.cT. + W). Tonmunaa Bosib(paMOBBIX MOKPBITHH co-
craBisuia ~ 1,0 Mkm. OHE UMeNU MOJMKPUCTAIUIMYECKYIO CTPYKTYPY CO CPEIHUM Pa3MepoM
3epeH ~ 60 HM. OOpa3ibl, HaXoAsIIMeCs TP KOMHATHOM TemnepaType, o0JIydaiy mociieaoBa-
TenpHo monamu He' (20 k9B) 10 103 Dper <4,7-10Y cm? u nomamu D' (10 9B) 0 7103
Op+ < 4,0-10" em? B kombuHanmsix: (He" — DY) wm (D' — He™). st comocrapnenwus anaso-
rUYHbIe 00pasIbl 06TyJanu HHAMBUIYaTbHO HoHaMK He' wau D B MAEHTHYHBIX YCIOBHSX.
CornacHo pacueram no nporpamme SRIM 2008, B BoiIb(ppaMOBOM MOKPHITHH CPEAHUNA TPO-
eKTHBHBIH U TONHKIH TIpobern noHoB D' u He' comocTaBuMBI U 3HAYMTENHHO MEHBIIE TOJI-
IITUHBI TTOKPHITHA. [Ipoduiy paguanioHHEIX MTOBPEKIEHHH, 00pa3oBaHHEIX HoHaMu D' u He'
B peuietke W, TakyKe COMOCTaBUMBI U PACIOI0KEHbI B 30HE UMIUIAaHTAllMU HOHOB. Mcnomnb30-
BaJIM METO/bI TEPMOIeCOPOIIMOHHOI criekTpomeTpuH (TDS) u 31eKTpOHHOM MUKPOCKOIHH.

Kak BugHo u3 puc.l u puc. 2, TepmonecopOIus AerTepust U reiust U3 BoJIbHpamMoOBOTrO
MOKPBITHST KOMITO3UIIMOHHBIX CTPYKTYp NMPOTEKAeT B Pa3HBIX JUama3oHax Temreparyp AT:

(AT=(350 — 1000) K myist D, u AT = (900 — 1800) K nnst He). CriekTpsl X TepMoaecopOonuu
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UMEIOT 110 OJTHOMY OCHOBHOMY IMUKY cO ~100% 0cBOOOXKIEHHEM U MAaKCUMyMOM TpU Ty~
640 K B ctyqae D, u ¢ ~90% ocBoboxaeHneM u MmakcumymoM mipu Ty = 1500 K B ciyuae He.

N3 cpaBHenus puc. 1, puc. 2 ¢ puc. 3 u Tabnumoii 1 BUAHO, YTO CIIEKTPHI TEPMOAECOPO-
UM JIeHTepust U reiusl, UMIUIAHTUPOBAHHBIX I1OCJIEA0BATENILHO B Pa3HOM OYEpEeIHOCTH, Mpe-
CTaBJIAIOT cOOOM CyNeprno3MIHMIO CIEKTPOB TepMmoaecopouun Dy u He, MoHBI KOTOPBIX UM-
IUTAHTUPOBAHBI C TEMH K€ JI03aMH 110 OTACIBHOCTH. TemmeparypHbie UHTEpBaibl AT BbIze-
JICHUS ICUTEpUS U TSl U MAKCUMYMBI | TTHKOB UX TEPMOJECOPOIMH OCTAIOTCSI HEU3MEH-
HBIMU.

Puc. 4 nokasbiBaeT BIUSHHUE NpeIBApUTEIbHON MMIUIAHTALlMM OJHOTO BHUJA Ia3a Ha Ha-
KOIUICHHE U yJEp>KaHHE IPYroro Mpu IOCIEIOBATEIBHOM OONyYeHHH BOJb()PaMOBBIX MO-
KpBITHii HoHamK B kKoMOunanusx: (He' — DY) mm (D' — He"). 3aBucumoctu Cp = f(Dpet)
(xpuBast 1) u Np = f(Dpe+) (KpuBas 2) MOKA3BIBAIOT, UTO MPEIBAPUTEIbHAS UMIUIAHTALIUS T€-
J¥sl IO Pa3IMYHBIX /103 HEe u3MeHser 3HadeHus Cp u Np ans peitepus. 3aBucuMoctu Che =
f(®p+) (kpuBas 1') u Npe = f(Pp+) (kpuBas 2') MOKA3BIBAIOT, YTO MpeABApUTEIbHAS UMIUIAH-
TaIMsl JSUTEepHst 10 Pa3IMYHBIX 103 TAK)KE HE U3MEHsET 3HAYCHUN Che U NHe VIS TEIHSL.

[IpoBenenubie B padortax [2, 3] [IOM wuccienoBanus BOIb()PAMOBBIX MOKPBITHH, 00ITY-
YEHHBIX NP KOMHATHOW TeMIepaType HOHAMHU He® no o3 (Dpe+<4.7- 10Y CM-Z) u D" 10 103
(CI>D+S6-1018 CM'Z) [0 OTAEJIbHOCTH, MOKa3ali, YTO B 3€PHAX KPUCTAILUIMYECKOH CTPYKTYpbI
W He oGHapyxeHO 00pa3oBaHMsI TeIMEBBIX M JEUTEPUEBBIX MY3bIpbKOB. Ily3bIpbKHU Temus
0T BUAHBI TPU Dpye+ > 7- 10Y CM'Z, OHU MMEJHU CPEIHUN JUAMETP U TIIOTHOCTh, PABHBIE CO-
oTBeTCTBEHHO 2.5 HM 1 5-10™ cm™ npu Dper=7-10% e, OOHapyxeHO 00pa3oBaHUE MEX-
JIOY3€JIbHBIX JUCIOKAIIMOHHBIX METENb M JUCIOKALMOHHBIX CETOK CO CPEIHUM JIHAMETPOM
0oJbIIe 5 HM U IUIOTHOCTHIO, MTPEeBBIIIAtONIEH 3.2- 10%em™

ABTOpPBI TaHHOH pabOTHI JOIMTYCKAIOT, YTO MPHUPOIA 00Pa30BABIINXCS PaAHAIIMOHHBIX Ha-
pymenuit B W MOKPBITUM OJMHAKOBA BO BCEX cxeMax obmyuenns nonamu D' u He®, a mexa-
HHU3MBI UX OTXura — coBnagarwt. CoriaacHo[1-4], mpeAnonoKeHbl paHalMOHHbIC 1e(eKThI
BaKaHCHOHHOTO THIIA, CKOTUICHHS MEXIOY3EeJIbHBIX aTOMOB BOJb()paMa, TUCIOKAIIMOHHBIE
NIETIIM BHEPEHUS U Ta3-BaKaHCHOHHBIE KOoMIUIeKCh: HenVy u DpVi.

BbIBOJbI Ilpu ummianTtanusx uonos D' u He' B Bosib(hpaMoBble HOKPHITHS yCTAHOB-
JIeHbI 3AKOHOMEPHOCTH: IEUTEpUil IO CPABHEHUIO C TEIMEM HAKaIUIMBAETCs B BOJIb(PPAMOBOM
MOKPBITUM B MEHbIIEH KOHIEHTpaluu, KO3QGUIMEHT 3aXBaTa ero NpuOIM3UTENbHO Ha OpPSI-
JIOK HIDKE; TIPU MTOCTIeIOBATEIbHBIX UMIUTAHTAIMAX YKa3aHHBIX HOHOB TEMIIEPATypHBIA WHTe-

pBal BBIACICHUSA IleﬁTepHﬂ WK TCIIUA U TCMIICpATypa MAKCUMYMOB IIMKOB B CIICKTpPaX HX
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TEPMOIECOPOIIUE UMEIOT T€ )K€ 3HAYCHUS, YTO U MPHU OJMHOYHBIX MMIUTAHTAIUSIX; HAKOTLIe-
9 ) +
HHE JeiTepust WK (Tesins) HE 3aBHCUT OT MPEABAPUTEIbHON MUMIUTAHTAlMK nOHOB He™ mim
+ v
(D). Ipeanosnoxeno odpazoBaHue B 00beMe BOIb(GPAMOBBIX MOKPHITHI CICAYIONIMX THITOB

paIualMoOHHBIX HAPYIICHUH: Ne(heKThl BAKAHCHOHHOTO THIIA, JUCIOKAIMOHHBIE TETIN BHE-

pE€HUA, ra3 — BAKAHCHMOHHBIC KOMILJICKCHI.
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Fig. 1. Spectra of deuterium thermodesorption from
the tungsten coatings of the composite structure
(SSt.+ W(um)) that irradiated by D* ions (10 keV,
®p+, 107em* 1-1.0, 2-2.0, 3-3.0, 4-4.0,

Fig. 2. Spectra of helium thermodesorption from the
tungsten coatings of the composite structure (SSt.+
W(um)) that irradiated by He" ions (20 keV, @+,
10" cm*1-1.0,2-2.0,3-3.1,4—-4.0,5-4.7,

thermodesorption from the tungsten coating of the
composite structure (SSt.+ W(um)) that were se-
quentially irradiated by:(He"— D*) — curve 1, (D" -
He") — curve 2; D* (10 keV, 2.0x10"cm?); He*
(20 keV, 2.0x10"cm?); o=0.8Ks™
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Fig. 3. Spectra of deuterium and helium | Fig.4. Dependences of Cp = f(®pe+) (curve 1) and

Che = f(®p+) (curve 1'), np = f(Dpe+) (curve 2) and
Nue = f(Pp+) (curve 2') for deuterium and helium in
the tungsten coating of the composite structure
(SSt.+ W(um)) irradiated in the different ways:
single D* or He" ions — e, A; (He'— D") sequen-
tially — o, A; (D"~ He") sequentially — x, x .The
curves 1, 2 for ®p+= 2.0x10"cm? and the curves
1, 2' — for ®pe+=2.0x10cm™.




Ta6auma 1
[TapameTpsl 3axBaTa U TepMOJECOpOLIUU eUTepust U resust u3 W MOKPBITHS KOMITO3UIIMOH-
HOM CHUCTEMBI
Parameters of deuterium and helium trapping and their thermodesorption from tungsten-coated of
composite system

Compo- |lrradiation| @, 107cm? | C, 107cm? n,£10%
site scheme AT, K T K
structure D' | He* | D He D He

SSt+W | D*-He" |2.0 1.03 |0.24 |0.85 |0.12 |0.83 |380—-1750 |640 |1480
D'-He" |20 20 024 |168 |0.12 |0.84 |370—-1750 |640 |1480
D'-He" [2.0 3.03 (0.26 |2.35 |0.13 |0.78 [370-1750 |640 |1520
D'-He" [2.0 40 (024 |3.12 |0.12 |0.78 [370-1750 |640 |1520
He'-D* |2.0 1.03 {024 |0.84 |0.12 |0.82 |380—-1750 |640 (1480
He'-D* |2.0 20 (026 |158 |0.13 |0.79 |370-1750 |640 |1480
He'-D* |2.0 30 (024 |243 |012 |0.81 [370-1750 |640 |1520
He'-D* |2.0 40 |0.26 |3.05 |0.13 |0.76 |370-1750 |640 |1520

D'-He" |0.15 |20 [0.019 |1.68 |0.125 |0.84 |380-1700 |645 [1500
D'-He" |0.8 20 |01 1.64 |0.125|0.82 |380—-1700 |640 |1520
D'-He" |20 20 (024 |168 |0.12 |0.84 |370—-1750 |640 |1480
D'-He" [4.6 20 |059 |1.65 |0.128 |0.825|380—-1760 |640 |1520
He'-D* [0.20 |20 [0.026 |1.66 |0.13 |0.83 |380-1700 |645 [1500
He'-D" |2.0 20 (026 |158 |0.13 |0.79 |370—-1750 |640 |1480
He'-D* |3.4 20 10424 162 |0.125 |0.81 |380—-1750 |640 |1520

He* 1.0 0.80 0.80 | 900 -1750 1500

He* 2.0 1.64 0.82 | 900-1750 1500

He* 3.06 2.55 0.83 | 900-1750 1500

He* 4.0 3.16 0.79 | 900-1750 1490

He* 4.7 3.59 0.76 |480—-1750 1490, 900
He* 8.3 6.22 0.75 | 4501750 1480, 900
D* 0.2 0.026 0.13 380 — 960 640

D* 1.0 0.12 0.12 380 — 960 640

D* 2.0 0.25 0.125 380 - 960 640

D* 25 0.32 0.128 380 — 960 640

D* 3.0 0.394 0.131 380 — 960 640

D* 4.0 0.476 0.119 380 - 960 640

D* 5.0 0.50 0.10 350 - 1400 |640
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B3AMMOJIEAICTBUE I'MIPOKCHATIATHTA (TAII) C [IOBEPXHOCTBIO
PA3JIMYHOM MPUPO/IbI - BAJKHENIIUIA ACHEKT MOBEPXHOCTHOM
WH)XEHEPUU

THE INTERACTION OF HYDROXYAPATITE (HAP) WITH DIFFERENT NATURE
OF SURFACE AREA AS AN IMPORTANT ASPECT OF SURFACE ENGINEERING

E.A. bornanora, B.M. Ckauxos, A.I'. [llupokosa, H.A. Cabup3siHoB
E.A. Bogdanova, V.M. Skachkov, A.G. Shirokova, N.A. Sabirzyanov

Jlabopamopus xumuu 2emepo2eHHbIX NPoYeccos,
DedepanvHoe 20Ccy0apcmeenHoe DI0OAHCEMHOe VUPeHCOeHUE HAYKU
Hncmumym xumuu meepoozo mena ¥Ypanockoeo omoenenus PAH,

ya. Ilepsomatickas, 0. 91, 2. Examepunbype, Poccus, chemid@rambler.ru

Works on the creation of composite materials with HAP-coating were carried out.
The effect of various factors (matrix material, coating process, heat treatment) on
the features of surface layer formation and its strength characteristics has been
studied.

I'mapokcuanatur (IAIl) sBiseTcss OJHUM U3 JIY4YIIMX MaTEPHAIOB, NMPHUMEHICMBIX B
KayecTBE OWOAKTHBHBIX MOKpHITUH. Vcrmonp3oBaHne OMOCOBMECTHMMON METAITHUECKON
OCHOBBI (Hep)KaBerolllasi CTajb, TUTaH, CIUIaBbl KoOanbTa WIM TUTaHA) MO3BOJISET
KOMIIEHCUPOBAaTh HEAOCTATOYHYIO NPOYHOCTh yucTtoro I'All m momydnTs KOMIIO3MLIIMOHHBIN

Marepuall ¢ TpeOyeMbIMU XapakTepuctukamu [1].

B Hacrosmee BpemMs NEPCHEKTHBHBIM HAIIPABICHUEM SBISETCS HCIOJIB30BAaHUE
BBICOKOIIOPUCTBIX sA4YeUCThIX MarepuanoB (BIISIM), crpykTrypa KOTOpBIX NpeaCTaBIIsSIET
CHUCTEMY OTKpPBITBIX, B3aUMOCBSA3aHHBIX IOp, OOECHEUMBAIONIYIO IOCTOSHHBIH KOHTAaKT

OMOJIOTHYECKUX JKUJIKOCTEHN C aKTUBHBIM BEIIIECTBOM.

Hapsiny ¢ nmopuctbiMu MeTauiaMyu MaTpULIEH MOXKET CILY>)KUTh U ITOJIUMED, 00pa3yroluit
¢ 'AIl opranomunepansHbiii kommo3utr (OMK) [2]. CoiictBa momumepHoi matpuiisl (ITM)
Oyayr ompenenits  (QyHKUuoOHanbHble — Xxapakrepuctuku OMK.  Hcnonbs3oBaHue
6urocoBMecTMOil IIM 1M0o3BOJIUT MOIYy4aTh HE TOJIBKO KOMITO3UTHI C BBICOKMMHM CBSA3YIOIIMMU
U MPOYHOCTHBIMHU XapaKTepUCTHKaMU [2], HO u OuocopOeHThl, mockonbky ['All obmamaer
BBICOKON a/ICOPOIIMOHHOM CIIOCOOHOCTBIO K MOHAM TSDKEIBIX METaNIOB M MOXET YCHEIIHO
OPUMEHATHCS JUISI OYUCTKM KPOBH M BOCCTAHOBICHHMS (YHKUIMOHAIBHOCTH TI€YEHU U
noyek [3]. OMK-cop6enTsl Ha ocHoBe ['AIl Takke MOTYT OBITH MCIOJIB30BaHbI JJISI OYUCTKU
CTOYHBIX BOJ, YTWIM3alMU IPOMBIIIICHHBIX OTXO/J0B, BOCCTAaHOBJEHHUS 3arpsi3HEHHBIX

nous [4].
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B UXTT VYpO PAH mnpoBemeH mmkia pabOT MO CO3JaHUI0 KOMITO3UIIMOHHBIX
marepuanoB, rae ['AIl [5] BeicTymaeT B poiau (QYHKIHOHAIBHOTO IMOKPHITHS. M3ydeHo
BIUSHUE PA3NUYHBIX (HAaKTOpPOB (MaTepuan MAaTPHIBI, CHOCOO0 HAHECEHUs MMOKPBITUS,
TepMHuUYecKas o0paboTka) Ha OCOOCHHOCTH (DOPMHPOBAHUS MOBEPXHOCTHOTO CJIOS M €ro

IMIPOYHOCTHBIC XapaKTCPUCTUKH.

[Tpu BbIOOpe Merona HaHeceHus ['AIl aBTOpbI PyKOBOJCTBOBAINUCH HUCKIHOYEHHEM
BO3MOXXHOCTH CHI)KEHHS €ero OMOAaKTHBHOCTH, CBSI3AHHOM C YBEJIMUEHUEM pa3Mepa 3epeH U
YAaCTUYHBIM pa3jiokeHueM mpu TepmooOpaboTke Bbime 800°C, xapakrtepubim st ['AII

IMOJIYYCHHBIM OCAXKJICHUEM U3 PACTBOPOB.

beuto uccnemoBano HaneceHue [ AII-TOKpBITHS Ha OOpa3ibl MOPUCTHIX HUKEIHIA

turada (NiTi), Turama u [IM B m@QMIUX YCIOBHUAX METOJAMH BaKyyMHOI'O
UMIIperHupoBanus (crocod 1), 3TUM e crocodoM, HO JOMOTHEHHBIM IEHTPU(YTUPOBAaHHEM
(crioco6 2) 1 yapTpa3ByKoBOW 00pabOTKOM B yIbTPa3ByKOBO# BaHHE (Criocod 3). Pe3ysabraTsl
UCCIICIOBAaHUI MO J03MpOBaHHOMY 3anonHeHuto ['AIl mopoBoro mpocTpaHCTBa MaTpHII

HCCJIeTyeMbIX 00pa3loB MPHUBEICHKI B Ta0max 1-3.

Tabmuua 1
Pesynprarer 06pabotku NiTi cycniensuett I' All pasnuaabiME criocobamu
Ne ombITa | Mycxomsass T | Myoncunass T | Am, r | Am, % | Am, T | >AmM, %
croco0 1-BakyyMHasi IPONMTKA, CYIIKA HAa BO3AYXE, H.y

1 0.72550 0.78100 0.05550 7.65 0.05550 7.65

2 0.78100 0.86030 0.07930 10.15 0.13480 18.58

3 0.86030 0.91955 0.05925 6.89 0.19405 26.75
crnoco0 2—BaKyyMHasl MPONUTKa, IieHTpudyruposanue (1 mun, 3500 06./mMun), cymika (100°C, 1gac)

1 0.57850 0.63800 0.05950 10.29 0.05950 10.29

2 0.63800 0.67400 0.03600 5.64 0.09550 16.51

3 0.67400 0.7100 0.03600 5.34 0.13150 22.73

cnoco0 3—yJIbpTpa3ByKoOBas 00pabOTKa, CYIIKa Ha BO3yX€, H.Y.

1 0.89600 1.00735 0.11135 12.43 0.11135 12.43

2 1.00735 1.07300 0.06565 6.52 0.17700 19.75

3 1.07300 1.09500 0.02200 2.05 0.19900 22.21

AHanu3 NOJy4YeHHBIX JAaHHBIX MO3BOJISET MPU3HATh Hanbosiee 3PPEKTUBHBIM B CiIydae
NiTi (taba. 1) crmocod 1, KOTOpBIH gaeT mMpUPOCT Macchl obpasna 26.75% Ha 3-eit craguu
00paboTku. JlomomHuTenpbHOE MEHTPpUPYrUpOBaHUE U TepMUUueckas oOpaboTka B criocode 2
HE YBEJIMYMBAIOT JTOT Moka3arenb. [Ipumenenue ynpTpasByka s HaHeceHus ['AIl Ha
marpuity u3 NiTi mpuBomuT K OBICTPOMY POCTY €ro macchl Ha 1-oif craauum 0OpabOTKH.
[Ipenmourenue B BbIOOpE crocoba BaKyyMHOTO HMIPETHHUPOBAHUS MOKHO OTHECTH U K

nokpbiTio ['AIT 06pasioB nopuctoro Ti. 31ech TakkKe MaKCHMAIbHBIN TPUPOCT MACCHI HA 3-

193



eit cragun oOpadoTku — 11.41% (tabn. 2). Hammydmie copOLMOHHBIE CBOWCTBA MPH BCEX

croco0ax 00pabOTKU MPOSIBIIIM 00pa3Ibl TATAHA C TOPUCTOCTHIO 45%.

Tabmuma 2
Pesysnprarel 00padbotku nmopucroro Ti cycnensueit ['All pa3audabIMU cIOCOOaMU
ITopuctocth, % | Ne omeITa | Myex, T | Myoneun, T | Am, T | Am, % | Am, T | >AmM, %
cnoco0 1—BakyyMHasi MPOMUTKA, CYIIKa HA BO3AYyX€, H.Y
1 0.89100 | 0.89800 | 0.00700 0.79 0.00700 0.79
28 2 0.89800 | 0.90300 | 0.00500 0.56 0.01200 1.35
3 0.90300 | 0.91000 | 0.00700 0.78 0.01900 2.13
1 0.83000 | 0.85700 | 0.02700 3.25 0.02700 3.25
40 2 0.85700 | 0.86800 | 0.01100 1.28 0.03800 4.58
3 0.86800 | 0.88000 | 0.01200 1.38 0.05000 6.02
1 0.37700 | 0.40400 | 0.02700 7.16 0.02700 7.16
45 2 0.40400 | 0.41500 | 0.01100 2.72 0.03800 10.07
3 0.41500 | 0.42000 | 0.00500 1.20 0.04300 1141
croco0 2—BaKyyMHas IponuTKa, neHtpudyruposanue (1 mun, 3500 00./mMuH),
CyIIKa Ha BO3MyXe, H.Y
1 1.05400 | 1.06600 | 0.01200 1.14 0.01200 1.14
28 2 1.06600 | 1.07300 | 0.00700 0.66 0.01900 1.80
3 1.07300 | 1.07600 | 0.00300 0.28 0.02200 2.09
1 0.76600 | 0.78900 | 0.02300 3.00 0.02300 3.00
40 2 0.78900 | 0.79400 | 0.00500 0.63 0.02800 3.66
3 0.79400 | 0.81100 | 0.01700 2.14 0.04500 5.87
1 0.51000 | 0.54000 | 0.03000 5.88 0.03000 5.88
45 2 0.54000 | 0.54800 | 0.00800 1.48 0.03800 7.45
3 0.54800 | 0.55700 | 0.00900 1.64 0.04700 9.22
cnoco0 3—ynbpTpa3ByKoBasi 00pabOTKa, CyIIIKa Ha BO3MyXe, H.Y.
1 1.31285 | 1.31900 | 0.00615 0.47 0.00615 0.47
28 2 1.31900 | 1.32700 | 0.00800 0.61 0.01415 1.08
3 1.32700 | 1.33400 | 0.00700 0.52 0.02115 1.61
1 0.79755 | 0.81700 | 0.01945 2.43 0.01945 2.43
40 2 0.81700 | 0.82400 | 0.00700 0.86 0.02645 3.32
3 0.82400 | 0.83400 | 0.01000 1.21 0.03645 4.57
1 0.71600 | 0.73400 | 0.01800 2.51 0.01800 2.51
45 2 0.73400 | 0.75300 | 0.01900 2.59 0.03700 5.17
3 0.75300 | 0.77200 | 0.01900 2.52 0.05600 7.82

Ha mnpumepe mnopucroro Ttutana (45%) ObulM HCCIIEIOBAaHBI OCOOCHHOCTH
GbopMHpPOBaHMS  TOBEPXHOCTHOTO  CJIOSI TPH  COYETAaHUHM  METOJla  BAaKyyMHOTO
UMIIPETHUPOBAHUS U TEPMHUUYECKOTO OTXKUTA, KOTOPBIM, Kak MPaBWIIO, HCIONB3YIOT IS
yaydiieHus: (yHKIIMOHATBHBIX M OKCIUTyaTAllMOHHBIX XapaKTEPUCTHK KOMIIO3UIIMOHHBIX
MaTepHajoB. Y CTaHOBIIEHO, YTO TepMHUYEcKash 00padOTKa B MPOIECCe HAHECEHUS! MOKPHITUS
OKa3bIBA€T HCETATHUBHOC BJIIMAHHNC HaA COp6HI/IOHHyIO CIIOCOOHOCTH MOPHUCTOTO0 THUTAHOBOI'O
KapKkaca, MpemnsTCTBYeT 00pa30BaHUIO Pa3BUTOM MOPHUCTON MOBEPXHOCTH, HEOOXOIUMOM IS
VCIENIHOTO B)KMUBIICHUS UMIUIAaHTaTa, W Oojiee 4yeM B 2 pa3a CHIDKAET aJre3MOHHYIO

IMPOYHOCTb MOKPBITHUA.
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Taxke JKCIepUMEHTaIbHO OBLIO YCTaHOBJIIEHO, uTOo mnpu HaHecenuu ['All na ITIM
HEOOXOJUMO HCKIIIOUUThH JIIOObIE MEXaHWYEeCKHUE Harpy3Ku Hu3-3a e€ Majioil MPOYHOCTH.
MeTox BakyyMHOTO HWMIPETHHPOBAHUS, MPUBOIANIMKA K pPa3pyLICHHIO MAaTpHIbI, ObLI
3aMEHEH Ha NPOINUTKY MPH KOMHATHOW Temrieparype B TedeHue | uaca (tabum. 3). Cuemyer
OTMETUTh, uTO B ciaydae [IM pans moiydyeHuss OTHOCUTENbHO IPOYHOTO KOMIIO3UTA

JIOCTaTOYHO OJHOKpAaTHOU nponuTku cycnensueil I'All, nanpueitmee ysenuuenue cios ['All

MPUBOJUT K Pa3pyLICHUIO MAaTPHULIBI.

Tabmuua 3
Pesynprarer 06pabotku 1IM cycniensueii I'All pasnuaabiME criocobamu
Ne onbiTa | Mycxomsass T | Myoneanas, T | Am, r | Am, % | Am, T | XAm, %

cnoco6 1— mpommtka (T=25°C, 1 gac), cymka Ha BO3yXe, H.Y.

1 0.12600 0.13325 0.00725 5.75 0.00725 5.75

2 0.13325 0.13000 -0.00325 -2.44 0.00400 3.17

3 0.13000 0.12560 -0.00440 -3.38 -0.00040 -0.32

crnoco6 2— nponutka (T=25°C, 1 vac), nearpudyruposanue (1 mun, 3500 00./mMuH),
CYIIIKa Ha BO3yXe, H.Y.

1 0.09700 0.10200 0.00500 5.15 0.00500 5.15

2 0.10200 0.09850 -0.00350 -3.43 0.00150 1.55

3 0.09850 0.09860 0.00100 1.02 0.00160 1.65
cnoco6 3—ypTpa3ByKoBas 00pabOTKa, CYIIIKa Ha BO3yX€, H.Y.

1 0.06555 0.07745 0.01190 18.15 0.01190 18.15

2 0.07745 0.07100 -0.00645 -8.32 0.00545 8.31

3 0.07100 0.06300 -0.00800 -11.27 -0.00255 -3.89

Takum o00pa3oM, TOJIy4YeHHbIE B pPa0OTE JaHHBIE IO3BOJSIFOT CIENaTh BBIBOJ O
NEPCIEKTUBHOCTY METOJa BAaKyyMHOI'O HMIIPETHUPOBAHHUSA [UIsl CO3/IaHUS MMIUIAHTATOB C
OMOAaKTHUBHBIM TOKPHITHEM Ha MOPHUCTON MeTauindeckoi Matpuie [6, 7]. Mcnosnb3oBaHue
naHHoro Merona npu Ha"HeceHnu I'AIl Ha manonpounsie kapkackl [IM BegyT K 4acTUYHOMY
paspylIEHUIO MOCIEIHUX M MOTYT OBITh PEKOMEHIOBAaHbl TOJIBKO JUISI OTPaHUYEHHOIO

HCIIOJIBb30BaHMUA.
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®OPMUPOBAHUE HAHOKPUCTAJLJIOB ZnO B TPEKOBBIX TEMIIDMTAX SiO,/Si
FORMATION OF ZnO NANOCRYSTALS IN SiO,/Si TRACK TEMPLARES

AK. I[avneT6eK0Ba1, A.T. AKI/IJ‘I6CKOB1, AL K03JIOBCKI/H712, A..E. AJ‘IB)KaHOBal, M. MypsaranHeBl,
O.D. KOMapOBS, JLA. BnacyKOBaS, M.B. 3I[OpOBeI_12’4

'Epazmiickuii HanmonansHeii yausepeuter uM. JLH. T'ymunesa, yin. Carmaesa, 2, 010008,
Acrana, Kazaxcran, alma_dauletbek@mail.ru
*Wncrutyt sepHoii husukw, yi1. M6parumosa 1, 050032, Anmarer, Kasaxcran
3EeJ10pyCKHP”1 rocyJapcTBEHHbIN yHUBepcuTeT, mp. HezaBucumoctu, 4, 220030, Musck,
Pecniy6iinka benapych
4Ypanbc1<1/1171 dbenepanbubiii yauBepcuteT, 620002, ExarepunOypr, Poccust

Abstract The work presents the results of a creation of nanoporous SiO, on Si substrate (SiO,/Si) with
deposited Zn in nanochannels. Nanoporous SiO,/Si was obtained by irradiation with swift heavy **2Xe ions
at accelerator DC-60 (Astana, Kazakhstan). As a result of chemical and electrochemical deposition new
nanocomposite material was created. The study of the luminescence and XRD tests allows us to suggestion
of zinc oxide nanocrystals formation in nanopores of SiO/Si, templates.
1 Beenenue
B nactosiiee Bpemsi mposBIISIETCSl OOJBIION MHTEPEC K CTPYKTypaM, B KOTOPBIX UMEIOTCS

HaHOPAa3sMCPHbLIC HCOAHOPOJAHOCTH, CO3JaHHBIC HAa OCHOBC HAHOIIOPUCTOI'O aMopchoro JUOKCHUIa
KpEMHHA Ha KpEMHHNHA C nocJICeAyromum 3aIll0OJIHCHUEM HaHOKaHaJIOB METaJlIJIaMH,
MMOJIYIIPOBOJHUKAMH. I[JI?I CO3aHusd HaAHOIOp B  CJIOC aMop(bHoro AUOKCHUJa KpPCMHMU,
HCIIOJIB3YCTCA O6JIyT~IeHI/IC 6I)ICTpI)IMI/I TSAKCJIIBIMU HMOHAaMH, B PE3YJIbTATC KOTOPOI'0 IMPOHUCXOAUT
o0pa3oBaHHE JATEHTHBIX TPEKOB. TpaBieHHE TPEKOB 10 KPEMHHMEBOW IOMJIOKKH HPUBOJUT K
CO3IaHUI0 HAHOKAaHAJIOB, KOTOPBIC BIIOCJICACTBUH 3aAIIOJIHAOTCA pa3JIMYHbIMA MaTCpUalaMu.

Llenbto naHHOU paboThI, OBLIO MONMyUYeHHe HaHOTOpUCTOrO SiO,/Si, ¢ HAHOKPHUCTAIIIAMH OKCH/IA
OUHKa MCTOAOM TPEKOBOTO TEMILUIDUTHOTO CHHTE3a (XI/IMI/I‘-IGCKOG H  JBJICKTPOXHUMHNYCCKOC

OCaXJICHUE).

2 JKCIepuMeHT

Wcnonb3oBaiuchk CTpyKTYpbl  SiO,/Si, H3roTOBIEHHBIE TEPMHUYECKHUM OKCHAMPOBAHHUEM
kpemuneBoit moanoxku KJIb 12 quamerpom 100 MM ¢ kpuctamiorpaduueckoit opuentanueii (100)
B armocdepe Bmaknoro kuciopoaa npu 900 °C. TonmmHa OKCHIHOrO CIOS 1O JaHHBIM
smumncomerpun cocrabisuia 600 HM. OOpasipl 00IyYanuch HOPMAIbHO K TIOBEPXHOCTH MOHAMHU
132%e ¢ sneprueit 133 u 200 MaB 1o dumossca (1 - 6)x10° cm? Ha uukinorpone DC-60 (Acraua,
Kazaxcran)  Honnbie Tpeku B SiOy/Si BeITpaBnmuBaiuch B 4%-HOM BOJHOM pacTBOPE

¢dTopucroBogopoanoit kucnorel (HF) mpu komHaTHON Temmeparype, YCIOBUS TpaBJeHUS,
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xpoHorpadusi mpuBeneHsl B [1l]. B mogydeHHBIE TEMIUDKHUTBI OCaXIAICS IIMHK METOJaMHU

xumuaeckoro ocaxaeHus (XO) 1 31eKTpoXuMHuIeckoro ocaxaenus (3X0).

3 Pe3yabTaThl U 00CykK/IeHHEe

Ha pucynkax 1 u 2 (COM wusoOpaxkeHus, MoiydeHHble ¢ momolnbio JSM-7500F)
IIPEACTABICHO 3anojiHeHne HaHonop meronamMu XO u 9XO, BugHo, uTo npu XO HUMEITCS y4aCTKU
C OCaXJICHHOM MOBEPXHOCTH, BpeMsl ocaxkJieHus JuurenbHoe. Bpems 9XO BapbupoBanoch oT 1 10

7 munyt. U3mensia Bpemst 9XO ocakIeHUsT MOKHO MU3MEHSATHh pa3Mephbl OCAXKJICHHBIX KJIACTEPOB.

Taxum o6paszom, nporecc DXO s ctpykryp Si/SiO2/ZN siBiisieTCst ypaBisieMbIM.

1pm JEOL 4/24/2015
X 25,000 7.0kV LEI SEM WD 8mm 10:19:13

Pucynok 1 - COM wu3o0pakeHre NOBEpXHOCTH Pucynok 2 - COM u3o0pakeHre MOBEpXHOCTH
Si0,/Si, XO Zn, *¥2Xe (133 M»B, dmoenc ® = Si0,/Si, 9XO Zn, *¥2Xe (133 M»B, dimoenc ® =
6x10%ons/cm?), Bpems XO 7 mueit. 6x10%ons/cm?), Bpems 9XO 1 mumyTa.

W3 pucynka 3 BuIHO, 4T0 KOHHMYeckas ¢opma HaHomopsl mpu DXO coxpansercs [1], Toxe

Habmrogaercd u a1t XO,

—-_— 100nm JEOL

X 70,000 1.50kV LEI SEM

Pucynok 3 - COM m3o6pakenne nonepedroro cedenust SiO,/Si, X0 Zn, *2Xe (200 M»aB, 2x10° cm™)
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AHnanmu3 pasHocTHoro crektpa dortomomunectenuu (OJI) Puc. 4 m 5 nmpu onrtuueckoM
BO30yxaeHuu (A=300 HM), Moka3aj HaJlu4yhe LEeJNOro psla CHEKTPaJIbHbIX JMHUN CBEUEHHS B
BuauMoil u Y@ obnactu, mostomy crektp @JI 6bu1 pasnnokeH B npenoioxenuu ['ayccoBoit popmbl

KPHUBBIX..

E, =132 MeV, 1x10° cm™

0.7
E,.=200 MeV, 1x10° cm™
08§
0.5

0.4

0.3

PL intensity (arb. units)
PL intensity (arb. units)

0 25 30 35 40
Photon energy (eV) Photon energy (eV)

Pucynok 4 - Paznoxenue pasnoctHoro cniekrpa ®@JI  Pucynok 5 - Paznoxxenue pasnoctHoro crekrpa XO
Si0,/Si, X0 Zn (*Xe, 200 MeV, 2x10° cm™) 1o u Zn (***Xe, 133 MaB, 1x10° em™) 10 u mocte
M0CJIE OCAXKICHUS OCaXIICHUS

CpaBHuBas pe3ynbTathl uccinenopanuii Buaumoit OJI B menkax ZnO [2] cunroro OJI MoxHO
CBsI3aTh C HEJIOCTATKOM IIMHKA (BakaHCHs Vz,), @ 3€JICHYIO C HEOCTAaTKOM Kuciopoa (BakaHcus Vo)
B pewerke. [Ipu 3ToM mMakcumyMm Ha 422 HM BO3HHUKAaeT NpPU NEPEXOJE 3JIEKTPOHOB M3 30HBI
IPOBOAMMOCTH Ha TJyOOKHMH ypOBEHb BAaKaHCHU LMHKA. ODHEPreTUYECKUN YpPOBEHb JIaHHOIO
aKLIENTOpa M0 OTHOLIEHUIO K BAJIEHTHOM 30HE MOXHO onpenenutsb kKak 3.37 — 2.94= 0.43 B, rue
3.375B, mupuHa 3anpeleHHON 30Hbl OKCUA IMHKA TP KOMHATHOM TeMIeparype

Uccnenosanust 3eneHoit somunectenimu (500 wM) ZnO [3] mokasamu, 4TOo B ee
(GOpMHUPOBAHUN YYacCTBYIOT KaK H30JIMPOBAHHBIE BAKAaHCHM KHJIOpOAa (KOPOTKOBOJIHOBBIA Kpail
HOJIOCHI), TaK M JOHOPHO-aKIENTOpHbIE Mapbl (AJTMHHOBOJIHOBBIN Kpail, TOHOPOM B KOTOPBIX
siBisieTcst Ta ke Vo.) [Ipu 3TOM 3JIEKTPOH MEepexXOUT C IHEPreTHUYCEKOr0 YPOBHS M30JMPOBAHHON
Vo, B BaJICHTHYIO 30HY. OHEpPreTMYeCKUHd ypOBEHb 3TOr0 JOHOpAa IO OTHOLIEHUIO K 30HE
POBOAMMOCTH cocTaBisier : 3.37-2.34=1.03 »B.

[To MHTEHCUBHOCTU CHHEN M 3€JI€HOM MOJIOC MBI MOXKEM CYIUTh O KOHIIEHTPALMIX BaKaHCUI
uHKa ¥ kuciopona B ZnO. Ananuz crnektpoB PJI, moka3plBaeT, UTO BAKAHCUU IIUHKA SIBISIOTCS
npeobaagarouMu coocTBeHHBIME tepexTamu B HaHOKimactepax X0 u XO.

®JI ¢ makcumymoM mnpu 352 HM, COOTBETCTBYET PEKOMOMHAIIMOHHOMY CBEUYEHHIO
sKkcuTOHOB B Zn0O 3.32-3.27 5B [4] .

Amnanornynas @JI nabmonmaercs mns XO 00pa3noB, HO HKCHUTOHHAs MOJOCAa MEHee

BbIpaXCHHasd, Ooiee BhEIpaX€Ha I10JI0Ca CBA3aHHAsA C Vo, 4TO CBHUACTCIBCTBYET O BO3MOXKHBIX
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CTPYKTYPHBIX pa3jIuyusi HAHOKJIACTEPOB, 3aBHUCAIIEE OT MeToJa ocaxaeHusa. Ciaeayer OTMETHUTb,
4yTO OOJIbIIIAsI PHEPTHUS CBSA3M SKCUTOHA B OKCHJEC IIMHKA OOECIEYMBAET MEPCIICKTUBY ISl CO3/IaHUS
Ha €ro OCHOBE MCTOYHMKOB CBETa BHJIMMOH W yIbTpadUOIETOBOW 0O0JIACTEH CIEKTpa, a TaKkKe
CUMHTHJUISITOPOB JIJI1 PETUCTPALlMA PEHTT€HOBCKOIO M PaIMOAKTUBHOTO U3JIYYEHUM.
PeHTreHOCTpYKTYpHBIH aHau3 cTpyKTyp SiO,/Si/ZNn npoBoausics Ha PEHTICHOBCKOM T(pakToMeTpe
Shimadzu MAXima_X XRD-7000 (Cu Ka, 60xB, 50mMA). [dudpakrorpaMMbl 3alHCHIBAINCH B YIIIOBOM
muanazone 20=20-85° ¢ marom 0.03° mpu Habope CIEKTPOB B TEYEHHE 3 ¢ B Kax[oi Touke. Bce
I PaKTOrpaMMBI UCCIIEYEMBIX 00paslioB NMETH MaJIOMHTEHCUBHBIE TTHKH, XapaKTepHbIe I TUPPaKInn
PEHTTEHOBCKMX Jy4dell Ha HaHOpa3MepHBIX OOBeKkTax. YIIMpeHHe NHKOB CBUAETEIBCTBYET O
MONMKPUCTAIUINYECKOH cTpykType. Ha mccnemyempix amdpakrorpamMmax HaOmromaeTcst aBa Hambolee
WHTCHCHUBHBIX NMUKa 1pu 0=62,3° u 69,5°. AHanu3 noyryueHHbIX AU(paKkTorpaMM MoKa3ai, 4To UcCleayemMas

CTPYKTYypa IpeACTaBIsIeT co00i HAHOCTPYKTYpHI Ha ocHOBe okcuna IuHKa [T dasbl ¢ naaekcamu Munepa

(200) mpu 0=62,3° 1 (201) 6=69,5° (PDF#361451).
4 Jaka0oueHue

Hanomnopucteiii SiO, ObUT MOAYyYCH OOJIYYCHUEM BBICOKOIHEPIETHUSCKHMMHU HOHAMH 132%e na
muksiorpone DC-60 (Acrana, Kaszaxcran) ¢ mocieayromuM TpaBieHreM B 4% BOIHOM pacTBOpE
HF. basupyrommecs Ha ZN HAHOYACTHUIBI NPEIHCNETHPOBAIM B HaHomopuctbie a-SiOy/Si

TEMILUIDHTEI C IMOMOIIBKO XUMHUYCCKOT'O U DJICKTPOXUMHUYCCKOI'O OCAKICHHA.

JIist 3amoNHeHUs] MOp TEMIUIDHWTa XUMHYECKHUM OCaXIeHHeM TpeOdyercs MHOro Bpemenu (7
JIHel), DNeKTpOoXUMHUYEecKoe ocaxieHue 0osiee y1o0HOe U BOCIIPOM3BOAMMOE JUIsl NMPELMUIUTALIMN

Zn B a-SiO,/Si TeMIUATHI, IPU 3TOM (POPMHUPYIOTCS HAHOKPUCTAILIBI OKCH/IA ITUHKA.

[1] . Al’zhanova, A. Dauletbekova, F. Komarov, L. Vlasukova, V. Yuvchenko, A. Akilbekov, M. Zdorovets, Nucl.
Instr. and Meth. B 374 (2016) 121

[2] .A.Studenikin, N.Golego and M.Cocivera, J. of Appl. Phys. 84 4 (1998) 228

[3] [AN. Gruzintsev, V.T. Volkov, E.E. Yakimov, Phys. and Tech. Semicond. 37 3 (2003) 275

[4] H.Kumano, A.A.Ashrafi, A.Ueta, A.Avramescu and I.Suemune, J. Crystal Growth 214/215 (2003) 280
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BJIMSIHUE HU3KOUHTEHCUBHOTO BETA-OBJIYYEHUS HA
YODPEKTUBHOCTD ®A30BBLIX IPEBPAIIIEHUI KPEMHMUS
Si-1 — Si-11 — Si-X11/Si-111/a-Si O MTHAEHTOPOM

INFLUENCE OF LOW-INTENSIVE BETA-IRRADIATION ON
EFFECTIVENESS OF SILICON PHASE TRANSFORMATION
Si-1 - Si-11 - Si-XI1/Si-111/a-Si UNDER INDENTER

A.A. Jimutpuesckuii*, H.1O. Edpemosa*, JI.I'. I'yceBa*,
A.O. Kuraues#, B.B. Kopenkos#
A.A. Dmitrievskiy*, N.Yu. Efremova*, D.G. Guseva*,
A.O. Zhigachev#, V.V. Korenkov#

* Kagheopa meopemuueckou u dsxcnepumenmanviou usuxu, Tambosckul
2ocyoapcmeennwiil ynusepcumem um. 1. P. [lepocasuna, 392000, Unmepuayuonanvnas, 33,
Tambo6, Poccus, E-mail: aadmitr@yandex.ru

#HUU «Hanomexnonoeuu u Hanomamepuanvly, Tambosckuil 20cyoapcmeenHulii

yuugepcumem um. I P. [lepacasuna, 392000, Humepnayuonanvuas, 33, Tambos, Poccus

Quantitative assessment of volumes of the metastable phases (Si-11, Si-XII, Si-Ill and
a-Si) formed under indenter was carried out. For calculation of volumes the experimental data
obtained by methods of the Raman spectroscopy and in situ registration of silicon phase
transformations Si-I—Si-Il under indenter was used. It was established that preliminary low-
dose beta-irradiation of silicon causes more than 50% reduction of metastable phases volume

which are formed under indenter.

Vike Goree monyBeka Hanbosee BOCTPEOOBAHHBIM MOJYITPOBOIHUKOBBIM MaTEPHAIIOM B
MHKPOIJIEKTPOHHUKE sIBIsieTcst kpeMHuid [1]. B Xome pasiuuHbIX «1OJATOTOBHUTEIHHBIX)
HpOLEAYp, a TAKXKE B MPOLECCE IKCIUTYaTalluu YCTPOICTB (M3roTaBIMBaeMbIX Ha OCHOBE Si) B
JIOKAJIBHBIX 00JAaCTAX KPEMHHS MOTYT Pa3BUBATHCS JTABICHHUS, JOCTATOYHBIC JUTSI TPOTEKAHHUS
dazoBbix npespartienuit (OII) Si-1 — Si-1l u, 3arem, Si-1l — Si-XIl — Si-lll — a-Si [2]. 310
aKTyalM3UpyeT  KOJIMYECTBEHHBbIE ucciefoBaHus mporneccoB @DII  kpemHus npu
cocpenoToueHHbIX Harpy3kax. Ha sddextuBHocts DI KpeMHUS NpPH COCPEIOTOUYCHHBIX
Harpy3kax MOKET OKa3bIBaTh BIIMSHUE MajO[030BO€ HU3KOMHTEHCHBHOE OeTa-o0iydeHHe
[3,4]. OT0 HEOOXOMUMO YUYUTHIBATH MPHU MPOSKTHPOBAHUH M KCIUTyaTallMU MPEIU3UOHHBIX

9JICMCHTOB MHKpOCHCTCMHOﬁ TCXHUKH, ITOCKOJIbKY TaKHC ABJICHUA MOT'YT BbI3BATh CHUKCHUC
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TOYHOCTH WM J1ae MOJIHYIO MOTepro (YHKIMOHATBLHOCTU U3Aenui. B cBs3u ¢ »TuM, 11€1b
paboThI 3aKiI0YaIach B KOJIMYECTBEHHOMN OLIEHKE BIMSHUS MaJloJI030BOro OeTa-o0iyuyeHus Ha
00beM MeTacTabUIIBHBIX (ha3 KpeMHUs1, POPMHUPYEMBIX PH UHACHTUPOBAHHH.

B pabGore aHanm3upoBanM JaHHBIE PAMAHOBCKOW CIEKTPOCKONMHH W CHHXPOHHO
peructpupyeMbix  P-h-gmarpaMmmM  u 9J€KTpUYECKOTO  CONMPOTHBICHUS  KPEMHHUSL.
HNuaentupoBaHue Mpu 3TOM HPOU3BOIMIA B Y3KHIl 3a30p MEXAY TOHKHUMH MPOBOJALIMMU
(30710THIMU) TIJIEHKaMH, HAaHECEHHbIMH Ha MoBepXHOCTh kpemHusa (111). bonee neranbHo
nporeaypa MOATOTOBKM O0paslloB W METOJUKAa HW3MEPEHHH CONPOTHBICHHUS KpPEMHUS
ormucanbl B [5]. i oOmydeHuss 0Opas3loOB HCIOIb30BAIN 05r + Y perounmk.
MHTEeHCHBHOCTh IIOTOKA OeTa-4yacTHI] MMena 3HadeHue | = 1,8><105 Cm‘zs'l, HaKaIlTMBaeMbIH
dmoenc F = 3,24x10% cm™.

B [5] ObulO MpeTOKEHO BBIPAKEHHE YCTAHABIMBAIOIICE CBSI3b MEXKIY OOBEMOM
METaJTM3UPOBAaHHON a3kl Vs, TIyOMHOH BHEApPEHHs HHACHTOpPa h, CONMPOTHBICHHUEM

oOpasua Ry u reomerprudyecknmu apamerpamu o0pasiia u HHJIEHTOpA:

_ 2h*(R, —R,)Sy 2.y (tga + tgB)cosy tga) 1 1
o 3(Rh - RAu+Cu)dIOSi—I sin 2y hCOSY tga — % hcosy tga

)

Hcnonb3ys BelpaxkeHue (1) ObUIM paccyMTaHbl 3aBUCUMOCTH OOBEMOB METAJUIM3UPOBAHHON
(a3bl OT M1yOMHBI BHEIPEHUS (HA CTaMU HArPY3KU U pa3rpy3Ku) MHJIEHTOPA JUIsl UCXOIHBIX
U MIPeIBApUTEIBHO 00TydeHHBIX 00pa3noB (Puc. 1, a).

40 A

N w
> <
1 1

Oobem pa3spr Vsin, pm?
—
<
1

>
3§

I'nyOuHa BHeApeHHsI HHAEHTOPA /1, um

Puc. 1. 3aBucumoctu o0beMa METAIM3UPOBAHHOH (a3bl KpeMHUs Vs OT TIIyOHHBI BHEAPEHUS
uraentopa h s mcxonueix (1) u mpenBapuTenbHO 00MydeHHBIX (2) 00pasioB () U KpPyrosbie
JUAarpaMMBI, OTPAKAFOIIMe COOTHOIICHHUS OTHOCUTENBHBIX 00beMHBIX goieit da3 Si-XII, Si-1ll, a-Si un
Si-1 g wexomnwix (D) m mpeaBapuTenbHO 00MyueHHBIX (C) 0OpasmoB. Ha Bpeske mpeacTaBieHO
COM-u300pakeHre oTnedaTka, CHOPMHPOBAHHOTO IIPH BHEIPEHUWH HHACHTOpPAa B 3a30p MEXIY
30JIOTBIMH TUICHKAMH

W3 mpuBeneHHBIX AaHHBIX BUAHO, YTO MpeIBapUTENbHOE OeTa-o0JaydeHHe BBHI3BIBACT

0oJiee yeM MOJIyTOpaKpaTHOE yMEHbIIIEHHE o0bema o0acTu MeTaun3upoBaHHon (aser Si-ll.

Pasrpyska unHaentopa compoBokmaercs PIT Si-II — Si-XI/Si-1/a-Si/Si-1 [2]. TIpu stom
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daza Si-II momHOCTBIO TpeBpamiacTcs B yKasaHHbIC (as3bl, KOTOpbIE NpPH KOMHATHOH
TEMIIEpaType COXPaHSIOTCS B 00JacTH TOJ OTIIEYaTKOM HHIEHTOpPAa B OIpPEIeIICHHOM

COOTHOHICHUHX B TCUCHUC JIUTCIIBHOTO BPCMCHHU. Ananuz paMaHOBCKUX CIICKTPOB

(moJMyYeHHBIX HAa MCXOAHBIX M MPEABAPHUTEIBHO O0Jy4eHHBIX oOpasuax [4]) mosBosser
yCTaHaBJIMBATh COOTHOIICHHUSI OTHOCHTENBHBIX 0O0BEMHBIX J10JIcH yKka3zaHHbIX (a3 (Puc. 1, b).
dopmupyemble TOA HHACHTOPOM (a3bl MMEIOT pPa3Hble IUIOTHOCTH YMaKOBOK [2], 4TO
BBI3BIBACT yBeIn4YeHne oobeMa marepuaina B mporecce ®IT Si-IT — Si-XI1/Si-111/a-Si/Si-1.
COBOKYITHOCTh JIAHHBIX O COOTHOIIEHHWH IUIOTHOCTEH YITAKOBOK (hOPMHUpPYEMBIX (a3 u
OTHOCUTENBHBIX 00beMHbIX noisix (a3 Si-XIl, Si-lll, a-Si u Si-l no3Bonser BbIpa3uth
00beMbl KaxmodW wu3 mepeuncieHHbIX a3 Vsixn, Vsim, Vasi 1 Vsiqg yepe3 o0bem

MeTauIM3upoBaHHON (as3el Vsiy. Takum oOpaszom, mepecueroM 3aBUCHMOCTH Vsiy(h) ObLam

nosy4ueHbl 3aBHCUMOCTH Vsixi(h), Vsin(h), Vasi(h) u Vs, (h) mis ucxoaupix u npeagapurebHO

o0y4eHHbIx 00pa3ios (Puc. 2).
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Puc. 2. 3aBucumoctn oObemoB ¢a3 kpemuus Si-XII (a), Si-lll (b), a-Si (c) u Si-1 (d),
00pa3yoIuxcss Opu  pasrpy3ke (HM3BJACUYECHHWH) HHIEGHTOpPAa OT «OCTATOUHOM» TJIyOWHBI €ro

norpyxeans. Kpussie 1 monmydeHsl Ha HCXOAHBIX (HEoOmydeHHBIX) oOpas3max, KpHWBBIE 2 — Ha
npeaBapUTEIbHO 00Iy4eHHBIX 00pa3nax

HOJ'IyLICHHBIe JaHHBIC CBUJACTCILCTBYKOT O 3HAYUTCIBHOM (OT nmoJryrTopa a0 ABYX C

nojoBuHoM pa3) nomasieHun ®I1 Si-1 — Si-Il u Si-Il — Si-XI11/Si-11l/0-Si, BeI3BaHHBIM
npelBapUTeNbHbIM OeTa-o0nydeHueMm. ConepikaHue anma3zomnoJoOHOM cTpykTypsl Si-I B

o0yacTy MOJI OTHEYAaTKOM MHJIEHTOpa B OOJYyYEHHBIX KpUCTAJJIaX, HANpOTHB, YBEIUYEHO.
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[Tocneanee cBUAETENHCTBYET O O€Ta-MHIYLIMPOBAHHOW «CTaOMIM3AIMMY aJIMa30I0100HON
KPUCTAIIMYECKON PEeLIETKH KPEMHHSI, [TOABEPKEHHOT'O COCPEIOTOUCHHBIM HAarpy3KaM.

TakuM 00pazoM, MPEIJIOKEHHBIM METOJ TO3BOJSET MPOU3BOIUTH KOJIHMUYECTBEHHYIO
OIICHKY CTCIICHW BIIMSHUS BHEIIHUX ()aKTOpPOB (B JIaHHOM CIIy4ae, MalloJI030BOr0O Oera-
o6nyuenus) Ha nporece PIT Si-l1 — Si-II npu Harpykennu ungentopa u Si-II — Si-XII/
Si-1ll/a-Si pu pasrpyske ungenTopa. [IpeacraBnsercs meaecooOpa3HbIM MOIYIEHHE U aHAIN3
KOJINYECTBEHHON HMH(OpMaIMK O COJEpKAHWU METacTaOWIbHBIX (a3, (opMHpPYEMbIX NpPHU
BapbUPYEMBIX MapaMeTpax WHACHTUpoBaHus (popma W TIyOMHA BHEAPEHHS] WHACHTOPA,
CKOPOCTHOW PEXHUM W Tp.). DTO MO3BOJIUT JAENATh OOBEKTUBHBIE MPOTHO3bI OTHOCHUTEIHHO
KOJIMYECTBEHHOr0  cofepskaHuss — MmeractabwipHbix  (az  Si-XIl,  Si-III, a-Si B
MPUIIOBEPXHOCTHBIX CIOSX KpEeMHUS (ITOJBEPKEHHBIX MEXaHUYECKUM Harpy3KaM B MPOLIECCe
IpeBapUTENbHON 00pabOTKM U TMOCIEAYIOIIeH AKCIUIyaTalMd) U, COOTBETCTBEHHO,
MU3MEHEHUHN UX (PU3NUECKUX CBOMCTB.

HccnenoBanue BBIMOTHEHO NMpHU (puHaHCOBOW mojaepxkke PODU B pamkax HaydHOTO

npoekTta Ne 15-02-04797 a.
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ONITUMM3AIUA CUCTEMbBI ®OPMUPOBAHUSA I'A30BbIX KJIACTEPHBIX
HNOHOB

OPTIMIZATION OF GAS CLUSTER ION SOURCE

A.E. Uewknn’, A.B. lanunos’, M.IO. BOpOHI/IHal, I0.A. EpMaKOBl’Z, B.C. IwIepHmml’2
A.E. leshkin', A.V. Danilov*, M.Yu. Voronina®, Yu.A. Ermakov*?, V.S. Chernysh'?

Y\@ousuueckuii paxynomem MI'Y umenu M.B. Jlomonocosa, 119991, Mockea, Poccus,
e-mail: ieshkin@physics.msu.ru;
2HUHAD umenu JI.B. Crobenvyvina, MI'Y umenu M.B. Jlomornocosa, 119991, Mocksa,
Poccus.

Gas cluster ion beams are generated by adiabatic gas expansion through a
supersonic nozzle, extracting clusters with a skimmer and their consequent
ionization and acceleration. We suggested a method of optimization cluster ion
source geometry and voltages utilizing supersonic flow visualization with gas
discharge combined with simulation of ionizing and accelerating system.

B3aumojeiicTBue KIIaCTEPHBIX MOHOB C IOBEPXHOCTHbIO AKTHBHO MCCIEAYETCS KakK C
TOYKHM 3pEHUs BBIIBIECHUS (PYHIaMEHTAJIbHBIX 3aKOHOMEPHOCTEH, TaK M B KayecTBe
UHCTPYMEHTA Ul HAy4YHBIX U IPOMBIIUICHHBIX Npwiokenuit [1]. Merogom momydeHus
ra3oBbIX KJIAcTEpOB SIBJsIETCS aquabaTUYecKoe pacliMpeHue pabdouyero rasa uepes
cBepx3BykoBoe cormo. Ha Bbixoae u3 comia raz GopMHUpyeT yAapHO-BOJHOBYIO CTPYKTYpY,
TaKk Ha3blBaeMyroo Oouky Maxa. BHyTpu »3TOif cTpykTypbsl HaONrofaeTcsi MOHMKEHUE
TeMIIepaTyphl I'a3a 10 BEJIMYHH, 00€CIEeUNBAIOLIMX KOHIEHCAIUI0 U 00pa30BaHKUe KIacTepOB.
Jnst u3BnedeHus: KiIacTepoB M3 004kM Maxa CIyKUT CKUMMEp, NPEICTaBIISIIONINN CO00it
IIOJIBIA KOHYC C OTBEpCTHEM B BepummHe. [Ipoins depe3 CkuMMEp, MOCIE€ HOHH3ALUU
3JIEKTPOHHBIM YAApOM U YCKOPEHHsI 10 HE0OXOAUMBIX HANpPsDKEHUH chOpMUPOBaHHBIN TaKUM
00pa3oM Iy4OK T'a30BbIX KJIACTEPHBIX MOHOB uepe3 AuadparMmy mnomnajgaet B pabodyro Kamepy

Y HaIpaBJIsETCS Ha MUIICHB [2].

W3BeCTHO, YTO XapaKTEPUCTUKHU IydKa KIACTEPHBIX MOHOB, TAKME KaK MHTECHCUBHOCTh
U pacrpelelieHre Mo pa3MepaM, 4yBCTBUTEIbHBI K YCIOBUSAM (OPMHUPOBAHUS KJIACTEPOB, a
TaKXKe K YCJIOBUSM HMOHHM3allMM M YyCcKopeHHsa. B naHHOM pabore Oblia ocyliecTBiIEHa
BHU3yallM3alysl CTPYKTYpbl IOTOKA ra3a Ha BBIXOAEC M3 COIUIa B IPUCYTCTBUU CKUMMEDA.
Kpome TOro, oCymiecTBI€HO YHCICHHOE MOJECIMPOBAHME CUCTEMBI YCKOPEHUS KIACTEPHBIX

HOHOB ¢ moMotsio mporpammel SIMION [3].

Busyanusaius motoka ra3a Obuia peaqr3oBaHa ¢ TMOMOIIBIO TICHOIIEro pa3psaaa. DToT
METOJI SIBJIETCS HanOoJiee MPUEMIIEMBIM, MTOCKOJIBKY METO/bI, OCHOBaHHBIC Ha pedpaxiu,
HETMPUMEHHUMBI JJIs Pa3pe)KEHHOTO ra3a, a METOJbl C BBEJACHHEM B IOTOK HAOJIIOJIaEMbIX

JacTul, HECOBMCCTHMBI C BAKYYMHBLIMHU YCJIOBUSIMHU. Cxema OKCIICPUMCHTA IPHUBEACHA Ha
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puc. 1 (a). B BakyymHo#i Kamepe (OpMHPOBaHHUS KJIacTEPOB OBUIM YCTAHOBJCHBI JIBa
IJIOCKOMApaUIEbHBIX MEIHBIX AJIEKTPOJAa, OJUH U3 KOTOPBHIX ObUT 3a3€MIIEH, a Ha BTOPOI
[0/1aBAJIOCh  IIOCTOSIHHOE  OTPULIATEIbHOE  HAIpSDKEHHE. 3a3€MJICHHBIE  KOHMYECKOE
CBEPX3BYKOBOE COIUIO M CKHMMEpP paclojlarajuch Ha OCH CHUCTEMBI, INPUYEM HMEJAch
BO3MOXXHOCTh IPOJOJBHOIO IepeMelleHusl cormia. J(uaMerp KpUTHUUYECKOrO CeueHUs: Coruia
coctaBsur 130 MkM, yron momypactBopa ckummepa 30°. Pabouuii ra3 (aproH, HEOH, a3oT)
noJ AaBieHue 3-6 aTM MOCTyIaj Yepe3 COII0O B MMITYJIbCHOM pekuMme. J[mHa ummysbca
Obl1a JIOCTATOYHA JJIS YCTAHOBJICHMSI CTAllMOHAPHOTO pPEeXUMa HCTEUEHHUs ra3a, JIaBJICHHE

. -2
OCTaTOYHOTO ra3a B BAKYyMHOW KaMepe Mpu 3TOM cocTasisuio okoio 10™ Topp.

B xonme okcnepuMeHTOB OBLIM  ONpENEieHbl ONTHUMAlbHBIE C TOYKU 3PEHHS
BHU3yaJu3alMy IapaMeTphl IIOTOKA ra3a U HaIlpsHKEHUS Ha dJeKTpoje. BennunHa paspsgHoro
TOKAa OrpaHMYMBajIach 3Ha4eHHEM | MA, a 3JeKTpuyeckas MOIIHOCTb, BKJIaJbIBacMas B
paspsn, He npeBblmana 2 Br. OneHka MOMIHOCTA Ta30AMHAMUYECKOTO TEUYCHHSI MCXOMAS W3
M3MEPEHHOW BEJIMYMHBI pacXo/ia raza JaeT Ha MOPAI0K OOJIbIINE BETUYUHBI. DTO MO3BOJISET
CUMTaTh METOJ BHU3yalu3alUd OECKOHTAKTHBIM, TO €CTh HallM4he pa3psjia He HCKaKaeT

KApTHUHY TCUYCHHUS.

(a) (b)

.

Com1o 3JIeKTpoabl CKHMMep

Puc. 1. Cxema OSKclepUMEHTa IO BH3yalM3allMd [OTOKA W3 CBEPX3BYKOBOro coria (2) u
IKCIIEPUMEHTAITEHO TIOTyUeHHas KapTruHa motoka (b).

ITpumep ¢otorpaduu TeueHus aproHa mpuseaeH Ha puc. 1 (D). BumHo, uro Gouka
Maxa nipeacTaBisieT co00i BepeTeHOO0pa3HYIO CTPYKTYPY. ITO COTIacyeTcs C pe3ybTaTaMu
BH3YaJIM3aIliH, OCYIIECTBICHHON HaMH paHee B OTCYTCTBHE CKHMMeEpa, M C pe3yJbTaTaMH
YHCJICHHOTO MojenupoBanus [4]. B mecte B3auMoIeiCTBHS TOTOKA CO CKUMMEPOM OT
MOCIIEAHETO OTXOJAT KOHHYECKHE yAapHbIe BOJHBL [Ipw 3TOM mpucyTCTBHE CKHMMMeEpa He
UCKaXACT CTPYKTYPY MOTOKA BHIIIIE IO TSYCHHIO JTaXKe IMPU HEOOIBIINX PACCTOSHUSIX OT Cpe3a
coIuia 0 CKUMMepa, COOTBETCTBYIOIINX POHUKHOBEHHUIO CKUMMepa TIy0oko B 00uky Maxa.

Pa3pa60TaHHa;1 CUCTCMa BHU3YyaJIM3allUU H TMOJIYYCHHBIC C €€ IIOMOIIBIO I/I306pa)KCHI/I}I

205



MO3BOJISIIOT KCIEPUMEHTAILHO OMUCHIBATH CTPYKTYPY IMOTOKa B YCIOBHSX (hOpMHpOBaHUS
ra3oBbIX KJIACTEpOB, a CJEJOBATEbHO M HAaXOAWTh ONTHUMAaJbHbIE T'€OMETPUUECKUE

napaMeTphl COIUIA, CKUMMEpPA U UX OTHOCUTCIIbHOT'O PACITIOJIOKCHUA.

Jns MomenupoBaHMSA CHCTEMBbl HMOHHM3allMM M yckopeHuss B mporpamme SIMION
3a/1aBaJIMCh T€OMETPUUECKUE U IIEKTPUUECKHUE TAPAMETPbI CUCTEMBI, OCYILECTBIISIICS PacUeT
JIEKTPUUECKUX IIOJeH, a 3aTeM MCCIEeJOBATNCh TPAeKTOPUM 4YacTUI[ B PACCUYMTAHHOM
noteHuagbHOM penbede. Ha puc. 2 npuBeneH npuMep pacuera TpaeKTOPUH OIHO3apsAAHBIX
MOHOB, COCTOALIMX M3 oAHoro aroma aproHa u wu3 1000 aromoB aprona. Honbl
00pa30BBIBAIUCH BHYTPH LWIMHIPUYECKOTO aHOAA M3 HEUTPaJIbHBIX YaCTHI, a 3aTeM
YCKOPSUIUCh ~ OCECUMMETPHUYHBIMU  NPEAYCKOPSIIOIIUM U YCKOPSIIOIIMM  3JIEKTPOJaMH.
[Tockonbky HeHTpanbHblE KiacTepbl 0Opa3ylTCs B IOTOKE ra3a ¢ MajlbIM pPa3OpocoM IO
CKOPOCTSIM, HayallbHas KMHETUYecKas 3Heprus Oojplie y yacTull ¢ Oonbluelt maccoil. B
pe3ynbpTare, IIMPHHA IyYKa HAa BBIXOAE M3 KaMmephl HOHM3AaTOpa 3aBUCHT OT MacChl
YCKOpsIEeMbIX 4YacTULl. MoOJeTupoBaHUEM C pa3IMYHBIMU 3HAUYEHUSMM HAINPSDKEHUS Ha
3JIEKTpoJax ObUIM MOJOOpaHbl ONTUMAJbHBIE MAapaMeTphl ¢ TOYKU 3pEHHs] MHTEHCUBHOCTU
nmy4yka OONbIIMX KiacTepoB. HecMoTps Ha TO, YTO MpH MOAETHPOBAHWU HE YYHTHIBAJIOCH
AIIEKTPOCTATUYECKOE PACTAIKMBAHUE 3apsDKEHHBIX YACTHIl M JKPAaHHPOBKA  MOJEH
IPOCTPAHCTBEHHBIM  3apsJOM, IIOJIYYEHHBIE pPE3ylbTaThl XOPOIIO COIJIACYIOTCA €
SKCHEPUMEHTAIbHBIMU U3MEPEHUSIMU MHTEHCUBHOCTH ITyYKa B 3aBUCUMOCTH OT HalpsHKEeHUi,

nmoagaBacMbIX Ha SJICKTPOIBI.

= =
\

10 xB 9,4 kB 0 B

Puc. 2. PaccuntanHble TPaeKTOPHH YaCTHLL C Pa3IMYHON MacCOi B YCKOPSIIOIIEH CHCTEME.

1. 1. Yamada, J. Matsuo, N. Toyoda, T. Aoki, T. Seki, Current Opinion in Solid State and
Materials Science 19 (2015) 12.

2. A.A. Andreev, V.S. Chernysh, Yu.A. Ermakov, A.E. leshkin, Vacuum 91 (2013) 47.

3. simion.com

4. A.leshkin, Y.Ermakov, V.Chernysh, I.lvanov, I.Kryukov, K.Alekseev, N.Kargin, Z. Insepov,
Nucl. Instr. Meth. A 795 (2015) 395.
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NPUMEHEHUE HOHHOW UMILTAHTAIIMU 151 CO3IAHUA
TPUCTABHUJIBHBIX TPAH3UCTOPOB

USING OF ION IMPLANTATION FOR TRISTATE TRANSISTORS CREATION

C.A. KpI/IBeJIeBI/Iql, H.IL HpOHLZ
S.A. Krivelevich, N.P. Pron
Y Apocnascruii punuan @usuro-mexnonozuvecxkozo uncmumyma PAH, 150007,
yi. Yuueepcumemckas 21, 2. Apocnasns, Poccus, S.krivelevich@mail.ru

2}Ipowlaecxoe gviculee B0eHHOe YHUIuue npomuso8o30yuHol 060porsl, Mockosckuil np.,28
Apocnasns, Poccus
The problems of creation of tristate transistor structures are considered This
structures are based on class of bipolar - field devices. It is shown that the
formation of new class devices can be realized only by means precision ion
implantation.

Ha npotsi’keHnn MHOTHX JIET, BEPOSITHO, CO BTOPOM IOJIOBUHBI IIECTUACCATBIX I'OJ0B
IpPOIJIOrO BEKa, pa3BUTHUE MHUKPO (HAHO) - 3JIEKTPOHUKU OBLIO CBA3aHO C YBEJIWYECHUEM
qycjia TPAH3UCTOPOB B OJHOM IIpoLEcCOpe. OMIIMPUYECKH 3aME4YE€HHas 3aBUCUMOCTD
HKCIOHECHIMAIBHOTO POCTAa YHUCIIA TPAH3UCTOPOB B OJHOM IIPOLECCOPE OT BPEMEHH, IIO
MMEHU €€ aBTOpa, IOJy4YWIa Ha3BaHWE 3aKkoHa Mypa. VYBenuueHue KOJIMYECTBA
TPAH3UCTOPOB OBUIO CBA3aHO C YBEJIWYEHHEM IIJIOTHOCTH YIIAKOBKM M YMEHBLICHHUEM
pa3MepoB OTIEIBHOIO TpaH3ucTOpa. B HacTosmiee BpemMs JOCTaTOYHO SICHO, YTO ITOIBITKH
JATBHEHIIETO0 YMEHBIICHHSI JIMHEHHBIX pPAa3MEpPOB OTACIBHOIO BEHTWIA IPUBEAYT K
HEpa3peluIMMbIM ITPOTUBOPEYUSM, BBI3BAHHBIMA TEXHOJOTMYECKMMHU OIPAHMYCHUSMHU H
(byHAaMEHTaTIBHBIMU 3aKOHAMHU IpPUPOJbL. [Ipyroe Bo3MOXKHOE HampaBiIeHUE JalibHEHIIero
pasBUTHS MUKPO- M HAHOIJIEKTPOHUKU MOXKET OBbITh CBS3aHO C IMPUMEHEHHEM BMECTO
KPEMHUS JIpYyIMX MOJYNPOBOJHUKOBBIX MarepuayioB. OJHAKO, Mepexoa OT KpPEeMHHUEBOU
TEXHOJOTMM K TEXHOJIOTMH, OCHOBAaHHOW Ha 00paboTKe [ApPYrux MOJIYyPOBOJIHUKOBBIX
MaTepHaJIOB, MIPUBEIET K CYILIECTBEHHOMY YBEIMYEHHUIO PACXOAOB U TAKXKE NPEIACTaBIAETCS
MAaJoONEpCIEeKTUBHBIM. HO CymecTByeT BO3MOXXHOCTb CO3JaHUs BEHTWIEH, YHUCIO
YCTOWYMBBIX JIOTUYECKMX COCTOSSHMM KOTOPBIX IIpeBbIIIAeT JaBa. JlocTaroyHO AaBHO
U3BECTHBI TPUCTAOMIIBbHBIE CXeMbl [1], KOTOpbIE OTIIMYAIOTCS TEM, YTO MX BBIXOJbI MOTYT
HaXOJUTHCS B TPEX Pa3IMYHBIX COCTOSHHX. Takue cXembl MOT'YT paboTaTh Kak OOBIUHBIE,
MMEIOIIME OTHOCUTEIBHO HU3KUE BBIXOJHBIC COIPOTUBIIEHUS B COCTOSHHUAX JIOTMYECKOU
€UHULBI U JJOTUYECKOTO HYJIA. TpeTbe JOrnyeckoe COCTOSHUE, XapaKTEePU3YIOIIeecs: OYEHb
OOJIBIINM BBIXOJIHBIM COIPOTUBIIEHHEM, BO3HUKAET IIPH M0Jjaue Ha YIPABISIOMIUN IEKTPOA

COOTBCTCTBYIOILICTO IMOTCHIIMAIA. O,Z[HaKO, TpI/ICTa6I/IJ'IBHBIC BCHTUJIM, HACKOJBKO H3BCCTHO
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aBTOpaM JaHHON paloTbl, B JIUTEpaType onucaHbl He ObUIH. OAMH U3 BapUAHTOB CO3JAHUS
TaKUX BEHTHJIEH paccMaTpHUBaeTCs B HACTOsIIEH padoTe.

Kak ObIIO OTMEYEHO BBINIE, MpeJiaracMble BEHTHIU JOJDKHBI XapaKTePU30BaATHCS
TpeMsl CTa0MIIBHBIMU JIOTHYECKUMU COCTOSIHUSIME. KauecTBEHHBINM BUJ BOJIBT- PE3HUCTUBHON

XapaKTEPUCTUKU BEHTUJIA TaKOI'O TUIIA IPEACTABJICH HA pI/ICI

u

Puc.1. BonbT — pe3aucTrBHAs XapaKTepUCTHKA TPUCTAOMIBHOTO TPAH3UCTOPA. 3 - COCTOSTHHE
JIOTHYECKOT0 HYJIS. 2 — COCTOSIHHUE JIOTHIECKON eIMHULBL. 1 — BBICOKOOMHOE JIOTHYECKOE COCTOSHUE.

Knacc BeHTunei, oOnajgaromuMx XapakTepUCTUKAMHU IPEICTABICHHOIO THIIA,
OCHOBBIBAETCS Ha OWIIOJISIPHO — IOJIEBBIX MPHOOpaxX, KOTOPHIE MOTYT OBITh UCTIOIB30BAaHBI B
KauyecTBe TpPaH3UCTOPOB. Kaxkaplii Takol TpaH3UCTOp (CMOTpU pHUC.2) JOHKEH COAepXkaTb
JIB€ IIapbl 2JIEKTPOJOB: JBa JIEKTPOAA, NPEAHAZHAUYEHHBIX I MOAYJIALMH IPOBOJAUMOCTH
aKTUBHON 00JacTU TpaH3HucTOpa (<OMHUTTEp M KOJJIEKTOP»), W /1B, MpeJHa3HAUYEHHBIX IS
«U3MEPEHUsD» MPOBOJIUMOCTH 3TOM aKTUBHOM 001aCTH («KUCTOK U CTOKY).

Kaxprit TPaH3UCTOP JIOJKEH TaKxke COZEpKATh VWHKEKTUPYIOLIUN
(okcTparupyromuii) p-n mepexoxa. Ilpum OonblioM cMelieHHu P-N mepexoja B MPSMOM
HAIpPaBJICHUU TPAH3UCTOP MOINAJACT B PEXHUM HACBIILEHUS C HU3KUM CONPOTHUBICHHEM
akTUBHOM oOnactu. IIpy yMeHBIIEHHHM BEIWYMHBI HANpPSKEHUS NPSIMOIO CMEIIEHUS
CONpPOTHUBIICHUE AKTUBHOM 00JIaCTH YBEIWMYMBAETCA, W TPAH3UCTOP IONANAET B PEXKUM
HU3KOTO YpOBHS MHXEKUUU. [Ipn M3MeHEeHnM NOJISPHOCTH HANpPsDKEHUS Ha P-N mepexone
HauuMHaeTcss OOEeTHEHHE ero aKTHUBHOM 00JacTh IMOABMKHBIMH HOCHUTENISIMU 3apsiia, U ee
COMPOTHUBIIEHWE HAUYMHAET pacTu. Pexxum, mpu KOTOPOM HANpsDKEHHWE CMEIIEHHUS MHOTO
MEHbBIIIE KOHTAKTHOM Ppa3HOCTH TOTEHIMAJIOB MOXHO Ha3BaThb aKTHBHBIM. TpaH3UCTOp B
ATOM CJIy4Yae MOYKHO MCIOJIb30BaTh B KauecTBe ycuiautens. [Ipu ganpHeleM yBeIU4eHUN

a0COIIOTHOM BEJIUYUHBI 06paTHOTO CMCHICHUSA TPAH3UCTOP IMCPEXOAUT B KBa3UCTAOUIIbHBIN
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pe)KUM  00€JHEHHs, B KOTOPOM CONPOTHBIIEHHME AKTUBHOW 00JacTH  MEJIEHHO
YBEJIMYMUBACTCSI C yBEJIMYEHUEM aOCOJIOTHOW BEJIMYMHBI OOpPAaTHOIO  HANPSKCHMS.
JanpHeiimee yBenmuueHHE aOCONIOTHOM BEIMYMHBI OOpPATHOTO CMEIIEHHUS MPHUBOAUT K
PE3KOMY pOCTY CONPOTUBIICHUS AKTUBHOM OOJIACTH, M TPAH3HCTOP NEPEXOAUT B PEKUM
HOJHOro obOenHeHHs. Bce omnucaHHble pPEXUMBI M COCTOSIHUA JOCTaTOYHO IIPOCTO
MOJICJIUPYIOTCSI € MOMOLIbIO KJIACCUUECKUX YPABHEHUH, UCIOJIb3YyEMBIX B MUKPO (HAHO) —

OJICKTPOHHUKE.

I/IBMepI/ITeJIbeIC SJICKTPOAbI

Ynpasinstoiue p+

JIEKTPOJIbI
[Tognmoxka

T

Puc. 2. CtpykTypa TpUCTaOMIBHOTO TPaH3UCTOPA

TexHonorust co3aHusi pPAacCMaTpPUBAEMbIX TPUCTAOMJIBHBIX BEHTWJIEH SBISETCS
KJIACCUUYECKON «KPEMHHMEBOW» TEXHOJIOTHEN, BKIIIOUAIOLIEH B ce0sl CTaHAapTHBIE MPOLIECCHI
CO3/1aHUs JIOKAJBHBIX JIESTMPOBAHHBIX U CKPBITHIX M30JIMPYIOUIMX obnacTel. B cranmapTHBIX
TEXHOJIOTHYECKUX TPOLECCaX MPUMEHSIEMbIX HPU CO3JaHUM MOJOOHBIX CTPYKTYp IIHPOKO
UCTIONIb3YyeTCsl HOHHAs UMIUTaHTanus. OcoOOEHHOCThIO OMHUCHIBAEMBIX CTPYKTYp SBISETCA TO,
YTO JUIsl CO3JAaHHUS HAa BOJBT — PE3UCTUBHBIX XapaKTEPUCTHKA IUIOCKOTO Yy4acTKa,
COOTBETCTBYIOILIETO COCTOSIHUIO JIOTMYECKOM enuHuibl (puc.l) HeoOXOAMMO B aKTUBHOM
o0acTi TpaH3UCTOpa CPOPMHUPOBATH CIELUANBHOE paclpelielleHue JTOHOPHOH NpHMECH.
Kak mokasbiBaeT MOJEIMPOBAaHUE, TAKOE PACHpPEENICHHE MOXXET OBITh CO3/IaHO TOJBKO C
MTOMOIIBIO MPEIU3NOHHOW MOHHOW MMILIAHTALMHU, OCYIIECTBISIEMON C Bapualuend >HEpruu

HOHOB.

1. k. Xunoyps, I1. Jxyana. Mukpo — 9BM n mukpo — nponeccopsl. IlepeBoa ¢ anrin. M.: Mup.
(1979). 464.
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®OPMUPOBAHUE HAHOKJIACTEPOB ZnSe B CJIOAX SiO, B YCJIOBUSIX
T'OPSYENA UMILTIAHTAIIMA IPUMECH U B KOMBUHAIIMA C
BBICOKOTEMIIEPATYPHBIM OTKHUI'OM

CREATION OF ZnSe NANOCLUSTERS IN SiO, LAYERS BY HOT IONS
IMPLANTATION AND WITH FOLLOWING ANNEALING

M.A.MOXOBI/IKOBl, 0O.B. MI/IJ‘IB‘{aHI/IHl, CD.CD.KOMapOBl, E.Wendlerz, H.A.BnacyKOBag,
I/I.H.HapXOMeHK03
M.A.Makhavikou®, O.V. Milchanin®, F.F.Komarov', E.Wendler®, L.A.Vlasukova®,
I.N.Parkhomenko®

1HHcmumym npuxnaonvix guzuueckux npoonem um. A.H. Cesuenxo BI'Y, ya. Kypuamosa, 7,
220108 Munck, Benapyce, e-mail: M.Mohovikov@gmail.com;
’Friedrich-Schiller-Universitit, Max-Wien-Platz 1, D-07743 Jena, Germany
3BeﬂeocyHueepcumem, ya. Kypuamosa, 5, Munck, 220045, berapyco

Our report is devoted to creation of ZnSe nanoclusters in SiO, layers by Zn+Se

ions implantation at 550 °C and with following 900 °C annealing.

Bonbmioli  wHTEpeC BBI3BIBAIOT HCCICNOBAaHMA B OOJIACTH CO3JAHHUS HOBBIX
CBETOM3IIYYAIOIINX MPUOOPOB U CTPYKTYpP HA OCHOBE KpeMHHEBOW TexHosoruu. [Ipobrmema
COCTOHMT B TOM, YTO CaM KPEMHHH SIBIISETCS MOJYIPOBOJHUKOM C HEMPSAMOM 3amperieHHON
30HOW, M, BCIEACTBUE OSTOrO, MMEET HHU3KYI0 KBAaHTOBYIO A(PQPEKTUBHOCTH MEK30HHOU
U3JIy4aTeNbHOM pexoMOMHanmMu. B Hacrosimiee Bpems, UIs CO3/[aHUS OCHOBAHHBIX Ha
KPEMHUEBOM TEXHOJIOTUH CBETOM3IIYUYAIOLIUX CTPYKTYP, UCIIONIBb3YIOTCS Pa3INYHbIe METOIbI U
noaxoxael:  co3maHue  cepxpemerok  Si/SiO;  [1],  dopmupoBaHHEe  CTPYKTYp
KpeMHHii/TepManuii [2], KpeMHHUEBBIX WM TepPMaHHEBbIX HaHomperunutaroB B SiO; [3,4],
dbopMHUpOBaHNE HAHOKPHUCTALJIOB COSAMHEHUMN A’B’ B KpeMHHHU [5], a Takke COeIUHEHHIA
A?B® B SiO; [6]. BonbIoii HHTEpEC MHOTHX HAy4HBIX Tpymi npusiektn A’B°-coennnenmns
Ha OCHOBE XaJbKOTEHHIOB, Takux kak ZnS, CdSe, CdTe, ZnSe. Haubosee mnepcreKTHBHBIM
MaTepHaIoM MPEACTABISICTCS CelleHn I HUHKA (ZNSe). DTOT MUPOKO30HHBIN MOTYITPOBOIHIK
YK€ IUPOKO HUCIOIB3YETCS JJISl U3TOTOBJICHUS PA3IMYHBIX JIEMEHTOB ONTHYECKUX W3IEIUi
(muH3, MPU3M M 3epKai), UCIoIb3yeMbIX B BuauMoM u MK nmamasoHax criekTpa, a Takke B
ontudeckoil u nazepnoit CO; ontuke [7]. braaronaps 6osbIIoi MIMpUHE 3aMpeleHHON 30HbI
CeJIeHU]l IIMHKAa MOXKET MCIIOJIb30BaThbCcsd W JJISi HEOPraHWYECKOM MacCHUBAIlMHM Pa3IUYHbBIX
HAHOKJIACTEPOB (KBAHTOBBIX TOYEK), 4TOOBI CHOPMHUPOBATH CTPYKTYPY «IAPO-000I0UKA.
Tak, B pabore [8] OBUIO MMOKa3aHO, YTO JIETHPOBAHHWE HAHOKIIACTEPOB ZNSe («smpay)
ATOMHEIMH  IIpUMecsiMd  Mapranma  (Mn®")  TpHBOAMT K  CMCIIGHHIO  CIIGKTpa
(GOTOMOMUHECHIEHIIMM B JUIMHHOBOJHOBYIO 00JacTh W TIOSIBJICHHIO BBICOKOMHTEHCHUBHOMU

MOJIOCKI M3JYYEeHHs B BUAMMOW 00jacTu crekrtpa cBeta. Takke, B psae pabor [9,10]

210



co00MmaIoch U 0 co3aaHuu A(P(PEKTUBHBIX CBETOAMOJIOB, CO3/JaHHBIX Ha OCHOBE CEJICHHUIA
nuHKa. B nanHoil pabote mist popmMupoBaHUsS HAHOPA3MEPHBIX BKIIIOUEHUI ceJeHHIa IIMHKa
B IMOKCHUJI€ KPEMHUS UCII0JIb30BAJICS METOJI MOHHO-Iy4eBOro cunuresa. [lpeanomnaranoce, 4ro
NPUMEHEHHE BBICOKOJO3HON MMIUIAHTAIlMM HOHOB CeJlieHa M IUHKAa B KOMOMHAIMH C
nocieayromeil TepMooOpaboTKOl CTPYKTYp MO3BOJIUT CHHTE3UPOBATH MPOTSHKEHHBIE CIOU
HaHOKJIacTepoB ZnSe B Marpuiie SiOs.

WmmnanTanus oo Se* (170 k3B, 3,5x10'° CM-Z) u Zn" (150 k3B, 8x10™ cm
npoBoamwiack B cTpykTypbl SiO2(600 um)/Si pu 550 °C. DHeprum U 1036l BHIOUPAIUCH C
[EJTbIO CO3/IaHUS Ha CPAaBHUMBIX TITyOMHAX 00pa3IoB OONBIINX KOHIICHTPAIMH aTOMOB ITUHKA
u cenena. [locnenyromas nocne UMILIaHTaUil TepMoOOpabOTKa MpoBoAUIach B aTMochepe
aprona (900 °C, 30 muH). [Ins aHamu3a pacrnpenesicHuss BHEAPESHHOW MPUMECH MO TyOHHE
0o0pa3IoB  HCHOJB30BAICS MeTox pe3epdopaoBckoro obOparHoro paccesuus (POP).
CrtpykTypHO-(ha3zoBbIe XapaKTepUCTUKU o0pa31oB UCCJIEJOBAIIUCH METOJIaMU
MpOCBeYHBAIOIIeH 31MeKTpoHHON Mukpockomuu ([I9M) u KOMOWHAIIMOHHOTO pacCesTHHs
ceta (KPC).

Ha pucynke 1 mpencraBieHbl pe3ynbTaTbl CTPYKTYPHOIO M 3JEMEHTHOIO aHAIU3a
W3TOTOBJICHHBIX JKCIIEPUMEHTAIBHBIX O0pa3loB. YCTAHOBJIEHO, YTO HCIOJIb30BAHUE
«rOpSAYNX» YCJIOBUW HUMIUIAHTAUMH (PUCYHOK 1A) mpuBOIUT K (POPMHUPOBAHUIO MEIKHX
HAHOKJIACTEPOB YK€ cpa3y TIocje HMIUIAHTallMi HOHOB IIMHKAa M ceneHa. Bo Bceit
uMIUianTupoBaHHot oOmactu (0-150 HM OT TOBEPXHOCTH), PETHUCTPUPYIOTCS MEJIKUE
KIacTepbl ¢ pasmepamu OT 2 g0 12 mm. B oOmacT MakCHMalbHBIX KOHIICHTpAITUH
uMIIanTHpoBaHHbIX npuMeceit (50-100 HM) pa3Mepbl KJIacTEPOB COCTABIISIOT B CpeaHEM 8-
12 wum. IllupuHa cnos JOUOKCHAA KPEMHHS, COJAEPIKAIErOo HAHOKIACTEPHI, XOPOIIIO
coryiacyercs ¢ IIyOMHOM 3aj7eraHusi aTOMOB CeJieHa U [IMHKA (pUcyHOK 1B).

Ilocne BbIcOkOoTEMIIEpaTypHOH TepMooOpaboTku (pucyHok 1B) B oOpa3nax
MPOUCXOIUT 00pa3oBaHNe BhIPAKEHHOW CIIOMCTON CTPYKTYPBI — MOYKHO BBIIETTUTH TPH CIIOS.
[TepBbIii croii pacnonaraercs B MPUIIOBEPXHOCTHOM obnacTu oOpa3uoB (Ha riayoune no 40
HM) ¥ COCTOUT U3 OOJIBIIIOr0 KOJIMUECTBA MENIKHUX (B CpeAHEM S5 HM) KitacTepoB. Bropoii cioi,
coaepxamuii kpymabie (50-60 HM) OrpaHeHHBIE KPUCTATMYECKHE TPEIUITUTATHI, 3aJleracT
Ha riyounax ot 40 1o 90 uM. Ha riryOune o6pa3ios, HaunHast oT 100 HM 1 BrutoTh 10 600 HM
(rpanutpl cTpyKTYpbl SiO2/Si), MOXKHO YCIIOBHO BBIJICITUTH TPETHIA CJIOW, KOTOPBIH COACPIKUT
OTJIebHBIE BBIJENECHUS (KIacTepbl) BHEAPEHHONW mpuMecH. Pa3Mepsl 3TUX KJIacTepOB MOKHO
OLICHUTHh B Tpenenax 2-8 HM. [ImoTHOCTE GOpPMHPYEMBIX KIIACTEPOB B 3TOM TPETHEM CIIOE

CYIIECTBEHHO HMXKE, Ye€M B IPUIOBEPXHOCTHOW o00macTu (MEpBBIM Ci0) M  pe3ko
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YMEHBIIAETCS C YyBEIMYEHHEM TIyOMHBI 00pa3noB. Ha KOHIEHTpAIMOHHBIX MPOQHIIIX
npUMecH Ioclie BbicokoTemneparypHoro orxura (Pucynok 1I') mposiBisitoTcs meperuosl,
KOTOPBIE COOTBETCTBYIOT (DOPMHPOBAHMIO CJIOEB KiacTepoB B oOpasmax. Ilonoxenue mo
riryOMHe MaKCUMyMa KOHLIEHTPAIIMH MIPUMECH COOTBETCTBYET CEpEIMHE CIIOS, COAEPIKAIIEro

KPYIIHbIE KPUCTATUTHI (POPMHUPYEMBIX BKIIOUEHUH.
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Pucynok 1 — Cernononsasie [I3M mukpodororpadun (A, B) monepeunoro cedenus: o6pasios u
npoduu npumecu (B, T') B ciosix SiO, nocine ropsiueii (550 °C) umrutantauu noHos Zn u Se (A,B),
a taxke u nocneayromero 900 °C omxkura (B, I')

Ha pucynke 2 mnpencTaBiieHBl pe3yiabTaThl CIEKTPaTbHO-()A30BBIX HCCICIOBAHUI
o6pasnos merogom KPC cnekrpockonuu. Y CTaHOBJIEHO, UTO BO BCEX Cydasx (cpaszy Iocie
UMIUIAHTAIUd B «TOPSYUX» YCJIOBUSAX, M TIOCIE BBICOKOTEMIIEPATYpHOH 0O0pabOTKH) B
CMEKTpax 00pas3IoB PErHCTPUPYETCS TOJAbKO 3 muka (mosockl). J[Ba M3 HHX CBSI3aHBI C
HCXOIHOM cTpyKTypoil SiO»/Si. MHTeHcHBHAs y3Kas mooca npu 520 cM™ 1 mmpokast momnoca
B oGmact 940-1000 cm™ COOTBETCTBYIOT XOpomio u3BecTHbIM TosiocaM KPC mepBoro u
BTOPOTO TIOPSJKA OT KPEMHHEBOH MOUTOKKHU. TpeTuit muk (mojioca) XOpoIio Coriacyercst ¢
nprcyTcTBreM (haskl cenenmna nuHKa. [lonoca mpu 251-256 cM™, perrcrpupyemas B 06pasie
cpazy mocie umiuiaHtanuu (KpuBasgs | Ha PucyHke 2), COOTBETCTBYET pacCEesHUIO Ha

npoosbHoM onrtudeckoM douone (LO moma) kpucramtudeckoro ZnSe [12].
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[Tocne BbIcOKOTEeMIEpaTypHOl 00pabOTKM 3Ta MOJIOCA, CBSI3aHHAs C MPHUCYTCTBHEM
da3zpl ZNnSe, CyIIECTBEHHO YIIUPSETCS. DJTO XOPOIIO COIJIACyeTcsl C paccessHueM Ha
dbopmupyemoii nornepeunoit mose (TO) ontuyeckoro (GoHOHA 1T KPUCTAIUTHYECKOTO ZnSe
[12], B pe3ynbTaTe yero mosiBISCTCS HHTEHCUBHBIN MUK U Tipu 195-200 em™. Dro IIPUBOJUT
K YIIUPEHUIO MOJIOCHI B JTaHHOW o0jacTu cnekTpa. VMIHTEHCHBHOCTH NHKOB, CBSI3aHHBIX C
dazoil ceneHuma IMHKA, IOCJIE BBICOKOTEMIIEpATYypHOUW 0OpaOOTKM CYIIECTBEHHO BBIIIE.
Takoe peskoe Bo3pactanue curHaia KPC ot ¢aszpl ZnSe MOXHO cCBs3aTh ¢ OoJibliei
00BEMHON KOHIIEHTpalUel KpucTaIMdeckor ¢aszel ZnSe 3a cuer ¢GopMupoBaHus Oolee

KPYIHBIX KPUCTAJUIUTOB.
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Pucynoxk 2 — Cnekrpst KPC ot mienok SiO, nocie ropsiueit uMiuianTaiuu (Kpusasi 1) 1 nocieayromieit
TepMooOpaboTKH (KpuBas 2)

Takum oOpa3oM, B paboTe NPOJEMOHCTPUPOBAHA BO3MOXKHOCTH (DOPMHUPOBAHHS B
wienke SiO; yXe B MpoIiecce BRICOKOA03HOM «ropsyeii» (500 °C) uMIIaHTalluy B HEe HOHOB
IIMHKa ¥ ceJieHa cJiosg ¢ OOJBIION IUIOTHOCTBIO HaHOpa3MEpHBIX (2-12 HM) BKIIOUEHHH
KpHUcTalnueckoit gasel ZnSe. [Ipu stom, nmocnenyromas BeicokoreMmnepatypsas (900 °C, 30
MHUH) 00paboTKa NPUBOAUT K CYILECTBEHHOMY pocTy (10 50-60 HM) ZNnSe-KpHCTalIUTOB U

3HauuTenbHOMYy yBenuueHuto KPC curnana ot kpucramindyeckoi (as3bl celneHn/1a IUHKa.
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MOJUNPUKALIUA CTPYKTYPBI U gBOfICTB IHOBEPXHOCTH
MOHOKPUCTAJLJIOB Si BLICOKOJ03HOW UMILJIAHTALIMEA HOHOB Ba™ 1
IEJIOYHbBIX DJIEMEHTOB

MODIFICATION OF THE STRUCTURE AND SURFACE PROPERTIES OF
MONOCRYSTALS OF Si BY HIGH-DOSE IMPLANTATION OF Ba" IONS AND
ALKALINE ELEMENTS

A.C. Pricbaes, XK.b. Xyxanuszos, 1.P. beknynatos, III.A.Tanunosa, 3.P. Caunaxmenona
A.S. Rysbaev, Zh.B. Khujaniyazov, |.R. Bekpulatov, Sh.A. Talipova, Z.R. Saidakhmedova

TamkeHTCKUH TOCyTapCTBEHHBI TEXHUYECKUI YHUBEPCHUTET , T. TamkeHT, Y30ekucran
E-mail: bekpulatov85@rambler.ru

In the method of Auger electron spectroscopy forming silicide films investigated Li, Na,
K, Cs, Rb, Ba during implantation of metal ions of different energy and irradiation dose in the
silicon monocrystal. It is shown that as a result of this ion implantation and subsequent
annealing in the surface region of Si film formed following silicides: LiSi, KSi, RbSi, CsSi,
NaSi and BaSi. The thickness of the silicide film increases with the weight of implanted ions
and a fixed ion energy, it also increases with increasing dose approximately as 2-D"2.

B nmocnennue roapl Bo3pacTaeT Hay4HbIM, HHTEpeC K METOJaM IOJy4YeHUS
MOHOKPUCTANIMYECKUX CHIMLIMIHBIX IJIEHOK M M3YyYEHUI0 HX CBOMCTB. Takoil OoibIIoi
MHTEpEC K CHIIMLUAHBIM IUIEHKAM CBSI3aH C YHUKAJIbHOCTHIO (PM3MYECKUX CBOMCTB M IIMPOKOH
HEePCIEKTUBON MX MCIOIB30BaHMs B KAYECTBE TEPMOIJICKTPUUECKUX Mpeobpaszosareneii [1-3]
U aKTHBHBIX JIJIEMEHTOB NpPUOOpHBIX cTpykTyp [4,5]. Kpome TOro, BBI3BIBACT HHTEpEC
u3ydyeHue (U3MUECKUX MPOLECCOB, MPOUCXOIAINIMX B Ipoiecce (OPMUPOBAHUS IIIEHOK
CWJIMLIMJOB. ABTOpPHI MpPEANaraioT Jig MOJYyYEHUS CHJIMLIUAHBIX IUIEHOK HCIOJIb30BaTh
HU3KOIHEPreTUIECKYIO (10 5 kK9B) 1 BHICOKO03HYIO (D>1016 CM'Z) MOHHYIO UMIUIAHTALNIO U
HOCEIYIONMI KpaTKOBPEMEHHBIM TEpMUYECKUH MpOrpeB IpU TeMiepaType, OJU3KOH K
Temrneparype oOpa3oBaHHs CUIMIUAHBIX coeluHEHWil. B kauecTBe MOJIOXKKHM BbIOpaHbI
MoHokpucTaiibl kKpemuus Si (111) u Si (100). Ounctka HCXOIHOTO KpHCTAILIA TPOBOAMIACH
TEPMHUUYECKUM IPOTPEBOM B CBEPXBBICOKOM BaKyyMe p=10'9 Ila B nBa sTama: AIUTENHHO (B
tedenue 60-120 muH) npu temnepatype T=1000 K u xparkoBpemenHo (B teuenue 30-60
cekynn) npu T=1550 K. KoHTpoib YHCTOTBI MOBEPXHOCTH OCYIIECTBISETCS METOJaMHU
AMEKTPOHHOU oe-criekTpockonuu (DOC) u mudpakuuu MeUICHHBIX 3JeKTpoHOB ([IMD).
s Gonee riryOOKOW OYMCTKM M TOJYYEHHS COBEPIIEHHOW MOBEPXHOCTH HCIOJIb30BAJICH
pa3paboTaHHBI aBTOpaMH CIOCOO IOMOJHHUTENFHOW OYMCTKH TOBEPXHOCTH KpeMHUs [6],
KOTOPBIM 3aKJIIOYaeTCsl B HMMILIAHTAlMM HOHOB IIEJIOYHBIX 3JIEMEHTOB U MOCIEAYIOLIEM

BbicokoTemneparypHoMm (T=1550 K) kparkoBpemennom (60 cexyna) mporpese. llenbio
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JaHHOW pabOTBI  SABIIACTCS JACTAIBLHOC H3YYCHHE KUHETHKH OOpa3oBaHHMs TOHKHX
HaHopa3MepHbIX mieHoK cuunuaoB Li, K, Na, Rb, Cs u Ba npu ux HOHHOH HMILUIaHTAlUU B
Si (111). Ilpomecc cumuimaO000pa3oBaHus aBTOPAMU KOHTPOJIHMPYETCS IO H3MCHEHUIO

SHEpruu ¥ GOpMbI OXKe - UKa Siy,, ,yy U M0 MOSABJICHUIO HOBBIX CBEPXCTPYKTYP Ha KApTHHAX

JIMD.
. Coaa1%
Z_’; Ba*—Si (111) . w a
Eo=0.5 x3B 5 Ba'— Si
50— E():l k3B
5
40—
30- a
20
10— 2
1
| | | |
0 20 40 60 80 X, A

Puc. 2. KonueHTpanuoHHbIE mnpoduau
pacrpeneneHus aTOMOB Ba,
uMIUTaHTHpOBaHHbBIX B Si (111) ¢ sHeprueit
E=0,5 3B ¢ pazmmuanoil mozoit D, oM
1-10® (xpuBas 1); 1-10* (2); 1-10" (3);
5-10%(4), 1-10*(5) u 6-10"° (6)

Ha puc.l npusenensl cnekrpel 20C
yuctoro kpemHus (kpuBas 1) wu  Si,

+
HMIUIAHTUPOBAHHOT'O HMOHaMH Ba C

,__ pasziuyHOM  jo3od  (kpuBble 2 -7).

40 60 80 100 E, sB . 13 -
WNmmnnanranus 6apust ¢ qo3oit D <5:10™ cm

Puc. 1. V3MeHeHHe Oe-COEKTpa KpPEMHHUS )

TpY MMILIaHTaIMu HoHOB Ba' ¢ Eg= 1koB c MPUBOAUT  JIUIIL K  HEOONBIIOMY

pasnmuHOit s030it oGmyuenus D, cm* O-
kpusas 1; 5-10" - 2; 510" - 3; 5.10" - 4;
10" - 5; 8-10'° - 6; 2.10"" -7

ocnabnenuto muka Sip,,yy npu 92 5B, a

0KE-TIMKH, XapaKTEPHBIE IS JIETUPYIOLLETO
AJIeMEeHTa, B CHEKTPE OTCYTCTBYIOT. ODTO yKa3blBaeT Ha TO, 4YTO MPU MaJbIX 033X
JIETHPYIONIHE MOHBI TPOHUKAIOT BIUTYOh MHUIIICHH HA TJIYOMHBI, TIPEBBIMIAIONINE 30HY BBIX0O/1a
HU3KOIHEPTETUYHBIX OXKE-DJIEKTPOHOB, a (POHT JIETHPYIONIEH NpUMeCH NepPBOHAYATHLHO
dbopMupyercss B 00JaCTH MaKCHMalbHOTO TMpoOera WOHOB C JaHHOW »sHeprueir. C
JTAIBHEUIITUM YBEIMUYEHUEM JI03bI MOHOB B CIIEKTpe MosiBiseTcs mMuk Oapust mpu E=55 »Ba

MHTEHCUBHOCTh THKa Sip,.yy CHIBHO YyMeHbIIAeTcs. JIpyrod OCOOEHHOCTBIO —CIIEKTpa
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SIBIISIETCS TO, 4TO HaumHas ¢ D=4-10" cm™, m3mensiercs hopma nuka Sip, ,vv npu E=92 5B
~ + .
TOSABIISETCA HEOOBIION BRICTYI. Jlaee, ¢ pocToM 1036l HOHOB Ba™ nuk Siy, vy mepexoaur

U3 CHUHIJIEHTHOM (QopMbl B yOneTHYIO ¢ pacuiersieHueMm 3 3B. Takoe moBeneHue oxxe-muka

. . 3
Siy,,vv, OOYCIOBJIEHHOE B3aMMOJCHCTBUEM MeEXy Sp -dJIEKTpOHaMH KpemHus W S u d-

3JIEKTpOHaMH Oapus, TOBOPUT O BO3HUKHOBEHMM XHMHUYECKOTO COCIMHEHHs Oapus ¢
kpemHueM. KonudecTBeHHBII cOCTaB M THI XUMHUYECKOW CBSI3U KPEMHHUSI C aroMaMu
IpUMeCH B HMIUIAHTUPOBAHHOM CJIO€, HAMU OIPEAENsUICS C MOMOUIbI0 K03()PUIIMEeHTOB
AIIEMEHTHOM 0’Ke-4yBCTBUTEJIBHOCTH C MAaTPUYHBIMU TNonpaBkamu. Ha puc. 2 moka3aHa
KpUBasi U3MECHEHHUs OTHOCUTEIILHON KOHIICHTpAIIMM aTOMOB Oapus B KPEeMHHH IO TIyOWHE
oOpasia, UMIUTaHTUPOBaHHOTO ¢ 3Hepruerd Ep=1 k3B u ¢ pasnuuHoil mo30 oOmydeHus. M3
pHC. 2 BHAHO, YTO B IPUIIOBEPXHOCTHOH 001acTH 00pasna TommuHoi ~40 A KoHIeHTpanus
Oapusi paBHa KOHILIEHTpallMM aTOMOB MaTpHllbl. AHaJOrM4Has KapTUHAa HaOJIofaiach MpU
MMIUTaHTaluK B Si HOHOB IMeNOYHBIX 371eMeHToB. Tak, mocie mmmmanTamuu noHoB Na™ ¢
sueprueit Eo=1 k3B ¢ 6onbmoit go30i B ciektpe D0C Habmoganucey oxe-nuku npu 91 u 95
5B, xapakrepusie s NaSi.

CoruacHo [7] B KpUCTAIUTMYECKUX CTPYKTYpPaX CHIIMIMJIOB HICTOYHBIX METAIUIOB aTOMbI
KpEMHHUSI 00pa3yloT TETpa’ApUUYECKUe HW30JIMPOBAHHBIE TIPYNIUPOBKH C DJIEKTPOHHOMN
KOH(uUrypanuen sp®, mpencrasisomme (Sig)* - monmannoHBI, OKpY)XEeHHbIE 16 aToMamu
HIEJIOYHOro MeTasuia. T.e. B JaHHOM cllydae XapaKTepHO COYETAaHHE MOHHOM CBS3U (MEXKIY
aTOMaMU METaJIOB M aTOMaMH KpPEMHHs) C KOBAJCHTHOH CBS3bI0 MEKAYy aromMaMu Si.

OnHako TOJyYeHHbIE aBTOpaMH HMOHHO-UMIUIAHTHpOBaHHbIC cion BaSi okasamucek Oosee

Craat% TEPMHUYECKH YCTOHUMBBIMH, deM cion NaSi u
\Na, ¢
o Na'—s Si RbSi. D10 BeposATHO SBISIETCS CIEACTBUEM TOTO,
% 5 Eo=1 x»B ;
50 |— ©cc0c00e 0 9TO CBSI3b MEXAy atomamu Ba u Si sBisercs

0oJsiee KOBAJICHTHOM, YEM CBSI3b MEX]ly KPEMHHEM
M LIEJOYHBIMM  3yeMeHTamu. Ha  puc.3
IIPUBEIECHBI KOHIIEHTPAllMOHHbIE  TPOGUIN

pacupenenenuss aromoB Na B Si (111),

| WMIUIJAaHTUpOBaHHOM HWoHamMH ¢ Eg=1k3B ¢

0 20 40 60 x, A pPa3IMYHON  /1030¥, CHSTHIE NPU MOCIOWHOM
Puc.3. Konuenrpannonusie npoduiu
pacmpenenenust atoMoB Na, IMITTaHTHPOBaH- CTPaBJIMBAaHUM ITOBEPXHOCTHOI'O CJIOS ITYYKOM
upix B Si (111) ¢ smepruein  Eg=0,5 k3B ¢ wmonoB Ar’ ¢ Eg=1,5 k3B. U3 pucyHka BHIHO, U4TO
pasmianoit 030t D, em™?: 1-10" (xpusas 1);

1-10% (2): 1-10% (3); 3-10% (4) u 8-10%° (5) IpU MaJiol 103 00aydeHus pacrpenencHue Na B
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Si umeer dopmy, O6mu3kyro k kpuBoil ['aycca.  Ilo mepe yBenwdeHHs 1036l MAaKCUMYyMBI
pacrpeneneHnsl CMENAlTCs K TMOBEPXHOCTH U IIpHU D>1-10" cm? - Haumnarorcs
HETIOCPEICTBEHHO C OBEPXHOCTH. B KpeMHMH, nMmnanTupoBanHoM nonamu Na' ¢ Eg=1 k3B
u D=8-10" cm? B TIPUIIOBEPXHOCTHON 00JIACTH TONIUHOM ~25A koHIeHTpanus aromos Na

coctapisger ~50 ar%. YuuThiBas M3MEHEHHME MUKa Sip, ,yy, MOXHO MPEINOJIOKUTE, YTO B

9TON 00acTh 00pazyeTrcss CHIUIUA HaTpus. J[pyroii 0COOEHHOCTHIO TOMYUYEHHBIX MPOQuIIei
SBIISIETCSA TO, YTO IIyOWHA MPOHUKHOBEHHUS MOHOB B HUX IOJIy4aeTCs HECKOJIKO OOJbIIeH,
YeM B PaCUETHBIX MPOPUISAX, YTO BEPOSITHO SBJSIETCS NpOsiBIeHUuEM d(dekra KaHaTMpoBaHuUs
MOHOB 1ipH 3Heprusx Eg<5 k3B. OOHapyxeHo, 4TO HaYMHASA C D=2-10" cM?, orHOmeHHMe
KoHIeHTpanuit Si u Na okasbiBaercst 01u3kuM enuHUIe. HeOobIoit XBOCT B pacrpeieIcHUN
aTOMOB (KOTOPBIN McCUe3aeT Mmociie KpatkoBpemeHHoro mporpeBa npu T=800 K) BOmm3m

MOBEPXHOCTU 00pa3ia mpu OONBIINX J03aX 00IyueHus D=8-10"cm?

, OUYEBHTHO, 00YCIOBIICH
HaJIMYMeM H30BITOUYHBIX HECBSI3aHHBIX aroMOB Na. B paboTe ycTaHOBIEHBI ONTHMAIIbHBIC
peXUMBI 00pa3oBaHus UICHOK cieayronux cumuiuaos: LiSi, KSi, RbSi, CsSi, NaSi u BaSi.
DKCnepruMeHTaIbHbIE H3MEPEHUS TOJIIIMHBI TUIEHOK CHJIMIUIOB NOKa3ald, YTO OHA PacTeT C
YBEJIMYCHUEM MacChl MMIUIAHTHPYEMBIX HOHOB, NMPH (PUKCUPOBAHHON >HEPIHMUM HMOHOB OHA
TaKKe PacTeT ¢ yBEIMUCHHEM 103bl IpUMepHO Kak 2 DY2,

Amnanoruuneie npouiaM aBTOpaMu OBUIM TOJYYEHBI M B CIIy4ae MMIUIAHTalWUd B Si
nonos Li*, K', Rb", Cs" u Ba' [8]. Eciu mpoBecTH KpaTKOBPEMEHHBIH OTKHMT HOHHO-
UMIUIAHTUPOBAaHHBIX 00pa3loB B TeueHue 1-2 mMuHyT npu Temmeparype T=700-1000 K, To
HECBSI3aHHbBIC aTOMbI IPUMECH JECOPOUPYIOT, @ OCTABIINECS aTOMBI IOJHOCTHIO BCTYIMAIOT B
COEIMHEHHE C aroMaMH Si. YCTaHOBJIEHO, YTO BEJIMYMHA MAaKCHUMAaJIbHOTO Ipobera pacrer
NPAKTUYECKH JIMHEWHO C YBEJIWYEHMEM OJHEpruu HOHOB. TakuM o0pa3oM, B pabdote

YCTAHOBJICHBI OIITUMAJIBHBIC YCJIOBUSA O6p3.30BaHI/I$I CHJIIMOUIHBIX TIINICHOK MW OCHOBHBIC

q)aKTOpBI, BJIMAIOIHNEC HA UX TTapaMETPBhI.

Wanenko JI.U. // Joxmaget BI'YUP, 2005. Ne2. C. 90-101.

Coukast H.B. u gp. // CopOumnonnslie u xpomatorpadudeckue npoueccsl, 2009.T.9. B.5. C. 643.
Graff K. Metal Impurities in Silicon Device Fabrication. / Springer, 1995. P. 118-120.

Mperopapka 1. Cumammasr st CBUC. — M.: Mup, 1986. — 176 c.

Hparynos B.I1., Heussectubiit .I'., T'pumuun B.A. /M.: ®usmarkaura, 2006. — 496 c.

Pricoaer A.C., Xyxkanusn3os XK. b., Beknynaros 1.P. /3asBka Ha martent Ne IAP 20130519, 2014 r.
Ivanenko L.I., Shaposhnikov V.L., Filonov A.B. // Thin Solid Films, 2004. V. 461. P. 141-147.
Rysbaev A.S., Khuzhaniyazov Zh.B. // Technical Physics, 2014. VVol. 59. N. 10. PP. 1526-1530.

L N o o K~ 0 DN

217



OCOBEHHOCTH CIIEKTPOB XAPAKTEPUCTUYECKHUX ITOTEPb DOHEPT' I
JEKTPOHOB B UOHHO-UMIIVIAHTUPOBAHHBIX CJIOSIX Si

ELECTRON ENERGY LOSS SPECTRA OF ION- IMPLANTED Si

A.C. Pricbaes, XK.b. Xyxanuszos, I1I.A.Tanunosa, 3.P.Cannaxmenosa, A.M. Paxumos,
.M. llyxyposa
A.S. Rysbaev, Zh.B. Khujaniyazov, Z.R. Saidakhmedova, A.M. Rakhimov, D.M. Shukurova

TamkeHTCKHI TOCYJapCTBEHHBIH TEXHUYECKU YHUBEPCHUTET, T. TamkeHT, Y30eknucTan
E-mail: bekpulatov85@rambler.ru

The paper gives a theoretical interpretation of the experimentally observed effect of
decreasing the energy of silicon plasmons observed during the implantation of barium ions
and alkaline elements with low energy and high radiation dose. The effect is explained by the
strong attenuation of the plasma oscillations of the valence electrons of silicon as a result of
the breakdown of the crystal structure up to complete amorphization.

Panee B paborax [1-3] ObLIO AKCIIEPUMEHTAIBLHO OOHAPYKEHO YMEHBLICHHE SHEPTUU
oobemubIx (hwy) u moBepxHOCTHBIX (h®s) MIA3MOHOB KPEMHHUS NMPU UMILUIAHTALUU HOHOB
Ba'n me104HbIX 3]IEMEHTOB ¢ HU3KOM 3Heprueii (<5 k3B). IIpuuem >ddeKT 3aBHCeN OT 10351
HMOHHOW uMIuIaHTauuu. OJHOBpEMEHHOE HaOJIOJEHHE  W3MEHEHMs KPUCTAJUIMYECKUN
CTPYKTYPBI IOBEPXHOCTH TO3BOJIJIIO CBsI3aTh 3P ()EKT YMEHBIICHUS SHEPTUH TTa3MOHOB Si ¢
CHWJIbHBIM Ppa3yHOpSAOYEHUEM KPUCTAIUIMYECKUI CTPYKTYpbI, MPUBOAAIIUM K 3aTyXaHHUIO

KoJIeOaHMH I1J1a3MOHOB B HOHHO — HUMINIAHTHPOBAHHBIX CJIOAX Si.

Puc.1.Cnextper XIID nns

guctoro Si(111) (xpuBas 7
1) wu Si, uMIuIaHTHPO- . |
Na‘*—Si(111) |
BaHHoro uoHamu Na c¢ | | |
E,=0.5 x»B | :
' |

Eo=0,5 k3B ¢ paznuunoit

nosoit D,em™®: 5-10%%(2), 6 E.(NaSi)
5-10%3), 7-10%°  (4), / |
1-10* (5). 810" (6), 5

2:10" (7)
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Ha puc.1 npuBenenst cnektpel XIID s umcroro Si (111) (kpuBas 1) m Si,
MMILIAHTUPOBAHHOTO MOHAMH Na® ¢ Eg = 0.5 B ¢ paznuyHoil j030i D, em? ;5. 10%
(xpuBast 2), 5 - 10 (3), 7 - 10" (4), 1 - 10™ (5), 8 - 10" (6) u 2 - 10" (7), cusTbIc mpH
SHEPruM NepBUUHBIX 31eKTpoHOB E, = 100 3B. Ha cnekrpe XIID uncroro xpemuus (kpusas
1) wmabmromaroTcs TWKM ¢ moTepsmu sHepruum: 7,11,17 m 22 5B, oOycioBieHHbIE

BO30YXKICHHEM MeXTy30HHOTO mepexona (7 3B) nmosepxnocrHoro (h@,=115B), o6bemHOr0
(h@ =173B) u xparaeix uMm (2h@ =22 »5B) nma3MeHHbIX KoieOaHUH BaJCHTHBIX

271eKTpoHOB. B cnekTpe 7, ana Si, uMnnanTuposanHoro nonamu Na® ¢ 1o3o0it D=2-10"" em?,
Habmogatorcsa nuku XI1O npu 6; 9,2; 13; 2; 18,5 u 25 3B. Iluk nipu 6 3B, BeposiTHO, CBsi3aH C
BO30Y>KJICHHEM MEK30HHBIX MEPEX0/0B AJEKTPOHOB M3 BaJIeHTHOM 30HBI NaSi. A xapaktep
U3MEHEHHs MHTEHCUBHOCTEH NUKOB npu 9,2 u 13 5B ¢ yBenuuenuem suepruu E, ot 30 10
300 »B mo3BOMMJII HAM CYUTATh TEPBBIM MUK OOYCIOBICHHBIM BO30YXICHHEM
MOBEPXHOCTHOI'O IJIA3MOHA, a BTOPOW - BO30YXKJIEHHEM OOBEMHOIO IUIa3MOHAa B MOHHO -
UMIUTAaHTHPOBAaHHOM Si. CMeleHe MUKOB XapaKTePUCTUIECKUX MOTEPh SHEPTHUH MEPBUYHBIX
9JIEKTPOHOB Ha BO3OYXKIEHUE IUIa3MOHA, MPOUCXOsIIee B pe3ylbTaTe HOHHOTO
JIETUPOBAHHAsA, MOXET ObITh OOBSICHEHO BO3HMKHOBEHMEM  JIOCTATOYHO  TOJICTOTO
HapyILIEHHOTO  CJIOsl, JURJIEKTpUYECKass IPOHMUIIAEMOCTb KOTOPOTO OTJIMYAeTCsl  OT
TUDIIEKTPUYECKOM  MPOHUIIAEMOCTH  YHCTOrO  Marepuana. B HapymieHHOM — cioe
JIMAJIEKTPUYECKas MPOHUIIAEMOCTh &(®) oTindaeTcs ot go(®) ABymst pakropamu. Bo-niepBbix,
BHE/IpeHHble HOHBI Ba, oOpasyromue coequHeHue ¢ Si, Jal0T BKJIAJA B IJa3MEHHbIE

KOJIeOaHMS C 4aCTOTOM Wy, < Wy U 3aTyXaHUEM Y << Wp. Bo-BTOpBIX, B CHCTEME BaJICHTHBIX

3JICKTPOHOB B 00JIACTH HAPYIICHHOTO CJIOS YBEINYMBAETCS 3aTyXaHue, Tak uto &(w) = 1 —

2 2
Wpg ~ wWp

(w=-iy)?  (w—-iy)?

npuyeM y > v. To, uyto ¥ > v  sBIseTcs CJIEICTBHEM aMopdHU3aIuH,

CYIICCTBOBAHUC KOTOpOfI MMOATBCPIKAAIOT OIIBITHI IO I[I/I(l)paKHI/II/I MCIJICHHBIX 3JICKTPOHOB. B
pe3ybTare Takou aMOpTHU3aluu CUJIBHO BO3PACTACT KOHLUCHTPpAUA HpHMeCGﬁ 151 HapymeHHﬁ,

MMPUBOJAAIIHNX K 3aTYXaHUIO IJIA3MCHHBIX KOJICOAHHH BaJICHTHBIX 9JICKTPOHOB. Ecnu B unctoM

Si criekTp moreps onpezaensiercs GyHKuuen | TO B MOHHO — MMIUTAHTHPOBAHHOM Si

1
mep(w) °

. 1 1
3TOT CHEKTp ompenenserca GpyHkuuein | me@) - Maxkcumym pyHkumu J m 5o() PACTIONATaeTCs
0

npu w = wp mNoka V/wp << 1. MakcumyMm QyHKIUU ]mﬁ MOXET OBbITb CIBUHYT

OTHOCHUTCJIBHO W = Wp KaK B 00J1acTh OOJIBIINX YaCcTOT B TaK U B 00JIaCTh MEHBIIINX YacTOT B

3aBUCUMOCTU OT BCIWUYUHBI OTHOIICHUSA wL Yem Oosble wL, TEM CHUJIBHEC CABUTACTCSA
P P

MaKCHUMyM B 00JIaCTh 9aCcTOT, MEHBIITUX Wp.
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Puc.2. 3aBucumoctu I, oT

1
&(w) I I —
w . 1 m ( \
- A Si, UMIUTAHTUPOBAHHOI'O I et
P I
monamu Ba', ¢ E; = 0,5 x3B. I
(KpuBbiM  4-1  COOTBETCTBYIOT "
2
w
sHadenns 4 = —> = 0.6 u
p

Z—(; = 0.5;1,0; 1,5; 2. Kpussie 4'-
I COOTBETCTBYIOT Si,
UMIUTAHTHPOBAHHOMY  HMOHAMH
Na’, a 4-1 - nonamu Ba’ ¢ no3oit
10, 10", 10" u 10" cm?
COOTBETCTBEHHO)

0.5 1.0 1.5

2
Ha puc.2 nokazansl ciekTpsl | L mit A = Lo — 0,6 u Benmuunsl — = 0,05; 1,0; 1,5; 2; -
me(w) w12> wp

COOTBETCTBEHHO. Benununna wl = 0,05. CoBur mMakcuMmyma coekTpa B 00macth w < wp
P

MPUCXOAUT TIPHU wl21, T.. IPU JOCTATOYHO CHJILHOM pPa3pylIEHUU CTPYKTYPhI B OOJACTH
P

HapylIeHHOTo ciiosi. Takum 00pazoMm, XapakTepHO#l uepTol, mpucymieil cnektpy XIID mis
00BEMHOr0 IUIa3MOHA B HApYLIEHHOM CJIO€, SBJIETCS CHUJIBHOE 3aTyXaHUE B CHUCTEME
BAJICHTHBIX AJIEKTPOHOB, KOTOPOE OJHOrO IMOpSAJKA C OTHOIICHUWEM IUJIa3MEHHBIX YacTOT B

MCTANIIMYCCKOM Ba, Na u B unctoMm Si. OTHOCHTEILHBIH BEC, C KOTOPbBIM BXOZIAT CIICKTPBI

1 1
]mg @) u ]m @B CCUCHUC BO36y)K)IeHI/ISI 00BEMHBIX IIJIA3MOHOB nagaromuuM SJICKTPOHOM,
0

MOKET OBITh OMNpelNeNeH U3 TEOPUH BO3OYKIEHHUS TIUJIa3MOHOB B IPOCTPAHCTBEHHO
HEOJHOPONHOM cpene. IIpyn MMIUIaHTaMM MOHOB HATPHsl B KPEMHUM BKJIAJ B CTaTHUYECKYIO
NOJISIPU3AINIO TaroT 4 37eKTpoHa 000s0ukn Ly 3(Z123=4) ¢ sHeprueit nepexona hwy i =315B
u 2 snektpona obomouku Li(Z1=2) c sueprueii mepexona hwi =62 3B. Oyukuuio &(z)
MO’KHO 3amucaTh B Buae &(z) =0,45 C (z), rae C(z)=Nimp (2)/Nsi, @ Nsi ecTb KOHLEHTpaIus
aToMOB Si B DJIEMEHTapHON s4Yeiike, paBHaA Nsi:5~1022 CM'3_ Breipaxkenne s
JHDJICKTPUIECKON MPOHUIIAeMOCTH &o(®) M1t Si OBLTO B3STO B BHJIC eo(co)=1-c02p| /(coz-cozg),
rae ha,=16,6 3B, a BemmumHa hay= 4 5B. [ng pacuera 3aBUCHMOCTH SHEPTUH IHKa
00BEMHOTO TITa3MOHA OT J03bl OOJIy4eHUs MOHAMU HATpUs HAMH OBUIM HCIOJIb30BaHBI
AKCIIEPUMEHTAJIbHBIE JaHHBIC 0 BEMHUUHE C(Zmax) TS Na“—Si npu SHepruu uoHoB E¢=0,5

K3B, nomy4yenHsle u3 aHanu3za pacnpeneneHuil Nimp (z). Otu 3HaueHus C(Zmax) NPUBEIEHBI B

TaOJInIIE.
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Ta6auna. 3aBUCUMOCTD SHEPTUH MTHKA, COOTBETCTBYIONIETO BO30OYKICHUIO 00BEMHOI0O IJIa3MOHA B Si,
OT JI03bI OOJIy4EHUSI HOHAMU Na® ¢ sHeprueit 0,5 kaB

, h®pes, 2B
D, cm C (Zmax) Zimax, A &s (Zmax) SKCIIEPUMEHT pacuér
0 - - 0 17.0 17.1
10* 0.12 33 0.092 16.75 16.72
Na* 10" 0.18 27 0.079 16.0 16.4
10% 0.32 21 0.141 15.0 16.0
10" 0.42 20 0.234 14.0 14.1
0 - - 0 17.0 17.1
10 0.10 0.29 0.042 16.8 16.9
Ba" 10" 0.16 0.25 0.84 16.6 16.7
10% 0.28 0.21 0.154 15.7 15.4
10" 0.45 0.21 0.273 13.8 13.4

B »aT0i1 ke Tabnmie NpHBENCHBI SKCIECPUMEHTAIbHBIE M pacyeTHBIC JaHHBIE O
3HAQUEHHUAX OHHEPTUM MHUKOB CIIEKTPa IOTEPh JHEPTrUHM AIIEKTPOHOB, OOYCIOBICHHBIX
BO30YXKICHHEM MMM OOBEMHBIX IIAa3MOHOB B CTpyKType Ba'—Si. M3 cpaBHeHHS CIBUIOB
IIUKa C POCTOM J03bI 00JydeHHUsI BUIAHO, YTO PACUETHBIC 3HAYCHUs cocTaBisitoT 70% mpu m103e

10" em? u 50 % mpu mose 10 cm

OT 3HAYCHHUU HKCIEPUMEHTAJIBHO HAOJII0TaeMBIX
BEJIMYMH CIBHIOB JHEPIHi NHKOB OOBEMHBIX IUIA3MOHOB. MOXKHO MPEAINOIOKHTH, YTO
NPUYMHON PACXOKACHHS MEXy PaCYETHBIMH M SKCIIEPUMEHTAIbHBIMU 3HAUCHUSMU CIIBUTOB
IIUKOB CIIEKTPa SIBISETCS YyBEIMYEHHE ITOCTOSHHOM pEIIeTKH MpU HMIUIAHTAUH HOHOB
NPUMECH, YTO MPHUBOAMT B CBOIO OYEpe/lb K YMEHBIIECHUIO SHEPTHH TUIa3MEHHBIX KOJIeOaHuH
BAJIEHTHBIX 3JIEKTPOHOB. OJHAKO TeopeTHyecKas OlLIEHKa Takoro s(QexTa MHpeacTaBisIeT
cO0OH CIIOKHYIO 33j1auy.

Takum o00pa3om mpeACTaBICHHAS TEOpPETHUYECKas MOAENb JOCTaTOYHO XOPOIIO
00BsSICHAET HAOMIOAAaeMblii B JKCIEpUMEHTE A(PQEKT yMEHbIIEHUs SHepruu hawy U hax
IUTa3MOHOB Si NMPH HMMIUIAHTAIMA OOJBINIMX /103 MOHOB B, Ba W MIETOYHBIX 31€MEHTOB
CHIJIHBIM 3aTyXaHHEM KOJICOaHWH BAJICHTHBIX JIEKTPOHOB B CIIEJCTBUU C Pa3ynopsa0deHUEM
kpuctawmdeckoi crpykryp Si (111) Bmiote 10 monHo# amopdusanuu. B To ke Bpems
pe3ybTaThl HACTOSIIEH paboThl MOKa3bIBAIOT, 4TO 3(P(PEKT CTATUYECKOW MOJSpU3aLUU
OCTOBHBIX AJIGKTPOHOB MPHMECHBIX MOHOB CYIIECTBEHHO BIIMSET HA CABHT DHEPTHil NMHUKOB
NoTeph Ha BO30YXK/IEHUE TIIA3MOHOB B HOHHO - JIESTHPOBAHHOM ITOJTYITPOBOTHUKE.

1. PricbaeB. A.C., HopmypomoB M. T., Jlubencon b. H. // ®uszumka u TexHuka
MOJIYTPOBOIHUKOB, 1990, 1. 24, Ne 1, C. 166-170.

2. Ryshaev A. S., Khujaniyazov J. B., Rakhimov A. M., Bekpulatov I. R. // Technical Physics,
2014, Vol. 59, Ne. 10, pp. 1526-1530.

3. Rysbaev A.S., Khuzhaniyazov Zh.B., Normuradov M.T., Rakhimov A.M., and Bekpulatov I.
R./I Technical Physics, 2014, Vol. 59, No. 11, pp. 1705-1710.
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CIIEKTPOCKOIIUA YIIPYTOOTPAKEHHBIX 3JIEKTPOHOB Mo,
JIET'HPOBAHHOI'O HOHAMM BAPUSL

ELASTIC REFLECTED ELECTRONS SPECTROSCOPY OF Mo IMPLANTED BY
BARIUM IONS

A K. Tamaros', H.M. MyCTa(boeBal, LA HOpMypOIIOBl, JLA. TaH_IMyxaMCIIOBaZ
A.K. Tashatov}, N.M. Mustafoyeva®, D.A. Normurodov', D.A. Tashmuhamedova®

1KapmuH0KuL7 2ocyoapcmeenublil yuueepcumem, yi. Kyuaboe-17, 2, o. Kapwu, Y30exucmat,
e-mail: moyliyevna@mail.ru
2 Tawkenmexuti 20cyOapcmeen bl mexuuueckull ynusepcumem, yi. YHueepcumemcras, 2.

2. Tawxenm, Y36exucman, e-mail: ftmet@rambler.ru

Influence of implantation of Ba ions on composition and structure of monocrystal
Mo (111) is studied. It was shown that in the course of ion implantation there is a
change of condition density of valences electrons. These changes in the basic
speak a disordered of a near-surface layer and enrichment of these layers by Ba

atoms.

N3ydyenue ympyroro OTpakeHHsS M XapaKTEPUCTUUYECKUX MOTEPh SHEPTUU MEJUICHHBIX
AJIEKTPOHOB  MO3BOJSIET MOJMYYUTh HHGPOPMALMIO O TOPOrOBBIX 3HAYEHUSX HHEPruit
KOJUIEKTUBHBIX M WHIAUBUIAYAIBHBIX, YIPYTUX W HEYNPYI'MX B3aUMOJECUCTBUHI JJIEKTPOHOB C
TBEPABIM TCIIOM. HOBTOMY HUCCIICIOBAHUIO BSaI/IMOI[CI\/’ICTBI/ISI MCIJICHHBIX 3JICKTPOHOB C MOHHO-
JIETUPOBAaHHBIMM MaTepUalaMyd HMeEeT Ba)KHOE 3HAaueHUE JJIs BBIACHEHUS MeXaHHM3Ma 3TOro
SBJICHUS, B YAaCTHOCTH IIO3BOJISICT OLIEHUTh OTHOCHUTEJIBHYIO DOJIb aJCOPOMPOBAHHBIX U
BHCAPCHHLIX aTOMOB IIpH JICTUPOBAHUU B IPOHECCaAX TI'CHEPAIMHW BTOPUYHBIX U OTPAXKCHUU
MNEPBUYHBIX BJICKTPOHOB.

B nanHoi1 paboTe N3y4eHO BIHSIHUE HU3KOIHEPTeTUUECKOI BHICOKOA03HOM NMILIaHTALUU
MOHOB 0apus Ha CIIEKTPhl BTOPUYHBIX JIEKTPOHOB B o0nacTtu Manbix sHepruit (E, = 1 — 30 aB).
HonHast UMIIaHTaLMs U UCCIIeI0BaHUS TPOBOAMIIUCH B YCIIOBUSIX CBEPXBBICOKOIO Bakyyma (P =
10°® [Ta). CocTaB mOBEpXHOCTH KOHTPOJIHUPOBAICS METOJIOM OXKE-IJIEKTPOHHOU CITEKTPOCKOITHH.

W3BecTHO, uYTO TpU HMOHHOM OOMOApIUpPOBKE AaTOMBI JIETUPYIOIIETO 3JIEMEHTa
BHE/IPSIOTCS BIIyOb MHUIIEHM UM YaCTHUYHO aJcOpOMpYIOTCS Ha TOBEPXHOCTH oOpasla.
3MeHeHne TOHKOM CTpyKTYypsl KpuBHIX R(E,F)B pe3ynbpraTe HOHHON MMIUTAHTAIUH MOXKET OBITH
CBA3aHO C MPUCYTCTBUEM Oapus Ha MOBEPXHOCTH oOpas3ua, rae R—kos3ddumueHt ympyro

OTPAKCHHBIX 3JICKTPOHOB, EpF— SHEPTHUA MCPBUYIHBIX 3JICKTPOHOB PACCHUTAHHBIX OTHOCHUTCIILHO

222


mailto:ftmet@rambler.ru

ypoBHst @epmu Mo. {151 TOoro, 4ToOB! BRIIBUTE OCOOCHHOCTH, XapaKTepHBIC ISl MOJMOIeHa, HA

puc. 1 npusenens! 3aBucumoct R(E,r)u dR dE . (EpF) quist yuctoro Mo (111).

R L J|.dR_
9 d 'jEpF'r
04 F N Mo (1#) Joteg
] N 2xN .
. 430

2t ]
0, 41;”5[3,”4" 4xNy 20

r"FU

P
i T IIJ i 11 \J"l‘u!"'a.-" "

!
I
po 42 120 728 36 Epp38 -

“ 211 *mo,, mu.L

i g - R+ g

Puc. 1. 3aBucumoctu R (cronnsie kpusble) u 0R/AE ¢ (myrkTHpHSBIE KpuBbIe) OT Eyr i1t Mo (111).

N3yuenne sHeprernueckux 3asucumocteidl OR/dEprmns Mo (111), nmermpoBaHHOTO
nonamu Ba'cEp = 0,5; 3 u 8 k3B nokaszanu, uTo Ha AUG(EPEHIMATBHEIX KPUBBIX YIIPYTO
OTPaKEHHBIX 3JICKTPOHOB INMpPH HU3KHX dSHeprusx jerupoBanus (Eg = 0,5 k9B) nomunupyror
OapueBble OCOOCHHOCTH, TpH BBICOKHX OdHeprusix uoHoB (Eg > 3 k»B)nabmiogarorcs
0COOEHHOCTH, XapaKTepHbIE KaK JJIst Oapusi, TaK U 711 MOJIMO IeHA.

3aBucumoctu dd/dEpror Epr, momydennsie muddepennupoBanueM KpuBbix O(Epr) mwis
gucroro Mo (111) u monubaeHa, JETHPOBAHHOTO HOHAMHU Ba'cE, = 0,5, 3 u 8 k3B,
npescTaBieHbl Ha puc. 2. Ha BepxHell KpHBOM 3TOro pHCyHKa YyKa3aHbl SHEpPreTHYecKue

ITOJIOKCHUA GapI/IeBHX OCO6€HHOCTCﬁ, a Ha HIDKHEH KpHBOﬁ — TIOJIOXKCHHUA MOJ'II/I6I[6HOBLIX

ocobenHocteil. CpaBHEHUS TOKa3ald, YTO HHEPreTHUECKHE IMOJIOKEHHUS  OCHOBHBIX

0COOCHHOCTEH Ha KPHBBIX drR dE,, (EpF) Hd%EpF (EpF) JUI. OJHOTO U TOro ke o0Opasla

COBMAJalOT. JTO YKa3blBaeT HAa TO, YTO OCOOCHHOCTH Ha OJTHX 3aBUCHMOCTSIX HUMEIOT
OJIMHAKOBYIO Tipupoay. Pesympraret OOC mokaszanu, 4YTO TpPH HOHHOM OOMOapIupoOBKe
MOBEPXHOCTHAS 00J1aCTh C TOJMIIMHON 2 — 5 HM oboramaercs aromamu Ba. OHako npu 3ToM He
HaOmoaeTcss oOpa3oBaHHE HMHTEPMETAIUIMUECKOTO COEIMHEHUs Mexay atomamu BauMo.
Hauunas ¢ D = 5-10%cm™ MIPUIIOBEPXHOCTHON 001acT MO MOTHOCTBIO PAa3yMOPSI0UNBAIOTCS.
N3ydyeHne 3aBUCUMOCTH MAaKCHMAlbHOTO 3HaueHHUs KoddduiueHta BOD omoT 10361

oOydeHus: mokasanu, 4ro npu Hu3kux sHeprusx (Eo = 0,5 — 5 k9B) u Beicokux mo3zax (D>
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16 -2
5'107cM”) omyBenuumBaeTcs A0 2 U Oonee paza. DTOT POCT OOBSICHAETCS B OCHOBHOM

YMEHbILIEHHEM pa0dOThI BBIX0/1a TOBEPXHOCTH.

@Eer | hwl Zhwvl y  3ha, 4hl‘*’v Shay

€ Pl

10

10 |-

3hws!
| I I -

20 28 36 Eprss

hw,
Puc. 2. 3aBucumoctsb dd/dEr ot Eyr st Mo (111), nernpoBaHHOT0 HOHAMU Ba'cEg, k3B: 2-0,5;3-3; 4
—8; 1 — st meneruposanuoro Mo (111).

B ciaydae nummuiantanun Bas Mo B atmMocdepe kuciopona Habar0aaeTCsl 3HAUUTENBHOE
YBEJIIMYEHUE 3HAYCHUN G, U YMECHBIICHUE 3HAYCHUM €@, a TAK)KE CMELIECHUE TOJI0KEHUS IEPBOU
KPUTUYECKON 3HEPrHU B CTOPOHY MEHBIINX 3HEpruid, a Epn — B cTopoHy Oonbiux sHepruii. Bee
3TO, YKa3bIBAET HA AKTUBALMIO ITOBEPXHOCTHOIO CJIOS KHUCIOPOJAOM M BO3MOXKHOE YBEIUYECHHE

30HBI BeIxoaa MIBD npu nerupoBanuu B atMochepe Kuciopoa.
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BJIMAHUE UMIIVIAHTAIIMA HOHOB KUCJIOPOJA HA COCTAB M
AJEKTPOHHBIE CBOUCTBA 'ETEPOCTPYKTYP CoSi2/Si (111)

INFLUENCE OF THE IMPLANTATION OF OXYGEN IONS ON THE
COMPOSITION AND ELECTRONIC PROPERTIES OF HETEROSTRUCTURES
CoSi/Si (111) FILMS

B.E. Ymup3akos, C.b. [lonaes, M.K. Py3ubaeBa
B.E. Umirzakov, S.B. Donaev, M.K. Ruzibaeva

Tawkenmckuil 20Cy0apcmeeHnblil MeXHUYeCKull yHusepcumen,
. Yuueepcumemckas 2, Tawxenm, YV36exucman. E-mail: sardor.donaev@gmail.com

Method of implantation ions O in CoSi,/Si combined with the annealing obtained
nanofilms CoSiO and determine the composition and zone-energy parameters. Bandgap
of the film amounts to ~ 2.4 eV.

Hanopa3sMepHbie CTpYKTYpBI U TUIEHKH C PA3JIMYHON IIUPUHOMN 3alpeieHHON 30HbI Ha
OCHOBE Si MOryT NOpHUMEHATbCA Npu cosznanuu paznuunbix ML u IIJII-cTpykTyp,
TPAH3UCTOPOB U JIMOJIOB CBEPXBBICOKOI YacTOThI, MPUOOPOB CONIHEYHON SHEPTeTUKH U 1p. B
yactHocTH, i yBenwmueHust KIIJ[ cosmHedHBIX 3eMEHTOB HEOOXOAMMO CO3/aBaTh
CTPYKTYpBI, KOTOpbIE WHTEHCUBHO TOTJIONMIAIOT CBETOBOE M3IyYeHHE B OOJIACTH SHEPTHH OT
0,3 - 0,4 3B 0o 3,5 — 4 3B. lllupuna 3anpemennoi 30861 CoSiy, coctaBiser 0,5 — 0,7 3B,
kpemuust — 1,1 3B, okucu kpemuus = 8,5 3B, a Hutpuma xpemuus — 4,5 3B. M3menss
XUMUYECKUM COCTaB CHUJIMIIUMIOB METAJJIOB MOKHO YMEHBIIUTH IIUPUHY 3aNPEIICHHON 30HBI
10 0,2 — 0,3 3B[1, 2]. CtpykTypsl Ha ocHOBe Si gatot 6osnbinoit KI1/I B obmactu sHepruit ot
1,1 mo 2 »B. IlosTromy wumeroTcs mpoOJeMBbl CO3/aHUsS HAHOCTPYKTYpP C IIUPUHON
3ampeleHHoN 30HbI ~ 2 — 2,5 3B.

B paborax [3-7] moka3aHo, 4YTO TpoBelcHHE TBepaodaszHoit smurakcuu Co Ha
okucieHHoil nosepxHoctu Si(100)2x1 crocoO6cTBYeT popMUPOBaHUIO OOJI€€ COBEPLICHHBIX
AMUTAKCUAIBHBIX MIeHOK CoSiz. MexaHu3M MPOTEeKaIINX MPOIIECCOB PACKPHIT B paboTax [7
- 10], B xoTOpBIX OOHApYKEHO, YTO MPU HAHECEHHH aTOMOB KoOandbTa Ha MOBEPXHOCTH
Si(100)2x1, okucieHHyr0 iNSitU, aTOMbI MeTayla MPOHUKAIOT IMOJ] OKUCHOW CIIOW YK€ MpH
KOMHaTHOU Temreparype. Pesynbrarom storo sddexra siBisercs oOpa3oBaHUE Ha I'paHUIE
paszena Mexay OKUCHBIM CJI0€M U KpEMHHUEM TPEXKOMIOHEHTHOU nHTepdeiicHon da3pr Co —
Si — O u mocnenyromee GpopmupoBaHue Noj Heil cios TBepaoro pacteopa Co — Si.

Opnako, 10 HACTOSALIET0 BPEMEHH HE IPOBOJAMIINCH UCCIIEIOBAHUS, HATPABJICHHbIE Ha
nonyueHue mieHok tuna Co — Si — O, clie0BaTeNbHO, HE U3YYEHBI HX CTEXHOMETPUUYCCKUN

COCTaB, KPUCTAJINICCKAA U IJICKTPOHHAA CTPYKTYpaA.
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B nanHo#t pabote caenaHa MOMBITKA MOJYYUTh TPEXKOMIIOHEHTHBIE COEIUHEHHS B
OBEPXHOCTHBIX 105X CoSiy MyTeM HMIUIaHTAlHK HOHOB O . B OCHOBHOM HCIIONb30BaHBI
MJID-tinenxku CoSiy/Si (111) m CoSi»/Si (100) ¢ 6 = 1000 mMoHOCIOEB.OHEPTrHsl HOHOB
O;BapLHpOBanaCL B mnpenenax Eo = 1 — 5 x3B. [nsg mosiydeHUs CIUIOMIHBIX TUIEHOK
MMIUTAHTAlMs MPOBOJAUIACh NMPU J103€ D > Dyac= 4-10'° cm?. Amanus criektpoB O9C u
BUMC moxka3an, 49TO MOCI€ HWOHHONW WMIUIAHTAlMM B MPHUIOBEPXHOCTHOW 00JIACTH
conepxarcsi coenunerust Tuma Co — Si, Co — O, Si — O, Co — Si — O, a Takxe HeCBsA3aHHbBIC
atombl Co, Si u O. Toapko nocne porpesa npu T = 900 K oOGpa3yeTcss TpeXKOMIIOHEHTHAs
noJMKpucTaunueckas mienka tuna CoSiO, cocrosiias U3 OTIAENbHBIX OJIOKOB € pazMepamMu

20 — 50 um (puc. 1).

Z AXis,nm

[OF]
o

Y Axis,um _

N =N
OOO0O000O

L)

X Axis,un

Puc. 1. ACM-u3obpaxenuns mwieaku CoSiO/CoSi; (100).

Mexay 6;10kamMu MMeroTcsi HaHomops! ¢ quamerpaMu 10 — 20 uM u rimy6unoit 40 — 50
A. Ha puc. 2 npuBeieHbl KOHLIEHTpaLMOHHBIE TIpoduin pacrpesesienus atomoB O, Si u Co,
nosydeHHsie mocyie mporpea npu T = 900 K menku CoSiy/Si (111), umruianTupoBaHHON
vonamu O3 ¢ Eg = 1 9B npu D = 6:10'° cm?. Buamo, uto B IIOBEPXHOCTHOM CJIO€
KOHIEHTPAllUd aTOMOB 3THUX 3JEMEHTOB Majl0 OTIMYaIOTCS JpYr OT Jpyra U JexaT B
npenenax ~ 30 — 38 ar.%. To ecTb MOXXHO MoJslarate, 4TO MPH 3TOM 00pa3zyercss TOHKas
mienka (d = 35 A) ¢ mpumepHbIM coctaBoM CoSiO. B obnactu d = 40 — 80A KOHLIEHTpaluu

Co u Si yBennuuBarotcs, a O — yMeHbIIaeTcs.
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1 N L . 1 ‘Ti_'f

20 40 60 so d.A

Puc. 2. Konuentpanuonnsie npoduinu pacnpeaeienus aromos Si, Co, O mo rimyOnHe cucTeMbl
CoSiO/CoSi,

Ipu d =~ 80 A Csi = 64 — 66 ar.%, Cco = 30 — 35 ar.%, Co = 1 — 2 ar.%.
CrnenoBarenbHO, MOXHO mojarath, 4to mpu d > 75 — 80 A CTEXMOMETPUYECKUN COCTaB
wienkn CoSiy mpakThyeckd He wu3MeHsiercs. Ha puc. 3 mpuBeneHa HavalbHas YacTh
3aBucuMoctd R(Epu O8(E,) mna mmenkun CoSiO/CoSip (111). Buapno, 4ro B 3THX
3aBUCHUMOCTSIX OOHAPYKMBAETCS Psifi IBHO BBIPAXKEHHBIX ocoOeHHocTeil. M3BectHo [11], uto
9TH OCOOEHHOCTH BO3HUKAIOT BCIEJACTBHE BO30YXKICHUS MEXKIY30HHBIX JIIEKTPOHHBIX

MNepexoa0B M IJIa3MCHHBIX KoJIeOaHHH BaJIEHTHBIX QJICKTPOHOB pa3anH0171 YaCTOTHI.
4, R

05
04

03

0,1 |

o
-
w |-
[
—
[«

20 E, 2B

Puc. 3. 3aBucumoctu R(E,) u 8(E,) s mnenku CoSiO/CoSip(111)
C TOIIIKHOM 35 — 40 A.

Nmeercs cBA3b CTPYKTYpHl, Xona 3aBucuMoctell R(Ep)u 6(E,) ¢ 30HHBIM cTpoeHHEM
MOJIYTIPOBOTHUKOB M TUAIEKTPUKOB. HauanbHoe 3amensieHus: pe3koro pocta R obycrnosneno
MEePEXO0J0M 3JIEKTPOHOB M3 MOTOJKA BAJIGHTHOM 30HBI Ey B THO 30HBI TpoBOAUMOCTH Ec, T.€.
Epr = Ev — Ec = E§ = 2,4 5B. 3nauenue E,5 cooTBeTcTBYeTNIEpEX0Y 2IEKTpOHOB M3 Ev B Ep
(r.e. B BakyyM). Bugno, uro E,5 = @ = Ey = 5,9 5B. Ilpu stoMm Habmomaercs peskuil

HayalbHBIA pocT 0. 3HaueHHe CPOJACTBA K DIEKTPoHY ¥, = Eps — Epr = 3,5 9B. OcobGeHHoCTS,
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Habmonaemas npu E, = E, MoxeT ObITh 00ycI0BI€HA SMUCCHEN IEKTPOHOB U3 MPHUMECHBIX
ypoBHeil. Ilpu sneprusx E, = 8,5 m 13,6 3B oOHapyXHBalOTCs MOJOrHE Y4YacCTKH, UYTO
OOBSICHSIETCS PE30HAHCHBIM YIPYTHM pAcCesTHHUEM MEIJICHHBIX JJIEKTPOHOB Ha TUIa3MOHAX.
JIeHCTBUTENFHO C YYE€TOM ) O3TH DJHEPTHMH COOTBETCTBYIOT BO30YKICHHUIO ILIA3MEHHBIX
koneOannii B mienke CoSiO: hws =12 3B u howy, = 17 3B.

Takum 0Opa3oM, BrepBble MMIIaHTaluel HoHOB O3 B mienky CoSiy/Si mosydensl u
U3y4eHbl COCTaB, CTPYKTypa M CBOWCTBa HaHOIIEHOYHBIX CcTpYyKTyp CoSiO/CoSiy. B
YaCTHOCTU yCTaHOBJIEHO, 4TO IIUpUHa 3anpeuenHoi 3081 CoSiO cocrabiser Eq = 2,4 3B, a
9HEprusl TIa3MEeHHBIX Konebanuit: hws = 12 3B, hwy, = 17 »B. IloctpoeHa 30HHO-

9HEpreTudeckas auarpamma tpexcioinoit cuctembl CoSiO/CoSiy/Si (111).
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POJIb CKAHUPYIOIIEN JIEKTPOHHOM MUKPOCKOITMA B CKPUHUHTE
BbICOKOIIOPUCTBIX AYEHCTBIX MATEPHUAJIOB (BIISIM)
JJIA UMIIVIAHTOJIOI'MYECKUX HEJEN

THE ROLE OF SCANNING ELECTRON MICROSCOPY IN THE SCREENING OF
HIGHLY POROUS HONEYCOMB MATERIALS (HPHM) INTENDED FOR
IMPLANTOLOGY

A.T". lllupokona, E.A. bormanosa, B.M. Ckaukos, 1.I". I'puropos, H.A. Cabup3sHoB
A.G. Shirokova, E.A. Bogdanova, V.M. Skachkov, I.G. Grigorov, N.A. Sabirzyanov

Jlabopamopus xumuu 2emepo2eHHbIX npoyeccos,
Dedepanvroe 2ocyoapcmeenHoe 6100icemHoe yupextcoenue HayKu
Hncmumym xumuu meepoozo mena ¥Ypanockoeco omoenenus PAH,

yu. Ilepsomaiickas, 0. 91, e. Examepunbype, Poccus, chemid@rambler.ru

SEM-images of highly porous honeycomb materials (HPHM) with a HAP-
coating applied in various ways were obtained. The prospect of the use of
these materials for implants was appreciated. Shown the usefulness of
computer 3D-microscopy as a nondestructive method of imaging a three-
dimensional microstructure for screening HPHM with the potential of
implant properties.

OI[HO U3 Ba)KHEHIIINX HaHpaBJ’IeHI/Iﬁ HCOPraHU4CCKOro MarCpuaJIoOBCIACHUA — CO3AaHUC
OHMOAKTUBHBIX MaTCepraJIoB Ui HYXI HWMIIJIAHTOJIOIUU. BoccranoBurenrsHas XUpyprus,
peuaromas 3agavy JICUCHUSA U 3aMCHbI KOCTHOU TKaHH, HAa PA3SHBIX 3TallaX CBOCTO PAa3BUTHA
UCIIONIb30Baja pa3HoOOpa3Hble Marepuanbl. B Hacrosimee Bpems CcHOpMYIUPOBAHBI
Tpe6OBaHI/I$I, KOTOPBIM OHHU HOJIKHBI OTBCYUATH, U ONPCACIICHBI NMOAXObI, O6eCHe‘{I/IBaIOH_II/Ie
YCIICHIHOC PCUHICHUC 3TOU HpO6HCMBI. OOBeKTUBHAS OIICHKa MaTepuajioB, HAIICAUINX cebe
MMPUMCHCHHUC B KOCTHO3aMECTUTEILHON XUPYpTHUHU, MO3BOJIACT IMOCTABUTHL Ha IMEPBOC MCECTO
OMOaKTUBHbIE KOMIIO3UTHI, IPEACTABIISIIONINE COOOM METAINIMYECKYI0 MATPHUILy, MOKPBITYIO
CcJIoOeEM OHMOAKTHUBHOI'O Mmarepuaia BO n30exaHe KOHTAaKTa MeTajla ¢ OpraHu3MoM H

MNPpUAAHUIO UMIUIAHTATY OCTCOKOHAYKTUBHBIX corctB. Ilocnennue OMPCACIIIIOTCA HAJTMIYHUEM

CHCTEMbI MUKPOIIOp pa3IMYHOM CTPYKTYpHI pazmepom He Mernee 100 mkm [1].

Tak kak B3auMOJIEHICTBUE OpraHU3Ma C UMILJIAHTATOM MPOUCXOIUT Yepe3 MOBEPXHOCTD,
TO UMEHHO €€ MapaMeTphl SIBJISIFOTCS ONMPEESIONMMU BO3MOKHOCTh MCIOJB30BaHUSI €0 B
MEIUIUHCKONH NpakTuke. B ycraHOBIeHMH MOpP(OIOTHM M TONOrpapuu HMILIAHTUPYEMbIX

OromarepHaIoB HEOLIEHUMA POJIb CKaHUPYIOLIEH 3JeKTpOHHOM Mukpockonuu (COM).

B mpencraBneHHoit paboTe B KayecTBE METAUIMYECKOH OCHOBBI HMMIUIAHTaTa ObUIM
BBIOpaHbI KOMIIAKTHBIH U IOPUCTHIN TUTAH, HUKEIH] TUTaHA [2], a B kKauecTBe OMOAKTUBHOIO

HNOKpbITHS — cycrnensusi ruapokcuanartuta (IAIT) [3], sBisromerocss  OCHOBHBIM
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KOMIIOHEHTOM MUHEPaJIbHOM cocTaBisionieil kocTu. Jlyis ModydeHHs] HUKETUAa THUTaHa
MOPUCTHIA HUKEIL CO CpeIHUM pazMepoM nop 200 MKM MOKPBIBAJIA CIOEM TUTaHA METOJOM
WOHHO-TUTa3MeHHOro  HambuteHus [2]. C  NOMOLIbIO  3JEKTPOHHOH  MHUKPOCKOIIHH,
PEHTTEHOCTICKTPATBLHOTO M PEHTTeHO()a30BOr0 aHAIHM30B OBLIO YCTAHOBJICHO, YTO THUTaH B
YCIIOBUSIX OKCIIEPUMEHTA IOKPHIBAET TMOBEPXHOCTh TPEXMEPHOU CTPYKTYphl HHUKEIs
MOJIHOCTBIO € mocienyromei auddysueit THTaHa Mo BCeil TONIMHE HUKEIEBOrO KapKaca C

O6p330BaHI/IeM IPUIIOBEPXHOCTHEBIX CJIOCB OMMETAIIIINYECKOTO COCOAUMHCHUA TUTaHA U HUKEIIA

(puc.1).

X50 20kV X400  50pm 1030 SEl  [@)
Puc. 1. COM-uszo6paxenuns BIISIM u3 Ni (2) u Ni, mokpsrroro Ti (6)

Tutan Tak e, Kak U ero HUKEJIH, SBJIAETCS] OMOMHEPTHBIM M IIPOYHBIM MaTEPUAIIOM.
[TomyyeHHble Ha WX OCHOBE OOPA3IBl M3YYAIHCh METOJIOM ODJIEKTPOHHOH MHUKPOCKOIHH C
eI YCTAaHOBJICHHUS Haunbosee 3(dextuBHOrO criocodba HaneceHus [ All-mokpeiTusS WU
MaKCHUMAaJIbHO MPHUTOAHOrO JJIs cCOpOIMU MaTepuana MeTainyeckoil maTpuisl. CpaBHEHHE
COM-u3o0paxkeHnit 00pa31oB nocie anpoOayu Tpex MeToaoB HaHeceHus (1 - BakyymHoe
UMIIpETHUpPOBaHWe, 2 -  BaKyyMHO€  HUMIPErHUPOBAaHHE C  MOCIEAYIOIIUM
neHTpudyrupoBanreM, 3- YIbTPa3ByKoBas 00pa0OTKa) IMO3BOJISIET BBHIOPATH TMEPBBINA, Kak
HanOosee A(PQPEKTUBHBIII BHE 3aBHCUMOCTH OT TpUpPoAbl Metaiuia (puc. 2). TutaHOBBIA
Kapkac ¢ 45% MOpUCTOCThIO, KaK HAWIYYLIMH MO COpOIMOHHON crocoOHocTH. B nanHOM
ciiyyae ObUIO TOJIy4€HO paBHOMEPHOE MHKPOILIEPOXOBATOE TMOKPBITHE, a CyAs IO

aJIFe3MOHHBIM XapaKTePUCTUKAM — U TipouHoe [4].

Hauxynammm B X071 BicClieIOBaHUN 3apEKOMEHI0BAJT Ce€0s1 KOMITAKTHBIN THUTaH, XOTS U C
TOJICTBIM CJIOEM TOKPBITHS, HO CAMOIIPOU3BOJIBHO Pa3pyILIAIONIMMCS HA OTACIbHBIX Y4aCTKaX
MOBEPXHOCTH YK€ B IMpoliecce HaHeceHHs. HeoOXOoauMo OTMETHUTh, YTO YIbTPa3BYKOBas

00paboTKa Takke MPUBOIUT K OBICTPOMY POCTY TOJIIIMHBI MIOKPHITHS Yy BCEX 00pa3IloB, UYTO
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BJI€UET 3a COOOM BO3HMKHOBEHHE BHYTPEHHMX HAINPSKEHHH, U B KOHEYHOM HUTOre — K €ro

pacTpEeCKUBAHUIO U OTCIIauBaHUIO (pHC. 3).

5
s o

X100 100pm ) i v 11230 SEI

X50  500pm 13 30 SEI X50  500pm 10 30 SEI - X50  500pm 10 30 SEI X50 10 30 SEI

10 30 SEI x50 10 30 SEI ) 10 30 SEI 10 30 SEI

*isose 10KV X80 500pm 1030 SEI 1130 SEI ot i‘ii‘(s:o;m 1130 SEI
Puc. 2. Mukpodororpadpuu uccieryeMbix 00pasiioB:
1. NiTi — ucxomuslii; a — criocod 1, 6 — criocob 2, 6 — crocob 3;
2. Ti (45%) — ucxomHsIii; a — criocod 1, 6 — cnocob 2, ¢ — crocod 3;
3. Ti (40%) — ucxomHslii; a — criocod 1, 6 — cnocob 2, 6 — crocob 3;
4. Ti (28%) — ucxomHsblii; a — cnocob 1, 6 — cnocob 2, 6 — cnocob 3

BrisBiieHsl Takke JeQeKTHl TMOKPHITHS M TPU HAHECEHHWH €ro Mo crocody 2,
NPUBOJAAIINE K INENYIICHHIO OMOAKTHBHOTO CJIOSI HAa MHKPOYYaCTKaX ITOBEPXHOCTH.
[Topucrocts ThTaHa 28% TOXKE HE MO3BOJISIET MOJIYUYUTh KAUECTBEHHOE MOKPBITHE, TOCKOJIBKY
'All-croii ¢opmupyercss TOJIBKO Ha TOBEPXHOCTHM MeTajula, a CHIKEHHE OTKPBITON
HOPUCTOCTH NPUBOJUT K HEBO3MOXKHOCTH NPOHMKHOBEHHs CYCIEH3UH BHYTph oOpa3la u

00pa3zoBaHusi OMOAKTUBHON TPEXMEPHOU MOPUCTOU CTPYKTYPHI.

BeiBozbl, crenanHbie Ha ocHOBaHMU COM-u300pakeHHi, MOATBEP)KACHBI JTaHHBIMU
JCHCUMETpUYecKoro wuccienoBanus [5]. 3D-mzobpaxenue chopmupoBano u3 2D ¢
ucnosib3oBanueM ¢ynkuuu 2/3 (Create 3D by 2D) mporpammer ScanMaster, yrpapmsiromieit

paboToii CKAaHUPYIOLIETO 30H10BOT0 MUKpockorra CMM-200 AT [6].
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10kV X100 --100pm

10KV X50. 500pm 10 30 SEI “ X35 500pm 10 30 SEI
Puc. 3. MukpodoTtorpaduu mokpeITHS, HAHECEHHOTO YJIBTPa3BYKOBOM MPOMUTKON THTAHOBOK
Matpuipl B cycrniensun [All: 1 — koMnakTHbINA TUTaH; 2 — HOpUCTHIN TUTaH (28%);
3 — mopwucTsiit Tutan (40%); 4 — mopucThlil THTaH (45%)

Komnerotepusie 3D-Mukpockonuu u Mukpodortorpadus, sBISACh HEPa3pyLIAOIUMU
METOJAMHM BH3yaJIU3allMd TPEXMEPHOM, B TOM YHUCIE€ U BHYTPEHHEH, MUKPOCTPYKTYPBI
00BEKTOB MOTyT OBITh TONE3HBI Uil ckpuHmHra BIISIM ¢ noTeHIManbHBIMU

AMIIJIAHTOJOTHYECKUMH CBOMCTBAMMU.

Paboma evinonnena npu ¢hunarncosoti noodepaicke epanma PODOU Ne 15-29-04868.
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IJIEKTPOHHASA CTPYKTYPA MOHOKPUCTAJIVIMYECKOI'O CaF(111) C
HAHOPA3MEPHBIMHU ®A3AMMU Ca

ELECTRONIC STRUCTURE OF MONOCRYSTALLINE CaF; (111) WITH NANOSIZE
PHASES Ca

E.C.BpramOB, b.E.Ymup3axkos, b./1./lonaeB
Y.S. Ergashov, B.E. Umirzakov, B.D.Donaev

Tawkenmckutl 20cy0apcmeeH bl MeXHUYeCcKUll yHugepcumem
Vsbexucman, 100095, Tawxenm, yu. Ynusepcumemckas 2, men.: (+998 71) 246-65-50, e-mail:
yergashev@rambler.ru

By method of bombarding Ar” ions on the surface of CaF, obtained nanophases and
nanofilms of Ca. The formation of nanosized phases was accompanied with a change in the
composition and structure of sites CaF, located between the phases. This change led to a
narrowing of the band gap of CaF, to 7.5-8 eV.

B nacrosimee BpeMs XOpOIIO M3YY€HBI COCTaB, CTPYKTypa M DJIEKTPOHHBIE CBOWCTBA
HAHOIUICHOYHBIX TeTepocTpykTyp Tuna CoSi,/Si, Si/CaF,, CaF,/Si, SiO,/Si [1-6]. Ha ux ocHoBe
MokHO nonyuutb MII- u ITAII ctpykTyp, GapbepHbIX CIOE€B U KOHTAKTOB HAa MOBEPXHOCTU
HOJYIPOBOJHUKOB M AMAJIEKTPUKOB [6,7]. OnHako [0 CUX MOpP MAaJOU3YyYEHHBIM SIBISETCA
¢u3nueckue CBONCTBA IOBEPXHOCTU JUAIEKTPUUYECKHX OOpa3LioB € HAHOPKPUCTAIUIAMU
METAJUIOB | MOJYIIPOBOAHHUKOB. JlaHHAs paboTa MOCBSAIICHA U3YUYSHHUIO BIUSAHUSA (HOPMUPOBAHHS
HaHOpa3MepHbIX (a3 u TwieHok Ca Ha COCTaB M DJICKTPOHHYIO CTPYKTYPY HOBEPXHOCTHU
monokpucramia CaF,(111).

Hanopa3smepnsie (azpl Ca monydeHbsl B YCIOBHSAX CBEPXBBICOKOTO BaKyymMa METOA0M
6ombGapauposkn CaFy(111) nonamm Ar’ B coderanuu ¢ mporpeBoM. COCTaB M dIEKTPOHHAS
CBOWCTBA TIOJYYECHHBIX CTPYKTYp HCCJIEIOBAIUCH C HCIIOJB30BAaHMEM METOJIOB  OXe-
anekTpoHHOHM cnekTpockonuu (0O3C), ynbpTpaduoneroBoil (pOTOIIEKTPOHHON CHEKTPOCKONUU
(YOOC), CcnexkTpocKONUU YIpYyro-oTpaxeHHbIX dJekTpoHoB (CYOD) u myreM CHATHS
YHEPTeTUYECKUX 3aBUCHMOCTEH MHTEHCUBHOCTH | poXo/sIIero cBeta uepes oopaser. JHeprus
¢doronoB hv n3mensnace B npegenax 0.6 — 6.0 3B (A = 2000-190 um). [Ipodunu pacnpenenenus
aTOMOB IO TIIyOMHE ompenesnsnuck mMetogqoM OOC B coueTaHUM C TPaBJIIEHHEM NMOBEPXHOCTHU
voHamu Ar’.

JluHaMuKa M3MEHEHUS] KPUBOM HHEPTreTHUECKOro pacupeieneHus (pOTO’IEKTPOHOB s
CaF,, o6myuennoro monamu Ar' ¢ Eq=1 3B ¢ pasHeIME fo3amu mpuBeneHa Ha puc.l. ®IC
cHATHl npu hv=21,2 3B. BuaHo, uro Ha cnekTpe «uuctoro» CaF; HauanbHBIA pe3Kuil pocT
dboTodnMeKTpOoHOB HaumHaeTcst ¢ 12,2 -12,3 5B, 4ro 00yCIOBIEHO BBIXOJIOM JJIEKTPOHOB H3
NOTOJIKa BaJIeHTHOM 30HBI Ey B Bakyym. Ilnmomanes mox KpUBOH  3HEPreTHMYECKOTrO

pacnpeacicHusd NpoInoOpHHUOHAIIBHO KBAHTOBOMY BBIXOOY (I)OTOBJ'ICI(TpOHOB. BKCTpaHOHHLII/I}I
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3TOH yacTH KpHUBOH Kk ocu Eg, naer 3Hauenus ~12,1 aB. Egy, — sHeprus gporodnexkrponos. s
CaF, 3HaueHHMsT CpPOACTBO K DBJEKTPOHY (LIMpUHA 30HBI MpoBoxumoctH) x~0,1 3B mostomy
MOKHO II0JIaraTh 4YTO INMPHHA €ro 3alpenieHHod 30HbI Eg cocraBnser ~12 5B. B nauanpHOR
4yacTH cHeKkTpa mpu sHeprusx 4 u 7,5 3B oOHapyxkuBaercs BecbMa Mall0 MHTCHCHBHbBIC
ocobenHoctd. Ocobennocts npu Ey,=7,5 3B MoxkeT ObIT 00yCIOBIECH HalW4uMeM Ha y3/ax
pemeTK: HeKOToporo konuuecTBa Ca, HE CBSI3aHHOTO C (PTOPOM, 2 BOSHUKHOBEHHE OCOOCHHOCTH
npu hv=4 3B, o BuaAMOMY CBSI3aHO C HATMYUEM ITOBEPXHOCTHBIX COCTOSHUH.

Bomb6apauposka CaF, momamu Ar® B 3aBHCHMOCTH OT J03bl HOHOB IIPHBOIUT K
M3MEHEHHIO COCTABA M SJIEKTPOHHYIO CTPYKTYPY €r0 IOBEPXHOCTHBIX cioeB. Jo nossr D=10"
cm? He MIPOUCXOIUT 3aMETHOE U3MEHEHUE CTPYKTYphI KpuBoi I(hv).

YBemmaenne 10361 g0 D=5-10" cm™ npuBOIUTH K ymupeHHoro KOP, ymenblieHuto
MHTEHCUBHOCTH OCHOBHOro Makcumyma (Eg,~14 3B) u xBaHTOBas BbIXOJa (DOTORIEKTPOHOB, a
TaK)Ke CMEIICHUIO HAvajo CrekTpa (Kpas BaJeHTHOU 30HBI Ey) B CTOPOHY MEHBIIHUX IHEPTHH.
ITpu 3ToM ammmuryna nuka npu Eg,~7,5 3B HeMHoOro yBenuuuBaeTcs, a 0COOEHHO B o0nacTu ~4
5B crnaxusaerca. Ilpu 3TOM 3KCTpamoyiAlMs HadalabHOM 4YacTW KpUBOM K ocu Eg, naer
3HaueHus ~10,8 3B, T.e. mupuna 3anpemienHoit 3006l CaF, ymenpmaercs Ha 1,1+1,2 3B. Ilpu
D=5-10" cm™ mromas mox KPUBOM B 00JIACTH OCHOBHOTO MaKCHUMyMa YMEHBIIACTCS IPUMEPHO
B 3 pa3a, KBAaHTOBOM BBIXOZ (DOTOZJIEKTPOHOB — Ooisee 2 pasa, a 3HaueHue Eg— Ha 4,5 5B. Ilpn
9TOM MHTEHCHUBHOCTH THKa B obsactu 7,5-8 xapakrtepHoii ans Ca yBenuuuBaercs 6-7 paza. [lpu
D=5-10"® cm CTPYKTypa (POTORJIEKTPOHHOIO CIEKTpa XapakTepHas ais auanektpuka CaFs
MOJIHOCTBIO MEPEXOUT CTPYKTYPY XapaKTEPHYIO MeTaljia — KaJbIusl.

Ha puc.2 mpuBeseHa 3aBUCHMOCTb WHTEHCHUBHOCTH CBEeTa IPOXOJALIEr0 CBETa OT
sHeprun (poroHoB B obmactu 0,2-6 5B mis MoHokpuctamimyeckoro obpasma CaFp(111),
o61yuennoro nonamu Ar’ ¢ Eg=1 k3B pasHbIMu 103aMu. BuHO, 4YTO B CIlydae «UHMCTOTO» H
noHHo-00yuenHoro CaF, mpu yBemuuenue hv ot 0,2 3B n0 6 3B 3nadenue | memienHO
ymenblnaercs. [Ipu aTom 3Hauenue | nonHo-ob6nydennoro CaF; Bo Bceill uccnenoBanuii o0aactu
hv menbuie yem | uncroro CaFs. IIpu nosze D=5-10" cm™ yMeHblIeHue | B cpeiHeM cocTaBiser

20-25%, npu D=10" cm? cpeanee 3HadyeHue | ymenbmaercs Ha 35-40%, a npu D=5-10" cm?

MHTEHCUBHOCTh CBeTa yMeHblIaeTcs B 5-6 pa3. Ilocine 6omMOGapaupoBku ¢ 1030 D=5-10"® cm?

yepe3 wieHku CaF; B uccnemyemoit o6mactu hv=0,6-6 5B nmpakTH4yeckn He TPOXOIUT CBET.
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AN(EYdE oTH.en.

0 4 8 12 16 Ego. 5B

Puc.1. ®otodrekrponnbie ciiekTphl CaF,(111), o6yuennoro nonamu Ar' ¢ E¢=1 k3B npu D, em? 1
-0,2-510" 3-5-10", 4 - 5-10%°

IOIH.CI.
3 1
_—
2
6
_
n 3
4 -
2 -
4
0 | | | | | | | | | |
0,3 1,5 25 35 4.5 5.5 hv,aB

Puc.2. 3aBUCHMOCTH MHTEHCHBHOCTH NMPOXOAAIIETO CBeTA OT YHeprun (oToHoB s CaF,,
00JIy4eHHOT0 NOHAMM Ar' ¢ E;=1 x3B npu D, em?1-0,2-510% 3-10%, 4-5-10%

Tenepr nepexouM K 00CYKICHHUIO OTYyYEHHBIX PE3YJIbTAaTOB.
+

Panee namm [8] mokaszaHo, YTO NMpH HU3KHX J03aX MOHOB Ar’ Ha moepxHocTH CaF,
HOSBIISIOTCS OTJENIbHBIE KiIacTepHble (ha3bl, oborameHHsle aToMamMu Ca. C pocToM 710361 HOHOB
15 2 -
pasMepsl 3Tux (a3 yBenuuubaetcs u mpu D=10 > em? cocrasmsier ~30-40 HM. [Tpu D>10" cm?
MPOUCXOIUT MEPEKPhIBaHUE TPAHUI] OTIENbHBIX (a3 U BCS MOBEPXHOCTh MOKPHIBAETCS aTOMAMHU
Ca ¢ Tommmuoit d~10-15A. TlosToMy mM3MeHeHMs CTPYKTYphl KpuBoii Y®IC, ymeHblueHHE
KBAaHTOBOT'O BBIXOAa (DOTORJIEKTPOHOB M MHTEHCUBHOCTH MPOXOJSIIETO CBETa C POCTOM J03bI

MOHOB OOBACHSAETCS yBeIWYeHHEM pa3MepoB kiactepHbix (a3 Ca (puc.l). Ilo-Bunumomy,
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o0pa3zoBaHus ATHX (a3 CONMPOBONKAAIOTCS C HEKOTOPHIM yBeJIHUeHHEeM KoHIeHTpauu Ca U He B
OONMy4eHHBIX YyYacTKax MOBEPXHOCTHhIX cioeB CaF,. DTo mnpuBOAUTE K YBEIMUYEHUIO
uHTeHcuBHOCTH muka Ca mpu hv=7-7,5 3B, cmemenuto HadanpHOU yactu KOP CaF; B cropony

MeHbIIUX Eg,. OTH UM3MEHEHHs CBS3aHO ¢ 0Opa30BaHMEM pPA3JIUYHBIX AE(PEKTHBIX YpPOBHEH

. 15 -2
BOJM3M JHA 30HBI IPOBOJMMOCTH M TMOTOJIKA BaJeHTHOW 30HBL. [lpu D>5-10 cM

KOHIIGHTPALUsl STHX YPOBHEW PE3KO yBETHMUMBACTCS M (OPMHUPYETCS Y3KHE NMPUMECHBIC 30HBI,

KOTOPBIC CIMUBANOTCA € 30HAMH HPOBOAMMOCTU U BaJICHTHOHN 30HBEI. CJICI[OB&TCJIBHO, mrpruHa

" 15 -2
3alpenieHHOM 30HbI  yMeHbIIaeTcsa. B uwactHoctn mpu D=5-10 CM ° HWHTEHCUBHOCTH

poxonAIero ceera cocrasisa ~70-80%, a snauenue Eq- ~7,5 3B. MoxHO nonarare, 4o mpu

atoM ~80% mosepxnoctu CaF; nokpeiBaercst aromamu Ca, a HeoOnyueHHBIX ydacTkax CaF;

oOpa3yercss MNPUMECHBIX 30HBI ¢ MmUpuHON ~4-4,5 »B. Hauunas c D=4-10"® cm? cer

npakTuyecku He mpoxoauT yepe3 CaFp, T.e. MOBEPXHOCTh MOJHOCTHIO MOKPBIBAETCS aTOMaMU
Ca.

Takum o6paszoM, B pesymsTare 6ombapauposku CaF, moHamu Ar’ B 3aBHCHMOCTH OT
JI03bI OOJy4EeHHUsI TPOUCXOAMT HM3MEHEHHUE DIIEKTPOHHOH CTPYKTYPHI MOBEPXHOCTHBIX CIIOEB
UCXOHOTO 00pa3a. DT U3MEHEeHUs 00BsACHIEeTC Kak 00pa3oBaHWeM HaHOKIAacTepHBIX ¢a3 Ca,
B 00my4yeHHbIX ywacTkax CaF;, Tak M H3MEHEHHMEM COCTaBa W CTPYKTYPhl MeK(pa3HBIX

(HeoOTyYeHHBIX) YYaCTKOB.
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IJIEKTPOHHAS CTPYKTYPA MOHOKPUCTAJIJIOB MgO
C HAHO®A3AMU Mg

ELECTRON STRUCTURE OF MgO MONOCRYSTALS WITH Mg NANOPHASES

M.b. FOcynmxanoBa, A.H. Ypakos, JI.A. TammyxamenoBa
M.B. Yusupdjanova, A.N. Urakov, D.A. Tashmukhamedova

TamkenTckuit ['ocynapctBennbiii Texuuueckuid Y uusepcurer, 100095, yi.

VYuuBepcurerckas, 2, TamkeHnt, Y30ekucran, e-mail: ftmet@rambler.ru

By method of bombardment by ions Ar" on surface MgO/Mg are obtained
nanofilms Mg with thickness 1 — 2 nanometers. The electron structure and

morphology of a surface of investigated films are studied.

Co3nanne HaHOPA3MEPHBIX CTPYKTYP C HOBBIMH (PH3MUECKUMH CBOMCTBAMHU HAa OCHOBE
JTURIIEKTPUUECKHUX TJICHOK SIBJIETCS OJHOW M3 OCHOBHBIX 33]1a4 COBPEMEHHOW MHUKpPO-, OITO-
U HaHODJIEKTpOHUKH. B wactHocTH, tuieHkn MQO XxapakTepusyroTcs BBICOKOM SHeprueit
CBSI3U, UTO OIPEIEIseT e€ XUMHUUECKYI0 YCTOWYMBOCTD M ITUPOKYIO 3alpEIIeHHYI0 30Hy. DTH
IUIGHKW B COYETAaHUH C METALUTMYECKUMH U TOIYIPOBOJIHUKOBBIMU TUIEHKAMH HCIIOIB3YIOTCS
B CO3/IaHUU YHUKAIBHBIX 3JIEKTPOHHBIX MpubopoB. Kpome toro, MgO sBnsercs omHuM u3
KOMITOHEHTOB TE€PBON CTEHKU TEPMOSJEPHBIX PeakTopoB. OJHAKO 3JEKTPOHHAsI CTPYKTypa
cuctembl MQO ¢ HaHokpucrtaulaMu MQ ® ee 3aBHCHMOCTh OT  Pa3MepoB
HAaHOKPHUCTAUTUYECKUX (Da3 10 KOHIIA HE N3YUEHHBI.

JlanHas paboTa MOCBSIIEHA U3YYEHHIO COCTaBa, CTPYKTYPBI M 3JIEKTPOHHBIX CBOICTB
HaHOPa3MEpHBIX  CTPYKTYp, oOOpasyrommxcs B HOBepxHOocTHOM cioe MgO mpu
6oMbGapanpoBKke HoHaMu Ar”,

B pabote mcrnonp30BaHbl KaKk MOHOKpUCTAJUTMYECKHE, Tak U amopdHbie uienkn MgO.
OcHOBHBIE HCCIIEIOBAaHUS TMPOBOIWINCH B aMOPGHBIX IJIEHKAX, MOMYYEHHBIX METOJIOM
IUIa3MEHHOTO HAamNbUICHUs] HAa HUKEJIEBYIO MOJIOXKKY. ToJIIMHA IJIEHOK cocTaBisuia 150—
200A.

HNonnas 6omOapaupoBKka, UCCIeAOBaHUS COCTaBa, MPOQUIICH pacmnpeeeHus] aTOMOB
no mMIyOMHE U DSJIEKTPOHHOM CTPYKTYphl TNPOBOAMIMCH B OJHOM M TOM K€
CBEPXBBICOKOBAKYYyMHOM TpHOOpE, COCTOSIIEM U3 JBYX CMEXHBIX Kamep. I[IpuHummn
MoNydeHHusi HOHOB Al OCHOBAH Ha MOHM3ALMH aTOMOB (MOJIEKYI) NP CTONKHOBEHHH HX C

OBICTPBIMH DJICKTPOHaMHU. AProH B TPHOOP HAIyCKaJCs dYepe3 IeTbHOMETANTHYECKUMA
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HaTekarenb. VOHHBIH MCTOYHMK paboTai MpH JaBIEHUH aproHa ~ 102 Tla, IIpU 3TOM B
M3MEPUTEIIBHON 4acTH Ipubopa naBieHne He npesbimano ~ 10° [a. III0OTHOCT TOKa HOHOB
Ha MHILIEHb cocTaBisuia (1 — 10)-10'6 Alem. JnameTp nmydyka MOHOB B MUILIEHH JIEXKal B
npeaenax 1.5 — 2 mwm. Ilepen moHHOW wuMIUTaHTanued mnoBepxHOCTh MQO ounmanucek
nporpesoM 10 T = 800 K B TeueHun ~ 10 4acoB M KpaTKOBPEMEHHBIM (MUMILYJIbCHBIM)
nporpesom a0 T = 1200 K.

CoBmecTHbIi aHanu3 pe3yabraroB OOC u XIID mokazamu, 4o mpu 6oMOapaupoBKe
MgO nonamu Ar’ mpoucxoaut pasnoxkenue cBszu Mg — O U Ha HOBEPXHOCTH TIOSBIIAIOTCS
atombl MgQ. Vxe nipu D = 10" cm™ (bopMHUpYIOTCS KJIACTEpHBIE YYaCTKH MarHusi, KOTOpbIE
obpasytor cBsi3u TMna Mg — MQ, a aroMbl (MOJIEKYJIBI) KHCJIOPOJIa M3 ITHX Yy4YacTKOB
MPAKTUYECKH TMOJHOCThIO pacnbuisitoTcs. C  JanbHEHIIMM pPOCTOM  J03bl  OOIydYeHHS

Ha6J'IIOI[aeTC$I YMCHBIICHUC MHTCHCUBHOCTH IMTHUKOB ha)v u h(t)s OKHCHU Mar”us, IIOSABJICHHUE U

YBEIIMYCHNE WMHTEHCHBHOCTH IIMKOB IUIA3MEHHBIX KOJeOaHWid XapakTepHbIX s M.
VBenu4yeHue IMOCIEIHUX HKBUBAJIECHTHO YBEIMYEHHMIO MOBEPXHOCTHOM KOHLEHTpauuun Mg.
Ot u3MeHeHus mpoucxomsar o D = (4 — 6)-1016 cM?. JlanbHeiinme yBenuuenue D He
NPUBOAUT K 3aMeTHOMYy wu3MeHeHuto crnektpa XIID. Kak Bugno u3 POM u ACM-
M300paXeHU TMOBEPXHOCTH, INpPUBEACHHBIX HAa puc. 1. a m 6, mpu D = 10 cm?
MIOBEPXHOCTHBIE pa3Mepbl KiacTepHbiXx ydactkoB Mg coctasmusitor 50 — 100 um (puc. 1, a), a
ux Bbicota — 20 - 25 M (puc. 1, 6). C pocToM 1036l 00Ty4E€HUSI OBEPXHOCTHBIE pa3Mephl
STHX Y4acTKOB yBenmumBaforcs W npu D = 6-10'° cm? moeepxmocts MgO momHOCTBIO
nokpeiBaercss aromamMu Mg. [lpu 3TOM NOBEpXHOCTh CTAHOBUTCS OoJiee IJIAAKOW U ee
IepOX0BaTOCTh He mpeBbimaet 0,5 — 1 HM.

Metogom YOIC onpenenneHbl mapameTpsl dHepreTudeckux 30H MgO u HaHOTUTEHKH
Mg (tabmuna 1): Ey — moronok BaneHTHOW 30HBI, EF — monoxenue ypoBHs depmu, Eg —

HIMPHUHA 3aNPEIIEHHON 30HBI, ){ — CPOJICTBO K DJIEKTPOHY.

Tabnuua 1.
IInenkn Tomnumua, A E,, »B Er, 5B Eg, 5B X, OB
Mg 15-20 2,6 2,6 0 2,6
MgO 200 8,2 2,8 7,2 1,0

YBenuuupas OHCEPIU0 HOHOB O 5 k3B MoxHO YBCJIUYUTDH TOJIUHY IIJICHKHU Mg A0 15

— 20 A. JanbHeiimue yBequueHne sHeprul HOHOB IIPHBOIUT K HHTEHCHBHOM necopOiun Mg
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C TIOBEpXHOCTHBIX CIJIOeB. M3MeHsis yron mnajaeHusi OOMOApAMpPYIOIIMX HOHOB MOXKHO B
OIIPEJICNICHHBIX TpeJieNiax PeryIupoBaTh 3G HEeKTHBHOCTH pacbUICHHs KHCIOPOAa H TOJIIIUHY
IDIEHKA Mar"us. AHaims IMMOKa3bIBACT, 4YTO MJIA IMOJYYCHHA OAHOPOJHBIX IIJICHOK Mg
Han0oJiee ONTUMAIBHBIMUA PEKHUMaMU MOHHON MMIUTAHTAIMK SBISIOTCA: SHeprus Eg = 1 — 5
B, nosa D = 810" cm, yron nagenns wonoB o = 0 — 10° oTHOCHTENBbHO HOpManH. Bo

BCEX cydasx 00MOapaUpOBKU TPeOyeTCs: MOCIE YOI OTHKHUT.

.0 ® VI @ ° ve:

- e @ L
-

Z Axis, nm

0)
Puc. 1. POM (a) u ACM (6) - u3006pakeHust TOBEPXHOCTH.

+
Takum oOpazoM, HU3KOIHEPTreTUYECKasi BHICOKOI03HasT OoMOapaupoBka HOHOB Al B
MgO B coderaHuMm ¢ OTKHIOM TIO3BOJISIET CO3/aTh HAHOIUICHOYHBIE MHOTOCIIOWHEIE

cTpyktypsl Tuna Mg — MgO — Mg.
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