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BBEJIEHUE

XXVI Mexnynapoanas xkoHpepeHius «B3aumonelicTBie HOHOB ¢ moBepxHOCThIO» (BUII-
25) mpoBoautcst B SApocnasine ¢ 21 mo 25 aBrycra 2023 roga B SIpociaBCKOM TOCYAapCTBEHHOM
yHusepcurere uM. IL.I. Jlemunosa.

Tematnka TPAAUIIMOHHO OXBAThIBACT Q)YHHaMeHTaIIBHBIe U TPUKIAJHBIC BOIIPOCHL
BSaHMOHeﬁCTBHﬂ HWOHOB C IMOBEPXHOCTHIO.

Jloxaapl 00beTMHEHBI B 6 CEKITNH, pabOTAIONINX MOCIEI0BATEIHHO:

1. Pacnibuienue, cTpyKTypa MOBEPXHOCTH, AeCOpOLs;

2. PaccesiHue U 3MHCCHS HOHOB, 3JIEKTPOHOB, (POTOHOB U PEHTTEHOBCKUX Jy4ell Py MOHHOM
O6oMOapaIupoBKe;

3. UMmnnanTanys HOHOB U MOIU(UKALINS TOBEPXHOCTH;

4. oHHO-MHAYLMPOBAHHBIE MPOIIECCH] B TOHKUX IJIEHKAaX U HAHOCTPYKTYpax;

5. B3aumozeiicTBre maa3Mbl ¢ MOBEPXHOCTHIO — (U3MKA U TEXHOJIOTHSL.

6. MonHoe o0myueHne B OMOJIOTHH U MEIUITMHE.

B paMkax cekmuii TOMHMO pEryJlsSpHBIX YCTHBIX M CTEHJIOBBIX JOKJIaJOB OyIyT
Mpe/CTaBiIeHbl O030pHbIE JIEKLIMH, TIOCBAIEHHBbIE TMEPEJOBBIM pe3yjbTaTaM HayUYHBIX
UCCIIEIOBaHUIM B 00JIaCTH B3aMMOJICHCTBUS MOHOB C MOBEPXHOCTHIO M B HEKOTOPBIX CMEKHBIX
oOracTsx 3HaHUM. 3acegaHus MPOUIYT B CMEIIAHHOM OYHOM U JUCTAaHLMOHHOM (hopMarax.

Opraam3atopamu koH(pepennun BUII-26 sBrasroTcss MHHHUCTEPCTBO HAyKW W BBICIIETO
obpazoBanusi P®, Poccuiickas Axamemuss Hayk, HamumoHambHBIX HCCIIETOBATEIHCKUM IIEHT
«Kyp4yaToBCKMIl HMHCTUTYT», SIpOCIaBCKMH TOCYyAapCTBEHHBIM YHUBEPCUTET, SIpocimaBckuit
¢bunmuan ¢duzmko-TexHojgorndeckoro wHCTUTYTa PAH, HammonanmeHBIN uHccaenoBaTeNbCKUi
anepHeli  yHuUBepcuteT «MHU®M», MoOCKOBCKHMI TOCyJapCTBEHHBIM yHuUBepcutTeT, CaHKT-
[TetepOyprckuii MOMUTEXHUUECKUI YHUBEPCHUTET.

Kondepenuus «B3anMopeiicTBe HOHOB C MOBEPXHOCTHIO» SIBISETCS OJHON W3 BEAYLIUX B
cBoel oOnactu Hayku. BmepBeie ona mpomnuta B 1971 romy B XapbkoBe IO HHHUIIMATHBE
npodeccopa SA.M.Dorens; nanee koHdpepeHIUH npoBoawmch B Mockse, Kuee, Muncke,
3Benuropoze, Apocnasie. Ha npotsokenun Bcero Bpemenu koHpepenuust BUIT coxpansinacs u
OepexHO MOoJAepKUBANIACh €€ OpraHu3aTopaMu, B TOM YHUCIIE TEMH, KTO CTOSUT y €€ UcTOKOB. K
HUM B IiepBYyr0 odepenp oTHocarcs: FO.A. Pepkos, B.E. IOpacosa, SI.M. ®@orens, O.b. @upcos,
b.b. Kagomres, B.T.Uepenun, B.A.JlabynoB, B.I'.TenskoBckuii, U.WU.11Ixkap6an, B.A.KypHnaes,
A.N.TutoB u ap.

Nutepec k kondepennun BUII He ymeHbIIaercs u3 roga B roj, TPAJIUIUOHHO COXPaHSAETCS
ydacTue BeAylIMX 3apyOekHbIX yueHbIX. B agpec Oprkomutera B 3TOM rojay mocTynuio donee
130 pacimpeHHbIX TE3UCOB HAYyUHBIX JTOKJIaa0B U3 11-TU cTpaH Mupa, KOTOpble OMyOIMKOBaHbI
B HACTOSIIKMX Tpynaax KoH@pepeHuuu. OTmeudaeTcss OOJBIIOE YHUCIO MOJIOABIX YYaCTHHUKOB,
MHOT'ME U3 KOTOPBIX BBICTYIIST C YCTHBIMH JTOKJIaJAaMHU.

ITocne  3aBepmieHuss  KOH(PEPEHIMH  TpEANoNaraeTcs  MyOnWKanus  MaTepuaioB
MpEACTABICHHBIX JTOKIAJ0B B BUE cTaTel B xKypHanax "[loepxnocts", "U3Bectnsa PAH, cepus
¢uznueckaa". Crarbu Uil MyOnuKanuu OyIyT OTOOpaHBI M pacHpelesieHbl MO KypHallaM
[IporpaMMHBIM KOMHTETOM IIOCJIE€ PELIEH3UPOBAHUS BO BpeMs paboThl KOH(EPEHIINH.

Ot nua opraHn3aTopoB KOH(DEPEHIINH BBIpaXkaro TIyOOKYI0 0JaroJapHOCTh POCCHUCKUAM U
MHOCTpaHHBIM ujieHaM OpraHuzanroHHoro u IIporpamMmmHOro KOMuUTETOB U MeXayHapOIHOTO
COBEeTa 3a OOJIBIIYIO TOMOIIL B OPraHU3alMH KOH(EPEeHIIHIHA.



B cBobGoaHoe oT paboThl KOHpEpEeHnH BpeMs OyAyT OpraHHM30BaHbl MEIINe 3KCKYpCHUHU T10
ropoay M 3KcKypcuu B Tonrckuit MOHacTeIps Wik B PoctoB Benukuit.

Opranuzaropel BUII-26 HazgeroTcs, 4TO [pYy>KECTBEHHOE OOIEHHWE YYAaCTHHKOB B XOJ€
paboTel KoH(pepeHIMN OyAeT crnocoOCTBOBaTh €€ ycCleXy U JalbHEWIIeMYy COTPYAHHYECTBY
YYEHBIX.

FO.M. l'acnapsn, npencenarens [Iporpammuoro komurera BUII-26



INTRODUCTION

The 26th International Conference on Ion-Surface Interactions (ISI-26) will be held from 21st
to 25th of August 2023, in the P.G. Demidov Yaroslavl State University.

The Conference covers both basic and applied issues of ion-surface interaction in its six
sections:

1. Sputtering, surface structure, desorption;

2. Ion scattering, emission of ions, electrons, photons, and X-rays under ion-surface
Interaction;

3. Ion implantation, surface modification and surface analysis;
4. Ion-induced processes in thin films and nanostructures;

5. Plasma- surface interaction: physics and technology;

6. lon irradiation in biology and medicine.

In the frame of each section, regular oral and poster presentation together with review talks
will be presented. The conference will be held in a hybrid (in person and online) format.

The ISI-26 is organized by the Ministry of Science and Higher Education of the RF, the
Russian Academy of Sciences, National Research Centre “Kurchatov Institute”, Yaroslavl State
University, and Yaroslavl branch of Institute of Physics and Technology RAS, National research
nuclear university MEPhI (Moscow Engineering Physics Institute), Moscow State University,
and St. Petersburg State Polytechnic University.

The ISI Conference is one of the leading in the field of ion-surface interaction. It was
organized for the first time in Kharkov in 1971 on the initiative of Prof. Ya.M. Fogel. Later it
was hold at Moscow, Kiev, Minsk, Zvenigorod, Yaroslavl. For a long time, the ISI conference is
carefully supported by her organizers, including those who stood at its origins: Yu.A. Ryzhov,
V.E. Yurasova, B.B.Kadomtsev, V.T.Cherepin, V.A.Labunov, V.G.Telkovsky, I.I.Shkarban,
V.A.Kurnaev, A.L.Titov and others.

The popularity of the ISI conference stays at the high level for many years, and leading
experts in the field from many countries traditionally attend it. This time, the Organizing
Committee received more than 130 extended abstracts from 11 countries. The materials are
published in this Conference Proceedings. There are many new participants from different
regions of Russia, and many of them are young people. A number of young participants will
have a chance to present their results as oral or invited talks.

On behalf of the organizers of the conference, I would like to express my deep gratitude to

foreign members of the Organizing and Program Committees and the International Advisory
board for their great help in organizing the conferences.

After the conference, selected papers of the Conference will be published as special issues of
the “Bulletin of the Russian Academy of Sciences, Physics” and “Journal of Surface
Investigation™.

Guided walking tours around the city, as well as excursions to the Tolgsky monastery or
Rostov the Great will be organized in the time free of scientific sections.

The organizing committee hope that this conference will be just as interesting as the previous
ones and friendly communication between participants will bring lively discussions and many
new useful connections.

Yury Gasparyan,
Chair of ISI-26 Programme committee
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IMAMSTH BEPHI EBTEHBEBHBI FOPACOBOU

— — . 11 suBaps 2023 roga He ctano Bepbl EBreHbeBHBI
IOpacoBoii — BbIZaOMIErOCs Y4YEHOrO, 3aMEyYaTeIbHOTO
mejarora, MPEKpPacHOTO OpraHm3aTopa U OECCMEHHOTO
PYKOBOOAUTCIIA OpTraHHu3allMOHHOI0 n mporpaMMHOro
KOMHUTETOB MexayHapoaHoit KoH(epeHInH

«B3anMo1elicTBME HOHOB C OBEPXHOCTHIO»

Bcs nayunas u meparormyeckas JesITEIbHOCTh
Bepbr EBrenbeBHBI 10 TOCIHEIHUX JHEH JKU3HM ObLia
cBs3aHa c ¢usmdeckuM ¢akyapretom MI'Y um. M. B.
JlomoHocoBa, rAe oOHa JOJTUE TOJAbl PYKOBOAMIA
naboparopueld B3aMMOJCHCTBHSI MOHOB C TIOBEPXHOCTHIO

Kadeapsl GU3NIECKOMN IIEKTPOHUKH.

[lepBeie Hayunwsle pabotel B. E. IpacoBa ObUIM TOCBSIIEHB HCCIEIOBAHUIM
MEXAHU3MOB paclbUIEHHs TBepAbIX Teia. Ee crarbu 1O aHM30TPONIMM  pPaCHbUICHUS
MOHOKPHUCTAJJIOB MOHHBIMH ITyYKaMH Hapsay ¢ padoramu [. Benepa u M. Tomricona Bouuiu B
KJIACCMKY MHPOBOHM JIUTEpaTyphbl MO paAuallMOHHBIM 3(dekTaM B TBepAbIx Tenax. [pyroe
HAIPaBJICHUE MHCCIENOBAHUN 3TOTO IEpUOJA CBS3aHO C INPAKTUUECKUMHU NIPUMEHEHUSIMU
MPOIIECCOB pachblicHUs. Bepoit EBreHbeBHON ¢ KoieraMud OBLIO IMOKa3aHO, YTO HOHHAs
O6oMOapIupoBKa MO3BOJISIET BBIIBUTH 3€PHUCTYIO CTPYKTYPY MOBEPXHOCTH JIFOOBIX MaTepUasoB,
ONpEETUTh MECTa BBIXO/A HA MOBEPXHOCTh JUCIOKAIUMI, PA3IMYUTh HA TTOBEPXHOCTH 3€pHA C
HU3KOMHJIEKCHBIMU T'paHsAMHU 10 (popme oOpasyromuxcst Ha HUX (uryp TpasieHus. M3ydenue
0coOeHHOCTEeH pachblUieHUsT Je(OPMHUPOBAHHBIX MaTEpUAIOB INPHUBEIO K pa3padoTKe MeToja
BBISIBJICHUS A€(QOPMUPOBAHHBIX YYaCTKOB IOBEPXHOCTH C MOMOIIBI0 HOHHOM OOMOapIupOBKH.

MGTOI[ Hamel IMUPOKOC MPUMEHCHUC, B YaCTHOCTHU, B KPUMUHAIMCTUKE U apXCOJIOTUH.

B. E. IOpacoBoii ¢ koseramu, OJZHUMH M3 TEPBBIX, OBUIM PEATU30BAHBI METOJBI
KOMIIBIOTEPHOT'O MOJEIUPOBAaHUSA U1 HCCIECJOBAHMS IPOLIECCOB B3aMMOACUCTBHS HOHOB C
IIOBEPXHOCTBIO MOHOKPHUCTAJIa U NPEICKAa3aHO HECKOJbKO SIBJICHUH, M03Ke OOHApYKEHHBIX B
sKcniepuMenTax. Bepoit EBrenbeBHOM 00Hapy:KeHO BIUSHHE MarHUTHOTO (pa30BOTO Mepexo/ia Ha
pacmblIEHME M BTOPUYHO-MOHHYIO 3MMCCHIO. OKCIIEPUMEHTAJIBHBIE pE3YJIbTAaThl HAILUIM
TEOPETUYECKOE OOBACHEHHE Y4YeTOM BKJIaJa CIHUHOBOIO B3aUMOACHUCTBUS DJEKTPOHOB B
NOTEHIMAJ B3aUMOJICHCTBUSA aTOMOB B (DEpPpPOMAarHUTHOM COCTOSSHMM OOpa3LoB. 3HAUYUTEIbHOE

konmmuecTBO pador B. E. KOpacoBoli MOCBAIIEHO 3KCHEPUMEHTATBHBIM HCCICIOBAHUSAM U
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KOMITBIOTEPHOMY MOJICTHPOBAHHUIO MPOIECCOB PACIBUICHHUS OJHOAIEMEHTHBIX M OMHApHBIX
coeMHEeHUN (B TOM 4umcie (EeppoOMarHeTUKOB), HAINpPABICHHBIM Ha M3Y4YEHUE MPHPOJIBI
HaOmromaembix siBieHuil. Bepa EBrenpeBHa siBisiercss aBTopoM Oosnee 500 HaydHBIX paboT.

[Tocnennsst ee crarhs ObuIa onyosukoBana B 2021 roay B xypHane Vacuum.

ITon pyxoBoactBom B.E. IOpacoBoii moarorosieHo u 3amuiieHo Oonee 30
KaHauaaTckux w10 mokTopckux aumccepranuid. YuyeHukd Bepbl EBreHbeBHBI, yCHENIHO
paboTtaronye B BEAYNIMX YHHUBEPCUTETaX M HAY4YHBIX IleHTpax Poccum w mupa, Bcerma c
T€HJIOTOI>'I BCIIOMHUHAKOT BpeMSI, HpOB@I[eHHOG B KOJUICKTHBC, BO3IJIaBJISICMOM HaquBIM
pykoBonuteneM. OHa yAMBHUTEIBHBIM OOpa3oM yMmela NepeAarbh OKPYXKAIOIUM CBOIO
YBJICYCHHOCTh M JHTY3Wa3M. Ee 3aMHTEpecOBaHHOCTh B CyAbOC YUYCHHKOB, NMOHUMaHHUE U
MOJJIepKKa, TOTOBHOCTh IIOMOYh B JIIOOOH JKU3HEHHOH cHUTyaluu He 3a0biBacMbl. OOIICHUE C

HEH Bcerna npuaaBaio 3apsa 60ApOCTH U ONITUMHU3MA.

Mexnynapoanas koHdpepeHmus «B3aumopaeiicTBue MOHOB ¢ moBepxHOCTHI0» (BUII) -
mobumoe «auTs» Bepsl EBrenpeBHbl. OHA cTOsIa Y MCTOKOB 3TOW KOH(epeHIuH, mepBas U3
KOTOpBIX mpornria B XappkoBe B 1971 rony. Haumnas ¢ 1972 roma, B. E. FOpacoBa Obuia
0ECCMEHHBIM PYKOBOJUTENIEM OPraHU3allMOHHOTO M MPOrPaMMHOI0 KOMUTETOB KOH(EpEHIINU
«B3anMoJieiicTBMEe aTOMHBIX YacCTHI[ C TBEPIbIM TeIOoM», KoTopas ¢ 1978 roma momydwiia
Hactosimiee HaszBaHue. K pabore mo opranmszamuu koHdepenmuun B.E. HOpacoBoit Obuin
NPUBJICUEHBI BCE BEAYIUE CIEIHATUCTHI B 00JACTH B3aUMOJICHCTBHUS MOHOB C TBEPIBIM TEIIOM
u3 Mockssl, Jlenunrpana, Kuesa, Xappkosa, Yxropozaa, TamkenTta. Beicoknuii MexayHapoaHbIN
aBTOPUTET M NpHU3HAHUWE HAy4yHOro Bkiaga Bepwl EBreHneBHBI M ee KOJJIET BCerjaa MO3BOJISUI
IpUBJIEKaTh K y4YacTHiO B paboTe KOH(GEpPEeHLUHUH NPAaKTUYECKH BCEX M3BECTHBIX YUEHBIX,
3aHMMABILNXCSl BOIIPOCAMHM B3aUMOJEHCTBUS 3apsHKEHHBIX YacTHUIl C BellecTBOM u3 EBporbl,
Awmepuku, Asum, Adpuku. Xodercs OTMETUTh OIPOMHBbIE OpraHu3anuoHHble ycwius B.E.
KOpacoBoii B 90-e ronpl, Korja yaajloch COXpaHUTh HAIly KOH(EpPEHIHIO. YYacTHe MOJOIBIX
YUEHBIX, ACIIUPAHTOB U CTYIEHTOB, MX OOIIEHHWE C WMEHUTHIMU CIEHHUATUCTAMH B pPaMKax
MpOBEJCHUS KOH(EPEHINMH CTalld JIJIsl HUX XOPOLIECH IIKOJION M HEKOTOpble M3 HUX paboTaroT

CEeroJiHs B OpraHU3allMOHHOM M ITPOrpaMMHOM KoMuTeTax koHgpepenmn BUIT 2023.

Cgernas mamsth 0 Bepe EBrenbeBne FOpacoBoii ocTaHeTcst B cep/iliax KOJUIET, YYeHUKOB,

JIpYy3EH.
OPTAHM3AILIMOHHBI KOMUTET

MEXIYHAPOJTHOM KOH®EPEHITN BUIT 2023
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Vera E Yurasova — An Appreciation by M W Thompson*

I first came across the name Yurasova whist searching in the library for publications on
atomic collisions, particularly those created by the ion bombardment of solid surfaces. Two
important papers stood out for me. First I found, in a report on an international conference on
plasma physics in the mid nineteen fifties, an account of an experiment by G K Wehner in which
ions from a plasma had bombarded a single crystal of metal. He found that atoms of the metal
were sputtered from its surface, but surprisingly, they travelled away in directions firmly related
to the crystal’s atomic structure. I later found an account of an experiment by V E Yurasova
reporting a similar effect and which I had just confirmed in yet another experiment. Each of our
experiments had used ions of a very different energy. It was a phenomenon that had never been
seen before!

The reason for my library quest was a change in my field of research. When I was newly
graduated in 1953, I was employed by the UK government in their research establishment at
Harwell for the peaceful uses of atomic energy. After a year gathering data for the design of
reactors for electricity generation, my personal research became centred on the effects of
radiation on the properties of reactor materials. We wanted to find out what damage radiation
had done to their atomic structure and relate that to the observed effects on their properties. But
interest was shifting from effects to dynamics. For in a primary event nuclear radiation creates a
recoiling atom of the solid which itself collides with others in a growing cascade of collisions.
The debris of such cascades was thought to cause the radiation effects. I thought it might also be
responsible for sputtering and that by studying sputtering one might learn about cascades.

Vera and I first met because we both used ion beams from small accelerators to create
these primary events. In her case, I think, to gain knowledge that could help the technologies of
plasma and electronic devices. In my case, to help the development of nuclear reactors. By the
early nineteen sixties I had widened my scientific contact group to include people from many
countries including USA, Canada, Denmark, Sweden, Austria, Germany, Netherlands, Serbia,
and Russia.

So it was that I came to a point in 1963 when I was allowed by my employers to invite a
select group of 20 of these scientists to a symposium at Harwell. Two of them were to be from
Moscow, V E Yurasova and V Molchanov, neither of whom I had ever met, but I was eager to
do so. In July 1964 when the symposium members were assembling and being taken to their
accommodation near Oxford, I personally went to meet the Russians as they arrived at Didcot
railway station. There were two surprises: first that there were three of them not two and second,
through my ignorance of the Russian language, that Yurasova was a woman! Not so Molchanov,
who was most definitely a man. Both of them became familiar colleagues at meetings in later
years.

* Sir Michael W. Thompson, is a British academic, who is known as one of the leading experts in the field of atomic
collisions of ions with solids. In particular, he was one of those who discovered the channeling effect For a long
time, he served as vice-chancellor of several English universities. Knighted in 1991.
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The symposium was judged to have been a success, many good ideas were exchanged, and a new
field of science was launched, for this turned out to be the precursor of an international
conference series that continues to this day. Its title includes the words Atomic Collisions in
Solids. Vera and I were members of the first few organising committees and she and I were both
members of the editorial board of a new journal called Radiation Effects, published by Gordon
and Breach of New York. In her own country, as you of the ISI conferences will be well aware,
she ran this national conference series on Ion Surface Interactions for very many years. I last met
her, virtually by Zoom, at ISI-2021 in Yaroslavl.

I visited her in Moscow several times and with her assistance visited many university
institutes in the former Soviet Union. In Moscow University she established an important group
of scientists and through that an influential graduate school. Her former associates spread across
many countries. Her own research, following that early demonstration of lattice-directed
sputtering from crystals, covered a widening field of interests including secondary electron
emission and ion reflection from crystals. She showed a particular interest in compound semi-
conductors.

Hers was surely a career in science to marvel at! She did so much for the exchange of

scientific ideas internationally and I am but one of many who held her in great esteem and
counted her as a friend.

MWT

St Agnes, Cornwall, UK, 2023
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Cekyusn 1. Pacnoinenue, 3po3us noeepxHocmu, 0ecopouus

Section 1. Sputtering, surface erosion, desorption
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IOOEKT IPEUMYIIECTBEHHOI'O PACIIBIVIEHUA ITPU OBJIYYEHUU
CINTABOB ATOMHBIMH U KITACTEPHBIMHU NOHAMM

EFFECT OF PREFERENTIAL SPUTTERING DURING IRRADIATION OF ALLOYS
WITH ATOMIC AND CLUSTER IONS

B.C. Yepnsbim
V.S. Chernysh

Quzuueckul pakyromem MI'Y umenu M.B. Jlomonocosa, Jlenunckue copul, 0. 1, c. 2,

Mockea, Poccus, chernysh@phys.msu.ru

The report briefly discusses the history of the study of alloy preferential sputtering under
atomic ion beam bombardment. Despite significant achievements, the understanding of the
mechanisms of alternated layer formation requires further study. New ideas are offered. An
overview of experimental data on the effect of gas cluster ion irradiation on the surface
composition of nickel-based alloys is given. Some differences have been found in the effect

of cluster and atomic ion beams on elemental surface composition.

Hcropus B3aMMOAEMCTBYSI HOHOB C TBEPABIM TEJIOM HayMHAETCs ¢ cepeauHsbl 19-ro Beka,
korga I'poyB [1], u3yuyas mpoxXokJaeHHE 3JEKTPUUYECKOTr0 TOKa uepe3 rasbl, OOHApYy>KWII, YTO B
o0JacTH KaTo/1a Ha CTEHKaxX CTEKISTHHOM KoJIObI 00pazyeTcs ocaiok. [IpruunHbl OSBIEHUS TAKOTO
ocaJKka J0Jroe BpeMs ocTaBauch HesicHbIMU. Ho, mockosibky ocanok ¢opmupoBascs BOIU3U
KaTo/a, SIBICHHE IOJY4YWJIO Ha3BaHHUE «KaTonHoe pacnbuieHue». Yepes 50 ner [Hrapx [2]
MIPEUIOKII JUIsl OOBSCHEHUS paclbUIeHUs] MOJIEb ropsiyero nsatHa. CorjacHo 3TOM MojenH, B
MHKpOCKOHH‘—IGCKOﬁ 00J1aCTH B MECTE CTOJIKHOBEHHUS MOHA C IMOBEPXHOCTBIO KaTOJAa IMTPOHUCXOAUT
CTPEMUTENbHBIN Pa30rpeB MOBEPXHOCTH KaTona. Kak ciencTBue, aToMbl 00JydaeMoOro MOHaMu

KaToJa UCIAapAOTCA U OCAKAAKOTCA Ha TOBCPXHOCTH KOJIOEI.

Emgé uepe3 50 ner B dkcnepuMeHTax MO PacCHbLIEHUI0 MOHOKPHUCTAUNIMYECKUX MUILECHEN
MOHaMM HU3KMX oHepruii Benep [3] oOHapyXus1 aHH30TPONHIO B HPOCTPAHCTBEHHBIX
pacripeieieHusIX pacibUIeHHBIX dacTull. Bemen 3a Benepom HOpacosa [4], Tommcon [5] u
IlepoBuu [6] moka3anu, 4TO aHU3OTPOIHMS YIIOBBIX pacnpeaeseHni HaOIr01aeTcs B Uana3oHe
SHEPruil HOHOB OT €IMHULL K3B 10 HeckonbKuX M3B. OTH 3KCIIEpUMEHTHI IBUJINCH HAa4aJIOM HOBOM
3pbI B UCCIIEI0BAaHUU B3aUMO/IEHCTBUS HOHOB C MIOBEPXHOCTHIO TBEPBIX Te. CTao 0YE€BHUIHBIM,
YTO B OCHOBE MEXaHMU3MOB B3aUMOJECHCTBHSI HOHOB C BEILIECTBOM JIEKAT ATOMHBIE CTOJIKHOBEHUS
HaJIETAIOIMX YaCTHIL C aTOMaMH MUIIEHH, a TAK)KE MOCIEAYIOLIUE CTOJIKHOBEHUSI aTOMOB OTAAaun
C OKpy’XarolMu atomMamH. [losBuIMCh TeopeTHuecKkue 000CHOBaHHS aHU30TPOIIMH PACTIBIIICHHUS
B Buae (OKYyCOHHOW Mojenu pacmbuieHuss [7]. B mombITkax MOHATHP MEXaHWU3MBI
MPEUMYIIECTBEHHOIO  pAcHbUIEHUS  BJOJIb  HU3KOMHAEKCHBIX  KpUCTaIOrpapuuecKux

HanpasieHuit PoOuH30HOM [8] ObUT OTKPHIT 3 (HEKT KaHATUPOBAHUS HOHOB B MOHOKPHUCTAJUIAX.
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OTMCTI/IM, YTO B BBIMICYIIOMAHYTBIX JKCIICPUMCHTAJIBHBIX W TCOPECTHYCCKUX HMCCICIOBAHUAX

paccMaTpuBaJIOCh B3aUMOJEHCTBHE HOHOB C OJJHOKOMIIOHEHTHBIMHM MHIIICHSIMHU.

B Tte ke romel Obuia omybnmukoBaHa pabora ['mmmama [9], B KOTOpo# BHEepBbIE OBLIO
WCCTIEIOBAHO pACIBUICHHE JBYXKOMIIOHEHTHOW WMuIeHH. B 3Toil paboTe WMuIiieHs» u3
MOHOKpHCcTaHueckoro criaBa CuzAu obnydansack woHamu Ar' ¢ sHeprusmu 10 5 k3B. C
MOMOIIIbI0  TPOCBEYMBAIOIIEH  AJNEKTPOHHOW  MMKpPOCKONUHM  ObUIO  OOHApy»XeHO, UTO
MIPEUMYIIECTBEHHOE pacmblieHne atoMoB Cu MPHUBOAUT K OOPa30BAaHUIO M3MEHEHHOIO CIIOS
MMOBEPXHOCTH, COCTaB KOTOPOTO OTIMYAETCS OT OOBEMHOr0 COCTaBa, a TOJIIHMHA 3TOTO CIOs
COMOCTaBUMa C TJIyOMHOW NPOHUKHOBEHHUS OoMOapaupyromux HOHOB. OJHaKo 3Tu
3aMeuaTesibHble HaxoAKku ['minama qoaroe Bpems octaBaiuch B TeHU. M Tosbko B cepennne 1970-
X TOJIOB, KOrJa Hayajdd aKTUBHO pPa3BUBATbCA MOBEPXHOCTHO-UYYBCTBUTEIBHBIE METObI
AJIEMEHTHOTO aHajn3a IMOBEPXHOCTH, TAaKHWE KaK dJEKTpoHHas oxke-crekTpockormus (30C),
(yHIaMeHTalIbHbIE AaCMEKThl SKCIEepUMEHTOB [ 'MiutamMa ObulM TpuU3HAHBL. MOXKHO YBEpPEHHO

CKa3aTb, UTO B 3TO BPEMA HadaJIaCb O4YCPCAHAA 2110Xa B UCCIICAOBAHUHN PACTIBLIIICHUSA.

DKcIepUMEHTHI MT0Ka3alli, YTO B Ha4aJIbHbI MOMEHT 00JIy4eHHsI 3 MHOTOKOMIIOHEHTHOM
MUIIEHH IMUTHPYETCS MPEUMYIIEeCTBEHHO oJuH U3 e€ snemeHToB [10]. A mpu omnpeneneHHON
no3e/diyeHce oOMydeHusT paclbUICHUE MEPEXOIUT B TaK HA3BIBAEMBIN CTAlIMOHAPHBIA PEKHUM.
VYCTaHOBIIEHO, YTO B 3TOM pEXHME 3JEMEHTHBI COCTaB paClbUIEHHOTO IOTOKAa aTOMOB B

COTJIACHH C 3aKOHOM COXpaHEHUS BEIIeCTBA COOTBETCTBYET 00beMHOMY cocTaBy muiieHu [10-11].

[Ipn sTOM BO3HHKANl BOMPOC: KAaK 3JIEMEHTHBIH COCTaB MOBEPXHOCTH COOTHOCHUTCS C
00BEMHBIM COCTAaBOM MHOTOKOMIOHEHTHOW muiieHu? MccienoBaHusi mokasaiu, 4YTo NpoQuin
KOHIIGHTPAaLlMi KOMIIOHEHTOB HHUKEJIEBhIX CIUIAaBOB M0 TiyOuHE, (opMupyromumecs IMpu
HU3KOPHEPreTHUeCKOW HOHHOW OoMOapAMpoBKe Ipu Temmeparypax wuieHn T1>150°C,
HeMOHOTOHHHI [12-14]. C nmomomsio 30C Obu10 00HaApykeHO, uTo U3-3a cerperauuu [1b6ca
caMblil BepXHUI MOBEPXHOCTHBIN cioii craBa CuNi mocie 00iryueHust HOoHaMu Ar+ ¢ sHepruei 5
k3B ob6oramasncs Cu. ABTOpBI IPEAINOIOKUIN, YTO cerperauus [ m66ca meiTaercs B 3TOM ciiydae
BOCIIOJTHUTH MOTEPU aTOMOB M€Y , BbI3BaHHbBIE €€ MPEUMYIIECTBEHHBIM paciblIeHHEM, 00eTHSs
Me/IbI0 BTOPOIl U Oojiee riryOoKue MOAMOBEPXHOCTHBIE cliou. Takum oOpa3oM, OBUIO HArJISIHO
MIPOIEMOHCTPUPOBAHO, YTO 3P (PEKT MPEeUMYIIECTBEHHOIO pacnbuieHUs U cerperauus [u06ca

OTBETCTBEHHBI 32 JOPMUPOBAHNE U3MEHEHHOT'O MOBEPXHOCTHOT'O CJIOSI.

IIpy komHaTHOM Temmeparype, Korjma cerperauus [u60ca HUYTOXKHaA Maa,
MHOT'OYHCJIEHHBIE HUCCIIE0BAHUS COCTaBa MOBEPXHOCTHU CILIABOB ¢ MOMOIBI0 DOC He M03BOIMIN
BBISIBUTH YETKHE 3aKOHOMEPHOCTH (hopMHUpOBaHHs H3MeHeHHoro cios [15]. B »tux paborax

NpeANPUHUMAIINCH ITOIIBITKU ITOHATHh, KaK COOTHOIICHHUE MaCC U MOBEPXHOCTHBIX 3Hepr1/1171 CBs3HU
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KOMIIOHCHTOB CIIJIaBOB BJIMACT Ha HM3MCHCHHUE 3J3JICMCHTHOI'O COCTaBa o6nyqaeM0171 HMOHaMH
TIOBCPXHOCTH. Ha stoMm atamne He YAaJIOCh YCTAHOBUTH COOTHOUICHUC MCKIY KOB(I)(bI/ILII/IeHTaMI/I
paclblJICHUS o6pa3y101111z1x CIIaB 3JICMCHTOB W  OHNPCACIUTH BJIUAHHUC COOTHOMICHUA

K03 (HULIMEHTOB pacblICHHs 3JIEMEHTOB CIUIaBa Ha (POPMHUPOBAHUE U3MEHEHHOTO CIIOSI.

Otmetrum Takxke, uto chopmynupoBanHas B 70-e roasl 20-ro Beka 3urmyHaoMm [16]
TUHEHAs KacKaJHas TEOpHsl paclbUICHUS HE CMOTJIa O0BACHUTH (DEHOMEH MPEUMYIIECTBEHHOTO

paclblIICHUA.

Cpenu uccneoBaHUM ATOTO MEPUOaa XOTEI0Ch OBl BRIIETUTH padoty [17], B KOTOpo# ¢
nomotpio  pesepdopaoBckoro obparHoro paccesHusi (POP) wusywanoce dopmupoBanue
W3MEHEHHOTO CJIOSI B 3aBUCHMOCTH OT SHEPTuu U GuryeHca 6oMOapaupyronmx HoHoB Ar". U xoTts
OBUIH cliefaid OIMMUOOYHBIE BBIBOABI O COCTABE BEPXHETO CIIOSI OOTYYCHHON MOBEPXHOCTH, B
paboTe AOCTOBEPHO MPOAEMOHCTPUPOBAHO, YTO TOJIIMHA HM3MEHEHHOIO CJOS OIpeeseTcs

NIyOMHOM MPOHUKHOBEHUSI HOHOB B MUIIICHb.

Hapsangy ¢ wu3yyeHMeM BIMSHUS HMOHHOTO OOJIyd€HUs] Ha COCTaB IOBEPXHOCTH
MHOT'OKOMIIOHEHTHBIX CIIJIaBOB ITPOBOJMIINCH UCCIIEA0BAHUS IIPOCTPAHCTBEHHBIX PaCIPEAEIICHUN
pacnbUIeHHOTO BemiecTBa. beuto oOHapykeHo, uTo mpu 6ombapaupoBke criaBoB FeNi, CuNi n
AgAu nonamu Ar* u Hg", majamonmMu Mo HOpMaid K MOBEPXHOCTH 00pasiia ¢ SHepPTrUeH HIKe
300 5B, jerkuii KOMIIOHEHT CIUIaBa PACHbUISIICS MPEUMYIIECTBEHHO B HAMIPABIICHUAX, OIM3KUX K
HopMainu. CteneHb 00oralieHus NoToKa JerKUM KOMIIOHEHTOM OBICTpO yObIBajia ¢ yBeJTHUYEHUEM
sHeprun OomOapaupyronmx HoHOB [18-19]. [lnst oObsicHeHus ObLIa MpeIIoKeHa MOJIEb, CYTh
KOTOpPOM COCTOUT B TOM, YTO JIETKHE aTOMBI, JBUXKYILIUECS M3 MOBEPXHOCTHOTO CJIOSI BIIyOb
MUIIIEHH, MOTYT OTPa)KaThCS BIOJIb HOPMAIH K MIOBEPXHOCTH OT TSDKEJIBIX aTOMOB HH3JISKAIIHX
cioes. [Ipu yBenuuenun sHeprun 6oMoapaAUpyoIx HoHOB 10 1 k3B s crtaBoB FeNi u AgAu
y’Ke TSDKEJIbI KOMIIOHEHT CIUIaBa 00oraiiaji MoTOK aTOMOB B HANpaBJiIeHUsIX BOJIU3U HOpMaJH K
noBepxHoCcTU. OOBSICHEHHE 3TOM IKCIIEPUMEHTAIBHO BBISBIIEHHOM 3aKOHOMEPHOCTHU B pabOTax He
npuBoauTCcs. He KoMMeHTupyeTcs Takke U TOT (akT, uro /g criaBa CuNi Terkuil KOMIIOHEHT

MO-MPCKHECMY PACTIBLIIIAJICA ITPCUMYIICCTBECHHO IO HOPpMaAJIH.

B 1980 rony aBropom nanHOro nokiaga B OpXycCKOM HMHCTUTYTE (U3HKU ObUIN
MIOCTABJIEHBI SKCIIEPUMEHTHI 110 U3yUEHUIO YTIIOBBIX paclpeeeHuil KOMIIOHETOB, PACTIbUIEHHBIX
U3 CIUIaBOB B peXHMME JIMHEHHBIX KackaaoB. [lepBble SKCIEPUMEHTHI MO OOIYYEHHUIO CIIJIABOB
AgAu v CuPt nonamu Ar* ¢ saeprueii 80 kaB nokasanu [20], 4To BONpeKH MpecKa3aHusM paboThI
[10], HabmromaeTcss HECTEXHMOMETPUUYECKHUH BBIXOJl PACIHBUIEHHBIX KOMIIOHEHTOB IO YIJIaMm
BbUIETA: HampuMmep, B ciydae pacnbuUieHus ciuiaBa CuPt atombl Pt npeumyiecTBEHHO

paclblIAIINCh BIOJIb HOPMAJIM K IMOBCPXHOCTHU 06pa3ua, a Cu pacnbliIaCh NPECUMYIICCTBCHHO
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o1 OONBIIMMHU yrilaMu AMUCCHH. OTMETUM IPU 3TOM, YTO MPH yIiie IMUCCHH G=45° Takxke, KakK
u B pabore [10], cocTaB pacnbUIEHHOTO MaTepualia B peXHME CTAalMOHAPHOIO pPACIbUICHUS

COOTBCTCTBOBAJI 06’BCMHOMy COCTaBy MUIIICHU.

B paGote [21] Obuta mpeanpuHATa TEOpPETUYECKask MOMBITKA OOBICHUTH OOHAPYKEHHbIE
pa3nuuus B YIJIOBBIX paclpeeseHusIX KOMIOHEHTOB CIIaBOB. ABTOPBI IPEAONOKUIH, YTO €CITH
MOBEPXHOCTHBIM CJIOM cuiibHO oOOoraiieH yacTuinamu A, TO A-aTOMbl pacHbUISIOTCS BO BCe
MOJIYTIPOCTPAHCTBO, B TO BpeMs KakK B-aTOMBbI, Mpoucxojsue u3 Oonee TIyOOKHX CIIOEB,
MIPEUMYIIECTBEHHO 3MUTUPYIOTCS B y3KMH KOHYC BOKPYI HOpPMaJIHM K IOBEpPXHOCTU. Takxke B
paboTe uccieoBaHa CBsI3b MeXy NpouiIeM KOHIIEHTPAllM KOMIIOHEHTOB CIUIaBa U YIJIOBBIMU
pacnpeneeHusIMUA PaclblJIEHHBIX KOMIIOHEHTOB. [oka3aHo, YTO M3MEHEHHBIN CJIOM C TOIIIUHOM,
COITOCTAaBUMOM ¢ TITyOUMHOHN pachblieHus (~5 A), IIPUBOAUT K 3aMETHOMY OTKJIOHEHHUIO YIJI0BOI'O
pacripeiefieHHsi pachbUIIeMBIX aTOMOB OT pacnpeneneHusi Kuyacena (Y~cos 6 roe Y —
kod(purment pacnpiieHus1). Ha ocHOBaHMM ATHX pe3ysbTaToB B padoTre [22] Obutk cleiaHbI
BBIBOJIBI O TOM, YTO IpU HMOHHOM oOmyudeHun CuPt BepXHHUH CJIOH TOBEPXHOCTH CILJIaBa
BCJIEJICTBHE PaJHallMOHHO-UHAYIIMPOBaHHOM cerperammu ['u66ca (PUI'C) oboramaercss Meaplo,

a HUA3JIEXKAIUNA CIIOU 00eqHSIETCS.

Takum o00pa3oM, cTajgo0 NOHATHO, YTO IMOMHUMO MPEUMYIIECTBEHHOI'O pacHblUICHUS,
MHUIUUPYEMOTO KacKaJaMH aTOMHBIX CTOJIKHOBEHUH, LENbIN PSJl CIOXKHBIX MPOILECCOB, TaKUX
KaK paJuallMOHHO-UHAYIIUPOBaHHBIE cerperanus, Tuddy3us ¥ MepeMelnIuBaHUE OKa3bIBAIOT
KOHKYpHpYIOIllee BIUsSHIE Ha Iporecc (opMUPOBaHUS U3MEHEHHOTO ciios [23-25]. B yka3zaHHbBIX
U B psiie ApyTrux padboT ObLIO MPOJEMOHCTPUPOBAHO, UTO B pe3yjIbTaTe AEUCTBUS ATHX MPOLIECCOB
(dhopMupyeTcss HEMOHOTOHHBIH 10 TIIyOnHE Tpo(dUiIb KOHIEHTpAuii KOMIOHEHTOB. OIHAKO OTBET
Ha BOIIPOC O 3aKOHOMEPHOCTSAX (POPMUPOBAHUS COOTHOILIEHUS COCTaBa MOBEPXHOCTH U 00BbEeMa

O6J'Iy‘{eHHBIX CILJIABOB TakK M HE ObLI HaliJieH.

B nocnename ro/161 ObUT BRIMOTHEH UK PA0OT MO U3YYSHUIO BIUSHUS HOHHOTO 00JTydIeHHS
ATOMHBIMH Y KJIACTEPHBIMU MOHAMHU A7 Ha COCTaB MMOBEPXHOCTH CIUIABOB HAa OCHOBe Ni [26-29].
DNEeMEHTHBIN COCTaB MOBEPXHOCTH KOHTPOJIMPOBAJICH in Situ C TIOMOILIBIO PACCESIHHS] MOHOB
Huskux sHepruil (LEIS) u pentrenoBckoi (oToanekTpoHHoU cnektpockonuu (XPS). B atux
HCCTIe0BaHUAX ObLIa MPEANPUHSTA TIOTBITKA YCTAHOBUTH 3aBUCUMOCTH TTpoiiecca pOpMHUPOBAHUS
W3MEHEHHOTO CJIOSl OT 3HaUeHUU Kod(PuIMeHTa pacbUICHHS] U TTOBEPXHOCTHON SHEPTHH CBSI3H
AJIEMEHTOB, COCTABIISIOINIUX CIUIAB. BBIJIO yCTaHOBIIEHO, UTO B CTAIIMOHAPHOM PEKUME O0IyISHUN
MOJMKPUCTAILTHYECKUX cIiaBoB NisPd, NiPd, NiPds u NiMoRe (86-10.5-3.5 at %) wonamu Ar*
sHeprusiMu 3 u 4 k3B cocTaB moBepXxHOCTH OJIM30K K 00BEMHOMY IS CcIiIaBoB NiPd Wi 3aMeTHO

00eTHEeH MPENMYIIIECTBEHHO PACTIBUISIEMBIM dJIEMEHTOM IS ciiaBa NiMoRe (kouuieHTparus Ni
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yMeHbIanack 110 82 at.%, a Mo - Bo3pacrtana 1o 14 at.%) [26]. O6patim BHUMaHHE HA TO, YTO
OTHOIIeHHE KOod(h(UIIMEeHTa MPEUMYIIECTBEHHO PaCHbUIIEMOro 3JeMeHTa K KOd(PPUIUEHTY
pacmblIeHHs] IPYroro KOMIIOHEHTa cocTaBisieT ais crutaBa NiPd Ypd/Yni=1,11, a mnns crutaBa
NiMoRe — ¥ni/Ymo=1,76. Otmetrum Taxke, yto B pabore [30] ObUIO OOHapyXeHO, HpH
oombapaupoBke criaBa CuPd wonamu Ne' ¢ sHeprusimu 2 u 3 k3B coctaB moBepXHOCTH ObLT
O6mu30k kK o0beMHOMY. [ToguepkHeM, 4TO B 3TOM ciydae KOd()PHUIMEHTHI YUCTHIX KOMIIOHEHTOB
CIUTIaBa Takke JOCTATOYHO Onmm3ku: Ycu/Yra = 1,15 [31]. A B pabote [32] ¢ momomisto LEIS 65110
YCTaHOBJIEHO, YTO MpH OOJIYYEHHMH MOHOKPHCTAJUIMYECKOTO ymopsiaodeHHoro cruiaBa CuszPt
noHamu Ar* ¢ sHeprueii 2 k3B MoBepXHOCTH CIIaBa 3aMeTHO oborarnaercs Pt (KoHIeHTpaius Pt
nocine obnydenus ¢ Qayencom OGomee 2x10'® wmon/cm? cocraBnsima 32%). CooTHolEHHE

KO3 PHUIHMEHTOB PACHBIIICHUS YUCTHIX MaTepuanoB Ycu/ Yp: coctanmser 1,75.

Taxum 06pazoM, Ha OCHOBaHHH PACCMOTPEHHBIX paboT [26-31] MOXKHO clienath Cleayromme
BBIBOJIbI. BO-IIepBBIX, COCTaB caMOro BEPXHErO CJOS MPH MajbIX pazIudusix KO3(PPHUINEHTOB
pacnblIeHHs] KOMIIOHEHTOB CIUIaBa, BXOJSAIINX B COCTaB MUIIEHU, OJIM30K K 00bEMHOMY COCTaBY.
B cnyuae cunpHOro paznuuus Ko3(QQHUIUEHTOB PACHbUICHUS YHCTHIX 3JIEMEHTOB MOBEPXHOCTD

O6CI[H$ICTC$I MNPpEUMYyIIECCTBCHHO paCHBIHSICMLIM/CCFPCFI/IpyIOH_II/IM KOMIIOHCHTOM.

Bo-BTOpBIX, TpencTaBIEHHBIE JKCIIEPUMEHTAJIbHbBIC JaHHBIE CYIIECTBEHHBIM 00pa3om
BIIUSIOT Ha WHTEPIPETAIHIO pe3yabTaTOB IKCTICPUMEHTOB 1o HUCCIIEIOBAHUIO
HECTEXMOMETPUUECKOTO PACMbUIEHUS] KOMIIOHEHTOB o yriam Bbuieta [11,20], yka3biBas Ha

HECOCTOSATEILHOCTh MOJIEIH, MTPeI0KEeHHO! B padote [21].

B mnnane oOcyaeHHsT B3aMMOCBSI3M KOJ(UIIMEHTOB PACHBbUICHUS YHCTBIX 3JIEMEHTOB
MPUMEHHUTENTBHO K 3((EeKTy NpeuMylecCTBEHHOTO paclbUIEHUsT  HEJAaBHO ObLI MOJyYeH
HEOXHUIaHHBINA pe3ynbTaT [29]. B 370l paboTe coctaB moBepxHOCTH criaBa Nili ompenensics B
nporecce o0OmyueHus: woHamu Ar* ¢ dHeprueir 3 k9B in sifu ¢ MOMOIIBIO PEHTIEHOBCKOIL
¢dorosnexTponHoit cnekTpockonuu (POIC). M3yuanocs BIUsHEE HOHHOTO 00JyYeHHs Ha COCTaB
MOBEPXHOCTU. Bb10 00HAPYKEHO CYIIECTBEHHOE IMPEUMYILIECTBEHHOE pachbuieHue 77, KOTopoe
HE COTJIacyeTcs C MPUBEIEHHBIMHU BBIIIE COOOpaKeHUAMU: K03 (PULIMEHT pacibliieHus 77 MEHbILIe
kodddunmenta pacneuienus Ni (Y1i=1,2 at/won, Yni=2,7 aT/uoH), a MOBEPXHOCTHAs SHEPTHUs
cesu Uri =4,89 »B OGompbme Uni=4,46 »B. Takoe HeoObluHOe mnoBeaeHue 3ddexra
MPEUMYIIECTBEHHOTO pachbUieHuss B ciaydae Nili CBSi3aHO, MO-BUAMMOMY, C T€M, UYTO MpHU
Oo0Jy4YyeHUH CIUIaBa OCHOBHYIO poJib B (OPMHpPOBAaHMM HM3MEHEHHOTO CIJIOSi WUIpaeT He
panuanoHHO-MHIyIMpOBaHHas cerperanus ['m00ca, a XuMHUyecKasi cerperanus, BOZHUKaIoIIast

BCJICACBUC 0COOEHHOCTEH XUMHUUYECKUX CBOMCTB TUTAHA.
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[Ipenpiaymmee  paccMOTpeHHE  TOCBSIEHO  PAaCCMOTPEHHUIO  MPEUMYLIECTBEHHOI'O
pacrnbuieHHs Tpu 60MOapAMPOBKE MOBEPXHOCTH aTOMHBIMU HOHaMHU. ClielyeT MOAYepKHYTh, YTO
B nocsieiHue 20 neT my4yku ra3zoBbixX KiaacTepHbix HOHOB (GCIB) ycnenHo ucnonb30Baluch Kak
Ui MoJIu(pUKAlMM TIOBEPXHOCTH (CBEPXTOHKAs IOJMPOBKA, HMMIUIAHTALlMS Ha HeOOJbIINe
rIyOMHBI W T.J.), TaK M s JUArHOCTHKU TBEPIOTENbHBIX CTPYKTyp. OnHako 3¢dekt
MIPEUMYIIECTBEHHOTO PACHbUICHUSI NMPH OOMOApAMPOBKE MOBEPXHOCTH KJIACTEPHBIMH HOHAMH

HU3YYCH HCAOCTATOYHO.

OnyO0nrKoBaHO HEOONBIIOE KOJUYECTBO PadOT MO BIUSHUIO OOIYy4YEHMs KIIACTEPHBIMU
MOHAMM Ha COCTaB I[IOBEPXHOCTHU TOJYNMPOBOJHUKOB, OKCHIOB U MoiuMepoB. Yacto
oIy OJIMKOBaHHbBIE TaHHBIE TpoTHBOpeuuBsl. [Ipu XPS npodunuposanuu HfO» u SrTiO3 mydukamu
aTOMHBIX M KJIACTEPHBIX MOHOB aproHa OOHapy»KeHO, 4TO O0JlyueHHE KIacTepaMU B MEHBIIEH
CTENeHW BIMSIET Ha coctaB moBepxHoctH [33]. B pabore [34] mokazaHo, dTO
HU3KOdHEpreTruueckoe obmyuenue (6 kaB) kimactepamu Ariooo” HE H3MEHSIET COCTaB MOBEPXHOCTH
MONTyIPOBOIHUKOBEIX coenunenuit CdTe, GaAs, GaP u ZnSe. OgHako CHIBHOE BIIUSHUE
o0JTy4eHHs] KIIACTEPHBIMH HOHamMH Arisoo’ ¢ dSHeprueit 10 k9B Ha cocraB MOBepXHOCTH
noynpoBoHUKOBOTO coenuHeHus: Cu(lnGa)Se» nabmomanocs B pabore [35]. Cmemyet
noguepkayTh, uro InP, CIGS, HfO> u SrTiO; sBIAIOTCS COCIWHEHUSIMH C (DUKCUPOBAHHBIM
COOTHOILIEHHEM MEXIY 3JEeMEHTaMH. UYTO 3aTPyAHsAET MOHUMaHHe (U3NUYECKUX OCHOB Ipolecca

NpEUMYIICCTBECHHOT'O PACIIBIIICHU.

[TosTomy B nokiaze OyayT mpeacTaBiIeHbl pe3yJIbTaThl UCCIEIOBAHUS BIHSHUS 00TyICHHS
KJIACTEpPHBIMH HOHAMH aproHa Ha COCTaB TMOBEPXHOCTH METAUIMYECKHX CIIJIABOB HAa OCHOBE
Hukens. OOmydeHne oOpa3IOB KJIACTEPHBIMH HMOHAMH MPOBOJWIOCH B BaKyyMHOW Kamepe,
KOTOpasi OCHAILIEHA TaK)K€ UICTOYHUKOM aTOMapHBIX HOHOB. DTO MO3BOJIWIO U3YUYUTh BIUSIHHUE HA
COCTaB IMOBCPXHOCTHU KaK aTOMAapHBIX, TaK W KIACTCPHBIX ITYYKOB HMOHOB B OJHUX H TEX XKC
ycaoBusix. CocTaB MOBEPXHOCTH KOHTPOIUPOBAJICSA ¢ moMoIisio XPS. Takke B gokmane Oyaet
yAETIeHO BHUMaHHE OOCYXIECHUI0 MEXaHU3MOB IMPEUMYIIECTBEHHOTO PACIBUICHUS CIIJIAaBOB B

cjIy4dac O6J'Iy‘-IeHI/IH MOBCPXHOCTU KIIACTCPHBIMU HOHAMMU.
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CAMO®OPMUPYIOIASACA TBEPJOTEJIBHASA HAHOMACKA
U EE MHAYIIUPOBAHHASI KOTEPEHTHOCTH

SELF-FORMING HARD NANOMASK
AND ITS INDUCED COHERENCY

J1.C. Kubanos, B.K. CmupHoB
D.S. Kibalov, V.K. Smirnov

AD OTUAH um. K. A. BanmueBa PAH, 150007 Yausepcuterckas 21, SApocnasis, Poccus,
00O «KBanToBbiii kpemHMID», 107078, Bonboi XapuToHbeBCKUN NIEpEyok 24,

ctpoenne 11, Mockga, Poccusi, smirnov@wostec.ru

The report is devoted to litho-free self-forming wave-ordered structure (WOS) that is
formed on silicon surface by oblique flux of nitrogen ions. WOS serves as a hard nanomask,
which is an array of periodic silicon nitride (SiN) nanostripes on silicon surface with a period
ranging 30 — 90 nm. Different nanostructures can be fabricated using wet and dry silicon
etching through the WOS nanomask. Highlighted are the processes of induced spatial

coherency of WOS nanomask and its applications.

Uctopust uccnenoBanusi ripples HacCUMTHIBAET HECKOJIBKO AecCATHICTHH. M3ydeHsl
MHOTOYHCJICHHbIE CHCTeMbl HOH-maTpuia. Hamm paspaboTku ObUIM cpOKycHpOBaHbI Ha
cucreme N»>*-Si, ¥ UM OCBSAMIATUCH JOKIaAbl Ha KOHpepeHIHIx «B3anmoaeiicTBie HOHOB ¢
MOBEPXHOCTHIO» [1-4]. B omnuume ot apyrux cuctema N> -Si BbIACISIETCS TEM, YTO MPOIYKT
B3aMMO/JICHCTBUS MOHOB ¢ MoBepxHOCThI0O — WOS — o0pasyercs mpu MUHHUMAJIbHBIX J03aX
HMOHOB, O00JIaaeT BBICOKOW IUIAHAPHOCTBHIO, OIHOPOJHOCTHIO U MPEACTaBIseT CcoOOM
TBeproTenbHyl0 WOS-Hanomacky (Puc.1). DTo TUIOTHBII MacCHB TEPUOAMYECKHUX
HaHOMOJIOC U3 HUTpUAa KpeMHus (SiN) Ha MOBEPXHOCTH MOHOKPHUCTALIHYECKOTO HIIUA CIIOS
amopduoro kpemuus (a-Si). Ilpupoma sBrenus WOS 3akimtouaercs B pellakcariu
AQHU3OTPOMHBIX HANPSDKEHUH MOAU(PHUIIMPOBAHHOTO MOHHOM OOMOapAMpOBKOM c€i0s 3a cueT
BSI3KOTO ~ CIIBUTOBOTO TEUEHMS] JAHHOTO CJIOS C O0pa3oBaHWEM HMOPHOHAIHLHOTO

BOJIHOOOpa3Horo penbeda cyO-HaHOMETPOBOM aMIUIMTYAbl. B nanbHelilem B mpolecce

1
=" o % Puc. 1. [IDM-u3o6pakenue
. e s : HONEPEYHOTO CEUCHHS
WOS-nanomacku:

(1) a-SiN, (2) a-Si, (3) c-Si.
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MOHHOTO pachbuieHus] TuddepeHanys cocTaBa Ha IMPOTHBOIIOIOKHBIX CKIIOHAX BOJH
MPUBOJNUT K POCTY MX aMIUTUTYIbl, © B KOHEYHOM HTOT€ Ha CKJIOHAX BOJIH, OOpalleHHBIX
HaBCTPEYy MOHHOMY IMOTOKY, (POPMHUPYIOTCSI HAHOTIONIOCKU M3 HUTpHUAA KpemHus, T.e. WOS-
nanomacka (Puc. 1). Ilporecchl KUAKOCTHOTO W peakTuBHOro MoHHOTO TpaBneHus (PUT)
kpemaus uepes WOS-nanomacky 3¢G(GEKTUBHO MNPUMEHSIIOTCA JUISI CO3MIaHUS Pa3TUIHBIX
HaHocTpykTyp. Ilepuong WOS (M) ompenemsiercss sHeprueit monoB azota (E), yrimom
O0oMOapaMPOBKH, a TAK)KE TEMIIEpaTypoi MOBEpXHOCTH kKpeMHUs. 3aBucuMocTh M(E) nuneiiHa,
YTO JIeJIaeT YHEPTHUIO KIIFOUEBBIM IMTAPaMETPOM YIIpaBiieHus mporieccoMm GpopmupoBanus WOS.

Tpagummonnass WOS-nanomacka  (initial-WOS) momydaercss B pesyibTare
OJTHOCTAJMHHOTO TpoIlecca MpU MOCTOSHHOM yrie OomOapaupoBku 0 (Puc. 2a). C Touku
3peHHsI TTPOCTPAHCTBEHHOW YIOPSAOYEHHOCTH (KOT€PEHTHOCTH) nedeKTaMu HAHOPUCYHKA
initial-WOS  BeICTymarOT W3ruOBl BOJH © HX IMEpecedeHus. 3HAYUTEIbHO COKPATUTh
KOJIMYECTBO TEPeCceueHrUd BOJH TO3BOJSIET AByxcTaauitHbii mporecc (TS — two stage)
dbopmupoBarnst WOS, korma mocieaoBaTebHO HW3MEHSIETCSs yroial 6 ¢ coxpaHeHHeM
MJIOCKOCTH OOMOapIMpOBKHM, HapuUMep, Ha TepBoi ctaauu 0 = 53°, a Ha BTOpOH — O = 60°
OTHOCUTEITFHO HOpMau K moBepxHOocTU. Tomomnorus TS-WOS-nHanomacku npejcTaBieHa Ha
Puc. 26, BUIHO, 4TO MepecedeHust BOJIH MPAKTHYECKH OTCYTCTBYIOT.

Jus mporieccoB camMo(OpMHUpPOBAHHS 3HAYUTEIHHBI HHTEPEC BBI3BIBACT CTEICHB
MIPOCTPAHCTBEHHOU YIOPSIOYCHHOCTH (KOTEPEHTHOCTH) (hOPMHUPYEMOI HAHOCTPYKTYPHI.

Hwxke npencraBiensl cnocoObl MHIYIUpOBaHHOW KorepeHTHocth WOS, ocHOBOM
KOTOPOH SIBIISIETCSl CO3/IaHUE TEOMETPUYECKHX DPE3KUX TpaHUIl, OPUEHTHPOBAHHBIX BIOJb

MPOTSKEHHS BOJH U 3a/Ial0LUX Hayaslo 00J1acTu UX (POpMUPOBAHHUSL.

-
e
-
Sdrig,
N

aae ™ Y PR Aty

b
. e

Puc. 2. POM-u3o6paxenus tpaauimonnoit WOS ¢ A =30 um (a) u TS-WOS ¢ A =80 um (0). Crpeskoii
MOKa3aHO HAMPABJICHUE MPOSKI[MHA HOHHOTO MTOTOKA Ha TIOBEPXHOCTb.
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N3ruber BomH WOS 3HAUMTENHHON CTENEHW yAaOCh YCTPAHUTHh B TPEXCTATUWHOM
mporecce (SMF — stepwise mask formation) [5]. Ha mnepBoit cramum dopmupyetcs
tpaguimonHas WOS ¢ 3amanasIM niepuooM. Ha BTOpoit cTaguu miockocTs 00MOapIupOBKH
YCTaHABJIMBACTCS TAPAIUICTBPHO TPOTSDKEHUIO BOJH, a Yroid 6 OTBeYaeT YCIOBHUSIM
CKOJB3sIIe OomOapaupoBku. Ha Tperselt cramum yron 0 W IIIOCKOCTH OOMOapaMpOBKH
BO3BpAIAIOTCS K TAaKOBBIM Ha mepBod craguu. Tomosoruss SMF-WOS-nmanomacku
npencraBneHa Ha Puc. 3a.  YHOpSIOYEHHOCTh CTPYKTYphl CYIIECTBEHHO BO3poOCIa,
MPOTSDKEHHOCTh BOJH YBENMYHMIIAch. be3yCllOBHO, 3TO He HaeanbHas HAHOCTPYKTypa, a
MPOAYKT caMO(OPMHUPOBAHUS TPH BO3ACUCTBUH MOTOKAa MOHOB. [Ipoliecchl aHU30TPOITHOTO
IIEJIOYHOTO TpaBieHus kKpeMuus uepe3 SMF-WOS-nanomacky mo3BosisitoT GOpMHpPOBATH TPH
Tuna nepuoaudeckux HaHocTpykTyp NPSi (Nano Patterned Si), mokxaszannsle Ha Puc. 3, ¢
MOTIEPEYHBIM CEUEHHEM B BHJEC TPEYTOJBHUKOB, BEPTHKAIBHBIX TPSMOYTOIBHBIX H

HAKJIOHHBIX IMPAMOYTOJIbHBIX HAHOKAHABOK.

|

I

Horizontal Field Width = 2.347 um Horizontal Field Width = 293.3 nm

11181

i (i
%

1

Horizontal Field Width = 293.3 nm — Horizontal Field Width = 586.7 nm

Puc. 3. POM-u300pakeHus IOBEPXHOCTH HAHOCTPYKTYpUpoBaHHOTO Kpemuus (NPSi), monydeHHoro Ha
ocHoBe SMF-WOS-HaHoMacKu W I1eJI04YHOrO TpapiieHus: a) Buja cBepxy NPSi(110), 6) NPSi(100),
B) NPSi(110), r) NPSi(113). 6)-r) Buas! ckojioB o yriom 70°. Tlepuon a) — B) A = 40 um, 1) 80 HM.
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B wMHuorocramuitnom mporecce (MS — multi step), korma IIOCKOCTh HOHHOM
O0MOapIUpPOBKH YCTAHABIMBACTCS MEPHIEHINKYJISIPHO TMPOTSHKEHUI0 KPEMHHEBBIX Me3, a
HaIpaBJIeHWE MPOEKLHUN OTOKAa MOHOB Ha MOBEPXHOCTh MEHSETCS] Ha MPOTUBOIOJIOKHOE Ha
MOCIEAYIOIUX CTAUSAX, 32 CUET MPOSBIICHUS TPAHUYHBIX YCIOBUN Ha KpasxX Me3 BO3MOXKHO
oOpazoBanne 10 6-7 BomH WOS (menutens pasmepa Me3wl) [6]. MS-WOS-HaHOMacku ¢
MapajuIeJIbHBIMU JIMHUSMU B Me3aX MPOTsHKEHHOCTHIO 350 MKM nokas3aHsl Ha Puc. 4.

Hwxe npeacTaBieH ciekTp NpUMEHEHU HAaHOCTPYKTYp Ha ocHoBe WOS-HaHOMACKH.

MS-WOS-HaHOMacKy 1 COOTBETCTBYIOIINE ACTIEKTHBIE HAHOCTPYKTYPHI, MOJIy4aeMble
npu oMo PUT kpemHus, npeanosnaragoch UCHOIb30BaTh sl GOPMHUPOBAHUS FIIEMEHTOB
3D 3arBopa Tak HasbiBaeMoro miaBHUKOBoro tpansuctopa (FinFET). Jlanuble snemeHTbI
MJIAHUPOBAJIOCH CO3/IaBaTh HA OCHOBE Me3 MUpPHHON 0Kko0Ji0 0,3 MkM. OTHUM U3 TPUMEHEHUHN
MS-WOS-HaHomacku MoeT ObITh HaHOQIIOMANKA, TAe TpeOyloTcs MpOTSKEHHbIE
HAaHOKAHAJIBI JUIMHON COTHH MUKPOMETPOB M mMpHUHON 20-30 HM.

MaccuBbl  acleKTHBIX ~HAHOXpeOTOB M3 a-Si  Ha  KBapLEBOM  IMOJUIOXKKE,
chopmupoBanHsie Ha ocHoBe Initial-WOS-nanomacku ¢ A=70 am u PUT xkpemnus,
MIPEICTaBISAIOT CO00M BHICOKOKOHTPACTHBIE HAHONPOBOJIOUHbIE nosspuzatopsl (WGP — wire
grid polarizers) mst YO obnactu cmnektpa (190-300 am) ¢ xontpactom CR =19 000 u
npomyckanueM Tp=20%. WGP mns Bugumoit obmactu crektpa (CR = 75 000, Tpr = 80%)
(hopMUPOBATUCH MPU TOMOIIM HANbUICHHUS aJlOMUHUS Ha MAacCHUB AaCHEKTHBIX KBapILEBBIX
HaHOXpeOTOB Ha KBapueBoW momnoxke. [locmegnuit cozmaBasics Ha ocHoBe SMF-WOS-
HanoMmacku u3 a-Si u PUT kpemuwns u kBapria.

B onpiTHOM mpoToTune rubpugHoro conHeyHoro siemeHta (CD), co3gaHHOrO Ha

OCHOBE HAHOCTPYKTYPbl «YEpHBIM KpPEeMHHI» (MacCUB OCTPOKOHEYHBIX KPEMHHEBBIX

!
ff’,
'iﬁ
|
|

fi?
!
!

Horizontal Field Width = 10.54 um

J8nm H

Puc. 4. POM-uzobpaxenuss MS-WOS-nanomacku ¢ A =50 HM mocie >XUJIKOCTHOTO TpPaBICHUS
kpemHus (a) u ¢ nepuosioM 80 M mocne PUT kpemuns Ha riyouny 150 HM (6).
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HaHOXpeOTOB ¢ Tomosoruei initial-WOS-nanomackn) ¢ A=70 HM H CJIOA TPO3PAvYHOTO
MPOBOJISIIETO OKCHJIA 3apeTUCTPUPOBaH A(P(PEKT MHOKECTBEHHON SKCHTOHHOW TeHEepaIiu
(MOI') Hocurenelt 3apsana. B o6mactu BepmIMH OCTPOKOHEUHBIX HAHOXPEOTOB JTOCTUTACTCS
pasmep Tena kpemHust okojio 10 HM u peanu3yroTcs HeoOxoaumblie yeinoBus MOI. [IpoTotum
CD, mo-BUIMMOMY, SIBISIETCS TIEPBBIM B MHPOBON NPAKTHUKE (POTOBOIBTAMKUA THOPUIHBIM
KPEMHHEBBIM TPHOOPOM, COYETAIOMIMM KJIACCHYECKHH pEXHM pabOThl ¢ KBaHTOBO-
pa3MepHbIM b HerToM.

[ToBepXHOCTh HAHOCTPYKTYPUPOBAHHOTO KPEMHUS, MOTyUYEHHAs TTPU MOMOITH initial-
WOS-HaHOMack ¥ TPOIIECCOB JKMJIKOCTHOTO TPaBJICHUS, OKa3ajdach S(O(PEKTUBHOU st
3axBaTa KJIETOK U POCTa KIETOYHBIX KYJIBTYP.

HanoctpykrypupoBanusiii  kpemuuii  NPSi(100 u  NPSi(113) ¢ A =80 um,
noy4deHHbI Ha ocHOBe SMF-WOS-HaHOMacku M MPOIECCOB aHU30TPOITHOTO MIETOYHOTO
TpaBnenus, unpumensics mi1  MOCVD-snutakcun GaN u  GopMupoBaHHs — CIIOEB
nosryniossipaoro (10-11)GaN u (11-22)GaN, coOTBETCTBEHHO.

Kpemnnesbie HaHOCTPYKTYphl ¢ A= 70 HM, TIoJlydeHHBIE Ha OCHOBe initial-WOS-
HAaHOMACKH, C HAIIbUICHHBIMHU CIIOSIMU cepeOpa MM 30J10Ta HaXOMIAT NMPHUMEHEHHE B KauecTBe
3G GEKTUBHBIX TIOUIOKEK TSI TOBEPXHOCTHO YCWIJIGHHOW PaMaHOBCKOHW CIIEKTPOCKOIHH
(SERS-moamoxkm).

[Mommoxku NPSi mpencTaBistoTes MepCIeKTUBHBIMU ISl KPUCTAJUTA3AIUHU OSJIKOB.

HavanpHbIe cTaguy KprCTATH3aMK OelKa JIN30I[MMa METOJIOM «BHUCSYEH KaruTiy W3

cosieBoro pactBopa Ha momnoxkax NPSi ¢ A =40 am uccnegoBanmch ¢ nmomonipio AFM. B

a) 6)
Bug ceepxy NPSi(113)
HaHOKaHaBKM  HaHOMOIOCKU
/ \ / \

7/ \

rnobyna
nusoumma

NUHENHag
Lenouka
rnodyn

nusouuma

Lyr NIMHENHbIX Lenoyek rnodyn
nusouMMa Ha BepLunHax
KpeMHUEBbIX HaHoMomnoc

Horizontal Field Width = 234.7 nm

Puc. 5. a) POM-u3o0paxkeHusi ckoia HaHOCTpykTyphl NPSi(113), nmonydenHoit Ha ocHoe SMF-
WOS-nanomacku ¢ A =40 HM ¥ )XUIKOCTHOTO TpaBieHus kpemuus Si(113), 6) AFM-u3o0paxenue
(dparMeHTa MOBEPXHOCTH OCJIKOBOH IUIeHKH Jju3ouuMma (ckan 180%130 HM), ocaxkaeHHOW Ha
MMOBEPXHOCTh HAHOCTPYKTYpbl NPSi(113).

30



mpouecce o0pazoBaHusi O€JIKOBOW CTPYKTyphl TeoMmeTpus HaHOCTpyKTypsl NPSi(113)
(Puc. 5a) obecneunBaeTr camblii 3ddexTuBHbi 1Mo cpaBHeHuto ¢ NPSi(100) u NPSi(110)
3axXBaT MOJIEKYyJ JM30I[MMa B OO0JacTH HAKJIOHHBIX HAHOKAaHaBOK, TJE€ CO3/aercs
MepEeCHIICHHbIN pacTBOp. B HaHOKaHaBkax mupuHOi MeHee 20 HM 3aTpyJHEHO 0Opa3oBaHue
YCTOWYMBBIX KPUTHUYECKHUX 3apojblimieid. HaHokaHaBKM BBICTYHAarOT MUCTOYHHUKOM MOJIEKYJI
0enka Ha BEPILIMHBI KPEMHHUEBBIX HAHOMOJOCOK, I7I€ HET T€OMETPUUYECKUX OTpaHUYEHHUI Ha
(dbopMHpOBaHNE TUHEWHBIX LIENOYEK ITI00YT U MUKPOKPHUCTAIUTOB.

YcerpoiictBo 6enkoBoit cTpyKTyphl Ha noBepxHoctu NPSi(113) mpousutroctpupoBaHo
Ha Puc. 56. Ha AFM-u3o0paxxeHnn (UKCHUpPYIOTCS OTIENbHBbIE HAHOZJIEMEHTHI pa3MepoM
oKoJI0 4 HM ONM3KUM K pasMmepy TInoOynbl nu3onuma. HemocpeACTBEHHO Ha BepIIMHAX
KPEMHHUEBBIX HAHOMNOJOCOK HAONIOAAIOTCS JIMHEWHBbIE IIeMOYKHM [I0OyJd  JHM30LKMa
npoTskeHHOCThI0 20-40 HM. llenouku rn0Oya BBICTpaMBAIOTCS B ILYI'M Ha BEpUIMHAX
HaHONOJIOCOK. [leprnoan4yHOCTh NMMHENHBIX Henodyek B 1yre okoso 10 HM. Ilepuon B maccuse
myroB otBevaeT nepuoay NPSi(113) A =40 uMm. Llenouku rio0y au301uMa UMEIOT €IUHYIO
OpHEHTALMIO 110 BCEMY MAacCHBY IIOJ] YIVIOM OKOJIO 60° HO OTHOIIEHHIO K HAaIpaBICHUIO
HAHOMOJOCOK. B nanHOM (pakTe B GEIKOBON CTPYKTYpe MPOCIEKHUBAIOTCS YEPThl OBEIEHUS
xuakux kpuctamuioB (KK), rme ans opuenranumm KK ¢das3sl B eanHOM HampaBiieHUU
WCIOJIb3YIOTCS JIMHEWHbIE OPUEHTHPOBAHHBIE HAHOCTPYKTYPHI.

Hanoctpykrypa NPSi(113) MoxeT ObITh cO3aHa Ha 3aJaHHBIX JIOKAJIBHBIX Y4acTKax
¢ pasMmepamu, Hamnpumep, 10-500 MKM Ha KpPEMHHEBOM IUIACTUHKE. OTO TO3BOJIUT
JIOKQJIN30BaTh POCT OEITKOBBIX MOHOKPUCTAIIIMYECKHUX TUIEHOK MUKPOHHOM TONIIMHBI (OCHOBA
OMOCEHCOPOB) U BhIpalBaTh UHIUBUIYaJbHbIE OEKOBbIE KPUCTAIBI B MACCHBE POCTOBBIX
syeek (crystal on chip).

ABTOpBI BhIpaXkaroT OnarogapHocTh npodeccopy Esrennu IlemkoBoit 3a mpoBeneHue

AKCTIEPUMEHTOB T10 BBICAXKICHHIO JTM30IIMMa Ha ToBepXHOCTh NPSi1 1 AFM-u3o6pakenus.
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PACHBIJIEHUE ITOJYITPOBOJHUKOBBIX COEJUHEHUHN AMBY
ATOMHBIMUA U KIIACTEPHBIMU HOHAMU BUCMYTA
SPUTTERING A"BY SEMICONDUCTOR COMPOUNDS BY BITHMUS ATOMIC
AND CLUSTER IONS
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Ion-beam sputtering of Ga- and In-based binary semiconductor compounds was carried out
using atomic and cluster Bi," (n=1-4) with the specific kinetic energy E,,=10 keV/at and atomic
fluence D,,= 5x10'° at. The specific sputter yield Y, was estimated versus the nuclearity n of
the bombarding ions via the Volume Loss Method. Non-additivity character of Y,(n) was
revealed for both groups of A"™BY compounds. The contribution of different effects like ion-
stimulated roughness, implantation of Bi ions, etc. was analyzed and discussed.

Jlannast pabota sBisieTcs MNPOJOJDKEHUEM U JTAIbHEWIIUM pa3BUTHUEM HCCIEeI0BaHUI
MIPOLIECCOB PACIIBUICHUS PA3IMYHBIX MaTE€pPHANIOB, UCIOIb3YEMbIX B COBPEMEHHON MHUKpPO- U
HAHOZJIEKTPOHUKE, AaTOMHBIMH W KIACTEPHBIMM HOHAaMU BHCMYyTa, TE€HEPUPYEMbIMU
ANEKTPOTUAPOAMHAMUYECKUMHA HCTOYHMKAMU HOHHBIX MydkoB [1]. Pannee Hamu Obuin
MOJIy4€HbI U OMyOJIMKOBaHBI pPe3yIbTaThl U3MEPEHUN KO03()(PUIIMEHTOB pacblICHHUS] KPEMHUS
npu OoMOapIUpoBKe aTOMHbIMH Bi" M KiacTepHbIMH HOHaMu BucmyTa Bi," (n=2-4) B
nuamnasoHe OomOapaupyrommx d3Hepruid E  oT eawmHWI] W JeciaTkoB k3B [2, 3] wm
npeaBapuTenbHbie naHHble s GaAs [3]. PesynpraThl 1o pacmbUICHHUIO KPEMHHs OBLIH
npesicTaBiIeHbl Ha npeabayeil konpepenuu BUIT-2021 [4].

Iens nanHON paboOTHI coCcTOsIa B U3MEPEHUSIX MONHBIX Y (sputter yield) u ynenbHbIX Ysp
(specific sputter yield) xoaddumreHTOB pacnbuieHHs OWHAPHBIX TOIYIPOBOTHUKOBBIX
coenunenuii A"'BY Ha ocnose rayums (GaP, GaAs, GaSb) u unjus (InP, InAs, InSb), npruuem
yAenbHble KOA((ULIHUEHTHI pacbUIeHUs BBIYUCISUINCH KakK Ygp,=Y/n, 1€ n — YUCIO aTOMOB B
6omOapaupytromeM none. OCOOEHHOCTHIO HAIIMX AKCIIEPUMEHTOB SIBJISUIOCH UCIIOH30BAHUE B
KauecTBe 00MOApAUPYIOIMIKX MyYKOB aTOMHBIX M KJIACTEPHBIX HOHOB BUCMYTa C OJAMHAKOBOMN
yAENbHOM KUHEeTHYecKol sHepruen Ey,=FE/n, T.e. SHEprueil, npuxoAsiencs Ha OJJluH aTOM B
OoMOapaupyromeM HOHE, U C IPAKTHYECKH OJIMHAKOBOW aTOMHOM 110301 Dar = 1*Dion, TIE Dion
— IOJIHAsA MOHHAs /103a. BhIMosiHeHne 3TUX yCIOBHH Jajlo BOZMOXHOCTh HAJIEKHO Pa3JeNIUTh

BKJIaJIbl B KOO(PGUIIMEHT paclblUIEHUs] OT 3HEPTUU U OT YMciia aTOMOB B OOMOAapAMPYIOMIMX
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noHax. Hac uHTepecoBanu He TOJIbKO 3HaYEHUS KOOPPUIIMEHTOB paclbUIeHNs, KOTOPbIE CaMu
1o cebe MpeACTaBIsA0T OOJIBIION MPAKTUYECKUN MHTEPEC, HO U UX 3aBUCUMOCTH OT COCTaBa
coequnenuit ABV.

N3BectHO (cM., Hanpumep, [5-7]), 4To pu OoMOapAMPOBKE TBEPABIX TEJ KIACTEPHBIMU
(MHOrOaTOMHBIMH) MOHaMHU B K3B-auamasone sHepruil mnpoucxomut Oosiee 3¢ GeKTHBHBIN
SHEProoOMeH Mexay 0oMOapAUPYIOIMIMMH YacTULIaMU M aTOMaMH MUIIEHH, YTO MPUBOJIUT K
HEaJIUTUBHOMY YBEJIMYEHUIO KOdQUIMeHTa pacnbuieHus U 3(P(EKTUBHOCTH HOHU3ALUU
pacnbUIeHHBIX YacTull. MccnenoBaHrue 3aKOHOMEpPHOCTEN HEaIJUTHBHOIO pacibuieHus (0e3
ydyeTa 3apsJIOBOTO COCTOSHUSI)  BBIIIEYNOMSHYTBHIX OMHAPHBIX  IMOJYHPOBOJHHUKOBBIX
COETMHEHM TaKKe SBJSIIOCH 1IeJIbI0 Halleil paboThI.

KoadduimenT pacnbiieHUs] Mbl pacCUUTHIBAIM MO 00BEMY PACIBUIEHHOTO BEIIECTBAa U
03¢ OoMOapaIupyOMKUX WOHOB, UcToib3yst Volume Loss Method (VLM) [8]). Pacisinenue
MOJIMPOBAHHBIX  IUTACTHH  MOJYNPOBOAHMKOBBIX coequuennii  ABY  mposommnocsk ¢

HUCMOJBb30BAHUCM  KOMMCPYCCKOIO  MOHHO-  Tagamma 1. ['7yGHHA KpaTepoB pacbLIeHHs o6pasioB ATBY

nydeBoro Jmrtorpada VELION  (Raith I'nybuna kpamepos, 1M
Honvot/o0pasyst | GaP | GaAs | GaSb | InP | InAs | InSb
Nanofabrication, Germany) [9] B 01MHaKOBBIX Bi* 56 | 76 | 147 [ 148 155 | 164
Bi," 82 | 101 | 195 [267 | 244 | 330
IKCIIEPUMEHTAIBHBIX YCIOBHSAX, ICTAIBHYIO B o1 T 128 [ 277 12371 388 | 603
Bis" 162 | 233 | 633 [966 | 928 [ 1205

WHPOPMAIIMIO O KOTOPHIX MOXHO HAWTH B
HaIIMX OPeIblIyInX myonukanusx [2-4].

Ha xaxiom u3 ucciiejoBaHHbIX 00pa3oB ObLIO clienaHo 1o 4 kparepa pazmepamu 26x27,
26%26 u 25%25 MxM? nipu pacnbuieHnr nonamu Bit, Bi,"/Bis" u Bis' ¢ oqunakoBoit yaenbHOM

suepruel Eg,=10 xoB/at. ¥ npuMepHO OJMHAKOBOM aTOMHOM 1030 Da (X10'® ar.), paBHoit

T

445, 462 nu 5.0 nu8 WOHOB MEPEUYMCICHHBIX BBIIIIE.

I'myOuna  KpaTepoB  ompeensiack ¢ HOMOIIbIO

KoHTakTHOro mnpodunomerpa Veeco DEKTAK 150.

N3mepenuss mpoBOAMINCH B 3-X TOYKaX, MPOU3BOJIBHO
BBI6paHHLIX Ha AHEC KaXI0ro Kparepa. HOFpe].HHOCTI) Puc. 1. KpaTep pacubpUIEHUSI |
. ero mpoQuiib, MOJIYYCHHBIC IS
n3Mepennii He npeBbimana + 0.5 M. Pe3ynbpTarhl 3THX .
P p Y o6pasua GaP (Bi', 10 x3B).
n3MepeHuil mpuBeneHsl B Tabmume 1, a Ha Puc. 1 B
KadyecTBe TMpuMepa TOKa3aHbl W300pPAKEHHME KpaTepa pachbUIeHUST W €ro mpoduib,

noJy4eHHble mpu OoMOapaupoBke oopasna GaP nonamu Bi* ¢ sneprueit 10 k3B.

[Tonuelit ko3 punMeHT pacnbuieHus ¥ BRIUUCIUICS Kak [§]

y = 28 (1)

s
Dion
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rzae V - 06beM paciblIeHHOT0 BellecTBa, N — aTOMHas INIOTHOCTh MUILEHH, Do, — MOJIHAS 1032
OoMOapAMPYIOMNUX HOHOB.

[Ipu BbIYMCIIEHUU yaenbHOro ko3 dunueHT Yy, B dopmyne (1) BMecTo MOTHON MOHHOM
7036l MCTIOJIb30BAJIACh TOJHAs 103a OomOapaupyromux atoMoB Dg. C Qu3nyueckol TOYKH
3peHust Ysp MOKa3bIBA€T CKOJIbKO aTOMOB MUIIEHH PACHbUISETCS Ha OJAMH aTOM, BXOJSIIUN B
cOCTaB KJacTepHOro noHa. Eciu nmpotiecc paciblieHHs] HOCUT aiTMTUBHBIN XapakTep, To Yy, He
JIOJKEH 3aBUCETh OT KOJIMYECTBA aTOMOB B KJIACTEPHOM HOHE.

DKcrepuMEHTANIbHbIE 3aBUCUMOCTH Yp(71), TIONyYEHHBIE TIPU PACIBUIEHUH 00€UX TpyMIl
o6pasios A"BY aroMHBIME 1 KJTaCTEpHBIMH MOHAMH BHCMYTA C YAEIBHOM dHEpruen Eg,=10

k3B/at., npencrasnens Ha Puc. 2.
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Puc. 2. YyenbHbie KOOQQOUIUEHTHl pacbuUIeHUS Yy, B 3aBUCUMOCTH OT YHCJIa aTOMOB 71

coaepkammye coenuaeHus, (b) — MHAMA-cOoIep KaIIue COSTUHCHHS.

AHanu3upys dKCIiepuMeHTalIbHbIE JaHHbIE, TPE/ICTaBIeHHbIE Ha PHC. 2, MOXKHO OTMETHUTD:
(1) 6onpIme abCOMOTHBIC 3HAYCHUsI Yy, 0cOOCHHO Ut HOHOB Bis" mpu pacnbuiennn GaSb u
Bcex In-copepxamux coeauHeHui; (i1) HeaJAUTHUBHBIN XapakTep 3aBHUCUMOCTel Yi,(n) mns
o6eux rpymn A™BY; (iii) poct 3Hauenuit Yy, ¢ yBennuennn Maccsl kommonenta BY st o6enx
rpynn AMBY, xors nannbie aus InP «BbInagaroT» U3 3TOH 3aKOHOMEPHOCTH; (1v) yBennueHne
Yy ipu iepexojie ot Ga- k In-cojiepikaliM CoeIMHEHUSAM C OJIMHaKOBBIM KOMIIOHEHTOM BY.

1o cpaBHEHMIO C aHAIOTMYHBIMU JAHHBIMU, ITOJIYY€HHBIMU NIPHU pacubiieHuu Si [2-4], 1
BCex ucchenoBanubix coequnenuii ABY HaGmroganace Gosee cuiibHas 3aBUCUMOCTD Yip(n),
T.€. 60Jee SIPKO BBIPAXKEHHBIM HEaJTUTUBHBIA XapaKTep MPOLIECCOB PACMbUICHUS, 0COOEHHO
npu 6oMOapaupoBke HoHaMu Bis". MBI yrke oTMeuanu B pabote [3], 4To Takas pa3HHIIA MOXKET
OBITh CBSI3aHA C BO3MOYKHOM JIOKaJM3alMell TEIUIOBBIX MHUKOB B MEHBIINX 00BEMax 3a cueT
MEHBUINX UIMH MPOOEroB NEPBUYHBIX MOHOB W aTOMOB OTJAa4M U MEHbLIEH TeMIepaTypHOl

MIPOBOAMMOCTH Y OMHApHBIX MOJYIPOBOJAHUKOBBIX COEIMHEHUH 10 CPAaBHEHUIO C KPEMHUEM.
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Kpome Toro, 3TM CcOeIMHEHHMS MOTYT TUIABUTCS TIOJ BO3JCHCTBHEM HWOHHBIX IYYKOB U
MHKOHTPY3HTHO HUCHIAPSThCS ¢ 00pa30BaHUEM Ha MOBEPXHOCTH Karelb rajuiis WIK UHANS, YTO
B CBOIO OYepeab NMPUBOAMUT K BO3PACTAHHUIO HIEPOXOBATOCTU MX MOBepXHOCTH. M3mepenus
mMopdonorun nosepxuHoctu oopasuos A'BY 1o u mocne sKCIepMMEHTOB MO pPaCHbLICHHIO
MOATBEPAUIIN Pa3BUTHE HOHHO-CTUMYJIMPOBAHHOMN HIEPOXOBATOCTH, KOTOpast ObLIa 0COOEHHO
SApKO BbIpakeHa miisa obpasma InP. BeposTHo, 5TO sIBUIOCH OJMHOW W3 OCHOBHBIX MPUYUH
HapYILIEHHs «ITOPSIKa» 3aBUCUMOCTH Ysp(11) 0T Maccwl kommnonenta BY B psiy In-comepskammx
coenuaenwuit (Puc. 2b).

B nenom, npu 0OBACHEHUHU MOJYYEHHBIX PE3YJIHTaTOB HEOOXOJUMO YUHUTHIBATH BCIO
COBOKYITHOCTh IPOIECCOB, MPOUCXOMAIIMX Tpu OombapaupoBke coeaunennit A'BY
aTOMHBIMM W KJIACTEPHBIMH HMOHAaMH BHCMyTa, a Takke ocoOeHHocTH Mmertoga VLM
MIPUMEHUTETHHO K 3TUM COSAMHEHUIM. Ba)KHO y4ecTh BIMSHUE UMIUIAHTAI[IH HOHOB BUCMYTa
B pacnbuIsieMblil 00beM, T.K. KOHIIeHTpalus Bi B 3ToM 00beMe 1o MpeiBapuTeNIbHBIM OLIEHKaM
MoxeT gocturath 15-18 ar.% mna Ga-comepxkamux u 10-12 ar.% npns In-comeprkammx
coenuHeHnil. Kak crienctBue, MOXXET NHPOUCXOAUTH OOpa30BaHUE CIUIABOB BHUCMYTa C
komnonenTamu AMBY, 4ro B cBOIO Ouepenb BIE€YET M3MEHEHHE BCEX TEPMOIUHAMHYECKHX
XapaKTEPUCTUK PACIBUISIEMBIX COCTWHEHUN, B TIEPBYIO OYEPENlb, BBI3BIBAET M3MEHEHHE HX
TEeMITepaTypbl TUIaBiIeHUs. VIMITaHTaIlMs MOHOB BHCMYTA TAKXKE MPHBOJUT K yBEITHYCHHIO
posnu coymapenuii Bi-Bi B o0bemMe pacmublIsieMOro BEIIECTBa, YTO MOXKET CTaTh MPUYHMHOU
JOTIOTHUTEIHHOTO pocTa KodddhunmenTa pacnsiieHus [ 11]. B HacTosee BpeMs MbI IPOBOIUM
anMpOKCUMAIMIO IKCIEPUMEHTAIbHBIX 3HAU€HUN KO3(PPHUIMEHTa pACMbUICHUS MO MOJAETH
TEIUIOBBIX MHKOB 3urMyHzaa [12], pe3ynbraTel KOTOpOW OyayT TakXe Ipe/CTaBiIeHbl Ha

koH(pepenuuu BUTT-2023.
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BJIMUAHUE HHEPOXOBATOCTHU HIOBEPXHOCTH HA KO®OPUIIUEHTHI
PACIIBIVIEHUA BOJIb®PAMA N30TOITAMU BOJAOPOJA

EFFECT OF SURFACE ROUGHNESS ON SPUTTERING COEFFICIENTS OF
TUNGSTEN BY HYDROGEN ISOTOPES

B.C. Muxaiinos, I1.1O. ba6enko, A.I1. lleprun, A.H. 3uHOBbEB
V.S. Mikhailov, P.Yu. Babenko, A.P. Shergin, A.N. Zinoviev

OTU um. A.®@. Hoghghe,
194021, yn. Ilonumexuuueckas, 0. 26, Cankm-Ilemepbype, Poccus
e-mail: chiro@bk.ru

The coefficients of tungsten sputtering by hydrogen isotopes are calculated for two
limiting cases of the surface roughness — a planar potential barrier (smooth
surface) and a spherical potential barrier for a surface consisting of spikes.

B kauectBe Marepumana nuepropa B Tokamake MTOP BeiOpan Bosnbdpam, camblit
TYromiaBkuili u3 MetauioB. OHAKO HEJOCTATKOM BoJib()pama SIBISIETCS BBICOKOE 3aps0BOE
gucno Z=74. B pabote [1] moka3zaHo, 4TO Mpu KOHIEHTparuu Bodbppama Bcero ~0.1%
TEPMOSIJICPHBIN CHHTE3 HEBO3MOXEH, M3ITy4eHHE HOHOB BOJb(pama OyAeT NPUBOIUTH K
OOJBIIMM TMOTEPSM OHHEPrUM Ha HU3JIyYeHHE M K HEBO3MOXKHOCTH JOCTUYL HYXKHBIX
teMmnepatyp s ocymiectBienus Y TC.

Hannuaue npumeceii B peakTope MOXKET 3HAYUTEILHO MEHATh PEKUM paboThl TOKaMaka,
U JUIsl TIOHUMaHUS TOBEJCHUS TUTa3Mbl BHYTPH PEAKTOpa HEOOXOIMMO TOYHO 3HATH MOTOKH
MoCTymammux mnpumeceid. Jlms 3Toro HeoOXoaumMo 3HATh KOA(PGUIIMEHTHl pPACTIBUICHUS
BoJIb(ppaMa H30TONaMH Boaopoaa. Ha maHHBIN MOMEHT 3TH KO3 PUIIMEHTHI U3MEPEHBI JINIITh
JUISE OTPAaHUYEHHOTO JHAlNa3oHa YHEPTrUuil U yrioB OOMOApIUPYIOIIMX aTOMOB, K TOMY K€
3a4acTyl0 M3MEPEHUs Pa3HbIX HUCCIEIOBATENbCKUX TPYIIT HOCAT MPOTUBOPEUYHUBBINA XapaKTep.
Taxxe cneayeT OTMETUTh OTCYTCTBHUE HKCIIEPUMEHTAIBHBIX JAHHBIX IS TPUTHSL.

Pacuersl ObuIH MPOBENIEHBI C MOMOIIBI0 pa3pabOTaHHOIO HaMU KOJa, OCHOBAHHOTO Ha
merone Monte-Kaprno. Mumens npeacrasisuia co6oit Habop CiIyd4aifHO OPHMEHTHPOBAHHBIX
OTHOCHUTEIILHO JIPYT APyra MUKPOKPUCTAIIOB BOJb()pamMa pa3MepoM B OJIHY JIEMEHTAPHYIO
sueiiky. [lpu coymapeHnn HajeTarounel 9acTUIlbl C aTOMaMHi MUIIEHU 00pa3yroTcsi ObICTpHIC
yacTUllbl oTHaud. VX TojokeHHue B MPOCTPAHCTBE, SHEPTUU U KOMIIOHEHTHI CKOpPOCTH
3aMHUCHIBAINCH B MAacCCHB JIaHHBIX. PaccMOTpeHHe TpaeKTOpHH HAJNETAIoOmEH YacTHIlhI
MPOJIOIKANIOCh TIOKA €€ JHEpPrus He CTaHOBWJIACh MeHblie | 3B wim oHa BbuleTana w3

MHIICHU BCJICACTBHUEC MHOTOKPATHOI'O PACCECAHM.
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Puc. 1. 3aBucumocty k03(pPHUIIMEHTOB pacbUICHUS BOIb(pPaMa OT SHEPTHH COYAAPSHUS IIPH
HOPMAJILHOM MaJICHUH MTy4YKa Ha MHIICHB JIJIsl ©30TONOB Boiopoaa. CIUIONIHOM THHUEH 0003HaYeH
ciydait chepudeckoro 6aprepa, MTPUXOBOU TUHUEH — MIaHapHOTO. CHMBOJIBI — 3KCIIEPUMEHTATLHEIC
3HaYeHUsI KOA((OUIIUEHTA PACTIEUICHUS Pa3HBIX aBTOPOB [2-6]. KpacHas TOHKast THHUS - pacueT
Okiuraiina [7]. CuHsAsA TOHKas JIMHUSA - pacueT 1mo ¢popmysiam u3 padboTsl [8].
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3areM ¢ y4eTOM MHOTIOYacCTUYHBIX MOTEHIIMAJIOB PacCMaTPHUBAJIOCh ABUKEHHE YACTHI]
ornaud. OHU B CBOIO OYEHb TEPSUIM SHEPTUI0 HAa TOPMOXKEHHE U CO3/JaBalli BTOPUYHbBIE
YaCcTHUIIBI OTJa4M, WH(OPMALHUS O KOTOPBIX JOOABISIACH B MAacCUB. YUHTHIBAIHCH MOTEPH
DHEPrUM Kak TMpH YIPYrOM paccesHus Ha SApax, TaK W DIIEKTPOHHBIE TOPMO3HBIE
CIIOCOOHOCTH, a TaKXe TEIJIOBbIe KoJieOaHHsl aTOMOB MULIIEeHH. PacueT BeJcs /Uit KOMHaTHON
TEeMIEPaTyphI.

B cinydae moOBEpXHOCTH, COCTOSIIIEH W3 OCTPUH, pacHbUICHHAs YacTUIA JIOJHKHA
PEeoAoaeTh CPEpUUYECKUN TOTCHUIUATBHBIA Oaphep, W €€ HSHEprusi JOJDKHA MPEBBINIATH
sHepruto cyomumanuu Eg. B chnyuae mimockoil moBepxHOCTH (TUTaHApHBIA — Oapbep),
NEPIEeHIUKYIApHAs K MOBEPXHOCTU COCTAaBJISBIIAs KUHETHMYECKON 3HEPruu JOJDKHA OBITh
BBbILIE SHepruM cybmumanuu E, To ects E > Ecos20, rie 0 — yron Bsutera yacTuipl. Takum
o0Opa3om, ycioBrue 0TOOpa pachbUICHHBIX YACcTHII JUJIS TUTAaHApHOTO Oaphepa sBisieTcs: Oolee
CTPOTHUM, Y€M YCJIOBHE s chepruueckoro dapnepa.

Br16op Tua MmoOBEpXHOCTHOTO Oaphepa MOMKET OBITh OOYCIIOBJIEH IIEPOXOBATOCTHIO
pacnbuiiemMoro marepuana. [lnockuit Gapbep COOTBETCTBYET TJIaJIKOM IMOBEPXHOCTH, B TO
BpeMsl Kak cepuyeckuii 6apbep XapakTepeH JJIsi MOBEPXHOCTH, cocTosAlmed u3 octpuid. U3
puc. 1 BUAHO, 4TO y4yeT IUTaHapHOTO Oaphepa maeT Oosee HU3KHME 3HAYCHHUS KOA(hOHUIIMEHTOB
pacnbuieHus. OcoOeHHO 3Ta pa3HHUIAa OIIyTMMa B TIOPOroBOM O00JacTH, Tak Kak

UCIIOJIb30BaHUE IJIAHAPHOTO Oapbepa MPUBOAMUT K CMEICHHIO ITOPOra.
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Puc. 2. 3aBucuMOCTh KO3 PHUIMEHTaA PACIIBIICHHS BOJIb(ppamMa BOJOPOIOM OT yria MagcHHs
My4Ka i C(hepUUECKOT0 U TUTAHAPHOTO Oaphepa. 3HAUCHUSI HOPMHUPOBAHBI Ha KO3 (UITHECHT
pacIbUICHHS ISl HOPMAILHOTO MaJICHUSI.

Ha puc. 2 nmpuBeneHsl 3aBUCUMOCTH KO3 (UIMEHTa paclbUIEHUS OT YIJla MaJeHHs
Ny4yka Ha MUIIEHb. BHAHO, YTO B IIeIOM, HOPMHUPOBAHHBIC YIJIOBBIE 3aBUCHUMOCTH HOCST
HEKOTOPBI yHUBEpCaIbHBIN XapakTep. OIHAKO MPH MabIX YHEPTUAX B CiIydae IIaHAPHOTO
Oapbepa Habmomaercs craj Kod(PQHUIIMEHTOB paclbUICHHUS NMPU OONBIIMX 3HAYCHHUSAX yTia
nasieHusl.

OTOT cmaj JIErko OOBSICHUTH TeM, UTO IS IUIaHApHOTO Oapbepa i OONbIICH TOIU
YaCTHUIL] HE BBIIOJHAETCS ycioBue E > ESCOSZH.

HNudopmanus 00 yrioBbIX M 3HEPreTHUECKUX paClpe/leeHUsAX PACHbUICHHBIX YaCTHUI]
IpeJCTaBjeHa B IPYrOM HallleM JIOKJIa/Ie Ha JaHHON KOH(epeHIMU. AHATIOTHYHBIE JaHHBIE O
pacnbuieHMH OepH/UIMS M30TONAaMHU BOJOPOJA OIMyOJIMKOBaHbI B Hamux padorax [[DKTO,

KT - 2023].
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BJIMAHUE JE®@OPMAIIMOHHOI'O HAHOCTPYKTYPUPOBAHUSA HA HOHHO-
JIYYEBYI1O 3PO3U1IO METAJIJIOB
INFLUENCE OF DEFORMATION NANOSTRUCTURING ON ION-BEAM
EROSION OF METALS

H.H. AHI[pI/IaHOBal’2, AM. BopHCOBl’2’3, M.A. OB‘II/IHHI/IKOB’2, P.X. XI/IcaMOB4,
P.P. MyJHOKOB4
N.N. Andrianoval’z, AM. Borisov1’2’3, M.A. Ovchinnikovz, R.Kh. Khisamov*
and R.R. Mulyukov*
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The effect of a deformation nanostructuring on the ion-beam erosion of titanium, iron, nickel, copper
and tungsten has been investigated. It was found that sputtering yield for the copper practically doesn’t
depend neither on its grain structure nor on the ion-induced surface morphology. The obtained results
are considered within the framework of the concepts and models of sputtering of rough surfaces. The
key role of particle redeposition is revealed.

N3BecTHO, 4TO MOHHOE O0JydyeHHE METAJIJIOB MPHUBOJMUT K OOJIBIIOMY pa3HOOOpa3nio
MOpP(}OJIOrMUECKUX 3JIEMEHTOB: TMepenaay BBICOT MeEXAYy 3epHaMHu, SMKaM TpaBIICHUS,
KOHYCaM U psi0M Ha MOBEPXHOCTH CaMHX 3€peH, cM., Hanpumep, [1,2]. B Hacrosmeil padore
UCCIIEIOBANIM  BIMSHUE Je()OPMAIMOHHOTO HAHOCTPYKTYPUPOBAHHUS HA MOHHO-TYYEBYIO
9pO3HI0 METAIJIOB. B skcnepuMeHTax MCHoab30BaId 00pa3ilbl TUTAHA, JKejle3a, HUKENs, Meln
u Bosbpama. HaHOCTpyKTypupOBaHHE MPOBOAMIA TYTEM HWHTCHCHBHOW IIJIACTHYCCKOMN
nedopMaiu METOJOM KpydeHus moja BbicokuM aaBineHueM 6 I[Tla [3]. B pesymbrare
negopmanuu B obpasuax Obuia copmupoBaHa ynbTpamenko3epHucras (YM3) cTpykTypa ¢
pasmepom 3epeH 100-400 ©m. Jlnsg CpaBHUTEIBHBIX HCCIEIOBAHUN  HMCIOJIb30BAIN
Mesko3zepHucteie (M3) oOpasubl ¢ pasmepoM 3epeH okojo 10 mxM. Bce oOpasier umenu
dopmy nucka muamerpom 10 - 12 MM u Tommumuoi 0.5 mm. [loBepxHOCTH 00pasioB
NOJBEprali MEXaHHYECKOM TOJIMpPOBKE M OYHCTKe B d3TaHoie. OOxydyeHue oOpas3moB
MpoBOAMIN Ha Macc-MoHOoxpomaTtope HUUAD MI'Y [4] mydykoM HOHOB aproHa ¢ dHEpPrueu
30 k3B npu HOpManbHOM TajeHuu. [IOTHOCTH MOHHOTO TOKa cocTtapisuia 0.3 MA/cM npu
nomepedsoM cedennn 0.3 cM’. B mpomecce OOTYdEHHS PErMCTPHPOBATH TOK HOHOB M
AIIEKTPOHOB ISl ompezeneHus ¢uroeHca U ko3 UIMeHTa MOHHO-3JIEKTPOHHOM 3MHCCHUH,
TeMriepaTypa obpasnoB He mpeBbimana S0°C. daoeHC 0THOKPATHOTO OOJIYYSHHST COCTABIISLII

18 2
~3-10"" won/cM”. Mopdonoruo TOBEPXHOCTH 00pa3loB HCCICNAOBATH C IMOMOIIBIO
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CKaHHMPYIOIIEro 3JeKTpoHHOTO MuKpockona Mira 3 LHM (Tescan, Yexus). Koaddurment
pacIbUICHHS OTIPEEISUIH 110 TTOTepe Beca 00pas3IoB U GIIIOCHCY 00TydeHuUs.

Pacribuienue moiMpoBaHHBIX UCXOMHO TIIAIKUX MOoBepxHOcTed YM3 00pa3iioB Meau
NPUBOJUT MPAKTUUECKU K OTHOMY U TOMY ke K03(puuumenty pacnbuienus Y = 9.2, Toraa Kak
st M3 oOpasioB nposiBisiercs: pa3opoc 3HadeHuid Y ot 8.2 no 10 co cpenHuM 3HaYEHUEM,
coBnagaromuM ¢ Y st YM3 o6pasiioB (puc.l). bonee 3HaunTensHOE pa3inyue pacibUICHHS
YM3 u M3 o00pa3noB Menu moka3piBaloT POM m300paxkeHus, NMpUBEICHHBIE HA PHC.2.
VIcX0XHO TUIafKas OBEpXHOCT M3 oGpasia mocie oGnyderus ¢ duroercoM 3-10™® mon/cm?
pacTpaBIUBaeTCs C 00pa30BaHHEM IMEPEMaoB BBICOT MEXIY 3€pHaMH, SIMOK TpPaBICHUS, a
TaKXe KOHYCOB, TOTJ]a KaK Ha MOBEpXHOCTH Y M3 00pa31i0B TOMUHUPYIOT KOHYCHI C BBICOTOM

€IMHUIIBI MKM Y TJIOTHOCTHIO HAa TIOBEPXHOCTH TMOPSIKA 10% em.

o
104 O
X X o v
& m
6. 0
__________________________ Yo
c
£ 6+
®
>, Puc.1. 3aBucumoctn  kodddummeHTa
| pacnbUIeHHs Y OT TOJIIIMHBI PACIBUICHHOTO
2 cinosg z mia YM3(X) u M3(O) obpasioB
MeIN C ImaroM 1o (QUIIOEHCY OOIy4eHHs
0 ; ; ; ; ; ; ; ; ; X 18 2
A A 3-10™" mom/cm
Z, um

KBasucranmonapHeiii  KOHycooOpa3HbIii penbed Ha moBepxHOCTH YM3 obpasma
obpasyercst yxe MociIe IepBoro muKiIa obydenns ¢ duroercoM 3-10' nom/cm®. Takum sxe
penbed ocTaeTcs M MOCie TPEThero HUKiIa OOTydeHHs,, HECMOTPs Ha KpaTHOE YBEIUYEHHUE
TOJIIIMHBI pacnbuieHHOTo ciost (puc.2). st M3 o6pasua cTanroHapHbIH PeXUM JOCTUTACTCS
IpU CYIIECTBEHHO OoNbIIMX (IIIOeHCaX, KOI/a TONIIMHA PACHbUICHHOIO CJI0si HAauWHAeT
MPEBBINIATh XapaKTepHBIH pasmep 3epeH ~10 mkm (puc.2. crpasa). [ToBepxHocTh M3 mMean
IIPAKTUYECKHU MOJHOCTBIO MOKPBIBAETCS KOHYCaMH, ¢ BbICOTOM A0 10 MKM. 3HauuTenbHOE
pa3nuyue 3BOJIONMHM HMOHHO-MHIYIIMPOBAHHOTO penbeda Ha mnoBepxHocth YM3 u M3
00pasIoB HE MPUBENO, OJHAKO, K U3MEHEHUIO KOd(DPHUITMEeHTa paclbUICHHS, COCTABISIONEMY
Y <10.

[Ipu Gonpmux QurroeHCax OOJYYEeHHS, JTOCTATOYHBIX JJIs CTAIlMOHAPHOTO PEXHMA,
MOBEPXHOCTh Kak YM3, Tak u M3 menu mokpbiTa KoHycamu. M3MepeHust yria pacTBopa

KOHycOB 10 POM wn300pakeHusIM ¢ HAaKJIOHOM OOpa3loOB NpPU ChEMKE MOKa3alu OJIM3KHe
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3HaueHus mig YM3 um M3 memu. Vrom pactBopa cocraBua 16° cO CTaTHCTHYECKMM
pazbpocom +2°. Bim3kue 3Ha4YeHHs PacTBOpa KOHYCOB SBIISIOTCS, OYEBMIHO, MPUYHMHOM

oMHaKoBbIX 3HaueHUH Y st YM3 u M3 menu nipu 6onbpImx GroeHcax.

Puc.2. POM uzobpakenus YM3 u M3 meau nocie o6inyuenus nonamu 30 k3B Ar’ u duroeHcoM
3-10"® now/cm? (ceBa), YM3 menu ¢ dmoercom 9-10" mon/cm” 1 M3 menn ¢ ¢uroercom 1.5-10"
von/cM” (cripaBa)

B pabore paccMOTpeHBI TakXe BO3MOXXHOCTH TPOTPaMMBbl  MOJIEIHPOBAHUS
pactbuternst SRIM st pacuera kosdduimenta pacublieHUsT Yy, MOBEPXHOCTH, MOKPHITON
koHnycamu. s penbeda, comepikamero ToapKO KOHYCHI C YIIIOM HakJioHa oOpasyromei O,
CIIO)KHO€ MHTErpajbHOE BBIPAKEHHUE, CM., HampuMmep, [5], A mpou3BOIBLHON MIEPOXOBATOMN
MOBEPXHOCTH 3HAYUTEIHHO YIPOIIAETCS

Yin(0:)=Y(6) (1-F(6:))/(1-R(6)), (1)

rae Y(0) u R(0) — momydaemble mpyu MOJIETUPOBAHUU COOTBETCTBEHHO YIJIOBBIE 3aBUCUMOCTHU
Kod(pUIMEeHTa PACTIBUICHUS W OTPAXCHHS HMOHOB JUIS TUIOCKOW MOBEpXHOCTH, F; - mons
NEPENbUICHHBIX YaCTHIl HAa CTEHKH KOHYycoB. MHoxutenb (1-R) yumteiBaeT, uro mpwm
HOPMAJIbHOM TaJICHUW BCE WOHBI yYacTBYIOT B PACIbUICHHH, BKJIIOYash U OTPaKEHHBIE OT
CTEHOK KOHYCOB. 13 cemeiicTBa 3aBucumocteit F(0.) paboTel [6] B pacueTax HCIOIB30BATH
KPHUBYIO JUII KOCHHYCHOTO pacIipeliesieHusl. Pe3yiabTaThl MOJCIMPOBAHUS W PACYCTOB IO
dopmyne (1) mpencraBnensl Ha puc.3. Pasmmume kpuBbix Y(0) m Yy(0.) memoHcTpupyer
YBEIMYHUBAIOIIEECS C YIIIOM 0, IOJaBIIeHUE SPO3UH H3-3a MEPEIBUICHHUS aTOMOB.

Jis SKCTIepUMEHTAILHO HAWJICHHOTO yIila HAaKJIOHAa KOHYCOB Ha MOBEPXHOCTH MEIH

0. = 82° pacuernoe 3Hauyenue Y,,=9.25 mokazaHo Ha puc.l crurommHoil nuHMeR. BuaHo, 4ro
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OHO HaXOAWTCA B Mpejaenax pa3zdpoca 3KCHEpUMEHTAIbHBIX 3HaueHUH Y U CYIIECTBEHHO

BBIIIIC MTOKA3aHHOTO MYHKTHPOM 3HaUeHUs Y(=7.5 IJIs IMI0CKOH MOBEPXHOCTH.

404
35 30 keV Ar- Cu

30 ] s

25

Puc.3. Pacuernbie 3aBucumoctd Y(0) u
Ym(0.). Ilyuxtup — yroia kouycos 0, = 82°

6, O¢

Taxkum o6pazom, gepopmanmoHHOE HAHOCTPYKTYpUpPOBaHHE MeIu ¢ (OPMUPOBAHUEM
yIbTPaMENKO3EpHUCTON CTPYKTYPBI C pa3MepOM 3€peH MOpsAJIKa COTEH HM NMPAKTUYECKU HE
BJIUSIET Ha CKOPOCTh €€ paclbUICHUs MOHaMH aproHa ¢ sHeprued 30 k3B npu HOpManbHOU
6ombOapaupoBke. CTalMOHApHBINA PEXUM pacHbUICHUs C (popMUpOBaHMEM KOHYCOOOpa3zHOU
MOpP(OJIOTHH MOBEPXHOCTH HACTyMaeT Mpu (piroeHcax, TOCTaTOYHBIX IS PACHIBUICHUS CIOS
TOJILIMHOW TOpSAJKa PasMEPOB 3€peH. DTUM K€ MOPSAKOM BEIUYMHBI XapaKTepHU3yeTcs
MOHHO-MHIIYIIMPOBAaHHAsl IIEpOXOBATOCThb, KoTopas mia1 YM3 wMeau MHOrO MEHbIIE
IIEPOXOBAaTOCTH MPHU BBICOKOJO3HOM DPACIBUICHUH OOBIYHON MOJMKPUCTAIUTMYECKONW MEIH.
MonenpoBaHue pacHblICHUS I[IEPOXOBATOM IOBEPXHOCTH IIOKA3bIBAET OMIPEICIIAIONLYIO

POJIb JIOKAJIBHBIX YIJIOB HAKJIOHA AJIEMEHTOB peibeda U MepenbUIeHHUs.

Pabora A.M. bopucosa nognepxana PH® (mpoext Ne21-79-30058), pabora P.X.
XucamoBa, P.P. MynrokoBa BBIIIOJIHEHA B paMKaX I'OCYJapCTBEHHOro 3angaHus MHcTUTyTa
npoOJeM  CBEpPXIUIACTHYHOCTH  MeTauioB  PAH.  DnekTpoHHO-MHKPOCKOTTHYECKHE
uccienoBanus mpoBeAeHsl Ha Oasze IIKIIT UHIICM PAH “CrpykrypHbie U (HU3UKO-

MEXaHUYECKUE UCCIIEOBaHUSI MATEPUAIIOB”.
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SPUTTERING A3B5 SEMICONDUCTORS
WITH ATOMIC AND CLUSTER ARGON IONS
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! Faculty of Physics, Lomonosov Moscow State University, Leninskie gory, 1, Moscow 119991, Russia
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Compound semiconductors of A3B5 group are widely used in optoelectronics, solid-
state electronics, environmental monitoring and for other special applications. They cover a
wide optical spectral range from ultraviolet to far infrared radiation, including microwave
frequencies and terahertz [1]. One of the techniques of their surface modification and
nanostructuring is ion beam irradiation. Further, ion beams are used for characterization of
semiconductor structures as an analyzing or a profiling beam. A comprehensive review of
A3BS5 sputtering with atomic ions was made by Malherbe [2] Gas cluster ion beams are a
relatively new instrument in this field [3]. In this work we present the results of a complex
investigation of a set of binary A3B5 semiconductors sputtered with argon cluster ions. Along
with this, sputtering with classical Ar" ions were studied to clarify some aspects of their
influence on A3B5 surface and to compare their effect with cluster ions directly.

The samples were polished single crystals of binary compounds (GaP, GaAs, GaSb,
InP, InAs, InSb). Irradiation with atomic or cluster ions was carried on using X-ray
photoelectron spectrometry (XPS) equipment PHI 5000 VersaProbell (ULVAC-PHI). Atomic
argon ions Ar' with the energy 3 keV (3.5 uA) or 0.5 keV (about 0.8 uA) were directed at the
angle 45° from the surface normal. Cluster argon ions Ar, with the energy 20 keV were
directed along the surface normal; their average size was 2500 atoms per cluster (ion current
about 90 nA) or 1000 atoms per cluster (ion current about 20 nA). In some cases, the surface
was cleaned with a 5 keV Arysgy’ beam before the main sputtering experiment. Cluster ion
beam was rastered within a rectangular area. Along with sputtering, XPS measurements of the
surface composition was performed. It made it possible to observe its dependence on the ion
fluence. Calibration of XPS relative sensitivity factors were performed using a fresh <110>
cleavage of the samples. The basic vacuum in the sample chamber was below 3-10™® Pa.

After the irradiation, the depth and the shape of the sputtered craters were measured by

a profiler. It made it possible to determine sputter yields by cluster ions, which itself is a
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valuable data. As well, topography of the crater bottom was examined with a scanning
electron microscope (SEM) Zeiss Ultras5.
The evolution of surface composition is shown in Fig. 1 on the example of GaAs and

InP. Different dependencies on the ion fluence and on the ion size and energy can be seen.

Ar*, 3keV -> 0.5 keV

264
144 ¢ A 24 Aryene”, 20 keV
N 224
v Sy
£ o 204
E Alyeo0 . 5 keV -> 20 keV s .
B A2 o
& £ 164
Arygoo” » 5 keV -> 20 keV 144
104 121 Aryg00", 20 keV
104 Art, 3 keV-> 0.5 keV
T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20
Irradiation time, min Irradiation time, min

Fig. 1. The evolution of surface composition of GaAs (left) and InP (right) during atomic and
cluster argon ions irradiation measured by XPS. The ratios of atomic concentrations are shown; the
energy was changed during some experiments, which is shown with arrows.

The evolution of the surface composition is inevitably connected with its topography
evolution. Gas cluster ions are known to smooth a surface in case of normal incidence, and to
produce ripples in case of inclined incidence. Such ripples on GasAs were shown in [4].
That’s why we used normal angle of irradiation, though the commercial tools usually suppose
inclined one. For InP, standard inclined irradiation resulted in growth of inclined nanopillars
instead of ripples [5]. Such nanopillars were described for atomic ion bombardment as well,
and their growth mechanisms are clear. It was interesting to found that for normal cluster ion
irradiation such nanopillars appeared as well, instead of surface smoothing (Fig. 2). Their
height reached microns, and the diameter was about 100 nm. On the contrary, the surface of

GaAs became smoother, with only rare small dots on it.

4
Arysgo .
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Stylus profiler was used to measure the shape of the etched craters and then to calculate
the sputter yields. The crater on GaAs has a correct form, while the bottom of the InP crater
was very rough. The roughness was clearly due to nanopillars and made it impossible to
evaluate the sputter yield. As seen from Fig. 3, the tops of the central pillars were even higher
than the not-etched surface; in make it possible to discuss the mechanisms of their growth and
the relation between growth and sputtering. Another conclusion is that stylus profiler can

easily cheat the results of sputter yield calculation.

. o — -
\\. !;/ o (_-_.,'\.w/} Pw,,\l_ W | q

Fig. 3. The shapes of the craters etched with 20 keV Arys00 on GaAs (left, crater size 1,5 um %
2 mm) and InP (right).

The analysis of preferential sputtering and surface topography of the full set of A3B5

semiconductors will be presented in the conference report.
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MOJAEJIMPOBAHUE PACIIBIVIEHUS Al-Si C UCITIOJIb30BAHUEM MAILIMHHOI'O
OBYYEHUA

MODELING OF Al-Si SPUTTERING USING MACHINE LEARNING

.. benos, A.H.Kynpusinos, K.H. Jlo6308, B.!. bauypun, .1.AmMupor

Y.D. Belov, A.N.Kupriyanov, K.N. Lobzov, V.I. Bachurin, I.I. Amirov

1 .
Apocnasckuti puruan Quzuxo-mexnonocuveckoco uncmumyma um. K.A. Barwesa PAH, 150007,

ya. Yuueepcumemckas, 21, Apocnasns, Poccus, e-mail:ildamirov@yandex.ru

A neural network (NN) has been developed to predict the sputtering coefficient of an Al-S
alloy based on a modified database of sputtering coefficients of Al and S alloy components
determined by the TRIDYN method. The data of Al-S sputtering coefficients obtained as a result
of NN training were in good agreement with the test dataset. Using NN, the sputtering

coefficients of Al-S were determined at different contents of componentsin the alloy.

Meton wmammHHOro oOyueHuss (MMO) HayMHAaeT aKTUBHO TNPUMEHATHCS —JUIs
MCCJIEI0BAHMS TPOIIECCOB B IUIa3M€ MU MOHHOTO pacmbuUieHus matepuasioB [1-3]. B HenaBHeit
pabore c wucnons3oBanneM MMO Obu1  TpoBeleH pacueT (QYHKIHH —pacrpeaeiacHus
pPACTBUICHHBIX YacTUIl TpH OOMOapIMpOBKE TMOBEPXHOCTH crutaBa Ti-Al B 3aBUCHMOCTH
SHEpreTHUeckoil (GyHKIMH pachpeneNeHns mnajgarommx noHoB Ar  [3]. Ba3a namHHBIX s
peamuzaiun MMO Obuta TOCTpOeHa Ha OCHOBE JAaHHBIX, IMOJYYEHHBIX C HCIOJIB30BAHUEM
MmeToaa Moaenupoanus pacnbsuieHuss TRIDYN. Merogq MMO MokeT ObITh IEPCIIEKTUBHBIM IS
MOJICJINPOBAHUSI PAaBHOBECHOTO PACMBUICHUS ABYX WJIM MHOTOKOMIIOHEHTHBIX MaTepuayioB. B
olmiemM ciydae JUMHAMHKA pPACIbUIEHHS MHOTOKOMIIOHEHTHBIX MAaTepuajoB OIpeensercs
MIOBEPXHOCTHOW KOHIIGHTpaLMeil KOMIIOHEHTOB, KOTOpas OTJIMYaeTcs OT UuX OO0BEeMHOM
KOHIICHTPALMU, TaK KaK UX MapluajbHble KOA(pQHUIMEHTH pachbuleHus Y; pazauuHbl [4]. B
Clly4ae paBHOBECHOI'O, CTEXMOMETPUYECKOTO pPaCHbLICHUS, KOTJa MOBEPXHOCTHAS U OObEeMHas
KOHIIEHTPAllMi KOMIIOHEHTOB CILJIaBa PaBHbl MOYKHO OIPEAETUTh MHTETpalIbHbIN KOA(hhUIIUEHT

pacnbuieHUs. Yy, KOTOPbIH OOBIYHO YMEHBINAETCS C YBEJIMYEHHEM KOHLEHTPALMU TPYIHO
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pacnpuIIeMoro KoMnonenTa [4]. Jinsg IByXKOMIIOHEHTHOIO CIUIaBa Yy MOKHO 3aIlMCaTh PaBHBIM
cymMMe YqCatYy(1- Cq), TOE €4 — 101 KOMIIOHEHTA & B CILIABE.

Henbto pmanHOW paboThl Obula pa3paboTKa HEHWpOCeTH JUIsi TPOTHO3HPOBAHUS
ko3 dunuenta pacnbinenns Al-Si mpu GoM6apaMpPOBKE MOBEPXHOCTH HOHAMH AT HH3KOI
sHeprum (<1 x3B). OGyuenme Heiipocetn (HC) nmms pacuera mHTerpaimpHOro kKoddduimeHTa
pacnbiieHUs Yy KOMIIO3UTHOTO MaTtepuana Al-Si ObUIO MPOHM3BEIEHO HAa OCHOBE 0a3 JaHHBIX
K02 (D PUITMEHTOB PACTIBIIICHUS MOHOATOMHBIX MHIIICHEH Mpu dHEpTur UoHOB <1 k3B m yrios 0-
90°, nmonmydeHHbIX mocpenctBoM pacuera nporpammbl TRIDYN [5]. KonuuecTBo AaHHBIX 1jIst
o0yuyeHus - 638 KOMOMHAIUH, KOTOPBIE TPYINITUPOBAINCH JJIsi 00yYeHHSI HEHPOCETH B BUJE: YO
najZieHus + HHEeprusl MOHa, MoJaBaeMble Ha BXOJ], U Kod(UIMEeHT pacnbuieHus Ha Beixonae. U3
HuX 10% sBIATUCH BajdMJalMOHHBIMU (IpOBepoUHBIH Habop). OOydeHue npoxoauso Ha 574
koMOuHanumsx. llar mo suepruu cocrasmusut 20 3B, o yray 10 rpagycos.

Heiipocers Oblma HammcaHa Ha si3bIKe IporpamMupoBanus Python ¢ mcnonb3zoBanuem
ouomotekn Tensorflow ¢ moxynem keras KOTopbwlii 00JagaeT HHCTPYMEHTAMH ISl PabOThI CO
CIOosIMU, (DYHKUIUSMHU, OTHOCAUIMMUCS K HEMPOHHBIM ceTsM. s BU3yalu3alud MOTYYEHHBIX
JTAHHBIX HCIIONB3YIOTCs OnbmuoTeku Matplotlib u pylab.

Bouto ompeneneHo, 4to TUIEprapaMeTphl, MO3BOJSIONIMMUA 00ydaTh CETh, yMEHbINAs
omuOKy OOyYeHHS ¢ MaKCHUMaJbHOW CKOPOCTBIO, SIBIAIOTCS (PYHKIMS akTUBamuM Sigmoid

(ompenensieT BBHIXOJHOE 3HAYCHHE HEWpoHa) W onTuMuzaTop RMSprop (peanmu3yer oCHOBHOM

QITOPUTM TTTyOOKOTO OOYUCHHS).
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pacnbuieHus Al u Si OT yriia nmajieHus HOHOB

Puc. 1. 3aBucumocth Ko3(huUIIHCHTA
pacteutenus Al u Si OT PHEpruM WOHOB MPHU YTIIC
nagenusa 30 rpagycos, nomydeHHbix HC u meronom mnpu 500 »B, momyuennsix HC u meromom
TRIDYN. TRIDYN.

Jlis mosmyuyeHHOM Mozien HeWpOHHOM ceTu ommOka coctapisieT ~5%. [lns onpenenenus

kayecTBa 00ydeHHoM HC mpumeHsieTcss cpeHEeKBaJpaTHUHAs OLIMOKa MEXIy OOydaloluMu U
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npeackazanabivu HC. [[ns Hameit mMomenu ¢ IByMs CIIOSIMHA CpEIHSIs KBaJpaTH4Has OIIMOKa
coctaBisuia 0.0027, ¢ tpemst cinosimu - 0.0019, nns ywerbipex cioeB 0.0025, yto B cpenHem
cocTaBiisieT omMOKy okojio 5%. B manbHelimem ucnonp3oBain o0yueHue ¢ Tpems ciosmMu. Ha
pucyHkax 1 m 2 mokaszaHo Xopollee coryacue pesyibraroB MonenupoBanuss HC ¢ gaHHbIMH

TRIDYN.

baza nannbIx s oOyueHus cetu Ha cucteme AlgosSigs u Alg72Sijs Obuta co3nana, Kaxk
OTMEUAJIOCh BHINIE C YY4ETOM COJAEp)aHUS KOMIIOHEHTOB B ciuiaBe. [lamee HelipoceTh ObLia
oOydeHa Ha TIOJYyYCHHBIX JAaHHBIX C TlapaMeTpaMH, KakK JUII MOHOATOMHBIX MHMIICHEH.
Pesynbratel 00ydenuss mnpexacraBineHsl Ha puc.3. Koapdunuentsl pacnbeuieHus Al gsSigs
Alp 72513 nexxat Hike kodddunuenta pacnsuieHust Al. C yBenudueHneM cojiepxaHus Si B CIUIaBe
UHTETPaNIbHbIA K03 (GHULUUEHT pacibuieHus yMeHbmancs (puc. 4). Takoe ymeHbleHHE Yy, 4TO

coryiacyercsi JaHHbIMU [4].
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Puc. 3. 3aBucumocts ko3¢ ¢unmenta pacusuieHus Puc. 4. 3aBucuMocts Ko3dPumenTa pacnblIeHUs
Al, AlyosSips m Alg72Sijs OoT sHeprun noHoB mpu  crasa AlSi; OT X npu 3Heprun noHoB 200 3B n
yrie maneaus 30 rpamycoB, moinyueHHBIX HC m  yrie magenus 0, 30 u 60 rpamycoB IOTyYeHHBIX B
meronoM TRIDYN. pesyabTate pacueroB HC.

Takum o0pazom, co3nanHas HelipoceTh, oOyueHHas Ha JaHHbIX TRIDYN, nMeeT HU3KYIO
norpemHocTs. Jias Tpex cimoeB ommbOka ObUTa MUHMMAJIbHOHM, CpeJHEKBaJpaTW4yHas OIIMOKa

pasusinack 0.002. ['enepanus JaHHBIX Ha OJTHO 3HAYEHHUE 3aHUMAET 45 Mc.

Pabora BeImONHEHa B paMkax rocygapctBeHHoro 3aganus SI® OTHUAH um. KA.

Bamuesa PAH, tema Ne FFNN-2022-0017.
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OHEPI'ETUYECKHUE ITOPOI'M PACIIBUIEHW A HEKOTOPBIX METAJIJIOB
C OLIK PEILIETKOM ITPU X BOMBAPJIMPOBKE MIOHAMM K
ENERGY THRESHOLDS OF SPUTTERING FOR SOME METALS WITH A VOLUME-
CENTERED CUBIC LATTICE DURING THEIR BOMBARDING WITH K*- IONS

B.B. EBCTI/I(beeBl, H.B. Kocruna®
V.V. Evstifeev!, N.V. Kostina®

1 . .
Kagheopa gpuzuxu, Ilenzenckuii 2ocyoapcmeenuvili yHusepcumen,

Kpacnas 40, Ilensa, Poccus, physics@pnzgu.ru

Based on the maximum recoil energies Eemax Calculations, which have
been carried out by the molecular dynamics method within framework of the
many-particle interactions mechanism, the threshold sputtering energies Eg of the
volume-centered cubic lattice d-metal mono-crystals have been determined upon
bombardment by the low-energy K- ions (E;=10-50 eV). Dependence of the Eg,
on the metal surface binding energy Epond @and on the constant a of its crystal

lattice, has been revealed.

B paGore [1] mpemtoxkeH crmoco® ompeneneHusi MOPOTOBBIX SHEPIHid PacHbUICHUS
MOHOKpHCTaa BaHagus woHamu K' mHmskoit smeprmum Ep. OH ocHOBaH Ha pacueTe
MaKCHUMAaJIbHBIX 3HEpruil oTAauM Eyemax, MOMydaeMbIX OAHUM U3 rpynmsl (3-5) atomos,
OJTHOBPEMEHHO YYacTBYIOIIMX B CTOJKHOBEHHMH, B paMKaX MEXaHH3Ma MHOIOYaCTHYHBIX
B3auMoieiicTBuid. [1o cyTH aena 3To 0JTHO U3 YaCTHBIX NMPUMEHEHUI yKa3aHHOTO MEXaHU3Ma,
U3y4aeMOIo METO/IOM MOJIEKYJISIPHON TUHAMHKH.

B HacTosmeM cooOLieHuH MpeacTaBiIeHbl PE3ysbTaThl KOMIBIOTEPHBIX pacueToOB
MaKCUMaJIbHBIX JHEPTHid OTHAYU Ereemax MPH CTOIKHOBEHHWH HOHOB K" (E;=10-50 »B) ¢
aromamu noBepxHocTHOM Tpanu (001) monokpucramioB Ti, V, Cr, 6-Mn u o -Fe ¢ OLIK
pemerkod M Ha HX OCHOBE OINpEAENIEHbl HHEPreTHMUECKUE TOPOTH  PaclbUICHHUS.
(Momudukanuu o -Fe u 6 -Mn umeroT ycroituuByto OLIK cTpykTypy mpu Temmeparypax
menee 700°C u Gonee 1140 °C cooTBeTCTBEHHO). BHIOOP yKa3aHHBIX METAIOB B KaYeCTBE
MHUIIIEHEW 00YCIIOBJIEH TEM, YTO HCIIOJIb3yEMbIM B pacyeTax MOTEHLIMA] B3auMoaeucTBus Vs
obuT BocctaHoBjieH MeTooM MOJIKAO mis nmapet K-V u K-Ti. Xpom, Maprasen u ene30

B3AThI IIOTOMY, YTO OTHOIIEHHS WX Macc M k macce m GomOapaupyromero nona p= M/m
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OJIM3KH WM TIPUMEPHO OMHaKoOBHI (U=1,23-1,43), 94TO HCKITIOYAET BO3MOKHYIO 3aBUCUMOCTh
MIOPOTOBOM SHEPTUU paclbUieHus Egy OT L.

Ha puc. 1,a nmokasana reomerpus 6omOapaupoBku rpanu (001) mMoHOKpHCTamia ¢
OIIK pemerkoii moHaMu, majaromMMU Ha Hee moj yrioM o=55°. CrapToBoe MOI0KEHHE
HOHA ONPENEIIOCh €r0 PAaCCTOSHUEM Zg A0 MOBEPXHOCTH MUIIEHH, paBHbmA.SILmI
IPOBE/ICHUS PAcYETOB UCClIeAyeMast 001acTh MUIICHU pa3ziefieHa Ha KBaApaThl B BUJE CETKU
(puc. 1,6), tne toukm (1-9) momamaHWsi HMOHA XapaKTEPU30BAIMCH COOTBETCTBYIOIIMMH

3HAYEHMSMH MIPULIEIBHBIX TApaMeTPOB P(Pox, Poy)-

) (100)

Poy. A
(1378 0.378 (0,756 1.134 1.512 1.890 2.268 2.646 3024 3402 3.780 4158 4.536

0.378

(5]

0.756

1.134

1.512 Je 4}

pO.'L'a A

1.880 A

2,268

2.640

B 8INJ TINIINVONY VI
3.024 @ NN N N
B' [110]

Puc. 1. Teomerpust 6omOapaupoBku noBepxHoctHol Tpanu (001) OLIK kpucramna (a) u cxema
TIOIaIaHKs HOHA Ha MIOBEPXHOCTh MOHOKpHUCTaLia BaHaaus (0).
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B tabmuue 1 mpuBeneHbl 3HAUEHUS 3TUX MapaMETpOB B ciyyae ABI)KEHHS HOHA B

wiockocTd (110). Anroput™m pacdera ¥ MOTCHIMAT B3aUMOJICHCTBUS OBUIM TOYHO TaKUMU

ke, aro u B [1].

Ta6muua 1. [puuensubie mapamMeTps p' (Pox, Poy), COOTBETCTBYIOIME ToukaM (1-9) momanaHus MoHa

na OLK pemerky (moBepxrocTHast rpasb (001), mwrockocts naxenus (110))

Touxu IIpuiienbHBIE TApaMETPHI p"(pOX, Poy), A
HOI:;LH;;HH 48Ti 51V 52C|’ 550-Mn se0-Fe
1 (0.000, 0.000) | (0.000, 0.000) (0.000, 0.000) (0.000, 0.000) (0.000, 0.000)
2 (0.413,0.413) | (0.378,0.378) (0.363, 0.363) (0.386, 0.386) (0.358, 0.358)
3 (0.826, 0.826) | (0.756, 0.756) (0.725, 0.725) (0.773,0.773) (0.717,0.717)
4 (1.239,1.239) | (1.134,1.134) (1.083, 1.083) (1.159, 1.159) (1.075, 1.075)
5 (1.653, 1.653) | (1.512,1.512) (1.450, 1.450) (1.545, 1.545) (1.433, 1.433)
6 (2.066, 2.066) | (1.890, 1.890) (1.813,1.813) (1.931, 1.931) (1.791, 1.791)
7 (2.479, 2.479) | (2.268, 2.268) (2.175, 2.175) (2.317, 2.317) (2.149, 2.149)
8 (2.892, 2.892) | (2.646, 2.646) (2.537, 2.537) (2.704, 2.704) (2.508, 2.508)
9 (3.305, 3.305) | (3.024, 3.024) (2.900, 2.900) (3.090, 3.090) (2.866, 2.866)

B Ttabnune 2 nmpuBeneHBl HWIKHHUE W BEPXHUE 3HAUCHUS MOBEPXHOCTHOM SHEPTHH

cBs3u  Epond, W paccuMTaHHBIC BEIMYMHBI TIOPOTOBBIX OSHEPIHM  pachbUleHUs Egyr

COOTBETCTBYIOIIMX MeTauioB. IIpu 3TOM 3a BeIMYMHY IOBEPXHOCTHOM JSHEPIUM CBA3U

aTOMOB MeTaJlIa IIPUHUMAIH 3Hepruio Eyong, onpenensemyto cornacto [2] mo gopmyie
Eoond =381 +6-¢;,

rae €, =0,1-g;; € - 3HaueHHe dHepruu cyonuManuu (Kore3uu) Meraia, NpUXoIslleiics Ha

OAHH aTOM.

Tabmuma 2. [loBepxHOCTHasT 3HEPTUS CBSI3U Epgng M pacCUMTaHHBIC 3HAYCHUS MOPOTOBOW SHEPTUHU
pacmeuienns Ey, d-meramnos ¢ OLK pererkoit

Mumiens | a, A | Cranmapruas OHeprus [ToBepxHOCTHAS [Toporosas
(OLK) SHTaNbIIUA cyOonmumanuu SHEPrus SHEPIUst
aTOMH3aluH, €1, oB/aT CBSI3U pacmblUIeHUs
kJ[>x/MOJIB Epong, 2B Einr, 2B
il 1.23 | 3.305 466 4.83 14.49-17.39 17.5-205
5V 1.31 | 3.024 508.8 5.28 15.84 - 19.00 23-27
5:Cr 1.33 | 2.885 393.6 4.08 12.24 - 14.69 20-24
550-Mn | 1.41 | 3.090 286 2.97 8.91 - 10.69 12.5-155
ss0-Fe | 1.43 | 2.866 417 4.32 12.96 - 15.55 23-27.5

Ananusz MOJIYYCHHBIX JAHHBIX IMO3BOJIWJI CACIATh BBIBOJA O TOM, YTO IIPpU BBI6paHHOﬁ

reoMeTpur OOMOApIMPOBKM W OpPHUEHTAIMM KPHUCTAUIa OTHOCHUTENBHO HaIpaBlICHUS
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JIBIDKCHHUSI MOHA BEIWYMHA TIOPOTOBOM SHEPTUM PACHBUICHUS 3aBHUCUT OT IOBEPXHOCTHOM
SHEPTHH CBSI3M aTOMOB KPUCTAJLIa U MIOCTOSTHHOM @ KPUCTAJUTMYECKON PEIIETKH.

VYV BaHagus M MapraHila NMOCTOSIHHAsl PEHIETKH NPUMEPHO OJIMHAKOBA, HO HMMEETCs
CYIIECTBEHHOE pAa3IMYMe€ HMX TOBEPXHOCTHBIX JHEPTHil CB3U Epong (y Mapranma ona
3HAYMTENIbHO MEHbINEe, 4yeM y BaHaaus). [lo3ToMy uX mMoOporoBeie SHEpPTHH Eyy CHIIBHO
OTIMYAIOTCS JPYr OT Apyra. Eciu e CpaBHUTH BaHAOuUN U KeNe30, Y KOTOPBIX Epy
OJIMHAKOBa, TO MO’KHO 3aMETUTh, YTO HEKOTOPOE pa3inyue MOCTOSTHHOM pemieTku (y o-Fe ona
MEHBIIIC) KOMIICHCUPYETCS pa3IndueM BeIWYUHBI Epong (Y BaHagwss oHa OoibIie).
AHAJIOTUYHO, Y TUTaHa M XpOMa IOPOTOBBIE SHEPIHH OJU3KU HM3-3a TOTO, YTO pa3Inyuue
MOCTOSIHHOM @ KOMIIEHCUPYETCS Pa3IuiyueM BeIUYUHBI Epong.

Takum oOpa3oM, B ciayyae ONM30CTH OTHOUIEHHH |l METauIOB C OJMHAKOBOM
KPUCTAJUTMUYECKOM CTPYKTYpOH, MPU MPOYMX PABHBIX YCIOBUAX, BEJIMYKMHA UX MOPOTOBBIX
SHEPruil pacHblICHUS 3aBUCUT OT BEJIIMYMWHBI TTOBEPXHOCTHOW DHEPTUHM CBSI3M aTOMOB JITHX
METaJUIOB M OT MOCTOSIHHOM KPUCTAINTMYECKON PEIIETKH. YeM MEHbIIIe SHEPTHUs CBSI3U aTOMOB
U 4eM OOJbIlIe TOCTOSHHAS PEUICTKH, TEeM HHXKE JHEPreTHYECKUN IMOPOT paCHbUICHUS

JaHHOTO MeTaJlia.

[1] B.B.Egcrudees, H.B.Koctuna XXT®, 92, 10 (2022) 1611.
[2] O.Knake, M.H.Ctpanckuit YOH, 68 (1959) 261.
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O®OPMUPOBAHUE HAHOYATHUIL CEPEBPA U3 TOHKUX IIVIEHOK
OBJYYEHUEM KJIACTEPHBIMU NOHAMMU API'OHA
SILVER NANOPARTICLES FORMATION FROM THIN FILMS BY ARGON
CLUSTER ION IRRADIATION
J1.C. KI/IQCCBI, O.A. CTpeneuKHﬁl, M.B. CaMOI[eJ'IOBa2, H.P. ﬂpeHKOBz, . P.
BeCCMepTHLH?II, n. H. KYTJ'chypI/IHl, A.E. Memkun'
D.S. Kireevl, O.A. Streletskyl, M.V. Samodelovaz, N.R. Yarenkovz, D. R.
Bessmertnyl, L. N. Kutlusurin', A.E. Ieshkin'

! dusnueckuit dakynsTer, MI'Y um. M.B. JlomonocoBa, Jlenuenckue ropsi, 1, Mockaa,
119991, Poccus,
E-mail: dmtr.kireeff6497@yandex.ru
2 Xumudeckuii dakynasTeT, MI'Y um. M.B. JlomoHocoBa, JIenuenckue ropsi, 1,

Mocksa, 119991, Poccus

In this work, we study the formation of silver nanoparticles on silicon substrates
during the irradiation of thin silver films with Ar'j000 cluster ions. The possibility of
controlling the shape, size and density of particle distribution over the surface was
investigated. The plasmonic properties of the obtained nanoparticles were characterized using
Raman spectroscopy with surface enhancement.

VYmpaBisgemMoe HaHOCTPYKTYpUPOBaHUE TOBEPXHOCTEM 3a cueT o00pa3oBaHUs
HAHOYACTHI[ OJIArOPOJHBIX METAJIOB, TaKUX KaK 30JI0TO, cepedpo U Meab, KOTOphIe
MOJIICP>)KUBAIOT BO30YXKJCHHE JIOKATU30BAaHHOI'O MTOBEPXHOCTHOIO IJIA3MOHHOTO PE30HAHCa
(LSPR), BbI3BIBaeT BCe OONBIIMKA WHTEpPEC ISl MIMPOKOTO Kpyra MPUIOKEHUH, TaKHX Kak
HEJMHEWHbIE ONTHKA, JJIEKTPOHMKA, KaTalu3, 30HANPOBAHUE, YCUITICHHAs] TeHEepaIis TOpSUNX
3eKTPOHOB B (OTOTOKOB [1—4]. Cepebpo sABIACTCS OJHUM U3 METAIOB C MPEBOCXOIHBIMU
IUTa3MOHHBIMU CBOMCTBaMH, KOTOPbIE MOXKHO MCIIOJIb30BaTh B BBHIIICYTIOMSHYTBIX OOJIACTSX.
Kpome Toro, B mocneanee BpeMsi HHTEPEC BBI3BIBAIOT OMOMEIUIIMHCKIE CBOWCTBA cepedpa U
CTPYKTYp Ha ero ocHoBe [5-7]. CymecTBYIOT pa3iudHble MOIXO0IbI K (HOPMHUPOBAHHUIO
MJIa3MOHHO-aKTUBHOTO cepedpa, Takhe KaK OCaKICHUE HCIAapeHHEeM WM paclbUICHHEM,
BBICOKOA((DeKTHBHAS HWOHHAs UWMIUIAHTAIUS, XUMHUYeCKoe U  (OTOBOCCTAHOBJICHHE,
KOHJICHCAIUs KOJUIOMJIHBIX PAacTBOPOB, AJIEKTPOHHO-IydeBas jautorpadus u ap. MHorue us3
HUX OOECIEYNBAIOT TPUBJICKATEIBHYIO 3(PGEKTUBHOCTH (OPMHUPOBAHUS HAHOCTPYKTYP.
BaxxupiMu  acmekTamMu, 3a4acTyl0 OTpPaHMYMBAIOIIMMHU  MPAKTUYECKOE MNPUMEHEHUE
HEKOTOPBIX TEPEYUCICHHBIX BBIIIE METO/AOB, SIBISIOTCS AKOHOMHYHOCTh H3TOTOBIICHUS,
OpOCTOTa  MPOLEAYpP  M3TOTOBJICHHMS U, C  JAPYrod  CTOPOHBI, HEOOXOJUMOCTb

BOCIPOU3BOJMMOCTH ¥ OAHOPOJHOCTHU MO OOJIBIION TUIOMIAIU MOTYy4aeMbIX CTPYKTYP.
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[TosToMy MeToasl (GOpMHPOBAHUS HAHOCTPYKTYPHUPOBAHHBIX IIOBEPXHOCTEH ¢
MIOMOIIBI0 MHOTOCTaJMHMHBIX IPOLIECCOB AKTHBHO AHAIU3HUPYIOTCA WM pa3BUBAKOTCA. Pan
MPEUIOKEHHBIX MOJIX0JI0B HarpaBiieH Ha 00pabOTKy IJIEHOK Ag MOCIe OCaXKICHUS «CBEPXY
BHU3», a HE Ha (JOPMHUPOBAHNE HAHOYACTHI] B Iporiecce ocaxaeHus. [Iinenku cepedpa MOKHO
00ydaTh  BBICOKODHEPTreTHYECKUMH HOHHBIMH mydkamu [8-10] wunm  moaBeprath
BBICOKOTEMIIEPATYPHOMY OTXKMHIY, YTO MPUBOJUT K HAHOCTPYKTypUpoBaHHUio Ag. O0iydeHue
MOHAMHU CpeHEH M HU3KOW SHEPTHH TAKXKE MO3BOJISIET MPOSIBUTH IMMOBEPXHOCTH CEPEOPSHON
IUIGHKK W CQOpPMHUPOBATH OTAEIbHBIE HAHOYACTHLBIL. HU3KO’HEpreTHueckue MeTO/bI
OnmarompusATHB s (OPMHUPOBAHUS CTPYKTYp Ha Ppa3IUYHBIX TOJJIOKKax Ojaromaps
YMEHBUIEHUIO HarpeBa IOUIOKKH BO BpEMsl CHHTE3a, YTO MO3BOJSET MOJU(PHIMPOBATH
CTPYKTYpbI, HAHECCHHBIC Ha IMOMJIOKKH, YyBCTBUTENBHBIE K TEIULy, TAKUE KaK IOJIMMEPHI U
TKaHu. MoauduKanus ia3MOHHBIX CTPYKTYP C IIOMOIIbIO KJIACTEPHOTO HOHHOTO O0ITydeHUs
MPEJCTaBIsAET OCOOBI MHTEpEC, TaK Kak, B BUAY CHEIU(PHUKN B3aUMOJICHCTBUS KIIACTEPHBIX
HMOHOB C TOBEPXHOCTbIO TBEPABIX TEN, TOT METOJ IO3BOJSAET HU3MEHATh CTPYKTYpy Oe3
aMmopQu3aIum.

B nannoit pabore uccrnenoBaHo GopMupoBaHue aHcaMOJIell HaHOYACTHIl cepedpa Ha
KPEMHHUEBBIX M CTEKJSIHHBIX IOAJIOKKAX METOAOM MArHETPOHHOTO HANbUICHUS C
IOCTIEAYIOMM OOIydeHHEM KIIACTEPHBIMU HOHaMHu Ar, ¢ osHeprueii 10 k3B. Ilydok
COJEP/KUT KJIACTEPHBIE MOHBI PA3HOTO pa3Mepa OT €IWHUIl N0 THICSY aTOMOB, IPU 3TOM
CYIIECTBYET HanboJiee BEPOSATHBIN pa3Mep KJIacTepHOro HoHA. B maHHOI paboTe 3TOT pazmep
nopsiika 1000 aToMOB B cocTaBe KilacTepHOro voHa. Jlerkue kiactepsl, pasmepoM go 150
aTOMOB OTKJIOHSIFOTCSI C IIOMOIIBI0 CHCTEMbl MAarHUTHOM Celapalud M HE JOCTHUTAOT
muieHd. CrucTeMaTHYeCKH MCCIe10BaIach BOZMOKHOCTh YIIPaBIEHHUs pa3MepaMu, GopMoi 1
IUIOTHOCTBIO PACHpPENETICHUs] YacTUI[ II0 TOBEPXHOCTH IIyTeM HW3MEHEHHUs IapaMETPOB
obmyuenus. VccnenoBaHusi B paCTpOBOM 3JIEKTPOHHOM MUKPOCKOIE 00pa3IoB, 00Iy4eHHBIX
B pa3IMYHBIX YCJIOBUSX, MO3BOJWIN IPOAHAIN3UPOBATh MOPQOJIOrHUECKHe OCOOEHHOCTH
HAHOYACTHI] U PAaCIpPElEICHUE UX Pa3MEPOB, a TAK)KE ONPEACIUTh ONTUMAJIBHBIE TapaMETPhI
(dbopMHpPOBaHUSA TIIA3MOHO-AKTHUBHBIX CTPYKTYD.

OcCHOBHBIE AKCIIEPUMEHTHI IIPOBEJECHBI Ha YCKOPUTEJE KiIacTepHbIX HOHOB MI'Y um.
Jlomonocosa [11].

Tonkue mneHku cepedpa TommuHoi 40 HM, OCaXICHHBIC HA KPEMHHUEBYIO TTOIOXKKY
00JTyJanuch MydKoM KIAaCTEPHBIX HOHOB Arjgoo ¢ dHeprueii 10 kaB. IToBepxHOCTH 06pa3LoB
kBagpatHoi ¢opmbl 10x10 MM ckaHMpoBajach MyYKOM JJisi 0OeCHeueHUs paBHOMEPHOTO

o0nyuenus. OOIyYeHHE NPOBOAMIOCH, 110 HOPMAald K IOBEPXHOCTH W Mmoj yrioM 60°
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OTHOCUTENILHO HOPMaJId IPU Pa3HOM HMOHHOM (bnyeHce:lolS; 5-1014; 2,5-1014; 1014; 510"
HoH/cM’. OO6rydeHHast TOBEPXHOCTh UCCIIEOBANIACH C IIOMOIIBIO CKAaHUPYIOMICH AIEKTPOHHOU
MHUKPOCKOTIHH.

Ha puc.l npencraBmenst POM  u3o0pakeHuss cepeOpsSHBIX  HAHOYACTHII,
00pa30BaBIIMXCS B MPOILECCE PACIBUICHUS IJICHKH KIACTCPHBIMH HMOHAMH TIPU Pa3HBIX

¢uryeHcax | 3a cyeT mepepacipeiieiieHUs] BEIeCTBA IUICHKU B pe3yibTaTe MOBEPXHOCTHOM

muddy3un.

100 nm

— 10" ion/cm?

10" ion/cm? — 10" ion/ecm?

Fig.1. SEM images of silver nanoparticles on silicon substrate obtained by irradiating a silver film
with Arg cluster ions at 10 keV along the normal (left and center) and at an angle of 60° (right).

JlaHHbBIe pacmpeneseHnii pa3mMepa 4acTHIl 0OHAPYKUBAIOT TCHICHIIUIO K YBEITUYCHUIO
pa3zMepa GOpPMUPYIOMIMUXCS YACTHUI] U PACCTOSIHUS MEXKAY HUMH C POCTOM HMOHHOTO (QuryeHca.
[Tpu manenskoM (yeHce 5-10" non/cM” 3HAUMTETBHO Mpeo0IIaaloT YacTUIIbI, 3aHIMAFOIIIHE
mIoniaas noBepxHoctu a0 200 M. [Ipu »TOoM cpennee paccrosHue mMexay ydactunamu 20
uM. [lo Mepe yBenuueHust yeHca KOJIUYECTBO MAJICHBKUX YACTHII C TUIOMIANBI0 MOKPBITUS
MOBEPXHOCTU MOJJI0KKU MeHee 200 HM® CYILIECTBEHHO YMEHBIIIAETCSI, @ PACCTOSIHUE MEXIY
yacTullaMd yBenuuuBaerca. CpeqHee pacCcTOSHHUE YacTULbl 00pa30BaHHBIX B pe3yibTare
00TydeHnss ¢ MakcuMaitbHEIM (uyencom 10'° now/cm® paBHo 100 mm. Ilpu sTOM BO Beex
CIlydasix CpeJHee KOJMYECTBO OOJNBIINMX YACTHIl C TUIOMIA/IbI0 MOKphITHS Oomnbine 400 HM®
MEHSIETCS HE3HAUUTENbHO. MOXHO TMPEANONIOKUTh, YTO OONbIIME HAHOYACTHUIIBI
pacHbUISIOTCS MEHEEe MHTEHCHBHO, YTO OOYCJOBIIEHO UX KPUCTAIIMYECKON CTPYKTYpPOH H
OpUEHTalMel KpucTauiorpadUyecKux TIUIOCKOCTEH OTHOCHUTENbHO MaJeHHUs Iydka U
3¢ (deKTUBHON AMCCUTIalliel SHEPTHH 110 CPABHEHUIO C YaCTUI[aMH MEHBILIEro pa3mepa.

OOnydeHrne TOJ YIJIOM OTHOCHUTEIBHO HOPMAIM K TIOBEPXHOCTH TIPUBOAHUT K
(hOpMHUPOBAHUIO YACTHUI] IPOTSKEHHON (hopMbI. B mpoliecce pacnbuieHUs U MOBEPXHOCTHON

nuddy3un BemecTBa TICHKA (opMa 4acTHUIl SBOJTIOMMOHUPYET K COCTOSIHUIO, TIPH KOTOPOM
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OJIMH CKIIOH OpPHUEHTUPOBAH OTHOCHUTEIBHO Ty4Ka TMEPHEHAUKYISIPHO, pPaCIbULSSICh C
MaKCUMabHO 3(PPEKTHBHO, a APYTOH — MO CKOJB3SIINM YTIJIOM.

Kpome TOro, mma3MOHHbIE CBOMCTBa  NOJYYCHHBIX  HAHOYACTHI[  OBLIH
OXapaKTEepU30BaHbl C MOMOUIbI0 PAaMaHOBCKOH CIIEKTPOCKONHMU YCHUJIEHHOW MOBEPXHOCTHIO.
[lonnoxku, MONy4YeHHbIE B pe3yjbTaTe OOIY4YeHHs KJIacTepHbIMU HOHAMH CO CPEIHUM
dayencom 2,5-10", 10" u 510" wom/cM® mposBHNM ycHIEHHe CHrHana HA HECKONBKO
MOPSIKOB.

Takum 00pazoM, B 3TOil paboTe Mbl JEMOHCTPUPYEM BO3MOKHOCTH M3TOTOBJICHUS
HAHOYACTHUI] cepedpa C LIMPOKUM JMANa30HOM CPEAHHUX pPa3MEPOB M IUIOTHOCTU UX
pacripesieieHus 0 MOBEPXHOCTH € MOMOIIBIO METO/1a HOHHOTO O0JIy4eHHUS TTOCIIE OCAXKICHUS
i (hOPMHUPOBAHUSI HAHOCTPYKTYPUPOBAHHBIX MOBEPXHOCTEH, KOTOPHIE MOTYT MPUMEHSATHCS
B CEHCOPHBIX TEXHOJIOTHSX U TOBEPXHOCTHO-YCUJIEHHOM paMaHOBCKOW CIEKTPOCKOMHU
(SERS).

HccnenoBanue BBIMONHEHO 3a cdeT rpaHTa Poccuiickoro Haydnoro ¢onma Ne 21-79-

10224.
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BAJIMJIAIIAA PACYETHOM MOJEJIA PACTIBLJIEHASA MUIIIEHU B
MUHHATIOPHOM JINHEMHOM YCKOPUTEJIE
VALIDATION OF TARGET SPUTTERING MODEL IN A MINIATURE LINEAR
ACCELERATOR

.M. MaMCILOBl, H.A. KaHBH_II/IHl, M.C. HO6OB1, H.B. Mameos'
LM. Mamedovl, LA. Kanshinl, M.S. Lobovl, N.V. Mamedov'

Ydeoepanvroe ocyoapemeentoe ynumaproe npednpusmue «Bcepoccuiickuti nayuro-
uccnedosamenvckui uncmumym agmomamuxu um. HJI. Jyxoea»,
Cywesckas yn. 22, Mockea, 127055,

This paper presents the results of numerical simulation and experimental investigation
of the ion beam current distribution on the target of a demountable neutron tube. The
measurements experimental results of the beam emittance were used as initial data for
trajectory analysis of the beam accelerated in an ion-optical system. The experimental dates

are in good qualitatively agreement with the simulate done.

BBenenue u mocTaHOBKA 3a1a4M

B HacTos1ee BpeMst yis1 KOHTPOJIS SJIEMEHTHOTO COCTaBa ChIPbsl HA KOHBEWepe, a TaKkkKe
B JIOCMOTPOBBIX CHCTEMaxX HCHOJIb3YIOTCS HeWTpoHHble reHepatopsl (HI'), peanusyromime
IPUHIUI pabOThl, B OCHOBE KOTOPOTO JISKUT METOJ MeUeHHBIX HEUTpoHOB [1]. CyTh MeToza
COCTOUT B cienytonieM. HelTpoHbl 00iy4aroT 0OBEKT, W 3a CUET COIMOCTaBIEHUS anbda-
raMma COBIAJICHUN C JETEKTOPOB MPOBOJIUTCS M3yYEHHE FIEMEHTHOTO COCTaBa 00JydaeMbIX
00bekTOB [1]. OcHOBOII HEHUTPOHHOTO TeHepaTopa IJs PEUIeHHs NaHHBIX 3a7ay sBISETCA
MUHUATIOPHBIN JUHENHBIN yckopurens (MJIY). B nonno-ontuueckoit cucreme (MOC) MJTY
CMEIIaHHBIM My4YOK HOHOB JAEWUTEpHs U TPUTUS HAOUpaeT HHEpPruio, HEOOXOAUMYIO IS
reHepaluyu HEUTPOHOB MPHU CTOJIKHOBEHHHM Ny4YKa C MHIIEHBIO. D(PGEeKTUBHOCTh METoJa
MEUEHHBIX HEHTPOHOB TEM BBIIIE, YEM MEHbIIIEe 001aCTh TeHEPAIUN HEUTPOHHOTO U3ITyUCHHS.
[TosToMy akTyanbHa 3a/1a4a MOBBIIICHUA 3()(PEKTUBHOCTH METOJa MEUCHHBIX HEUTPOHOB 3a
CYET CO3JIaHMsI TOYEUYHOW OOJACTH HEHUTPOHHOTO W3TydeHHs. MUHHMH3AIUS pa3Mepa
U3JIyJaroniel 00JacTH MOXKET OBITh JIOCTUTHYTA 3a CYET YMEHBIIICHUS pa3Mepa O0O0JacTH
B3auMozeiicTBus yckopeHHoro B MOC nydka MOHOB C MUIIEHBIO ITOCPEACTBOM H3MEHEHUS
reOMETPUUECKUX W/WIH deKTpuyeckux napamerpos MOC.

OnHMM W3 HampaBJICHUM MCCIEAOBAaHUM MO CHIDKEHUIO pa3Mepa Iydyka HOHOB Ha
MUIIEHU SIBJISIETCS PacYeTHOE MOJEIMPOBAHUE IBUKEHHMS MOHHOTO IydKa, YTO TO3BOJISET
OLICHUBATh CTENEHb (POKYCUPOBKHU Iy4YKa MOHOB Ha MUIIEHU B 3aBUCHMOCTH OT IapaMeTpOB

HNOC, ne mpuberas K HM3TOTOBICHUIO M HCCIEAOBAHUIO OMBITHBIX 0O0pasmoB MJIY. Jlns
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YCIIEIIHOTO HCMOJIb30BAHUS PacyeTHOM MOJeNu ABHKEHUs MoHHoro myyka B MOC MJIY
HeoOxoauma €€ BaluJanusl IOCPEICTBOM CpaBHEHHS C pe3yjibTaTaMHu (U3HUECKOTO
JKCIEPUMEHTa, 4YeMy M TOCBAIIEHa HacTosAmas paboTta. BamuaupyembiM mapaMeTpom
BBICTYTIAJIa MOJYyYEHHAas B X0J1€ MOJCIMPOBAHUS TUIOTHOCTh TOKA IMy4Ka Ha MUILIEHU, KOTOpas
CpaBHMBaJIaCh € OO0JACThIO 3PO3UU €€ MOBEPXHOCTH, OOIYYEHHON Ny4yKOM B Ipolecce
(U3UIECKOTO IKCIIEPUMEHTA, a TAK)KE TPACKTOPUHA HOHOB B MEXKAJIEKTpo1HOM 3a30pe NOC.

Onucanue 3KCIEPUMEHTA U METOAUKH MOJAEIMPOBAHUS

UccnenoBanusi mpoBOAWINCH Ha 3KCHEpPUMEHTaNIbHOM cTeHae (puc. 1), omucaHue
paboTbl koToporo npuseneHo B [2]. B crenae pasmemtancs nonnsiii ucrounuk (MN), MOC u
MuieHb pazoopnoro MJIY. Bayrpu yckopstomero snektpona MOC pasmemancs miocKui
oOpazen-MHIlIEHb M3  HEpXKaBEWIIEeW  CTalu,  PACIONOXKEHHBIH  MOBEPXHOCTHIO
NEepIEeHANKYISIpHO K OomOapaupyromemMy ero noHHomy noroky. Ha anon MW monasanmoch
HaIpsDKEHUE MOJIOKUTENbHON nosispHocTH 2 KB. HampsikeHue oTpunatenbHON MOJISIPHOCTH
ot 0 1o 25 kB noaaBanock Ha yckopstomuil 3nekTpo MOC u munienb. TOKk HOHHOTO MydKa
coctaBisul 60 — 80 MKA, a pa3psanubiii Tok MU nexan B quanazone 300 — 600 mMxA. [ns
NOBBIILIEHUS] CKOPOCTH JIerpajlalliil MUIIEHH B TIpoliecce MPOBEACHUS (PU3MUECKOrO
SKCIIEPUMEHTA HCIIOJIB30BAJICS aproH, AABJIEHHE KOTOPOI0 YCTaHAaBIMBAJIOCh HAa YPOBHE

(3+6)-10~* Topp.

Comme

Pucynox 1 (a) Buewnuii 6ud ycmanosku, (0) pasmeujernvle 6HYmMpu 6aKyyMHOU Kamepbl UOHHDILL
ucmounux (MH) u uonno-onmuyeckas cucmema (MOC):
1 — 8600 gvicokosorvmnozo numanusi MU, 2 — eaxyymuas xamepa,
3 — nanpasnsiowe WNUILKY U onpaska 0 kpenienusi MHU; 4 — UU;
5 — gpoxycupyrowuii anexmpoo HOC, 6— uzonsmop HOC; 7 — yckopsrowuil snexmpoo HOC [ 2]

B xome mpoBeneHuss (HU3HYECKOTO HSKCHEPUMEHTA IPH YCKOPSIOUIMX HAIPSIKCHHUIX
Uyex = 0 KB, Uy = -10 kB, Uy = -25 kKB peructpupoBaiics ciaell mydka B MEXDJICKTPOIHOM
3a3ope MOC mocpenctBom Qorokamepsl. [Ipu 00paboTKe ONTHYECKUX W300paKCHHIA
OTIpeeIISIICS SMUTTAHC MOHHOTO Iy4Yka Ha BbIXoJe U3 (okycupyromiero snexkrpoga MOC mo

METOAUKE, OITMCAHHOM B [2].
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YucneHHoe MOAENUPOBAaHUE IMPEACTaBIIO co00i MocineaoBaTeNbHOE pellleHne IBYX
dusnueckux 3anad. IlepBas — anekTpocraruyeckasi, B pe3yjibTaTe KOTOPOW OIpeaessieTcs
pacnpenenenue noreHuuana B paccMarpuBaemoid MOC mpu pa3invuHOM HampsHKEHUM Ha
YCKOpSIOIIEM 3J1eKTpoJie. BTopas — MoaennpoBaHue JBUKEHHUS HOHOB aproHa, CTapTYOIIMX
C TUIOCKOCTH BBIXOJHOW amepTypsl (okycupyromero snekrpoga MOC, roe B kadecTBe
Ha4aJIbHBIX JAHHBIX TPACCUPOBKH MOHOB HCIOJB30BAJICA AMUTTAHC, ONPEICIICHHBI B XOJ€
buznyecKoro 3KkcnepuMenTa. B pe3ynbrare BEIUUCISIOTCS TPAEKTOPUH HOHOB, OIIPEIEIISIIOTCS
IIPOCTPAHCTBEHHbBIE U TOKOBBIE XapaKTEPUCTHKHU My4Ka [3] M CTPOSITCS TPAaCKTOPUU HOHOB
aprona B MOC.

Jlnsg Busyanuszanuu criena Mydyka Ha MHILEHH €€ MOBEPXHOCTh OomOapanpoBaiiach
MMOTOKOM HMOHOB aproHa sHepruei 25 k3B B TeueHue 15 4acoB 10 MOSIBICHHS OTYETIMBBIX
CJIEIOB pO3UU Ha €€ noBepxHocTHU. Ilocie 3Toro npoBoAMIICS aHaIU3 MOBEPXHOCTH MUILIEHU
U HCCIENOBAINCH CIEIYIOIIME MapaMeTpbl: pa3sMep 3pO3UMM Ha IOBEPXHOCTH MUUIEHH,
ryOuHa pacnbUieHUs. Pe3ynbrarhl aHaln3a TMOBEPXHOCTH MHUIIEHH CpPAaBHUBAIUCH C
pe3yapTaTaMy YHCIECHHOI'O MOJEIMPOBAHUA: IUIOTHOCTBIO TOKa M pa3MepoM Iydyka Ha
MUIIECHH.

Pe3ynbTaThl 3KCIEPUMEHTAIBHBIX HCCJIEI0BAHUI M YHCJICHHOT0 MOAeTUPOBAHUSA

Ha pucynke 2 mnpencrtaBienbl ¢ortorpadun cBeTALIerocss ciega Iydyka B
mesxanekTpogaom 3azope MOC npu yckopsromux HanpsKeHUAX Uy = 0 kB, Uy = -10 kB,
Uyex = -25 kB. Ha pucynke 3 npezacraBiieHbl TPA€KTOPHH HOHOB aproHa B MEXDJIEKTPOAHOM
3azope MOC, nosydyeHHbIe O pe3yapTaTaM YHCIECHHOIO MOJAEIMPOBAHUS MPH YCKOPSIOLINX

HanpsKEHUAX Uye = 0 KB, Uye = -10 kB, Uyee = -25 kB.

Pucynox 2 @omoepaghus ceemsiwyezocs cneda
nyuka 6 mescanekmpoonom 3azope UOC:

1 — gvixoonas anepmypa oxycupyrowe2o
21eKmMpooa, 2 — YCKOPIOWULL IAEKMPOO.
(a) 0o Hauana sKcnepuUMeHma npu 6KIOYEeHHOM
ceeme; (0-2) 60 8pems dIKChepumMenma npu
BIKTIOYEHHOM C8eme NPU YCKOPSIOuem
HAanpsICeHU:

0) U,..=0 kB, 6) U,,=-10 kB; 2) U,,=-25 kB
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6)
| Pucynox 3 ®omoepaghus UOC:

’ e 1 — ewixooHas  anepmypa
' goxycupyroweeo snekmpooa,2 —
VCKOPAIOWULL SAeKMPOO.
r) (a) pacnpedenenue
nomenyuana; (0-2) mpaexmopuu
| UOHO8 npu  yckopsouem
1 2 1 2 HANpAMCEeHUU:
6) U,.=0 kB; 6) U,=-10 kB,
2) U,=-25 kB
N3 pucyHkoB 2 u 3 BUIHO, YTO MPU YBEJIMUECHUH YCKOPSIOUIETO HAIPSHKEHUS ITYYOK

CTaHOBUTCA OoJjiee CPOKYCHPOBAHHBIM Ha MHILIEHHU. Takke MPOCIEKHUBACTCS KOPpPEsius
TPAaCKTOpPHN Tydyka B MeEXIEKTpogHoM 3a3ope HMOC, moidydeHHBIX TIO0 pe3yibTaTaM
(U3UYECKOTO IKCTIEPUMEHTA W YUCICHHOTO MOJICIIMPOBAHUS.

Ha puc. 4 npexacraBneHsl pe3yabTaThl OOJYYCHHUS MUIICHH MTyYKOM MOHOB aproHa

sHeprueit 25 k3B B TeueHue 15 yacos

B)

o | | |
1 I I I
MogenuposaHne
O JKCNEepUMEHT

0s CueHEM W3 3RCIepuMeERTal
- a
a |- Ofnacts 5,
2 | Ofnacte S,
06
0.4+

0z k%"

riigice

Lye

MuweHb

|
0.0 0.5 10 15 2.0 25 20
r,mm

Pucynox 4 a) pacnuvinennas nogepxnocms muuieru, 6) memaniozpaguueckoe u300paxicenue MutieHu
(veen. X50); 8) cmodenuposanmnoe pacnpeoenenue niomHOCMU MOKA HA MUWEHU U RPO@ULbL 3po3uu

W3 pucynka 4a BUJIHO, YTO LIEHTpaJibHAs 00JACTh My4yKa MOJBEpPraeTcs HauOoIbIIEMY
BO3JICUCTBUIO MOHHOTO TOKa (00JIaCTh BBHICOKON MHTEHCHUBHOCTH - S;). OTa 00JacTh UMEET
pasmepsl mopsinka 1,0 £0,1 MM B OCEBBIX HAmpaBIICHUSAX C TIYOWHOU pachbUICHUS MOPSIKA
250 +10 mxMm. Taxxe cymecTByet nepudepuiias gacts (00JaCTh MaIoOi HHTEHCUBHOCTH S1).
Eé pasmep cocraBmger 4,5 +0,1 MM B mnpomoiabHOM HampasieHun u 5,5 +0,1 mm B
nonepedyHoM. [ myOuHa pacnbiieHust o6aactu S; coctapiseT nopsaka S0 £20 mxm. ['panuist
00J1acTH BBICOKOH HMHTEHCHBHOCTH S; C OJMHAKOBOH M IOCTOSHHOM IUIOTHOCTBIO TOKa
Ka4eCTBEHHO KOPPEIUPYIOT C pa3MepaMu CIEJOB OSPO3UM TOBEPXHOCTH MHUILICHH,
00pa3zoBaHHBIMH TTOCTE 15-T 9acoBOro o0iydeHus €€ MOTOKOM MOHOB aproHa dHeprueit 25
k3B (puc. 4B).

Jlutreparypa
1. Vladivoj Valkovic, 14 MeV Neutrons. Physics and Applications. CRC Press Taylor&Francis Group,
London, New York, 500 p.,2016;
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KO2®PUIUEHTHI PACTIBIJIEHAA MUIIEHEN W3 BEPULIIUA U
BOJIb®PAMA PA3/IMYHBIMU ATOMAMMUM

SPUTTERING COEFFICIENTS OF BERYLLIUM AND TUNGSTEN
BY VARIOUS ATOMS

B.C. Muxaiinos, I1.1O. ba6enko, A.I1. lleprun, A.H. 3uHoBbEB
V.S. Mikhailov, P.Yu. Babenko, A.P. Shergin, A.N. Zinoviev

OTU um. A.®@. Hoghghe,
194021, yn. Ilonumexnuueckas, 0. 26, Cankm-Ilemepbype, Poccus
e-mail: chiro@bk.ru

Using computer simulation, the sputtering coefficients of particles for Be and W
targets are calculated in a wide range of energies of incident atoms 10-100000 eV.
Atoms were chosen as projectiles: H, D, T, He, Be, C, N, O, Ne, Ar, W.

[TpoBeneHb! pacueThl paclbUICHNUS KOHCTPYKLIMOHHBIX MAaTE€pPHAIOB, IJIAHUPYEMbBIX IS
ucronb30Banus B Tokamake MU'TOP, a umenHo - Bonb(dpama B kauecTBE MaTepuaia JUBEPTOpa
U Oepwuysi, TEpPCHeKTHMBHOTO MaTepHaia Juid IMepBOW CTEHKUW. B kadecTBe cHapsaoB
UCIIOJIb30BATHMCh U30TOIBI BOAOPO/A, TeJINi, MaTepuall IIepBOi CTEHKH OepHIUIHi, MaTepual
TUBEPTOpaA - BOJb(PpaM, a TakKe psiJ aTOMOB MpUMecei, KOTOpble MOTYT NMPUCYTCTBOBATh B
I1a3Me WK CHelHaNbHO J00aBIATHCS A OXJIaKICHUS MPUCTEHOYHON I1a3MBbl.

Pacuers! ObUIM TTPOBEACHBI C MOMOILBIO Pa3padOTAaHHOTO HAMHU KO/, OCHOBAaHHOTO Ha
merone Monre-Kapno. IlogpoOHoe ommcaHue Koja JaHO B HalleM JOKJaJe Ha JaHHOU
koH(pepenmmu [1]. Mumens MoaenupoBajack HaOOPOM CIIy4ailHO OpPHUEHTHPOBAHHBIX B
MPOCTPAHCTBE MUKPOKPUCTANIOB pa3MEpOM B OAHY dDJEMEHTapHylo sdeiiky. B pacuere
YYUTBIBAINCH KaK IEPBUYHBIC aTOMBI OTJIa4l, 00pa30BaHHBIC MPU COYJAPEHUSIX HAIETAIOIINX
aTOMOB C aTOMaMHU MHUIIEHHU, TaK ¥ BTOPUYHBIE aTOMBI, CO3/IaBAEMbIE MPU IMOCIEIYIOIIUX
CTOJIKHOBEHUSIX TIEPBUYHBIX aTOMOB OT/JAa4U MPH UX TOPMOKEHHH B BEIIECTBE. Y YUTHIBATIUCH
MOTEPU DSHEPTUM YacCTHUIl, CBSI3aHHBIE C TOPMOXKEHHEM Ha sapax U siekTpoHax. [lpu
TOPMOXXEHUH Ha 3JIEKTPOHAX YUYUTHIBANIACH IOINpPaBKa HAa MHOTOKPATHOCTb CTOJKHOBEHHUI
npeUio’keHHass HaMu B paboTe [2]. YUuThIBaIMCh TEIUIOBBIE KOJEOAaHUSI aTOMOB MHILCHH.
Pacder Bencst 111 KOMHaATHOM TEMIIEPATYPHI.

Koadduuument pacnpuieHHs 3aBUCUT OT COCTOSHUSL TOBEpXHOCTH. B ciyuae
IOBEPXHOCTH, COCTOSAILIEH W3 OCTpPUH, paclbUIEHHas YacTULA JOJDKHA IPEOJOJIETh
chepuyeckuil MOTCHUMANbHBIM Oaphep, W €€ DHHEpPrus [OJDKHA TPEBBIIIATH JHEPTHUI0

cyonmumanun E;.

63



10° 4
10" 4 @) T
. 107+
5
&U 10° —» Yield_Planar H->Be
= —e— Yield_Planar D->Be \I
= ] —*— Yield_Planar T->Be g
S 10*4 —e— Yield Planar He->
E —=— Yield Planar C->Be
Z * —#— Yield_Planar N->Be
10°~ < Yield Planar O->Be
3 —v— Yield_Planar Ne->Be
. —¢Yield_Planar Ar->Be
10” - —*— Yield_Planar Be->Be
10 100 1000 10000 100000
E, eV
10”2
10"

—» Yield Spherical H->Be
—o— Yield_Spherical D->Be
—*— Yield_Spherical T->Be
—o— Yield_Spherical He->Be
—=— Yield_Spherical C->Be
—4— Yield Spherical N->Be
< Yield Spherical O->Be
—v— Yield_Spherical Ne->Be
-~ Yield_Spherical Ar->Be
f Yield Sphﬁerical Be->B

Yield (Spherical)
2

10 100 1000 10000 100000
E, eV

Puc. 1. Koaddunuents! pacnbuienus s mutienn u3 oepminus atomamu H, D, T, He, C, N, O, Ne,
Ar B 3aBUCUMOCTH OT HEPTHH HAJICTAIONINX aTOMOB: (a) - IUTAHAPHBIN 0apbep, IOCKAst TOBEPXHOCTD,
(b) - chepuueckuit Gapbep, MOBEPXHOCTh, COCTOSAIIAS U3 OTACIBHBIX ATOMOB.
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Yield (Planar)

—<¢— Yield Planar H->W

p— Yield Planar D->W |
—@— Yield Planar T->W
—&— Yield Planar He->W_|

—m— Yield Planar Be->W
—A— Yield Planar N->W

—w— Yield Planar Ar->W,| |
—&— Yield Planar W->W
I I

0 100
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10'
10’
10"
Bl
-: 1 0—2
Q
=)
a3
~ 10 [~<— Yield Spherical H>W
S p > Yield_Spherical D->W
10" b, - Yield Spherical T>W | |
4 —@— Yield Spherical He->W
—®— Yield Spherical Be->W
10° ! Yield Spherical N->W ||
< v Yield Spherical Ar->W|
¢ Yield Spherical W-=>W
10 A A e
10 100 1000 10000 100000
E, eV

Puc. 2. KoadduupenTs! pacuslieHus s MUlieHH U3 Boib(ppama atomamu H, D, T, He, Be, N, Ar, W
B 3aBHCHUMOCTH OT HEPI'UH HAJICTAIOIINX aTOMOB: (2) - IUIAHAPHBIN Oapbep, MIOCKas MOBEPXHOCTD,
(b) - chepuueckuii 6apbep, MOBEPXHOCTh, COCTOSIIAS U3 OT/ICIBHBIX ATOMOB.

B cnyuae mnockoit moBepXxHOCTH (TUTaHAPHBIN Oapbhep) SHEPrusl PaclblICHHON YaCTHIIbI
E nomxna oTBedats yciosuio E > Egcos?6, rae  — yron BbuleTa 4acTHIbL Y clIoBUe 0TO0pa
pacnbUIEHHBIX YaCTUI] Ul IJIaHApHOTO Oapbepa sABIseTcsa 0ojiee CTPOrUM, YeM YCIOBHE IS
cepuueckoro d6apnepa.

W3 puc. 1 u 2 BUAHO, YTO yd4eT IJIaHApHOTO Oapbepa naeT Ooyiee HU3KUE 3HAUYCHUS
kod(urmentoB pacubiieHUss. OcOOEHHO 3Ta pa3HHIlA OIIyTHMa B MTOPOTOBOM 00JIaCTH, TaK
KaK MCIIOJIb30BaHME IUIAHAPHOTO Oaphepa MPUBOAMT K CMELICHHIO KPUBOH B CTOPOHY
OO0JIBIINX PHEPTUH.

W3 npeacraBieHHBIX PE3yJIbTATOB BUAHO, UTO XapaKTep KPUBBIX M ciiydaeB M <M, u
M,>M; paznuueH, 31ecb M| u M, - Macca crankuBaromuxcs dactuil. B ciydae M,>M;
BEJIMKA POJIb CTOJIKHOBUTEIBHBIX KAaCKagOB M MpUMEHHMa Teopusi 3urmyHnaa [3]. B ciyuae
M;<M; GonbIIOi BKJIaJ BHOCUT paclbUIEHHE MPUIOBEPXHOCTHBIX CIIOEB MOTOKOM OOpaTHO
paccessHHBIX yacTull. B aToM ciyyae koa(UIMEHTH paclblIeHUs IJs IIaHApHOTO Oapbepa

MOTYT OBITh OITUCAHBI C IIOMOIIBIO (POPMYII, TPUBEIECHHBIX B 0030pe [4].
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OKCrepUMEHTaIbHbIE 3HAYeHUs] KO3(PPHUIMEHTa paclbUICHHUs JieKaT MEXKAY IBYMs
IpelelbHBIMU PACUETHBIMU CIydasMHU IS IJIOCKOCTHOTO (TJajikasi TMOBEPXHOCTh) U
chepuueckoro Oapbepa (mIepoxoBarasi MOBEPXHOCTH), KaK MPABHIIO ONMKE K pacueTry it

IUTOCKOCTHOTO Oapbepa.

1. B.C. Muxatiinos, I1.YO. babenko, A.I1. lleprun, A.H. 3uHOBReB. BimsiHre 1IepoX0BaTOCTH TIOBEPXHOCTH Ha
ko3¢ pHUIMEeHTHI pacbUICHHS BOJIbGpamMa u3oTomnamu Bogopona. BUIT-2023.

2. A.H. 3unoBses, I1.10. babenko, IDKOT® 115 (2022) 603.

3. P. Sigmund, Phys. Rev. 184 (1969) 383.

4. . ®anskone, YOH 162 (1992) 71.
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ATOMBI, PACIIBIVIEHHBIE C 'PAHMU (001) Ni B MA-MOJAEJIA C NAAEHUEM
HMOHOB: KIACCU®PUKANUSA U ITPEABICTOPHUSA BBIJIETA

ATOMS SPUTTERED FROM (001) Ni FACE IN MD-MODEL WITH INCIDENT
IONS: CLASSIFICATION AND EJECTION HISTORY

AN. MXCI/IHI, B.H. Camoiinos’
A.L Musin', V.N. Samoilov’

1 .
T'ocyoapcmeennviii ynueepcumem npocseuwjernus, Mockea, Poccus
2 o
Quzuueckuil gpaxyromem MI'Y um. M.B. Jlomonocosa, Mockesa, Poccus,

e-mail: samoilov@polly.phys.msu.ru

The formation of sputtered atoms distribution with energy and angle resolution
during 200 eV Ar bombardment of (001) Ni face was studied using the molecular
dynamics (MD) code. We divided sputtered atoms into three groups (proper, fo-
cused and overfocused). Atoms overfocused into selected interval of azimuthal
angles have initial energy between 6 and 10 eV and are divided into two sub-
groups. The subgroups differ one from another in initial atom energy, azimuthal

and polar angles and mechanisms of surface atom scattering.

Jlist BBIACHEHUSI MEXaHU3MOB (DOPMUPOBAHHS PACIPEICICHUN PACIBIIICHHBIX aTOMOB
MO yTjiaM U DHEPTHH HEOOXOJMMO BBISICHHTH “TIPEABICTOPHIO” KaXIOTO PACIBUICHHOTO aTo-
Ma: ¢ Kakoi sHeprueil Eg oH ObUT SMUTHPOBAH € MMOBEPXHOCTHU, U MOJI KAKUMH MOJSPHBIM $o U
a3UMYTaJIbHBIM @o yriamMu. Ha ocHOBE 3TUX JaHHBIX CTAHOBHUTCS BO3MOXKHBIM BBISICHUTBH Me€-
XaHU3MbI PACCESIHHsI aTOMOB C PA3IMYHBIMH HAYalbHBIMH [apaMeTpaMu, pa3[eluTh UX Ha
TPYNIBI U ONPEJEIUTh BKJIA] KaXKAOW IPYIIBI aTOMOB B MAKCUMYMBI YTJIOBBIX M HEPTeTHYC-
CKUX pacIpeielIeHUi paclbUIEHHBIX aTOMOB.

s HeCUMMETPUYHBIX OTHOCUTEIBHO HampasieHus <010> uHTepBagoB a3uMyTaIbHO-
ro yria ¢ (OpMHUPOBAHHE CHTHAIA PACIBUICHHBIX aTOMOB IPU 3MHCCHUU aTOMOB C TTOBEPXHO-
ctu rpanu (001) mpoucxoauT 3a cUeT TPYIILL “ coOcmeenHblx” aTOMOB, HA4aJIbHBIM YTOJI BbI-
JeTa KOTOPBIX (o MPUHAUIEKUT UHTEPBAIY YIJIOB @, U (JOKYCUPOBKH B MHTEPBAI YIJIOB ¢
“Hecoocmeennvix” aTOMOB. “ Hecobcmeennvie” aTOMBI, B CBOIO OUYE€pE/b, Pa3JCIAIOTCS Ha
JIBE TPYIIBL (DOKYCUPOBAHHbIe aTOMBI, PACCESIHHBIE Ha OJIIKalIeM aTOMe JIMH3BI U3 JIBYX
ONMMKANIINX K SMUTHPYEMOMY aTOMY aTOMOB TIOBEPXHOCTH, U nepeqhoKycuposantvie aTOMbI,

paccessHHbIC Ha JTaJbHEM aToMe JUH3BL. DPGheKT nepe@oKyCHpoBKH, HA OCHOBE KOTOPOTO ObI-
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JI0 IPOM3BE/ICHA Takas Kiaccudukanmsi, Obur 0OHapyxeH B [ 1, 2] u uccienosaH B psze pador,
Hanpumep, B [3].

B pabotax [4, 5] ObUTO OKa3aHO, YTO B pacdeTax C BHICOKMM pa3pelieHueM OJTHOBpE-
MEHHO I10 yIjaM M DHEPTHH CTAHOBUTCS BO3MOXKHBIM BBIJICTICHUE OTICIBHBIX MaKCUMYMOB,
OJIMH U3 KOTOPBIX COOTBETCTBYET (DOKYCHPOBAHHBIM aTOMaM, a APYroil — nepeoKycupoBaH-
HbIM. JIJ11 3TUX JBYX TpYII aTOMOB HY)KHO BBISIBUTH TaKu€ OCOOCHHOCTH BbLIETa, KOTOPbHIE
MOTYT ONpPENeNsATh 00pa30BaHUEe MAaKCUMYMOB B Au(depeHIInaIbHbIX paclpeaeIeHUsIX aTo-
MOB TIO YTJIaM U SHEPTUH, a TAaK)KE HAUTH TaKue WHTEPBAIBI A3UMYTATBLHOTO M TIOJSPHOTO yT-
JIOB, TIPH BBIOOpPE KOTOPBIX JaHHBIE MAKCUMYMBI OyIYyT pa3periarbcs Haumydmum oopazom. C
9TOM 1LIENBI0 B HACTOAIICH paboTe McciaeaoBaHbl 0OCOOEHHOCTH (OpMUPOBaHUS pacIpeseiie-
HUSl PACIbUIEHHBIX aTOMOB IO TMOJISIPHOMY YTJIY U SHEpPrHH, HAaOJI0IaéMbIX B MajiOM HHTEp-
BaJic a3MMYTaIbHBIX YIJIOB BBUIETA.

B HacTosimux pacderax aToMbl pacHbUISIINCH MPU OOMOAPAHPOBKE MOHOKPHUCTAILITNYC-
ckoro aromHoro 6moka (001) Ni u3 4032 atomoB nonamu Ar ¢ 3Hepruer 200 5B. HuwxHuit
CJIOM aTOMOB ObUT (PUKCUPOBAH, BEpXHUN — CBOOOJIEH, TT0 OOKaM MPUMEHSIUCH TTePUOINYC-
CKHE€ TpaHUYHbIC yciIoBHs. TeMrieparypa KpUCTAIUTMUECKOTO OJI0Ka MOIAepKIUBAIACH PABHOM
0 K ¢ momomnisio “BanHbl bepenicena”, HCMOIb30BAJIOCH 3HAYEHUE TUCCUMTATUBHOM KOHCTaH-
e1 820010 ¢, KOTOpOe OBLIO paccuuTaHo 1o metonay u3 [6]. [Toxoxkas Moaenp mpuMeHs-
Jack paHee B pabore [7]. ANTOpPUTM 3amMCBhIBAJI TTapaMeTphbl aToMa (PHEPTHIO, MOJSIPHBIA U
a3UMyTalbHBIA yIIIbI) HE TOJBKO HA GOJIBLIIOM paccTOSHHU OT moBepxHoctu (10A), Ho 1 B
Havase BbIIeTa, Ha paccTostHuu 0.3 A oT moBepxHOCTH.

Ha puc. 1 npeacraBieHo pacnpeaeneHue pacibUIEHHBIX aTOMOB 110 KOHEYHOW SHEPIUU
E u 1-c0s9, Habmo1aeMpIXx B HECHMMETPUYHOM OTHOCHUTENBHO HampasieHus <010> uHTep-
BaJIe a3UMYTAJIBHOTO yriia. B pacmpeneneHny OTYETIINBO BUAHBI “XpeOThI”’, KOTOphIe 0003Ha-
YeHbl pUMCKUMH I pamu. Vcronp3ys HAIIU aNrOpPUTMBI, MBI Pa3feliuiIi BCE PACIbIIICHHBIC
aToMbl Ha (OKYCHPOBaHHBIE U TepeOKYCUpOBaHHBIC W OOHapykuiau, urto xpeoTsl II u 111
00pa3zoBaHbl B OCHOBHOM TepeOKYCUPOBAaHHBIMHA aToMaMH, XpeOThI I u [V — cobcTBeHHBIMU
U (DOKyCHpOBAaHHBIMU aToMamH. Takum oO0pa3oM, B DKCHEPUMEHTAX MO PACIbUICHUIO TPaHU
(001) Ni ¢ xopomuM yriaoBbIM U SHEPreTUYECKUM pa3pelieHHEeM MPU HU3KUX TeMIlepaTypax
MO’KHO OXH/JaTh HAJIMYUE TOHKON CTPYKTYPBI B pacCIpeeieHUsIX PAclbUICHHBIX aTOMOB OJI-
HOBPEMEHHO I10 TOJISIPHOMY YTJIy U SHEPTHH.

Ha puc. 2 nokaszaHnsl pacnpezieiaeHusl aTOMOB, paclbUIeHHBIX ¢ sHeprueil 2.5+0.1 3B B
MHTEPBAJIbI MOJSPHBIX YIIOB 4, COOTBETCTBYIOIMX Makcumymam: | — [57.7°, 58.0°], 1I —

[60.7°, 67.7°], TIT - [70.1°, 75.5°].
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Puc. 1. Pacnipenenenue paciblUIeHHBIX aTOMOB 110 9Hepruu E u 1 — c0sY, HabmogaeMpIx
B MHTEpBaJIC a3UMYTAIBHEIX yTII0B ¢ [85.5°, 88.5°]. JIBa HIKHUX XpeOTa 00pa3oBaHbl B OCHOBHOM
nepeoKyCUpOBaHHBIMU aTOMaMH
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Puc. 2. Pacnipenenenus paciblICHHBIX aTOMOB 10 HAYAIBHOMY a3UMYTaJIbHOMY YTy ¢, Habmromae-
MBbIX ¢ 3Heprueit 2.5+0.1 3B ans xpeoros I, 11 u 11l B yka3saHHBIX HHTEpBaIaX NOISIPHOTO YIiia
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AHanu3 MOKa3bIBaeT, YTO aTOMbI, 00pa3yroliue MakCUMyM [, B OCHOBHOM SIBIISIFOTCS
COOCTBEHHBIMU IO a3UMYTAJIbHOMY YTy, TaK KaK MPEUMYLIECTBEHHO BBUIECTAIOT B TOM K€
uHTepBasie 87°+1.5°, B KOTOpOM HAOMIONAIOTCS. DTH aTOMBI MOXKHO KJIAaCCU(PULIMPOBATH KaK
CWJIBHO OJIOKUPOBAHHBIE, JJIs TTOIABIISIONIETO UX YHCIIA BRIMONTHIETCS YClIoBUE 3 < Jo. ATOMBI
JAHHOMW TPYMIBI B pacIpeielIeHUH 1o dHeprun Eg 00pa3yroT ABa CpaBHUMBIX 11O BBICOTE MakK-
cumyma, tipu 7.3 3B u 8.9 3B. D10 03Havaer, yTO aTOMBI ¢ OOIBIICH HAYAIBHOW DHEpPrUuei
OT/AIOT €€ HE TOJIbKO MPHU B3aMMOJICHCTBHH C JIMH30M M3 ABYX OJMIKAWITUX aTOMOB MOBEPX-
HOCTH, HO W NPU B3aUMOJEICTBUHM C aTOMOM 3a JIMH30M, IIPH 3TOM Tepsercs okoso 6.4 3B.
[Tpu cuitbHOI GIIOKMPOBKE TOJIBKO HA JIMH3E TepsieTcst okoio 4.8 3B.

ATombl, oOpasytomue MakcumyM II, B ocHOBHOM mepedoKyCHpOBaHHBIE, UX TPACKTO-
pHUsl pa3BOPAYMBAETCSA MO A3UMYTATBHOMY YTy nmpuMepHO Ha 13°—19°. JIns HUX, B OCHOBHOM,
MOJIIPHBINA YToN ¢ HE CHIIBHO OTJIMYASTCS OT HAYALHOTO yria Jo. DTO O3HAYAET, YTO OJOKH-
pOBKa aTOMOB KOMIIEHCUPYETCSl 3a CUET MPUTSHKEHUS aToMa K MOBEPXHOCTU Kpucramia. B
pacripeneneHun 1o sHeprun Ep HaOmromaeTcst xapakTepHbId y3Kuid MUK npu 8 3B, moTtepu
SHEPTrUU MPHU BBUIETE COCTABISAIOT OKOJIO 5.5 3B.

ATtomel, obpazyrone mMakcumyM IlI, Taxke B OCHOBHOM mepeOKyCHpOBaHHBIE, MX
TPAEKTOPHS pa3BOPAUMBAETCS HE TaK CUJIbHO, Ha 8°—13°. DTH aTOMBI BBUIETAIOT MO YIJIaMU
Yo Omrke K HOpMaJIM K TIOBEPXHOCTH, Y€M aTOMBI Ipenbiaymux rpymi. [loaToMmy B3anMoaei-
CTBHE C COCEJTHUMH aTOMaMH HE TAKOE CHUJIBHOE. 3a CYET NPUTSHKEHUS K IOBEPXHOCTHU MOJISIP-
HBII yron yBenwuuBaercs ($ > Jp). [lockonbky cuibHasi OJOKHPOBKA OTCYTCTBYET, IOTEPH
SHEPTHUU 37IeCh MEHbIIIE U3-3a Ooee c1aboro B3auMOJICHCTBUS C AaTOMaMH JINH3BL.

Pabora BbImoNHEHA ¢ UCIIOIB30BaHKuEM 000pyaoBaHus LleHTpa KOIIEKTUBHOTO MOJIb30-
BAHUS CBEPXBBICOKONIPOU3BOAUTEIBHBIMI BBIYUCIUTENIbHBIMU pecypcamu MI'Y umenn M.B.

Jlomonocoga [8].
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NCCIEJOBAHME ITIOBEJEHUSA HEPOXOBATOCTH IOBEPXHOCTH
OCHOBHBIX OPUEHTAIIU MOHOKPUCTAJUIMYECKOI'O KPEMHMS ITPHU
TPABJIEHUHN YCKOPEHHBIMH NOHAMMUW UHEPTHBIX I'A30B
INVESTIGATION OF THE BEHAVIOR OF THE SURFACE ROUGHNESS OF THE
MAIN ORIENTATIONS OF SINGLE-CRYSTAL SILICON DURING ETCHING BY
ACCELERATED IONS OF INERT GASES

M.C. Muxaiinenko, A.E. Ilectos, A.K. Uepnbies, M.B. 3opuna, H. Kymap, H.W. Uxano,
H.H. Canamenko

M.S. Mikhailenko, A.E. Pestov, A.K. Chernyshev, M.V. Zorina, N. Kumar, N.I. Chkhalo,
N.N. Salashchenko

OTnen MHOTOCTIONHON PEHTTeHOBCKOM onTHKH, MHCTUTYT u3nuku MUKpocTpykTyp PAH, yi1.
Axanemudeckas, A. 7, Huxauit Hosropon, Poccust, mikhailenko@ipmras.ru

The behavior of the surface roughness of single-crystal silicon of <100>, <110>, and
<111> orientations under the influence of ion-beam bombardment by Ar, Ne, and Xe ions
with different energies has been studied. The abrupt change in the behavior of surface

roughness is explained by the appearance of g-Si phase.

Pa3BuTHe coBpeMEHHBIX UCTOYHHUKOB PEHTTEHOBCKOTO U3JIy4€HHUs, a UMEHHO Ja3epoB
Ha CBOOOJHBIX OJJIEKTPOHAX U CHHXPOTPOHOB 3+ U 4-ro TMOKOJIGHUS CTaBAT Tepe]
UCCIIEIOBATEeNIIMU  HOBBIE (DyHJaMEHTalIbHBIE W TEXHOJOTMYECKHWE 3anadyn. B dactu
pa3pabOTKU ONTUKKA JUIsi MOHOXpOMATH3alMK, (OKYCHPOBKH, KOJJIUMAIMM U T.IL.
CYLIECTBEHHO TMOBBIIAIOTCA TpeOOBaHMS Ha KadyecTBO Kak CTPYKTYpbl 3JIEMEHTa
(KpUCTaJUTHYECKast UM MHOTOCJIOWHAS ), TaK U €r0 TIOBEPXHOCTH (popMa U 1mepoX0oBaTOCTh).
CoBpemeHHBIE TpeOOBaHUS K JJIEMEHTaM CKOJB3AIMIETO MaJeHHsl TPUOIIKAIOTCI K
TpeOOBaHUSM HAKJIAIbIBAEM Ha TOYHOCTH ()OPMBI SJIEMEHTOB HOPMAJIBHOTO majieHus DY D u
MP nuana3oHOB [UIMH BOJIH, a HMEHHO CpPEJHEKBaJpaTUYECKOE OTKJIOHEHHE (OpMBbI
MOBEpXHOCTU Ha ypoBHe | HM, a mepoxoBatocTh Jyume 0.2-0.3 um [1]. Juga 3amau
MOHOXpOMATH3aIlMM HEO0OXO0IMMa BBICOKOKAYECTBEHHAs KPUCTAUIMYECKAs CTPYKTypa.
Haubonee  mepcneKTUBHBIM ~ MaTepwalioM I JTUX  I[eliell  paccMaTpuBaeTrcs
MOHOKpHUCTAIUTHYECKHid KpeMHUU. [lo cBoMM Temiou3MYeCKUM CBOWMCTBAM JaHHBIN
MaTepuail HMMEET MacCy MPEUMYIIECTB Haja JPYTMMH, HCIOJB3YIOIMMUCS B KauecTBE
MOJJIOKEK JUISI MHOTOCIIOMHBIX PEHTTCHOBCKHUX 3€pKaJl, TaKUMHU Kak cutamwi, Zerodur,
IUIaBJICHbI KBap # T.I. B Mupe KpeMHUIl Kak mpaBuio o00pabaThIBalOT Ha

YABTPANPELM3NOHHOM MHUKpPO(PPE3EPHOM CTaHKE C ajIMa3HbIM pe3LoM. JTa TEXHOJOTHS
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JIOCTAaTOYHO HEIUIOXO OTpaboTaHa, HO UMEET PsAJl HEJAOCTATKOB, C KOTOPBIM CJIEAYET MOTOM
noJro  O60poThcs. IOTO  (HOPMUPYIOMIMICS TPUIOBEPXHOCTHBIM HAPYIICHHBIM CIIOW W
IMOBBIIICHHAA MEPOXOBATOCTL B YAaCTHOCTHU 60p03,£[bl C HmaromMm pecsna. EI[I/IHCTBeHHBIM Ha
JTAHHBIA MOMEHT CIIOCOOOM JTOBeACHUS (DOPMBI TIOBEPXHOCTH 10 TPEOYEMBIX MapaMETPOB 1O
RMS wu 3HaueHMI MIEPOXOBATOCTH SBJISIETCS HMOHHO-ITYYKOBBIE METOAbl KOPPEKIIMH, B
yactHocth IBF. [Ins peamuszanuu metona IBF onTumanbHbIM ABISETCA MOIIEpKAHUE
JIOKaJIbHOW HOPMaJIM K TIOBEPXHOCTH IOJJIOKKH, TAKMM 00pa3oM OCHOBHOM 3ajiadyeil TaHHOU
pa6OTI>I ABJICTCA HM3YUCHUC IMOBCIACHHA HICPOXOBATOCTH IMOBCPXHOCTU OCHOBHBIX CpPEC30B

MOHOKPpHUCTANIMYCCKOTO KPEMHHA B 3aBUCUMOCTU OT SHCPIrUrM U COPTa HMOHOB HMHCPTHBIX

razoB (Ar, Ne u Xe).

Bce skcrepuMeHTHI MPOBOIMIIMCH HA YCTaHOBKE, MOAPOOHO OMHCAaHHOW B [2] Ha
CTAaHJAPTHBIX IUIACTHHAX MOHOKpHUCcTaMYeckoro kpemuaus (100), (110) (111) g
MUKPORJICKTPOHHON MPOMBIIUIEHHOCTH C MCXOJHOM IIEPOXOBATOCTHIO Ha ypoBHE 0,25 HM.
[IlepoxoBaTOCTh MOBEPXHOCTH U3MEPSIIACh HA aTOMHO-CHIIOBOM MuKpockorie (ACM) NTegra
B Juana3oHe NpocTpaHCTBEHHBIX dYacTtoT 0.049-63 MKM . 3HaueHue LIEPOXOBATOCTH

orieHuBaI0Ch MeTosIoM PSD-dynkiuu [3]. Pe3ynbTaThel SKCIEpUMEHTOB MPUBEICHBI HUXKE.
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Puc.1. 3aBucumocTy 3HaueHHS MMEePOXOBATOCTHU NOBEPXHOCTHU OCHOBHBIX CPE30B
MOHOKPUCTAJUNITMYCCKOTO KPCMHHA OT SHCPTUU MOHOB aproHa.
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Puc.2. 3aBucuMocTy 3HaYCHHS MEePOXOBATOCTHU NOBEPXHOCTHU OCHOBHBIX CPE30B
MOHOKPUCTANIMYCCKOr0 KpEMHHSA OT SOHEPTHU MOHOB HEOHA.
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Puc.3. 3aBucuMocTH 3HAYEHHMS IIEPOXOBATOCTH MOBEPXHOCTH OCHOBHBIX CPE30B
MOHOKPHUCTAJUIMYECKOTO KPEMHHUSI OT SHEPTUH HOHOB KCEHOHaA (a); 3aBUCHMOCTH aMILIHTYIbI
HEOJIHOPOIHOCTEH Ha MOBEPXHOCTH OT IIyOHMHBI TpaBiieHus E,ox=400 3B(0).

W3 nonmyyeHHBIX 3aBUCUMOCTEMN BUHO, YTO BCE OPUEHTAIMN KPEMHUS UMEIOT CXOKee
MOBE/ICHHE — CKauKooOpa3HOe M3MEHEHHUE IIEPOXOBATOCTU MOBEPXHOCTU B 3aBUCHUMOCTH OT
SHEpruu MoHOB. bojee Toro, 3HaUeHHE SHEPTUU MOHOB, MPU KOTOPOH HAOIIOAaeTCS CKAaYOK B
OoJbIlIEN CTETEHU OIpeNessieTcs] COPTOM HMOHOB, HEKEIW opueHTanueil. B pamkax manHoit
paboThl HE yAaloch YBUAETh PE3KUN CKAa4OK MPH TPaBJICHWHM MOHAMU Ne BBHUAY TOTO, YTO
3HaueHne KodddumpreHTa pacubsuieHus npu dHepruu Euox=100 3B coctaBuio 0.005 at/uosn, 9to
B Halllell TEOMETPUHU U MapaMeTpax SKCIIEPUMEHTa COOTBETCTBYET CKOPOCTH TpasiieHus (.25
HM/MuH. [Ipu Takol ckopoctu 3a 4 yaca yna€rcsi yJaluTh ¢ MOBEPXHOCTU CIIOW MaTepHalia
ToMmuHON He 6osee 60 HM, YTO HEJOCTATOYHO ISl XapaKTePU3AIMH YBOJTIOINH TOBEPXHOCTH.
Taxoke nst BCceX Ta30oB ObUIO OOHAPYXKEHO, YTO MPU DHEPTHU HIKE «IIOPOTOBOI», T.€. TOH,
rocJie KOTOPOi IIEPOXOBATOCTh MEHSETCSA CKauKOOOpa3HO pa3Max BBICOT UMEET MPAKTUUYECKU
JUHEHHYI0 3aBUCUMOCTh OT TJIyOMHBI TpaBieHus (puc.36). JlaTtepanpHble pazMepsl
HEOJIHOPOJHOCTEH TaKkKe pacTeT ¢ yBeIMYeHUEM ITTyOuHBI TpaBleHUs. AHaIu3 MOAUPUKALUN
MOBEPXHOCTU/TIPUIIOBEPXHOCTHOTO CJIOSI MOHOKPHUCTANIMYECKOTO KPEMHUS I1OCJIE€ MOHHOTO
TpaBJICHUS SIBISIETCS CJIOKHOM 3ajadei, IMOCKOJIbKY ISl 3TOr0 METOJA JIOJKEH OBITh
Hepa3pylIaloIUM W YyBCTBUTEIbHBIM K (asze U MHKpOCTpykType. PamaHoBckas
CHEKTPOCKONUS SBIISETCS XOPOILIO 3apeKOMEHJOBAaBIIMM ce0s U (Pa30uyBCTBUTEIIbHBIM
HEpa3pylaIIM METOJIOM onpeaeeHus MOHOKPHUCTAJUTMYECKOU (mc-Si),
MOJIMKpUCTAIIINYEeCKOr  (p-Si1), HaHOKpHcTauinyeckol (n-Si), amopdnoit (a-Si) wu

kBazunamopduoi (q-Si) dassr Si.
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Puc.4. Cnextp KPC nns nomuns! BomHbt 325 HM (a 1 0); [lonoxeHue Muka U MUPUHA JIMHUU
Mozl TO HEMMIUTAHTHPOBAHHOTO M UMILIAHTHpPOBaHHOrO:. 1 — Xe" 600 eV, 1.1x10'® ions/cm?; 2 —
Xe" 850 eV, 1.1x10" ions/em’; 3 — Xe" 1000 eV, 1.1x10' ions/cm’; 4 — Ar’ 425 eV, 3.9x10"
ions/cm?; 5 — Ar" 425 eV, 7.9x10"® ions/cm*; 6 — Ar” 800 eV, 3.9x10" ions/cm?; 7 — Ar" 800 eV,
7.9x10"® jons/cm’.
[ToaTBepkeHO, YTO mpeBpalieHne B (-Si MPOUCXOIUT BOIHM3KM TOBEPXHOCTHOM
obmacth mc-Si Ha TIyOMHY OKOJIO 3 HM, YTO NPHUMEPHO SKBUBAJEHTHO CpPEIHEU JTUHE
npoOera WMOHOB I JIMANa30HOB MaKCHUMallbHOW KuHeTmdeckoi sHeprun 800-1000 »B.

Texymass paboTta MPOAEMOHCTPUPOBAIIA, OBITh

4TO DOHCprusa W 1O03a HOHOB MOIyT
ONTUMHU3UPOBAHBl Ul TOAJCPXKAHUA HHU3KOW IIEPOXOBATOCTU IOBEPXHOCTH mMmc-Si Juis
Koppekiuu (Gopmbl. MexaHuzm oOpazoBaHusi (-Si U 0oJjiee CHUCTEMaTHYECKOE H3YYCHHUE
SHEPIHHM MOHOB, 3aBUCAIIEH OT J03bI, MIEPOXOBATOCTH IMOBEPXHOCTH M OTHOIICHUS (-Si/c-Si

OyIyT AOTMOJHUTEIHHO U3YUCHBI.

BbaaronapuocTu: pabota BeinosHeHa pu GuHAHCOBOM moaaepkke rpanta PH® No 21-72-
30029.
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The physics of the modification of electronically stimulated processes (by the example of the
"Coulomb explosion") in irradiated media is considered, in particular, in the case of fractal
objects. A quasi-one-dimensional model has been constructed, which is a convenient

methodological device that describes characteristic phenomena in various media.

1. BBenenue.

B mnawame XXI Beka B (u3MKEe KOHIACHCUPOBAHHOTO COCTOSIHHS IPOM3OIILIN
CyH_IeCTBeHHBIe NU3MCHCHUS: I/IHTepeC HCCHG,Z[OBaTeJIeﬁ CMECTHUIICA K I/IBY‘-IGHI/IIO 06’b€KTOB, JUUTA
KOTOPBIX POJIb CTPYKTYPBI OKa3ajach 0ojiee BaXXHOW, YeM MpUpPOJa UX (HU3HKO-XUMHYECKON
cBs3u. C OONBIION CTENEHBIO OOIIHOCTH KakK IS KWUBOW, TaK M ISl HEKWUBOW TIPHUPOJIBI
BBISIBWJIOCH TISATh THUIIOB TaKMX XapPAKTEPUCTUUECKHX CTPYKTYPHBIX CBOMCTB XapaKTEPHUCTHUK:
«HAaHO», «(PPAKTATBLHOCTHY, «Majas Pa3MEPHOCTbY, «XHPATBHOCThY, «HEPapXUIHOCThY. [Ipu
3TOM B HayKax, CBA3aHHBIX C paI[I/IaI_[I/IOHHBIM BO3,Z[€I>'ICTBI/IGM, YHI/IBepca.HBHa}I 3HAYNUMOCTb
yYKa3aHHBIX XapaKTePUCTUK MPOSBIIIACH HAUOOJIEe IPKO, YEMY CTIOCOOCTBOBAIN XapaKTEPHBIC
IUIsL paJyaliy  YCJIOBUS CHUJIBHOW HEPaBHOBECHOCTM M HenuHeHocTu [1]. bonee Toro,
06Hapy>1<eHHa;1 BO3MOXHOCTH TpaKTOBKI/I pa,Z[I/IaL[I/IOHHBIX HpOI_[eCCOB (BKJ’IIO‘IEUI, B TOM YHUCIIC,

MOHHOE pAaclbUIEHHE) B paMKaX CHHEPreTUKU [2] Ha COBPEMEHHOM 3Talle IMO3BOJMIA Kak
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OoJiee paHHUE, TaK U COBPEMEHHBIC pe3yIbTaThl cCOOpaTh 101 KOHIenuio complexity [3], uro
MO3BOJINIIO chopMyIHUpOBaTh 3 MapaaurMbl METOOJIOTHH paauaiiioHHbIX dddexToB (Puc.1).

B mnacrosimeit pabote mposiBIEHHS KOHKPETHOro 3(QeKTa JOKaIbHOH IeCTpyKUUU
MOBEPXHOCTH ¥ MPHUIIOBEPXHOCTHBIX OOJACTe HEMETAINIMYEeCKHX TBEPABIX TEN IPHU
BO3JCHCTBUM MEMJIEHHBIX MHOTO3apSAHBIX HOHOB [0 MEXaHHU3MY OXKe-JeCTPYKIUU
(«Ky7TOHOBCKHM B3phIBY» [4]) paccMaTpuBarOTCsS C aKIIEHTOM Ha KOMOWHAIIMIO JIOKAJIbHBIX
(CTPYKTYPHBIX) M HEJIOKAJIBHBIX ((PU3NKO-XUMUYECKUX) OCOOCHHOCTEH 00IydaeMoOil Cpelibl,

YTO HanboJee IPKO MPOSBIAETCS Y TOPUCTHIX OOBEKTOB.

«Complexity»

Hano

g T Camoopranusanus
DpakTanLHOCTh =

- -

Magias pasMepHOCTh s > /lunammuecknii xaoc

k2]

=
XHPATBHOCTh 5 \ Camoopranmnszopannas

KPHTHYHOCTh

HepapxuanocTs

= » Hepagnosecrocmes
Caoiicmsa om;e:cmo? U HeLHHeIHOCHb Hapaouzmor
A \ / \

Vv
«Complexity»

Puc. 1. Cxema pacmmpenHo# koHnenuuu «Complexity» IpUMEHUTENIHHO K paJAuallMOHHBIM 3 peKTam
B CIIOXKHBIX Cpelax.

2. CoBpeMeHHbIE aCIIeKThl MeXaHU3MAa 0Ke-AeCTPYKIIUM TBEPABIX TeJl.

Knaccrndeckas cxema peanu3aiii KyJOHOBCKOTO B3phIBa Uepe3 0Ke-AeCTPYKIUIO IPU
MOHHOM OOJIyYE€HHH COCTOUT B ClIeAyIoleM. MHOro3apsaHblii HOH, OKa3aBUIMCh Ha MallOM
paccTOSHUM OT TMOBEPXHOCTHU, B pe3yjibTaTe KBAHTOBOIO IIpolecca MEepexXBaThIBACT
9JIEKTPOHBI M3 i-000JIOUKH aToMa 00JIydaeMOoro BeIecTBa, 00pa3ys i-IbIpKy (cedeHue o).
[ocnenusis pacmagaercs, ¥ MyTEM OXe-Kackaja, pa3MHOXasCh, «BCIUIBIBAECT» B BAJICHTHYIO
000J104Ky, 00pa3oBaHHYI0 O0Jy4aeMbIM aTOMOM M €Tr0 OKPYKEHHEM (BEpOSITHOCTH 3TOTO
nporiecca o A(Z), rae Z — 3apsg). ITo KpaliHe HEeCTaOMIBHOE COCTOSHHE B TBEPAOM TeEJIe,
06pa3oBaHHOE 3a KpaTKoe BpeMs (€ 4~10"° ¢) B manpHeiieM pacnagaeTcs 3a BpeMs IOpsiiKa
©.=10"-10" ¢ yTEM pa3iéTa MOJOKHUTEIbHBIX OCKOJIKOB MOJIEKYJISIPHOM cucTeMbl. OJIHAKO,
9TOMY pasin€ry MPOTUBOJAEHUCTBYET JAPYrOM KaHal JE3aKTHBAallUd  HEYCTOWYHMBOIO

BO30YKAEHHOTO COCTOSTHUS, @ UMEHHO — DJIEKTPOHHOE «3ajuBaHue». B Takol KOHKypeHIuu

. . T
JeCTPYKLUS JOKaIbHOIM 0651acTi 00pa3yeTcsi ¢ KOHEYHOM BEPOATHOCTBIO ) = exp(— % j , U
e
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MMEHHO 3Ta BEJIMYMHA PETyJIHUPYeT BEPOSATHOCTH (CEYEHME) BCEro Mpoliecca KyJIOHOBCKOTO

B3pbIBa. TakuM 00pa3zom, cedeHHe JeCTPYKLIUN OKOHYATENIbHO OIpeIeseTCs B BUIE

Oy = / Z(rﬁ,-(Z)exp( — 1. /1.(Z)) pdZ = op-auexp(— 1, /7.)
(2 f (1)
BaxHho, uro ¢popmyna (1) coueraeT JOKaIBHOCTH Mpoliecca Yepe3 o; U o(Z) U HEeIOKaIbHOCTh
00BeKTa uepe3 Te. IMEHHO 7e, OTpakaroliee CBOWCTBAa MaTepuasia, (PaKTHUYECKU PeryIupyer
BenMYMHY Y eKTa 03Ke-1eCTPYKITUH.
3. Poaib HeynopsiioueHHOCTH ((PPaKTATIBHOCTH) CTPYKTYPbI 00beKTa B 0Ke-TeCTPYKIHH.
N3 dpopmynst (1) BUAHO, 9TO (PaKTATBHOCTh CPEbl BaXKHA UMEHHO JJISI MHOKHUTEIIS
exXp(-t+/7e), T.e. AN Te. NS M3ydEHUS ITOTO acleKTa MOXKET OBITh IOCTPOCHA MOJEIh
KBa3MOJHOMEPHOM 1Lenu (MOTEHIUANbHBIX SIIUKOB), Ha KOTOPYIO HAJO)KE€H KYJIOHOBCKHUM

MOTEHIMAN oXe-3apsiaa Z. CXxeMbl 3TUX JBYX CIIy4aeB MpeacTaBieHbl Ha Puc.2.

THYEHEY™

-Ze*lr

6)

Puc. 2. Cxema kynoHoBckoro 3 dexra oxxe-3apsaa Ha JIEKTPOHHOM IMOTEHITHATIBPHOM pelbede CTPOTo
MIEPUOINIECKOM (2) U B aniepuoandeckoi nermu Aamaepcona (0).

A) YiopsanodeHHas 1ienodka. BuaHo, 4To moTeHIman —Z€%/r cHuMaeT Bece Oapbephl B 001aCTH

R6636ap = 5 Ze2/58 b (2)

r7e 0 — MOJOBMHA IIMPHUHBI O0apbepa,& — OUAICKTpUYEcKas MPOHUIAeMOCTh. B 3TOM ciyyae

3aJIMBaHUE JBIPKH HAET 110 THITYy METaJlIa, T.e. Te~1/wp), Te wp — IIa3MeHHasl 9acToTa, H MBI
nmMeeM exp(-7:+/ze) = exp(-t+ wp).

B) HeynopsnoueHHnas 1ienouyka. BeioepeM THIT HEYMOPSAOYSCHHOCTH MO MoJenu AHAEpCOHa

[5] (Puc.26). OueBuaHO, UTO Rsess4p OyIeT B 001aCTH, KOT/Ia CHUMAETCS MaKCUMyM Oapbepa,

YTO COOTBETCTBYET MAKCUMAJIbHOU TTYOMHE 3JIEKTPOHHBIX COCTOSTHUH B siIMax AHJEpcoHa
2w 2 2 _
Ze € (5/ Rﬁe;eﬁap ) - 8max H (3)
Torma oOpasyromascs o00jacTe MeTauM3aluu OyAeT CYIMIECTBEHHO WHOW, 4YTO JaéT

Ze’ * ¢’ (5/ R;ejw): E.ax 1 OBOPSI O (pU3MKE SIBICHUS, MOXKHO CKa3aTb, YTO €CIM SIMbI ObLIN
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OJIMHAKOBBI, TO JBM)KCHHE OJEKTPOHA YCKOPSJIOCh B TMOJ€ METATU3alUu 0e3 IMOoTeph
KOTE€PEHTHOCTH, TOT/Ia KaK B ClIydae HEOJIMHAKOBBIX sIM (Harpumep, GpakTaabHOTO THIIA, YTO
UMEECT MECTO HpI/I BSaHMOHeﬁCTBI/II/I HOHOB C HOpI/ICTI:IMI/I CprKTypaMI/I) TepHeTCH
KOFepeHTHOCTB COCTOAHUA BHGKTpOHa B 06.HaCTI/I METaJIM3allMd, M €1r0 JIBHXCHHC
3aMeJIAeTCs, YTO HEMEIJIEHHO YBEJIMUUBACT .

4. 3ak10ueHue.

[TocTpoeHnHast KBa3UOJHOMEpPHAS MOJIEITb «KYJIOHOBCKOTO B3pPhIBa» MO MEXaHU3MY OXKe-
JECTPYKLUU XOpPOUIO MJUIIOCTPUPYET MOJIUGPUKAIUIO XapaKTEpPHOTO PagHallMOHHOTO
nporecca JepeKTooOpa3oBaHus A IIUPOKOTO Kjlacca Cpej, SIBIAIONUXCS aKTyaIbHBIMU
o0beKTaMU Ha CEerOAHSAIIHUN aeHb. CyYIIECTBEHHO, YTO HEMOCPEJICTBEHHOE NPUMEHEHHUE
MOJ00HOTO THUIIA MOJCIMPOBAHUS OCOOCHHO peabHO MPOSBIISETCS B MOPHUCTHIX CPeaax MpH

MOHHOM OOJTy4EeHUH.

[1] B.L.Oksengendler, S.E.Maksimov, N.N.Turaeva, F.G.Djurabekova. //NIMB. 2014. V.326. P.45.
[2] S.E.Maksimov, B.L.Oksengendler, N.Yu.Turaev. //J.Sur.Investig. 2013. V.7, Ne2. P.333-338.

[3] B.L.Oksengendler, A.F.Zatsepin et al. //J.Sur.Investig. 2022. V.16. No 3.P.364-373.

[4] E.S.Parilis, L.M.Kishinevsky, N.Y.Turaev, B.E.Baklitzky, F.F.Umarov, V.Kh.Verleger,
S.L.Nizhnaya, 1.S.Bitensky. Atomic collisions on solid surfaces, North-Holland, Amsterdam, 1993,
664 p.

[5] P.W. Anderson. //Phys. Rev. 1958. V.109. P.1492-1505.
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OnTuMHu3anus NapaMeTpoB MeKAaTOMHOI0 B3aMMO/AeCTBHS IIPH MOJACJTHPOBAHUHI
00JIy4eHUs KpeMHHsI MOHAMU rajmns metoaom Monrte-Kapao
Optimization of interatomic interaction parameters for Monte Carlo simulation of
silicon irradiation with gallium ions

O.B. Ilopopoxnuii, A.B. Pymsannes, H.1. boprapar
O.V. Podorozhniy, A.V. Rumyantsev, N.I. Borgardt

HaunonaneHelil uccienoBarensckuil yausepcurer « MU Ty, minomans [lokuna, qom 1,
124498, r. Mockaa, r. 3enenorpan, Poccus, e-mail: lemi@miee.ru

Simulation of the silicon irradiation with a gallium focused ion beam is performed
in the binary collision approximation. The influence of the choice of a surface
binding energy model on Monte Carlo calculation results was studied. The good
agreement of the calculated gallium concentration profiles with experimental data
was achieved.

Meton ¢okycupoBanHoro noHHoro myuyka (OUIT) mamén mmpokoe MpUMEHEHUE s
OPEUU3MOHHOTO  (OpPMUPOBaHUS M MOJUPUKALUMU  CTPYKTYp B  COBPEMEHHBIX
HAHOTEXHOJIOTHUSX, B TOM YHCJIE B MUKPO- U HAHOAJIEKTPOHUKE. B npuioxeHusx, TpeOyromux
00pabOTKM TOBEPXHOCTH C HAHOMETPOBOM TOYHOCTHIO, €ro 3((EeKTUBHOE IMpPHUMEHEHHE
CBS3aHO C JETaJlbHBIM H3YYEHHEM MEXaHU3MOB B3aUMOJEHCTBUSA YCKOPEHHBIX HOHOB C
aToMaMu BeniectBa. OqHUM U3 Hanbosee MHUPOKO PaCHpPOCTPAHEHHBIX MOIAXOAOB ISl TAKUX
HCCIIEIOBAHUH SIBJISIETCS KOMITBIOTEPHOE MOJEIMPOBaHKE Ha OCHOBE MeToaa MonTe-Kapiio.

BaxHbIM MapaMeTpoM, ONHKCHIBAIONIMM IPOIECChl PACHBUIICHUS aTOMOB o0pas3lma u
MMIUIAHTAllMM MOHOB ITy4Ka, SBJIAETCS MOJENb MOBEpXHOCTHOM 3Hepruu cBs3u (I19C). Xots
aJIeKBaTHOCTh €€ BbIOOpa CYIIECTBEHHO BIUSET Ha PE3yJIbTaThl MOACIUPOBAHUS, B HACTOAIEE
BpeMsl HE TIPEUI0KeHO [ 1] yHuBepcanbHOro noaxoaa s onpeaenenus [19C.

B nannoit paboTe mpoBOAMIIOCH HCclenoBaHHME BiIMsHUSA BbliOopa mozenu II9C Ha
pe3yabTaThl MojAeIHpoBaHus MeTofoM MonTe-Kapio B3aumozeiicTBusi (OKyCHPOBAaHHOTO
Mydka WOHOB TaJUTUSA C KPEMHHEBOW MOMIOXKOHW. PacueTHpie mpoduim KOHIEHTpaIuu
UMIUTAHTHPOBAHHBIX ATOMOB Tajuldd Ui Pa3lIMYHBIX /103 OOJY4YeHHs] CpPaBHUBAIHUCH C
IKCIEPUMEHTAIbHBIMUA 3aBUCUMOCTSIMH.

OO6pazer] MOHOKPUCTAIUTMYECKOTO KPEeMHHS JJIsi SKCIEPUMEHTAIBHOTO HCCIIEIOBaHUS
nozBepraics 0omoOapanpoBke (OKYCUPOBAHHBIM HOHHBIM IyYKOM TajUIHsl B 3JIEKTPOHHO-
nonHom wmukpockorie FEI Helios Nanolab 650. Ha mnoBepxHocT oOpasma ObLIH
c(OpMHpOBAaHbI YETHIPE MPSIMOYIOJBHBIX OOJIACTH pa3zMepamMu NS MKM, KOTOpBIE
00JIydanuch MyYyKoOM C J10301 HOHOB, BapbUPYIOIIEHCS B HHTEpBAJE OT 1,25:10" 10 10" em?,

npu GUKCUPOBAHHOM ycKopsitoieM HanpsikeHuu 30 kB u Toke myuka 230 mA.
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W3 nonydennsix obmacteir metoaoM in Situ lift-out [2] ObL1 mpuroToBiIeH odpaserr Iist
WCCJICIOBaHMS Ha TMPOCBEUMBAIOIIEM 3JIeKTpoHHOM Mukpockomne Titan Themis 200 mpu
yckopsitomieM HanpspbkeHud 200 kB MeTonamu npocBeunBaromiell pacTpoBOM 3JIEKTPOHHOU
mukpockornuu (ITPOM) u sHeproaucrnepCHOHHOT0 PEHTI€HOBCKOTO MUKPOAHAIN3a.

Ha Puc.1 npusenensr [IPOM-u300paxenus 001yd4€HHOTO MPUITOBEPXHOCTHOTO YYacTKa
obpasma. CBetiast 00J1aCTh COOTBETCTBYET KPUCTAUIMUECKOMY KPEMHHIO, TEMHasi 00J1acTh —
aMOp(pU30BaHHOMY CJIOI0 TOIOXKKHA. M3 Puc.l BumHO, 4TOo mnpu 103ax OOIy4IECHHS
1,25:10" cm™ (Puc.1a) u 2,5:10" cm™ (Puc.16) uMmnaHTHpOBaHHBIE ATOMBI TaJUIHS HE
00pa3yloT OTIENbHOW (a3bl, a PAaBHOMEPHO paclpeseieHbl B aMOp(pU30BAaHHOM KPEMHUHU.
[Ipu moBbiureHnn 10361 oOmyuernss 10 5:10'° cm™? (Puc.1B) aTOMBI Taids HAYHHAKOT
00pa3oBbIBATh IPCLUINTATBL, KOTOpPble mpH moctikennmn o3l 10" em™  (Puc.1r)

bopMUPYIOT ABA CITOSL.

I RIS @ g "B auneg
4 L s @9 % ©®T B B

R HaHouacT1ubl

RHaHouacTULbl
Ga

CF

10" em2 a-Si

Puc.1 [IPOM-u300paskeHus IPUITOBEPXHOCTHON 001acTH 00pa3ia AJis Pa3InIHbIX 103 00JyUCHMS.

a-Si

WS 20 |
c-Si IH“I

MeToaoM SHEProJUCIIEPCHOHHOTO PEHTTEHOBCKOTO MHUKpOAHaIM3a W3 OOIy4EHHBIX
MIPUTIOBEPXHOCTHBIX 00ylacTel 00pasiia, MpeIcTaBICHHBIX Ha Puc.l, ObUIM MOydeHBl KapThl
pacnpez[eneHI/IsI KOHI.[CHTpaI_II/II/I I/IMHJIaHTI/IpOBaHHOFO rajjausi. HpO(I)I/IJ'II/I KOHI_IGHTpaI_[I/II/I
aTOMOB TaJUTUs 1O TIyOMHe BAOIb ocu X (Puc.2) O6butn mosryueHsl MyTéM yCpeaHEHUs KapT B
HaIpaBJICHUH, IEPTIICHANKYISIPHOM OCH X.

Tunuunele 3amauu, pemraempie npu nomonw meroaa OUII, npuBoASIT K HAKOIIJIEHUIO
3HAYUTCJIBHOI'O KOJHMYCCTBA AaATOMOB TaJlJIMd B ITOIJIOXKKE. HOBTOMY JJI KOppeKTHOI‘O

MOJENUPOBaHMs HEOOX0aMMO yuuThiBaTh BenuuuHbl [19C kak ans kpemuus Us;, Tak u s
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ramumsa Ug,. B ucnonszyemom nporpammaom nakere SDTrimSP 5.07 [1] onu 3amatorcs Ha
OCHOBE CTaHAapTHOH HemnpepbiBHOU Mojenu (Continuous Variation Model, CVM), B koTopoit
SHEPTUH CBSI3U MPOMOPIIMOHATLHBI KOHIIEHTPAIUSM aTOMOB.

CVM He Bcerna mo3BOJsieT aJIeKBATHO OMHCHIBATh B3aMMOJICHCTBHE MOHOB TaJlIUsSl C
aToMaMH KpeMHHsI, T03ToMy B [3] OblIa BBeZIeHA AUCKPETHO-HENpephIBHAs Moaelb (Discrete-
Continuous Variation Model, DCVM). B pamkax DCVM, yuutbeiBaromei ciaboe
B3aMIMOJICHICTBHE aTOMOB KPEMHHS W TalUIMs, a TaKKe TO, YTO pACIBUICHUE TaJlIus

MPOUCXOAUT MPCUMYIICCTBCHHO U3 IMPCHUIIUTATOB, BBIPAKCHUA IJIA USi u UGa HUMCIOT BU

Ug =CUgq +Cq, (1 —Qq )USi-Si’ (1)

Ug =Uguca> (2)
rae Cg, C,, — KOHIEHTpalMUu KPEMHHUs M TaJUIMs, IapaMeTp ¢, XapaKTepu3yeT pa3Mep
NPELUIUTATOB TAJUTUS U MTO3BOJISIET MOJIYUYUTh OoJiee MeyIeHHoe yOobiBaHue sHepruu Usg; pu
UMIUIAHTauu aToMoB raums, yem CVM, B paMKax KO DpoOH pealn3yeTcsl MpeesIbHbIN

ciyuail o, =1. B [3] BenuunHa ¢, paccMaTpHBanach Kak MOATOHOYHBIN IapaMeTp, OJHAKO €€

BApbUPOBAHUA OKa3aJloCb HCEAOCTATOYHO [JII AOOCTHXKCHUSA KOJMYCCTBCHHOI'O COIrJIaCusa

pacueTHBIX U 3KcHepuMeHTanbHbIX npodunedl C,, . B nanHoil pabote, B orauyue ot [3],
BenmuunHa U, . TakKe BBICTYNAET B KA4ECTBE IOJrOHOYHOTO MapaMeTpa.

B [4] nyrém BapbupoBanus napamerpoB DCVM st TpE€X yCKOPSIOMIMX HANPSKEHUMN:
8, 16 u 30 xB, 6pun momydens! 3HadeHus Usisi=4,7 9B, Ugaca = 3,5 2B, a, = 0,2, npu
KOTOPBIX PeaTu3yeTcs HauIy4lliee COBNAJICHUE SKCIIEPUMEHTAIBLHBIX U pacYETHBIX Mpoduieit
KOHI[EHTPAIIU! HMMIUIAHTUPOBAHHOTO Taliusg W KOIPQPUIMEHTOB PACIBUICHUS KPEMHUS.
Taxoke ObUT0 TIOKa3aHo, yTO BEIOOP Mogaenu [IDC Biausier Ha hopmy npodriiss KOHIIEHTpAITUH
B OoJbIIel CTENeHH, YeM Ha BeIUYMHY KO3(pQUIMeHTa pacnbuleHHs. Bpllieyka3aHHble
3HAUEHUs MapaMeTPOB OBLIM HKCIOJIL30BAaHBI IS MojaenupoBanust mpu nomomu DCVM ¢
Pa3TUYHBIMU 103aMU OOTYYEeHHSI, Pe3yIbTaThl KOTOPOTO CPAaBHUBAIHUCH ¢ JaHHBIMU CVM.

MonenupoBaHue MPOBOAMIOCH B JUHAMHYECKOM pEXHME C YYETOM HMILIaHTALUU
MOHOB TIyuka B oOpasen. IlodydeHHble B XoA€ pacu€roB MNpoUiIM KOHLEHTpalUu
UMIUTAHTHPOBAHHOTO TaJUTUSl CPABHUBAINCh C OKCICPUMEHTAIBHBIMH  KPUBBIMH  C
COOTBETCTBYIOIIUMU J03aMH OOTyUEHUSI.

13 Puc.2 BUIHO, 9TO U1 MaibIX 103 oGmyuenus (1,25:10' em™ u 2, 5-10'° em™) BbIGOp
mozaenu [IDC He BiHMSET Ha COBMAJCHHE DKCIIEPUMEHTAIBHBIX M PACUYETHBIX NMpoduie u

CVM 1no3BoJseT XOpOIlIo OMMCHIBATh Pe3yibTaThl SKcnepuMenTa. [lpu stom By npodureit
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uMeeT ONMM3Kyl0 K Teopermdeckoi ¢opmy. Jlamee, HaumHas ¢ 0361 510" cm™, korza B
9KCIIEPUMEHTAIILHOM 00pa3iie 00pa30BBIBAIOTCS MPEIUMHUTATHI, MOSBISIOTCS PACXOXKACHUS
Mexay npoduisiMu, KoTopbie mocturatoT 5 ar. % ans DCVM u 10 ar. % ans CVM npu
YBEJIIMYEHUHU J103bl JI0 10" em™ (Puc.2r). Takum obpazom, DCVM c wucnomnp3oBaHuem
MOJIyYEHHBIX 3HAYEHUH MapaMeTpoB MO3BOJISIET AOOUTHCS JY4IIEro COBHAACHUs Mpoduieit
KOHIICHTPAIIUU TIPH BBICOKHUX J103ax 00mydeHus, yem CVM.

3nauenne Uga,.ga = 3,5 3B Oousbllie W3BECTHOW W3 JMTEPATypbl BEeIWYWHBI 2,8 5B.
BeposiTHO, 3TO CBA3aHO C TE€M, UYTO B IKCIEPUMEHTE NPELUIUTAThl TaJUTHs HAXOMSTCS Ha
HEKOTOPOM YyJAJICHUH OT TOBEPXHOCTH 00pasma, uTto BUAHO W3 Puc.lr, u pacnbuieHue

00pa3yromux UX aTOMOB TPeOyeT OOJBITICH YHEPTUH.

1.25-10' e 2510 M2

0

0 20 40 60 20 40 60

X, HM X, HM

Puc.2 IIpodwmm KoHIIEHTpAMA UMITIAHTHPOBAHHOTO (Ga I Pa3IUIHBIX 103 00ydeHUI.

Takum oOpa3oM, KOCBEHHBIH y4eT 00pa30BaHUsl NPELUINUTATOB TaJIUS IO3BOJSET
JIUCKpeTHO-HenpepbiBHOW Mozaenu [IDC TouHee Mo CpaBHEHUIO C HENPEPHIBHOW MOAENBIO
npezcka3bpiBaTh (GopMy Mpoduield KOHIEHTPAUH UMIUIAHTUPOBAHHBIX MOHOB TPU BBICOKUX

7103ax 00JIydeHHs JUI MOJEIMPOBaHMs OoMOapAMpOBKHU KpeMHUs MeTo oM MonTe-Kapio.

1. A. Mutzke, R. Schneider, W. Eckstein, R. Dohmen, K. Schmid, U. V. Toussaint, G. Badelow,
SDTrimSP Version 5.05, 2015.

2. J. Mayer, L. A. Giannuzzi, T. Kamino, J. Michael, MRS bulletin. 32 (2007) 400-407.

3. N. I Borgardt, A. V. Rumyantsev, R. L. Volkov, Y. A. Chaplygin, Mat. Res. Exp. 5 (2018) 025905S.

4. 0.B. [logopoxuuii, Mar. Koud. Mukpoanekrponrka u Mudopmaruka — 2023, Mocksa, MUIT.
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Ilpumenenne Merona GyHKUM YPOBHS NI MOJCJIUPOBAHNUSA PACIBLICHHUS
MHOTOCJIOMHBIX MOAJI0)KEK POKYCHPOBAHHBIM HOHHBIM IY4YKOM
Application of the level set method for simulation of focused ion beam milling of
multilayer substrates

A.B. Pymsnues, H.1. boprapar
A.V. Rumyantsev, N.I. Borgardt

HaunonaneHelil uccienoBarenbckuit yausepcurer « MU Ty, minomans [lokuna, qom 1,
124498, r. Mockaa, r. 3enenorpan, Poccus, e-mail: lemi@miee.ru

The level set method was generalized for simulating the evolution of the surface of

multilayer substrates under focused ion beam irradiation. Comparison of the

calculation results with experimental data showed good agreement for test

structures formed in a two-layer silicon dioxide—crystalline silicon substrate.

®dokycupoBaHHbIW HOHHBIA Tydo K (DUII) sBusercs COBpEeMEHHBIM METOJOM
Moau(UKAMK TMOBEPXHOCTH M (OpMHpOBaHUS MHKPOCTPYKTYp. bmaromapst cBoeit
YHHMBEPCAIBHOCTU OH B TOM YHCJIE MOKET MCIOJB30BaThCS JJIS PACIbUIEHUS! MHOIOCIOWHBIX
nouioxkek. Cpeau MOJOOHBIX 33/a4 MOXHO, Hampumep, oTMeTuTh BozaehcTBue OUII Ha
oOpaszer yepe3 MacKUPYIOLIUE CIOM METAIOB WM JAUAJIEKTPUKOB JJISl JOCTHUKEHHS Ha Hel
MpeaesIbHO MaJIbIX Pa3MEpPOB DJIEMEHTOB co3/laBaeMoro penbeda [1].

KomnbroTepHoe MoJenupoBaHue BOJIIOLUHI TOBEPXHOCTH 0Opasia 1moja BO3JeicTBUEM
MOHHOTO ITyyKa NO3BOJsIET MOBBICHTH 3¢ ¢extuBHOCT, npumenenuss OUII Ha ocHoBe
npelnckasaHuss (GopMbl  CO3JaBaEMbIX CTPYKTYp. XOTA IMOJOOHBIE pacyeThl 4YacTo
BBITIOJTHSUTUCH TSI TIPOCTHIX BEIECTB, TAKMX KaK KpeMHHH [2] m OWHAapHBIX MaTEpHAJIOB, B
TOM 4YHCI€ JUIsl OKCHUJa KpeMHus [3], mpuMeHseMble MOAXOXbl Ui MOJEIMpPOBaHUS HE
OXBaTBIBAJIUA CIIy4all MHOT'OCJIOMHBIX CTPYKTYP.

Jlannast paboTa MOCBSIIEHA OMHCAHHUIO 3BOJIONUU TOBEPXHOCTH MHOTOCIONHBIX
noaiokek moja BozaeiicteueM OUII ¢ mpumenenneM mMeroaa GpyHKIUN ypoBHS. Pe3ynbrarh
MOJICIIUPOBAHMS TECTOBBIX YIITYOJNEHHH y3KUX KaHaBOK, CPOPMHUPOBAHHBIX B CIIOE€ JMOKCHAA
KPEMHHUSI Ha IOBEPXHOCTH KPUCTAIUIMYECKOIO KPEMHHS IPU PA3IUYHBIX /033X HOHOB,
CPaBHUBAIINCH C IKCIIEPUMEHTAIILHBIMU JAHHBIMH.

B ocHoBe Meroma (QpyHKIWMN YpOBHS JIKHUT TPEICTABICHUE M3y4aeMOM MOBEPXHOCTH
S(X, y,t) B BHJIC HYJECBOTO YpPOBHSI BCIIOMOTATENbHOW (PyHKIIHU CD(X, Y, Z,t), BpPEMEHHAas
ABOJIIOIMS KOTOPOU ONpeeNsieTcs ypaBHEHUEM

6CD(F,t)+

p Vy (F.t)-[va (1) =0, (1)
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riae f:(x, Y, Z) u V(F,t) — cKOpoCTh KaKAOI0 CErMEHTa MOBEPXHOCTH B HAIPABICHUH

BAOJIb HOpMand. 3HadeHue V(r,t) omnpenenanoch Ha OCHOBE IIOTOKOB pacCHbUISEMBIX

Fo (F,t) u nepeocaxnaemsix F. (F,t) wactuu, juist pacdera KOTOPBIX HCIIONB30BAIOCH IBHOE
TpeJICTaBIeHNE TIOBEPXHOCTH B BUJIE TPEYTOIBLHON CETKH.

O6o6was u3BecTHOE BbIpaxkeHue st F, (f,t) [2] Ha city4ail ABYXCIIOMHBIX CTPYKTYD,
JUISL TUIOTHOCTH TIOTOKA aTOMOB, PACTIBLIEHHBIX C JJIEMEHTa MOBEpXHOCTH dS ¢ meHTpoM B

TOYKE [}, IMEEM COOTHOUICHHUE

(0= 3o () o

rae F; (F,t)— IIOTHOCTH IOTOKA PACHBUIIEMBIX ATOMOB i-0ro MaTepHala paBHas
P (1.0) = Fon () c0s(6)G, (1), () 1+ 1), ®
Fon(f) — IUIOTHOCTH IIOTOKA HOHOB TALIAS, =[Yr,i (0)/Y, (49)—1]— napamerp,

XapaKTEePU3YIOLIUI Pa3IUune B CKOPOCTSIX PACIIBIICHHUS i-r0 MaTepHrasa B EPEOCAKIACHHOM U

UCXOJHOM COCTOSIHUSIX M 3HAUEHHE KOTOPOTO omnpeaesnseTcss KodphuuueHTaMu paciblIeHUsS

Y,;(0) u Y, (6)coorsercreenno, C (j,t) — pons i-ro marepuana B pacrbuIseMOM 0ObeMe

dV, B OKPECTHOCTH TOYKH [}, a yroy € Onpenensercst B COOTBETCTBUH C puc. 1.

SI0#SI7 st 1/ c-Si
/

Puc.1. Cxemarnyeckoe n300pakeHue mporecca pacibUIeHUs MOI0XKKH, COCTOSIIEH U3 CIIOs

JMOKCHIa KPEMHHS Ha MIOBEPXHOCTH MOHOKPHCTAIITMYECKOT0 KpeMHHS (c-Si).

[TOTHOCTH MTOTOKA aTOMOB, KOTOPBIE TIEPEOCAKIAIOTCS HA 3JIEMEHT MOBepXHOCTH dS,

pacroyioXeHHbIN B Touke I (puc. 1), MOKeT ObITh 3allCcaHa B BUJIC

F(F.t)=D F,(F.1), 4)

i=1,2
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rae F (F,t) — IUTOTHOCTH MOTOKA MEPEOCAKIACHHBIX aTOMOB I-r0 MaTepraia, KoTopasi pu Ux

YTJIOBOM pACTIPEICIICHUH 110 3aKOHY KOCHHYCa HaXOAUTCsI 00001IeHreM BhIpakKeHUs U3 [2]

F (fﬂt)ﬁf Fosit)cosla)coslF) o 5)

=~ 2\2
(r=r)
C ylaMd @ U [, ONPEIEICHHBIMU B COOTBETCTBUM C PUC. |, U MHTETPUPOBAHUEM I10 BCEN

00J1aCcTH B3aMMOJICHCTBUS ITyYKa HOHOB C 00pa3IioM.

Ckopocts cMmemmenus V, (F,t) 3JIEMEHTAPHOTO ydYacTKa MoBepXHOCTH dS mpu

BOBHCﬁCTBHH HOHHOTI'O ITy4YKa MOXET OBITH 3alKCcaHa B BUJIC

F . (F,t)-F (Tt
Vu(Fit)= 2, A )n ArD) (©)

i=1,2 i
rae N — INIOTHOCTH aTOMOB |-ro MaTepuana, a KO3 (GUIMEHT NPUINIAHUS TePEOCAKIAEMBIX

aTOMOB OBLT BBIOpaH paBHBIM €JIMHHUIIE.

Ha puc. 2 npencraBieHsl pe3ysbTaThl MOAECINPOBAHNS KAHABOK JUIMHOM OKOJIO 3 MKM B
MOJJIOKKE W3 MOHOKPUCTAITMYECKOTO KpPEMHHUS, MOKPBITOro cioeM SiO; TOMIIMHON
npumepHo 0.6 MxM. OHM (OpPMUpPOBAIKMCH NPH BPeMEHHM OCTaHOBKM t, =0.2Mc u 4ucie

npoxoaoB nonHoro nmyuyka N =25,100,200. [Torok noHoB ¢ sHeprueit 30 k3B onuckiBancs

CYMMOI1 IByX rayccoBbIX QYHKIUH c napamerpamu o, =53HM, o, =136 uM, W= 0.08 [3].

10
105 =
=
=
b=0.15, 4,=0.30 —— 110
Hi=p=0 ©©°
-1.5 -1.0 -05 0 0.5 1.0 15

Y, MKM

Puc.2. PacuetHbie mpomiin y3KMX KaHABOK C BapbUPYEMBIM YHCIIOM MTPOXOIOB MyYKa.

U3 pucynka BuaHo, uto npu N =25 ¢dopma yrinybnenus 6au3ka K Npo@uito mydyka, a
0 Mepe BO3pacTaHus TIIYOMHBI OHa mpuoOperaer Bce Oosee V-oOpas3HBId BUI,
OOyCJIOBJICHHBIM yBEJTMYEHHEM KOJIMYECTBA IepeocakaaeMblx aromoB. Ha pucyHke

MPpEACTaBJICHBI PC3YJIbTAThl MOACIHUPOBAHUA C YUYCTOM YBCIUYCHHUSA CKOPOCTHU PACHBIICHUSA

86



nepeocaxennoro marepuana Y, (6)/Y,(0)~1.15 ana SiO, [3] u Y, ,(6)/Y,(6)~1.3 ana

Si [4] u 6e3 Hero. BuaHo, 4To Takoi ydeT BiIuseT Ha (HOpPMY TOJBKO TITyOOKHX KaHABOK, Ha
JTHE KOTOPBIX coOupaeTcst 00JIbIIOE KOJIMYECTBO MEPEOCaXACHHOIO MaTepuraia.

KanaBka ¢ HanOGONIBIIIMM YHCIIOM TPOXOOB, IIAHAPHBIN BUJ KOTOPOH Moka3aH Ha Puc.
3a, ObUIa M3rOTOBIEHA OJKCIEpUMEHTaNbHO. POM-m300paxkenuss e€ BUAa CBEpXy U
MOTIEPEYHOI0 CEYEHMs C HAJOXKEHHBIMU pacueTHhIMU MpoduisiMu Moka3aHsl Ha Puc. 30, B.
N3 Puc. 3B BHAHO, 4YTO Yy4Ye€T YBEIWYEHUS CKOPOCTH PACHBUICHUS NEPEOCAKICHHOIO

MaTcpualia MOo3BOJIACT YIYUIIUTD COTJIaCUC PACUCTHBIX U OKCIICPUMCHTAJIbHBIX JTaHHBIX.

1,=0.15, P,=0.30 = - - -

B M=W=0 © oo

0.5 0 0.5
Y, MKM

Puc.3. Ilnanapuelii BHJ CMOJAEIMPOBAHHOTO yrayOieHus (a) u POM-uzobpaxenus Buia
cBepxy (0) W TIOMEPEYHOr0 CEUEHUsI IKCIIEPUMEHTAIbHO W3TOTOBJICHHOW KaHAaBKU C
HaJIO’)KEHHBIMHU pacdyeTHBIMU Npoduisimu (B). [lepen BRITOTHEHMEM TTOTIEPEYHOTO CEYCHHUS (B)

KaHaBKa 3aIoJIHSIACh 3allMTHRIM CII0EM IUTaTUHBI U amopdHoro yriepoaa (Pt+a-C).

Takum o00pa3om, mpeacTaBieHHOEe 0000IIeHHe MeToaa (DYHKIMH YpPOBHS Ha Ciaydai
MHOTOCJIOMHBIX ~ CTPYKTYp oOecneumsio d3(P¢GEeKTUBHOE MOJCTUPOBAHUE  PACIIBUICHHS
(hoKyCHpOBaHHBIM MOHHBIM ITYYKOM KPEMHHUEBOHN TOJUIOKKH, MOKPBITOH CI0eM IHOKCHIIA
KpeMHHus. PeanucTuuHOe ONMUCAaHUE IMIpoliecca IMEePEOCAKIACHUS I103BOJIMIO JOCTUTHYTH

KOJIMYCCTBECHHOI'O COOTBETCTBUSA PE3YJIBTATOB PACUCTOB SKCIICPUMCHTAJIbHBIM JaHHBIM.

1. A.C. Madison, J.S. Villarrubia, K.T. Liao, C.R. Copeland, J. Schumacher, K. Siebein, B.R. Ilic,
J.A. Liddle, S.M. Stavis, Adv. Funct. Mat. 32 (2022) 2111840.
2. H.B. Kim, G. Hobler, A. Steiger, A. Lugstein, E. Bertagnolli, Nanotechnology 18 (2007) 245303.

3. A.V. Rumyantsev, N.I. Borgardt, R.L. Volkov, Y.A. Chaplygin, Vacuum 202 (2022) 111128.

4. H.WN. boprapar, P.JI. Bonkos, A.B. Pymsnnes, FO.A. Yamnsrus, [Tucema B KT 41 (2015) 97.
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®OPMUPOBAHUE MTPOCTPAHCTBEHHO-HEOJHOPOIHBIX TOKPBHITUM
P UOHHOM PACIIBIJIEHUU MUAIIEHEN
FORMATION OF SPATIALLY INHOMOGENEOUS COATINGS DURING ION
SPUTTERING OF TARGETS

O.A. TomunuHa, B.H. bepxanckuii, A.JI. Kynpsimos, A.B. Kapasaiinukos, C.B. Tomunux
O.A. Tomilina, V.N. Berzhansky, A.L. Kudryashov, A.V. Karavaynikov, S.V. Tomilin

Kpvimckuii ghedepanvuwiii ynusepcumem um. B.U. Bepnaockoeo,
npocn. Bepnaockozo 4, 2. Cumghepononw, Poccuiickas @edepayus,

Pecnybnuxa Kpwim, 295007, e-mail: olga_tomilina@mail.ru;

In papier the results of studying the features of the formation of spatially
inhomogeneous films during ion-plasma and magnetron sputtering of targets are
presented. It is shown that when thin functional layers are deposited for creating
the composites and heterostructures using magnetron sputtering of a target with an
annular erosion zone, a coating with highly inhomogeneous in thickness is formed
on the substrate. The profile of the coating thickness is determined both by the
parameters of the target erosion zone and by the distance from target to substrate.

Jlnst co3maHus MPOCTPaHCTBEHHO-HEOHOPOIHBIX KOMITO3UTOB U TETEPOCTPYKTYD IS
HAaHO(OTOHWKHM TICPBBIM M KJIFOUEBBIM JTAallOM SBJSICTCS KOHTPOJIMPYEMbBIH BaKyyMHBIN
CHHTE3 HEOMHOPOJHBIX TPATUCHTHBIX IUIEHOK ¥ (YHKIHOHANBHBIX cloéB. Co3maHue
IPaJMCHTHBIX TUIEHOK TPU TEPMUYCCKOM HAMBUICHUH C HCIOJb30BAHUEM MEXaHUYECKUX
9KpaHoOB (METOJ| TOHKOH 3aCjOHKH») paHee ObuTo omucaHo B pabore [1]. Oxmako, MeTox
TEPMUYECKOTO HANBIJICHUS UMEET ONpEACICHHbBIC HEIOCTATKH, & MMEHHO: HEOAHOPOIHBINA BO
BPEMCHU TIOTOK BEIIECTBA, ciabas ajre3usi C MOJUIOKKOW, OTCYTCTBHE BO3MOXHOCTH
HANbUICHUS! TYTOIUIABKUX M MHOTOKOMIIOHEHTHBIX BEIIECTB. JlaHHBIC HEAOCTATKH MOXKHO
YCTPaHUTh C MPUMEHEHHEM MArHETPOHHOTO W HWOHHO-IJIA3MEHHOIO pachbuUicHus. B
71a00paTOPHBIX HAIBUTUTEIBHBIX YCTAHOBKAaX BEChMa YaCTO HCIOJIB3YIOTCS MarHETPOHHBIC
pacHbUIMTENIbHBIE CHCTEMbI C KOJIBIIEBBIM QHOIOM, MPU 3TOM Ha MOBEPXHOCTH MHIICHH
dbopMupyeTcss KoiblieBas 30Ha JpO3UHM, T.6. 30HA MAKCUMAIbHOH 3((HEKTUBHOCTU
pacrbUICHUS BEIIECTBA C MOBEPXHOCTH. 1[enbio MaHHON pabOThI SABJISETCS TEOPETHUECKOE H
OKCIICPUMCHTAIIBHOE KCCIICIOBAHUE PACHPEICICHUS TONIUHBI  (HOPMHPYEMOTO TaKUM
00pa3oM TMOKPBITUS MPU PA3TUYHOM PACCTOSHHM OT MHIICHH 10 TMOJJIOKKH. Pe3yabTaTh
TAKOTO HCCJICJOBAHUSI TIO3BOJISIT IMPOSKTUPOBATh W CHHTE3MPOBATH MPOCTPAHCTBEHHO-
HEO/IHOPO/IHBIC TOKPBITUS [UIS HAHOKOMIIO3UTOB M TEeTEPOCTPYKTYP MPHUMEHHUTEIBHO K

3aJa4aM HaHO(OTOHHUKH.
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B pamkax teopernueckoii 3D-momenu (puc. 1) paccMarpuBaroTCs ABE MapajlicibHbIC
MOBEPXHOCTHU: TOBEPXHOCTh MUIIEHU XY M MOBEPXHOCTh MOMJIOXKKH XY', OTCTOALINE IPYT OT
npyra Ha pacctosiHud |. PaccMoTpum e TOukH: A Ha MOBEPXHOCTH XY € HWIMHIPUICCKUMH

koopauHatamu (r,¢,0) u B Ha noBepxHoctu XY ¢ koopaunaramu (Ii,@;,d).

Z
////——-—\\ ~
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: ) y
~~_ /
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Puc. 1 — Mognens pacuéra pacnpeaeneHus TONMIUHB GYHKIHOHAIBHBIX CIIOEB MIPH HATIBUICHUN
Fig. 1 — Calculation model of functional layers thickness distribution during sputtering.

KBanpat paccrosiHus ot Touku A 110 B:

(AB)* =(rcosp—r cosg ) +(rsing—rsing )" +I 1)

Kosb1ieByt0 30HY 9p03UH Ha IOBEPXHOCTHU MOJIO0KKH MOKHO 33/1aTh B BUJE (QYHKIUH
l'aycca ¢ paguabHON CHMMETpUEH.

. C_ _(r—<r>)2
R e e @)

20

rae / — BEpOSITHOCTh DACIBUICHHS MHIICHH B TOYKE C DPagUyC BEKTOPOM / B
HaIpaBJIEHUU, HOPMAJILHOM K MOBEpPXHOCTH, C — BapuaTHUBHAs KOHCTAHTA, OINpEAesIoas
WHTCHCUBHOCTh PACIbUICHUS (aHAJIOT MOIIHOCTH), </> — paauyC KOJbIEBOW 30HBI 3PO3HH
MUILICHH, 0 — BapUaTUBHAs KOHCTAaHTA (CPEIHEKBAJAPATHYHOE OTKJIIOHCHHUE), OMPEACIIAIONIast
LIMPHUHY 30HBI DPO3HH.

Toraa noTok pacnbUIEHHBIX YACTHUI[ ¢ TOBEPXHOCTH 0S5

dl = j-dS=j-rdrde (3)

Ha puc. 2a noka3ana 3D-auarpamma mnoToka 4acTHI], B HaIllpaBJICHUH HOPMAJIbHOM K

MOBEPXHOCTH, MPHU PACIBUIEHUU MUIIEHHU C KOJIbLIEBOI 30HOM 3pO3UH.
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0 : . : .
-10 -3 0 5 Rsm 10
a 0
Puc. 2 - MO):[GJ'IL pacrbuUICHUA MUIICHU: 4 — 3D-):LI/IanaMMa IMMOTOKA 4YaCTUIl, B HAIIPAaBJICHUH
HOPMAJIBHOM K ITOBCPXHOCTH, 0-— AnaMCTPAJIbHOC CCUCHUC PUCYHKA a.
Fig. 2 — Model of target sputtering: a — 3D-image of particles flow at normal direction to the surface, b
— diametrical cross section of image a.

3aBUCHMOCTh WHTEHCHBHOCTH TIOTOKA 4YaCTUIl B HANpaBICHUH, OTIUYHOM OT
HOPMAaJIbHOTO, MOKHO 3a7aTh C TIOMOIIBI0 JUArpaMMbl HampaBlIeHHOCTH. B Hamielt momenu

JyarpaMma HalpaBJIeHHOCTH 3a1a€Tcs B BUAE (PYHKIIMN KOCUHYCA.

dl_ =dl -COSa=d|I— (4)
AB

a

I€ @ — yrojd OTKJIOHEHHUS HCKOMOIO HalpaBjeHUS OT HOPMald K TOBEPXHOCTH
muineHu (cm. puc. 1).
Takum o6pazom mpupocT TommuHbl /7 B Touke B mMOmIokKH 3a CHET MOTOKA YaCTHIL
U3 TOYKH A MHIIIEHU MOXKHO OIPE/ICITUTD KaK:
dl, I [-rdrdg

(ABY  (AB) - (AB)’ ©)

[TosHast TOMIIMHA MOKPHITUS B KKIOH TOUKE HA TOJIOKKE OyIeT OMpeaesaThCs Kak
cymMma (MHTErpaj) BceX mpupocToB d/7 oT Bcex Touek muineHu. Tak moacrasiss (1) u (2) B

(5) momyumm:

r—<r>) . rdrde
20° [(FCOSgo—I‘iCOS(/)i)2+(rSin(p—riSin(pi)2+|2J

IC R2x
h(ri,QJi,I):m'.!.([exp _( 3/2 (6)

Ha puc. 3 noxazansl 3D-auarpaMMbl pacnpeeieH s TONIIUHBI OCAKIEHHOTO CI0s
IIPY Pa3HOM 3HAUYEHUU PACCTOSHUS OT MUIIEHU 10 MOAJIOXKKU. Pamnyc 30HBI 3p03UH MUILIEHU
paBen 50 mm.

BI/I,Z[HO, 4TO IpU MAJbIX PAaCCTOAHHUAX OT MHUIICHU OO0 MNOIAJIOKKHU (MGHBI_HG paanyca
30HBI 3PO3HMH) B IEHTPE HAMBUIEHHOTO CJIOS WUMEETCS JIOKAIbHBIA MHHUMYM TOJIIHHBI,
OKPYXEHHBIA «KOJBIIOM» C MAaKCUMAJIbHOW TOMIUHON. [Ipn paccTosiHuM mprUMEpHO paBHOM

paarycy 30HBI 3pO3UM B IIEHTPE HANBLIEHHOTO CIIOSI HAOIIOAETCS YY4aCTOK C OJHOPOTHBIM
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HOKpbITHEM («r1aTo»). Ha paccTosHHSIX OONBIINX YeM Paanyc 30HbI 3PO3UH PACTIPEICIICHUE

HalNbUIEHHOTO CJI0S 10 TOJINMHE HMeeT (OpMy «IIOJIOrOro XoJMa» ¢ paguabHON
CUMMETpHUEH.

h, au. h, au.
25

2

15

1

0.5

PI/IC. 3 - Pacnpe/:[eneHHe TOJIIUHBI OcaDK,[[éHHOFO CJIOA IPU pa3HOM 3HAUCHHUU PACCTOAHUA OT MUIICHHU
110 nmojitoxkku: a — 20 MM, 6 — 30 MM, B — 40 MM, T — 50 mMm, € — 60 MM, x— 70 MM.
Fig. 3 — Distribution of deposited layer thickness for different value of the distance between a target
and a substrate: a— 20 mm, b — 30 mm, ¢ — 40 mm, d — 50 mm, e — 60 mm, f—70 mm.

PabGora BemonHeHna npu (puHAHCOBOW mojziepkke rpanTta ['ocymapcrBenHoro Cosera
Pecny6nuku Kpsim, nocranosnenue Ne n653-2/23 ot 30.01.2023.

[1] Tomilin S.V., Berzhansky V.N., Yanovsky A.S., Tomilina O.A., J. of Surface Investigation: X-ray,
Synchrotron and Neutron Techniques., 10 (2016) 868.
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TEPMHUYECKAS CTABMJIBHOCTH KOHYCOOBPA3HOM MOBEPXHOCTH
VJIbTPAMEJIKO3EPHHUCTOI'O BOJIb®PAMA, IOJIYUEHHO
BbBICOKOJO3HbIM HOHHBIM OBJIYYEHUEM

THERMAL STABILITY OF CONE-LIKE SURFACE ON ULTRAFINE-GRAINED
TUNGSTEN, OBTAINED BY HIGH FLUENCE ION IRRADIATION
P.X. Xucamos', A.M. EOpI/ICOBz’3’4, M.A. Opunnuukos’, LW, Myca61/1p0131, P.P. TI/IMI/IpHeBl,
P.P. MyJHOKOB1

R.Kh.Khisamovl, AM. Borisov2’3’4, M.A. Ovchinnikov? , LI Musabirovl, R.R. Timiryaev1
and R.R. Mulyukov'

Y Unemumym npo6nem ceepxnnacmuunocmu memannos PAH, yn. Xanmypuna 39, Vea,
Poccus, E-mail: r khisamov(@mail.ru
2 Mockosckuii asuayuonnwvii uncmumym (HHUY), Boroxoramckoe wocce 4, Mockea, Poccust;
3Hayuno-ucczze()oeameﬂbcmﬁ uncmumym soepHoti pusuxu um. /{.B. Ckobenvyvina (MI'Y),
Jlenunckue eopvr 1, cmp.2, Mocksa, Poccus
* Mocrosckui 2ocyoapcmeennvii mexronoeuveckui ynugsepcumem “CTAHKHH”,
Baokosckuui nep. 1, Mocksa, Poccus

It was shown that high-fluence ion irradiation of ultrafine-grained (UFG) tungsten
with grain size of 100+200 nm leads to the formation of cone-shaped topography with a
height of about 100+500 nm and cone concentration of 10°+10° cm™. The cone-shaped
topography on the surface of UFG tungsten is thermally stable up to 1100°C (0.37 of Ter),

meanwhile the grain size has grown up to micron values.

Bonbdpam, Onaromapss BBICOKOW TeMIiepaType IUIaBICHHS, HU3KUM KO3 QHUIHEHTaM
pacmbUIeHUS M TEIUIOBOTO PaCIIMPEHUs], ABISETCS KaHIUAATHBIM MaTepHalioM Ul JUBEpTOpa
B TEpPMOsIEpHbIX peakTopax. OmHako Boib(paM HMMEET HEIOCTATOYHYIO paJUallMOHHYIO
CTOMKOCTh. B KkadecTBe MmyTell NOBBIIECHUS pPAAUAMOHHOW CTOMKOCTH MaTrepuala
paccMaTpuBalOTCS MMOAOOP JIETUPYIOIIMX AIIEMEHTOB CIUIABOB Ha OCHOBE BOJb(pama,
¢opMHpOBaHHE B HEM HY)KXHOM MUKPOCTPYKTYpHI, a TaKKe MOJU(PHUKAIHA MOBEPXHOCTH.
W3BecTHO, HampuUMep, YTO OJHOPOJHO pacCHpeeeHHble KOHYChl Ha IOBEPXHOCTU MeTallia
MOTYT CHEpXKHMBAaTh TOSBJICHUE Ta30BbIX Iy3bIped, CTPYKTYp THNA IyX, CHUXATb
ko3 duuuent pacnbuieHus [1-3]. HemaBHo Obulo MOKa3aHO, YTO BBICOKOIO3HOE HOHHOE
o0JrydeHue HUKeNs C ynbTpamenko3epHuctoil (YM3) crpykrypoii (pasmep 3epeH menee 1
MKM) HWOHaMH aproHa ¢ »Heprued 30 k3B mosBomsier chopmupoBaTh OJHOPOIHBIN
KOHYCc000pa3Hblii penbed nopepxHocTu. Ha Menko- u KpynmHO3epHUCTOM HUKEJE TPU HOHHOM
oOydeHun (QOpMHUPYETCsl CIOXKHBIH penbed ¢ TepenmagoM BBICOT MEXAY 3€pHAMH H

HEMHOTOUNCIICHHBIMU HEPAaBHOMEPHO pACIpPEAEIECHHBIMUA 110 IOBEPXHOCTH KOHycamu [4].
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Konycoo6pa3nsbiit penbed Ha YM3 Hukene tepmoctabmiien no 0.4 T, Torma kak pasmep
3epeH B ero oobeme — Tonbko 1o 0.3 Ty, [5]. TlpoBeneHne momoOHBIX HCCIIENOBAaHUMA Ha
BOJIb()paMe MpeACTaBISIET IPAKTUIECKUN HHTEpEC.

Llenpto naHHON palOTHI SBISAJIOCH MOMYyYEHHE KOHYCOOOpa3HOro peinbeda Ha
MOBEPXHOCTH BoJbppamMa ¢ YM3 CTPYKTYpOoll HOHHBIM OOJIyYCHHEM, HCCIEIOBAHUE
TEPMUYECKON CTAaOMJIBHOCTH TIOJIy4aeMoro peiibeda M MHUKPOCTPYKTYpHl B o00beme. B
KayecTBe MaTepuana HCCIeOBaHUN UCHOJIb30BAIM TOJIUKPUCTAUINYECKUN BoJbPpam
(99.93%). VYM3 cTpykrypy B oOpa3nax MOJXyYHId TyTeM AePOpMAIMOHHOTO
HAHOCTPYKTYPUPOBaHUS METOAOM KpYYEHMs IOJ BBICOKMM JaBieHueM np u 6 I'lla [6].
O61ydeHne 0GpasLoB MPOBOAMIN HOHAME aproHa ¢ sHeprueii 30 k3B ¢ ¢uroercom 310"
non/cM” Ha Macc-moHoxpomarope HUUAD® MI'Y [7]. lns onpeneineHuss TEPMHUYECKON
CTaOMIIBHOCTU pelibea Ha MOBEPXHOCTH U MHUKPOCTPYKTYpHI B oO0bemMe YM3 Bonbdpama
o0pa3upl oTkuranu B auanazoHe temmneparyp oT 1000 mo 1400°C B Bakyyme B TeueHue 1
yaca. Mop¢osioruio MOBEPXHOCTH HCCIENOBAIA C TMOMOIIBIO PACTPOBOTO AJIEKTPOHHOIO
mukpockorna (POM) Tescan Mira 3LHM. J[lng wuccnenoBaHusi CTPYKTYpPhl ITPOBOIUIH
TpaBieHHE (POKYCHUPOBAHHBIM ITYYKOM HOHaMu Traums c¢ sHeprueidr 30 k3B Topma
HOTIEPEYHOr0 cpe3a o0pasia.

JlebopManimoHHOE HAHOCTPYKTYPHUPOBaHHE o00pa3lioB Bojdb(ppamMa NPHUBEIO K
dbopmupoBannio B HUX YM3 cTpykTypsl ¢ pazmepom 3eped 100-200 am (Puc.1.a). ITocae
MOHHOTO oOnydueHus Ha YM3 Boabdhpame oOpa3oBaics KOHYycoOoOpasHbIM penbed,
OJHOPOJHBIN I10 MOBEPXHOCTU C KOHILICHTPALIMEW KOHYCOB 10+10° cm™. BeicoTa KOHYCOB
COCTaBHJIa HECKOJIBKO COTEH HM. Painyc 3akpyriieHus KOHYCOB IIpu BepuinHe MeHee S0 HM.

B pesymprare omkmra YM3 Bombdpama mpu 1000°C xoHyco0Opa3HbIA penbed
COXpaHMIICA, XOTSI KPOMKH penbeda HeckoabKo criaauiuch (Puc.1.6). B To ke Bpems pa3zmep
3epeH B 00beme oOpasia 3ameTHo Boipoc oT 100200 o 200+700 HM mpu cpeiHEeM 3HAYCHUN
400 aM. Orxur npu 1200°C mpuBen K CyIMeCTBEHHOMY M3MEHEHHUIO peibeda MOBEPXHOCTH,
KOHYCO0Opa3HbIil penbed TpanchopmMupoBaiics B penbed criakeHHbIX BeICTYNOB (Puc.1.B).
Pasmep 3epen coctaBmi ot 300 HM 1o 1.6 MM npu cpeanem 3HaueHun 700 mwm. Ilocne
orxura npu 1400°C Ha MOBEpXHOCTH U B 00beMe 00pa3ia chopMUpoBaiacCh MEIKO3EPHUCTAS
CTpYKTYypa ¢ pazmepoM 3epeH oT 700 HM 10 4 MKM IIpU CPEAHEM 3HAYEHUHU 2 MKM.

JomonuutenpHbii  oTXUT YM3 Bombdpama mpu 1100°C B Teuenue 1 waca,
npenBapuTenbHO oToxokeHHoro mpu 1000°C, mokasal, 4To KOHYycooOpa3HbIi penbed nMeer

npomexxyrounslid Bua (Puc.2.a) mexay penbedaMu MOBEPXHOCTH, NOJIYy4aeMbIMH B
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pesyapTate omTxuro mpu 1000 m 1200°C. Ilpm 3TOM KOHYCOOOpa3HBIM penbed Ha

MIOBEPXHOCTH B II€JIOM coxpaHwmics. [Ipu 3ToM Ha moriepedyHoM cpese o0pasia, rae Obuia

e ',J_, R

Puc.1. POM-u300paxenns: MOBEpXHOCTH M TONepevHoro cpesa YM3 Bonbdpama mocne oOmyyeHHs
voHamn Ar’ ¢ sHeprueit 30 k3B TIpH HOPMAEHOM MaJeHHH HOHOB ¢ dmoencoM 3-10' won/cm” (a) n
nocte okuros: 1000°C (6), 1200°C (B), 1400°C (1)

OTHOCHUTEIIbHO TJaJIKasi MOBEPXHOCTb, 3€pHA BBIPOCIH 10 MUKPOHHBIX 3HaueHuil (Puc.2.0).

Pa3smep 3epeH, koropslii coctasisut 200-700 HM nipu cpenHeM 3HaueHud 400 HM IIpHU OTXKUTE
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1000°C, BeIpOC B cpeaHeM 110 2 MKM Tipu gornoiaautenbHoM oTxure 1100°C (Puc.2.8). Takoit

pa3mep 3epeH 0JIM30K K pazmepy 3epeH Y M3 Bosbdpama, otoxxkernHoro npu 1400°C.

1100°C

Puc.2. POM wu300pakeHus! MOBEPXHOCTHU (@), MOMEPEUHOro cpe3a U MmoBepxHocTH (0) (Yyroyn chbeMKu
o + v

45°) u monepeuHoro cpe3a (r) YM3 Bonbdpama, ooiryaenHoro noHamu Ar ¢ sHeprueit 30 k3B mocie

omxwura nipu 1000°C u monomauTenpHOTO oTNHra pr 1100°C B Teuenue 1 gaca

Takum oOpazom, nedopmMalMOHHOE HAHOCTPYKTYPUPOBAaHUE IO3BOJIAET MOJIYYUTh
YM3 ctpykTypy B Bodb(dpame ¢ pazmepom 3epeH 100-200 am. Bricokomo3Hnoe oOimydeHHe

+ o
YM3 Bonbhpama monamu Ar ¢ sHepruei 30 k9B mpuBoaur k (HOpMHUpPOBAHHIO Ha €ro

. 8.. 2
MOBEPXHOCTH KOHYCOOOpa3HOro penbeda ¢ KOHIEHTparmei koHycoB 10 +10° oM™

Konycoo6pa3nbiii penbed Ha moBepxHOCTH YM3 Bombdpama TEPMHUUYECKH CTAOMICH [0
temriepatypbl 1100°C (0.37Ty;), B TO Bpemsi Kak pa3Mep 3€peH B 00beMe NpH ITOU

TEMIIEPATypE BBIPACTAET JO MUKPOHHBIX 3HAYCHUM.

IIpoBeneHHbIE UCCIEOBaHMs BBIIIOJHEHBI B paMKax rocynapcrseHHoro 3aganus MIICM
PAH. DnekTpoHHO-MHUKPOCKOITMYECKHE HMCCIIeIOBaHUS MpOBeAeHb Ha oOopymoBanuu [[KII

“CtpykTypHBIC U (PU3UKO-MEXaHUYECKHE ucciaeaoBanms matepuanos» UIICM PAH.
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W. Qin, F. Ren, R.P. Doerner, G. Wei, Y. Lv, S. Chang, M. Tang, H. Deng, C. Jiang, Y. Wang.
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METOIUKHA NMPEU3UOHHON NOHHO-ITYYKOBOM OBPABOTKH
ONTUYECKHUX NOBEPXHOCTEM

METHODS OF PRECISION ION-BEAM MACHINING OF OPTICAL SURFACES

AK. quHBIH_IeBI, M.C. MnxaﬁneHKol, AE. HeCTOBl, H.H. CanameHKol, H.U. Uxano'

A.K. Chernyshev', M.S. Mikhailenkol, A.E. Pestovl, N.N. Salashchenkol, N.I. Chkhalo'

! oTeM MHOTOCTIOMHOI pentrenoBckoii ontuku (8130), MHCTUTYT HU3UKH MUKPOCTPYKTYP
PAH, yn. Akagemuueckas, 1. 7, 1. Aponuno, Hmxkeropoackast o6:1., KcroBckuii paiioH,

603087, Poccus, chernyshev@ipmras.ru

The paper describes ion-beam methods for the formation of precision optical elements for soft
X-ray and EU wavelength ranges. The presented techniques allow for axisymmetric
correction/aspherization by a wide-aperture high-current ion source through a forming
diaphragm, off-axis aspherization by a high-current focusing ion source, finishing correction
of local shape errors by a small-sized ion beam, and ion polishing. The characteristics and

capabilities of the used equipment, as well as existing limitations, are described.
Bseoenue

PazButne ontukm kKopoTkoBoigHOBOro u3nydeHus (0,01 am — 60 HM) compoBOXKTaCTCS
MOBBILICHHEM TpeOOBaHUI TMPEABABISEMBIX K KadeCTBY IOBEPXHOCTEH OMNTHYECKHUX
3JIEMEHTOB. Takue HampaBieHHs Kak wu3ydeHue ¢usuku CoiHIIA U BEpXHHUX CJIOEB
atMocdepsl, DY ® nanoaurorpadus, MP Mukpockomnust B 00J1aCTH “BOASHOTO OKHA™ (JUIMHBI
BOJIH 2,4-4 HM) u Jp. TpeOYIOT CO3JaHMS CIEIUATU3UPOBAHHBIX MPOCKIIMOHHBIX ONTHYECKIX
CHUCTEM Ha OCHOBE 3€pKaJl HOPMAJbHOTO NaJeHUs, oOiagaronux IudpaKiuOHHBIM
paspemienueM. s gocTKeHUS AUQPPAKIMOHHOTO Mpefesia pa3pelaronieil crnocoOHOCTH
ONTUYECKON CHCTEMBI, COTJIAaCHO KpHUTepHio Mapemans, HeoO0X0AuMo, 4TOObI TOYHOCTH
(OpMBI UCTIONB3YEMBIX 3JIEMEHTOB MO CPEIHEKBAJIPATUYHOMY OTKJIOHEHMIO YJOBIETBOPSIA

HepaBeHCTBY (¢ 1)
RMS < /14 (b1)

JlaHHBIN KpUTEPHl CBSA3BIBACT CPEAHEKBAAPATUYHOE OTKJIOHEHHE (OPMBI ONTHUYECKOU
MOBEPXHOCTU C pabodeil UIMHOM BONHBI H3IMydeHUs. [Ipu BBINOJHEHHH S3TOTO YCIOBHS
ONTHYECKAsl CHCTeMa 00eCTIeunT MU(PaKIMOHHOE pa3pellieHne B COOTBETCTBUU C KPUTEpUEM
Penes. Ecion Y4YCCThb, UYTO AJIMHA BOJIHBI COCTABJISACT CAWHUIBI HAHOMCETPOB, TO TOYHOCTH

(dbopMBbI ONTHUECKON TOBEPXHOCTH JI0JKHA OBITh Ha YPOBHE JIECATHIX J0JIeH HAHOMETDA.
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Jns  oTpakeHUST  KOPOTKOBOJHOBOTO  M3JIyU4EHHS  TPUMEHSIOTCS ~ MHOTOCIIOWHBIC
uHTEep(EPEHITMOHHBIE CTPYKTYPHI, KOADPUIIUEHTHI OTPAKEHHsI KOTOPBIX HA pabOuMX JTMHAX
BOJIH, MOXKET J0CTUIraTh JCCATKOB IMPOLCHTOB. OI[HaKO, JJIA HpI/I6J'II/I)KeHI/I$I K
TEOPETUYECKOMY  Tpeneny KodQQuiumeHTa OTpaKeHHs TIOMHMO KadecTBa  CaMou
MHOTOCJIOHHON CTPYKTYPBl CYIIECTBEHHOE 3HAYEHHE HMMEET MIEPOXOBATOCTh IOMJIOKKH,
OKa3bIBAIONIAsl 3HAYUTEIBHOE BIMSHAE Ha MEXCIOWHYIO HIEPOXOBATOCTh CTPYKTYPHI, a Kak

CJIE/ICTBHE, Ha BEIMUMHY KOA((PHUITEHTA OTpaKEHUSI.

Cy1iecTBYIOT pa3iMyHble METOAUKH OOpPaOOTKM ONTHUYECKUX IMOBEPXHOCTEH, Kaxaas WH3
KOTOPBIX TO3BOJISIET JOCTUTHYTH OIpPENeIEHHOr0 KayecTBa IOJIy4aeMON IMOBEPXHOCTH U
UMeeT CBOIO 00ylacThb mNpuMeHeHus. Hampumep, MmexaHuueckas o0paOoTka MO3BOJSET
W3TOTaBIMBATh ONTUYECKUE JIEMEHTHI s BuauMoro u MK nuana3zoHoOB AJMWH BOJH, HO IS
pa®owm B OY® u MP nuamnazone momydaemasi TOUHOCTh (DOPMBI SIBIISIETCS HEAOCTATOYHOM
(BOTHOBOM (PpOHT CHIIBHO HCKaxkaeTcs). OmHako, TpeOyemble TapameTpbl MOTYT OBITh
NOJy4eHbl TpPHU TIOMOIIM HOHHO-ITYYKOBOI'O TpaBJIEHUS. OTO OECKOHTAKTHBIA METO.
00pabOTKM MOBEPXHOCTH, OCHOBAaHHBIN Ha SBICHUM (PU3NYECKOTO PACHBUICHUS MaTepHaia C
MMOBEPXHOCTH 3arOTOBKH IOJ] ICUCTBUEM MOHHOU O0MOapIupoBKH. [laHHBIN METOT TTO3BOJISET
KOHTPOJIMPYEMO yIalsTh MaTepuan C MOBEPXHOCTH C CYOHAaHOMETpOBOIl TouHOCThIO. [Ipm
3TOM CYLIECTBYIOT PEXHMbI pabOThl, B KOTOPBHIX NMPOUCXOAUT CHHKEHHE IIEPOXOBATOCTH

MOBEPXHOCTH.

HNoHHO-Ty4KOBYI0O 00paOOTKYy MOYKHO YCJIOBHO KJIACCH(HUIIMPOBATh IO THITY JIBHIKCHHS
oOpabaTbiBaeMOll JeTand OTHOCHUTENHPHO MOHHOTO Iy4Ka: OCeCHMMMeETpHYHas o0paboTka
IIMPOKMM HOHHBIM ITYYKOM, B XOJI¢ KOTOPOH 3aroToOBKa pPaBHOMEPHO Bpallaercs 3a
dopmupytomeir  auadparMoid, W  JOKaldbHas ~ KOppeKius  (HOpMBI  MTOBEPXHOCTH
MaJIOpa3MEpPHbIM HOHHBIM TIYYKOM, B XO @ KO apPOM HWOHHBIA MY4OK “‘CKaHUpYET

MOBEPXHOCTb.
Ocecummempuynas obpabomxa

OcecummerpudHas 00paOOTKa TIO3BOJISIET MPOBOAUTH ChEM MaTepuaia BJAOIb BCEH
MOBEPXHOCTH C HEKOTOPOW 3apaHee 3aJaHHOW 3aBHUCHUMOCTBHIO TIyOmHBI TpasieHus (H) ot
pamuyca neranu (T.e. H=H(r)), B Tom uncne H(r)=const (T.e. paBHOMEPHBIA CheM MaTepHasia

IO TIOBEPXHOCTH).

[Iponienypa ocecuMMETpHUHONM OOpaOOTKM TOBEPXHOCTH TMPOM3BOIUTCA 10 CXEME,

MPEJCTaBICHHON Ha puC.1.
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Puc.1. Cxema skcriepuMeHTa 0 0CECUMMETPUIHON 00paboTke nmosepxHocTH. 1. [llupokoanepTypHbIit
HCTOYHUK MOHOB; 2. KBazunapaiienbHblil HOHHBIN my4ok; 3. @opmupytomas auadpparma; 4. MoHHbIH
my4oK mocie auadparmer; 5. OOpadaTeiBaeMblit 0Opaselr; 6. Cuctema mo3uIMOHUPOBAHMS.

Pacnipenenenne WMOHHOTO TOKa B 00JacTH 00padaThIBAa€MOi MOBEPXHOCTH 3adaéTCsl MpHU
NPOXOXKJICHUM KBa3WUIapaUIeIbHOTO MOHHOTO IIydka depe3 auadparmy. 3aroTtoBka ¢
MIOCTOSTHHOM CKOPOCTBIO BpAIlaeTCsl BOKPYT HEKOTOPOW OCH, YTO 00ecriedrBaeT paBHOMEPHOE
nepemelnieHre  o0pabaTblBaeMOro  ydacTka  BJIOJb  IOBEpXHOCTHU.  [IpumeHeHue
IIMPOKOANIEPTYPHOTO CHIIBHOTOYHOIO MCTOYHHUKA C KBa3UMapaJlIeIbHbIM HOHHBIM ITyYKOM
No3BOJIsieT 00palaThiBaTh MOMIOXKKK aAuaMeTpoM 10 300 MM CO 3HAYUTEIHHBIM CHEMOM

MarepHaia (€AMHHUIBI - TECITKH MKM).
Jlokanvhas xoppexyusi

B cnydae mpous3BoiBHOTO (HE OCECHMMETPHYHOIO) peiibeda MOBEPXHOCTH TPUMEHSIETCS
JIOKaJIbHas KOppeKuusi (popMbl MOBEPXHOCTH Majlopa3MEpHBIM HOHHBIM IydkoM. [Ipouenypa
KOPPEKIMH TPEACTaBIsAeT COOOW CIEAYyIOLIyl0 IOCIeAOoBaTeNIbHOCTh aeiicTBuil. Ha
NOJATOTOBUTEIILHOM 3Tame u3Mepsercs (opMa HMOHHOTO IydKa, 3aTeéM C IOMOIIBIO
uHTepdepomeTpa ¢ TUPPAKIIMOHHON BOJTHOW CpaBHEHHS [1] momydaercs KapTa OTKIOHCHHS
(GopMBI TTOBEPXHOCTH PEATHbHOW MOBEPXHOCTH OT pacdyeTHou. [IpoBoauTCs pacueT KapThl
TpaBJIEHUS C TOMOUIbIO MPOrpaMMbl MOJEIHMPOBAHMS B3aUMOJEHCTBUS MalopazMEpHOro
MOHHOTO Tydka ¢ noBepxHocThio [2]. Tlo paccumTaHHON KapTe MPOU3BOIUTCS TpaBIEHUE,
TaKuM 00pazoM, YTOOBI B KaXI0M TOUKE KapThl (IS JIOOBIX BBIMYKIIOW/BOTHYTOM neTaneil)
o0OecrieunBasiach JIOKaJbHAas HOPMallb K IIOBEPXHOCTH M TIOCTOSIHHBIA 3a30p MEXAY
oOpe3arorieit mydok nuadparMoil 1 TOBEPXHOCTHIO. 3aT€M BHOBb MPOU3BOJUTCS HU3MEPEHUE

dbopMbI moOBepxHOCTH Ha HHTepdepomeTpe. Cxema mporiecca MmpeacTaBieHa Ha puc.2.
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Puc.2. Cxema 3kcriepuMeHTa 10 KOPPEKITUH JIOKATBLHBIX OMIHOOK Gopmbl. 1. McTounuk ¢
(hoxycupoBKOIf HOHHOTO ITy4Ka; 2. O6pazer; 3. Cucrema nmo3unmonupoBanus; 4. O61acTh, B KOTOPOU
MPOUCXOJIUT HOHHOE TPABIICHHUE.

Hamu Obuta pazpaboTana mareMaTudeckass MOJENb IMPOIecca MOHHO-IIYYKOBOW KOPPEKIUU

dopmsl. ($h2)

_ N vN [@T?(xpy)+yiT(xpy)+8
RMS = JZi:le:l( +By j*T (e, y)*T(x ) ) ($2)

rae ai, Pi, vi, oHe 3aBucAT or T. 3amaua 3akiro4aeTcs B HaxoKAeHMU Bcex T; (Bpems
HAXOJXXJICHWSI MOHHOTO ITyYKa B TOYKE 1) TaKMX, YTOOBI BBHIMOJHSICA KpUTepuid Mapermans 1
9TOOBI BBIMOJHSIOCH ycioBue T; > 0. MoXHO BHIETh, YTO 3TO 3aja4ya ONTHMHU3AIUU B

nepemeHHbIX Tj, rie RMS Oyner sBnsiThest GyHKIUEH MOTEPD.
Buvioo

B pabore mpencraBieHbl METOIUKH OOpPaOOTKH ONTHUYECKHX MOBEPXHOCTEH B OCHOBE
KOTOPBIX JICKHUT (PU3MUECKOE SIBJIICHUE pACHbUICHHs MaTepuaja Ioj ACHCTBUEM HOHHOMN

O6oMOapAMPOBKH.

Dunancuposanue

Pabora BeimonHeHa npu puHAHCOBOH moanmepkke Poccuiickoro HaydHoro ¢onnma (rpant Ne21-72-30029) u c

ncnoip3oBanueM obopynoanns LIKIT «®u3nuka v TEXHOIOTHH MUKPO- M HAHOCTPYKTYp» nipu UOM PAH.

[1] Chkhalo, N. 1., Malyshev, I. V., Pestov, A. E., Polkovnikov, V. N., Salashchenko, N. N., Toropov, M. N., &
Soloviev, A. A. (2016). Problems in the application of a null lens for precise measurements of aspheric mirrors.
Applied Optics, 55(3), 619-625.

[2] Chernyshev A., Chkhalo N., Malyshev 1., Mikhailenko M., Pestov A., Pleshkov R., Smertin R., Svechnikov
M., Toropov M. (2021). Matrix based algorithm for ion-beam figuring of optical elements. Precision

Engineering, 69, 29-35.
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Cexkyusa 2. Pacceanue u imuccus UoH08, 31eKMPOHO8, hOMOHO8 U
PEHM2eHO08CKUX JIyuell npu UOHHOU ODoMOapoupoeke

Section 2. lon scattering, emission of ions, electrons, photons and X-rays
under ion-surface interaction
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DETERMINATION OF OPTICAL PROPERTIES OF SOLIDS FROM REFLECTION
ELECTRON ENERGY LOSS SPECTROSCOPY SPECTRA

K. Tékési', Z. Li%, X.H. Zhou?, .M. Gong®, R.G. Zeng’, Z.J. Ding’

'Institute for Nuclear Research (ATOMKI), Debrecen, Hungary

Department of Physics, University of Science and Technology of China, Hefei, Anhui
230026, P.R. China

3Institute of Materials, China Academy of Engineering Physics, P.O. Box 9071, Jiangyou,
Schuan 621907, People' s Republic of China

The optical constants and dielectric function are defined by the response of electrons of a
solid to an external electric field. Such information has fundamental importance in both
theoretical studies and applied physics. So, there is a continuous interest and effort for a long
time to determine accurately the optical constants of solids. Along this line, traditional optical
techniques, such as reflectance and absorption spectroscopy with ellipsometry measurements,
were extensively used to obtain optical constants. Many of these available data was collected
and synthesized as a database of optical constants for various materials [1]. However, most of
the dielectric or optical properties lack data points in the energy range between 20 and 50 eV.
Furthermore, the available data of a solid usually consist of different pieces measured by
several research groups using different samples under different experimental conditions.
Therefore, it is a real challenge to use them as potential applications. For this reason the
electron energy loss spectroscopy (EELS) was introduced for deriving optical constants [2-6].
One of the main advantages of this technique was the simplicity in experiment requirements.
In contrast with the optical measurements it also holds the opportunity to get the optical

constant for nonzero momentum transvers.

Great progress in deriving the electron energy loss function (ELF) and thereby to get the
optical constants of the samples from experimentally measured reflection electron energy loss
spectroscopy (REELS) spectra have been made since the past decades. The precise
description of the energy dissipation processes, the combined effects of multiple elastic
scattering as well as bulk and surface inelastic scattering of an electron interacting with the
sample system, is of crucial importance. Most of the previous works used either the original
or the modified algorithm developed by Tougaard and Chorkendorff [7] aiming at extracting a
single inelastic scattering distribution from REELS, where a measured REELS spectrum is
described by multiple convolutions of single inelastic scattering distribution including

differential inverse inelastic mean free path (DIIMFP) and/or differential surface excitation
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probability (DSEP) for surface excitations. These attempts promised advances in
understanding of the electron-solid interaction and provide valuable optical data of insulators
and metals. However, the algorithm has serious limitations. The most noticable is that neither
the f-sum rule regarding to the oscillator strength nor the ps-sum rule for perfect screening are

fulfilled.

As a significant technical improvement, recently, we have proposed a new numerical model
[4,5], namely the reverse Monte Carlo (RMC) method to derive optical constants based on the
measured REELS spectra. The absolute value of the ELF can be extracted with the new model
with a very law relative error and at the same time the f- and ps-sum rules also fulfilled with
very high accuracy. The RMC model takes into account the elastic scattrings and both the
surface and bulk excitation effects in the inelastic interaction while electrons crossing an
interface between vacuum and solid by using a spatially varying DIIMFP under semi-classical
framework. For the characterization of the elastic process the Mott's elastic cross section is
used by applying the partial-wave expansion method. In this case the only input in calculating
Mott's cross sections is the atomic numbers of components of the sample. For the description
of the inelastic processes we have used the dielectric function formalism. In the procedure of
RMC, an initial ELF was parameterized by several dozens of arbitrarily Drude-Lindhard

functions as:

{(q, } gmml(q,Tlp,,y,)] (1)

where the 3N oscillator parameters, A, @y and y; are, respectively, the oscillator strength,

the energy and the width of the ith oscillator. They are initially arbitrarily selected at the long
wavelength limit, g — 0. For finite q-values, the dielectric function 5(q,a)) is extended with

the scheme of Ritchie and Howie [8]. By the help of the ELF, the REELS spectrum can be
simulated by employing the Monte Carlo (MC) simulation method for the electron transport.
A goodness function of the ELF can be defined as the summed difference between the
simulated spectrum and the experimental spectrum. Consequently, the problem to find the
accurate ELF of a sample becomes the question to find the optimum set of the 3N oscillator
parameters, which yields minimum value of the goodness function. So, using the successive
approximation, the oscillator parameters was improved by minimizing the differences
between a simulated and a measured REELS spectrum (goodness parameter). The iteration

was stopped when the simulated spectrum agreed with the corresponding measured spectrum

104



with high accuracy. We note that for samples with complex ELF, like for the case of transition
metals, fifty or more Drude-Lindhard type functions are needed for accurate description of the
ELF. Determination of the ELF of the sample thus turns into a task of global optimization
procedure to get the best oscillator parameters in a multi-dimensional hyperspace. To solve
this, we used a Markov chain Monte Carlo (MCMC) sampling procedure, i.e., Metropolis
importance sampling by adopting a simulated annealing method for adjusting the parameter
set. As an example the results of the calculation steps applying the RMC for iron sample is
shown in Figure 1. The optimized ELF is shown in red curve. We note that the optimized
ELF, as a sum of the number of Drude-Lindhard functions, from the MCMC is generally
independent of initial ELF. This is a direct consequence of the basic property of the MCMC
method where the equilibrium state is independent of the initial state of a Markov chain. In
other words, by virtue of this: there is no need for any pre-knowledge about the energy loss

structure of the sample. This fact make the RMC method very useful.

sketch map of rmc evolution

N\

N
8
R
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L
v

L

200

Figure 1. Scematic diagram of the improvment of the ELF during the RMC simulation. Blue
waves denotes the updating of the trail ELFs with MCMC steps. True ELFs obtained finally
by RMC are depicted in red dots on left. Variation of potentials of the trial ELFs are displayed

on right with white dots and a decreasing line with red dots.

Once the final ELF, Im[-1/¢(®)], is obtained by the RMC method, the corresponding real

part, Re [—1/ g(a))] , can be deduced via Kramers-Kronig relation. Then the complex dielectric

function can be expressed as:
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The refractive index n(®) and the extinction coefficient k(@) can be calculated as:
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Finally, to minimize the uncertainties of the obatined ELF the calculations were performed
using various incident energies and the obtained ELFs are averaged for different energies to
get the final ELF. We have shown the efficiency of the method by using various samples with
the calculation of the ELF, the optical constants and the electron inelastic mean free paths,
verifying the accuracy of the derived energy loss function with the f- and ps-sum rules [9-13].
We have shown that this approach provides a valid and universal tool to investigate optical

properties of materials.

In this paper as a typical example we present results for the case of iron. Figure 2 shows the
ELF of iron in comparison with the previous results of Werner [14], Palik [1] and Henke [15].
In the low energy loss region (less than 50 eV), RMC agrees very well with Werner’s data
deduced by deconvolution from REELS spectra and by DFT calculation. For the high energy
loss part, our ELF exhibits almost the same values as Palik’s and Henke’s data obtained from
measured atomic scattering factors. The validity of the obtained ELF was checked by the sum
rules. According to the evaluation of the f- and ps-sum rules, we found that the ELF obtained
by our RMC method gives the most accurate result. Finally, optical constants are obtained
from the calculated ELF. Figure 3 shows the refractive index n and extinction coefficient kK of

Fe in the energy range of 0-200 eV with the widely quoted database of Palik.

In summary, we have obtained the energy averaged, absolute values of optical constants of
iron from the measured REELS spectra with the help of the recently developed RMC
technique. During the optimization procedure the successive approximation in comparison
between the measured and simulated spectra were used. The energy loss function used in the
simulation was approximated by the sum of the Drude-Lindhard type functions and the

parameters of the Drude-Lindhard functions were determined by a global optimization
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method. A combination of a spatially varying DIIMFP under semi-classical framework with
Mott’s elastic cross section was found to give accurate description for electron transport in a
REELS experiment, which was checked by self-consistency among REELS spectra at three
energies. Energy loss function of Fe was obtained in a range of 0-200 eV and its validity is
verified by the sum rules. At last, the optical constants in the form refractive index n and

extinction coefficient Kk were also presented.

2.0
[ present (RMC)
i —+— Werner (REELS)
151 Werner (DFT)
a3 e Palik (Exp.)
B s Henke (Exp.)

Energy loss function
[N
o

o
3

0.0 " " "

Energy loss (eV)
Figure 2. Comparison of energy loss functions deduced by our RMC method (red line) with
that by Werner’s method with REELS (rhombus with line) and with DFT theory (open
squares with line) [14], from Palik’s handbook from experiments (circles) [1] and by Henke’s
experiments (open squares) [15].

15

i(a)

Qoo

0.0 1 1

Energy loss (eV)

Figure 3. Optical constants of refractive index n and extinction coefficient kK of Fe obtained
by RMC method together with the Palik’s data (circles for n and open circles for K) [14] and
with the Henke’s data (triangles for n and open triangles for k) [15].
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Our work clearly shows and provides a new solution for mining fundamental optical constants
(n, K) buried in REELS spectra. We show evidences that our present model behaves as the
most adequate treatment to obtain optical constants from REELS. Although we present results
for iron case it is generalizable for other elements. We are working on the new data base for

elements used in practical applications, based on the method published in the recent work.
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Nanoscience and nanotechnology are considered to be the next steps in technological ad-
vancement across all branches of science. Understanding the properties of nanostructures and
their response to physical and chemical phenomena is crucial for their successful implementa-
tion in emerging technologies. Thus, the characterization of nanostructures in terms of surface
coverage, shape, size distribution, and elemental composition is fundamental for the develop-
ment of novel applications in nanotechnology. As the complexity and sophistication of nano-
materials continue to increase, conventional characterization techniques are often inadequate
for a complete understanding of their properties and behavior [1]. Therefore, there is an ur-
gent demand for high-resolution characterization techniques that are capable of achieving these
requirements. It is well established that the MEIS technique provides the shape, composition,
size distribution, and stoichiometry of nanostructures with subnanometer resolution. In this
study, we show the potential of the Medium Energy Ion Scattering (MEIS) technique for the
characterization of nanostructures and ultra-thin films. Additionally, we explore the integra-
tion of MEIS with PowerMEIS3, a Monte Carlo simulation code capable of modeling complex
nanostructures using voxels [2].

The combination of MEIS and PowerMEIS3 has been utilized to investigate various nanos-
tructures, including gold (Au) nanoparticles (NPs) adsorbed onto a multilayered film of weak
polyelectrolyte [3], Au NPs (size range from 1 to 10 nm) embedded in a SiO, film [4], plat-

inum (Pt) and palladium (Pd) nanoparticles (approximately 5 nm mean diameter) with distinct
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core @shell or core @alloy structures [5], calcium fluoride (CaFs) NPs partially buried in a thin
layer of deposited CaF, material [6], and copper (Cu) and Au semisphere NPs (size range from
1 to 4 nm) grown on cerium dioxide (CeQO-) thin films with distinct core @shell or alloy struc-
tures [7]. Furthermore, the MEIS and PowerMEIS3 combination has been utilized to obtain the
elemental depth distribution and dimensions of three-dimensional (3D) structures, such as the
FinFET transistor. In this instance, the plasma-implanted arsenic (As) was quantified on the
top, bottom, and sides of the 3D fin structure [8]. These characterizations arise from the high
energy resolution of the MEIS technique and are commonly referred to as conventional MEIS.

Another unique aspect of the MEIS technique is revealed when molecular beams are em-
ployed. Among various characterization techniques, ion beam analysis is typically limited to
providing the areal concentration in atoms per cm?. Therefore, the depth is indirectly obtained
after a particular value for the layer’s density is chosen. However, by using molecular beams,
the product of density and thickness can be resolved separately. In this context, the Coulomb
explosion and vicinage effects must be taken into account [9]. In this way, the absolute thick-
ness and density of thin films can be determined using MEIS and are normally referred to as
Coulomb explosion measurements. This information is critical in various industries, such as the
semiconductor and disk drive data storage industry.

MEIS also enables the acquisition of information about crystalline samples through its high
angular resolution that explores the channeling and blocking effects. This feature has already
been used, for instance, to quantify the strain in silicon-germanium thin films, and has demon-
strated sensitivity to the absence of inversion symmetry in crystals (e.g. GaP), indicating that
MEIS can provide the absolute crystal orientation [10, 11]. These characterizations arise from
the high angular resolution of the MEIS technique and are commonly referred to as MEIS car-
tography.

Here, we present examples of these MEIS operating modes (conventional, Coulomb explo-
sion, and cartography) and highlight their advantages and challenges. In the case of the con-
ventional MEIS, we present examples of a FinFET-like structure and CuAu semispherical NPs
[8, 7]. Figure 1 shows the experimental and simulated maps of the proton yield as a function of
backscattered energy and angle (the so-called 2D MEIS spectrum) for the FinFET-like structure
at two different experimental geometries. Careful analysis of the experimental map shown in
Figure 1 provides information on the dimensions of the fin structure and the full 3D distribution
of As plasma implanted in the structure. This is accomplished by comparing the experimental
and simulated energy spectra at different angular regions, which are obtained by projecting the

2D map onto the energy axis for a particular angular aperture.
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Figure 1: Experimental and simulated map of the proton yield as a function of the backscattered energy and angle
for 200 keV H™ ions at two geometries: along (¢ = 0°) and crossing (¢ = 90°) the fins. The color maps represent
the backscattered proton yield [8].

In the case of MEIS with Coulomb explosion, we present the example of As plasma im-
planted into Si substrate. Figure 2 shows the MEIS 2D-map of two samples: sample 1 (a and b)
underwent only a wet cleaning process after implantation to remove a large fraction of As and
form an oxide layer on Si, while sample 2 (c and d) includes an additional ”spike” anneal (held
at 1050 °C for 1.7 s) in the process. Both samples were measured with 200 keV/u H" and Hy
ions. For both samples, we measured the atomic composition of the plasma-implanted As and
obtained the absolute thicknesses and densities of the formed SiO2 layer.

The last mode explored is cartography MEIS. The example presented here utilizes cartog-
raphy MEIS to determine the absolute crystal orientation of a gallium phosphide (GaP) crystal
based on its lack of inversion symmetry. Figure 3 (A, B and C) presents the MEIS cartogra-
phy for the GaP crystal as measured, after correction for the dependence of the cross-section
on the scattering angle of H' ions scattered from Ga atoms, and the VEGAS simulation of the
visibility, respectively.

At first sight, the distribution may appear symmetric relative to the plane at ¢ = 90°. How-
ever, there is extra intensity ("halo’) on the inside of the (1-11) plane (connecting the [110] and

[211] strings), whereas the (111) plane (connecting the [211] and [101] strings) has this halo on
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Figure 2: MEIS 2D-map for samples 1 (a and b) and 2 (c and d) measured with 200 keV/u HT and H;r ions. The
signals from ions backscattering from As and Si are indicated, as well as the yield reduction caused by channeling
and blocking effects. The energy broadening of the As signal due to the Coulomb explosion is clearly visible. The
oxygen signal was not measured and would start to appear at 165 keV. [9].
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Figure 3: (A) MEIS cartography as measured, (B) after corrections for the dependence of the cross-section on the
scattering angle of H' ions scattered from Ga atoms, and (C) VEGAS simulation of the visibility. The angular
range used for the calculation of the cross-correlation coefficients is indicated by the yellow boxes. Darker shading
corresponds to smaller scattering intensities.) [11].
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the outside. These intensity differences are indicated by yellow and red arrows. As a result, the
measured intensity pattern is not rotationally invariant for rotations over 90° along the surface
normal, which allows for the determination of the exact orientation of the GaP crystal.

In summary, Medium Energy Ion Scattering is shown to be a powerful tool for the study
of surface and interface properties of materials and can provide important information for the
development of novel materials and devices. MEIS in combination with simulations performed
by PowerMEIS3 and VEGAS programs can provide complete characterization, including sur-
face coverage, shape, size, and elemental composition, with sub-nanometer resolution of 3D
nanostructures and thin films. Moreover, it is the only ion-based technique capable of quan-
tifying the absolute thickness of thin films. In the case of crystalline samples, it allows us to
obtain information about the crystal lattice, such as defects, strain, and, as shown, the crystal

orientation.
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MORPHOLOGICAL STUDY OF THE RAINBOW SCATTERING OF PROTONS BY GRAPHENE
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Abstract: The main goal of our analysis is to show that the shape of the angular
distributions can be used to study 2D materials. For this kind of systems, angular distributions
contain lines along which large yield dominantly determine their shape. We focus on the
relationship between the reduced interaction potential and the shape of the rainbow pattern.
Metamorphoses of the rainbow pattern in the impact parameter plane were investigated and
attributed to the bifurcations of the critical points of the rainbow line curvature. It will be shown
that the impact parameter rainbow vertices are connected with the corresponding cusps of rainbows

in the scattering angle plane, and their bifurcations will be analyzed in detail.

The transverse plane of the Cartesian coordinate system was attached to the graphene plane.
The beam direction is specified by polar and azimuthal angles @, and @. The proton-carbon
interaction potential was obtained by thermally averaging Doyle-Turner’s potential [1]. The

following expression gives the resulting interaction potential in atomic units

1
[—EPT Zhep ), (M

v () 1 * (047
SR e
o 4/ & [ldet Q]

where p is the ion-carbon separation vector, a; and Sy, (k = 1,... 4) are carbon’s fitting
parameters, Q, = f; /16m% + %X, while ¥ is a covariance matrix of atom thermal

displacements [2]. The ion-graphene interaction potential energy is given by the following sum
UG) = ) Vinr = Ry), @
n

ranging over all atoms contributing significantly to the scattering process. Note that potential U (1)
is negligible outside an interval z < |z,,| called the interaction interval. Planes at z = +z,, are

called the impact parameter plane and the exit plane, respectively.
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The scattering of the classical particles is described by Newton’s equations that read

d
m v = —VU(r), 3)

where m,, is proton mass, v = (¥, 1}, ;) is its velocity vector, and t is the time. For parallel,
monochromatic proton beam of kinetic energy E}, the appropriate initial conditions for solving Eq.
(3) are 1(0) = (by,by,—zp), v(0) =,/2E;/m, (sin®cos®,sinOsin®,cos @), with
uniform distribution of impact parameters b = (by, b,). In the exit plane, scattering angles are
given by relations tan6, = v,/v,, and tanf, = v,/v,. The differential cross-section

04ifr(0; 0, D) is given by the relation [2]

{1 — sin? 8, (b) sin? 6, (b)}’"* 1

4
cos 6, (b) cos 6,,(b) |detJ(b; 0,D)|’ ®)

oqire(b; O, D) =

where J(b; @, @) is the Jacobian of map b — 0. Note that o4 is infinite along lines satisfying the

following equation
detJ(b; 0,®) =0, )

called impact parameter rainbows. Their images in the exit plane are called angular rainbows.

When E, is sufficiently large, the momentum approximation gives an excellent
approximation of the scattering process. In the coordinate system attached to the proton beam, the

closed form of the scattering law is given by the following expression

1
6 = —Z—Eka @(b), (6)

where V, is the transverse gradient, while ¢ (b) is the reduced potential defined by the following

integral

[oe)

o(b) = f U(b, z)dz. (7)

—00

The rainbow condition (5) reduces to
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det H,(b) =0, (8)

where H,, is a Hessian matrix of the reduced potential.

Figures 1(a) and (b) show calculated angular distributions of transmitted protons for @ =
0, ® = 0, and 600. For ® = 0. The distribution consists of the inner hexagonal part — whose
enlarged view is shown in inset 1(a’) — and the outer circular part. The inner part reflects Cg
symmetry of the reduced potential, while the outer part reflects the spherical symmetry of the
potential in the proximity of the carbon atoms [16]. For ® = 600 mrad, the inner part of the
distribution gets elongated in the vertical directions while the outer circular region splits into two

elliptical regions.

Black and blue lines in Fig. 1 show rainbows obtained by solving Egs. (5) and (8). The
rainbow pattern for @ = 0 consists of two lines. The inner line has the shape of a hexagon with a
curve homomorphic to the equilibrium set of the degenerate buttery catastrophe Fs at its corners

[3, 4], while the outer rainbow is a circle. For ® = 600 mrad, the inner rainbow pattern consists

min | . 11X

(a)

100+

8.(mrad)
<=

-100

-100 0 100 -20 0 20
8, (mrad) B,(mrad)

FIG. 1. Angular distributions in the exit plane for graphene tilted by (a) ® = 0, and
(b) ® =600 mrad. (a’) An enlarged view of the central part of the distribution. Black and

blue lines show rainbows obtained by solving Eqgs. (5) and (8), respectively.
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of a hexagonal line elongated vertically. Four out of six of its butterflies were transformed into
cusps. The outer rainbow pattern consists of two elliptical lines. It is evident that exact and impulse
approximation rainbows completely determine the shape of the angular distributions. For
simplicity, we will study the metamorphoses of the rainbow pattern using the momentum

approximation.

The black lines in Fig. 2(a) show the rainbow pattern in the scattering angle plane for ® =

0 mrad. The inner pattern consists of the hexagonal line I while the outer pattern consists of the
circular line O . The upper inset gives an enlarged view of butterflies Fs(l) Yoo F5(6) belonging to

line I. The lower inset shows the enlarged view of the line I in the vicinity of the buttery FS(G).
Rainbows partition the scattering angle plane into regions colored according to the relative
multiplicity of its points. Multiplicities, ranging from zero up to eight, are indicated with a different
tone of the red color. Note that rainbows are boundaries at which multiplicity changes locally by
two. The exterior of the curve O has the lowest multiplicity of 0, while points in its interior have a
multiplicity of 4. This indicates that rainbow O is most probably composed of two overlapped lines.
Most points inside the line I have multiplicity six. The lower inset reveals that points inside the
middle cusp have multiplicity 8. This explains why butterflies are the most prominent features of

angular distribution.

The black lines in Fig. 2(a’) show the corresponding rainbow pattern in the impact
parameter plane. Each unit cell contains one copy of the rainbow pattern that consists of the line 1
and two lines O and O enclosing atoms. The scattering law (6) maps line I to I while both lines O
and O’ are mapped to 0, thus proving its double degeneracy. Lines in Fig. 2(a’) separate areas of
positive and negative potential curvature colored blue and red, respectively. Interiors of rainbows

must contain extremum point of the potential ¢.

Vertices of rainbows in Fig. 2(a’) are shown by white dots. Irreducible vertices of the I are
a,c,d and e, Points a, and d, are minima of the curvature, while points ¢ and e are maxima.
Between each max-min pair, the curvature has an inflection point. Four inflection points, vital for
our analysis, are by the yellow points and labeled b, b’, —b, and —b’. Note that minima a, and d
of the line I are mapped to the butterfly cusps of the line I (points @ and d), while maxima ¢ and e

are mapped to the curvature minima of the line I at centers of hexagon sides (points ¢ and e). The

inflection points b, are mapped to the two side cusps of the butterfly Fs(l).
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FIG. 2. (a), (b) Rainbows in the exit plane for ® =0, and @& =500 mrad.
Multiplicities of points are coded according to shown colorbar. (a’), (b’) The corresponding
rainbow patterns in the impact parameter plane. Dashed black lines show the boundaries of
the graphene unit cell. (c¢), (d) Bifurcations of vertices of rainbows O and I, respectively.

Symbols a,v, and ® mark maxima, minima, and saddles of the reduced potential.
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For @ = 500 mrad circular rainbow O transforms into two elliptical lines O and 0’ each
having four vertex points. The irreducible vertices are labeled f, g, and h. Their trajectories
obtained for different values of the tilt angle @ are shown in Fig. 2(c). This Fig. reveals that these
vertices are created simultaneously for infinitesimal change of the tilt angle ® = 0 mrad. This
process can be understood as a bifurcation of the conic section that transforms a circle into an

ellipse.

The inner rainbow I undergoes a more elaborate transformation. Its butterflies FS(Z), Fs(g),

FS(S) , and 175(6) are transformed into the cusps labeled Fg(z), F3(3), Fg(s), and 173(6). The increase of the
tilt angle moves the central cusp and the nearest side cusp of each butterfly to approach each other.
For ® = 234.6 mrad, they undergo a saddle-node bifurcation that annihilates them, leaving one
cusp in the place of the original three. The described unfolding occurs without alteration of the

corresponding vertex structure in the vicinity of point d and its symmetrical equivalents. For & =0

mrad, this point was associated with the central cusp of the pattern FS(Z). For ® = 234.6 mrad, it is
mapped to the double degenerate singular point created by the annihilation of two cusp

singularities. After unfolding, vertex d is mapped to the point d located to the right of the remaining

cusp of the pattern F3(2). Note that this behavior is characteristic of the unfolding of the defective

catastrophe F5 into F;.

Figure 2(b’) show two vertex points by, and b, at the place of the original point b. The
evolution of point b in detail and obtained trajectory is displayed in Fig. 2(d). It shows that for & =
444.9 mrad, inflection point b becomes the degenerate critical point and bifurcates into critical

point pair. The lower inset in Fig. 2(b) shows that points b;, and b, are mapped to points b;, and

b, located near the vertex and cusp singular point of the butterfly pattern Fs(l).
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OITPEJEJIEHUE MHTEHCUBHOCTEM CUTHAJIOB B CIIEKTPOCKOITNH ITMKOB
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DETERMINATION OF SIGNAL INTENSITIES IN THE ELASTIC PEAK ELECTRON
SPECTROSCOPY
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Abstract: Quantitative method of elastic peak electron spectroscopy (EPES) signal
processing is constructed. On a base of boundary problem solving by means of invariant
imbedding method in small-angle approximation EPES signal intensities are determined.
Analytical results are verified on a base on comparison with numerical simulation results
obtained by discrete ordinates method (DOM).

VYri1eBOoAOpPOAHBIE MOKPBITHS HCIONb3YIOTCS C LENbI0 YIPOUYHEHUS MHCTPYMEHTOB, B
uH(ppaKpacHON TEXHUKE U T. 1. AHaIU3 MOJOOHBIX MOKPBITUI MpEACTaBIsSET UHTEpPEC s
pelIeHNs TPUTUEBON POOJIEMbl B YCTAHOBKAX yIPaBISEMOr0 TEPMOSAIEPHOIO CHHTE3A.

TpaguIMOHHBIMM METOJAMHM OINpPEAENEHUS COJAEp)KaHUsA M30TONOB BOJIOPOAA B
NPUTIOBEPXHOCTHBIX CIIOSIX SBIISIOTCS: MeTOJ ObICTpbIx atomoB oTnaun — ERD (Elastic Recoil
Detection), meron saepusix peakuuii — NRA (Nuclear Reaction Analysis) u BropuuHO
HOHHAas Macc criekTpockornus — BUMC [1].

AnbpTepHaTUBON yKa3zaHHbBIM MeronaM siBisercs Cnektpockonus IlukoB VYmpyro
Otpaxennbix DnektpoHoB — CIIYOD [2-10]. Baxusimu mnpeumymiectBamu CITYOD
ABIIIETCS BO3MOXHOCTh €€ pealM3alid Ha CEepPUITHO BBIyCKaeMOM OOOpYIOBaHUU U
BO3MOYKHOCTh TIOCTPOCHHSI KOJIMYCCTBEHHOW MeToauku. B [8] mms amamusa coaepikaHus
Bojopoza u neirepus B H,O u D,0 ucnonb3oBanock o0opyaoBanue, od1aaaroliee Janeko He
PEKOPIHBIMM XapaKTEPUCTUKaMHM II0 3Hepreruueckomy paspemenuro. CIIYOD ananus
JIETKOW KOMIIOHEHTBHI COEIMHEHHUs O0JaJaeT TeM NPEeUMYILIECTBOM, YTO HSHEPreTHUYECKUM
CABUI TAaKOro MHKa MakcumaiueH. llorepst sHeprum aJIeKTpoHa Maccoll m, Majarolero Ha
UCCIeAYEMYIO MULIEHB C 3Hepruen Ey u oTpakeHHOro ot siipa maccoil M B HampaBieHuu 0,

CIIEYIONIAst U3 KJIACCHYECKHUX 3aKOHOB COXPAHCHHS SHEPTUH W HUMITYIIbCA, HMEET BUJI
2m
AE=7EO(1—COSQ). Q)

Kak cienyer u3 (1) A E MakcuMaibHa JJ11 MUHUMAJIBHBIX Macc siiep — M.
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(e} o o o o
— [\ w = ot

o

20 30 40
Energy loss w — AEq (eV)

Puc. 1. Criektp REELS yrieBogoponHoii ieHKH, conepikaiiieit mpoToHs! u AeidTonsl. Ey = 3 k3B.
VYron nanenus 6y = 60°, yron orpaxenus 8 = 51°, azumyTansHbli yroa ¢ = 120°.

Ha puc. 1 mnpencraBieH 5SHEPreTHUYECKUN CHEKTP 3JIEKTPOHOB, OTPAKEHHBIX OT
YIJIEBOJOPOAHOM MHUILIEHHU, COAEP KAILECH ITPOTOHBI U JEUTPOHBL. [l MpoBEeACHUS IIpoLecca
BBIYUTAHUS (POHA 3JIEKTPOHOB, MOTEPSABIIMX SHEPTHIO TOJBKO B IPOILECCaX HEYNPYroro
paccesiHHs, HEOOXOAMMa PETHCTpalus CIeKTpa B obmactu moTepbh sHepruu ao 100 »B.
Perucrpamus Oosiee mHMpPOKOil 00jJacTH MOTEPh IHEPrHHM IMO3BOJIAET IMOBBICUTH TOYHOCTH
pOLEAYPHl BEIYUTAHUS (OHA.

Ha puc. 1 He MOAHOCTBIO MPEACTABIEH MUK AJIEKTPOHOB, YIIPYro OTPAKEHHBIX OT SJEP
yraepoaa. MTHTEHCUBHOCTh NTUKa MPONOPIHOHATIbHA CEYECHHUIO YIPYTOro paccesHusl, KOTOpOe
mist C nmpumepno B 36 pa3 6omnbiie yem st H u D. CrnexktpanbHasi perucTpanus MHKa
yriaepojaa HeoOXoauMa ISl BBIYMCICHUSI OTHOCHTEIHbHOM MHTEHCHBHOCTH IMHKOB BOJOPOJIA U
yriepoaa, a, CJIeA0BaTeNbHO, U UX OTHOCUTEIbHBIX KOHIIEHTPALUi.

[lens maHHOM pabOThI 3aKIOYaeTcs B Pa3BUTUM KOJIMYECTBEHHBIX METOJIOB pacyeTa
KOHIEHTpAllUi KOMIIOHEHT UCCIIEyeMOro 00pasiia ¢ mocie0BaTeIbHbIM YYETOM MPOLIECCOB
MHOTOKPATHOTO YIPYTOr'0 PACCESHUS AJIEKTPOHOB, GOPMUPYIONINX MUKU. | paHnyHas 3a1a4a
JUIsl YpaBHEHHUsSI MEepeHoca peniaeTcsi METOJI0M MHBAPUAHTHOTO MOrpyxeHus. B oTiuuue ot
I0JIX0/IOB, UCIIOJIb3YEMBIX B paborax Ambapitymsna u Yanapacekapa [11-13], nius pyHKImun
otpaxenus R; (S, lg, jt) TomydaeM naTerpo-auddepenmansHoe ypapHeHne Tumna JlamyHosa:

!
(% + 1) (Mio + %) R; (s, uo, ) = Bjx;j(po, 1) + f_01 R; (s, o, u)x(u', ) dﬂi +
) " )
Jy x (o, IR (s, ', ) =
T/€ Uy, 4 — KOCHHYC yTJIa MaJeHus] U OTPaKEHUsI COOTBETCTBEHHO; S — MPOOEr 3JeKTpPOHA B

munrenn; X (Uo, 4) — HOPMHPOBAHHOE HAa €AMHHILY JAU(PQPEpPEHIHATLHOE CCUYCHUE YIIPYToro
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n;o
jYel . . .
paccesnus; f; = J /Zk NGy, M; — KOHIEHTPAIUA j-TO KOMIIOHEHTa MHIUICHH; O¢; —
k

MHTErpaJbHOE CEYEHUE YIPYroro paccesHus j-oif komnonente; Y, f; = 1

Oco0eHHOCThIO ypaBHEHHS (2) SBISETCS OTCYTCTBUE B HEM HEJIMHEHHOTO CJIaraeMoro,
TaK KaK TPEXKpaTHOE paccessHue Ha OOJIBIION yroj MpUBeneT B cOOTBETCTBUH C (1) kK moTepe
SHEPruM, KPaTHO MPEBBIIAIOUICH Ty, YTO COOTBETCTBYET MOJIOKEHUIO j-Or0 YIPYroro rnuka B
JHEpreTuueckoM crekrpe. TakuM o00pa3oMm, TOYHOE pelIeHHe 3aJadyu 00 OIpelerIeHUH
MHTCHCUBHOCTH TMHMKa YIPYro OTPAKEHHBIX SJEKTPOHOB Oa3MpyeTcss Ha peleHHH
OTHOCHUTEJIBHO MPOCTOTO, JIMHEHHOT0, HHTErpo-auddepeHInaIbHoro ypaBueHus. OTMerum,
YTO ATO HE TepBas CUTyalMs, KOIJla METOJl WHBAPHMAHTHOIO MOTPY)KEHHsI NPUBOAUT K
JMHEWHOMY ypaBHeHHIO. [IpumepoM 3aech SBISETCS pEIICHUWE TPAHWUYHOW 3aJadyu s
ypaBuenus Jlannay [14].

[MomuepkHem, uyTo (2) 3TO ypaBHEHHE, OIMKCHIBAIOIIEE YUCTO YIPYroe paccesHue.
Pemrenue ypaBHenus (2) OyaeM MCKaTh Ha OCHOBE ABYX IOIXOJOB: MEPBbIA pa3But B [15],
sropoii miu OKI' merox npeacrasien B [16,17]. Llenb yka3aHHBIX MOAXO0I0B 3aKIFOYACTCS B
OTIpeICIEHUH METOJa AHATUTUYECKOTO MPOJOJDKCHHSI HHTETPajbHBIX cllaraeMbix (2) Ha
obmacte —1 < u’ < 1, rue onpeaeneHs! HOIMHOMBI JIexkanapa.

I[anee PacCMOTpUM PCIICHUA B CUTyAllUW a3UMYTAJIbHO CHUMMCTPUYHOTO PACCCAHUA.

Pemenue ypaBHeHus (2) Ha ocHOBe moaxona [15] umeeT Bu:

Ra(s, o, 1) = 2232 22 (o) Py () [ (et = D™+ 07, ®3)

Pemienne Ttoro ke ypaBHeHus wmerogom OKI [16,17], mnpakTH4ecku TOYHO

onuceiBatoiee Pass Length Distribution Function, umeet Bu:

Ry (s, o, ) = 22 3120 52 Py (o) P () [ e~ 7)% — 5] @

[ToguepkHEM, 9TO ¢ MOMOIIBIO GopMyITbl (4) MOXKHO ONMUCHIBATH TOJIBKO CYyMMApPHBIH 110
KOMIIOHEHTaM COEAMHEHUS MTOTOK 3JIEKTPOHOB, BHIIICININX B BaKyyM 0€3 HEYNPYruxX MoTeph
SHEPTUH.

[TocnenoBarensHoe perieHue (2) Ha ocHoBe Metona [15] coorBerctBYyeT ¢ =1 B
ypaBuernn (3). Bapuaiuss mOArOHOYHOrO IMapaMmerpa @ TIO3BOJIMT JAOOHMTHCS Hamboiee
aJIeKBaTHOTO COBIIAJICHUS pacyeToB Ha OCHOBE (3) Kak ¢ pacueTaMu Ha OcHOBe (4), Tak H C
pe3yabTaTaMu YMCIICHHOTO PelieHUs ypaBHeHUs (2) MeToIoM qUcKpeTHBIX opauHat (Discrete
Ordinate Method — DOM). VYka3anHoe coBmaaeHue HaOmojaercst npu a = 2. BaxHo, 41O
napamMeTp ¢ HE 3aBUCHT OT I€OMETPUHU pacCesHus, PHEPIUHd M BHAA aTOMa, Ha KOTOPOM

MMPOUCXOOUT paCCCAHUC.
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B Hacrosmieli pabore ompemensieTcss MOTPENIHOCTh PAacueTOB, BBHIMOJIHEHHBIX C
ucronb3oBanueM (opmynbel (3), Ha OCHOBE CpaBHEHHUS C YHCICHHBIM pelieHueM (2) ¢
nomotsio DOM. [IpencTaBieHsl yriioBble pacipeeeHus ypyro oTpaKeHHBIX 3JEKTPOHOB,

MIO3BOJISAIOIINE YCTAHOBUTH T€OMETPUIO, IIPU KOTOPOH MOTPELIHOCTh pac4eTOB MUHUMAJIbHA.

UccnenoBanune mnposeneHo B HarumoHanbHOM HCCIEAOBATENbCKOM YHHBEPCUTETE
«MDBWy» mpu ¢duHaHCOBOW mMOAAEp)kke MUHHCTEPCTBA HAyKH M BBICHIETO OOpa3OBaHHS

Poccuiickoit @enepannu B pamkax rocyaapcteHnoro 3aaanus Ne FSWF-2023-0016.
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OTPAXEHMUE JIETKMX NOHOB OT TBEP/IbIX TEJI
LIGHT IONS REFLECTION FROM SOLIDS

B.IT. A(baHaCLeBl, JL.T. JloGanosa*, B.W. LHynbra2
V.P. Afanas’ev', L.G. Lobanova’, V.I. Shulga®

YHUY «MBHy, yn. Kpacnokasapmennasn 14, Mockea, Poccus, lidial obanova3@gmail .com
2 HUUSA®D M Y, Jlenunckue copwt 1, Mockea, Poccus

Abstract: An analytical method for describing the interaction of light ions with a solid is
constructed. A critical review of existing analytical theories is carried out. The obtained results

are compared with the results of numerical modeling and experimental data.

MeTonbl, OCHOBAaHHBIE Ha pacmU(PpPOBKE HIHEPrEeTHUECKUX CHEKTPOB JIETKHX HWOHOB,
OTPAXXCHHBIX OT HCCICAYCMbIX 06pa3u0B, IIAPOKO HUCHOJB3YIOTCA I  OIIPCACIICHUSA
KOMITOHEHTHOTO | TIOCJIOINHOrO coctaBa moBepxHoctd TBepasix Teir: Rutherford Back Scattering
— RBS; meToab1, ocHOBaHHBIE Ha aHAJIM3€E CIIEKTPOB MOHOB K3BHBIX 3HEepruit — Low Energy lon
Spectroscopy - LEIS; lon Scattering Spectroscopy - ISS. Pemenune 3amay, ¢
YI[OBJIGTBOpI/ITe.HBHOI\/'I TOYHOCTBIO OITMCBIBAIOIIICEC OTpaXXCHUC JICTKUX HOHOB oT
KOHCTPYKIMOHHBIX MaTEpUaJIOB, IPEACTABISIECT HHTEPEC ISl pellieHus MpobieM MepBoil CTEHKU
TEPMOSIICPHBIX PEAKTOPOB.

NHTEeHCMBHOE JKCIEPUMEHTAIbHOE U TEOPETHYECKOE HCCIICOBAHHE IPOIECCOB
B3aMMOJICHCTBHS JIETKUX MOHOB C TBEepAbIMU TenaMu Benoch B 70-bie u 80-bie rombr XX Beka.
Pesynprar 3THX WHCccrmenoBaHui TpenctaBiieH B MoHorpadusax KypnaeBa, MamkoBoir u
MosmuanoBa [1,2]. B [1,2] mpeacraBieH mnoapoOHBIN 0030p SKCIEPUMEHTAIBHBIX METOJIOB
HCCIICOOBAaHUA, TCOPCTUYCCKUC MOACIU KW YUCICHHBIC KO/bI, HCIOJIb3YCMBIC JIS1 OIMMCAHUSA
MpOLIECCCOB paCcCCAHU NOHOB OT TBEPABIX TCJI.

B mnacrosmieit pabote croWTcs TeopeTHUecKas MOJEIb OTPaKEHUS JIETKMX HOHOB OT
TBEPABIX TeJ. B ocHOBE MoJenu JeKUT aHATIOTHS MPOIIECCOB YIIPYTOTO pacCesHUs IEKTPOHOB U
JIETKMX HWOHOB, YTO IO3BOJISIET WCIONB30BaTh B 3aJadyaX HMOHHOTO paccesHus 3P(HEeKTUBHYIO
konnyectBeHHylo OKI' mopmens [3], mpekpacHO 3apeKOMEHJOBABIIYyI0 cedsi B 3ajadax
3JIEKTPOHHOTO paccestHus [4]. SamnuineM pacnpeeneHie OTpaKEHHbIX HOHOB IO JJIMHE mpobera

B MUIIICHH:

o 20+1

R(s, to, thy @) = %f 20 22 Py(pott + T — ot T— g2 cos ) [e- 0D — =], (1)

TA€ o U U — KOCUHYCHI MOISAPHBIX YIJI0B BJIETAa U BBUIETA MOHA U3 MUIIEHHU, OTCYUTHIBAEMBIE OT
HOpMaJM K TIOBEPXHOCTH, HANPABJIEHHON BrIyOb MHUIIEHM; ¢ — a3UMyTalbHbIH yrom; x! —

KOA(PUITMEHTHI Pa3I0KEHUST HOPMHUPOBAHHOTO Ha €AWHUIYY AU(GEPEeHIIUATLHOTO CEUSHUS
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yIPYroro paccesHuss B psija mo nonuHoMam Jlexxanapa Pj;; S — mpoOer MOHa B MHUILCHH,
U3MEPEHHBIN B JJIMHAX CBOOOJHOTO Mpolera Mexay yIpyrumMu coynapeHusIMU.

s onucaHusd IIPOLIECCOB HEYNPYroro paccesHuss HOHOB KIBHBIX JHEprui, cienys
Tpaguiuu, OyaeM ucnoiab3oBath npuodmkenne @okkepa-Ilnanka, KOTOpoe MO3BOJISIET 3aMKUCaTh
dbopmyny misa GYHKIUHA OTPAXKEHUS JITKMX HOHOB, TU(PEPEHIINATBHYIO TIO yIiIaM pacCessHUus U

SHEPTUH, C YUETOM 3aBUCUMOCTU CEUEHUN OT SHEPTUU:

R(A, po, 1, @) =

(1-x!)sa 9 )

wolul (1-a)2 ——A— 2041
MoO-I-IMI ae © Vi=a Y0 = Pl(lloll +/1—po?/1 — u? cos ‘P) e -2t —e (-7,

_ . Ey—E
rae € — CpeiHMe MOTepU SHEPrMU MOHOB Ha €IAMHUIIC JJIMHBI (Stopping power); A= % -
0

E, o o
6ezpa3MepHa${ IMOTEPS SHEPTHUHU, ( = # - 663p33MepHBII/I nmapamMeTp, ABIAIOMIMHUCA OTHOIICHUEM
“tel

E, o
BCJIMYHHBI ?0, HUMCIOIICH CMBICJI JJIMHBI ITOJIHOTO TOPMOXKCHHA MOHA B MUIIICHHU, K lel — MJIMHC

A
cBOOOAHOrO Mpodera MexAy YOPYTMMH COYIApEHUSMU; € Vi-4 — MHOXKUTENb, YUYUTHIBAIOIINN

nepe3apsiIKy MOHOB IIPU OTPBIBE OT MOBEPXHOCTH MUIIICHHU.
Ucnionezys ¢opmyny (1), naiizem muddepeHnmanbHy0o 1Mo yriy BbUIETa (QYHKIHIO

OTpaXXCHUA HOHOB.
R
R(.“Ol.ul (p) = fOOR (lielhuolnl'l’ (p) dx’ (3)

y y E
rne R, — ocrarounslii mpobGer HoHa. B paccmarpuBaeMoii 3amaue R, = fOOdE / “(E) =

g
2E
0/5_(5'0)'

BrimoauB unterpuposanue (3) ¢ yuerom (1), momydaem:

A v 2141
R(po, i, ) = %e Iul Zzzo%Pz(uou + /1 — %1~ p? cos <p) {[C +In(20) - "

Ei(=20)]810 + |~ In(1 = x*) — Ei(=20) + Ei(—2¢(1 — 2)) | 8120}

A
roe C — mocrosiHHas Oiniepa; Ei — uHTerpanbHas 3KCIOHEHTAa; MHOXHUTENb € |4l ydyuThIBaeT

3aBUCUMOCTb HMHTEHCHBHOCTHM IIpolLliecCa IEpe3apsAKd HMOHAa OT YyIVIa BbUIETA W3 MMILEHH.
Ilepe3zapsnka MOHOB YYHUTBIBACTCS, €CIM WM3MEPSAETCA IOTOK OTPAKEHHBIX I10JIOKUTEIIBHBIX
MOHOB, €CITH K€ U3MEPAETCS] CyMMapHBI MO 3apsI0BbIM (DPaKIHsIM MOTOK OTPaKEHHBIX MOHOB,

TO Tepe3apsiika HE YUUThIBACTCA.
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Puc. 1. duddepeHiuanpHple Mo yriay paccesHus QYHKINH OTPaXKeHHs TPOTOHOB oT Oepuutus (Ey = 1
Kk3B) u yrinepona (Ey = 500 3B). Crutornas aunust — pacuet 6e3 ydera rnepe3apsiiki, MyHKTUD — pacueT
¢ yuetoM nepesapsaaku. 8, = 70°. Pacuer Ha ocHOBe (4).

Puc. 1 wutroctpupyeT pa3nnyue B YIJIOBBIX PACIpENeICHUsSX s CIIydaeB HaOIIOCHHS
Pa3IUYHBIX MO 3apsAJ0BOMY COCTaBy ITOTOKOB OTPaXCHHBIX MpoTOHOB. [lo ocu abcmwmce
OTJIOKCHBI YI'JIbl, OTCYUTBIBACMBIC OT HOPMAJIH, HaHpaBHeHHOﬁ BI‘JIYGB MUIIICHU.

OCHOBHBIMU BEJTMYMHAMH, HUCIIONB3YEMBIMHU IS pacuéra Kak IuQQepeHIaTIbHbIX 10
yriaM, Tak ¥ JudQepeHnuanbHbpIX M0 yIilaM WU JHEpruu crnekTtpoB (hopmynser (2) u (4)),
SBIISIIOTCSL CEUEHHs] YIPYroro paccessHus M KO3()PUUIMEHTHI WX pas3loXeHud B p A 10

nonmuHOMaM Jlexanmpa — x!

Y MMapaMeTp TOPMOKEHHS HOHOB — Ry. BennuuHa R, onpenenena Ha
caiire NIST [5] u B Tabnunax Aunepcena u [lurnepa [6]. Ha caiite NIST [5] Benuuunsr Ry u &
MPUBEIEHBI JUIsl dHEpruid, HauwHast ¢ | k3B, B Tabmmmax [6] — Haumnas ¢ 10 x3B. [ns
AHATUTUYECKOTO OMHUCAHUS CEUEHUH YIPYroro paccessHHsl aBTOPHI MOJIb30BAINCH (POpMYIOn
Pezepdopna, momydeHHoit B mepBOM bBOPHOBCKOM MPUONMKEHUHM [UIS DKPAHHPOBAHHOTO
KYJIOHOBCKOTO MOTEHIINaja; CEYEHHUEM, MTOJIyYeHHBIM B IepBOM BOpHOBCKOM MpUOIMKEHUH AJIs
noteHimana Kr-C u quddepeHninanbHbpIM cedeHUEM, TTOJTYYCHHBIM Ha OCHOBE SKPAaHHUPOBAHHOTO
o0OpaTHO KBaJgpaTWMyHOro mnoTeHnuana. OTMETUM, YTO B JHUTEpaType OTCYTCTBYIOT

PEKOMEHJAlMU 10 BBIOOPY CEYEHMH, ONTUMAIBHBIX [UIS ONHCAHHUS IpOLEcca YIPYroro

paccesiHUs ¢ 3aIaHHOM PHEPTUEH I 3aaHHOM mapbl HOH-aTOM. OTMETUM, YTO JIJIsi YTOUYHEHUS

2
pl
napameTpa dKpaHUPOBAHHS — 1) = (%) B ¢opmyne Pesepdopna, onpenensiemoro pusznyuecku
A

000CHOBaHHBIMH BEJIMYMHAMM — JUIMHOM BOJIHEI 1€ bpoiiis HaleTaromero Hona Ayg 1 paauycom

— 2/3 2/3\"1/2 -
Hebas 1, onpenensembiM napamerpom a = 0.8853 - a0(21 + Z, ) (ap = 0.0529 um —

nepBbiii  bopoBckmii paamyc), B [7] yTBepXkmaeTcs, YTO TOYHOE pEIICHUEC YpPaBHCHUS
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[lpenunrepa ans paccessHuss (He nepBoe bopHOBCckoe npHOMMIKEHWE) YKa3bIBae€T Ha
HEO0OXOIMMOCTh UCIIOJIL30BaHUS TTapaMeTpa SKPaHUPOBAHUS:

2
=1 (1.13 +3.76 [ZlZZ"’ <

2
be ;] )’
rac C/'U — OTHOHICHUC CKOPOCTHU CBCTA K CKOPOCTH 3JICKTPOHA.

(5)
Hcnonp3oBanue napaMerpa 1)y, IPEBOCXOIAIIET0 Ha MOPSAKU TPAAULMOHHBIA 1), HE
MPUBOAUT K yIOBJIETBOPUTEIHHOMY OIUCAHUIO IIPOLIECCA HOHHOTO PACCESTHUS.

Au

w

1, rel. un
1, arb. un.
o s o= e
i 3 % )

=

(=21
00
S0
0o®
)
0000 °
]
o
00
o
o
00

03

. 0.8

A

Puc. 2. DHeprernueckue CieKTpbl MPOTOHOB, OTPAXXEHHBIX OT 30JI0TOH (ClieBa) U BOJIb(GPaMOBOM
muienu (cnpasa). Hauansnas sueprus Ey = 25 k3B, yron nagenus 71°, yron otpakenust 109°.
CruIoIIHas JIMHUS — pacdeT Ha OCHOBE (2), 3Hauku— dkcrepuMenT [8,9]. CrutoniHbie TMHUH —
pacyer Ha OCHOBE JTaHHBIX [5], MyHKTUpPHAs JTMHUS — MOArOHKA: 3HaUYeHHe Stopping power

YMEHbIIEHO B 3.4 pa3a o CpaBHEHUIO C TAOJIMYHBIMU JTAaHHBIMH [5,6].

ko3¢ punmenTo  x'

MPEACTABICHHBIX HAa PUC. 2, UCTIOIb30BAIach (PYHKIMsS oTpaxkeHus (2), B KOTOPOM MpH pacuere
A
=

i L]

[Tpu aHanMUTHYECKON MHTEPIPETAIMH SHEPTeTUUYECKUX CIIEKTPOB OTPAKEHHBIX MPOTOHOB,

nmapamMeTp JKpPaHWPOBAaHUS COOTBETCTBOBAJ KilacCH4YecKod (opmyre
A

2
), CeUeHHs YNPYroro paccesHHs BHIOMpAmMCh Tak, 4ToObl 0, (1 — x!) = oy,

Bennunna oy, onpexpensiack Ha ocHOBE popMyJ, peacTaBieHHbIX B [10].

JTAHHBIX

B Hacrosmeli pabore Ha OCHOBE cpaBHeHHs pacuetoB Ha ocHoBe (1), (2) m (4) ¢
KPUTHYECKUI o

SKCIIEPUMEHTANBHBIMU  JaHHBIMH U pe3ynbratamu MK  monenupoBanus
aHaIN3

IIPOBOAUTCS
CEUEHHUSIM YIOPYIrOro U HEYNpPYroro paccesHus,
IIPEJICTABICHHBIX B JUTEpaType. YKa3bIBAIOTCA MOJEIN PACCESIHUS, MCIOIb30BaHUE KOTOPBIX
BelIeT K 3HAYMTEIbHBIM OIIMOKAM IMpU BBINOJHEHMH KOJMYECTBEHHBIX OLICHOK DPE3YJIbTaTOB
MHOTOKPAaTHOI'O PACCESHUS.
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MOTEHIIHUAJIBI B3AUMOJEACTBUA TIPOTOHOB U ATOMOB BOJOPOJA
C METAJIJTAMUA

INTERACTION POTENTIALS OF PROTONS AND HYDROGEN ATOMS WITH
METALS

A.H. 3unosses, I1.1O. Babenko, B.C. Muxaiinos,
A.N. Zinoviev, P.Yu. Babenko, V.S. Mikhailov,

OTU um. A.®@. Hoghghe,
194021, ya. Ilonumexuuueckas, 0. 26, Cankm-Ilemepbype, Poccus
e-mail: zZinoviev@inprof.ioffe.ru

It is shown that taking into account the screening of the charge of an incident
particle in a metal allows to explain the difference between the interatomic
interaction potentials obtained in the framework of the density functional theory
for the gas phase and the potentials obtained by the authors when processing the
experimental data on the backscattering of atomic particles from the gold surface.
The effect of screening in the potential on the angular distributions of atomic
particles after passing through thin films of matter and on nuclear stopping power
is shown.

[Ipy nBWXXKEHMH HOHOB B IUJIa3ME€ TBEPAOrO Tela UX DIIEKTPUUECKOE II0JIe
JOTIONTHUTEIBHO 3KpaHUpYyeTcs, M03ToMYy 3()(PEeKTUBHOCTh B3aUMOACUCTBUS C aTOMaMu
MUIIEHU JODKHA yMeHbIaThes. B [1] Obutk BeIBemeHbI Takxke (Gop witbl s GIyKTyarui
TUIOTHOCTH OKPYKAIOIIEro MOH MHAYIIMPOBAaHHOTO 3apsiaa. B o63ope Jlenkosa [2] momydeHb
o0mre BBIPKEHUS i KOPOTKOJCWUCTBYIOIICH YacTH HSKPAaHHUPOBAHHOTO MOTEHHHana (C
Y4E€TOM COOCTBEHHBIX JIEKTPOHOB).

3anumem MOTCHIHAJIBHYIO DHCPIrUI0 B BUJIC!

oo T 2T

Z,Z, 1,
UR) = B sz ff p(r) |§_F|r dr - sinfd0d¢ (D
00

I7Ic BTOPOW YJI€H - DHEPTUsS B3aMMOJCUCTBHUS MEXAY 3apsaoM Z; W SJICKTPOHAMH BTOPOU

gacTuibl, N, - 9ucio snekrponos. 3anuiiem p(r) B Buze [2]:

p(r) =7

rae A u B; - xoaddummeHTsl pasznoxkeHuss B noreHnuane Monbepa [3], @ - KOHCTaHTa

ib; exp (_Big)

SKpaHHUpPOBaHUA.

IMoxacrasnss p(r), 3amuceBast |§ —#| =VR2 + 12 — 2Rrcos6 u uuterpupys no 0 u

(¢ UMeeM:

e

YAVA ZN
U(R) = =2 2}1? ZZZABzfdrexp( )(R+r—|R—r|)

0
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Pa3z0OuBas unrerpan Ha aBe yactu v < R u r > R nonyvaem:

3
Z.(Z, — N Z1N. R
UR) = 12, 2)+ 1RZZAl-exp<—Bia> 2)
i=1

R

B utore Hamu nonydena ¢popmMyina, aHaIOTUYHAS MPEIIOKEHHOM B [4].

Ha puc. 1 npeacraBnensl noteHuuanbl st cucteMbl H-Au mosnydeHHbIE B paMKax
DFT npuGnuxenus 1t Ta30Boi ¢a3bl M MOTEHIMAN, onucaHHblid popmynoit (1). Kak BuaHO
OHM HEIuIoXo cornacyrorcs. Ha puc. 1 mpencraBieHsl Takke IOTEHLUAIb! aTOMHAas YacTHULIA-
TBEpPAOE TEJO, MOJyYEHHblE HAMH W3 SKCIEPUMEHTAIBHBIX JaHHBIX 00 SHEPreTHYecKuX
CIIEKTPax M YIJIOBBIX 3aBUCHMOCTSIX OOPAaTHO PACCESHHBIX YacTHIl [5], a Takke W3 aHaIM3a
YIJIOBBIX pacHpeleleHUi 4YacTHll, MPOIIEAIINX TOHKYI IJIEHKY 3o0si0Ta [6]. Kak BuzHO,
NOTEHLIMA] B3aUMOJIECHCTBUS MOH - TBEPAOE TEJIO 3aMETHO OTJIMYAETCS OT IOTEHIHUAaa,

OTMCHIBAIOIIETO CTOJIKHOBEHHS B ra30BOil (ase.

Gas
DFT
- Backscattering
H Au ¢ 5keV
& 5keV
e 8keV
o 8keV
Transmission
¥ 9keV
Formula
——(2
——(Q)

4
/

0.2 0.4 0.6 0.8

Puc. 1. IloTenuuan MeKaTOMHOIO B3aMMOJCHCTBHUSL B 3aBUCUMOCTU OT pacctosHusa. Cuctema H-Au.
[Ipusenen nmorennman DFT s razoBoii dasel. Toukamu nokas3aHsl JaHHBIE U3 padoT [5,6]. Jlunum c
TOYKaMH pacueT 1o popmymnam (2,3,5).

B ciyuyae B3aumMoAeMCTBHSI WMOHAa B TBEPAOM TeJI€ KYJIOHOBCKHMM 3aps]l HOHA

SKpaHUPOBAH 3JICKTPOHAMU ITPOBOAUMOCTH U IMMOTCHIIUATI NOHA MOXKCT OBITH 3aIlMCaH B BUIC:
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7 R
Ul(R) = Eexp (— R_>
D

rae Rp - nnmuna sxpanupoBanus [ebas [7]. s 3omota Ry=1.358 a.e. 3amensis B hopmye (1)
KYJIOHOBCKHH MOTEHIHA Ha MOTCHIIHA SKPAaHUPOBAHHOTO KYJIOHOBCKOTO 3apsijia U MPOBOJIS
AQHAJIOTUYHOEC  MHTETPUPOBAHME  TOJy4YaeM  TOTCHIMAl  B3aWMOJICHCTBHA  HOHA,
9KPAHUPOBAHHOTO AIEKTPOHAMHU IPOBOTUMOCTH, C PEIIETKOW MeTauta (cM. puc. 1):
7.(Z, — Ny R\ ZN,~ R R
U(R) = — g exP (— E) + R Zl A; exp (—Bi E) exp (— E) 3)
iz

B cnyuae atoma Bogopoza 3apsiz aapa NpoTOHA 3KPAHUPYETCS CBA3aHHBIM JIEKTPOHOM.

B knure [8] ayis noTeHmana aroMa BOJIOPO/Ia MOJYYEHO BhIPAKEHUE:
U,(R) = <l + i) exp (— Z—R) 4)
R ap ag
3mechk paauyc bopa ag=1 B aTomHBIX eauHumax. 3ameHss B (opmyne (2) wien Z;/R Bo
BTopoM ciaraemoM Ha U,(R) u yuuthBas, uro Z, = N,, moily4aeM BBIpAXKECHHE IS
MOTEHIIMAaa B3aUMOJEHCTBUS HEUTPAIBHOTO aTOMa € PEHIETKOW TBEPAOTO Tea:
3
U(R) = Ll Z A; exp (—Bi 5) exp (— ﬁ) (1 + 5) (5
R - a ag ag

Kax BumHO mn3 puc. 1, moTeHuMaibl, yYUTHIBAIOIIME 3KPAHUPOBKY, HEIUIOXO OMMCHIBAIOT

SKCHICPUMCHTAJIbHBIC JTaHHBIC.

10°

1 - formula (2)

Y(OyY(0)
2

3 - formula (5)

10_2 T T T T = T
0 20 40 60

0, rpamychbl
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Puc. 2. YrioBoe pacnpesencHue YacTHII, TPOMIEANINX TOHKYIO TUICHKY 30JI0Ta. TOYKH - KCIIEPUMEHT
[9]. JIurum - Hamt pacyeT Ay moTeHnuanoB (2,3,5). JKupHas TuHS - pacyeT A1 KOMITO3UTHOTO
ITy4YKa C COAepKaHNEeM HeHTpaIbHbIX aTOMOB 87.5%.

Jlis TpoBepKU TMONYYEHHBIX pPE3YyIbTaTOB Mbl MPOBEIU MOJECIUPOBAHHUE YIIIOBBIX
3aBUCHUMOCTEN YaCTHIl, MPOIIEAIINX TOHKYIO TJIEHKY 30JI0Ta TOJMHON 143 A ¢ mavampHOMI
sHepruen 9 k3B, ucnonb3lys noreHuuansl (2,3,5). Pe3ynbrarel MOAEIHPOBAHUS TPUBEICHbI
Ha puc. 2. CornacHo pabote [10] nois BBIIEAMINX HEHTPAIBbHBIX aTOMOB IpPU HavaIbHOM
sHeprum 9 k3B cocrasnsier 87.5%. PacueT 1 KOMIO3UTHOIO My4ykKa MPEACTaBIeH HA PUC. 2
YKUPHOM JINHUEH U XOPOIILIO COTJIaCyeTcs C IKCIEPUMEHTAIbHBIMU JaHHBIMHU.

[Tokazano, 4uro yudeT 3((}EKTOB SKpaHUPOBAHUS 3apsiia HAJETAIOMICH YaCTHIIBI
MO3BOJIIET OOBSICHUTH PA3JIMYUE MOTCHIIUAJIOB MEKATOMHOTO B3aMMOJICHCTBHSI, TIONy4YEHHBIX
B paMKax Teopuu (pyHKLIHOHAJIA INIOTHOCTH AJIS ra30BOM (a3bl U MOTEHIMATIOB, OTYyYEHHBIX
aBTOpaMu MpH 00pabOTKE HSKCIEPUMEHTAIBHBIX IaHHBIX OOPATHOTO paccesHUs aTOMHBIX
YaCTUI[ OT MIOBEPXHOCTH TBEPJIOTO TeJa.

[TokazaHo BAMSIHUE SKPAHUPOBKU B MOTEHILIUAJIEC HA YTIIOBBIE PACIPEACICHNUS] aTOMHBIX
YaCTHUII [TOCJI€ TPOXOXKACHUS TOHKUX IMJICHOK BEIEeCTBA.

VY4er »KpaHUpPOBKM B TOTEHIMAJEC BIMSET TAaKXKE HAa pacyeT SJIEPHBIX TOPMO3HBIX

CIIOCOOHOCTEH MpPU TOPMOKEHUU YaCTHUI] B MaTepuaax.
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SEGREGATION IN W-Cr-Y ALLOY BY LOW ENERGY ION SCATTERING
SPECTROSCOPY
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2 School of Materials Science and Engineering, Hefei University of Technology, 230009
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One of the challenging problems which arise in the controlled nuclear fusion is related
to the design and material choice of plasma facing components for the future reactors.
Tungsten is considered to be one of the most suitable candidates due to its high melting point,
thermal conductivity and relatively low erosion rate, and, therefore, it is planned to be used in
nextgen facilities like ITER and DEMO. However, under high neutron fluxes its stable
isotopes may form radioactive ones. Being not so hazardous while it is inside the reactor, in
case of a loss of coolant accident (LOCA) a volatile oxide of W and of its transmutation
products may appear, which is undesirable. A possible solution to avoid the release of the
radioactive oxides is the use of self-passivating W-Cr-Y alloys [1], which under LOCA
scenarios forms on the surface a chromium oxide, preventing the formation of tungsten oxide.
Such alloys are of the great interest now, especially when it comes to analyzing the dynamics
of the chromium release to the outermost layers [2,3]. In this work, capabilities of low energy
ion scattering spectroscopy (LEIS) with small angle scattering to the characterization the
surface morphology of W-11,4Cr-0,6Y after pre-annealing at different temperatures are
revealed.

The samples of the W-11,4Cr-0,6Y alloy with the nominal bulk atomic chromium
concentration of 32% were manufactured by mechanical alloying, densified by field assisted
sintering technology and then polished to a mirror-like surface. The experiments were
proceeded in two stages. Firstly, pre-annealing was made at the specific temperature in a
high-vacuum chamber. Then, post mortem LEIS and energy dispersive spectroscopy (EDS)
analyses were made. The process was repeated for temperatures in the range of 1000-1500 K.
LEIS was conducted on the “Large Mass-Monochromator “MEPhI” facility, which utilizes
ion scattering spectroscopy by hydrogen and noble gas ions with energy in the range of 1-25
keV. The apparatus is described in detail in [4,5]. The scattering angle is fixed to 32°, which
allows to obtain higher sensitivity and depth resolution compared with the backscattering

analysis, although reduces mass resolution. Ne ions were chosen for the analysis as it forms
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sharper peaks compared with He for the low angle scattering case. An optimal energy for the
analysis was found to be 11 keV. Prior to the measurements the surface was precleaned by Ar
gun sputtering, as the samples interact with atmospheric gases during transportation.

The typical spectra for several pre-annealing temperatures are shown in figure 1. The
curves contain peaks, corresponding to single scattering of Ne” on surface elements, in which
negative slope is associated with plural scattering and long positive slope is formed by
diffusion scattering. There are three clearly distinguished peaks, corresponding to elastic
scattering of Ne" on W (10,6 keV), Cr (9,7 keV) and O (7,1 keV). The peak of scattering on
yttrium (10,3 keV) is not distinguished, which can be due to its low concentration. To
determine the relative element concentrations, the diffusion scattering component of more
energetic peaks was subtracted from the less one and the resulting intensity was divided by

the corresponding differential cross-section, calculated using Kr-C screened interaction

potential.
1,04 w
Ne® 11 keV 32 deg -> W-Cr-Y alloy
] 1. initial sample (70% Cr)
0,84 |——2. for 10h with 1050K (99% Cr)
| |——3.for 1 h with of 1250K (28% Cr)
1[4 for 10 min with of 1400K (no Cr)
5 0,64
z
e
£04-

E, keV

Fig. 1. Typical LEIS spectra for W-11,4Cr-0,6Y samples after pre-annealing at different
temperatures.

The Cr peak dominates already for the initial sample (red curve, 1) indicating a higher
surface Cr concentration than the average bulk value. During annealing at 1050 K, the ratio of
the chromium peak to the tungsten peak on the corresponding spectra increases up to a
maximum that only chromium oxide on the surface is detected. A further temperature increase
leads to chromium depletion, which is caused by the predominance of the sublimation process
over segregation. Thus, after annealing at 1400 K we can see the spectrum of oxidized

tungsten with no chromium. The LEIS data changes with increasing chromium concentration
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were compared with the results of Monte-Carlo simulations in the SDTrimSP 6.03 code.
Good agreement is obtained. Based on the simulated spectra, the relative error in the
determination of the chromium concentration was estimated, which turned out to be less than
10%. Figure 2 shows the dependence of the chromium concentration according to LEIS and
EDS on pre-annealing temperature for samples. While the dynamics of dependencies is
similar, the absolute values are different, which can be explained by sufficiently higher depth
of analysis for EDS compared to LEIS. Thus, the effect of chromium segregation to the top
surface layer is more pronounced in LEIS data.

To sum up, low angle LEIS analysis is a very sensitive tool to provide data on element
relative concentrations for W-based alloys and can be used for quantitative analysis of Cr

segregation and other surface phenomena.

1
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o I ///
S } W-11,4Cr-0,6Y
g 60 - ! —4—EDS 15 keV, depth ~ 500 nm, annealing for 72 hours
Q T : —w—EDS 15 keV, depth ~ 500 nm, annealing for 1 hour
9 ] —e—LEIS: Ne*11 keV 32 deg, depth ~ 1 nm
0 . i
£ 401 | 10 min
-— 1 é'é\
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Fig. 2. Chromium atomic concentration after pre-annealing at different temperatures, measured by
EDS and LEIS.
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It is shown that the difference between the data of measurements of electronic
stopping by the method of backscattering and the method of thin films
transmission is due to the influence of multiple collisions on the length of the
particle trajectory in a solid. At low energies (0.7 keV), the trajectory length can
exceed the film thickness by more than 2.5 times, so the traditional definition of
stopping power as the ratio of energy loss per unit length of the projective range is
inapplicable.

B oOnactTu Manbpix SHEpruil MMeeT MECTO CYIIECTBEHHOE pa3jinuuhe B BEIMYHUHAX
OKCIEPUMEHTAJIbHO  OINPEAEICHHBIX  JJEKTPOHHBIX  IOTEPh  DHEPIMM,  IOJYyYEHHBIX
pa3IUYHBIMU METOJAaMU - C HCIOJB30BAHUEM BPEMAINPOJETHOW TEXHUKM IIPU aHaIU3e
SHEPreTUYEeCKUX CHEKTPOB OOpaTHO OTPaKEHHBIX YACTHI] M aHajdh3a CIEKTPOB YacTHII,
MPOIIEIINX CKBO3b TOHKHE TUIeHKH. Kak Obuto mokaszaHo B pabote Mopo [1] npu sHEeprusx
ceeimie 10 k3B, naHHBIE, TOJTy4YeHHbIE OOOMMH METOJAaMH, COIJIACYIOTCS B Ipeienax
HKCIEPUMEHTAIBHBIX OMMOOK. OHAKO MPU MEHBIIMX SHEPTHsX A MHOTUX KOMOMHAIMA
npu O6omOapaupoBke mpotoHamu Si, Ni, Cu, Zn, Ag, Au [2] pa3HHIla B pe3yibTarax
M3MEPEHU MpeBbIIaeT 2-3 pas3a.

OOmenpuHATHIM cIOCOOOM OIpEeIesIeHUs] OTePh YHEPTUU Ha mpocTped [3] sBiseTcs
CIEIYIOIINNA aITOPUTM: HU3MEPSAETCS DHEPreTHUUECKUN CHEKTP YacTHUll, MPOLIEAIINX IUIEHKY
tonmuHord d. V3 »HEpreTnyeckoro CHEeKTpa HAaXOIAT CPEIHIO SHEpPruro dvactuil Ei,
npomeAmunx IUieHKy. [lamee pasHuily HadaJbHOM SHepruu 4dactull Eg U cpenHeil sHepruu
yacTul] nocie IieHkd E; nensT Ha TommuHy mieHKd d ¥ Moy4aroT 3HA4eHUE TOPMO3HOM
cnocodHocty dE/dx. [lns goctaroduHo OONBIIMX SHEPTHM YacTUI[ 3TOT AITOPUTM JaeT
MPAaBUJIbHbIE PE3YNIbTATHI.

[Ipu ucnonp30BaHUM 00paTHOTO paccessHUs (cM. MapkuH [4]) 3HaA4YEHHS] TOPMO3HOM
CIOCOOHOCTH OMNPEACSUICh M3 SHEPreTUYECKHX CIIEKTPOB OOpAaTHO PACCESHHBIX YacTHII,
U3MEPEHHBIX C IIOMOIIBIO BPEMSIMPOICTHON METOAUKHU. VI3MEPEHHBIN CIIEKTP OIMMUCBIBAIICA C

noMouipto mporpammbel TRBS [5], u mpu »TOM BapbHpOBaJIOCH 3HAYEHHE TOPMO3HOM
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CIIOCOOHOCTH IS paccMaTpUBAaEMOIl PHEPruM COyAapeHUss U €€ 3aBUCUMOCTb OT JHEPruu
HajeTaromeil 4Jactuipl. B kadecTBe HTOroBoro pesynbrara (UKCHpPOBAIOCH 3HAYECHHE,
KOTOPO€ MO3BOJISNIO MAKCUMAJIbHO TOYHO OIUCATh HKCIEPUMEHTAIbHBIN SHEPreTUYECKUi
CIEKTP.

Mpl nOpeAmnoNoNKWIM, YTO paziuyhe B 3HAYEHUSX TOPMO3HOM CIIOCOOHOCTH,
MOJIy4aeMOM pPa3IMYHBIMU METOAAMHU, OOBSICHSETCS Pa3IUYHONW TPAKTOBKOM H3MEPSEMBIX
BenuunH. C moMompbio pa3pabOTaHHOTO HaMHM Kojaa [6] MBI TPOBENH KOMIIBIOTEPHOE
MOACIIUPOBAHUC DHCPICTHUYCCKUX CIICKTPOB YaCTHUIl IMOCJIC NPOXOXKICHUA U OTPAKCHUA OT
TOHKHUX TUJICHOK U3 Meau, cepedpa u 3omota. [lomydyeHa BennunHa CpeaHero mpodera 4acTuil

L B 3aBUCHMOCTH OT OHCPIUH HAJICTAIOIUX ITPOTOHOB.

25
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Puc. 1. OTHoIIEHHE CpenHel IUIMHBI TPAEKTOPUY YacTUIb! L K TonuHe miieHky d B 3aBUCUMOCTH OT
SHepruM 60MOapAUPYIOIIMX TIPOTOHOB JUIs IIEHOK MeH, cepebpa 1 30510Ta TommuHoi d=200 A.

U3 puc. 1 Buano, ornomenue L/d uzmensiercs ot 1.05 mmst 40 kB go 1.7-2.5 nna 0.7
k3B. To ecTh ecnu MCMOIB30BaTh CTAHIAAPTHHINA AJTOPUTM OIpPEACIICHHUs TTOTepPb, OMINOKa B
BEJTMYMHE TOPMO3HON CITOCOOHOCTH OyAeT cocTaBiaTh 1.7-2.5 pasa mis sHepruu 0.7 k3B.
Kak BugHO u3 puc.2a BETUYMHBI 3JIEKTPOHHON TOPMO3HON CIOCOOHOCTH, TONyYeHHBIC
MeTosIoM oOpaTtHOoro paccesHus (MapkuH [4]), 3HAQUUTENHHO OTIMYAIOTCA OT JIAHHBIX,
W3MEPEHHBIX Ha mpoctpen. [Ipu Koppekiuu maHHBIX Ha mpocTpen Ha oTHomeHue L/d (cwm.

puc. 2b) uMeeTcsi coryiacue pe3yJabTaToB, MOJYUYEHHBIX pPa3iIHMYHbIMH MeToAaMu. BaxkHo
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OTMETHUTh, YTO JaHHBIC MapKI/IHa n

sapucumoctsio dE/dx~E*® B ormimume or obmenpunstoii 3asucumoctu dE/dx~E™® (SRIM

CKOPPEKTHPOBAaHHBIE

JTaHHbIE

[7]). Ananorn4ssle pe3yabTaThl OJdy4eHbl Hamu U 1 cucteM H-Ag u H-Cu.
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OITMCBhIBAIOTCs

Puc. 2. DiexTponHas TopmMo3Has criocoOHocTh dE/dX B 3aBHCHMOCTH OT SHEPIUH YaCTULIBI IS
cuctembl H-Au. Ha puc. 2a nannsie u3 0a3el gaHHBIX [2], a Ha puc. 20 TOTepH MONpPaBICHBI HA
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otHomrenue L/d. CrutomHas oparkeBas JIMHUSA — pacueT nporpamMmoit SRIM [7]. CrtomiHas yepHas
nunus — 3aBucuMocts dE/dx ~ E*%,

[Toxazano, 4ro ompeneneHue Heynpyrux mnotepb sHeprun dE/dX kak oTHomeHus
cpenueit morepu sHepruu AE K TommuHe TUleHKH d MpU UCTONB30BaHUHM B IKCICPUMEHTE
reoMeTpur Ha '"pOXOXKIeHHE" HEKOPPEeKTHO. WM3-3a MHOTOKPAaTHOCTH COyAapeHUi
HE00X0IMMO BBOJHTH IMOMPABKY Ha OTHOLICHHWE CPEeJHEH JUIMHBI TpaeKkTopuu L K TonmiuHe
rienku d. J{ns cnydyas H-Au u sueprum 0.7 k3B cpenusisi nnuHa Tpaekropuu L mpesbimmaer
POEKTUBHBIN mpoler B 2.5 paza. Ilpu snepruun coynapenus 10 k3B onu ornuuatorcst Ha 10%
U Jlajee 3TO pas3fiiiyhe CTAaHOBUTCS HECYIIECTBEHHBIM. TakuM o0Opa3oM, MpuU H3MEPEHUIX
METOJIOM Ha TMpocTpen TpedyeTcs ydeT IMONpaBKM Ha MHOTOKpaTHOE paccesHue, a
KJIACCUYECKOE IOHATHE TOPMO3HOM IOTEPH HHEPrMM KaK OTHOLIEHMS CpEJHEN mnoTepu
HEPTUU U TPOEKTHBHOTO mpobera TpedyeT peBu3nH. B ciaydae MeTOOMKH 0OpaTHOTO
paccessHUs CIIENyeT TPAKTOBATh IOJIY4YaeMbl€ JAaHHbIE KaK IOTEPI0 SHEPTMM Ha €IMHUILY
JUTMHBI TPACKTOPHH.

CnenyeT OTMETUTh, YTO BIIMSHUE JUIMHBI TPACKTOPUHU HA IOJIy4aeMbIE PE3YJIbTaThl
paHee He paccMaTpUBaIOCh. [ MOKOCTH HAIIEro KOAa MO3BOJMIIA PACCUUTATH 3TOT Mapamerp.
TakuMm 00pa3oM ycTpaHsSETCsl HEONPeIeIeHHOCTh B BHIOOPE IKCIEPUMEHTAIbHBIX JAHHBIX O
TOPMO3HBIX MMOTEPSAX JJISI MOJIETUPOBAHUS CTOJIKHOBEHNUN aTOMOB M MOHOB C TBEPABIM TEJIOM.
IIpn oHeprusx wMenee 10 k3B pexomeHayeTcs HCNONB30BaTh IOHATHE TOPMO3HOU
CHOCOOHOCTH Ha €IWHUILY JUIMHBI TPAGKTOPUU M JaHHBIE MOJYYCHHBIE BPEMSIPOJIETHBIM
METOJIOM MpPHU PETUCTPALUU SHEPTETUYECKUX CHEKTPOB OOpAaTHO OTpa)xkeHHbIX YacTull. [lpum
OOJBIIMX DHEPIUsX JaHHbIC, MOJyYEHHBIE pPa3JIMYHBIMH METOJaMH, HE OTJIMYAIOTCS B
npezenax YKCIePUMEHTATbHBIX OLUTHOOK.

BaxHo Takxe 0TMETUTh, UTO Ui 3HEpruii 6oMOapaupyronmx yactul Menbie 10 k3B
3aBucuMOCTh BenumunHbl dE/dx oT sHeprum coymapenust E ornudaercs or oOmenpuHATON
mozenu: dE/dx ~E®, rme cremens 0=0.7-0.9, a He o=0.5, KaKk 3TO NPUHATO CUUTATh U

ucrnonb3yercs B 6a3e nanubix SRIM [7].

1. M.V. Moro, P.M. Wolf, B. Bruckner, F. Munnik, R. Heller, P. Bauer, D. Primetzhofer, NIMB 498 (2021) 1.
2. NDS — data base. https://www-nds.iaea.org

3. H.H. Andersen, A. Csete, T. Ichioka, H. Knudsen, S.P. Moller, U.I. Uggerhoj, NIMB 194 (2002) 217.

4. S.N. Markin, D. Primetzhofer, S. Prusa, M. Brunmayr, G. Kowarik, F. Aumayr, P. Bauer, Phys. Rev. B 78
(2008) 195122.

5. J.P. Biersack, E. Steinbauer, P. Bauer, NIMB 61 (1991) 77.

6. D.S. Meluzova, P.Yu. Babenko, A.P. Shergin, A.N. Zinoviev, J. Surf. Invest.: X-Ray, Synchrotron Neutron
Tech. 13 (2019) 335.

7. SRIM - The Stopping and Range of Tons in Matter — code. http://srim.org
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ON SURFACE COMPOSITION ANALYSIS WITH LOW ENERGY ALKALI METAL
IONS SCATTERING

LK. Gainullin

Faculty of Physics, Moscow State University; Leninskie gory 1 # 2, Moscow, 119992, Russia,
e-mail: lvan.Gainullin@physics.msu.ru.

Nowadays low-energy ion scattering (LEIS) is known as a technique with the best
surface sensitivity. In this paper we consider the surface composition analysis of metallic
samples by means of LEIS with alkali metal ions. We review several LEIS experiments and
show that widely used method of the elemental sensitivity factors calibration against reference
samples does not correctly account ions neutralization, which leads to wrong results. Further,
we discuss two ways to improve the accuracy of LEIS by accounting/calculating alkali metal
ion neutralization. The first one is the correction of the reference samples method results,
which accounts ion neutralization. Such correction can be done by using available
experimental data or by calculating the neutralization probability. The second option is the
direct calculation of the elemental sensitivity factors, which consists of calculation of
scattering cross section by means of the binary collision model and calculation of the
neutralization probability. To calculate the neutralization probability of alkali metal ion we
use theoretical method, developed in previous studies. Despite the scope of the direct
calculation of the elemental sensitivity factors is limited to relatively simple surfaces
nowadays, in some cases, e.g. for metallic compounds, this method allows to reduce the

number of experimental measurements by at least three times.

The ion beams are widely used for surface diagnostics and modification. Nowadays
LEIS is known as a technique with the best surface sensitivity. In contrast to other techniques
of surface investigation, like X-ray photoelectron spectroscopy (XPS), low-energy electron
diffraction (LEED) and secondary ion mass spectrometry (SIMS), LEIS is sensitive to the
outermost atomic layer. Two groups of elements are usually used in LEIS as primary ions —
rare gases and alkali metals. Despite rare gas ions are used more often, LEIS with alkali metal
ions has its certain advantages. The main advantage is that typical neutralization probability
of alkali metal ions is about 10%, while for rare gas ions it is about 90%. Therefore, LEIS
with alkali metal ions provides greater signal-to-noise ratio and significantly less ion doses

are required for surface analysis. I.e. LEIS with alkali metal ions is less destructive than LEIS
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with rare gas ions. Thus, alkali metal ions are frequently used for crystallographic structure

analysis, where angular scanning is necessary.

Quantification of surface composition with LEIS, i.e. determination of elements surface
concentration by spectra of scattered ions, in general requires solution of the inverse problem.
One has to construct surface structure and elemental composition, which gives wanted angular
and energy spectra of scattered ions. Modeling of scattered ions spectra involves two parts: 1)
calculation of scattering cross section (ion trajectories and energies); ii) calculation of charge
exchange (ion neutralization probability). The first problem is rather well understood
theoretically; the developed pairwise interaction potentials between target atom and projectile
reasonably well reproduce the experimental data on ions scattering cross section. Whereas
charge exchange processes are less investigated and quantitative theoretical/numerical models
are available only for relatively simple systems. Neutralization effect in LEIS is well known
factor. In principle, charge exchange can be excluded from quantification of the LEIS results
if not only ions are registered, but full charge fraction, including ions and neutrals. Time-of-
flight (TOF) analyzers were designed for this purposes. However their usage is limited by
several factors: 1) TOF analyzers are more expensive then electrostatic analyzers (ESA) and
they are rather bulky (e.g. for angular scanning); ii) TOF sensitivity to charged and neutral
particles has to be carefully calibrated, that is non-trivial procedure; iii) extreme LEIS surface
sensitivity is stipulated by greater neutralization of ions, scattered from deeper layers. Thus,
the actual situation is that in the most of LEIS setups ESAs are used, which register only the
positive ions. For example widely used Qtac100 setup, produced by ION-TOF Company, is
not equipped with TOF analyzer. Hence, neutralization effect is important for practical LEIS

usage.

Powerful reference samples method has been developed for quantification of the LEIS
results. The core of this method is the calibration of the relative elemental sensitivity factors
against reference samples (pure substances or materials with known composition). Since
experimental conditions and geometry in auxiliary measurements on reference samples are
identical to those for the investigated sample, this method is believed to account both
scattering cross sections and neutralization probability. In this article, we show that
neutralization probability of alkali metal ions can differ significantly for reference and
investigated metallic samples due to the difference in work function of the samples. Hence,
the reference samples method can lead to substantial error in surface composition if not to

account ions neutralization.
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There are three main mechanisms of charge exchange between the ion and the surface:
1) one-electron resonant charge transfer (RCT); ii) two-electron Auger processes; iii) quasi-
resonant collision-induced charge transfer during ion close collision with target atom. Two
last mechanisms are responsible for neutralization of rare gas ions, while RCT dominates in
alkali metal ions neutralization on metallic surfaces. RCT is rather complicated process. In
general, even for single elastic scattering event, alkali metal ion neutralization probability
depends not only on ion energy and scattering angle, but also on ion trajectory and local
electronic structure of the surface. The most common example are adsorbate-covered
surfaces, where adsorbate atoms change local electrostatic potential. The neutralization
probability is quite different on the substrate's and adsorbate's sites and also depends on ion's
azimuthal direction. Another example are ionic crystals, e.g. LiF, where neutralization
probability depends on scattering site as well as on azimuthal direction. Also RCT depends on
ion's azimuthal trajectory in the case of "non-flat" surfaces, e.g. reconstructed surfaces,
surfaces with atomic steps or vicinal surfaces. The presence of nanostructures can
significantly influence the RCT, e.g. neutralization probability of alkali metal ions on Au

nanoclusters is several times greater than on flat Au surface.

However, RCT with flat metallic surfaces has relatively simple regularities. The
neutralization probability of low energy alkali metal ions on metallic surfaces was shown to
be almost independent of ion trajectory and collision site, so these metallic surfaces are
homogenous for RCT. Note, that many of metallic surfaces can be considered as
homogenous, e.g. widely-used pseudopotentials for electron-metal interaction depend only on
distance to the surface, but not on lateral coordinates. Another interesting experimental result
is so called "memory loss" effect, when the final charge state of scattered atomic particle
doesn't depend on the primary ion beam charge state (negative or positive ions) and incidence
angle. Formation of the final charge state of scattered atomic particle occurs on outgoing
trajectory at distance ~5-10 a.u.. The neutralization probability of alkali metal ions strongly
depends on ion energy level position relative to Fermi level of the metal. Thus, RCT is
relatively well understood for homogenous metallic surfaces and existing theoretical models

provide reasonable agreement with experimental data.

We consider the surface composition analysis of metallic samples by means of LEIS
with alkali metal ions. Note that due to lower neutralization probability, LEIS with alkali

metal ions is less destructive comparing to LEIS with rare gas ions. We've shown that widely
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used method of the elemental sensitivity factors calibration against reference samples doesn't

correctly account neutralization of alkali metal ions, which can lead to wrong results.

The most robust way to account ion neutralization is to detect all scattered particles,
including ions and neutrals. However, this is not a universal recipe, because: 1) TOF analyzers
are more expensive then ESAs and they are rather bulky (for instance for angular scanning);
i1) TOF sensitivity to charged and neutral particles has to be carefully calibrated, that is non-
trivial procedure; iii) LEIS surface sensitivity will suffer from neutrals detection, due to the
scattering signal from deeper layers. Therefore, in practice, the most of LEIS setups register
positive ions by means of ESAs. The neutralization effect can be neglected if ion energy level
is located above Fermi level of both investigated and reference samples. Heavy alkali metal
ions, like K or Cs, with low ionization energies fulfil this condition, but the disadvantage of
LEIS with heavy ions is its poor sensitivity to light elements. Thus, the neutralization effect
should be accounted in many experiments. Neutralization of alkali metal ions near metallic
surfaces occurs resonantly. In previous works we've developed numerical method for
calculation of neutralization probability of alkali metal ions on homogeneous metallic

surfaces. It gives reasonable results for backscattered ions of 1-2 keV energy.

We discuss two ways to improve the accuracy of LEIS by accounting/calculating alkali
metal ion neutralization. The first one is the correction of the reference samples method
results, which accounts ion neutralization. Such correction can be done by using available
experimental data or by calculating the neutralization probability. The second option is the
direct calculation of the elemental sensitivity factors, which consists of calculation of
scattering cross section by means of binary collision model and calculation of the
neutralization probability. Despite the scope of direct calculation of the elemental sensitivity
factors is limited to relatively simple surfaces nowadays, in some cases, e.g. for metallic
compounds, this method allows to reduce the number of experimental measurements by at
least three times. As the next step we are going to extend our theoretical method to calculate
the neutralization probability and the elemental sensitivity factors of alkali metal ions on

metallic surfaces with adsorbates.

1. H.H. Brongersma, M. Draxler, M. de Ridder, P. Bauer, Surf. Sci. 62 (2007) 63-109.

2. LK. Gainullin, Surf. Sci. 677 (2018) 324.
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N2 PLASMA INTERACTION WITH 2D MoS;: EXPERIMENT AND MODELING
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Yu.A. Mankelevich , D.V. Lopaev , A.l. Zotovich , and E.N. Voronina #

" Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow Sate University,
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This work presents the results of experimental and theoretical study of direct and
remote N, plasma interaction with MoS, films. Experimental data obtained with
the use of the spectroscopic ellipsometry, Raman, EDS/XRF and XPS
spectroscopy methods are analyzed and compared with DFT-based static and
dynamic simulations of the N and N, interactions with MoS, monolayers. Direct
plasma treatment even at low ion energy induces the removal of the uppermost
layer of MoS,, while remote N, plasma causes the appearance of a modified
surface layer with Mo—N bonding. Our static and dynamic DFT simulation reveal
that incident thermal N(*S) atoms are scattered by the chemically inert MoS,
surface without defects. Ground state and electronically excited thermal N atoms
are readily absorbed within S-vacancies. Such N adatoms could recombine with
incident atoms producing a volatile N, molecule in highly excided vibrational
states. The calculated trajectories of the incident N," ions of low translational
energy (< 15 eV) show preferential scattering with only minor structural changes
in MoS, monolayer.

Quasi-2D (two-dimensional) transition metal dichalcogenides (TMD) are currently
considered as the most promising semiconductors for next-generation nanoelectronic elements
owing their unique and fascinating properties, including high charge carrier mobility and
tunable electronic properties, critically important for electronics industry. Among 2D TMD
materials unltrathin semiconducting MoS, films attract special attentions because of optimal
and tunable band gap which depends on the number of layers varying from 1.2 eV for thick
MoS, films to 1.9 eV for a monolayer [1]. Intriguing pseudospin-related properties of MoS,
monolayers give rise to special effects like valley polarization allowing to design and develop
valleytronic devices. In addition to MoS,-based field effect transistors and photovoltaic
devices, rapid progress is expected in assembled Van der Waals heterostructures with sharp
interfaces and specific band alignment properties [2].

Low-temperature plasma is used at various stages of the modern technological processes,
such as etching, surface functionalization, surface cleaning etc. Active plasma species can
easily induce various damages to ultrathin and fragile MoS, films, causing undesirable
changes not only in their structure, but also in their properties (electrical conductivity,
refractive index, etc. [2,3]). However, it implies that under special conditions plasma may be

applied for a directional modification of these materials and further development of novel
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nanoelectronics elements. Therefore, to create a reliable and controllable technology for
plasma processing of 2D materials, a detailed analysis of effects induced by ions, radicals, and
VUV (separately or simultaneously) is required.

However, available experimental data depend strongly on plasma reactors, plasma
composition, discharge parameters, exposure regimes, etc., so in many cases their
interpretation may be ambiguous. Advanced modeling technique like ab initio density
functional theory (DFT) can give a valuable insight into mechanisms of plasma species
interaction with the materials under study and explain experimentally obtained results. For
instance, accurate experimental measurements combined with DFT-based simulations allow
us to study in detail the interaction of remote H;, plasma with 2D MoS,/WS; samples ([3, 4]).

Here we use the similar approach and present the results of experimental and theoretical
study of the response of ultrathin (<5 nm) MoS, samples to nitrogen plasma at two regimes
(direct exposure and downstream treatment). Ultrathin disulfide films grown by the PECVD
method on a substrate Si/Si0,/Al,O; were used. The 13.56 MHz ICP plasma source
exploiting the 25%N,/Ar mixture at 200 W rf power, gas pressure of 0.1 and 2.5 Torr and
total flow rate of 400 sccm in a water-cooled quartz tube was used as a remote source of N
atoms. Argon dilution is used to increase the fluxes of N atoms on a sample and to apply an
actinometry method for measurements of the N atom concentrations. N atoms produced by
electron impact dissociation of N, molecules in the ICP discharge zone are transported by
flow to the downstream reactor tube where the samples were located. A stainless steel mesh
with a cell ~ 70 um was used to exclude the plasma penetration into the reactor tube. To study
the effects of the direct plasma treatment, an additional low-power surface wave discharge
SWD (10W 81 MHz) was ignited in the downstream reactor tube. The ion energy spectrum
measured by RFEA was peaked at energy corresponding to plasma potential (~20-22 eV for
N, ions). Owing to SWD plasma the method of differential actinometry was applied to
estimate the concentrations of N atoms and to calculate the N atom flux on the surface of the
samples.

The pristine and exposed samples were investigated ex Situ by methods of spectroscopic
ellipsometry, Raman, EDS/XRF and XPS spectroscopy. The Raman spectra were measured
with laboratory Raman spectrometer developed on Horiba Triax 550 spectrometer and solid-
state laser ATC-53-1000 (wavelength of 532 nm, resolution of ~2.5 A) and Raman
spectrometer R532 (power 30 mW, wavelength of 532 nm, resolution of ~2 A). Thickness and
optical properties of the samples were analyzed by spectroscopic ellipsometer SENTECH
800, and the EDS/XRF (Oxford Instrument X-act, via 5 keV electron irradiation) and XPS
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(Kratos Axis Ultra DLD) methods were used to study elemental composition.

The measured Raman spectrum of pristine samples (Fig. 1a) possesses two prominent
narrow peaks corresponding to two normal modes Elgg and A,g, thereby confirming the high
quality of samples under study. After the plasma treatment Raman spectra remains almost the
same, but with increasing the exposure dose we observe a gradual weakening of peak
intensities, which proceeds much faster for direct plasma (a dash line in Fig. 1a and a filled
triangle in Fig. 1b) than for treatment only by N atoms (empty triangles in Fig. 1b). These
tendencies are observed both at low (0.1 Torr) and high (2.5 Torr) N, gas pressure.
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Fig. 1. a) Raman spectra of pristine and treated MoS, films; b) and A,, peak intensity vs. fluences of
ions (a filled triangle) and atoms (empty triangles) [5]

The observed changes in Raman spectra are related to modification of the uppermost
surface layers of treated MoS, films. The analysis of ellipsometric data indicates that after the
direct plasma treatment the overall thickness of the MoS, films decreases by 10-15%,
implying a partial removal of the material. Under remote plasma (treatment with thermal N
atoms), the film thickness remains almost the same, and a thin (less than 0.5 nm) modified
surface layer is formed. The measured EDX/XRF and XPS spectra confirm a partial removal
of sulfur accompanied by nitrogen incorporation into S vacancies.

Thus, the experimental data show that direct plasma treatment even at low ion energy and
short exposure times induces substantial damage of the MoS; films resulted in the removal of
the film’s uppermost layer. Thermal N atoms (remote N, plasma) cause the appearance of a
modified surface layer consisting of Mo—N/Mo—O bonding (the presence of oxygen is caused
by air exposure at the ex situ measurements [3]).

To study elementary physical and chemical processes during the interaction of thermal N
atoms and low-energy N, ions with a MoS, monolayer, we apply ab initio density functional

theory (DFT) method implemented in VASP (Vienna Ab initio Simulation Package) code
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[6, 7]. Static and dynamic DFT calculations are carried out with PBE exchange-correlation
functional within GGA approximation and with Hubbard correction for strongly correlated
systems (GGA + U approach) on the equipment of the shared research facilities of High
Performance Computing resources at Lomonosov Moscow State University [8].

It was shown that the preferential site for N atom adsorption is a top position above a
surface S atom (e.g. [9]). However, our static and dynamic DFT simulations reveal that
incident thermal N atoms in the ground (*S) state are scattered by the chemically inert MoS,
surface without defects, so the nitrogen adsorption of a defectless monolayer can happen due
to the additional energy of N atoms (kinetic energy or energy of electronically excited atoms).
In contrast, both ground state and electronically excited thermal N atoms are readily absorbed
within S-vacancies formed as result of S atom elimination. Such absorption leads to the
appearance of strong covalent Mo—N bonding. A N adatom at the top position may recombine
with incident N atom producing a volatile N, molecule in a highly excided vibrational state
(practically all the energy released in the recombination process is taken away by the
molecule). Such a process is not barrierless: its activation energy for ground-state N(*S) atoms
is estimated as 0.1-0.3 eV. Therefore, under remote plasma the nitrogen coverage cannot be
high, which it consistent with XPS analysis. It is worth also noting that N, molecules could be
formed even due to the interaction of incident atoms and adatoms in S-vacancies.

The calculated trajectories of the incident N, ions of low translational energy (< 15 eV)
show the preferential scattering with only minor structural changes in MoS; monolayer. For
higher energies of 20-25 eV, an incident ion dissociates, and one of two forming N atoms is
scattered, while the interaction of another one with the surface atoms leads to the appearance
of some N-containing groups, or to sulfur removal (e.g. by forming a volatile SN radical).

This work is supported by the Russian Science Foundation (Grant No 22-22-00178).
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STUDY OF THE ANGULAR DEPENDENCES OF THE YIELD OF EXCITED
MOLECULES DURING ELECTRON BOMBARDING OF KEV ENERGIES IN ESD
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In this paper, we report a study of the yields of excited CN, CO, and OH molecules
desorbed from the surface of cesized tungsten W as a function of the angle of incidence of
electrons with an energy of 200-900 eV.

An ultra-high-vacuum setup with an oil-free pumping system described in [6] and upgraded

to study the angular dependences of excited CN, CO, and OH molecules was used.

N3BecTHO, uTO A1 OOJBIIMHCTBA BTOPUYHBIX 3MHUCCHI 3aBUCHUMOCTH BbIX0JOB Y (o)
COOTBETCTBYIOIIUX MPOIYKTOB OT yria MajgeHus o 00MOapIupyIONINX YaCTUIl OMUCHIBAIOTCS
3aKOHOM KOCHMHYyca: Yoc (COSa)™!, MOCKOMBbKY BEPOSTHOCTH BHIXOJA BTOPUYHBLIX YACTHII
3aBHCUT OT INTyOMHBI NX 00pa30BaHus B MUILIEHH, M BO3pACTaeT ¢ yBelIudeHueM yria o. O1Hako
B JIHTEpaType OTCYTCTBYIOT JaHHBIE O 3aBUCHUMOCTAX Y(O) JUIS  3JIEKTPOHHO-
ctuMmynupoBanHoi  gecopomuu  (DCJl), korma ASMHUCCHS  MOJEKYJI  MPOUCXOIUT
HEMOCPECTBEHHO C MOBEPXHOCTH MuIieHH. B 3ToM ciyudae Y(o) 3aBHCHMOCTH JOJDKHBI
conepkath MHGOpMaIMi0O 00 OCOOCHHOCTSX B3aUMOJCHCTBUS MEPBUYHBIX M BTOPHUYHBIX
3JIEKTPOHOB C aJICOPOMPOBAHHBIMU MOJIEKYJIAMU U UX MCCIIEIOBAaHUE MPEJCTABISIET HHTEPEC
1uist nonnManus mexanuzma DCJl. B menbmiei crenenu nydena C/] BO30yKIEHHBIX aTOMOB,
u ocobenHo, monekyn [1-5]. K nacTtosmemy BpemMeHu ycTaHoBIIeHBI 3akoHOMepHOCTH DCJ]
BO30YKICHHBIX MOJIEKYJ, OJUH W3 HUX:- B ciaydae OOMOapIMpOBKHU IIEIOYHO-TATOUTHBIX
kprcTamioB Habmoaercs DCJI monekyn OH*(A? X+ —2[1;; 306 HM) pu Halycke BOJOPOJA B

KaMepy CTOJIKHOBEHHH.
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JKCNEepUMEHTAIbHAS MeTOINKA
B Hacrosmieit paboTe coobmaercs ncciaea0BaHUe BBIXOA0B BO30YKICHHBIX MOJICKYJT
CN, CO um OH, necopOupoBaHHBIX C IOBEPXHOCTH II€3UpOBaHHOTO BoJb(pama W B
3aBUCUMOCTH OT yTJia majeHus 21eKTpoHoB ¢ sHepruei 200 — 900 »B.

Bouta ucnonbp3oBaHa CBEPXBBICOKOBAKYYMHAsl YCTaHOBKa € O€3MaclIHHOM cHcTeMoin
OTKA4KH OMHCAaHHAS B [6] U MOJAEpHU3UPOBAHHAS JJI CCIEAOBAHUS YTIIIOBBIX 3aBUCUMOCTEH
B030yxneHHbIX MoJsiekya CN, CO u OH.

C noMoIpio JA03UPYIOIIET0 BEHTHJIS HAMyCKANIHUCh HCCIeAyeMble ras3bl (BO3AyX - AJis
obpazoBanust OH, yucteiii CO (99,1%) - mist oopazoBanus CO u Tabaunbiii abiM — st CN.
O6Hnapyxeno, uyro monekynsl razoB CN, CO u OH mpu agcopOmuu Ha MOBEPXHOCTH
LIE3UPOBAHHOTO BOJb(paMa HCIYCKAIOT H3Ty4EHHE COOTBETCTBYIOIIEW IJIUHBI BOJHBI MpPU
O6oMOapIUPOBKE IEKTPOHAMH.

PesyabTaTsl

Ha pucynxke 1 npuBeaen rpaduk 3aBUCUMOCTH HHTEHCUBHOCTH CBEUEHUS, IIPUXOSAIIASCS
Ha €IMHHUILY JIEKTPOHHOIO TOKA, YBeJIMYMBaeTcsa npu ymeHnbmeHuu E, ot 600 3B 1o 200 3B.
[Tpu ’TOM UHTEHCUBHOCTH CBEUEHHUSI HE 3aBUCUT OT u3MeHeHus E, B mpenenax 590-600-6107B;
390-400-410 »B. VHTEHCMBHOCTh CBEUEHHS 3aBUCUT OT IMOTCHIIMAJA, MPUKIAABIBAEMOTO K
muineHn +£103B, npuyem nHaubonbmmii curnan npu +10 3B u nHaumensmmii npu —10 3B. D1

U3MEHEHUS 3aBUCAT OT TUIA IECOPOUPYEMBIX MOJIEKYJ M COCTABIISAIOT:

7004

. P Puc.1. I'padux 3aBUCUMOCTH
£ 600+ pag
= ‘*‘“5 HHTECHCHUBHOCTHU CBCUCHUSA ISt
> 500 e s
5 "% (Y. le) e '“ MOJIEKYJI CN oT SHEPTHH
5 400+ o Yo o e m
B A% (Ydle,) o OOMOapIUPYIOIINX 3JIEKTPOHOB,
£ 3004 ——%(Y_4e,)
= HOPMHPOBAaHHBIE Ha JJIEKTPOHHBIN
2 200
QD
g TOK.
— 100 -

0 T T T T

200 300 400 500 600

Energy, eV

- 20% nns monexkyn CN u 7,5% nns OH u CO npu sneprun 9003B, (puc. 2.a.);

- 25% nnsa CN, 8% nnst OH u CO nipu suepruu 6003B;

- 38% s CN, 13% nna CO npu suepruu 400>B

OTH U3MEHEHHUS CBSI3aHBI C BIMSIHIEM BTOPUYHBIX JIEKTPOHOB, SMUTHPYEMBIX U3 MUIIICHHU.

[Ipn norennmane +103B HHM3KO3HEpreTHuyeckas 4acTb BTOPUYHBIX 3JEKTPOHOB ¢ E,<103B,
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MOKMHYB MUIICHB, 3aMEJISTIOTCS IO TIOJTHOH OCTAHOBKH, a 3aTEM BO3BPAILIAOTCS 00paTHO Ha
MUIIEHB, YTO MMOATBEPKIACTCS H3MEPEHUSIMUA BEJIMYMHBI SJICKTPOHHOTO TOKA B IICTIA MHUIIICHH.
V3MeHeHNst HHTEHCUBHOCTH CBEUECHHUS MIPH 3TOM CBS3aHO C JONOJIHUTEIBHON BO3MOKHOCTbBIO
00pa3oBaHus BO30OYKIACHHBIX MOJIEKYJ B IPOIlECcCe PEKOMOWHAIIMH BTOPUYHBIX JIEKTPOHOB U
MOJIOKUTEHHBIX HOHOB (BHE MHIIICHH ) BOJIM3M TOYKH MOBOPOTA (KOT/Ia 3JIEKTPOHBI HanboJee
MEJICHHBIC).
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Puc.2. I'paduiky 3aBUCHMOCTH WHTCHCHUBHOCTH CBCUCHHS TPH MPUIOKECHUH 3aJCPKUBAIOIINX
noreHianon: a) s Mosiekys1 CN, CO u OH ot yria 6oMOGapaupoBKH 3J1eKTPOHOB ¢ 3Heprueit 900 »B,

0) mua monekyn CN, CO u OH or yria OomMOapaupyroluXx 3JCKTPOHOB, HOPMHPOBAHHBIC Ha
3NIEKTPOHHBIH TOK.

Otor S(PQeKT sABIAETCS JOMOJIHUTENbHBIM K HCCIEIyeMOMY SBICHHUIO M €ro
3¢ (EeKTUBHOCTh 3aBUCUT OT THUNA MOJIEKYJSIPHOIO HOHA, YYacTBYIOIIEIO B IpoLeEecce
pekoMOuHanmu. B cBsi3H ¢ IefCTBUEM YKAa3aHHOTO JOMOTHUTENHHOTO A (PpeKkTa pekoMOnHaIIUN
SMHUTHPOBAHHBIX HJIEKTPOHOB C JI€COPOUPOBAHHBIMU MOJICKYJISIPHBIMA MOHAMH TIPECTABIISET
CaMOCTOSITENIbHBIN HHTEPEC N3yYEHHE BOSMOXKHOCTH B3aMMOACHCTBHUS BTOPHUHBIX AJICKTPOHOB
C aacopOMpOBaHHBIMH Ha IIOBEPXHOCTHM MHIIEHHM MOJEKYJIaMH, B IpoLecce Mepexoia
JIEKTPOHOB U3 00beMa MeTaula B BakyyM. [IpoBepUTh Takyl0 BO3MOXXKHOCTb MOXKHO IyTEM
UCCIICIOBaHMS 3aBUCUMOCTEN MHTEHCUBHOCTH CBEUEHUS 1€COPOMPOBAHHBIX MOJIEKYJ OT yIJia
najsieHuss o OOMOapAMpPYIOUIMX 3JIEKTPOHOB Ha TOBEpXHOCTh MuiieHu. Ha puc. 2.6.
npezcTasieH rpaguk 3asucumoctu u3nyderus moiekyna CN, CO, OH nopmupoBaHHbIE Ha
AIIEKTPOHHBIN TOK, BUJHO, YTO BBIXOJbI BO3OYKICHHBIX MOJIEKYJ 3aBUCAT OT yIJa MajeHUs
JIEKTPOHOB HAa MUILIEHb 10 3aKOHY 00PaTHOr0 KOCHHYCA.

BriBoabl

-MHTEHCUBHOCTb H3JIy4€HHUS B CiIydae Le3UpOBaHHOW moBepxHOCTH W Ha HECKOJBKO
HOPS/IKOB BEIMYUHBI OOJIBIIE, UM JJIsl YUCTOH, 32 CYET PE3KOr0 YMEHBUICHUS BEPOSTHOCTH

0e3bI3ITydaTeIbHOTO BO30OYKICHMS,
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-o0HapyxeHo Hanmmuue cBeueHus s mosiekya CN, CO u OH,

-YTJ10Basi 3aBUCUMOCTH XOPOIIO TPOSIBIISIETCS] ¢ YMEHBIIICHUEM SHEPTHH JIEKTPOHOB,

-BBIXOJ DJIEKTPOHOB PACTET ¢ YMEHBIIEHUEM DHEPIUH,

-3aBUCUMOCTHU BBIXOI0B BOSGy)KI[GHHBIX MOJICKYJ OT yIjia maJICHUsA 0L COOTBCTCTBYIOT ITO
3aKOHY 00paTHOTO KOCHHYCA,

-IPUJIOKECHUE TMOTCHIIMAJIOB K MHIIEHU COMPOBOXKAAIOTCI KaK HM3MEHEHHUEM TOKa
AJIEKTPOHOB, HO CaMOe TJIaBHOE M3MEHEeHHEeM cBeueHus: 0ombimmM st CN, u oueHp Manbim

g OH u CO.

[1] TTon C.C., Benpix C.®. Ipoouuu B.I'. ®epierep B.X. MoHHO-(DOTOHHAS SMUCCHS METAJUIOB. TaIlIKEHT:
®an, 1989. 200 c.

[2] V.N. Ageev. Prog. Surf. Sci. 47, 55 (1994).
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[4] Arees B. H., Bypmuctposa O. I1., Kysueros F0.A.// YOH. 1989. T.158. N3. C.389.

[5] Ramsier R.D., Yates J.T.// Surface Sci. Rep. 1991. V.12. 6-8 P.243.

[6] II.O. AxyHos, C.®. Benbix, ¥Y.X. Pacynes, U.B. Peauna, B.X. ®epnerep., U3e. PAH cep.dus. (1998) T.
62, Ne 4, 813-820.
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NCCIEJOBAHUA DOHEPTUHN PACCESAHHBIX NHOHOB C IIOBEPXHOCTBIO
Si0,(001)<110> B 3BABUCUMOCTD OT TOUYKHA NPULIEJIUBAHUSI

STUDIES OF THE ENERGY OF SCATTERED IONS WITH THE SURFACE
Si0,(001)<110> DEPENDING ON THE AIMING POINT

A.C.Ammpos, M.Y.Orab6oes, ¥.O.Kyrnues
A.S.Ashirov, M.U.Otaboev, U.O.Kutliev

Vpeenueckuu I'ocyoapcmeennwiii Ynusepcumem, Ypeenu, uchkunk@mail.ru

The dependence of the scattered ion energy on the ion aiming point is discussed in this
paper. It has been established that the energy of scattered ions decreases near the atomic
chain. Also, an increase in the initial energy of incident particles leads to a decrease in energy
only near the semichannels. This indicates that multiple ion scattering is observed from
semichannels.

BBenenue

OTpaxkxeHHEe NEPBUYHBIX MOHOB, MAJAONIMX Ha IOBEPXHOCTh TBEPAOIrO Tela,
pe3yabTaT B3aUMOJCHCTBUS MX C aTOMaMu pemieTkd. /s yCcTaHOBJIEHUS TOYHOM HPUPOIBI
TAKOro Ipolecca CcJeayeT IOCTPOUTh KBAHTOBO-MEXaHMYECKHWE BOJHOBbIE (DYHKUIUU
MaJal0IIero UoOHa M aTOMOB KPUCTAJUIMYECKON PELIeTKH U OMPENeNUTh 3aKOHA paccestHUs
pelIeHreM BOJTHOBBIX ypaBHeHMH. OJJHAKO, KaK yXe ObUT0O OTMEUEHO B IMPEAbLAYIINX TJIaBax,
TaKue METOJIbl Ype3BBIYaiHO 3aTPYAHUTENbHEI. [IpuMeHenune npouecca paccesHust HOHOB JUIS
MPAKTUYECKUX IeJel, MOKAa3bIBAeT, YTO paccesHUue JIETKUX HOHOB, paccMaTpuBaeMoe B
paMKax MapHBIX YIOPYIHMX CTOJIKHOBEHUH, MOXKET OBITh HCIOJB30BAaHO NpPU H3YUEHHUH
MHOTOKOMIIOHEHTHBIX MaTE€pPHaJiOB MM aJICOPOLMHU UYKEPOAHBIX aTOMOB Ha MOBEPXHOCTH
TBEpAOro tena. OQHAKO BOIIPOC, CBSI3AHHBIM C dHEPrUel COXPaHsAEMbIX PAaCCESIHHBIX HOHOB C
MOBEPXHOCTHIO CIIO)KHOTO COCTaBa U C €ro MPAKTUYECKUM HCIOJIb30BAHUEM, OCTAETCS Majo
U3YYEHHBIM. B CcBsi3U ¢ 3TUM B JaHHOM Maparpade o0Cy)AatoTcs pe3yabTaTbl TEOPETHUECKUX
UCCIICIOBAaHUN paccesHUs] MOHOB M MX TPACKTOPUU C MOBEPXHOCTHIO JBYXKOMIIOHEHTHOTO
wiéHka coctoAnmx u3 SiO; U BBIACHSAETCS BO3MOXKHOCTh MX HCIIOJIB30BAaHUS B NMPHUKIATHBIX
acCreKTax.

Hamu 6bla cMOJIEITMPOBAHA MPOIECC MAJOYIIOBOE paccestHue MoHoB Ne' u Ar' ¢
NMoBepXHOCTHI0 MOHOKpucTaima Si0,(001)<110> ¢ nHauanbHO# 3HEprHEH 11 5 KIB.

MeTton MccieI0BaHUS U Pe3yJIbTAThI

W3BecTHO, UTO MOHHO-pacceuBaTeabHasi CIEKTPOCKOMUS Ja€T BaAXKHYIO MH(POPMAIUIO

0 MoBepXHOCTH TBEpaOTrO Tena. O0cykaaeTcss IPUMEHUMOCTh METOa MAPHBIX CTOJKHOBEHUMN
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K CTOJKHOBEHMSIM Ha MOBEPXHOCTH Kpucramuia. [Ipm ManplX 3HaUYE€HMSIX SHEPrHil MOHHO-
ATOMHBIE CTOJKHOBEHHMS Ha IOBEPXHOCTHM TBEPAOrO TEla MOXKHO pPacCMaTpuBaTh Kak
W30JIMPOBaHHBIE IapHbIE CTOJIKHOBEHHS M HUX IIOCIEI0BAaTEIbHOCTH. OTOT BBIBOJ
OCHOBBIBA€TCSI Ha PACCMOTPEHMM BPEMEHM B3aUMOJECHCTBUS NAJAIOIIETO0 MOHA W aToMa
KpHUCTaJUIA, a TAK)KE SHEPTHM, XapaKTEPHBIX ISl TAKUX CTOJIKHOBEHHM.

[IpuBOAATCS OCHOBHBIE COOTHOIIEHHSI JIEMEHTAPHOTO aKTa B3aMMOJACHCTBUSA JBYX
YaCTHUI[ C MMOMOIIBI METOJIa MapHbIX CTOJIKHOBEeHMM. Ecnm wactuna maccsl M; ¢ aTOMHBIM
HOMEpOM Z;, oOlajaromias CKOpPOCThIO Vo (M KHHeTWdeckoil »sHeprueil Eg), ympyro
CTaJIKUBAETCS C IMOKOSIIMMCS aTOMOM MMIIEHM Maccod M, M aTOMHBIM HOMEpOM Zj, TO
HECJIO)KHO I[I0Ka3aTh, YTO HaJeTalollas YacTHIla pacCceuBaeTcsi B J1aOOpaTOpHOW cucTeme
KOOpJAMHAT Ha yroi 0 Mo OTHOLICHUIO K HAMPABICHHIO €€ MePBOHAYAIBHOTO ABMKeHHs. [Ipn
3TOM aTOM MUUIEHU B PE3yJIbTaTe CTOJKHOBEHHS HAYMHAET JIBUTAThCS B HAIIPABICHUHU,
COCTaBISIOLIEM yron 0, C mnepBOHAaYalbHBIM HaIpaBJIEHWEM HaJeTaroe dJacTuipl. B
npUOIMKEHUN TMapHBIX CTOJKHOBEHUI OCHOBaHBI JIB€ 0a30BbIE MPOrpPaMMbl, MPU MOMOIIU
KOTOPBIX MOJICIUPYIOT IIHUPOKUN KPYT MPOLECCOB, BHI3BIBAEMBIX OOMOApAMPOBKON TBEPIBIX
T€l YCKOpPEHHbIMU dacTuuaMu - nporpaMMa MARLOWE u nporpamma TRIM. B ocHose
o0eux mporpamm JIeKHUT MPAKTUYECKH OJUH U TOT ke GopMmanu3M. Paznuuue Mexay 3TUMU
[porpaMMaMy COCTOMT B TOM, 4YTO MEpBas HCXOJHO OIEPUPYET C KPUCTAUIMYECKUMU
MUILEHSIMH, TOTr/la Kak Bropas - ¢ amoppueiMu. B mporpamme MARLOWE [1] yron
paccestHusl ONpEAEIAOT MYTEM UYMCIEHHOIO pacueTa KJIaCCHMYECKOIO MHTErpajlia pacCcesHUs
WIM C TOMOIIBIO NPEIBAPUTEIBLHO PACCUYUTAHHBIX W TaOyJUPOBAHHBIX 3HAYEHHUH O3THUX
MHTETpajoB Jyis moTeHuuana Mosbepa [2].

Ha puc.la npencrasnena 3aBucumoctb Ei(L) paccesHHBIX MOHOB C TOBEPXHOCTH
Si0,(001)<110> mpu Ey=1 x3B u yrios magenus y= 1°,3°5%7°9° u 11°. Bugno, uro npu
y=10 HaOmrogaeTCcs MOTEpPh PHEPTUU BOJM3M AaTOMHOW IIEMOYKH M JHO TOJIyKaHasia. ITo
CBUJIETENIBCTBYET, YTO MAJAIOIAsl YacTULAa B3aUMOJEHUCTBYET TOJBKO C 3TUMHU aTo MaMu. C
YBEIIMYEHUEM YTJIa CKOJBKEHHUS SHEPrUsl PacCcesHHOIO MOHA YMEHBIIAeTCs, 0COOEHHO Ha
CTeHKe monmyKaHana Mexay atromamu Si-O u O-Si. Y mpu w=11° 10 u nocie aroma O mow
MPOHUKAET TTy0xke MOHOKPHCTAUIA U SHEPTHS PACCESIHHOIO MOHA CTAHOBUTHCSI MAJIBIM.

IIpu osHeprusix E¢=5x»B (puc.10) yMEHbIICHHS OJHEPTUM PACCESTHHOTO HWOHA
HaOmromaeTcst BOJIM3M AaTrOMOB TMOJIyKaHajla, TaKk Kak B O3TOM 00JIACTH MPOMCXOIUT
MHOTOKpPaTHOE paccesHUsI HOHOB. A B 00JIACTH MEXy aTOMaMM SHEPIUs PACCETHHOIO MOHA
BCErJga MMeEET OOJNIbIIOE 3HAUYEHHSI. JTO CBA3aHO C TEM, YTO B DTOM 00JACTH H3-3a MaJou

SHEPTUU CBS3U MOTEPh IHEPTUH OyJET HE 3HAUYUTEIbHBIM.
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Puc.1. 3aBucumMocTh DHEPTHHN PACCETHHOTO HOHA OT TOYKH IPHUIICIIMBAHIS HA TIOBEPXHOCTH
Si0,(001)<110> mpu 6ombapauposke uonamu Ne' ¢ Ej=1(a) u 5(6) k3B u yrios nagenus y=
1°3°5°,7°9° u 11°
+

Tenepr paccmoTpum 3aBucuMOcTh Ei(L) paccesHHBIX HOHOB Ar ¢ TOBEPXHOCTH
Si0,(001)<110> mpu Eq=1 u 5 x3B u yrmoB mamenus y= 1°3°5°7°9° u 11° Drm
3aBUCHUMOCTH TIpuBeJeHbl Ha puc.la u puc.16. M3 3aBucuMocTeld MOXKHO HaOIIOAATh

+

BBIIIICYKA3aHHYIO KapTuHy. ClieyeT OTMETUTh, YTO B ClIydae HOHOB Ar MPOUCXOIUTH
YMEHbILIEHUS SHEPTUU PACCESTHHBIX HOHOB TaK, KaKk Macca MOHA YBEIMUYUIOCh. A yBEIHMUEHUS
Macc MaJalouMX YacTULl MPUBOJUTH K OoJiee rIyOOKOMY MPOHHUKHOBEHHIO M YMEHbIIEHUU

OHCPIrun pacCCIHHOIO HOHA. HpI/I MajJbIX 3HAYCHHUSIX HadaJbHOMU OHCPIrUr SHCPTHUA
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PACCESTHHBIX MOHOB IPH MalbIX yraax (y= 7°) ymensimaercs g0 150 5B, a 60mbmuX yriax
okoj10 400 5B. YBenuueHus SHEPruy NaAIOUINX YACTULl IPUBOAUTH K YMEHBIIEHUH SHEPTHH
TOJBKO BOJHM3M aTOMOB IIOJNyKaHAJA. OJTO CBHUIETEIBCTBYET O TOM, YTO MHOTOKPATHOE

pacCcesiHns NOHOB Ha6moz[aeT051 OT aTOMOB ITOJIYKaHajia.
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Puc.2.3aBucuMocTs DHEpruu paccesHHOTO HOHA OT TOUKH MPHULEIUBAHUS HA TIOBEPXHOCTU
Si0,(001)<110> npu 6ombGapaupoBke nonamu Ar~ ¢ Eg=1(a) u 5(6) k9B u yrios nageHus y=
1°,3%5%,7°.9" u 11°.
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2. Robinson M. T. Computer Simulation Studies of High-Energy Collision Cascades// Phys. Rev. -
Amsterdam,1992. -B 67.—P.396-400.
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O®OPMUPOBAHHUE TPEKOB BbICTPBIX TAKEJIBIX HOHOB B
MNOJIMITUJIEHE
SWIFT HEAVY ION ION TRACK FORMATION IN POLYETHYLENE

H.A.Ba6aeBl, ®. O. AXMGTOBz, C.A. F0p6YHOB1, H.A. MC,HBC,HCB3’4, P.A. Poimkanos’ ’6, P.A.
BOpOHKOBl, A.E. Bonkos'™’
P. Babaevl, F. Akhmetovz, S. Gorbunovl, N. Medvedev3’4, R. Rymzhanov > ’6, R. Voronkov'
A.E. Volkov"’
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HUIL] Kypuamosckuu uncmumym, 1ln. Kypuamosa 1, Mockea, Poccus

The combination of the Monte Carlo code TREKIS-3 with the molecular dynamics code
LAMMPS allowed us to simulate, without a posteriori parameter fitting, structural changes in
polyethylene (PE) irradiated with swift heavy ions (SHI). In amorphous polyethylene, bond
breaks form an approximately circular track, whereas in a crystal an oval trajectory is
elongated along the polymer chains. The calculated spatial distributions of low mass
fragments and broken bonds allow us to build a model for the chemical activation of SHI-

irradiated PE.

Breictprie Tsokensie nonsl (BTU, E > 1 MaB/a.e.m., M > 20 a.e.M.) B MaTepuaine TepsioT
OOJBIIYI0 YacTh CBOEW SHEPTUU 3a CYET IKCTPEMATBHOTO BO3OYKICHHUS €ro 3JIEKTPOHHOMN
MOJICUCTEMBl. B HaHOMETpHUYECKON OKpPEeCTHOCTHM TPAaeKTOPUM HOHA HA €IWHULY JUIMHBI
npoOera BeimensieTcs SHeprus 10 ~15 xkaB/aM (mommdtunen). [lanpHelmas penmakcamus
BO30YXKICHHSI TPUBOAUT K OOpa30BaHHUIO CTPYKTYpHO M3MEHEHHBIX U XHUMHUYECKHU
AKTUBHPOBAHHBIX TPEKOB HOHOB C JKCTPEMATbHBIM OTHOIICHWEM JUIMHBI MOBPEKAEHHON

obnactu k e€ paamycy (~100 mxm/10 HM).
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Ot cBoiictBa  nmenmator  oOnydeHne BTU  yHUKambHBIM —~ HHCTPYMEHTOM  JUISI
HAaHOCTPYKTYPUPOBAHUS Pa3audHbIX MarepuanoB. bTU-o0mydeHre OHOIOTHYECKHX TKaHEH

TaKXke sBIseTCs Y3PPEKTUBHBIM HHCTPYMEHTOM JUJIsI JICUCHHUS OIyXOJIEBBIX 0Opa3zoBaHuii [1].

B npencraBnenHoi paboTe Mbl IPEACTABISAEM PE3yJIbTaThl IPUMEHEHHS MYJIbTUMACIITaOHOM
Mojaenu K omnucaHuio (opmupoBanus TpekoB bTU B aMoppHOM H KPHCTALITHYECKOM
nommaTUieHe (I19). Opranuueckune mMoJMMeEpbl 00J1aal0T BHICOKOW YYBCTBHUTEIBHOCTHIO K
obmyuennro mydkamu BTU u wmcmonb3yercs B pa3iMyYHBIX TEXHOJOTHUSX Ha ocHoBe BTU-

o0ydeHus (Hanpumep, MoJIUMepHble GUIbTpsI) [2].

Moaenb OCHOBBIBAETCS Ha BO3MOKHOCTH Pa3JEJICHUS JIEKTPOHHOW U aTOMHOW JTHMHAMUKU B
tpeke BTU [3,4] BBUAY OYeHb OBICTPOTO OCTBIBAHUS JJIEKTPOHHOH monacuctemsl (~50-100
dc). Ona oObeaunaser (a) Monte-Kapnmo kom TREKIS-3 [5,6], xoTopsiii ommchiBaeT
BO30YXKICHHE W pENaKCaldio JJICKTPOHHOTO aHCcaMOlii W BBIUUCISIET DHEPTHIO,
nepeaBaeMyr0 aTOMHOW TOJICUCTEME B OKPECTHOCTH TPACKTOPUU HOHA, (GopMmupys
Ha4daJIbHOE YCJIOBHE IS €€ MOoCcIeAyome penakcanuu, u (0) MONCKYJISIPHO-AMHAMUYECKOE
(MJI) MomenmupoBaHHWE pEaKIMUM aTOMHOM CHCTEMbI Ha BHOCHMOE BO30YKICHHE.
Ocob6ennocteio  TREKIS-3  sBnsieTcss MCHONIb30BaHME CEUEHUH paccesHus 3apspKEHHBIX
YaCcTHII, YYUTHIBAIOIIMX B paMKax (opmamu3Ma JUHAMUYECKOTO CTPYKTYPHOTO QakTopa
KOJUIEKTUBHYIO PEaKLHIO AJIEKTPOHHOM M MOHHOM MOJCHCTEM Ha BHOCHMOE BO3MYILECHHUE.
Hns knaccuueckoro MJI MosiennpoBaHuu peiakcalid aTOMHOM MOJICUCTEMBI HCIIOb30BAJICA
naker LAMMPS [7]. BsaumopeiictBuss mexnay aromamu B [ID paccuuThiBanoch c
ucnosp3oBaHueM noreHnuansHoro noias AIREBO-M [8], koTropoe mpoTecTMpoBaHO Ais
BBICOKMX JIaBJICHUI B 00paslie M yYUTHIBAET MPOILIECCHl pa3pbiBa U 0OPAa30BaHUS XUMHUECKUX
cBs3eil. MonenupoBaHue NPOBOJAMIIOCH Ul IOCTPOCHHBIX CBepXsueek aMopdHoro u

kpucrtamunaeckoro 119 (puc.1).

Ha puc.2 npeacraBieHsl paccunTaHHbIE paclpeAeIeHUsI N3MEHEHUSI OTHOCUTEIbHON aTOMHOMN
IUIOTHOCTA MHIIEHHM MW MPOCTPAHCTBEHHOTO pACHpPEAENIEHHs aTOMOB yriepoaa C
000pBaHHBIMU CBsI3AMH B (a) amopdHOM 1 (0) Kpuctammmaeckom obpasie [13 mocne nposera
nona Xe c¢ aHeprueir 1470 M»B. Bumno, 4to oOmacth, comepikaias aTOMBI yriepoaa C
O00OpBaHHBIMH CBSI3SIMH, COBIIAJaeT C OOJACTHIO TMOHIKEHHOM IJIOTHOCTH. Pasmep sroii
o0jacTu COBHAJaeT C pa3MepaMH OKpAIICHHBIX C IOMOLIbI0 XHMHUYECKH aKTUBHOTO

Kpacutens obnacteit nmospexaennii BTU, oGHapykeHHBIX B 3KcriepuMenTe [9].

[Mospexaéunas obnacth B amop(HOM obpasie umeeT Kpyriyio Gopmy auamerposm 60 A

(puc. 2a). OCHOBHBIE MOBPEXKICHUS B KPUCTANIMYECKOM 0O0pa3Ile JIOKATH3YIOTCS B OBalle,
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BBITSHYTOM BJIOJIb HAIPABIEHHUS yIIIEPOIHBIX Lierouek, nMeromem mupuny 40-60 A. Kak u B
JKcIepuMeHTe [9], Hanuuue ATUHHBIX [ENoYeK MPUBOIUT K PacTpOCTPAHEHHUIO TOBPEXKACHUS
Ha 6OJ'IBH_II/IG PacCCTOAHMA: B HAIICM CJIydac OO0 TpaHUI] STUEUKU MOZACIIMPOBAHUA, a B

9KCIEPUMEHTE J0 KPaeB KPUCTATNYECKOH Tamenu (puc. 20).

I KpHucTtajiin4ieckas Adgeiika ‘

‘ amop(Has sueiika l

Pucynoxk 1. Kpucrannuueckast (BBepxy) u amop¢Has (BHU3Y) ssdeiiku. UepHBIM TIOKa3aHbl aTOMBI
YIIepoAa, CHHUM - aTOMBI BOJIOPO/IA.
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Pucynox 2. [IpocTpaHCTBEHHBIE paCTIpECIICHAS aTOMOB yTJIepoia ¢ 000pBaHHBIMHU CBSI3IMU B (a)
amop(dHoM u (0) kpuctaynaeckoM I13 mocne nponera Xe ¢ sxeprueit 1470 MaB. [TyHkTupoM
0003HauEHBI SKCIIEPUMEHTAILHBIE Pa3Mephbl MOBPEKICHHIL: KpyT ¢ guamerpoM 60 A B amopdrom 11D
¥ 0BaJI JI0 Kpaes sueiiku ¢ mupuHoii 40-60 A (nmokasano cpennee 3Havenue — 50 A).

Ha puc.3 mnpencraBieHbl paccuuTaHHBbIE TPOCTPAHCTBEHHBIE pAaCHpEeNIeHUus MallbIX

(GbparMeHTOB pa30pBaHHBIX MOJIEKYJ, CXOKHE C PACIPEICICHUSIMU Pa3pbIBOB CBA3CH.

[TonydeHHble pe3ynbTaThl M METOJUKA MOTYT OBITh HCIIONB30BAHBI MJI ONPEICICHUS
napaMmeTpoB, perymupyoomux ¢opmupoBanue TpekoB bTHU B I19. IIpoctpancrBeHHBIE
pacnpeneneHus OOOpPBaHHBIX CBsi3ed M MalbIX ()ParMEeHTOB SIBISIFOTCS OCHOBOM  JUIS

MOCJIEAYIOLIEr0 MOJICIIMPOBAHUS XUMUYECKON akTuBauu TpekoB bTHU B I13.
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Pucynok 3. Pacnipenenenue ¢pparMeHTOB MOJIEKyN B B Tpeke nona 1470 MaB Xe (a) amopduom (
Macca m< 1000 aem) u (0) kpuctammuaeckom 13 ( Mmacca m< 270 a.e.m). boyiee TeMHBIH IBET
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TEMIIEPATYPHAS BABUCUMOCTDb KHHETHUKHU CTPYKTYPHBIX
W3MEHEHHI B TPEKAX BEBICTPBIX TSKEJBIX HOHOB B KAPEU/IE
KPEMHUA
TEMPERATURE DEPENDENCE OF THE KINETICS OF STRUCTURAL
CHANGES IN SWIFT HEAVY ION TRACKS IN SILICON CARBIDE
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Mocksa, Poccus, d.zaynutdinov@lebedev.ru

2HHcmumym ¢uzuku, Yewckasn akademus nayx, Ha Cnosance 2, 182 21 Ilpaca 8, Yewickas

Pecnybnuxa
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A hybrid multi-scale model was applied to describe structural changes in the nanometer
proximity of the swift heavy ion trajectories (SHI track) in heated silicon carbide (6H-SiC
phase). The model predicts formation of a damaged track of 710 MeV Bi followed by
recrystallization recovering the damage on the picosecond timescale. Taking into account an
energy release into the lattice initiated by the total band gap collapse, we observe pore

formation along the ion trajectory at the highest lattice temperature of 1800 K.

st onucaHusl KMHETUKU CTPYKTYPHBIX M3MEHEeHu#M B kapOuzae kpemuus (¢asa 6H-SiC) B
HAaHOMETPHUYECKOW OKPECTHOCTU TPAEKTOPUHU OBICTPOTO TsKenoro uona (tpek bTHU, 710 M»B
Bi), TopMmo3dimierocss B peXUME INEKTPOHHBIX MOTEPh OSHEPrUHU, HUCIOJB3YETCS
MHOroMaciTabHass Mojenb. MoJienb COCTOUT U3 JABYX CBS3aHHBIX Mopaynei: Monrte-Kapio
(MK) koxg TREKIS [1,2] moxenupyet Bo30yKIeHUE STEKTPOHHON MOACUCTEMBI MUIIICHH, €€
penakcauui M Iepefady SHEPruM OT TOpAYUX OJJIEKTPOHOB B HMOHHYIO IOJICHCTEMY.
Hcnonp3yemble B KOJIe OCHOBaHHbIE Ha (popMaIU3Me TUHAMUYECKOTO CTPYKTYpHOro (axTopa
CEUYEHUS PACCESHUS 3apsUKCHHBIX YAaCTULl YUYUTHIBAIOT KOJUIEKTUBHYIO PEAKIUIO JIEKTPOHHOM
¥ MOHHOU IOJICUCTEM MUILIEHH Ha BHOCHMMOE Bo30ykaeHue. Ilocnenyromas peakiuss HOHHON

INOACUCTEMBI Ha BHOCHMOC B036y)K,Z[€HI/I€ MOACIIUPYCTCAd C HUCHOJB30BAHUCM KOJa
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Puc. 1 PapgnanpHas 3aBHCHMOCTD IUIOTHOCTH SHEPTHH, NEPEJAHHON NMPH pa3HBIX TeMIlEpaTypax
muieHn B pemretky SiC B Tpeke Bi 710 MaB k MOMEHTY OCTBIBaHHUS JEKTPOHHOH IMOJICHCTEMBI
(100 ¢c mocne mponéra woHa), B cliyyae JBYX BapHAaHTOB Iepeladdl dSHEpruu:l- sHeprus
nepeaaeTcsl TOJNBLKO Yepe3 paccesHhe SJICKTPOHOB/ BAJICHTHBIX JIBIPOK; 2- DHEPTHS IepeaacTcs

gepe3 pacCestHhe DIIEKTPOHOB/BANICHTHBIX JBIPOK M Yepe3 aHHHTHIIAIHNIO BCEX DIIEKTPOHHO-
mernoganTy man wa 100 de

KJIaccuuecko Mosekyssipaon quHamuku (MJ]) LAMMPS [3]. [Ins onucaHus ME@XaTOMHBIX
B3aUMOJICHCTBUN ObUT BbIOpaH moTeHmman Vashishta [4], Tak Kak OH XOpOIIO OIMKCHIBAET
MOBEJIEHNE MaTepuaja TMpu OONBIIUX JABJICHUSX, KOTOpPhIE HEM30€KHO BO3HHUKAIOT B

LEHTPaJIbHOU 00JaCTH TpeKa.

Ha srane MK monenupoBaHusl yYMTBIBAIOTCS JIBa KAaHAJIa MEpPEJadyd SHEPTHMHM B PEHIETKY:
MPSIMOM, CBSI3aHHBIM C PAacCESHUEM PACHPOCTPAHSIOIIMXCS DSJIEKTPOHOB HA PEIIETKE, W
aauabaTUdecKkuil kaHai [5,6], cBsI3aHHBIA C YCKOPEHHEM aTOMOB B pe3yJIbTaTe€ H3MEHEHUS
MEKaTOMHOIO IOTEHIMalda U3-3a BO3MYLIEHUS DSJEKTPOHHOM IUIOTHOCTH. OHEprus,
nepenaBaeMasl pei€Tke Mo BTOPOMY KaHally, MOKET yUUTHIBaThCs MpeoOpa3oBaHUEM YacTU
MOTEHLIMAJIBbHOW IHEPIHH AJIEKTPOH-IBIPOUHBIX Map B KUHETHUECKYIO YHEPrHi0 aToMoB [7].
MakcumanbHOE KOJMYECTBO O3TOM JHEPIHUM MNepeNaércs MpH IOJHOM CXJIONBIBAHUU
3ampeméHHoll  30HBI B pe3ysbTaTe  HECTaOWIBHOCTH  PEIIETKH, HHHUIMHPYEMON
OKCTPEMAJIbHBIM ~ JJIEKTPOHHBIM ~ BO30yXjaeHueM. lIpoBeieHHBIE B pamMKax Teopuu
(yHKIIMOHAJA IJIOTHOCTH pacyeT ¢ Ucrosib3oBaHueM nakera Quantum Espresso [8] mokaszai,
y1o B SiC MOJHOTO CXJIONBIBaHMS 3alpeniéHHON 30HbI He mpoucxoauT. [IpuHumast 3To BO
BHUMaHUE, B IaHHOI pa0oTe paccMaTpHUBAIOTCS JBa MPEAENIbHBIX ciayyasi, Korjaa: (a) sHeprus
B PENIETKY MepeaeTCs TOJBKO MO MpsiMOMY KaHary; (0) SHEprusi B peuieTKy nepenaeTcs 1o

IpsAMOMY KaHally, a TaAaKXKE IMOCPEACTBOM aHHUTWIIALIMA BCEX SJICKTPOHHO-ABIPOYHBIX I1ap.
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B npencraBnenHoit paboTe paccMaTpuBaeTCs BIUSHUE TEMIEPATYpPbl PEIIETKH Ha MPOLECCHI,
MPOUCXOJSAIINE B ILEHTPAJbHON o0JacTh Tpeka. YCTaHOBJIEHO, YTO YacTOTa paccestHUs
3JIEKTPOHOB/BAJICHTHBIX JBIPOK Ha PEIIETKE PacTeT BMECTE C TEMIIEPAaTypoil MHILICHH H3-3a
U3MEHEeHHs 4Kcia (OHOHOB B Moax. JlaHHBIN pOCT MPUBOAUT K YBEIUYEHUIO, SHEPTHH,
nepeJaHHON B pelIeTKy o MPSMOMY KaHally, a TaK)Ke K JIOKaJIM3allui SHEPTUH, 3alIaCeHHOMN B

3JIEKTPOHHO-JIBIPOYHBIX Tapax, B IIEHTPaIbHOU 00siacTu Tpeka (cMm. Puc.1).

M/J] ™MopnenupoBaHHWE BBISBWIO IIE€PBUYHOE IIJIABJICHWE TPEKOBOM OOJAcTH Il BCEX
paccmarpuBaeMbix Temreparyp (300 — 1800 K) u mist o0oux mpeaenbHbIX CIy4aeB nepeaadn
sHepruu. Pa3smep mnepBuuHOW amop(dHOIl 00IaCTH BO3pacCTacT C POCTOM TEMIIEPATypPhI
oOmydaemoit mMumienu. OxnHako ans temmeparyp mumienn < 1800 K sta oGmacts ObicTpo
pekpucraiusyercs (cM. Puc. 2) u xo Bpemenu 20 =+ 100 nc nocne nponera BTU (3To Bpems
3aBUCHT OT pa3MEpOB pACIUIABICHHON 00JacTH M YBETUYMBAETCA C POCTOM TEMIIEpPaTypbl
MUIIIEHN) OCTAETCS TOJBKO IIemoYka JAePEKTHBIX KIIACTEPOB, KOTOpas HE MOXET OBITh
oOHapyKeHa METOJaMH MPOCBEUMBAIOLIECH 3JEKTPOHHON MHKPOCKOIUHU. DTO COOTBETCTBYET

MMEIOIIMMHUCS IKCIIEPUMEHTAIBbHBIMU JaHHBIMU [9] pY KOMHATHOW TeMIlepaType.

Pe3koe wu3MeHeHHE AaTOMHOW KHWHETHUKHM MPOMCXOAUT TMPHU JIOCTHXKEHUU IOPOTrOBBIX
temnepatyp, B okpectHocTH 1800 K, korma y4uThIBaeTcsi IMOJHOE CXJIOMBbIBAaHUE
3amnpelleHHOoN 30Hbl. B 3TOM ciydae HECMOTpPS Ha PEKPUCTATUIM3ALIMIO, IBIXKYIITYIOCS C KpaeB
pacruiaBieHHONW o0jacTu K IEHTPY Tpeka B TeueHWu = 140 mc, BAOIb TPaeKTOPUH HOHA
ycmeBaeT copMUpoBaThCs ycToiumBas aedexTHas obimactb. bonee Toro, MomenupoBaHue
MOKa3bIBaeT, 4To npu temreparypax = 1800 K »Bomtonnst 1eeKTHOM CTPYKTYpbl IPUBOIUT
K oOpa3zoBaHmio mop auamerpoM ~ 3 HM (cm. Puc. 3). To ecTh mpoucCXonuT KadyecTBEHHBIN

CKa4OK B MMOBPCIKIAACMOCTH 3TOTO paHHaHHOHHO-CTOﬁKOFO IIPpU UHBIX YCJIOBHUAX MaTCpuaia.

DKCrepuMeHTalbHbIe AaHHBIE TO0 o0mydeHnio SiC B JaHHOM TEMIEPATYPHOM PEXKHME

Puc. 2 Dpomorus MoBpexaAEHHOM 00jacTh B OKpecTHOCTH TpackTopuu Bi 710 MsB B SiC,
dhopMupyemoii mpu Temmeparype obiaydaemoirn muiienn 1=600 K ¢ yderom mojHOH mnepemadu
SHEPTHUH, 3aIMACEHHON B BAJICHTHBIX JILIPKAaX.
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oTcyTcTBYIOT. Habmiomaemplii B MoaenupoBanuu d(dekt oOpa3oBaHUS TIOp MOXKET

CTUMYJIUPOBATH ,Z[ﬂJ'II)HGfIH.IGG OKCIICPUMCEHTAJIBHOC UCCIICAOBAHUEC 3TOI'0 MaTCpurasia.

Takum 00pazom ydyeT TemIrepaTypHOl 3aBUCUMOCTH KUHETUKU 3JIEKTPOHHOTO BO3MYIIECHUS B
tpeke BTU u TemmepaTypbl MHIIEHH TO3BOJIMI BBIABUTH 3(dekr, KpuTtudyeckuit ams
PaAMallMOHHOM CTOMKOCTH IEPCIEKTMBHOIO MaTepHala IPH HJKCTPEMAJIBHBIX YCIOBHSAX

o0rydeHus.
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KOMIIBIOTEPHOE MOJEJUPOBAHUE IOJHOM SHEPTUX MOJIEKYJIbI
VIJIEPOJA B IEPBOM NOPSJIKE TEOPUHM BO3MYIIIEHUI
COMPUTER SIMULATION OF THE TOTAL ENERGY OF A CARBON MOLECULE IN
THE FIRST ORDER OF PERTURBATION THEORY

B.IL KomeeBl, O.H. lItanos’
V.P. Koshcheevl, Yu.N. Shtanov*
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[TomHast SHEPTHS MOJICKYIIBI YTIIepo/ia B IIEPBOM MOPSAKE TEOPUHU BO3MYIIECHHUH MpeIcTaBIeHa
B BHJC CYMMBI TIOJHBIX OJHEPrHi W30JIMPOBAaHHBIX aTOMOB ¥ IOTCHIUAIBHOW SHEPTHU
B3aUMOJICHCTBHS MeXy HUMU. [lokazaHo, 4TO Mpu COMMKEHUH aTOMOB MAaKCHMAJIbHOE 3HAYCHHE
MOTEHIMAJIbHON SHEPrHuM JOCTUTAaeTCs Ui HAMMEHBIIETO 110 IOJHOW DJHEPrUd COCTOSIHUS
MOJICKYJIBI YTIIEPOAa.

The total energy of a carbon molecule in the first order of perturbation theory is represented
as the sum of the total energies of isolated atoms and the potential energy of interaction between
them. It is shown that when atoms approach, the maximum value of the potential energy is reached

for the lowest state of the carbon molecule in terms of total energy.

HoBblif m0AX0/1 K BBIYMCIECHUIO MTOJTHON SHEPTUU JBYXaTOMHOM MOJIEKYJIbI B TIEPBOM MOPSIAKE
TEOpUH BO3MYIIEHUN C yderoMm mnpuHImna [laynn ¥ KOJJICKTUBHBIX (IUIA3MEHHBIX) KOJICOaHMIA
aATOMHBIX 3JIEKTPOHOB ObLT TpennioxkeH B [1-2]. B Hacrosieil myOnuKanuu BRIYUCISETCS MOJIHAS
SHEpPrusi B3aUMOJCIHCTBUS ABYX aTOMOB YIJiepoAa C MOMOIIbIO PEIIECHUS CUCTEMbl HEIMHEHHBIX
YpaBHEHU.

JIByXaTOMHYI0 MOJIEKYJly OyAeM ONUCHIBaTh C IOMOIIBIO CTAllMOHAPHOTO YpPaBHEHHS

[Ipenunrepa
Hy = Ey. (1
lNamunbpTOoHMaH ypaBHeHus (1) mpeacTaBuM B BUJIE
H=H’+U, 2)
Z Z e2 Z, Z, e2 Z,
U=r==+2 2 -2 Z
n-n| =4 |r +r, -1, -, | |r —r2| |r -,

riae U — moTeHnmanbHasi SHEpPTHs B3aUMOJCHCTBUS IBYX aTOMOB; I'| U I’ — KOOPJIMHATHI TIEPBOTO U

BTOPOrO aTOMHOIO siapa; I +1; W I, +T,; — KOOPAMHATBHL |;-T0 U j>-TO DJIEKTPOHOB ILEPBOIO U
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BTOPOT'O aTOMa, COOTBETCTBEHHO; I'-I,=I+03F; KOJJICKTUBHBIC KOJICOAHUS aTOMHBIX JJICKTPOHOB H
SIIEP OMUCBIBAIOTCSI BEKTOPOM OF = Ol + OF¢; 1=|I| — pacCTOsIHHE MEXIYy aTOMaMH B MOJIEKYJIE.

Pemenne ypaBHenus (1) ¢ ramunbToHMaHoM (2) OygeM HCKAaThb C TOMOINBIO TEOPUU
Bosmymennii y=y +y'+... u E=E*+E'+... . Tamunsronman H® npencrasum B Buge H® = H' + H?
rae Hio— raMWiIbTOHMAH i-ro atoma; i=1,2. M3BecTHO [3], UTO BCE BBICIIME MOPSAKH UJICHOB
Pa3IOKEHUs MOJTHON SHEPTUU COJAEPHKAT MOIMPABKU K BOJHOBOW (PYHKIIMHM HYJIEBOTO TOPSIKA, TO
€CTh OMUCHIBAIOT MOJISIPU3ALINIO U30JUPOBAHHBIX aTOMOB B MOJIEKYJIE.

Pemenne ypasuenns Ilpemmurepa H'y’ = E%°, Gymem uckats B Bume y° =y'y) u
E’ = E’ + E}, rue ypasnenue lllpemunrepa st i-ro M30JMpOBAHHOTO aTOMa MMEET BHJL
0.0 0.0
Hivi =By,
0 _ .0
rne W =i (6, hpe50z )
W3BecTHO, uTO BOJHOBas  (PyHKIUS  JBYXaTOMHOW  MOJIEKYJbl  JIOJDKHA  OBIThH

aHTHCHMMeTquHOﬁ OTHOCHUTCIIbHO IMEPCCTAHOBKU KOOPAWHAT, OMPEACTIAIOIMUNX MCECTOIIOJTOXKCHUSA

anekTpoHoB. Eciy BonHOBas (QyHKIMS BYXaTOMHOW MOJIEKYJIbI BbIOpaHa B BUIE MPOU3BEACHUS
BOJIHOBBIX (DYHKI[HIi W30IMPOBAHHBIX aTOMOB Y’ = ), TO OOMEHHbIE CHIIBI OYIyT YYUTHIBATHCS
OTIENBbHO JUISl DJIEKTPOHOB HM30JIMPOBAHHBIX aTOMOB U OTAEIBHO MJSi 3JEKTPOHOB, KOTOpPBIE

NPUHAIEKAT TEPBOMY M BTOpoMY aromaM. [loTeHIManbHYIO0 3HEPruio (JIEKTPOHHBIC TEPMBI)

JIBYXaTOMHOM MOJIEKYJIbI OyJIeM UCKaTh B IEPBOM HOPSIKE TEOPHH BO3MYIIeHUH [ 1-2]

3

E' = |U (k.o )exp (ikr ,
Ju ko (k) 1

:475212262 I_Fl(k) _F2(k)
K2 Z A

2 2

exp [—kz(s2 ]

U(k,c)

@Oypbe-KOMIIOHEHTA MIOTHOCTHU pacIipe/ielieHHs] SJIEKTPOHOB aToMa yIjiepojia UMEET BH]T

F(k):In(r)-exp(—ikr)d3r,

rae n(r) = Z*V s (r)|2 +2 *I’ 2 (r)|2 +2 +V 2p (r)|2

yriaepoaa, 62 — Cpe,Z[HI/II\/'I KBaaApaT aMIUIUTYAbl KOJIJICKTUBHBIX KOJIEOAHHH aTOMHBIX OJICKTPOHOB B

— JJICKTPOHHAd IMJIOTHOCTH H30JIMPOBAHHOI'O aToMa

pacdere Ha OAHY CTETIeHb CBOOO/IBI.

BonHoBble (yHKIIMH, KOTOpbIE anmpOKCUMUPYIOT pelieHue ypaBHeHUs XapTpu-Doka amns

M30JIMPOBAHHBIX aTOMOB M MOHOB YIJIepoja, u sHepruu E’ npencrasnens! B [4]. Buano [1-2], uto

YUYET KOJIJICKTUBHBIX KoJIEOAHWH aTOMHBIX OJICKTPOHOB IMPHUBOJUT K CaMOCOTJIACOBAaHHOM CHCTEME

YpaBHEHUI
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oE'

o )

;

3 O*E! ®)
> E'+o’ — (=0

oo or

UucneHHoe penieHrue CUCTEMBI YpaBHEHUH (3), KOTOPOE ONPEACIISIOT €AMHCTBEHHOE PEIICHNE
s moexyn C(1s)+C(1s) naer o = 0.382443A ; wis C(3p)+C(3p) naer o = 0.364991A ;. mwis

C(1d)+C(1d) naer o =0.371977 A ; atoma u moma yrmepona C(1s)+C*(2p) mpu & = 0.338631A .
I'paduk monHONW SHEPrUM B3aMMOJACUCTBHUS JBYX aTOMOB VIJIepoJa B 3aBHCUMOCTH OT HUX

COCTOSIHUH, OBLIT BRIYUCIICH ¢ ToMOIbio [1,2] Ha puc.1

=738

Total energy, a.u.

I
1
D

—=75.2
=754

_756 \ 1 I | J

r/ag, a.u.
Puc.1. ITomasre aaeprus nByx aromoB C(1s)+C(1s) (crutomnas muaus), C(3p)+C(3p) (MyHKTHpHAS JIMHAS),
C(1d)+C(1d) (uTpuxmyHKTHpHas IMHHs), atToMa M HoHa yrinepoga C(1s)+C'(2p) (IITPUXIyHKTUpHAS C

ABYMs TOYKaMU J'II/IHI/I}I) .

Ha puc. 2 mpeacrasneno cpaBHeHnue rpaduka puc.l ¢ pesynbratamu padoT [5-6].

167



=74.6
=747 r
=748
=749 r

=75.1

Total energy, a.u.

—=75.2

=753 1
=754 1

=75.5

1/ag, a.u.

Puc.2. [Tomubie sHeprun aByx atoMoB C(1s)+C(1s) (cromuas muaust), C(3p)+C(3p) (MyHKTUpHAS JIMHHS),
C(1d)+C(1d) (uTpuxmyHKTHpHas IMHHs), atToMa M HoHa yriepoga C(1s)+C'(2p) (IITPUXIyHKTUpHAS C
JIByMsI TOUKaMU JIMHUS), a TAKXKE pacueThl U3 padbor [5] — o, [6] — x.

JlonoHUTEIBLHBIE MaTepUAJIbl K CTaThe pa3MENIeHbI B [7].

[11 Kowees B.Il., I[lmanos FO.H // Tlucema B XKTd. 2022. T48. B.10. C. 28. DOIL
https://doi.org/10.21883/PJTF.2022.10.52553.19148
[2] Kowees B.I1., IlImanos FO.H. // TloBepXHOCTh. PeHTTeHOBCKHE, CHHXPOTPOHHBIC U HEUTPOHHBIC UCCIICIOBAHMUS.

2023. Ne 3, C.69. DOI: https://doi.org/10.31857/S1028096023020048

[3] Jianoay JI. J., Jlugpwuy E. M. KBanToBast MexaHuka (HepensiTuBUcTCKas Teopus). M.: Hayka, 1974. 752 c.

[4] Clementi E., Roetti C. // Atomic Data and Nuclear Data Tables. 1974. V.14, Ne 3, P.177. DOI:
https://doi.org/10.1016/S0092-640X(74)80016-1

[5] LieG. C., Clementi E. // J. Chem. Phys. 1974. V.60. P. 1288. DOLI: https://doi.org/10.1063/1.1681193

[6] Kelly T. P., Perera A, Bartlett R J, Greer J. C. // J. Chem. Phys. 2014. V. 140. P. 084114.
DOI: https://doi.org/10.1063/1.4866609

[71 Lmanoe FO.H., Kowees B.Il., Mopeyn J.A. bubmmoreka mnporpamm <« JINRLIB». URL:

http://wwwinfo.jinr.ru/programs/jinrlib/tropics/index.html [ DnexTponnstii pecype] (nata obpamenus: 11.03.2023)
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KO2®PUITUEHTBI OTPAKEHUA YACTHUIL ITPU BOMBAPJIUPOBKE
BEPHUJUVINA 1 BOJIb®PAMA PA3JIMYHBIMU ATOMAMUA

PARTICLE REFLECTION COEFFICIENTS BY BOMBARDING BERYLLIUM AND
TUNGSTEN WITH DIFFERENT ATOMS

B.C. Muxaiinos, I1.1O. ba6enko, A.I1. lleprun, A.H. 3uHOBbEB
V.S. Mikhailov, P.Yu. Babenko, A.P. Shergin, A.N. Zinoviev

OTU um. A.®@. Hoghghe,
194021, yn. Ilonumexnuueckas, 0. 26, Cankm-Ilemepbype, Poccus
e-mail: chiro@bk.ru

Using computer simulation, the reflection coefficients of particles for Be and W
targets are calculated in a wide range of energies of incident atoms 10-100000 eV.
The following atoms were chosen as projectiles: H, D, T, He, Be, C, N, O, Ne, Ar,
W.

Ha toxamake UTOP mmanupyercs paboTta ¢ AeiTepueBO-TpUTHEBON Ia3mon. Kak
U3BECTHO, B KAUEeCTBE MaTepHasa JuBepTopa B Tokamake-peaktope MTOP BbiOpan Bonbdpam.
bepuinuit cunTaeTcst NEpCIEeKTUBHBIMU MaTEPUAJIOM IS IIEPBOM CTEHKH peakTopa. [loaTomy
B KadecTBe MHIICHEH ObUIM BbIOpaHbl Oepuumii u Bodbdpam. OTpakeHHE aTOMOB OT
KOHCTPYKIIMOHHBIX MAaTepUaOB BIHUSET HA HHEPreTHUEeCKU M MaTepualbHbI OajaHC
J1a3MBbl.

DKcrepyuMeHTalbHbIE TaHHBIE 10 Kod(QHIMeHTaM oTpaxkeHus A Be orcyTcTByIoT, a
s W kpaiine orpannydensl [ 1]. KoMmnbroTrepHoe MOAEIMPOBaHKUE IMPOKO UCIOJIb3YETCS IS
M3YyYECHHUS] paACCEsIHUS AaTOMHBIX YacTUI[ Ha TOBEpXHOCTH wmatepuaioB [2,3]. Yacro
ucnonb3yembii ko7 SRIM [4] ocHOBaH Ha TNPUOMMKEHUM MAPHBIX CTOJIKHOBEHUH (B
nanpHeiimem umenyeMom BCA — Binary Collision Approximation), koTopoe ObLIO
npemioxkeno B [5]. B BCA paccmarpuBaeTcsi paccessHuE TMaJaronied 4YacTUIlbl OT
Onrkaiiiiero aroma MUIIEHH, U TPAEKTOPUS YaCTHUIBI alllPOKCUMHUPYETCSI €€ aCUMITOTaMU
npu cOMmKeHNH U pasnete yactull. Kputepuun npumennmoctu npudmmkenuss BCA noapo0OHo
paccmotpersl B MoHorpadum [2]. W3 mpyrux paboT cieayer OTMETHTh pPacueThl
KO3(PUITMEHTOB OTPAKEHUSI C UCIOJIH30BAHUEM METOJI0B MOJICKYJISIPHOW TWHAMUKHU [6,7] u
pabory [8], rae wucciaeaoBalioch BIHMSHUE (OPMBI TMOBEPXHOCTH Ha KOADDHUITMEHTHI
oTpakeHus. B Hameit pabore [9] MHOrokpatHoe paccessHHEe aToOMOB BOJOpOJa Ha
NOBEPXHOCTU MeETajllla MCIOJb30BaJOCh JUIsl TOJIYYEHHs CBEACHMM O IOTEHLIMAJe
B3aMMOJICHCTBHS aTOM-IIOBEPXHOCTh. 3HAHUE KOA(P(UIIMEHTOB OTPAKEHHUE TAK)KE BaXKHO MPHU

MCCJICIOBAHUH TPOIIECCOB MOHHOW MMIUTAHTAIIHNH.
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Hanmuuue sMBI B MOTEHLHMANE BBI3BIBACT MPUTHKEHWE YACTHIL Ha OOJbIINX
MEXBSIICPHBIX PACCTOSHUIX U BIMSIET Ha KOG OUIIMEHTHI OTpakeHus. B Hammx padorax [10-
13] paccuntbiBanuch K03((HUIMEHTHI OTPAXXEHUSI U30TOIOB BOJIOPOJA U T'eliusl B AMANa30He
sHepruii 100 3B - 10 k3B. AToMmbl renus ABISIOTCS NPOAYKTaMHM TEPMOSAEPHON peakLuu,
HIO3TOMY OBUIM paccYMTaHbl KOA(PPHUIIMEHTHI PacCEsIHUS ATOMOB I'ellus Ha TeX e MUIIeHsX. B
JAaHHOHM paboTe MUara30H YHEPTrui HAJIeTAIIMNUX YacTull Obut pacmuped g0 10-100000 >B. B
pacueTax MCHOJIb30BAINCh TOTCHLIMANbI, IOJYYEHHblE B HNPUONMXKEHUH (YHKIMOHATIA
mwiotHoctu (DFT) ¢ koppekuueil napaMeTpoB NOTEHLIUAIBHON sIMBbI Ha CIIEKTPOCKOIIUYECKUE
nansele [ 14]. B 3amauy HacTosmei paboThl BXOJIMIIO pacCuuTaTh KOA((UIIMEHTHI OTPaXKEHUN
JUIsL U30TOIIOB BOAOPOJA, a TAK)KE MOIYYUTh JAHHBIE I aToMOB He M pasnuuHbBIX aTOMOB
IIPUMECEH, HAIyCK KOTOPBIX MOJKET HCIOJIB30BaThCSA I OXJIAXKACHUA INPUCTCHOYHON

I1J1a3MBI.

— — reflection H->Be
—e— reflection D->Be
—*— reflection T->Be
—e— reflection He->Be
—a— reflection C->Be
—A— reflection N->Be
< reflection O->Be
—w— reflection Ne->Be
reflection Ar->Be
—x— reflection Be->Be

—_—
<
N
r ol

3 eetmeayy CaED

—_—
Q
w
EERRTT|

Reflection coefficient
)
AN

\*

10-7 rrrrim ! T rrrrn 1 mrrrrrn T mrrrrn T T T T TTIIT T

10 100 1000 10000 100000
E, eV

Puc. 1. KoahuieHTsI 0TpakeHUs YaCTHUIL ISt MUIIICHU U3 OCPUILTUS B 3aBUCHMOCTH OT SHEPTHU
naneraromux aromoB. Yactuisl cHapsiasl: H, D, T, He, C, N, O, Ne.
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Ha puc. 1 mpeacrasnenst korddumuentsr orpaxenus H, D, T, He, C, N, O, Ne npu
MHOTOKPAaTHOM PacCesiHUM Ha MUIIEHHU U3 OepHILIHNS NP SHEPrusX HajeTarouux yactuil 10-
100000 »B. OOpamaer Ha ce0s BHUMaHUE TPYNIHUPOBKA JaHHBIX A cucteM ¢ M <M, u
M;>M,, rtne M| u M; - Macchl CTaIKUBAIOLUIUXCS aTOMOB. DTO HE YJIUBHUTEIBHO TaK KakK B
ciydae M;>M; OJHOKpaTHOE paccesHue Ha Yriibl, Oonbiue 90°, He MPOUCXOANT U BKIIAT B
KOd((UIIMEHT OTpakeHHWE BHOCUT TOJBKO MHOTOKpAaTHOE paccesHue. Mmeer mecto Takxke
yMEHbIIIEHHE KO3 (UIIMEHTa OTpaXeHUs C poctoM M. YwmeHwieHue koddduimenrta
oTpaxkenus s jerkux atomoB (H, D, T) mpu Maneix 3HEprusx COyIdapeHHs CBSI3aHO C

HaJINn4nucm HpI/ITSII‘I/IBaIOH_IGI\/’I SIMBI B IIOTCHIIUAJIC.

10" 5
5 ]
Q -
&
S 1075 |
g . —<¢— reflection H>W
5 i —»— reflection D->W
= ] —e— reflection T->W
2 10° —e— reflection He->W
] —=— reflection Be->W
) —a— reflection N->W
] —w— reflection Ar-—>W|
- —— reﬂecFion W-=>W
10 100 1000 10000 100000
E, eV

Puc. 2. KoadummeHTs 0TpaskeHUs 4aCcTUIL ISl MUIIICHH U3 BOJIb()pama B 3aBUCHMOCTH OT
SHepruu Hajetaromux aromoB. Yactunsl cHapsiael: H, D, T, He, Be, N, Ar, W.
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Ha puc. 2 npeacrasnen koaddurmentsl orpaxxenus atomoB H, D, T, He, Be, N, Ar, W
OT TIOBEPXHOCTH BoJibPpama. B maHHOM ciiydae TOJIBKO Juisi CTOJNKHOBeHUH W-W He
BhINONIHsACTCS ycnoBue M;<M,. Kak BuaHO u3 puc. 2, KO3QHUIMEHT OTpakeHUs B 3TOM

ClTy4ae pe3Ko IMajaeT u3-3a 3ampeTa OJHOKPATHOTO pacCessHHs Ha yriibl OoJbmre 90°.
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YIJIOBBIE U DHEPTETUYECKUE PACIIPEJAEJEHUSA PACIIBIJIEHHBIX
ATOMOB IITPU BOMBAPAUPOBKE BOJIb®PAMA U30TOITAMUA BOJOPOJA

ANGULAR AND ENERGY DISTRIBUTIONS OF SPUTTERED ATOMS BY
BOMBARDING TUNGSTEN WITH HYDROGEN ISOTOPES

B.C. Muxaiinos, I1.1O. ba6enko, A.I1. lleprun, A.H. 3uHOBbEB
V.S. Mikhailov, P.Yu. Babenko, A.P. Shergin, A.N. Zinoviev

OTU um. A.®@. Hoghghe,
194021, yn. Ilonumexnuueckas, 0. 26, Cankm-Ilemepbype, Poccus
e-mail: chiro@bk.ru

The angular and energy distributions of sputtered tungsten atoms upon
bombardment with hydrogen isotopes are calculated. The data obtained can be
used to estimate the amount of tungsten impurity entering the plasma.

VYri0BBIE M SHEPreTHYECKUE pPACTpENeNeHHsT YacTUI] NMpPU PAacHbUICHHH BOIb(pama
M30TONAMH BOJOPO/Ia HEOOXOIMMBI TIPH pacdeTe MOCTYIUICHHH MpuMeceil B Iiia3My, Tak Kak
UMEHHO OHHU ONPEACISIOT BEPOSTHOCTh NMPOXOXKICHUS CIOS NMPUCTEHOYHOH IUIa3Mbl WA
OydepHoro odbrema c1a00 HOHU30BAHHOT'O Ta3a MPHU HAITyCKe ra3a BOJIU3U TUBEPTOpA.

Meroauka MOIEIMPOBAHUS PACTIBUICHHUS BOJIb()paMa H30TONIAMH BOIOPO/A U TAaHHBIE O

Kod(uUIIMeHTaX paclbUIEHWs U HMX 3aBUCHUMOCTH OT yrja MaJeHus My4yka Ha MHUIIEHb

MpHUBENICHKI B Haliei padore [1] Ha maHHON KOH(EPEHIIHH.

35004 E,=lkeV 350-| E,~lkeV

Spherical barrier Planar barrier
30004 3004 .
angle of incidence
o
2 2500 - 250 — 200
% 2000 200 —
£ ] o
<]
o
‘é‘ 15004 1504 g(s)u
Z 10004 100
500 , so4
0 — T T T 7 0 T T T T
20 40 60 80 20 40 60 80
150004 15000 4 H_planar 1000ev

E,~10keV

Spherical barrier E =10keV

Planar barrier

10000 4

Number of prarticles

20 40 60 80 2‘0 4‘0 6‘0 8‘0
Sputtered particl Sputtered particl
angle angle

Puc. 1. YrioBsie pacnpenieneHus paciblIeHHbIX YacTull. [IpencTaBien ciyydaid pacnbuieHUs
BoJb(ppama BomoposoM. Bepxuue 1Ba rpadguka oToOpaxaroT yIiIoBble CHEKTPHI ISl SHEPTHH
HaneTaomux yactul 1 k3B, HibkHMe aBa rpaduka 1 sueprun 10 k3B. [peacrasnens! cayvan
cdepuueckoro 6aprepa (rpaduku ciieBa) U IIaHAPHOTO Oapbepa (crpana)
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Ha pwuc. 1 npencraBieHbl yrioBbie CIEKTPHI PacIbUICHHOTO BOJb(pama s dHEpruid
1 k3B u 10 x3B. B cinydae cdepudeckoro MmoTeHIUAILHOTO Oapbhepa, XapaKTepHOTO IS
MIOBEPXHOCTH, COCTOSIIEH M3 OCTPUH, SHEPTUU PACIIbUICHHBIX YaCTHI[ JOJDKHBI MPEBBIIIATH
sHepruto cyonmumanun E;. B ciaywae mmanapHoro Oapbepa, TUIUYHOTO JUISL TJIaKOM
MIOBEPXHOCTH JHEPIUs YaCTHI[ JOJKHA COOTBETCTBOBaTh ycnoBuro E > Egcos?6, O - yron
BBIJICTA YAaCTHUIIBI.

Bunno, uto B ciydae cdepudeckoro 6aprepa npu 1 k9B u Gonbmux yriax najaeHus,
YIJIOBBIE CHEKTPBl PACHBUICHHBIX YAaCTHIl CMELIEHBI B CTOPOHY OOJBIIMX YIJIOB, TO €CTh
NEepIEHANKYIISIpHAs COCTABJISIONIAs CKOPOCTH BbUIETAa 4acTHULbl Mana. M3-3a storo mpu
BHIOOpE MIIaHAPHOTO Gaphepa OJblas J0JIsA YaCTHIl He BHINOIHMT ycioBue E > Egcos?6.
OTcrozia BEITEKAET 3HAUUTEIbHOE YMEHBIIEHHE KOJIMUYECTBA PaclbUIEHHBIX YacTull. B ciaydae
IUIaHapHOTO Oapbepa YMCIO BBUICTEBIIMX YACTHIl Ui yria maaeHus 85° moutu B 10 pas
MEHbIIIE, YeM B ciy4ae cepuueckoro d6apbepa (Bce pacdeTsl MPOBOAMINCH C OJMHAKOBBIM
KOJINYECTBOM HajeTaloumx dvactull). i IuiaHapHoro Oapbepa MMEET MECTO CMELICHHE
YIJIOBOTO pacHpefesieHuss B 00lacTh MajblX YIVIOB, YTO CBS3aHO C KpPUTEpHUEM OTOOpa
pacnbUIEHHBIX YacTHUII.

Breibop Oapbepa Takke CYIIECTBEHHO BIHUSET Ha HSHEPreTUYECKHE CIEKTPbI
pacnbuleHHBIX YacTul] (puc. 2). Ilpum manbIx sHeprusx HaONOJaeTcs CUIbHOE OTJIMYME B
JHEPreTUYeCKUX CHEeKTpax s ciydas c(QepuyecKkoro M IUIaHapHOro OapbepoB. ITO
OOBSICHAETCS TEM, UTO MpH chepuyeckoM Oapbepe BCe YaCTUIIbI, 00IaJar0IIe SHEPTUH BBIIIE
SHEPTUU CyONMMAaINH, BBUIETAIOT C TOBEPXHOCTH, OJTHAKO JJIsl TUIaHApHOTO Oapbepa, UMEHHO
«TepIEHANKYISIPHAs COCTABIIAIONIAs YHEPTUN» OJDKHA IPEBBIIATh SHEPTrUio cyonumanuu. B
pabore ®DanpkoHe [2] mpuBeneHsl GOPMYIBI IS pacdyeTa IHEPreTUYECKOro CIEeKTpa

pacnbUICHHBIX aTOMOB JUIS IIJIaHapHOTO Oapbepa:
E y(1 —y)E, _ AMM,

In y =
5 ’ 2
(E +E,)2 E + E; (M; + M,)

N(E)~

3nech Eg - sHeprus Hayeraromend dyactuubl, M; 1 M, - Macchl CTAJIKMBAIOIIUXCS YacCTHII.
Nmeercss yIOBIETBOPUTEIHLHOE COTJIACHE JAHHBIX HAIErO0 MOJEIMPOBAHMS C PAcueToOM IO

dopmymnam A ciyvast jIaHapHOTo Oapbepa.
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Puc. 2. DHepreTryeckue CEKTPhI PaCIbUIEHHBIX YacTHIL. [IpecTaBieHb! Cilydan paciblICHHS
BoIIb(hpaMa BOJOPOJIOM U JieiitepueM. Pacuet st chepuueckoro 6apbepa 0003HAYEH CIIONTHOM
JIMHHEH, U1 IUIaHApHOTO Oapbhepa — MyHKTUPOM.
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Puc. 3. 3aBUCHMOCTB CpeTHUX PHEPTHUN PACIILUICHHBIX YaCTHII BOJb(pamMa OT SHEPrUH HAIECTAIOIUX
yacTuIl u3oTona Bojopoaa. Ciydait pacuera juist chepudeckoro 6apbepa 0003HAYEH CIUTONTHON
JUHUEH, CITyJai IIaHapHOTO Oaphepa — IMyHKTHPOM.

Kak BugHO U3 puc. 3, cpenHsisi YJHEPTUsl PACHBUICHHBIX YaCTHI[ PACTET C yBEITHYCHUEM
SHepruu HajmeTapomux dYactuin. C  pocTOM Macchl HM30TOMA JHEPTUs, IeperaHHas
PACHIBbIJICHHBIM YaCTHLIAM, TAKKC PACTCT, YTO ABJISACTCA CICACTBUCM 3aKOHOB COXpPAHCHUA
PHEPTUU M UMIIYJIbCAa TPU CTOJKHOBEHHMH. B ciiydae mianapHoro Oapbepa »Heprus
pPACTIBUICHHOM YacCTHUIIBI OOJIBIIE MO CPABHEHHUIO CO ciiydaeM cepHvecKoro Oapbhepa H3-3a

0oJiee cTporo KpuTepust 0TOOpa PacTbUIEHHBIX aTOMOB MO SHEPTUH.

1. B.C. Muxaiinos, I1.1O. ba6enko, A.Il. llleprun, A.H. 3uHoBbeB, BiusHue mepoxoBaTocT MOBEPXHOCTH Ha
koo dumeHTH pacnbuieHNs Bosb(pama nzoronamu Bogoponaa. BUIT-2023.
2. [I. ®anskone, YOH 162 (1992) 71.
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OTPAXEHUME [TPOTOHOB OT CJIOUCTO HEOAHOPOJHBIX TBEPAbIX TEJI
PROTONS REFLECTION FROM LAYERED INHOMOGENEOUS SOLIDS

JLT. JIoGanosa', B.I1. Apanacses', M.B. I'pumaes?, H.E. Epumon?, 1. A. Hukutun?, JI.H.
CHUHEIbHUKOB?
L.G. Lobanova!, V.P. Afanas’ev!, M.V. Grishaev?, N.E. Efimov?, I.A. Nikitin?, D.N.
Sinelnikov?

IHUY « MOy, yn. Kpacrnoxasapmennas 14, Mockea, Poccus, lidialobanova3@gmail.com
2 HUAY MU®DHU, Kawupckoe wiocce 31, Mockeéa, Poccus

Abstract: Calculation method of reflected from layered inhomogeneous solids light ions
density fluxes is constructed. The method is based on analytically calculated and experimentally
received reflection functions from homogeneous solids. Transmission function is calculated in
Fokker-Plank approximation. Analytical results are verified on a base on comparison with

experimental results.

BzaumopaeicTBue JIETKUX HOHOB C JHEPrUEM OT COTEH 3B 110 HecKoIbKHUX K3B ¢
TBEPJIBIMH TEIaMH 00J1aaeT IETBIM psIoM ocoOeHHocTel. O01a1ast OTHOCUTETHLHO OOJTBITUMU
npoOeraMu, HOHBI TEPSIOT 3aMETHYIO, a C YMEHBIIICHHUEM SHEPTHH, U OCHOBHYIO YaCTh YHEPTUHU
B pe3yjbTaTe YNPYTHUX COYJAapeHUuH. ITO TMPUBOJUT K PA3BUTHIO PAJAUALMOHHO
CTUMYJIUpPOBaHHOW 1u((dy3un JeTKOro KOMIIOHEHTa MUIllleHH. HecrmocoOHOCTh co3laTh
Pa3BUTHIM KackaJl COyJapeHWUW W BBIOWTH aTOM MHUIIEHU B PE3yJIbTaTe MPSMOTo yaapa
MPUBOAUT K JOMUHHMPOBAHUIO TIPOIIECCA PACTIBUICHUS MHIICHU BOCXOISIINM OTPa’KEHHBIM
MMOTOKOM HMOHOB. IIponecchl peluKINHTa OMpeAeNsioTCs OTPaKEHHBIMU OT MEPBOM CTEHKHU
noHamu. M3 BeIllIeyKa3aHHOTO CJIEIYET, YTO MOIpoOHas HH(OPMAIIHS O TIPOIECCaX OTPAKEHUS
JIETKUX HMOHOB OT CTPaTU(DHUIIMPOBAHHBIX IMOBEPXHOCTEH MPOJIWUBAET CBET HA IEJIBIA PSII
po0JieM, CBA3aHHBIX ¢ IEpBOM cTeHKoM ycTaHoBOK Y TC.

B pabote cTpoutcs aHanuTH4eckasi MOJIeIb Mpoliecca B3auMOICHCTBUS JIETKUX HOHOB CO
CJIOUCTO HEOJHOPOAHBIMM MOBEpPXHOCTAMHU. [IpencraBiena mpocras KauecTBEHHass MOJENb
OTIMCAHUSl CIIEKTPOB OTPAXKEHHBIX MPOTOHOB. OCHOBOHM OMHCAHUS TMPOIECCOB OTPAKECHHS
VMOHOB SIBJISIETCSI PEIICHHUE 3a/1aui JJI YPaBHEHUS YIPYTroro rmepeHoca — onucanue QPyHKIuu
orpaxenust R (s, Uy, U, ¢), 3aBUCAIIEH OT JUTHHBI TPOOEra B MUIIICHH OTPAKEHHOTO HOHA — S U

TCOMCTpPHUH pACCCAHUA:

lu] 1 @ 2141 (1l
R(s, ko, 4, ¢) =M‘:‘L‘l‘m;ZhoTPz(uouh/l—uozx/l—uz cos ) [~ —

(1)

e‘s],
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TJie o U [ — KOCUHYCHI MOJISIPHBIX YTJIOB BJIETA M BBUIETA HOHA U3 MUIIICHU, OTCUUTHIBACMbIC
OT HOPMaJM K TIOBEPXHOCTH, HAIPABJICHHOI BIIIyOb MUIIEHH, () — a3MMyTAIBHEIH yrom, x! —
KOd((UIIMEHTHI Pa3iIoKeHUsI HOPMUPOBAHHOTO HA €IUHUIYY Tu(dEepeHIINaTbHOTO CeUeHUs
YyOPYTOro paccesHuss B psa mo monuHomam Jlexanapa P;, S — mpobOer noHa B MUIICHH,
M3MEpEHHBIN B JJIMHAX CBOOOTHOTO Mpodera Mexay ynpyruMu COyAapeHUsIMU.

Ceeptka pemenus (1) ¢ ¢ynkuuer Jlangay [1] ompenenser SHEPreTHUECKUI CHEKTP

OTPaXEHHbIX MNPOTOHOB. B HacTtosmed pabGore ¢yuknus Jlanmay omnpenensieTcss B

npubimxennn ®okkepa [Tnanka [2]. BeimoiaHus mpornenypy CBEpTKH, MOITydaeM:

_ olul 1 oo 2141 (
R(AI MO! .u'i (p) - H0+|”| {AE =0 2 Pl lu'Olu' + (2)
V1 —1e?yJ1 — u? cos qo) [e_(l_xl){A - e_(A],
rae € — cpeHue MOTepu PHEPrMM MOHOB Ha €IMHHULE JJIMHBI (stopping power), A= @ —
0
Oe3pa3MepHass ToTeps OdHepruu, ¢ = % — Oe3pa3MepHBI TapameTp, SBISIOLIMNACS
el

E .
OTHOIICHHUEM BCIIMYHHBI ;0, HMCIOIICH CMBICJI AJIMHBI ITOJIHOTO TOPMOKCHUS NOHA B MUILICHH,

K lo; — nimuHE ¢BOOOTHOTO Mpodera MeXIy YIPYTHMHA COYAapeHUSMHU.
PaccMoTpuM CIIOMCTO HEOTHOPOAHBIE MUIIICHH.

PaccmoTpuM ABYXCIIOMHYIO MUIIIEHB, CXeMa KOTOPOU MpeCTaBIeHa Ha puc. 1.

Puc. 1. Ry, (A, lo, i, @) nuddepeHunanbHas 10 SHEPIUKM | yriiaM QYHKIHS OTPAKEHHs HOHOB OT
AByxcnoiinoit mutuenu. 14 (d, A, o, U, @) — mapdepeHnuanbHas o SHEPTHU U yriiam QpyHKIHUs
OTpa)keHHsI HOHOB OT CJI0s1 U3 Matepuana «1» tommunoi d. Ry (A, o, 4, @) u Ry (A, to, U, @) —
nudpepeHnanbHbIE 10 SHEPIUK | yTriiaM (QYHKIMU OTPa)kKEHHs! HOHOB OT MOJTyOECKOHEUHBIX CIIOEB
M3 MaTepuanoB «1» U «2» COOTBETCTBEHHO.

Bocnonb30BaBmMCh MATPUYHON 3AITUCHIO, 3AITMIIEM BBIPAXKEHUE JUIS IIJIOTHOCTH MIOTOKA
R12 (Ar Ko, U, (p)
Roy=m+t; QR Qt;1 +t; R, 1 QR @ty + -+ 3)

B nepBom npubnmxeHnn npeHeOpexxeM MocieJHUMH ClIaraeéMbIMU:
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Rpy=7m+t QR Qt;. 4)
PaccmoTpuM  cuTyamuio, Korga TOJIIMHA BEPXHETO CIIOST HAMHOTO MEHbIIE
TPAHCMOPTHOTO MPoOeTa MPOTOHA B MaTepHAJIE CIIOS:
d < ltrl(EO)- (5)
Honyuienue (5) no3BoJsIeT yIPOCTUTh GopMyIty (4), TOCKOIBKY MO3BOJIAET UCKITIOUUTD
BJIMSIHUE MPOIIECCOB MHOTOKPATHOTO YIPYroro paccesHus Ha JBUKEHHE IPOTOHOB B
OTHOCHTEIIEHO TOHKOM CJIOE.
Ecian wW3BeCTHBI pacyeTHBIE WIM OKCIIEPUMEHTaNbHbIC MaHHbie Ry(A, U, 1, @) #
R, (A, o, U, @), TO MOXKHO omIpenesiuTh R, (A, to, 1, @) € TOMOIILI0 GOPMYIIBI, TIOIYUYEHHOM B
OJIHOCKOPOCTHOM MPHUOIMKEHNUN C UCIOIb30BaHUEM JOIMYIIEeHus, Ha3biBaeMoro Straight Line

Approximation (SLA), u B nmpeHeOpekeHnu QIyKTyausiMi SHEPTe€TUYECKUX MTOTEPh:

Riz(8) =Ry(a) +t(d (S + )[R (a -2 (- + ) ) -

cosf, cosf Eq \cosfy cos@

Ri(a-22(—+—)

Ey \cosfp cos@

1 1
cosfy cos@

B c¢opmyne (6) xoddpdunment t d( ) YUUTBHIBAET MOIJIOIIEHUE U

nepe3apsiKy IpOTOHOB B CJIOE TONIIMHON d.
Pa3BuTas Teopus MCHOIb30BaHA I MHTEPIPETALUU DKCIEPUMEHTOB MO OTPAXKEHUIO
MPOTOHOB OT CJIOUCTO HEOJHOPOJHBIX MHILIECHEH, BBINMOJHEHHBIX Ha bosbmom Macc-

Momnoxpomarope MUODU.

0.9 T T T T T T T T

VIHTeHCUBHOCTS, OTH. €].
S 4 I e o I I
S} ) B W =)} ~ o0
T T T T T T T

S
T

: 1 | | +
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Bespasmepuble notepu sHEprun

Puc. 2. DHepreruueckue ceKTpbl HPOTOHOB, OTPAKEHHBIX OT MUIIEHH U3 BOJIb(pama, HOKPHITOro
CJIOSIMU JIUTHSI PA3HOM TOJIIMHEI. YTOJ 30HANpoBaHus 71°, yron susupoBanus 109°. HauanpHas
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SHEpTrus MPOTOHOB 25 k3B. JImHuM Ha rpaduke — pacueT Ha ocHOBE Gopmyn (2) u (6) s TonmwH 10,
17.5, 25, 32, 40 am (110 yObIBAaHHIO HHTEHCHBHOCTH COOTBETCTBEHHO), 3HAYKH — AKCIIEPUMEHT [3].

Puc. 2 nemoHCTpUpyeT yIOBJIETBOPUTEIBHOE COOTBETCTBHE JKCIEPHMEHTAIBHBIX M
pacyYeTHBIX PE3yabTAaTOB. TOIIMHBI CJIOS JTUTHUS ONPEIEICHBI HA OCHOBE JIAHHBIX IO CPEIHUM
MOTEPSIM PHEPTHH MPOTOHOB HA €ANHMIIE JUTUHBI, B3ThIMU U3 NIST [4].

B pabore paccMOTpeHBl U NPOUHTEPHPETHUPOBAHBI SKCIEPUMEHTAIbHBIE JTAHHBIE IO
JPYTUM DKCIIEPUMEHTAM CO CIOMCTO HEOJHOPOAHBIMM MUIIEHSAMHU. [IpoBeneH KpuTHUECKUI

0030p MOJTY4YEHHBIX PE3yJIbTATOB.

HccnenoBanne mnposeneHo B HamuoHanbHOM HCCIEA0BATENBCKOM YHUBEPCUTETE
«M3BW» npu ¢QunHaHCOBOI moanepxkke MHUHUCTEPCTBA HAyKHM M BBICHIET0 0Opa3oBaHUs

Poccniickoit @denepanuu B pamkax rocyaapcrseHHoro 3aganus Ne FSWF-2023-0016.

[1]L.D.Landau, J. Physics-USSR 8 (1944) 201.

[2]H.IT.KanamnukoB, B.C.Pemuzouu, M.U.Ps3anoB, CTOIKHOBEHHS OBICTPBIX 3apsKEHHBIX
YacTHUIl B TBEpbIX Tenax, M: Atomuznar, 1980.

[3]4.I".bynragapsu, /I.H.Cunensuukos, H.E.Ebumos, B.A.Kypnaes, 138. PAH. Cep. ¢pus. 84
(2020) 903.

[4] https://www.nist.gov/
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SURFACE HYDROGEN ISOTOPES DETECTION BY LOW ANGLE ION
SCATTERING SPECTROSCOPY

D.N. Sinelnikov, Y. M. Gasparyan, M.V. Grishaev, N.E. Efimov, S.A. Krat, .A. Nikitin

National Research Nuclear University MEPhI, Kashirskoe shosse, 31, Moscow, Russia
e-mail: DGS nelnikov@mephi.ru

Hydrogen isotopes retention in thermonuclear fusion reactors is limited due to safety
regulations and should be well controlled. Surface conditions can strongly affect
accumulation rates of hydrogen isotopes in the bulk of plasma facing materials. Therefore, in
vacuo methods of surface composition control may help to investigate mechanisms of this
effects.

Low- and medium-energy ion scattering (LEIS/MEIS) and direct recoil spectroscopy
(DRS) are widely used techniques for surface analysis [1-4]. These methods have extreme
surface sensitivity and even can analyze only the first atomic layer of adsorbate without any
signal from the background [5]. In addition, DRS is sensitive even for hydrogen isotopes
adsorption [6]. Thus, capabilities of the LEIS+DRS combination for the estimation of
hydrogen isotopes concentrations in the very first surface layers are discussed.

LEIS and DRS were conducted on the “Large Mass-Monochromator “MEPhI” facility,
which utilizes ion scattering spectroscopy by hydrogen and noble gas ions with the energies in
the range of 1-25 keV. The apparatus is described in details in [7,8]. The scattering angle is
fixed to 32°, which allows to obtain higher sensitivity and depth resolution compared to the
backscattering analysis, although reduces mass resolution. Ar' ions were chosen for the
analysis because it has higher scattering cross-section in comparison with neon. The optimal
energy for the analysis was found to be 18 keV.

Initially only protium recoils were found in the energy spectrum on the polished tungsten
surface. After that surface was precleaned by sputtering Ar gun, the recoil peak intensity
decreased by 3 times. Then, deuterium gas was puffed into a vacuum chamber up to the
pressure of 107 Torr and the sample was exposed in these conditions for 10 minutes.
However, subsequent LEIS has not detected any deuterium recoils and protium recoils could
be mostly result of water vapor than D, or H, adsorption. The reasons for that can be
understood from a further specially designed experiment with heavy water (D,0O) adsorption.
A thermal decomposition of Ca(OD),—CaO+D,0O was utilized as a heavy water vapor

source. Similar vapor source, but with Ca(OH), was used in work [9].
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Fig.1 Typical LEIS spectrum for tungsten surface with D,O vapor injection.

LEIS energy spectrum for tungsten surface during heavy water injection is given in fig. 1.
Two tungsten peaks in the spectrum corresponds to Ar" and Ar’" scattering from tungsten as
scattered ions separated by energy to charge ratio. Energies of two peaks in low-energy part
are in good agreement with calculated energies for knock out H™ and D(recoils). Recoils
intensity is three orders of magnitude smaller than for Ar™ ions, but scattering cross-section,
that is 7.7 times less for H' recoil and 17 times less for D" should be taken into account for
estimation hydrogen isotope consternation on the surface.

The dynamics of H and D" peak depending on partial water pressure roughly estimated from
residual gas analyzer is shown in fig. 2. For maximum D,O pressure of 6-10° Torr, the
concentration of deuterium on the surface is 1.3 time higher than for protium. Some
deuterium still remains on the surface for 5 minutes after turning off D,O source. Thus, the
technique is indeed sensitive to the presence of the hydrogen isotopes on the surface. On the
other hand, one can conclude that the origin of H isotopes at the surface in our conditions is a

water vapor, and it dominates even in the case of much higher H, gas pressure.
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Fig. 2 Dynamic of protium and deuterium recoils during D,O vapor generation.
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PATH LENGTH DISTRIBUTION OF CHARGED PARTICLES
FOR THE TARGET OF FINITE DEPTH

L. Forlano' and A. L. Tolmachev?

1University of Calabria, Cosenza, Italy

2 . . . .
Russian New University, Moscow, Russia

Introduction. Experimental determination of the electronic stopping power represents now
an important problem in the physics of atomic collisions. Data on stopping powers are neces-
sary for understanding the processes of interaction between ions and solids. The traditional
definition of the stopping power is the energy loss per unit length of the projectile path [1]. In
ref. [2] the authors demonstrated that effect of multiple collisions between ions and target at-
oms increases essentially the average path length of ions. That leads to the difference of elec-
tron energy losses measured by backscattering technique and measured by transmission meth-
od for ions in thin films. Using their computer simulation code, the authors [2[ showed that in
the case of hydrogen ions passed through a golden film, the average length of the ion trajecto-
ry L may be 2.5 times larger than the film thickness D. In the present work we investigate the
dependence of the ratio L/D on the ion energy and the ion to target atom mass ratio.

Equations. We consider a target of finite thickness D disposed between planes x=0 and x=D.
The ions of energy Ey and mass M; impinge perpendicularly on the plane x=0, enter the target
and suffer elastic collisions with immovable target atoms of mass M, As a result of multiple
collisions, one part of ions returns to the plane x=0, leaves the target and it is considered as
reflected ions. Another part of ions takes exit from the target through the plane x=D and it is
considered as transmitted ions. Our goal is to calculate the average path length L of transmit-
ted ions, to obtain dimensionless ratio L/D>1, and to analyze the dependence of ratio L/D on
the ion energy and mass ratio A=M;/M,.

To investigate the problem, we used the computer simulation program PAOLA [3]. The code
PAOLA uses truncated Coulomb potential

ZlZzeZ (T‘O )

U(r) = —=—1 <71, 1
M= (5 for r<n (1)
reduced ion energy
E, Z,7,e>

= . E,=—=2 2
¢ E,; @ Ame,yr, @)
and energy variable
e=4e(1+¢). (3)

In equations (1)-(2) 7, denotes the cut-off radius, Z; and Z, — atomic numbers of ions and

target atoms, € — electron charge, &y — electrical constant, E;; — atomic unit of energy. The
differential cross section written as a function transferred energy takes the form
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~_ (1+e)du

do = (1 + eu)?

(4)

At low ion energies we have € < 1, and differential cross section (4) describes the hard-

core interaction. At large ion energies we have € > 1 and Rutherford interaction between
ions and target atoms. Before each elastic collision the code generated three random numbers
R, Ry and R3 in the limits between 0 and 1. These numbers define the free path length, polar
and azimuthal scattering angles in the given scattering event. The distance passed by the ion
between two successive collisions is equal to

A=2glog(1/Ry). ()

where A, represents the average path length. Scattering angle w in the center of mass sys-
tem is given by equation

2+ eR,—1 )
COSO =" eR, (6)

Scattering angle () in the laboratory system takes the form:

A+ cosw M,
cos () = ) A=—
V' 1+ 24 cos w + A2 M,

(7)

The ratio of ion energy after elastic collision to its energy before collision can be obtained
from the laws of conservation of energy and momentum:

Enyi 1+ 2Acosw + A
E, (1 + A)2

(8)

If we denote by [ the cosine of the angle between ion velocity and inward target normal,
then after elastic collision the value p _ transfers to the value f . in accordance with the
following formula

Uns1 = Upc0os Q —+/ 1 — pu2 sinQcos(2mR3) (9)

In our calculations we neglect inelastic energy losses, surface binding energy and threshold
energy for elastic collisions. Nevertheless, the gradual decreasing of initial ion energy E, to
lower energies in accordance with equation (8) is of importance, because it varies the scatter-
ing law (4) with every collision. So, we can meet the situation when the ion suffers Coulomb
collisions (€ > 1) when it enters the target, and hard sphere collisions (€ << 1) when it
leaves the target. We can hardly consider this effect in theoretical treatment, but it can be easi-
ly included in the computer simulation.

Results. Figure 1 represents the increase of average path length of ions with increasing target
width for low ion energies (hard sphere potential). In the case of small target width, the ions
have no space to suffer a large number of collisions, and their average path length coincides
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with target width, L = D. For increasing depth the path length increases and it may differ es-
sentially from the target width, The effect is strong for light ions (A=0) and weak for heavy
ions (A=2). Figure 2 shows energy dependence of the ratio L/D. The Figure is in good quali-
tative agreement with results obtained in reference [2]. At high ion energies differential cross
section becomes close to Rutherford cross section. That corresponds to the straight-line ion
trajectories, and all curves in Figure 2 converge to the dotted straight line.

ratio L/D for eps=0 ratio L/D for D=10

6 6
1
4 4 }
2
2 2 F 3
----------- |
0 L L L L 0 L L
0 2 4 6 8 10 0 1 2 3
target thickness, D reduced ion energy, eps

Figure 1. The ratio L/D as a function of target thickness for the hard sphere potential and dif-
ferent ion to atom mass ratios: A=0 (line 1), A=1 (2), A=2 (3).

Figure 2. The ratio L/D as a function of reduced energy for the target thickness D=10.Ion to
atom mass ratios: A=0 (line 1), A=1 (2), A=2 (3).
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GALLIUM OXIDE - A PROMISSING MATERIAL FOR THE NEXT GENERATION
HIGH-POWER ELECTRONICS
D. Gogova*
*Central Laboratory of Solar Energy and New Energy Sources at the Bulgarian Academy of
Sciences, 72 Tzarigtadsko chaussee Blvd., 1784 Sofia, Bulgaria, e-mail: dgogova@abv.bg

The limited availability of fossil fuels and their huge carbon fingerprint on the environment is
inevitably leading to development of clean and renewable energy resources. Meanwhile,
efficiency in production, distribution and consumption of electricity is a key factor towards a
sustainable energy future. Equally important to renewable electricity production via
photovoltaics seems to be the efficient electricity distribution. Thus, power electronics is the
enabling technology for efficient use, distribution, and conversion of electrical energy.
Silicon, which is the base material in electronics nowadays, cannot provide a variety of
functions needed in the future electronic devices. The transition from Si to wide band gap
semiconductors (WBGSs) will save tremendous amounts of electricity otherwise lost in
operation. The larger breakdown voltage inherent in WBGSs leads directly to reduced
dimensions and hence to reduced resistive losses. Recently, the ultra-wide bandgap gallium
oxide (B-Ga,Os) has emerged as a novel material with tremendous potential, exhibiting a
figure of merits overperformed only by diamond. B-Ga,O; (see Fig. 1) [1] is the
thermodynamically stable form among the various polymorphs of gallium oxide and has
impressive properties, e.g., a bandgap of ~4.85 eV, a breakdown field of 8 MV/cm [2] and a
rather good radiation stability [3,4].

g, Fig.1 Monoclinic structure of the B-Ga,O3 [1].

= | @ o
) | © Ga

Lattice constant:
a=122nm
b=0.30 nm
c=0.58nm

B=104°

=

The overall measure of such parameters is conventionally made in terms of the so-called

“Baliga figure of merit”, which is basically measuring the applicability of different materials
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for power devices as normalized to that of silicon, accepted to be “1”. As numbers tell for
themselves, the Baliga figure of merit of B-Ga,O3 (3444) is an order of magnitude higher than
that of SiC and approximately 4 times larger than the corresponding value of GaN. However,
the thermal conductivity of B-Ga,0O; is very low and is something that must be seriously

considered in thermal management when designing high-power and high-frequency devices.

The unique properties of this material, combined with the availability of simple and low-cost,
in comparison to GaN substrates [5], melt growth methods for mass production of bulk single
crystals (see Fig. 2): Czochralski, float zone, and edge-defined film-fed growth (EFG) [6]

have made B-Ga,0s a strong candidate for next generation high-power devices.

Fig. 2 EFG high-quality and relatively cheap
substrates.

Epitaxial growth, properties, and potential applications of the B-polytype of gallium oxide in
future high-power electronic devices related to electric vehicles, electric trains, distribution

systems, as well as high and low voltage switching networks (see Fig. 3) will be discussed.

Fig. 3 Potential applications of f-Ga,0s,
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DEFECT ENGINEERING IN WIDE BANDGAP SEMICONDUCTORS
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In ion implantation and ion irradiation experiments, defect formation is usually
considered a nuisance. However, in many wide bandgap semiconductors, defects can promote
interesting optical, electrical or magnetic properties. In this contribution, we will give some
examples of the potential of defect engineering in two oxides, MoO3 and Ga,0s. In MoOs, ion
implantation can be used to tune the electrical conductivity, not only by doping but also by
vacancy formation and phase transitions. In Ga,0s, irradiation defects enable the optical
activation of Cr’” ions, an interesting behaviour for dosimetry applications. We will also
discuss how Cr-doped nanomembranes can be obtained in a two-in-one process by Cr ion

implantation into Ga,0; single crystals.

Introduction

Implantation damage is normally considered an undesirable but unavoidable side effect of
ion implantation. Defects formed during the implantation usually need to be removed during
high temperature post-implant thermal annealing in order to activate dopants. In wide
bandgap semiconductors, this is often a complex task that challenged many research groups in
the past and present days [1]. Less explored but equally intriguing is the possibility to control
the physical properties of a material by defect engineering, i.e. to tune structural, magnetic,
electrical or optical properties by controlled defect formation. In this context, ion beams are
well-suited to induce well defined defect profiles. In non-magnetic oxides, irradiation defects
have been shown to enable magnetic order [2]. Structural phase transitions have been

observed for example in Gd,0O3 changing from cubic to monoclinic during ion irradiation [3].
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Similar to Gd,0;, Ga,O3 was also reported to suffer phase transitions upon high fluence ion
implantation [4]. In this presentation, we will discuss the optical activation of Cr’" ions in
Ga,03 upon light ion irradiation [5,6] as well as the control of the electrical properties in

MoO; upon ion implantation [7,8].

Proton irradiation of Cr-doped Ga,0O3

Monoclinic gallium oxide (B-Ga,0Os3), with its wide bandgap of 4.8 eV, high breakdown
voltage, and excellent thermal stability, is a promising semiconductor for high power and high
temperature electronics [9]. Thanks to the wide bandgap, f-Ga,Os is also an interesting host
for optically active ions such as rare earth and transition metal ions, opening up its integration
in photonic devices. In this work, we show the importance of irradiation defects on the optical
activation of these ions.

In-situ characterisation using ion beam induced luminescence (IBIL) during proton and
alpha particle irradiation revealed a strong enhancement of the Cr’" emission efficiency. Fig.
1 shows how the typical red/infrared (IR) Cr’*-related emission increases with the fluence
while the intrinsic blue/ultraviolet band is quenched. Fig. 2 presents thermoluminescence
(TL) glow curves of pristine and irradiated samples monitored in the red/IR spectral region.
While virgin samples show no signal besides blackbody radiation setting in above 550 K,
after irradiation several TL peaks can be distinguished, showing that the emission has been
activated. After in-situ annealing at 923 K, the glow peaks are quenched, suggesting that the
defects responsible for sensitizing the Cr’" emission have been removed during the thermal
annealing step. The results reveal the high potential for the use of Cr-doped B-Ga,O; as
radiation sensors and dosimeters.
H* . a) He * b)

Fluence (He*/cm?)

Fluence (H*/cm?)

6.5 x 10 7.0 x 10

IBIL Intensity (arb. un.)
IBIL Intensity (arb. un.)

| g

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 1: Evolution of the IBIL spectra with increasing fluences, upon irradiation with 600 keV H"
ions (a) or 2000 keV He" ions (b). The arrows indicate the tendency of the intensity with increasing

fluence [6].
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Fig. 2: TL glow curves obtained before and after H' irradiation (showing the first two

consecutive measurements) and after annealing in situ at 923 K for 10 s [6].
Oxygen implantation into MoO3

Molybdenum oxide (MoQOs) is a two-dimensional Van der Waals type wide bandgap
semiconductor that has interesting properties for a range of applications such as biosensors,
gas sensors, solar cells and lithium ion batteries. By creating defects, namely oxygen
vacancies, its originally insulating properties can be tuned from semiconducting to semi-

metallic as a result of the formation of MoOy (2<x<3) and MoO, phases, respectively [10].

In this work, the correlation between the changes in electrical and structural properties of
orthorhombic a-MoOs lamellar crystals induced by 150 keV O ion implantation is studied.
Thus, any change in the electrical properties is assumed to be due to defects and not due to
chemical doping. Fig. 3 shows high-resolution X-ray diffraction (HRXRD) patterns after
implantation to a wide fluence range, revealing the strain introduced in the lattice by the
implantation defects. Fig. 4 shows the change of the conductance with implantation fluence,
extracted from I-V curves (see a schematic of the device in the inset of Fig. 4). A controllable
and significant increase of the electrical conductivity, over several orders of magnitude, is
observed after implantation at high fluences. This behaviour is attributed to the formation of
extended defects, amorphous regions, and new phases more conductive than the a-MoO;

orthorhombic phase.
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Fig. 3: HRXRD 26-6 curves corresponding to the 060 reflection and obtained from an as-grown
and as-implanted orthorhombic MoQO; lamellar crystals with different oxygen fluences. The

perpendicular deformation values are also shown on the top horizontal axis of the graph [7].
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Fig. 4: Evolution of the relative conductance of orthorhombic MoO; lamellar crystals with the
oxygen fluence. The geometry of the devices used to perform the electrical characterization is shown

in the inset [7].
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Swift heavy ions generate narrow damage trails known as ion tracks when they penetrate solids
[1]. The formation of ion tracks has generated substantial interest across various research fields,
including physical chemistry, material science, and nuclear science [2—6]. lon tracks are often
more susceptible to chemical etchants compared to the surrounding bulk material, allowing for
the fabrication of high-aspect-ratio etch pits and cylindrical channels. Numerous factors, such as
ion energy, etchant characteristics, and the solid itself, contribute to the specific pore shape and

size.

The annealing of ion tracks is crucial for understanding the kinetics, structural changes,
and the influence of the surface on track annealing. However, comprehensive knowledge on this
subject remains lacking. Previous annealing studies have predominantly focused on minerals and
crystalline solids, with limited exploration in amorphous silicon dioxide (a-SiO;). Existing
research on a-SiO; has not provided a clear understanding of the annealing mechanism, track

density variation, or structural changes [7,8].
By examining the effects of annealing on ion tracks in a-Si0,, researchers can develop a

better understanding of track annealing and its implications in various applications, including

nuclear waste storage, filtration processes, and solid-state nanopores. Utilizing chemical etching
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and synchrotron-based small-angle X-ray scattering (SAXS), this study seeks to analyze the ion
track profile variation with depth, temperature, and annealing duration and offer a

comprehensive approach to understanding ion track annealing behavior in a-SiO,.

Ion tracks were produced in 2-micron thick a-SiO, grown on Si by wet thermal oxidation
by irradiation with 1.6 GeV Au ions at the UNILAC accelerator facility at the GSI Helmholtz
Centre for Heavy Ion Research, Darmstadt, Germany. Fluences ranged between 1x10°® ions/cm?
and 5x10'" jons/cm’. Irradiated a-SiO, samples were annealed under nitrogen atmosphere at
temperatures ranging from 200 °C to 900 °C in increments of 50 °C for 30 min. Additionally,
samples were annealed for various periods of time while maintaining a constant annealing
temperature. The annealing time was varied from ~1 min to 3000 min to study the influence of
annealing time on track recovery. To study the impact of ambient atmosphere, capping layer was
used in addition to annealing under three distinct ambient conditions, nitrogen, oxygen, and

forming gas (a mixture of 95% nitrogen and 5% hydrogen gas), respectively, for a duration of 30

| . Annealing
Temperature (°C)
00 250 300 350 400 450 500 550

0 50 100 150 2
1 1 1 1
120 "
110 E32
100 3 =
E 90 £28 o
£ 350 . 8
o .1 -® Radius Foasa D
5 i1 ~® Half Cone Angle 2
g 607 =1
o 50 F20 @
3 o
40 ~
E E16
30 (=
e — —— —
0 50 100 150 300 400 450 500 550

200 250 350
Annealing
A Temperature (°C)
| & Scale
i (SEM images): LR

min at 500 °C.

Fig. 1. Radius (squares) and half cone angle (circles) of the etch pits fabricated in a-SO2
(irradiated with 1.6 GeV Au ions) deduced from SEM images as a function of the annealing
temperature. The samples were annealed at different temperatures for 30 mins and subsequently
etched for 10 minsin 3% HF.
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Annealed samples irradiated with low fluences (1 X 108 and 5 x 108 jons/cm®) were
etched at room temperature in 3% hydrofluoric acid (HF) for 10 min. This was done to convert
the ion tracks into etch pits. Figure 1 shows the changing radius and morphology of etch pits
fabricated in a-Si0O, annealed at different temperatures along with plan-view and cross-section
SEM images. The decreasing size and increasing angle of the conical etch pits indicate a
reduction in the etch rate in the track region. For samples annealed at 200°C, the dimensions and
morphology remain consistent with unannealed samples. However, in samples annealed between
600°C and 900°C, etch pits are no longer discernible, implying either a size below the detection

threshold or sufficient restoration of ion track damage.

Fig. 2: Plan-view SEM image showing the etch pitsin the ICP-RIE processed sample (where
~330 nm of the layer was removed on the | eft side) fabricated by etching the samplein 3% HF
solution for 10 mins. On the left side (ICP-RIE processed side), the etch pits are 72.5% larger
than on the protected right side of the sample.
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To obtain quantitative information about the track healing process, the etch pit shape and
size were computed using a custom developed etch model employing the plan view radii values
from the SEM measurements. The values obtained from the etching model were different for
annealed samples which was the first indication that maybe the track heals differently along the
sample depth. This discrepancy occurred for all annealed samples and increased with increasing
temperature. Hence to test our hypothesis we removed ~330 nm from the top of the annealed
sample and compared the etch pits on both sides. Figure 2 shows plan-view SEM image showing
the etch pits in the ICP-RIE processed sample. As illustrated the etch pits at a depth of ~330 nm
were bigger in size compared to near the surface. We further explored this effect and our
experiments showed that the ion track annealing effect is stronger near the surface until it
saturates at a certain depth. We discovered that the ion track etch rate changes with depth, and
the effect of annealing on the ion track etch rate proceeds faster near the surface until it saturates
at a certain depth. We then computed the shape of etch-pits taking this factor into account and a
good agreement was found with the experimental results. The computations clearly indicated that
the shape of the etch pits became slightly curved because of the changing track-etch rate with
depth, but due to the removal of bulk material at the surface during etching, this curvature was
mostly gone.

Measurements of ion tracks using SAXS show only small changes in the radial density
distribution profile of the ion tracks. Activation energy of the annealing process at different
sample depths was determined and the effect of the capping layer during the annealing process
was also studied. Combination of oxygen diffusion and stress relaxation may contribute to the
observed behavior of preferential and anisotropic healing of the ion track. Throughout the talk, I

will go into more detail about the healing process and its phenomena.

In conclusion, this study demonstrates the potential of SAXS and chemical etching for
analyzing annealed ion tracks in SiO,, revealing radial density profiles and complex annealing
dynamics. The transformation of ion tracks into conical etch pits through selective chemical
etching highlights the depth-dependent profile and annealing intricacies. Furthermore, our

findings suggest that annealing is affected by ambient conditions and presence of oxygen. This
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research has implications for radioactive waste storage, with potential to improve borosilicate
glass healing and increase waste storage capacity. Additionally, these findings offer possibilities
for tuning etch pit structures in SiO,, impacting a variety of nanopore applications, including

ion/molecular selectivity and electroosmotic flow rectification.
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Swift heavy ions (SHI, E > 1 MeV/nucleon, M > 20 m,, where m;, is the proton mass) or free-
electron lasers interacting with a solid, lose the majority of their energy on the excitation of the
electronic system of the target [1,2]. Atomic response to an energy transferred from the relaxing

electronic system results in unusual nanometric to micrometric material modifications [3].

Electron-phonon coupling was considered as the main energy exchange channel between two
subsystems (that is also called thermal channel since thermal equilibrium is often assumed) [4].

However, this channel of the energy transfer is not the only and not the dominant one [5-7].

Electrons in a solid noticeably contribute to the interatomic potential counterbalancing forces
between nuclei. Electronic part of the interatomic forces explicitly depends on quantum
electronic state, i.e. on distribution of electrons over the energy levels [8]. Excitation caused by
SHIs or lasers changes this distribution and, therefore, the interatomic potential providing lattice
instability. The interatomic potential changes may lead to various effects, e.g. formation of
unusual phases in materials. With sufficient level of excitation this may stimulate even a fast
disordering of the lattice without considerable increase in atomic temperature (“nonthermal
melting”) [9,10]. At higher excitation level the nonthermal acceleration of atoms may result in
the ultrafast (< 100 fs) lattice energy increase necessary for initiation of structure
disintegration [11]. A schematic illustration of effects of the interatomic potential changes

caused by the electronic excitation is presented in Figure 1.

When electrons are excited to high temperatures, whereas the target ions transiently stay
relatively cold, the matter can depart from the equilibrium phase diagram and form new states,

unachievable otherwise.
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Figure 1. Interatomic potential changes with an increase of the energy deposited into the electronic
system of a solid. The upper panel shows atoms (green balls) oscillating in the unexcited equilibrium
potential (black line). The middle panel shows a flattened excited potential (purple line), resulting in the
nonthermal melting (at the room atomic temperature); the former equilibrium potential is depicted with
the dashed grey line for comparison. The lower panel shows a highly-excited potential turning repulsive
(red line), thus accelerating atoms resulting in the “nonthermal heating” of atoms.

It was theoretically demonstrated that aluminum oxide and other I11-V1 group compounds may
undergo transition to superionic state — an exotic state with the aluminum sublattice being in
solid form whereas the oxygen one is nonthermally melted (Figure 2)[12,13]. Another
interesting example is transformation of B-TiO2 to la-3 phase similar to that of ambient Y203
(Figure 3). This phase is not presented at equilibrium conditions and is theoretically achievable
only through the nonthermal transition [14].

Nonthermal atomic displacements may also cause changes in the band structure and band gap
of materials. Figure 4 demonstrates ultrafast band gap collapse during nonthermal

disintegration of liquid H2O.

Depending on a material the band gap may collapse or shrink during nonthermal transitions
(Figure 5) [15]. The energy released by these changes may deposit to the atomic subsystem or

redistributed within the electronic subsystem itself.

In this report we give a comprehensive review of effects of interatomic potential change upon
extreme electronic excitations and possible realizations of these changes in the kinetics of

excitation and relaxation of the atomic subsystem in irradiated materials.
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Figure 2. Mean displacements of Al,Os; atoms calculated with ab-initio molecular dynamics after the
deposited dose of ~3.2 eV/atom (left panel) and atomic snapshots of initial and final states of the
simulated cell (right panel). The curves demonstrate diffusive (liquid) behavior of the oxygen sublattice
and saturation of the aluminum atom displacements.
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Figure 3. Comparison of XRD patterns of ambient yttrium oxide and those of titanium oxide after ab-
initio molecular dynamics simulations at the electronic temperature Te = 1.25 eV (left panel) and atomic
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Figure 4. Evolution of water band gap (left panel) and number of various fragments in the simulation
box (right panel) under ultrafast energy deposition with the dose of 2.5 eV/atom (T. ~ 3 eV). Calculations
are performed with ab-initio package Quantum Espresso [16].
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Figure 5. Evolution of AlO3 band gap during nonthermal transformations at different deposited doses
(left panel) and evolution of alkali-halide crystals band gaps during nonthermal transformations at
electronic temperature T, = 6 eV (right panel). Calculations are performed with ab-initio package
Quantum Espresso [16].
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JAE®EKTbBI B KPEMHHUHU U HIGH-K TUJJIEKTPUKAX KHU U KHC CTPYKTYP
ITOCJIE BHEJAPEHMUSA BBICTPBIX NOHOB Xe U Bi
DEFECTS IN SILICON AND HIGH-K DIELECTRICS OF SOl AND SOS
STRUCTURES AFTER SWIFT HEAVY ION Xe AND Bi IMPLANATION

B.IL HOHOBI*), B.A. AHTOHOBI), ®.B. TI/IXOHGHKOD, B.A. Bono;[HHl’z), A.B. M}IKOHBKI/IXZ),
K.B. Py,[[GHKOz), B.A. CKypaT0B4)
V. Popovl*), V. Antonov", F. Tikhonenko", V. Volodin'?, A. Myakonkikhz), K. Rudenko?,
V. Skuratov?

lHHcmumym Gusuxu nonynpogoonuxoe CO PAH um. A.B. Picanosa, Hosocubupck, 630090,
np. ax. Jlaspenmoesa, 13, Poccus
2 Hosocubupcruii 2ocyoapcmeennsiii ynusepcumem, 630090 Hosocubupck, ya. Ilupoeosa, 1,
Poccusa
Quzuxo-mexnonoeuveckuil uncmumym Axademuu nayk PAH um. K.A. Banuesa, 117218
Haxumosckuu np., 36, kopn. 1, Mockea, Poccus
4 OUAN, 141980 yn. JKonuo-Krwopu, 6, 2. [[yona, Mockosckas o61., Poccus

High-k ferroelectric SOI or SOS MOS, pseudo-MOSFET, or FTJ structures implanted by
swift Xe**" and Bi’'" ions have been studied using transfer curves, CV, HRTEM and Raman
spectroscopy (RS) to estimate their functionalities.

Criou KpeMHHMS HAHOMETPOBOW TOJNIIMHBI, TEPEHECEHHBIE HAa OKHCICHHbIC IUIACTUHBI
KpeMHHUs (CTpYKTypsl KpemHuii-Ha-uzonstope, KHC), nnu candupa (CTpyKTYpbl KpeMHHii-
Ha-candupe, KHC), mnepcrniekTUBHBI [JI1 WX TPUMEHEHHS B KayeCTBE TOJJIOKEK
sueprodddextuBabix KMOII u pagmnodoTOHHBIX HHTETPAIBHBIX CXeM MokojaeHu# 6G [1].

B pabore KHU wu KHC crpykTypsl H3roTaBavBajld METOJAOM  BOJOPOIHO-
UHAyIHpOBaHHOTO TiepeHoca cinoeB Si ¢ Si0,, i HfO,, unu Tonpko cnost Si Ha KpeMHUH ¢

Si0,, wm ¢ high-k cerneroanexrpukom, wm Ha candup (Puc. 1), kak onrcano B [2].
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Pucynok 1 Cxembr ¢opmupoanuss KHU u KHC crpyktyp B atmocdepe m B Bakyyme Mpu
MOBBIIIICHHOHN TeMIIepaType W IMPOU3BOJILHOM Martepuaie B momnoxku ¢ high-k cioem ausiexkTpuka
(cnera), Ceuenne KHC crpykryper ¢ 20 amM cmoem HfO, B BBICOKOpa3peIIaroIieM 3JICKTPOHHOM
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mukpockorie (BPOM) ¢ FFT (Goictpoe @ypbe npeobpazoanue) kaproit pentetku c-Al,Os (kpymHbie
KPYXKH) U MOHOKITMHHOH (a3sl m-HfO, (Menkue Kpy>kku) Ha BCTaBKe (crpasa).

Tepmudeckuii oTXHUr [UIsl  ynajdeHus JePEeKTOB TMOCNIe WMMIUIAHTAIlMH BOAOPOJA
criocoO0cTBYyeT popMupoBaHUI0 MexcinorHoro auokcuaa kpemuus (MC SiO;) u nedexToB -
BakaHCUU Kucioponaa B camndupe uan B high-k cmoe HfO, ¢ mimoTHOCTBIO MOJIOKUATEIHLHOTO
3apsiga Nir > 1x10" em™[2]. Taxoii 3apsan GOpMUPYET BCTPOCHHBIM KaHal W MPUBOJIUT K
o6onpmum yreukam B KHC nceBno-MOII tpansucrope (ncesno-MOIIT) mpu mortenuuane
3atBopa V, ~0 B. JIna cHmwkenus 3apana Mel Hanocusd high-k cinon HfO,:AlO3 Tommunoi
10-20 uM aromHO-cioeBbIM ocaxkaeHueMm (ACO) Bmecto Si0,, paromue Vi, >-0,5 kB ams
TOHKHMX Tojyioxkek cardupa 150 mxm [2]. JedekTsr oOpa3yroTcs Takke MPU WUMIUIAHTAIUA
MOHOB M3-3a NTOTE€Pb SHEPTHU Ha YIPYTUe CTOIKHOBEHUS U DJICKTPOHHbIE BO30Yk1eHus [3].

Mmuorocnoitasie KHU nu KHC cTpyKTypbl, HX OTIENbHbIE KOMIIOHEHTHI/CIION 001aJatoT
pa3HOM YYBCTBUTEIBHOCTHIO K OOJMydeHHIO ObICTpbIMU TsDKenbiMu HoHamu (BTHU),
GbopMUPYIOLIUMHU pa3ynopsI0UeHHbIe 00JaCTH BOKPYT MOHHBIX TPAEKTOPHM - JIATEHTHBIX
TpekoB [3]. DTH TpEeKHW MEHSIOT CBOMCTBA CIOEB W PAJUALMOHHYIO CTOHMKOCTh K JPYrUM
Bugam o6aydenus. Mol o0mydann KHU u KHC nceBno-MOII TpaH3ucTOphl ¢ HallblJICHHBIMH
W (100 uM) xontaktamu u  crekamu  Si(500mM)/HfO,:Al(158M)/Si(500MKM),
Si(500mm)/HfO,: Al(20uMm)/candup (500mMrmM) GbicTpbiME HoHaME Xe 2 (150 MaB) u Bi™'
(670 M»sB) o duroerca © = 2:10"em™, BHenpenre MOHOATOMHBIX YacTHI], TAKUX Kak Xe
i Bi, He QopmupoBasio B KpeMHUH BUAMMBIX BO BPOM TpekoB u He Hapymaio
(YHKLINOHATIBHOCTh CETHETOIEKTPHUECKUX TyHHeNnbHBIX mnepexonoB (FTJ), Ho cHumxkano
toku ctoka Igs mceBgo-MOIIT B 10 u 1000 pa3 aiist atux BTU, coorBerctBenno (Puc. 2).

Hanpsokenust miockux 30H Vg, M Toku ctoka lgs m moporn Vg, KHU u KHC MOII u

ncesn0-MOIIT cTpykTyp onpenensiauch npu temneparypax T =23-250 °C (Puc. 2-4).

5 :
10 —— SOl FTJ: Nonlmp. — 8x10°® . ; . :
10 ] SOIFTJ: Xe150MeV 2e11 —— SOl pseudo-MOSFET: Bi 670MeV 211
§— SOl FTJ: Bi 670MeV 2e11 | - — - SOI pseudo-MOSFET: Xe150MeV 2e11
107 ] 6x10° - SOl pseudo-MOSFET: Nonlmpl. |
10°4 .
] <
< 10°4 5 4x10°f i
= 107
107" 2x10° 1
1 0»12 j
10%] | | of | | . . 1
4 -2 0 2 4 4 -2 0 2 4
VH (V) Vg (V)

Pucynox 2 BAX KHU FTJ (cneBa) m crok-3atBopHble Xapaktepuctukun KHU mcermo-MOII
Tpau3ucTopos co cioem HO,:ALO; (15:1) 1o 1 nocne suenpennst BTU Xe' u Bi' (cnipasa)
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[Tepexomubie xapaktepuctnku KHC nceBmo-MOII TpaH3UCTOPOB HU3MEPSIIUCH TMOCIE
BHepeHus Xe' 6e3 yroHueHus cardupa 10 150 MKM M HEBO3MOXXHOCTH JOCTHYB [V > 10
kB u3-3a orpannuenuii ycranosku (Puc. 3). [Ilpyrum orpannuenneM ObL1 U3MepsieMblil TOK Igg
> 107 A mocne moHoB Bi, e Her yreuku B mo mo sky, kak wist KHU (Puc. 2). Poct
Temreparypbl u3meperuii 10 250 °C cHmKaeT CTerneHb KOMICHCAIUH, YTO TOBOPHT O BIIOJIHE
3pPEeKTUBHON peKOMOWHAIMM TeHepupoBaHHBIX bBTU  3JeKTpOH-ABIPOUHBIX Tap Ha
rereporpanuie HfO,:Al/c-Al,O3. B omuune ot Xe, HCXOAHO HU3KAs MPOBOJAUMOCTD CJIOs Si
nocie Bi pacrer Ha 3 mopsiaka npu m3meperusx lg(Vg) ¢ poctom T nmo 250 °C u mourn

nocruraet 3HadeHui l4s(V,) mocie BTU Xe npu T = 250 °C (Puc. 3).
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Pucynok 3. Crok-3arBopHble xapaktepuctuku KHC mnceBno-MOII Tpan3ucTopoB mocie
sueapenns BTU Xe ' (cea) u BTU Bi™ (cmpasa) mpu T =25-250°C.

RS crexrpsl Ha LO pononax B kpemann u KHC Me3a cTpykTypax mocie obmydenus Xe

-+
U Bi' mokasbIBatoT pocT OTOMOMUHECHIEHIINN Ha fedeKkTax B audnekTpukax (Puc. 4).

200 ----S0807  52028i T T T T T
|—sosimpixe 5216 Xe+ M270 MSL22.10.12 SOI2 CO
D0y — SOSNotimpl 5226 Bi+ RTA 650+750+850+900+950°C x30s
—— SOSimpiBi W-probe / p-Si / HO,:Al (15:1)15nm/ np-Si bulk / InGa / Cu
1x10° 100 kHz
= 107 - ;
g - N 2*10"" em™ ]
=R e . g o ™ \ - - =Nonll
100 = — i i 3 | —-—-Xe, 150MeV
G ' . 15 I ——Bi, 670 MeV
c . | . \
2 - ™ b - - -Si0315 \
] o » I |
= B SOS NotImpl \
e 1" .. SOSHplXe - |
Il ——SoSImplBi !
J 0" '-
0 e T T T T T T T T ]
0 200 400 600 800 -6 -4 -2 0 2 4 6
Raman shift, 1/cm Vbias (V)

Pucynok 4 Crnextpsl komOunanmonnoro paccesiuust (RS) nHa LO ¢ononax B kpemuun KHC crpykryp u CV
xapakrepuctuku KHU ctpykryp co coem HfO,:ALLOs (15:1) o u nocne Buepenns BTH Xe' u Bi*

209



B otnuune ot kpemuus B kpucramumueckux HfO, u Al,O3 ciosix 06pasyroTcst BUAUMBIC
Bo BPOM narentnsie Tpeku nedexton. Tak, nuamerp TpekoB B Al,O3 cocTaBmsin s Xe™?® u
Bi"™' 1.7 u 3.4 um, coorBerctBenHo [4]. B TPEKOBBIX 00JacTsIX MOHOB kceHoHa B HfO,
HAOMIOIaK TepexXoj, W3 OPTOPOMOMYECKOW O- B TeTparoHanbHylo t- ¢asy [5]. HemaBHo
uneHTuuIupoBaHHas Hu3koremrepatypHas moaudukanus LTP c-HfO, xkybuyeckoit c-
da3pl ¢ AePUIMTOM aToOMOB KHUCIOpOZa IOYTH HE OTJIMYAeTCs MO JAaHHBIM IPOCTHIX
peHTreHocTpyktypHoro, BPOM u ®ypbe MukpoaHanusza OT TeTparoHanbHOW ¢aszwl [6]. C
nomouipto 4D-STEM  (aBTOMAaTH3MpOBAaHHOIO KapTHUPOBAHHUS OpPUEHTAMM KPHUCTAJUINTOB
(ACOM)) mnokasano [7], uro mpu ¢moencax @ sbime, wem @, = 1-10”%cm™? BTU Au
nepesoaT m-HfO; He B t-, a B LTP c-HfO, dazy. Ilepexon o-c nabmomanu mist BTU Au
[8]. dna Xe Benmuuuna @ nomkHa ObITH MHOTO Oouibmie. [Ipu m-t mepexome oObeM sIMEHKH
YMEHbILIAETCs, T.€. HAIpPsHKEHUs B Si cI0€ JOJKHBI PACTH, HO MPH Mepexojie t-¢c N3MEHEHUS
o0bema HeT [9]. B Hammx sKkcrepuMeHTax MCXOJAHbIe HampspkeHus cxatus B cioe Si KHC
CTPYKTYp HE MeHs0Tcs 17 Bi, HO cHmkaroTest ast Xe ¢ 6 1o 3 k6ap. HaGmromaembie ciBuru
gacToT LO (hoHOHOB HE COOTBETCTBYIOT BKJIanaM JeekToB B ¢azoBbie nepexoan B HfO, u3z-
3a AJIEKTPOHHBIX WJIM YIIPYTUX TOTEPH [S5, 6], KOTOpHIE BHINIE 1Jist HOHOB Bi B 5 pas.

B KHC tpansucropax BHeapenne BTU Xe' reHepupoBano NpHBEIEHHBIH K TDAHHIIE
S10,/S1 monoXuUTENbHBIN 3apsi/I MITOTHOCTHIO Nijf= 1-2x10"% em™ u OTpPULIATEIBHBIN K TPaHUIIE
HfO,/Si Nir >-1x10"" ecm™. B MOII u KHU crpykrypax ¢ HfO,:ALOs 3apsix Nif 6bi1 Nip =
1x10"% em™. Paznuna 8 KHU u KHC cnosix Bo3MoXHa M3-3a HOHU3AIUK U TTOJIEBOTO Jperda
noHoB B Metamiokcunaax [10]. 3apsx Nir mocme BTU Bi' 6e1 B 3 pasa BeIme, HO
(GYHKIIMOHATBLHOCTh TaKUX MPUOOPOB BOCCTaHABIMBaach mpu Temmneparypax 150 < T < 300
°C, a TaKKe 1ocie KpaTKoBpeMeHHBIX oTkuros mpu T > 300 °C.

Pa6ora mo KHC BrinonHena 3a cuet rpanta PH® Ne 22-29-01063, a no KHU wactuano
nojnepskana npoexkramu ['3 Ne FWGW-2021-0003 u FFNN-2022-0019 Muno6puayku PO.
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RADIATION DAMAGE ACCUMULATION IN a-Ga;O3 UNDER keV ION
BOMBARDMENT

AL Struchkovl, AL Titovl, AL Klevtsovl, K.V. Karabeshkinl, E.D.Fedorenkol,
V.D. Andreeval, A.L.Shakhminl, A.L Pechnikovz, V.L Nikolaevz, P.A. Karaseov'

'Peter the Great .-Petersburg Polytechnic University, St.-Petersburg, Russia
“Perfect Crystals LLC, & Petersburg 194064, Russian Federation
e-mail: andrel.titov@r phf.spbstu.ru

Gallium oxide (Ga,03) is a wide-bandgap semiconductor with bandgap of approximately
4.8-5.3 eV, depending on crystal structure. Ga,O; has attracted attention due to its properties,
such as a high breakdown voltage (~ 8 MV/cm) and electron mobility [1-3], which make it
suitable for applications in new generation power electronics and optoelectronics. Ga,O3
appears in five different polymorphs: a, S, y, 9, and k. Currently, most studies are dedicated to
the monoclinic f-Ga,03, thanks to its thermodynamical stability and ease of growth of high-
quality crystals. However, the corundum a-Ga,0O3 has the wider bandgap than f-Ga,0s (5.3
eV compare to 4.85 eV), and, despite being metastable, it converts to a stable f-phase at
temperatures exceeding 500-550°C, which allows its possible use in power electronics [2, 4].

Ion implantation is now a standard technique for materials modification and electronic
device processing. However, the ion irradiation is always accompanied by formation of
radiation defects, which can dramatically affect the irradiated layer properties. As such, an
understanding of underlying physical mechanisms of radiation defects formation and
accumulation is a requirement for the fabrication of electronic devices and for development of
new ones.

The accumulation and evolution of structural disorder during implantation of accelerated
jons into a-Ga,03; have previously been investigated for cases of monoatomic P* and
molecular PF4 " ions [5, 6]. The radiation resistance of a-Ga,O3; was found to be about an order
of magnitude higher compare to (-Ga,0s;, suggesting different mechanisms of radiation
damage formation in two polymorphs.

The aim of this contribution is to compare the damage accumulation in a-Ga,O; under
ion irradiation by ions of different types and energies, as well as to determine the role of

collision cascades in disorder formation.
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a-Ga,O3 epi-layers were grown on C-plane sapphire substrate in a hot-wall HVPE
reactor at Perfect Crystals LLC [7]. Samples have been irradiated using 500 kV HVEE
implanter by 40 keV P", 140 keV PF;" and 25 keV F' ions in a wide dose range. All the
implants were carried out at room temperature (RT) at 7° off the channeling direction. To
compare the irradiation effects for different ions, the ion doses were normalized to the average
number of displacements per atom (DPA). Values of DPA were calculated using TRIM code
(version SRIM 2013) [8] with effective threshold energies for atomic displacements of 25 eV
for Ga and O sub-lattices. The ion fluxes, recalculated to DPA/s, were kept equal for all ions.

Crystalline structure was investigated by X-ray diffraction and Raman scattering.
Surface topography of virgin and irradiated samples was studied by atomic force microscopy.
Implantation-produced disorder was measured by Rutherford backscattering/channeling
(RBS/C) spectrometry with 0.7 MeV *He*" ions incident along the channeling direction and

backscattered to 103°. The effective number of scattering centers (referred to below as

“relative disorder”) was deduced from RBS/C spectra using one of the conventional
algorithms [9].

Figure 1 shows the depth distributions of relative disorder produced in a-Ga,O; by
1.3 keV/amu F, P and PF, ions implanted to the dose of 2 DPA. It can be seen that all defect-
depth distributions are bimodal with the distinct bulk defect peak (BDP) and surface
disordered layer (SDL). The bulk defect maximum is positioned deeper than the maximum of
elastic ion energy loss and is close to the distribution of implanted particles. Analysis of dose
dependencies of accumulated radiation damage shows that BDP grows slower under
irradiation by molecular ions than under irradiation by atomic ones. Like for f-Ga,0s, the

complete amorphization of damage in BDP was not observed for any doses examined.
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Figure 1. Relative disorder vs. depth in a-Ga,O; after irradiation by F, P and PF, ions up to the dose of
2 DPA. The depth profile of generated vacancies for F 25 keV as calculated by TRIM is also shown.
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Note that the growth rate of the total amount of defects in SDL is considerably higher
in the case of heavier ion irradiation. This result can be explained by considering the
volumetric density of collision cascades, which is one of the important parameters that affect
radiation-induced effects [10]. The higher near surface damage produced by P ions compared
to F ions can be attributed to two main reasons: (i) heavier P ions produce denser cascades as
opposed to lighter F ions; (i1) smaller fraction of light F ions produces atomic displacements.
In the case of molecular ion irradiation, collision cascades produced by individual atoms
comprising cluster overlap with each other giving rise to higher cascade density. However,
this overlap occurs only in near-surface region, and enhanced damage accumulation is
observed as the surface disordered layer formation. This enhancement is known as “molecular
effect”. The BDP, on the other hand, grows slower for molecular ions than for atomic ions.
This is an expected result since the density of collision cascades in the bulk is lower for
molecular ions containing light atoms.

In conclusion, we studied radiation damage formation in a-Ga,Os under implantation
with monoatomic F" and P* ions, as well as molecular PF," ions. Disorder profiles are
bimodal, with distinct peaks in the bulk and at the surface. Doses required to reach the same
level of disorder are about ~10 times higher for a-Ga,0; than for f-Ga,Os;. Molecular ions
generate more defects in surface layer, resulting in a higher rate of SDL growth. This
demonstrates the substantial role of collision cascade density in radiation damage
accumulation in a-Ga,Os.

The work is supported by Russian Science Foundation, grant Ne 22-19-00166.
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JIOMUHECIHEHTHBIE CBOVCTBA U ®A300BPA30BAHUE B Si [TPU
NOHHOM OBJYYEHMUMU SiO,/Si
LUMINESCENT PROPERTIES AND PHASE FORMATION IN Si UNDER ION
IRRADIATION OF SiO,/Si

A. A. Hukonbekast, J.C. KoponeBl, A H. MHX&ﬁHOBl, AA. KOHaKOBl, AMN. OX&HKI/IHZ, C.A.
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In this work, the modification of the structure and luminescent properties of silicon
under irradiation of the SiO,/Si system with Kr" ions followed by annealing have
been studied. The formation of a thin layer of the 9R-Si hexagonal phase in the Si
substrate at the interface with the film, as well as luminescence at 1245 nm, which
is presumably related to the emission of radiation defects, were detected. An
interpretation of the observed effects was proposed.

HccnenoBanusi CBOMCTB HOJYHNPOBOJHUKOB, MOABEPTHYTHIX HMOHHOMY OOJyYEHMIO
BenyTcss yxke okoino 100 ner. OmnuM w3 HamboJee UCCICTOBAaHHBIX OO0ydaeMBbIX
MOJIYIIPOBOTHUKOB B 3TOM 00JIACTH SABJISIETCS KPEMHUN — OCHOBHOM MaTepHai TpaauLUuOHHOM
MUKPODJIEKTPOHUKH. (OJIHAKO, BO3MOXKHOCTM KPEMHMs I [JAJIbHEHUINETO pPa3sBUTUSA
COBPEMEHHBIX TEXHOJIOTUIl OrpaHUYEHbl M, HEOOXOAMM IOMCK IOJXOJOB, MO3BOJISIOIIUX
IIPEOAOJIETh HEKOTOPHIE €ro orpaHn4eHus. VoHHAsi UMILTaHTalUs NPEAOCTaBIsET ISl 3TOr0
o0mupHOe Tmone s ucciefoBaHuil. PaccMorpum  aBa  HamOojee  CyIIECTBEHHBIX
OTFPaHUYEHUSI KPEMHHUS — BO3MOYKHOCTh IOJy4eHUS HPPEKTUBHON JIIOMUHECHEHUUH H
CO3JIaHUs TETEPOCTPYKTYP Ha OCHOBE PA3JIMYHBIX MOJUTUIIOB Si.

C nepBbIM OrpaHUYECHHEM TIO3BOJIAET OOpPOTHCS HCIOJIB30BAaHUE «HHKCHEPHH
ne(QeKTOB», TO €CTh BBEACHUE B Si CBETOM3IYYAIOLINX IIEHTPOB, B KAYECTBE KOTOPHIX MOTYT
BBICTYNIaTh HEKOTOpbIE pagUallMOHHbIE Je(peKThl, oOpasyroliuecs B MpOLEcce HOHHOM
uMIUTaHTanuu. OJQHAKO HU3Kas TEPMHUYECKas CTOMKOCTh YKA3aHHBIX ILICHTPOB, CHJIBHOE
TEMIIEPATYPHOE TALICHUE JIIOMUHECHEHIIMA U CTPYKTYPHBIE MOBPEKICHUS, YXYIIAIOIINE
AIIEKTPUUYECKHE MTapaMeTpbl IPHOOPOB, CYIIECTBEHHO CHIDKAIOT MEPCIEKTUBBI UCIIOIB30BAHHS
JJAHHOTO METOAA.

O mpeososieHuH BTOPOTO OrpaHMUYEHHs] UMEIOTCS HEKOTOpbIe COOOIIEHHSI, B KOTOPBIX

HCCICO0BAaHO O6p330BaHI/IC IEKCaroHaJIbHBIX ITOJIMTUIIOB KPEMHHA IMIPH MOHHOM O6J'IyquI/II/I
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Si. O6bIyHO, 00pa3oBaHWE TAaKWX IOJMTHIIOB HAOMIOMAeTCs MPH TBepAOo(]a3zHON AMUTaAKCUU
(TD) amopdu30BaHHOTO MOHHBIM 00JIydeHHEM KpeMHHs. OJIHAKO, OCTAJICS PsJT HEPEIICHHBIX
BOIIPOCOB, HAIPUMEP, KaK KOHTPOJIUPYEMO MOIYy4aTh TOCTATOYHO TOHKUE IMOJTUTUITHBIE CIION
JUIST HAHOTEXHOJIOTMH Ha TMOJUIOKKAX KpemHHs. BecbMa mMoie3HO Ui pacHIMpeHus
MHOTO()YHKITHOHAIBHOCTH Si OBIJI0 OBl TOJIYYCHHE HAa OJTHOM M TOM JK€ y4acTKEe YHuIla Kak
CJI0Sl MOJIUTHUINA, TaK U 3PGEKTUBHOTO UCTOYHHUKA JIFOMUHECLICHIINH.

B nactosmelr pabote paccMOTpeHa BO3MOXKHOCTBH IMOJYyYEHHUS TeKCaroHajabHOHM (has3bl
kpemHus 9R-Si B moanoxkke kpeMHHs Ipu 001y4eHnu cucteMbl Si0,/Si HoHaMH KPHUIITOHA C
MOCIIEAYIOIUM OTKHUTOM, a TAK)KE JIIOMHHECIICHTHBI CBOMCTBA MOJTYYEHHBIX CTPYKTYD.

B kadecTBe MCXOAHBIX HCHOJB30BAIUCH 00pa3il N-Si (KO®d-4.5) ¢ opuenranuei
noBepxHoctu (100) moaBeprHyThie TepmudeckoMy okucienuio npu 1100 °C. TommuHa
wiéakn SiO; 1o gaHHBIM Auuncomerpuu coctabimsia 120 BM. Crpyktypsr  Si0O,/Si
nojBepranuch obaydeHnio moHamu Kr ¢ sHeprmeit 80 k3B u 1o030ii 5-10'° cm? Ha
ummutantepe NJIY-200. IToctuMImaHTalMOHHBINA OTKUT TPOBOAMIICS B MOTOKE azora npu 800
°C B Teuenue 30 muH. CTpyKTypa 00pa3loB H3ydaach METOJIOM BBICOKOPAa3pEIIaOIIeH
IpOCBEeUUBAIOIIEH 3JeKTpoHHOM Mukpockonuu (BPIIOM) na wmumkpockone JEM-2100F.
Crextpsl poromomunecteHn (PJI) peructpupoBaincy Ipu TEMIIEPAType KUAKOTO a30Ta
MIpU BO30YKJICHUHU TTOTYITPOBOHUKOBBIM JIa3€POM C JJTMHOW BOJTHBI 408 HM.

CormacHo pacderam B mporpamme SRIM, npu ucmonb3yemMbIx mapamerpax oOJydeHUs
cpenHMil mpoenupoBaHHbIi mpoder R, u crparmusr A R, noHos Kr' cocrapnsor 50 HM 1 15
HM, COOTBEeTCTBeHHO. I[Ipm »TOM paccunTaHHas HOMHHANBHAs (TO ecTh 0e3 yuera
JTUHAMHUYECKOTO OTKUTa) KOHIICHTpalus BakaHcuid V W COOCTBEHHBIX Mexaoysnuid | B
MOJIOKKE KPEMHHUS Ha TpaHulle pazzena ¢ miéHkor SiO, cocTaBiseT ~ 102 eM™ u KpYyTO
cnajmaer ¢ TayOumHOW. Ilpu Takux yCIOBHSAX MJODKHA MPOMCXOAUTH amopdusanus
IPUIIOBEPXHOCTHOTO ci10s1 KpeMHusi. CornacHo nanHbiM BPIIOM (puc. 1a), mocie obnydyenus
B MOJIJI0KKe Si Ha rpanwuIe ¢ Mmi€Hkon Si0, neHCTBUTETHFHO HAOII0aeTCsl 00pa3oBaHUE CIIOS
amopduoro kpemuus (a-Si) TonmmHOM ~ 20 HM. [Tocie orxkura pu 800 °C amopdubIN croit
NOJHOCTBIO pekpuctamzoBaics (puc. 106). Ilpu 3ToM B peKpUCTAIIM30BAHHOM CIIOE
HaOmomaroTcss eeKThl YIMaKkOBKM, YTO THIHWYHO s mpouecca TD. Ha xaprune,
noydeHHo myreM Dypre mpeoOpa3zoBaHUs MaHHOTO H300pakeHHs, TOMHUMO pediekcos
NpPUCYIIUX C-Si, HAOMIOMAIOTCS JOMOJIHUTENIbHBIC pPe(IEKChl, PACHOJOXKCHHBIE MEXIY
pedraekcamu oT cemeiicTBa miuockocteit C-Si (111), 1 oTcTOSIIIME OT LEHTPATBLHOTO MATHA HA
1/3 u 2/3 paccrostaus. Takast KapTHHA MOXKET pacCMaTpUBAThCs, KaK pe3yabTaT 00pa30BaHUs

BKiTFOUeHUH ¢aszwl IR-Si [1].
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Puc.1. Caumku BPITOM nonepeunoro cpesa (110) obpasua SiO,/Si (100), o61ydeHHOTO

nonamu Kr' 110 (a) 1 mocne oxmura (6).

O6pazoBanue (a3t 9R-Si B mpomecce TD MoxkeT OBITH O0JIETYCHO HAIWYUEM
MeXaHUYeCKuX HampspkeHuil B cucrteme Si0,/Si. Takue HampsoKeHHs MOTYT BO3HUKATh 32
CUET HAJMYUS BAaKAaHCHOHHBIX U MEXIOY3EJIbHBIX KOMIUIEKCOB, a TaKXe 3a CYeT OOJbIION
KOHIIGHTpAllMd BBIOUTHIX W3 TUIEHKH SiO, aToMOB OTHa4yd, a TakKe H3-3a Pa3Iudus
ko3 urmenToB TepmMudeckoro pacmupenus Si u Si0; u Hamuus B mwieHke Si0; KPymHBIX
UMIUIAHTUPOBAaHHBIX aToMoB Kr, KOTOpele NpH OTKUTE€ MOTYT COOUpAThCs B BUJE
HaXOJALIMXCS TMOJ JaBieHueM mnop. Eciu B mporecce oTkura (QpoHT KpPHCTALTH3ALMH
HAXOJUTCS MOJ JACWCTBUEM TaKUX HANpPSDKEHUH, TO MPU HAJUYUU JOCTATOYHO OOJBIIOTO
rpaJueHTa HamnpsHKEeHUI, BO3MOXKHO CKOJIBKEHHE CMEXKHBIX IUIOTHOYNAKOBaHHBIX CIIOEB
(111) c-Si, To ecTh 0Opa3oBaHuE «IMAa4eK» Ae(PEKTOB YIIaKOBKH, KOTOpBIE, KaK CKa3aHO BHIIIE,
MOYKHO paccMaTpuBaTh Kak BKitoueHHs (aszbl IR-Si.

H3ydeHue JTIOMUHECIIEHTHBIX CBOMCTB MOJIYYEHHBIX CTPYKTYyp MeToaom DJI mokazaio,
KaK B [2] Haymune ®OJI npu niuHe BoHBI ~ 1245 HM (puc. 2). Panee npeamnonaraiock, 4To 3a
JTAHHOE M3JIyYCHHE OTBETCTBEHHBI MEX30HHBIE mepexonsl B (aze 9R-Si [2]. Oxnako, mpu
MOCJIOMHOM TPaBJICHUU MOJIOKKHA KPEMHHUS BBISICHUIIOCH, YTO MaKCUMaJIbHasi HHTEHCUBHOCTD
®JI mabmromaercs mocie ynaaneHus cios ~ 6 0 HM, To ecthb B oOnacTu, rae ¢aza 9R-Si
oTcyrcTByeT (puc. 20). OTcroma cienyeT, 4To 3a u3lydeHue npu 1245 HM OTBETCTBEHHBI
CBETOM3JIYYAIOIHEe LIEHTPhl, B KayeCTBE KOTOPBIX BBICTYMAIOT JA€()EKTHbIE KOMIUIECKCHI
pazuaOHHOTO IPOUCXOKICHUSI.

bnu3koit o cnekTpanbHOMY MMOJIOKEHHIO Tojockl PJI SBIsSETCS XOpOILIO HM3BECTHAS
nosoca W (npu A = 1218 um) [3], kKoTOpas HaOmOAaeTCs B Ciiydae OOJYYCHHS KPEMHHS

pa3IUYHBIMU HOHAaMH, a TaKXe 3JEKTpOHaMu U HelTpoHamu. COrIacHO COBpPEMEHHBIM
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BO33pPEHUSAM, OHA M3JIy4aeTcsl KOMIUIEKCaMH |3, COCTOSAIIMMU TpeX MEXJ0Y3€lIbHbIX aTOMOB.
Onnako, nuaus W, kak mpaBuiio, ucue3aet nocie orkura mpu T > 500 °C 1 UCTIBITHIBAET
cuibHOE TemneparypHoe ramenue npu T > 40 K, 4To cyliecTBEHHO OTIMYAeTCs OT HallUX
pe3ynabTatoB. [lo-BHAMMOMY, B HAalIMX YCJIOBUSX MPOUCXOIUT Oosee 3PQeKTHBHOE
pa3fiefieHHe MEXA0Y3€IbHBIX aTOMOB, SBIISIOIIMXCA «CTPOUTENIBHBIM MAaTEpUAIoOM» I
BO3HUKHOBEHUS Ae(eKToB Tuma |3, M BakaHCUH, NPUCYTCTBHE KOTOPBIX B OKPECTHOCTH |3
MOJKET CIIY)KUThb TNPUYMHOW TOHM)KEHUS <«OKUBYYECTH» LEHTPOB |3 mpu oTxkure wus-3a
pEeKOMOMHAIIMM BaKaHCUH M MEXJOY3E€JIbHBIX aTOMOB M TOBBIIICHHIO TEMIIEPaTYpPHOTO

ramenust GJI 3a cueT KOHKYPEHIIUH MTPOLIECCOB O€3bI3Ty4aTeIbHON PEKOMOMHALINY. .

Puc. 2. Cnexktp ®JI o6pasiia mocie 00Iy4eHHs U OT)KUTA

PaGora BeImONHEHa B paMkax [IporpaMmbl CTpPAaTErMYeCKOro aKaJeMHUYECKOTro
munepctBa «l[Ipuopurer 2030» MuHuCTEpCTBAa HAYKW W BBICIIET0 oOpazoBaHusi Poccuiickoii
@®enepanuu. Hukonbsckas A.A. mnpusHarenbHa 3a MNOAAEPXKKY B pamkax CTuneHauu
[Ipesunenta PO (CII-1894.2021.5). B pabote wucnosnb3oBanoch obopyaoBanue lLlentpa
KOJUIEKTUBHOTO NoJab30BaHuss UDOM PAH «®uszrka v TEXHOIOTUSI MUKPO- U HAHOCTPYKTYP».
[TnazmMoxuMuyeckoe TpaBieHHE OOpPA3lOB BBIIOIHMINCH B JA0OPAaTOPUM JUArHOCTUKU
pazuanoHHBIX JeQEeKTOB B TBEPAOTEIbHBIX HAaHOCTPYKTypax MP®M PAH npu nmoanepxke

MunucTepcTBa HayKH 1 Bbiciiero oopasosanus PO (/3 Ne 0030-2021-0030).

[1TL. Gu, Y. Yu, W. Sigle et al., Appl. Phys. Lett. 94 (2010) 213102.
[2] A. Nikolskaya, D. Korolev, A. Mikhaylov et al., Appl. Phys. Lett. 113 (2018) 182103.
[3] S.M. Buckley, A.N. Tait, G. Moody, Opt. Express. 28 (2020) 16057.
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AIIPOBAIIUA IEPBOITPUHIMIIHBIX METOJ1OB 1JI5s1 OIIPEAEJIEHUA
ATOMHBIX KOHOUT' YPAIIUI ITPU NOHHON UMILJIAHTAIIAHU B-Ga,0;
TESTING AB INITIO METHODS FOR DETERMINING ATOMIC
CONFIGURATIONS BY ION IMPLANTATION OF B-Ga;03

E.B. OKYJ‘II/I‘II, B.A. OKYJ'II/I‘IZ, H.N. TeTeJ'IB6aYM1
E.V. Okulich', V.1. Okulich?, D.I. Tetelbaum'
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First-principles calculations of the possibility of the transition of a boron atom,

which is initially located in interstices of various types, into the nearest gallium

vacancy were made for B-Ga,0s. It is shown that such a transition is difficult. This
agrees with experimental data on boron doping of B-Ga,O3 by ion implantation.

B nocneanee Bpemsi OKCHJI TajulMsl BBI3BIBAET OOJIBIION HHTEPEC B CBS3H C PSAIOM
YHUKAJIBHBIX CBOMCTB JTAHHOTO TOJYMPOBOJIHUKA — OOJIBIION IIMPUHON 3aMperieHHON 30HbI,
TEPMUYECKOH, XHMHUYECKOH M pPaJUAllMOHHOM CTaOMIBHOCTBIO, UYYBCTBHTEIBHOCTHIO
IPOBOJUMOCTH K BO3/ICHCTBHUIO Ta30B, KOPOTKOBOJIHOBOMY YJIBTPa(pHOIETOBOMY U3IYUCHHUIO
u Jap.

B pabote [1] mpoBeneH 0030p JAUTEpaTyphl, KOTOPBIA MO3BOJISET CAENATh BBHIBOJ, YTO
UCIIOJIb30BaHNE HMOHHOW MMIUIAHTAlMM, KaK TPAAULMOHHOIO TEXHOJIOIMUYECKOTO IOAX0/a
MHUKPORJIEKTPOHUKH C XOPOIIO H3BECTHBIMU IPEHMYILECTBAMU, MOXKET CIIOCOOCTBOBATH
Pa3BUTHIO PU3UKHU M TEXHOJIOTUU MaTEPHAJIOB U YCTPOUCTB Ha ocHOBE (Ga,0;.

[Ipu paccMOTpeHHMH TEKYIIETO COCTOSHUS HCCIICIOBAaHWNA B 00JIACTM MOHHO-TY4YEBOM
obopabotku B -GaOs; [l] ocHOBHOe BHUMaHHE OBUIO  YAENEHO  pe3yibTaTaMm
IKCIIEPUMEHTAIbHBIX UCCIIEOBAHUNA CBONCTB ci10eB GarOs, MOABEPrHYTHIX PaJUallMOHHON
00paboTKe W JIETUPOBAaHHBIX WMOHHOW WMIUTaHTanue. OmnucaHO HCIOIb30BAHHE HOHHON
UMIUIAaHTAllMd TpH  pa3paboTKe TakuxX ycTpoicTB Ha ocHoBe Gap0;, Kak TOJeBbIe
tpanszuctopsl MOII, nuonst ¢ 6apsepom IlorTkn u conHeuHocnemnsie Y D-1eTeKTOPHI, JaH
CUCTEMATUUYECKUN aHalnW3 JOCTUTHYTBIX 3HAYEHMM HX XapakTepucTtuk. OTMeueHo, 4YTo
MOBBIIICHHOE BHUMaHHE K Pa3BUTUIO TEXHOJIOTUU CO3/aHusA NpubopoB Ha ocHOBe GaOs
IIPUBEJIO K MOSIBICHUIO TEOPETUYECKUX HCCIIEIOBAHMI MOBEICHUS PA3JIMYHBIX MPUMECEH U
neeKTOB B 3TOM MaTepHale.

HNonHasg uMIutaHTanus crajia KIOYeBbIM METOJOM «KPEMHHEBOM» MUKPOIJIEKTPOHUKU
Onarojaps XOpOIIO M3BECTHBIM IPEUMYIIECTBAM Iepe]l albTePHATUBHBIMU METO/IaMHU.

OpmHako JJIsl OKCHJIa TajuTHsl UMEBIIUECS B JIUTEPATYpPe CBENECHUS O (PU3MUECKHX MPOoIleccax
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Opyd HMOHHOM MMIUIAaHTallUM M CBOWCTBAaX MMIUIAHTAIMOHHBIX CJIO€B ObUIM BecbMa
¢dbparMeHTapHBIMH U OTHOCUJIMCH B OCHOBHOM K pEXHMaM, HHTEPECOBABIIUM Pa3padOTUYMKOB
KOHKPETHBIX MMPUOOPOB.

B wumccnemoBaHMSX MPOIECCOB TMPH  Pa3IUYHBIX 00pabOTKaX MaTepwalioB IS
MHTEPIPETAIMH SKCIIEPUMEHTAIbHBIX JAHHBIX U MPOTHO3HUPOBAHUHM CBOWCTB OOJIBIIYIO POJIb
UTPAIOT KOMIIBIOTEPHBIE PacyeThl HAa OCHOBE MEPBONPUHLMIHBIX MeTOAOB. Co3JaHHBIE B
nocjiegHee BpeMs IporpaMMHbIe KOMILUIEKCHI, Takue kak VASP, Wien2k, Quantum Espresso
U Jpyrde B COYETAHHH C OBICTPHIM MPOTPECCOM KOMIBIOTEPHOW TEXHUKH TT03BOJIMAIIH
CYILIECTBEHHO MOBBICUTH JIOCTOBEPHOCTh pe3yibTaroB. UYto kacaercs (a0, anga 3TOro
MOJIYIPOBOJIHUKA  BBIMIOJHEHBl  MEPBOIMPHHIIMIIHBIE  pacueThl dYHEPruil  0Opa3oBaHUA,
OHEPreTUUECKUX YPOBHEH M IUIOTHOCTH COCTOSHUN AJs psAlla JOHOPHBIX M AKLENTOPHBIX
YpOBHEH, a Takke JJIEMEHTApHBIX Je(PEeKTOB (BakaHCHiA, COOCTBEHHBIX MEXKI0Y3EIIbHBIX
aTOMOB M HEKOTOPBIX MPOCTHIX AePEKTHBIX CKOTUIeHui [2]). Takue pacyeTsl UCIOIB30BaHbI, B
4acTHOCTH, NpH uHTepnperanuu AaHHbiX DLTS mns Ga,O3;, 06mydeHHOTO JErKUMU MOHAMU
tuna H' [3]. Omnako, OpakTHYECKH OTCYTCTBYIOT PaBOTHI MO TIEPBONPHHIMIHEIM PACcYeTaM
CJIOKHBIX MEPBUYHBIX M BTOPUYHBIX J€(EKTOB, 00pa3yOIINXCS NPU MOHHOM MMIUIaHTAlluU
paznuuHbix HOHOB B GayO3 W NOCTUMIUIAHTALIMOHHOM oOTxure. Hamu BBINOIHEHBI
NEPBONPHUHIIUITHBIE pacyeThl IS ciiydas uUMIUIaHtanuu Oopa B -Ga,Os;, MOCKOIBKY Aiist
ATOr0 3JEMEHTA CYIIECTBYET BO3MOXKHOCTh KAaueCTBEHHOI'O CpPAaBHEHHUS pE3YJIbTaTOB C
AKCIIEPUMEHTAIBHBIMU JaHHBIMU, IOJy4YeHHBIMU B Taboparopun HUOTU HHI'Y.

Uccnenosanne Momupukauuu coiicts B-GapO; wmomamm B mpencraBmsercs
JOCTaTOYHO aKTyalbHOM 3amaueil. B oskcmepuMeHTax 1O HWOHHOMY OOJIYYEHHIO H
NOCTUMIUIAHTAIMOHHOMY OTXUTY [-GaO; Obuto 00HApYKEHO JOCTATOYHO HEOOBIYHOE
MOBEJICHUE JaHHOW MpuMecH. B 4acTHOCTH, METOIOM PEHTTE€HOBCKOM NTU(PPAKIINU HE YIATIOCh
00HapYXHTh 2P HEKT 3aMeIIeHUsT O0OPOM Y3JI0B FaJUTMEBOM MOIPEIICTKH.

Ornenka BO3MOXHBIX KOH(HUIypaluid pacroioXeHUs aTOMOB Oopa B pemIéTke OKcuaa
raJulis U OIIEHKA SHEPreTHYECKHX O0aphepoB MPHU €ro BO3MOXKHOM IEepEeMENICHHH MOTJa Obl
[IOMOYb B MHTEPIIPETALUU MOJIYUYEHHBIX SKCIIEPUMEHTAIbHBIX P E3yIbTaToB. B cBs3U ¢ 3TUM
OBLIM MPOBEICHBI pacu€Thl pa3IUYHbIX KOH(DUTypalruii atTomMoB Oopa B peméTke B-Ga,0;.

Pacuér DFT-Merogom npoBoauiics ¢ UCHOJib30BaHUEM Mporpammbl Quantum Espresso
s cynepsiaeiiku B -Ga,Os, BKIIIOYAIONMEH 4YeThIpe dJIeMEHTapHbIX sueiiku (80 aTomoB), B
peXuMe reOMEeTPUYECKON ONTUMU3ALINH.

B mpouecce MOHHOW MMIUTaHTAIMM MOH OOpa MOXKET JHOO0 3aMECTUTh aTOM Tajulvs B

y3i1e, JIM00 OCTAaHOBUTHCS B MEXI0Yy3Muu. OJHAKO, KaK MOKA3bIBAET pacyeT Mo Imporpamme
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SRIM, BeposSTHOCTH 3aMEIIeHHs aTOMOM OOpa aToMa rajuidsi OTHOCHUTENhHO Mana. Kpome
TOT0, MPU OTXKHUre OOp MOXKET MOKUAATH Y3Jbl M MEPeXOoAuTh B Mexaoys3nus. [loaromy,
NpEICTaBIsieT HWHTEpeC TMPOCIeNUTh 3a TOBEJACHHWEM aromMa Oopa, TIepBOHAYAIBHO
HAXOJALIETOCS B MEXIOY3NMuH. B cimydae nocTaTOYHO OONBIIMX 103, MPEACTABISAIONIUX
MPAKTUYECKUI MHTEpEC, BETUKa BEPOSTHOCTh TOTO, YTO PSIIOM C MEXKIOY3€IbHBIM aTOMOM
O0opa okaxeTcs BakaHCUsl rayusi, oOpa3oBaHHas B Kackagax cmenleHus. [locnenmytromias
peopraHu3aius aToMHON KOH(HTypanmuu B OKPECTHOCTH aroma Oopa (penmakcarusi) B
MPUHIIAIIE MOKET MPUBECTH K €r0 MOMaJaHUI0 B COCETHIO BaKAHCHUIO, TO €CTh OCYIIECTBUTH
nepexo1 Oopa B MOJOKeHUE 3aMenieHus. UTOObI IPOBEPHUTHh PEATBHOCTh TAKOTO «COOBITHS
ObT TIPOBENEH pacu€éT perakcallud aTOMOB PEMIETKH B OKPECTHOCTH aTOMOB Oopa,
W3HAYAJbHO TOMEMIEHHOTO B IIEHTP TOTO WJIM WHOTO Mexaoy3nus (B pemerke B-Ga,0Os;

UMeeTCsl 3 THIa MeXA0Y3JIHiA pa3Horo paauyca) (puc. 1).

Puc. 1. Tpu xoHpuUTrypaImyi BO3MOXKHBIX B3aUMHBIX pacnojoxeHuii Bakancun Ga u B B
pasnu4HbIX MexA0Yy3HsIX (1 — Manoe, 2 — cpeanee, 3 — KpymHoe).

B Tabmuie 1 mpuBeneHbl paccTosSHUS aToMa 0opa 10 BAKAHTHOTO y3Jia B HA4aJlbHOM U
KOHEYHOM (PaBHOBECHOM) COCTOSTHUSIX ISl TPEX THUIIOB MEKI0Y3TUI, HMEIOIIUXCS B PEUICTKE
B-Ga203.

CornacHo MOJY4YEeHHBIM pe3yjbTaTaM, KOHEYHas MO3MIMs aroma 0opa HE COBMAJaeT C
MO3UIIMEH PENIETOYHOTO aroMa Tauiusa. Jlpyrumu ciioBamu, aToM Oopa, MOMaBIIUN B
MEXOy3/IMe, B TPOIEcCe pellakCcallii HE 3aMellaeT OMmKalIIyl0 BaKaHCHIO TaJUIHs, a

OCTACTCA OT HCC HA HCKOTOPOM paCCTOAHUHU, ITPU 3TOM PACCTOAHNUEC MOKECT KaK YMCHBIIIATLCA,
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TaKk U YBEJIMYUBATHCA. OJTO OOCTOSTENHCTBO OOYCIOBIEHO, B YAaCTHOCTH, XHUMHUYECKUM
B3aMMO/ieiicTBreM Oopa ¢ OMKaWIIMMU aToMaMH KHCJIOPOJa, KOTOpPbIE «IPUTATHBAIOT» K

cebe arombl 6opa, popmupys cssizu B-O.

Ta6muma 1. Pacctosaus (Ar, HM) MEXy aTOMOM O0Opa W BaKaHTHBIM Y3JIOM JI0 M TIOCIIe

penaKcanuu sl TPEX TUIIOB MEXIO0Y3IUH.

Bun Mexnoy3nus Ar, o penakcaiuu Ar, ocne penakcaiuu
Manoe 0.207 0.235
Cpennee 0.239 0.193
Kpynnoe 0.284 0.337

Ha mnoBeneHne WMIUIaHTHPOBaHHBIX aTOMOB OOpa MPH OTXKUIE BIHAET HE TOJBKO
penakcanusi, HO U pa3indyKe B SHEPTHH KpUCTaIJIa sl pa3HbIX MO3UIIMI aTOMOB B pEIIETKE.
Jlyist IpoBepKU posid 3TOTO (hakTOpa BHITIOJHEH MEPBONPHUHIIMITHBINA pacdeT (M0 MporpaMme
Quantum Espresso) sueprum kpucraumra (cynepsiueiiku) B-Ga,O; mias IByX aTOMHBIX
koHpurypanuii. [lepBas u3 HUX: aTOM 00pa HAXOAUTCS B MEKIOY3JIUH, a OJIMKANIIINN K HEMY
aTOM raJiIus — B y3Ji€; BTOopasi: aToM 0opa — B y3Jie, @ aTOM TaJulus — B MeXA0Yy3JIuu. PacueTsl
OBLIH BBITMOTHEHBI JJIs IBYX BUJIOB MEKIOY3JIHI — «KPYITHOTO» U «cpeaneroy. Haiiaeno, 4ro
B 000WX CIIy4asix Mepexo/ OT MepBOM KOHPUTYpalluu KO BTOPOU COMPSDKEH C MPOUTPHIIIEM B
SHEpPruu: B TIEPBOM Ciydyae MpOUTphIll cocTaBisier ~ 1 3B, a Bo Bropom ~ 10 3B.
CnenoBatenbHO, B ciaydae [-Ga,O; 3amenieHne Talius B PEIIeTKe OOpOM SHEPTreTHYECKH
HEBBITOMHO. TakuMm 00pa3oM, pe3ynbTaThl pacuyeToOB KOPPEIUPYIOT C JaHHBIMU
OKCIIEPUMEHTOB, TMOKA3bIBAIOIIMMH, YTO TPU HWOHHOW HMIUIAHTALMK MPOLECC 3aMEelICHUS
oopom tammms B [(-Ga;Os3 OTHOCHTENBHO 3aTPyIHEHO. OTO, OJHAKO, HE WCKIIOYaeT
BO3MOKHOCTH HWOHHO-TTy4€BOT0 CHHTe3a TpouHoro coenuuenus P-(GayByx)>03, HO ¢
JIOCTaTOYHO MAJIBIM 3HAUEHUEM X, a TaK)Ke MPHU HCIOJIb30BAaHUN HEPABHOBECHBIX (HaKTOPOB
IPY HOHHOW UMILTAHTAIUH.

HccnenoBanue BBIMOTHEHO 3a cueT rpaHta Poccuiickoro HayuHoro ¢onma Ne 23-79-

00052, https://rscf.ru/project/23-79-00052/.

[1] A. Nikolskaya, E. Okulich, D. Korolev et al., J. Vac. Sci. Technol. A. 39 (2021) 030802.
[2] M.D. McCluskey, J. Appl. Phys. 127 (2020) 101101.
[3] M. E. Ingebrigtsen, A. Yu. Kuznetsov, B. G. Svensson et al., APL Mater. 7 (2019) 022510.
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SJEKTPO®U3NYECKHUE CBOMCTBA MOHOKPUCTAJLIIOB B-Ga,O3:Fe,
NOHHO-JEI'MPOBAHHBIX KPEMHHUEM
ELECTROPHYSICAL PROPERTIES OF B-Ga,Os:Fe SINGLE CRYSTALS ION-
DOPED WITH SILICON

J.N. TeTenL6ayM1, AA. HI/IKOJ‘IBCKaﬂl, J.C. KoponeBl, A.B. Ky,HpI/IHl, A H. MuxaﬁHOBl,
A BeJIOBl, M.H. I[p03z[0132, AA. PeBHHl, C.C. QGKymeBal, A.A. Konakos'
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Some features of electrophysical properties of semi-insulating (Fe-doped) B-Ga;Os
with surface orientation (-201) doped by Si ions with energy of 80 keV and dose of
4-10" cm? have been investigated. The practical independence of the
concentration of charge carriers (electrons) from temperature, and anomalously
high (significantly exceeding unity) doping efficiency are shown. An interpretation

of the obtained data is proposed.

Oxcun rawmsa (GaxOsz) 3aHMMAeT JHUIMPYIOLUIME IO3ULUU CPEAM IIMPOKO30HHBIX
MOJIYTIPOBOJTHUKOB — KAaHAWUJATOB HA TPUMEHEHUE B psle MPUOOPOB HOBOTO IMOKOJICHUS,
TaKUX KaK MOIIHbIe AuoAbl ¢ OaphepoM IIOTTKM M MOJEBbIE TPAH3UCTOPHI, «COJHEYHO-
cienbie» IeTeKTOpbl YD U3NydeHus, Ta3oBble CEHCO p b Jp . B CBsA3M ¢ 3TUM BechbMa
AKTyaJIbHBIMH CTQJIM UCCJICIOBaHMs B 00JacTH MOHHOW MMIUIAHTAIMHM JAHHOTO MaTepuaa.
XOTsl CyIIECTBYIOT HECKOIBKO MOMMMOPPHBIX (a3 OKcHOa Taius, eIUHCTBEHHOM
CTAOMJIBHOM MPU HOPMAJIBHBIX YCIOBHSAX Moaudukanuii seisiercs B-GayOs. [Toatomy nmeHHO
3Ta MOAUGUKALIKSA MTOKA SIBJISIETCS HauboJsee UCCae10BaHHOM.

dusnueckue OCHOBbI MOHHOHM mMmIutanTauuu [-Ga,O; eme cnabo paszpaboransr [1].
Ony0IuKOBaHO HECKOJIBKO Pa0dOT M0 MOHHOMY JiernpoBaHuio (-Ga,O; Menkol TOHOPHOM
npuUMechl0 — KpemMHueM [2-5]. OmHako 3T paboThl HE MAIOT IMOJHOTO MPEJCTABICHUS O
MOBEICHUN DJEKTPO(PU3NUECKHX CBOWCTB HOHHO-JIETUPOBAHHBIX KPEMHHEM CJIOEB B
3aBUCHMOCTH  OT  JIO3bI, YCIOBUH IOCTUMIUIAHTAIMOHHOTO OTXHra, OpHCHTAIUU
MOBEPXHOCTH, BHUJA HCXOJHOTO Marepuayia (SMUTAKCHAIbHBIC TIJICHKH, MOHOKPHCTAILIHI,
BbIpAllICHHbIE U JIETUPOBaHHbBIE PA3IMYHBIMUA METOJIAaMU U T.11.).

B mHactosmieir paboTe WCCemnOBaHBI AJICKTPOPU3MUECKHE CBONCTB  00pa3IoB
MOHOKPHCTALTUYECKOTO JIETUPOBAHHOTO kene3oM [(-Ga,Os, BeIpamenHoro merogoM EFG
(Tamura corp.) ¢ opueHTanueil noepxHoctu (-201), MoABEPrHyTHIX MOHHOM MMIUIaHTALUU
Si ¢ sHepruer 100 k3B, no3zoi 4-10" cm. Tlocne MMILIAHTAllUA 00pa3ibl OTXKUTAIUCH B

MOTOKE OCYIIEHHOI'0 a30Ta MPH Pa3IMYHbIX TeMIeparypax B TeueHue 30 MuH.
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I/ICCHCHOBaHI/IC HpO(l)HHeﬁ IMPUMECHBIX A4TOMOB B HCXOJHBIX W HMIUIAHTHPOBAHHBIX
o0Opa3lax MeTOJ0M BTOpUYHOW HOHHOM Macc-crnekTpomerpuert (BUMC) nokazano, 4to
npodmib pacnpenesieHdss WMIUIAHTUPOBAHHBIX AaTOMOB Si /10 OTXHUTA TMPUOIMKEHHO
COOTBETCTBYET paccuuTaHHOMY mo mporpamme SRIM u crmabo u3meHsieTcs B pesyibTaTe

omxkura ipu 950 °C (puc. 1).

1 Pacnpegenenve Sino SRIM
2 —— Pacnpepgenenve Si no BUMC po omxura
3 —— Pacnpepenenue Si no BUMC nocne omkura
19
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Puc. 1. BUMC o6pasuos -Ga>O3 (-201) o6myuerHHOro noHaMu Si' 10 ¥ 1OcjIe OT)KUTA TIPU

950 °C, nnsa cpaBHeHust npuBezeH pacuér no SRIM nmpoduns pacnpeneneHust HOHOB.

Ha puc. 2 mnpuBeaensl usMmepeHHble MeToaoM sddekra Xomia TeMiepaTrypHble
3aBUCHMOCTH MOBEPXHOCTHOM KOHIIEHTPAINH /s U TIOABMXKHOCTH 3JIEKTPOHOB 1 JJisi 0Opasla,
oroxokeHHoro mpu 850 °C, a Ha puc. 3 — 3aBUCHUMOCTh K0dpduimeHta 3¢p¢HeKTUBHOCTH

nerupoBanus (1 = ny/®D, rae @ — 1032 HOHOB) OT TEMIIEPATYPHI OTHKHTA.
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Puc. 2. 3aBUCUMOCTB 3JIEKTPHUUECKUX XapakTepucTuk oopasuoB B-Ga0;3 (-201), o6mydeHHbIX

noHamu Si*, u oToxKEHHBIX Tipu 850 °C, 0T TeMIepaTypbl U3MEPECHUSI.
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N3 puc. 2 cnexyer, 4TO BENMYHMHA A5 MPAKTHYECKU MOCTOSHHA BO BCEM H3MEPSEMOM
WHTEpBaJE TEMIEPATYp, a MOJABMKHOCTH IOYTH ITOCTOSIHHA NPHU HU3KUX TEMIeparypax U
3aTeM CHUXXaeTcs MpH OoJjiee BBICOKMX TemrepaTypax. Takoe MoBeJeHHe KOHLIEHTPAalHUU U
MMOABMIKHOCTH XapakKTEepHO [UIs Cllydas METAJUIMYECKOM NIPOBOAUMOCTH. J[eHCTBUTENBHO,

3 4ro

cpennss KoHUeHTpanus Si B cioe tommuuHOM (Rp, + ARp) cocraBmser 4-10" cm
CYLIECTBEHHO TpEBbIIAeT KoHIeHTpamuio ~ 1-10'8 ecm, mpu kotopoii B B-GaxO3 06pasyercs

MIpUMeECHas 30Ha [6] 1 TOJDKHO TIPOU30UTH €€ TIEPEKPHITHE C 30HOU MTPOBOIUMOCTH [7].
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Puc. 3. 3aBucumocts k03 durinenta 3PeKTUBHOCTH HOHHOTO JISTUPOBAHUST 00pa3IoB 3-

Gay03, 00ydeHHBIX HOHAMHU Si°, OT TeMIepaTypbl OTXKUTA.

Ha puc. 2 mtpuxoBoi TUHUHN ITOKa3aHa TEOPETUYECKH pACCUUTAHHAS 3aBUCUMOCTD [ OT
TeMIiepaTypbl s otoxokeHHoro npu 850 °C oOpasma. Pacu€r mpoBogwimm ¢ ydyeTom JABYX
MEXaHNU3MOB PACCESHUA IEKTPOHOB — HA NOHU30BAHHBIX aTOMax IIPUMECH M HA ONTUYECKHUX
¢ononax. PaccesHue Ha MOHM30BaHHOW NMPHUMECH MPOBEJEHO B COOTBETCTBUE C IMOAXO0JIOM
bpykca-Xeppunra s ciydas BBIpOKICHHOTO TmoimynpoBogHuka [8]. Ilpm  stom
KOHIICHTpall¥s HMOHW30BaHHOM NPHUMECH NPUHUMAIACh PAaBHOW CpeJHEH KOHLEHTpaluuu
MMIUTAaHTUPOBAHHBIX aTOMOB Si, TO €CTh B MPEANoNIoKeHUH, 4To # = 1. BuaHo, 4to B 3TOM
ClIy4yae HWMEET MECTO YAOBIETBOPUTEIBHOE COOTBETCTBHE C  JKCIIEPUMEHTAJIbHON
3aBUCHUMOCTBIO, TOKA3aHHON Ha TOM K€ PUCYHKE.

OpnHako, Kak IMOKAa3aHO Ha PUC. 3, BEJIMYMHA /] MOXKET ~ 3 pa3a NPEeBOCXOIUTh 3HAYEHUE
n = 1. B cBs31 ¢ 3TUM BO3HHKaeT ABe mpobseMsl. [lepBas coCTOUT B TOM, YTO €CIIM MPUHSATH
9KCIIEPUMEHTAJILHOE 3HAUEHHUE # U MO-TIPEKHEMY CUMTaTh, YTO IPUMECh S1 MOHU30BaHA, TO
CYIIECTBEHHO HAPYIIAETCSI COOTBETCTBHE MEXJY OSKCIEPUMEHTAIbHOM M PpPacCUUTAHHOMN

kpuBbiMH u(T). Bropast mpoGiema 3akitouaeTcsi B 00bSICHEHUH CTOJIb HEOOBIYHBIX 3HAUEHUN
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7, €CIIM TI0JIaraTh, YTO U30BITOYHBIE JEKTPOHBI MOCTABIISIIOTCS TOJBKO UMILJIAHTUPOBAHHBIMU
aTomamu KpeMHHUs. Ha TaHHBI MOMEHT MOKHO JIMIIb MPEIITOIOKUTENBHO CYAUTh O IPUYNHE
TaKOM aHOMaJIMM. B KauecTBE OAHOM W3 IMPUYUH MOXKET CIYKHUTh TO, YTO «HU3JIULIHUE
AJIEKTPOHBI TOCTABIAIOTCA Je(PEKTaMu pPATUALMOHHOTO TPOUCXOXKIEHHS, KOTOpBIE He
MIOJIHOCTBIO OTOXKIJIMCh, W YPOBHU KOTOPBIX pPACHOJIOKEHbI B 30HE MPOBOJUMOCTH,
00BbEeTMHEHHOM ¢ TPUMECHOM 30HO0M. [Ipn 3TOM MPUXOAUTCS TaKKe MpeIoiaraTh, 4YTo, OT/IaB
9TH 3JEKTPOHBI B OObEIUHEHHYIO 30HY, J€(EKThl CTAaHOBSITCS ANIEKTPOHEUTPANIbHBIMU U IO
3TOM MpUYMHE HE BHOCAT OOJbIIEro BKjIaga B paccesHue. (PaccesHue Ha HeWTpabHBIX
[IEHTpaX, KaK MpaBUJIO, CYLIECTBEHHO ciabee, 4YeM Ha HMOHU30BAaHHBIX LIEHTpax). Takoe
MIPEANOI0KEHNE TPEACTABISACTCS HaM HE CIWIIKOM SK30THYHBIM, €CJIIM Y4e€CThb HOHHBIN
xapaktep coenuHeHusi Ga,0O;: B Takux BenlecTBax Ie(eKThl IPU HU3KOM MX KOHLIEHTPAlUU
MOT'YT MMETh OTPHLATENIbHBIA 3apsiyl, a MPH BBICOKUX KOHIEHTPALUAX, MOCTAaBIAA CIa0bo
CBSI3aHHBIC AJIEKTPOHBI B OOBEIMHEHHYIO 30HY, CTAHOBATCS HEHTpanbHbIMU. Pasymeercs,
JTAHHOE TPEIOI0KEHNE HYK/1aeTCs B IEPBONPUHLIUITHOM MOJAEIUPOBAHUH.

[Toxa He siICHO, UTpaeT JU poJib B ONMCAHHOM aHOMAaJHMH cojepxaliasci B oOpasiax
npuMech kenesa (IpH JierupoBaHuu KpemMHHEr -GapOs;, HE JNErHPOBAHHOTO JKEIE30M, B
M3BECTHBIX aBTOPAM ITYOIHKAIUAX 10 HOHHOH MMILTaHTanuu Si- (cM., Hampumep, [6]) Takoi
aHOMAaJIMK HE HAaOJII01aJ10Ch).

Takum oOpa3oM, HOHHas UMIUIAHTALUsS KPEMHHUS B JIETUPOBAHHBIE JKEJIE30M
MoHOKpucTaiibl 3-Ga;O3 MO3BOJISET CO3/1aBaTh CIIOM N-TUIA C KOHLEHTpAIMEH 3JIEKTPOHOB
[0 KpailiHeHn Mepe ~ 10 ev”® m IIPUEMIIEMOM JUIsI TNIPAKTUYECKOTO MCIIOJIb30BaHUSA
MOIBIKHOCTBIO (~ 40 cM*/B-c). IIpu 9TOM KOHLEHTpALHS SICKTPOHOB MOXKET IIPEBBIIIATH
KOHIEHTPALMIO HMILJIAHTUPOBAaHHBIX aTOMOB Si, 4YTO MPEJICTaBIsIeT NPAKTUYECKUH U
HaYYHBII HHTEpeC U TpeOyeT JabHEHINero ucciaeI0BaHu .

HccnenoBanue BBIMIONHEHO 3a cyeT rpaHta Poccuiickoro HaydHoro ¢onma Ne 23-79-

00052, https://rscf.ru/project/23-79-00052/.
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BOJIHOOBPA3HBIE IEPUOJUYECKHUE CTPYKTYPbI HA IIOBEPXHOCTH
KPEMHUSA, THUIIUUPYEMBIE OBJIYYEHUEM ®OKYCHPOBAHHBIM
NOHHBIM ITYUYKOM TI'AJIJIUA
WAVE-LIKE PERIODIC STRUCTURES ON THE SILICON SURFACE INITIATED
BY IRRADIATION WITH A FOCUSED GALLIUM ION BEAM

M.A. Cmupnaosa, K.H. JIo6308, M.E. Jlebenes, JI.A. Ma3zanenxkuii, /[.2. [Tyxos,
C.B. Bacunwes, B.W. bauypun, A.b. Uypunos
M.A. Smirnova, K.N. Lobzov, M.E. Lebedev, L.A. Mazaletsky, D.E. Pukhov, S.V. Vasiliev,
V.1. Bachurin, A.B. Churilov

Apocnasckuii punuan Quzuxo-mexronoeuveckozo uncmumyma um. K.A. Barwesa PAH,

Vuusepcumemckas, 21, Apocnasns, Poccus, vibachurin@mail.ru

The results of study the processes of formation of a wave-like relief (ripples) on
the Si surface under irradiation with focused gallium ion beam at angles of
incidence from 30° to 85° and irradiation doses from 10" cm™ to 2:10"" cm™ are
presented. The doses at which ripples appear on the surface at different angles of

incidence of the ion beam are established.

B nocnemHee Bpems OonbIIOW HMHTEpEC BBI3BIBAaCT (OPMHPOBAHHWE HMOHHOM
O0oMOapaMpPOBKON  HA  TOBEPXHOCTH  MaTepHalioB  (MOJIYIPOBOJHUKOB,  METAJLIOB,
JUBJIEKTPUKOB) MNEPUOJUYECKUX CTPYKTYp HAHOMETPOBOIO Maciitaba, B TOM YHCIE
NepUOIUYEecKOro  BoimHOOoOpa3sHoro pemnbedpa (BP).  Jlocrarouno momnHbii  0030p
HKCIIEPUMEHTAIBHBIX U TEOPETUYECKUX HCCIIeOBaHUH 1o oOpazoBanuio BP Ha moBepxHOCTH
TBEPJBIX TEJI HMOHHBIM OOJydeHHEM MOXKHO HalTu B pabore [1]. DkcnepuMeHTAIBHO
YCTAQHOBJICHBl OCHOBHBIE 3aKOHOMEPHOCTH IapaMeTpoB (OPMHUPYIOLUIUXCS CTPYKTYp B
3aBHCUMOCTH OT SHEPrMM W THIa WOHOB, YyIjla MaJeHHs, TeMIepaTypbl oOpas3loB U Jp.
Ob6pa3zoBanrne BP mponcxomuT mpu JTOCTHKEHUHU ONPEIEICHHOM 103bI O0IydeHHs], KOTopas
3aBHCHT OT THIIA HOHOB, OOIYYAIONINX TOBEPXHOCTh KPeMHHUs, i cocTasmseT ~10'7 ecvm™ s
MOHOB WHEPTHBIX Ta30B, ~10" cm? woHOB KUCJIOpoJa U ~10"7 em? - asora [2].
®opmupoBanue BP nabmiomaercs B OmpenereHHOM [uana3oHEe YIJIOB MaJeHUS MOHHOTO
IyyKa. DKCIIEPUMEHTAIBHO YCTAaHOBJIEHO, YTO I MOHOB MHEPTHBIX ra30B 3TOT AMAIa30H
coctaBiisieT 45° — 60°. a XMMUYECKH aKTUBHBIX MOHHBIX IYYKOB KHCJIOpoaa U a3ota - 30° -

60°. Cnemyer OTMETUTb, UYTO B paMKax JMHEHHOW HENPEPHIBHOM MOJEIH PpPa3BUTHS
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MOP(OJIOTHH TTOBEPXHOCTH, MOAPOOHO OMHMCAaHHOW B pabore [3], U3MEHEHWE BO3MYIICHHS

h(u,v) (ammmuTyaa penbeda) HOBEpXHOCTH OMUCHIBACTCS yPaBHECHHEM

oh(u,v

DY _ 5020 5,020 - Bveh 0
rae U u V - KOODIMHATHI, COBMNAJAIONIME C HANpaBICHHEM IydyKa HWOHOB U
HEPIEHUKYIIAPHBIE eMy, COOTBETCTBEHHO, S(O0) = a0s(D) + S, s (0) u

S(0)= 8§ 40s(0) + S, sy (@) TaK HazbIBacMbie KOIPPUIUMEHTHI KPUBHM3HBI, 3aBUCAIIUE OT

yria naaeHus uoHoB, a  B(T) xoadduiment, cBsi3aHHBINA ¢ MOBEepXHOCTHOU auddysueit

aTomoB. [lepBbie ciaraembl B KO3 (HUIIMEHTAaX KPUBU3HBI CBSA3aHBI C YITIOBOM 3aBUCHMOCTBIO
pacnbutenns (MexanusMm bpennu u Xapnepa (BH)), a Bropeie ¢ mepepacnpeneieHueM MacChl
B Kackaze coynapenuii (mexanm3M Kaprepa n Bumaskosa (CV)). BP oOpasyercs npu yriax

najnenus, korna §,(0) niu §,(0) orpunarensHsl. [Ipuuem GonblIoe MO MOAYIIIO 3HAYCHHE
K0d(ppuieHToB KpuBHu3Hbl ompenenser tTan BP. Ecim §,(0) < §,(0) <0, To BonHOBOMI

BekTop BP coBmamaer ¢ HampaBiieHMeM MaJieHWsi HOHHOTO Iydka (momepeunbiii BP), ecnm
S, (0) < §,(0) <0, To BonHOBOM BekTop BP nepnenaukynsapeH HanpaBiIeHUIO aAeHU HOHOB
(mpononbHeIil BP).

Panee [2, 4, 5] 661110 MOKa3aHoO, 4To HpH 06IydeHun Si nonamu Ga' ¢ sHeprueit 30 k3B
Ha TOBepXHOCTH (opmupyercss BP, meprneHauKynspHBI HampaBIeHUIO MOHHOTO ITyYKa, B
y3KOM yriioBoM nauamazoHe npu 0~30°. 3apoxzaeHue penbeda HauyMHAETCS TpPU J103aX
o6nyuerns ¢=2-10"" e Ilpu srom Brutots nop=4-10 ' cm™ nmosepxHocTs Si OcTaBamach
IJIaJIKOW TIpU yrJjiax MmajeHusi HOHHOTO mydka 0>40° [5]. B manHOl pa®oTe ObUI BHITIOJHEH
pacuer K03 OHUIHEHTOB KPUBU3HBI JUTA CiTydast oonydenus Si nonamu Ga' ¢ sHeprueii 30 k9B
1o mozenu, npeiokeHHon X. Xogcacom [3]. Pe3ynbraThl pacueToB MpeCTaBICHBI HA PHC.
1, U3 KOTOpPBIX BUIHO, YTO IpH yriax najgeHus ot ~ 30° no ~70° Ha MOBEPXHOCTH MOKET
dbopmupoBatbcs nonepednsiii BP, a mpu yrimax nagenus ot 75° go 85° mpoaonbabiid BP.

Kak ormewanocs Beime, monepeunbiii BP Ha moBepxHoctu Si mpu obmydennu 30 k3B
Ga' monamm, HaGmojajncs MpU yriax NajeHds Mydka TONbKO BOIARB0° mpu mo3ax
oOiydenus 1o @=4-10 B em NmnnantupoBaHHble MOHBI Ga B MPUIIOBEPXHOCTHOM CJIOE€ HE
00pa3yloT XMMHUYECKHUX COeAMHEHUN ¢ aromamu Si. B pabore [6] Obuto TMOKa3aHO, YTO
UMIUTAHTHPOBAHHBIE TPU HOPMalbHOM TNaJeHuH HOoHBI (Ga TPUCYTCTBYIOT BOIHM3U
TIOBEPXHOCTH B BHJIE MPELHUIIHTATOB Pa3MEPOM B HECKOIbKO HM. To ecTh myuok noHoB Ga'

SIBJISIETCS. MHEPTHBIM IO OTHOmIeHWI0 K Si. Torma MOXHO OXuJaTh, 4TO mosiBieHue BP Ha
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MOBEPXHOCTH Si B IMAIMA30HE YIJIOB MaJACHUS HOHHOTO Mydka0>30° Oyner mpoucxoauTh Mpu
no3ax obmydeHust Ommskux @  ~10" oM, kak B ciydae GomOGapaupoBke Si MOHaMu

HWHCPTHLIX I'a30B.

800

600

400

200

Su, Sv, umM*/¢c

0 10 20 30 40 50 60 70 &0 90

Yron najenus nmy4dka, rpa.

Puc. 1. Koapuuuents kpusususr S,(6) u S,(0)

Puc. 2. DneKTpOHHO-MHKPOCKOIHMYECKOE H300paKEHHE IONEPEeYHoro ckoia Si,

o6myuenroro monamu 30 k3B Ga™ mox yrmom® = 30% ¢ = 6:10 7 cm” (BepxHumii

CHMMOK) M TOBEPXHOCTH JHA KpaTepa pachsuieHus Si mpu 6 = 50 ¢ =10 ' oM

*(arxEMi cHEMOK). CTpeNKa NMOKa3biBaeT HANPABJICHHE MTaICHHS HOHHOTO MTy4Ka.

Ha ycranoBke Quanta 3D 2001 ObuIH BBINONHEHBI SKCIEPUMEHTHI IO PACIIBUICHHIO Si

+ v o
nmyakoMm noHOB Ga ¢ sHeprueit 30 k3B, aguamerp myuka 4 mxm, Tok 50 HA. MoHHBIN mydoK
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pa3BopaumnBaics B pactp 30x30 MKM?, MEPEKPBITHE MydKa COCTABIILIO 95%, BpeMs 3aiepKKH
mydka B Touke 0.1 MKc. Yo nmajgeHuss HOHOB U3MEHsUICS OT 35° o 85°, mo3a o0iydeHus ¢ ot
1.25-10" em™ 0 2:10" em™. Bo BpeMs Habopa /03bl paclblICHHE MPEPHIBAIOCH Yepe3 ¢ =
1.25-10" cm? m IPOBOJMIIOCH 3JIEKTPOHHO-MUKPOCKOIMYECKOE HW3yYeHHE Tomnorpapuu
KpaTepa paclbUICHHs, YTO MO3BOJISJIO MOJYYUTh MH(OPMALIMIO O MpPOIEcCce 3apOKACHUS U
pasButusa penbeda. bonee perambHOe mccnaegoBaHue Tomorpaduu OOJYYCHHBIX 00pasIoB
OCYILECTBIISIIOCH Ha CKAHUPYIOIIEM JIEKTPOHHOM MHUKpoOcKore Supra 40.

B pesynbpTare mpoBEAECHHBIX HCCIEAOBAaHHHA OBLJIO YCTAHOBIEHO, YTO JEHCTBHTEIHHO
TIepUOJMYECKNE CTPYKTYpHI MOSBIAIOTCA HAa MOBEPXHOCTH Si Gombapamposke moHamu Ga'
npu yriaax nangeHus 0>40°, HO mpu m03ax 00JydeHHs] OOJBIIMX TMOYTH Ha 2 TOpSAKa IO
CpPaBHEHHUIO CO cirydaeM oOiydeHus moxa yriom 0 = 30°.Ha puc. 2 mpuBeaeHBI SJEKTPOHHO -
MHKPOCKOITHYECKHE H300pakeH s MOMEPEeYHoro ckoma Si, o6mydennoro nonamu 30 k3B Ga'
oz yraoM 0 =30°u @ = 6-10"" cm™ 1 0 = 50° 1 ¢ =-10" cm™. Buyio, 40 B miepBoM ciydae
obpazoBan mepuoanueckuii BP ¢ mmuHOM BomHBl ~ 150 HM. Bo BTOpoM ciydae
chopMupoBaHa NepuoanUecKas CTPyKTypa B BUJE Teppac ¢ nepuogaom ~ 1.5 mxm. [Ipu stom
CTOpPOHa CTPYKTYpHI, OOpallleHHass K HOHHOMY Iy4Ky, UMEET MEHbIIYI0 JUIMHY CKJIOHA. B
pabote [7] B paMKax MpOCTPAHCTBEHHO HEIOKAIBLHON MOJEIN 3PO3UH TTOBEPXHOCTU HOHHOM
O60MOapaAMPOBKOIM TMOKAa3aHO, YTO BHJ TEPHOJUYECKON CTPYKTYPHI, MOJYYCHHOW HOHHOMN
O0MOapAMPOBKO, MOXKET HM3MEHSThCS OT CHHYCOMIAIBHOW 0 TEPpacHpOBAHHON TMIPH
YBEJIMYEHUH 103 O0TydEHUSI.

3naunTensHO Gonee paHHee 3apoxkaeHue BP ciydae o6mydenus Si myukom noHos Ga'
npu yrmax mangeHus 0 = 30° MoxkeT OBITh CBA3aHO C 00JIe€ BBICOKHM COJEPIKAHHS
UMIUTaHTHPOBaHHOTO (Ga B MPUIIOBEPXHOCTHOM ciio€ Si, 4eM MpH OONbIINX yriax majaeHus. B
pabote [8] ObuTO MOKa3aHo, uTo mpu 6 = 30° KOHIIEHTpalus KPeMHHUsI BOJTU3U TTOBEPXHOCTH
cocraBisier ~30%, a mpu O > 30° mHaOmogaercs pe3KH cmax  coAepKaHus
umiutantaupoBanHoro Ga no ~10% mpu 6 = 50°. Beime ormeuanoch, 4yTo B ciy4yae
HOPMAJILHOTO TMaJeHUs] MOHOB UMIUIAHTUPOBAaHHBIN (Ga MPUCYTCTBYET B IMPUIIOBEPXHOCTHOM
cioe Si B Buje nmpenunuTaroB [6]. Ha puc. 3 mpenctaBieHo 3IEKTPOHHO-MUKPOCKOTIHUECKOE
M3006paKeHHe CKoma Kpatepa pacibiienns Si momamu Ga™ mpu 0 = 30° ue = 10" cm?,
MOJIyUeHHOE B OOpaTHO OTPa)KeHHBIX 3JeKTpoHax. OKPYKHOCTSAMHU BBIJEIEHBI Oojiee sSpKue
MSATHA, KOTOpBIE SBISIIOTCS mpeuunutatamMu Ga, pasMepbl U TIyOMHA 3ajleraHusi KOTOPBIX
coctaBisiloT ~10 HM. WX mpHcyTcTBHE B TNPHUIIOBEPXHOCTHOM cioe OyneT HPHUBOAUTH K
Pa3BUTHIO HEOAHOPOAHOW Tomorpauu MOBEPXHOCTH, KOTOpas, KaK IMOKa3aHO B psne padboT

[9,10], u uHUIIUUpYET NOsIBJICHUE U pa3BuTue BP.
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Puc. 3. DieKTpOHHO-MHUKPOCKOIIMYECKOE U300paKeHHE CKojia Si, 00Jyd4eHHOI0 HOHAMHU
30 k3B Ga' mox yrimom mazenust 0 = 30° u ¢=10"7 cm™
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IOPEKTHI MUKPOCTPYKTYPHBI YI'JIEPOJAHBIX MATEPUAJIOB IIPH
HMOHHO-JIYYEBON MOJUPUKAIIMA ITIOBEPXHOCTH
EFFECTS OF THE MICROSTRUCTURE OF CARBON MATERIALS UNDER ION-
BEAM SURFACE MODIFICATION
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The experimental studies of the effect of high-fluence ion irradiation with an energy of 30
keV on the morphology and microstructure of polycrystalline graphites, highly oriented
pyrolytic graphites, carbon fibers and glassy carbons have been carried out. Anisotropic ion-
induced dimensional changes depending on the supramolecular structure of artificial graphite-
like materials lead to a difference in ion-induced surface morphology. The results obtained are
considered within the framework of the relaxation of anisotropic radiation-induced

mechanical stresses in graphite-like materials.

HccnenoBanuss  paAMallMOHHOTO  BO3JCHCTBUSL Ha  YIVIEPOJHBIE  MaTepuabl
OOyCIIOBJICHBI MX NPUMEHEHHWEM B SIICPHON DHEPreTHKE, IJIa3MEHHOM OOOPYIOBaHMHM U
a’pokocmuueckoi TexHuke [1]. BaxkHOW 0COOEHHOCTHIO PaTUAIMOHHOTO BO3JCWUCTBUS HA
rpadutronooOHbIe MaTepuanbl SBISIOTCA 3HAUUTEIbHbIE AHHU30TPOIIHBIE PpaIHALIMOHHO-
WHAYIUPOBaHHbIE pa3MepHble U3MEHEHHUS: ycaJlka B HalpaBiIeHUH rpadeHOBBIX MIOCKOCTEH
U pazOyxaHue B MEPNEHAMKYISIpHOM HampasieHuu [2,3]. BosHukaromme B pe3ynbTare
pa3MEpHBIX M3MEHEHHUWM HaNpsSOHKEHUsT CXKaTUs M PaACTSKEHUS MOTYT MPUBOJUTH K
IIACTUYECKUM Jle(hOpMallMOHHBIM TIpoIleccaM, YTO BBIpaXKaeTcs BO BTOPUYHBIX 3 dekTax
n3MeHeHuss Mopdosiornn B odobeMe [4] W Ha moBepxXHOCTH Marepuana [5,6]. Hacrosmias
paboTa TIOCBSIIIEHA CPaBHUTEIBHOMY HCCIEIOBAHUIO HMOHHO-TYy4eBOM MoauduKamuu
MOBEPXHOCTH  TpaduTOB,  CTEKJIOYriepoaa,  yriaepoAHslx  BomokoH (YB) u3

nonuakpunonutpuna (IIAH) u BuCKO3bI, T.€. YITIEpOJHBIX MaTepUAIOB, UMEIOIINUX OONbIINE
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pasznuuusi B CTPYKType, OOYCIIOBICHHbIE KaK HAJAMOJEKYJISPHOW CTPYKTYpPOH MOIMMEpPHOTO
CBIPBS (MPENpPEeroB), Tak U PA3IUYUSIMU TEXHOJIOTUU UX MOJYUEHUS.

B pabore wucnonp3oBamy 00paslbl BHICOKOOPHEHTUPOBAHHOTO MHPOIUTUYECKOTO
rpadputa (BOIIl') YIIB-1T, nonukpucrammuyeckoro rpagpura MIIT'-8, yriepoaHoro BosokHa
u3 [IAH (Kynon, BMH-4) u Bucko3sl (yrinepoanas tkanb TI'H-2MK). Obnydenne nonamu
He' u Ar' ¢ sneprueii 30 k3B NpOBOIMIN O HOPMAIM K TTOBEPXHOCTH 0OPa3I[0B HAa MAacc-
MoHoxpomatope HUMAD MI'Y [7]. TemnepaTypy MULIEHENH BapbUPOBAIM OT KOMHATHOMU /10
600°C. @mroeHCH OOMy4YeHHs] Jelald  JOCTATOYHBIMU  OONBINIMMH, YTOOBI YHCIIO
paZManoOHHBIX CMEUICHUH B Marepuajax ObUIO IMOpsaKa 10> CHA, uro COOTBETCTBYET
oxkumaemorn BenumumHe (200 CHA) B MNpPOEKTUPYEMBIX AaTOMHBIX peEaKkTopax HOBOTO
nokosenus [8]. ®moeHc o6mydenns nonamn He' BapbupoBanm oT 10" em? o 6-10" em™
[Ipoduns cMemnieHnid MpyU 3TOM UMEET MAaKCUMyM Ha riiyomHe okojio 200 HM M COCTaBiseT
npu uroerce 6-10'% e 140 CHA. Tlpu ompenernennn (iroeHca oOIydeHHsT HOHAMH AT
YYHUTBIBAIIN, YTO TPOPIIb CMEIEHUH TIpU (IroeHcax >10"® cm™ cranoBuTCS CTallMOHAPHBIM
U3-32 PACMbUICHUS U JBMKEHUS TPAHUIBI 00JIydyaeMOil MOBEPXHOCTH. YUCIIO CMEIeHUH mpH
TOM JOCTUraeT MaKCUMyMa Ha moBepxHocTH u coctaBisger 190 CHA [6]. AHnamu3
MOBEPXHOCTU 00pa3lloB MPOBOAMIM METOJaMU PAcCTPOBOM 3JIEKTPOHHOM MHKPOCKOIUU
(POM), nazepHoii TOHHO(DOTOMETPHUHU M CIIEKTPOCKOIIMA KOMOWHAIIMOHHOTO PACCESHUSI CBETA
(KPC).

[IpuBenennbie ©Ha puc.l POM wu300pakeHHs IOKa3bIBalOT, YTO HOHHO-
UHAYIUPOBaHHAs MOP(OIOrUs MOBEPXHOCTU CHIIBHO 3aBHCHUT KakK OT THIIA YIJIEPOJHOTO
MaTepuaia, Tak ¥ OT copTa OomMOapaupyrmux noHOB. OOIydeHne HOHAMH Telus 00pa3IoB
BOIII', crpykrypa kotoporo Hauboyiee Onm3Ka K MOHOKpHCTAILTYy rpadmura, NpHuBena K
pacuieryieHuio rpaguTa B BUAE TMOKPHITHIX OJMCTEpaMU YellyeK MHKPOHHBIX pPa3MEpoB.
AHnamornyHoe oOiyueHue yriaepogHoro BosiokHa w3 [IAH, o06omodka KOTOpOro
XapaKTepU3yeTcsl YHOPSJOUYEHHOCThIO YIJIEPOAHBIX CIOEB C JTOMUHUPOBAHUEM OPHEHTALUU
OCH C KPUCTAJUIUTOB IO PAJNyCy BOJOKHA, NMPHUBENA K MPOJOJILHOMY PAcCIOCHHUIO B BHUJIE
BBITSIHYTBIX BAOJb OCH CYOMHUKPOHHBIX (HOpPHUIUI C IMONEpPEYHBIMU CIIMBKaMH. Takoe xe
o0JyyeHHe YIJIEpOJHOTO BOJOKHAa M3 BHUCKO3BI, CTPYKTypa KOTOPOTrO  SIBISIETCS
TypOOCTpaTHOM, MPHUBEIO K MOSIBICHUIO Ha IJaJKOH MOBEPXHOCTH BOJOKHA OJIHCTEPOB.
MunuManbHble MOp(doornyeckue M3MEHEHHsI HAaOMIoany Mpu OOJIyYeHHUH MOHAMHU TeJHs
HAHOTJIOOYJISIPHOTO CTEKJIOYTJIEPOa.

CymiecTBeHHO WHas KapTWHAa HaOmIoAaercs Mpu OOJydYeHMHM HOHAMHM aproHa.

Pazpymenus nosepxnoctu BOIII' B Buzie pacuieryieHus: He MpOUCXOIUT.
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30 k3B He"

_ 18 -2
YB U3 BUCKO3BL. T — 2000C CDJ'IIOCHC 3_1018 CM—2 yB 13 BUCKO3HI. T - 2000C @ﬂIOCHC 310 cM

CY 2000. T=400°C ®moenc 1-10" cm™ CV 2500. T = 500°C ®moenc 1-10" cm™
Puc.1. POM u300pakeHnss HOHHO-UHAYITUPOBAHHOM MOP(OIIOTHH YIIIEPOAHBIX MaTEPHAIOB
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XapakTepHbIMH 3]IeCh SIBIIFAIOTCSI CYOMUKpDOHHBIE TpeOHM U TPOTSHKEHHbIE OOpPO3[bI,
OTpaKaroIue, Mo-BHANMOMY, TEOMETPpHUI0 Mo3andHou TekcTypbl BOIII'. O6nyuenne nonamu
aprona yriepoaHoro BosokHa u3 [IAH roppupyer moBepxHOCTh BOJIOKHA ¢ peOpaMu ropos
NEePIEHANKYISPHBIME  OCH  BOJIOKHA. [IpOCTpaHCTBEHHBI TepHOJ U BbICOTA To(poB
COCTaBIIIOT COTHHM HM C YIJIOM HakKJIOHa rpaHeil okoso 40°. AHanornynoe o0iydeHue MeHee
YHOPAIOYEHHBIX IO CTPYKTYpE YIJIEPOJHOIO BOJOKHA U3 BHMCKO3bl M CTEKJIOYTJepoja
MPOSIBIISIETCS B BUJIE HAHOCETYATOH MOP(OIOrHH MOBEPXHOCTH.

B pamaHOBCKHX CHEKTpax MOBEPXHOCTH OOJIYUYEHHBIX MaTepHalOB BO BCEX CIydasx
HaOmromanu TunuuHele i rpadgutoB G m D mukd ¢ yBEeIMUEHHOM MOJYIIMPHHOM,
00yCIIOBJIEHHON OCTaTOYHBIMU PaIMallHOHHBIMU Je(PEeKTaMH.

[TonmydeHHbIe pe3ynbTaThl COMOCTABIAIOTCS C TAHHBIMH 00BEMHBIX MOP(POTOTHIECKUX
U3MEHEHUH MTPU HEHTPOHHOM OOJyYEeHHH U PACCMATpPUBAIOTCS B PAMKaxX MOJENN pelaKcaluu
AQHU30TPONHBIX  pPagUallMOHHO-UHAYLUPOBAHHBIX  MEXaHMYECKUX  HANpsKEHUd B
rpaduTONOI00HBIX MaTepHaliax.

B umenoM, WOHHO-MHAYUUpPOBAHHAas MOPQOJOTUS OYEHb YYBCTBUTENbHA K
MHUKPOCTPYKTYPE KOHCTPYKIIMOHHBIX YIJIEPOIHBIX MarepHuaioB (rpaduToB, YIIEpOIHOTO
BOJIOKHa B KOMIIO3MTax, CTEKJIOYIJIEPOJOB) U YCTAHOBJIIEHHE 3aKOHOMEPHOCTEH U
MEXaHU3MOB €€ (OpMHpOBAHUS SBISETCS AaKTyalbHBbIM JJI Pa3BUTHUS MEPCIIEKTHUBHBIX
METOJIOB MOIUGULMPOBAHUS TOBEPXHOCTH U HUCHBITAHUNH paJWallMOHHONW CTOWKOCTH

YIJIEPOJHBIX MAaTEPUAIIOB C TOMOIIBIO HOHHOTO 00Iy4eHus [9].

HccnenoBanue BBIMOJHEHO TMPU YACTMYHOMW (DUHAHCOBOM TMOJIEP)KKE TpaHTa
Poccuiickoro wnayunoro ¢onma (mpoektr Ne 21-79-30058). Ilpu BwImOgHEHWH pabOTHI

HCIIOJIb30BaHO 000PYJI0BaHME «Y CKOPUTENBHOTO KoMIuiekca MI'Y».
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Moaupukanusi CTpyKTYpPbI MHUPOJUTHYECKOI0 rpauTa U YrjIepoIHbIX BOJIOKOH MO/
BO3/leiicTBHEM HOHHOTO 00/ 1y4eHHus!
Modification of the structure of pyrolytic graphite and carbon fibers under ion irradiation

JL.LB.Berpam6ekoB, H.A. [lynTakos, A.B. 'pyHuH,
L.B. Begrambekov, N.A. Puntakov, A.V.Grunin
Kad. dpusuku minasmer, HUAY MUOU, Kammpckoe mocce 31, MockBa, Poccus,
Ibbegrambekov@mephi.ru

In this work, an experimental study of the modification of the surface structure of
pyrolytic graphite and carbon fibers under the influence of ion irradiation was carried
out. An analysis of the results of this study and the results of the work of other authors
made it possible to draw a conclusion about the processes and patterns of modification
of pyrolytic graphite and carbon fibers at various parameters of the ion flux and
irradiation conditions.

1. Beenenmue

HccnenoBanuio B3aUMOAECMCTBHUS HOHOB W IUIa3Mbl C TpaUTOM TOCBSIIEHO OOJbIIOE
KOJIMYECTBO paboT, B YACTHOCTH, B CBSI3M C €ro MHCIOJIb30BAaHHEM B KauecTBe
KOHTAaKTHUPYIOILIETO € IUIA3MOM MaTepuajla TEPMOSJEPHBIX YCTaHOBOK. OJHaAKo, JIHIIb
HEKOTOPBIX CJy4YasX OKCIEPUMEHTHl MPOBOJMINCH C HEU3OTPOIHBIMU YIJIEPOIHBIMU
CTPYKTypaMH, TaKUMU KaK MUPOJIUTHYECKHI IpadUT U KOMIIO3UTHI HA OCHOBE YIJIEPOTHBIX
BOJIOKOH, M 3aKOHOMEPHOCTH H3MEHEHHS IMOJO0OHBIX CTPYKTYp IpHU HOHHO-IUIa3MEHHOM
00JTy4eHHH OCTAJIMCh B 3HAYUTENbHOM CTENEHU HE BBIICHEHHBIMHU.

B pabore wuccnenoBanioch BO3MCUCTBUS HMITYJIBCHOTO HMOHHOTO OOJydeHHs] Ha
nupoiautuueckuid rpagur mapku III'B u yrmerpaduroBoe BosnokHo mapku BMH-4 wu3
nonunokpunanutpuna (ITAH), y KoToporo moBepXHOCTHBIE CJIOM COCTOSIT M3 KPHUCTAJUIOB C
rpadeHOBBIMH  CJIOSIMH, TapajIeNbHBIMU MOBEepXHOCTH. OOMyuyeHue MpOBOJWIOCH I10
HOpPMaJIH K MOBEPXHOCTU IrpaduTa U K ocH BojokHa. OOCyK1al0TCs MOITyYEHHbIE PE3YIbTaThl
U pe3ynbTaThl APYrux aBTOpoB. CHenaHO 3aKIIOYEHHE O MEXAHM3Max M JABWXKYIIHUX CHIIAX
W3MEHEHUH UCCIIEJOBAaHHBIX MAaTEPHAIOB MPU HOHHOM OOJIy4YEHHUH.

2. MMupoautudeckuii rpaput. OdaydyeHne nepneHIMKYJIAPHO 0Aa3UCHBIM IJIOCKOCTAM

OGpasupl  muponuTHUeckoro rpadura (8x8%4 Mm3)  00ONyYamMCh  MMITYJIECHO
MOJIEKYJISIPHBIMM HMOHaMH JleWTepus ¢ OdHeprued 7 k3B/ar. W IJIOTHOCTBIO TOTOKA
1.4x10% won/m’*c npu temneparype 2330 °C, mocTMraeMoil NPakTHYECKH MIHOBEHHO IPH
Hayase oOmyuyeHus. JIUTENbHOCTh HMMIIYJIbCOB COCTaBisUIa S5 CeK., MHTEpPBAI MEXKIY
uMmIynscaMu  — 15cek. VYike mocine MepBOro MMIyJbca OOJydeHHS MOBEPXHOCTh
nuporpadura  (parMeHTHpoBaIach, M  HaJl  IOBEPXHOCTHIO  MOJHUMAJIUCh  Kpas
00pa30BaBIIMXCS YYacTKOB, TOJMIMIMHON npumepHo 200 HM, YTO 3HAUUTENHHO MPEBBIIIAET

JUHYy Tpobera moHOB aias D>" ¢ smeprueir 7 kaB/ar. (= 120 um), (Puc. la). Ilo mepe
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HOMHATUS KPaéB IOBEPXHOCTHBIX CJIOEB Y4YaCTKOB HAYMHAIM OOJNydaTbCd M TaKKe
HOJHMMATBCS Kpas caemyromux cinoés. [locne 3 nukinos obmydenus (noza 2.1x10%3 non/m?)
MOKHO OBUIO OTMETHMTH JIO 8 IMPUIOBEPXHOCTHBIX CIOEB, PACIONOKEHHBIX HPAKTHYECKH
HEPIEHANKYIAPHO K moBepxHocTH. [Tocie 12 mmknos (mo3za 8.4x10%3 mon/mM?) pasnmudanuchk
WEad MeXIy OTHEIbHBIMH Y4YacTKAMH, CBHAETENbCTBYS, IO-BUIMMOMY, O TOM, YTO

OOJIBIIMHCTBO TAKUX Y4aCTKOB ()OPMUPOBAJIOCH B Mpeesiax OJHOr0 KPUCTAIIINYECKOro 3€pHa

nuporpadura.

Puc. 1. TloBepxHocth rpadura
TICC. [€ OOJTyIEeHHSI T030H:
a) 7x10* non/m> (1 tukI) 1

6) 2.1x10* non/m* (3 uukma)

Bo3sBeiienne kpa€B  y4acTKOB

IOBEPXHOCTHU MOXET

e T P ehsTmcad] s mane | vertoe il TOPOKIATHCS CKUMAOIIMH

SEM MAG: 2.00 kx _ Date(midly): 05/13/13 SEM MAG: 2.00 kx  Date(m/dly): 05/16/19

HAIpsOKCHUSAMHU, Pa3BUBAIOIIMMHUCA 110 HX TIpaHAlaM IIpU HOHHOM O6J'Iy‘—IeHI/II/I. Takne
HAIps>KCHUSA BO3HUKAIOT B 06J'[aCT${X, MIPHUMBIKAOIINX K I'paHUullaM KPUCTAIMYCCKUX 3épeH
HJINn K )Ie(beKTHLIM ydyacTKaM KpUCTaJlula, IIOCKOJIBKY OHH OKa3bIBalOTCA CTOKaMH
paAMalOHHBIX BaKaHCUM, 00pa3yroMIUXCsl B 30HE TOPMOKEHHSI HOHOB U AUPOYHIUPYIOLINX,
B OCHOBHOM, BJ0Jb TpadeHoBbIX cio€B. IM3rmbanue Haax NOBEPXHOCTHIO KpaeB
IMOBEPXHOCTHBLIX YYAaCTKOB IMPHUBOJUT K OTHOCHUTCIBHOMY YMCHBIICHHIO HX O6J'Iy‘-IaeMI>IX
CIO€B, W CHOCOOCTBYET pellakCallud BO3HMKIIMX HanpsbkeHud. [lpu  mponmomkxenun
O6J'Iy'-IeHI/I$I Ha TOBCPXHOCTHU (1)OpMI/Ip0BaJ'II/ICI> rpsaabl U XOJIMBI, CKJIIOHBI KOTOPBIX ObLIH
o6pa3013aHH INOAHABIINMUCS I‘pa(l)eHOBBIMI/I CJIOAMH, a BEPIIHUHBI pacrojgarajivucCb 1o JUHUAM
COIIPUKOCHOBCHUA TMMOAHABIINXCA CJ'IOéB, COOTBETCTBCHHO, ABYX HJIIM HCECKOJBKHUX KpaéB
y4acTka.

Puc. 2. IToBepxHOCTH
MUPOIUTHYECKOTO Tpadura mocie
00JIy4eHHS JO30M:

a) 1,3x10** non/m* (18 uukiI0B) U

6) 2,7x10%* mon/m* (39 UKIOB).

A3 Pl S e A -
SEM HV: 30.0 kV WD: 14.90 mm | SEM HV: 30.0 kV. wo:1a97Tmm |0
View field: 139 ym Det: SE View field: 55.5 ym Det: SE 10 pm.
SEM MAG: 2.00 kx  Date(m/dly): 05/22/19 SEM MAG: 4.99 kx  Date(m/dly): 05/28/19

B BEpHIMHAX XOJIMOB POCIHM HWJIMHAPUYCCKHUE, a B BCPHIMHAX TIpAa HIPAMOYTOJIBHBIC

KpUCTAJIJIbI, MO-BUAUMOMY, 32 CYUET CKOJIbKEHUS TUCIIOKALWH, W3 IEHTpalbHbIX oOnactei
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COTIPHUKACAIONINXCS CIIOEB W3-3a HANpPSHKEHWH, CO3MAIONIMXCS B pe3ysbrare auddy3un
MEXY3eIbHBIX aTOMOB, OOpa3yIOIUXCS TpPH HWOHHOM OOJYYEHHUH TOMHATHIX  HAJ
MMOBEPXHOCTBIO TpaHed 3TuX cioéB (puc. 20). CKONBKEHHE K TMOBEPXHOCTH TUCIOKAIUH,
MIPUBOAWIIO K peakcanuu HanpsokeHuid. [Ipodumm oboux o6pa3zoBaHuid, B 00J1aCTIX, OJIM3KUX
K KpHUCTaTy, TpuoOpeTanu Toj IeHCTBHEM pachbUICHHS (OpMYy KOHYCOB. YTON B HX
BEpIIUHE TP POCTE 03Bl OONYYCHHS YMEHBIIAICS, W CKOPOCTH PACIBUICHHS CKJIOHOB
CTaHOBHJIACh MEHBIIIE CKOPOCTH PACTIBUICHHUS OCTATLHON YacTH X0JIMOB [1].

JlaHHBIe, TIOJTyYEeHHBIE C pUCYHKa 20, MAIOT OCHOBAaHWE IIOJIaraTh, YTO IUIOCKHE
YYaCTKH MEXIy nepu(epruiftHbIMA 00TaCTIMH psila KOHMYECKHX 00pa30BaHHUN MpPUHAIICKAT
MOBEPXHOCTH HIDKENEkKalero kKpucramwia. [Ipu mpojoymkeHUM OONydeHHs paclbUICHHE
KOHMYECKMX 00pa3oBaHMH, TO-BUAUMOMY, OyIeT oOcTaBaThCcs 3aMEUICHHBIM  ITOKa
pa3BUBAIOTCS KPUCTAUIBI B WX BepmIMHaX. B To ke BpeMs, HAa4HETCS MOAM(DUKAIUSI
HIDKEJISKAIIUX KPUCTAUIa TI0 Mepe HWHTEHCH(PHKAIUKA WX OOJyYeHHUS TNPH PaCIbUICHUH
OCTaTKOB MTOBEPXHOCTHBIX KPHUCTAIIIOB.

3. YruaepoaHoe BosiokHO. O0/1yyeHHe MEePHEeHIHKYISIPHO O0CH BOJIOKHA

[Tpu Tex e yCIoBUSX OOMYUYESHHS, YTO M MUPOIUTHIECKOTO TpaduTa, 1ocjie NepBoro
MMIIyJIbCA Ha MOBEPXHOCTU BOJIOKOH MOSABJSAJUCH Todpbl, NepHeHAUKYJIspHbIE OCH
BOJIOKOH.

Puc. 3. [ToBepxHOCTH yriiepoIHOM
HUTH TOCJIe 00TyYeHHS HOHAMU:
a) Ar', sueprueii 30 k3B mo3oit
6x10%2 mwon/m? [2].

0) He', sueprueii 30 k3B mo3oit
6x10%2 non/m? [2],

B) Dy" smeprueit 7 KsB kop/ar
no3o0i 7.4x10%,

Beicota ro¢p gocturana 2-2,5 mMkM nociae 105 uMnysbcoB ob6JsydeHus (puc. 3B).
[Togpo6HOe uccejoBaHKe XapakTepa MouduKanuu noBepxHoctu [1AH BosiokoH npu
00JIy4eHUH pa3JMYHbIMU HOHAMHU Cc 3Heprued 3 u 30 k3B u maoTHOCTBHIO Toka 0,1
MA/cM? mpoBejieHO B paboTax [2]. Bblio MoKasaHO, YTO Ha HayaJbHbIX 3Tamax
06/1y4yeHUs1 HOHaMHU yryepoja ¢ sHepruen 30 KaB (zmo3a o6sydeHus o 3x1022 non/m?2)
npu Temiepatypax 400 u 600 °C u nmpu BBICOKOJ03HOM (J03a 06J/ydyeHHst 10 8x1022
HoH/M?2) o6aydyenuud npu 400 °C MoHaAMM TesUsI C TOH JKe SHEepruer Ha MOBEPXHOCTHU

BOJIOKOH 00pa3ylTcsd roppbl ¢ NapajjejbHbIMU OoCU rpebHsaMU (puc. 36). Ilpu
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JUIMTEJIbHOM 00JIy4eHUHM HWOHAMH HEeOHa, aproHa, U asoTa sHepruei 3 KaB (mosa go
1x1023 non/M?), a Takxke HOHaMU aproHa c¢ 3Heprued 30 Ks3B Ha BosioOKHax
06pa3oBbIBaIMCh TOQpPbl C TPeOHAMH, NEPNEeHJUKYJISIPHbIMU OCH BOJIOKOH (puc. 36)
Pe3yabTaThl JaHHOW pabOThl MOKA3bIBAIOT, YTO MONepeyHble TOPpPhI MOJ JeicTBHEM
MOHHOTO0 006JIy4YeHHs] pa3BUBAIOTCS MIPU TeMIlepaTypax, He MeHbIUx ~ 2300 °C.

PucyHku 3a u 3B MOKa3bIBalOT, YTO rodpbl, NepHeHAUKYJISPHbIE OCH BOJIOKOH,
0o6pa3oBaHHble NpPU 00JIyYeHUU BOJIOKOH pas3JMYHbIMM HOHAMH M NPU Pas3IMYHbBIX
Jl03ax 06JiydeHHUs], B 1|eJIOM MO06HbBI, U B TO Xe BpeMsl 3HAYMUTEJbHO OTJUYAITCA OT
napaJsiieJibHbIX APYT Apyry rodp, pacrnoJaramiuxcsi BJ0Jb OCH BOJIOKOH (puc. 36).
[lapasiesibHble OCH BOJIOKOH Toppbl GOPMUPOBAIUCH, KOTZA MOHHOE 00JiydyeHHe (pu
MaJiblX Zi03aX 00JIy4YeHUs] HOHAMU yrjepojia Uir 60JIbIIOM 3HEPTUU MOHOB reJsivsi) He
co3/laBajio  OGOJIbIIOW KOHLEHTPAalUUM CMEIIEHHbIX AaTOMOB M 3HA4YUTEJbHbIX
HOBPEXAEHUN CTPYKTYPbl BOJIOKOH, U AUPPy3Hsi BHEAPEHHBIX HOHOB K OBEPXHOCTH
6bl1a 3aTpy/HeHa. BHeipéHHbIE aTOMbl HaKaIJIMBaJIUCh B IPUIIOBEPXHOCTHOM CJIOE, U
B HEM GOpPMHUPOBA/IMCh CXKUMaWIMe HanpsbkeHU. (CKuMaroliyde HaNpsyKeHUW B
IPUIIOBEPXHOCTHOM CJIO€ MPU MaJIOW CKOPOCTH pacClblieHHUs] HOHHBIM 00JIyYeHHeM
CTUMYJIUPYIOT pa3BUTHe 6JyncTepuHra (¢JieKMHra) WM POCT HaJ, MOBEPXHOCTHIO
KPUCTAJIJIOB (BUCKEPOB), CHOCOGCTBYIOLIMX peJsiakcaluu HanpsbkeHU [1]. @opmbl
rodp, pacnosIoKeHHbIX MapasijejibHO 0CH BOJIOKHA, I03BOJISET MPEAII0I0XKUTh, YTO OHU
IpeJCTaBISAT CO60M KPUCTaJLIbl, ICTOUHUKAMHU POCTAa KOTOPBIX CAYXKAT JAUCIOKALMH,
3apoxjawlnrecs noj, JelcTBHEM CKUMAIOUIMX HaNpshKeHWH B NPUINOBEPXHOCTHBIX
CJIOSIX.

O6syyeHue B pexxuMax popMupoBaHusi rodpp ¢ rpebHSAMHY, epHeHAUKYISIPHbIMU
OCH BOJIOKOH, CHOCOGCTBOBAJIO CO3JlaHUI0 OOJIBLIOTO KOJIMYeCTBAa BaKaHCUU B
KPUCTA/L/INYECKON pelléTKe, obsieryeHU0 AMPPy3un K NOBEPXHOCTH CMeEIEHHbIX
aTOMOB yTIJepo/ia ¥, B KOHEYHOM HUTOre, 06pa30oBaHHI0 Mapasijie/IbHbIX MOBEPXHOCTH
pacTAruBalLIMX HanpspKeHUH. B 3THUX yC/I0BUAX, KaK MOKa3aHO B 3KCIIEPUMEHTax C
HUPOJUTUYECKUM TpadUTOM, NPOUCXOAUT PparMeHTalUss MOBEPXHOCTHOrO CJ0S1 M
M3rubaHve KpaéB pparMeHTOB, CIOCOOCTBYIOLIEN peslakcaluy HampshKEHUM B Cioe.
[Ipy 06JiydeHUM BOJIOKOH MaKCUMaJslbHble HaNpPsHKEHUS CO3JaBajlUCh BJOJb OCH
BOJIOKHA MO LEHTPY ero o6JiydaeMoOl MOBEPXHOCTH, U pparMeHTaL sl NOBEPXHOCTH
Ipoucxojusa B I3TOM >Ke HampaByeHUHU. [loAgHATHE HaJ, NOBEPXHOCTbI KpaéB
o6pa3oBaBLIKUXCS GparMeHTOB MOBEPXHOCTHOTO CJI0SI MPUBOJAWJIO K Pa3BUTUIO Todp,

MeprneHaAnKyJIApHbIX OCH BOJIOKHA.
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4. 3axkioyeHue

AHanu3 pe3yJbTaTOB JAAaHHOW pabOThI U pe3yJibTAaTOB JPYTrHMX aBTOPOB IMOKasal,
YTO B pe3yJbTaTe CEPUH TMPOLECCOB, HWHUIIMUPOBAHHBIX pa3HOHANpPaBJEHHBIMHU
HaNpsPKeHUSIMH, CO3/laBaeMbIMM B MPUIOBEPXHOCTHBIX CJOSX MUPOJUTUYECKOTO
rpaduTa moj JeHWCTBHEM HOHHOTO 006JydyeHUs () MOBEPXHOCTb MUPOJUTUYECKOTO
rpaduTa pasjenseTci Ha y4acTKH, B KOTOPBIX OOJIBIIMHCTBO TI'padeHOBBIX CJIOEB
NepneHJUKYJSPHO K IOBEPXHOCTH, (6) Ha TMOBEPXHOCTH YIJIEPOJAHBIX BOJIOKOH
dbopmupyOTCcs rodpbl, HaMpaBJieHUe KOTOPbIX OMpejesisieTcs MapaMeTpaMu IMOTOKa
006JTy4aroLUX UOHOB.
[1] JL.b. berpam6exos. IIpomecco B TBEPAOM Tele MO JEHCTBUEM MOHHOTO W TIA3MEHHOTO
ob6myuenus. M.: MUOH, 2008.
[2] N.N. Andrianova, A.M. Borisov, E.S. Mashkova, et.al. Surface patterns formation by ion
irradiation of PAN based carbon fibers. Vacuum 188 (2021) 1101.
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IPOPEKT 3JIEKTPOHHOJIYYEBOTI'O OTKHUI'A
OPTICAL AND STRUCTURAL PROPERTIES OF Si HYPERDOPED
WITH In AND As: THE EFFECT OF ELECTRON BEAM ANNEALING
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For the first time, the use of electron beam pulsed annealing has been considered
for the formation of a silicon layer hyperdoped with In and As impurities.
Si0,(40nm)/Si structures were implanted with In and As up to concentrations of
~6 at.%. According to TEM data, a layer of dislocation-type secondary defects is
formed in Si after electron processing, but no InAs nanoclusters were detected.
Analysis of the reflection spectra indicates the restoration of the crystalline
structure of the implanted silicon layer after the electron beam annealing.

B nocnennue roasr 60ybI10e BHUMAHUE YIASISIETCS PA3BUTHIO KPEMHUEBOU (POTOHUKHU
C peanm3anyel ONTUYECKOW TMepenadyd JaHHBIX BHYTpPH Si Kpucramwia. KpemHuit sBisieTcs
MOJTYITPOBOJTHUKOM C HETPSIMOM 30HOM M HU3KOW KBAaHTOBOW A((HEKTUBHOCTHIO MEK30HHOMN
U3ITy4aTeIbHONH PEKOMOWHAIIMYU, YTO 3aTPYIHSET €r0o HMCIOJIh30BAHHE B OIMTOIJIEKTPOHUKE.
Kpemuuii B kauecTBe Marepuana COJHEYHBIX 3JEMEHTOB mporyckaer uHppakpacuyoo (1K)
4acTh COJIHEYHOTO CHeKkTpa B auamna3zoHe ~ 1,1 —3 mkwm, yto cocraBisier okono 30 % ot
001IIero MOTOKa COJIHEYHOW 3Hepruu [1], B TO BpeMsl Kak KpeMHHEBbIE (hOTONPUEMHHKHU
HEUyBCTBUTENBHBI B 00JIACTH TPEX OCHOBHBIX I10JIOC BOJIOKOHHO-ONTHYECKOH cBsi3u: S(1460 —
1530 am), C(1530 — 1565 um) u L(1565 — 1625 um) [2]. B nocneanee Bpems omyOIuKOBaH
psan pabot [3-5] Mo CO3MaHMIO CBETOM3IYYAONIUX M (OTONPHUEMHBIX CTPYKTYP Ha OCHOBE
HAHOKPHUCTAJJIOB MOJYIPOBOJAHUKOB C MIPSMOM 3alpeIieHHON 30HON A’B’u A’B® B MaTpuile
Si, Brmrowass momynpoBoaHuku InAs, InSb, GaSb u ZnSe, ZnO, myTtem mepechIICHUS
kpeMHus npumecsaMu III-V u II-VI rpynn nepuoaudeckoil CUCTEMBI WU XaJIbKOI'€HOB C
MOCIEAYIOIUM TEePMUYECKUM WM JIa3epHBIM OT>KUToM. B naHHO# pabore BhepBbie IS
dbopMupoBaHUS CJOS KpPEMHUS, TUNEPIONUpPOBaHHOro mpumecsiMu In u As, Oyner

PACCMOTPCHO UCITOJIB30BAHUEC SJICKTPOHHOIYUCBOI'0 UMITYJIbCHOI'O OTXKHUTIA.
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B kadecTBe OOBEKTOB HMCCIIENOBAHMS HMCIOIB30BAINCH CTPYKTYphl Si0,(40 HM)/SI,
MMILTaHTHpOBaHHbIe HoHamu As’ (170 k9B, 3,2 x 10'® em™) u In" (250 k3B, 2,8 x 10'° em™).
CornacHo MOAETUPOBAHMIO, TAKOM BBHIOOP SHEPrHil M (PIIIOEHCOB HMOHOB OOECIeYMBaeT
OJTHOPOJIHOE paclpe/ielieHne IBYX TUIOB JISTHPYIOLIEH MpuMecH 1o riayoune. MMrutanTanus
npoBoawiack npu temmneparype 550°C s Toro, utoObl MPEAOTBPATHTh amopdusanuio
KpeMHUS, O00Ty4aeMoro BBICOKMMHU JI03aMH TOKENBIX HWOHOB. J[lis TmporuraBieHus
UMIUTAHTHPOBAHHOTO C€JI0 ObUIM BBIOPAHBI PEKUMBI MMITYJIIBCHOTO 3JEKTPOHHOTO OTXUTa,
KOTOpPBIE PA3IMYaIUCh TUIOTHOCTSIMH DHEPTUU MHUKPOCEKYHIHBIX HMMYJIbcoB (20-100MKc),
paBubix W= 8 — 12 J/cm”. Takoke ObUT BBIOPAH PEKHM 3IEKTPOHHOTO OT/KHTA C BPEMEHEM
BO3JCHCTBUS B TEUYEHHE OJHOM MHHYTHI, HE CONPOBOXKIAKIIMNICS IUIABICHUEM
MIPUTIOBEPXHOCTHOM oOnactu. PacmpeneneHue BHEIPEHHBIX MpuUMeced B oOpasiax
KOHTPOJIMPOBAIOCH MeToZI0oM PesepdopmoBckoro odpatHoro paccesaust (POP) nonos remmsi ¢
sHeprueit E = 1,5 MaB. CrpykTypHO-(ha30Bble TPEBpAIICHHS HUCCIIECIOBAIUCH METOJIOM
npocBeyuBaromeil snekTpoHHoi Mukpockoruu (IIOM) nHa mukpockome Hitachi H-800 ¢
yckopsitomuM  Hanpspkearnem 200 k3B B reomerpun “plan-view”. CHekTpsl 3e€pKajlbHOTO
OTpaKeHHUs ObUIH MOJTy4YEHBI ¢ TOMOIIBI0 criekTpomerpa Lambda 1050 WB (Perkin Elmer).

Ha pucynke 1 mpuBeneHbl KOHLEHTpalMOHHBIE mpoduian pacnpexaeneHus In u As,
IOJIyueHHBble MyTeM MoaenupoBaHus B nporpamme SIMNRA 10 mnonHoro cosmajeHus

OKCIICPUMCEHTAJIIBHBIX U MOACIIMPOBAHHEBIX CIICKTPOB.
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Pucynox 1 — MonenupoBannsie (SRIM’2013) (a) u paccuntanubie u3 crektpo POP
riyouHHbIe ipoduin aToMoB As 1 In B cTpykTypy SiO»(40 HM)/Si, HIMIUTAHTHPOBAHHOTO MIPH

temmeparype 550°C, mocine 3JIeKTpOHHBIX TepMOoOpadboToK (a, 0)

Fny6uHa, HM
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Kak Buano u3 pucynka 1 a, «ropsuue» YCIOBHS HUMIUIAHTALIMA MPUBOIAT K YIIMPEHHUIO
npoduieit In u As, mpu 3TOM KOHIIEHTpAIUs UMIIJITAaHTUPOBAHHOM NMPUMECH B MHUKE 3aMETHO
cHmxkaercsa (mo 5,5 ar. % — mna In, go 5 ar. % — 11 As) MO CpaBHEHHMIO C pacyeTHBIMU
JaHHBIMH, a MakKCUMyMbl Tpoduieid In u As caBuramTcs K TOBEPXHOCTH 3a CYET
HepaBHOBecHOU muddy3uun. Iloteps mpumecu B mporecce MMIUIAaHTaUMu st In u As
coctaBisier npumepHo 12 %. Ilocnenyronue s7neKTpoHHBIE 00pabOTKH (pUCYHOK 1 a, 0)
OPUBOJAT K CYLIECTBEHHOMY MEpepaclpeleieHuI0 aTOMOB MPUMECH U CMEUICHHUIO
MakcuMyMoB rnpouieii In u As Ha rimyouny 20 — 30 M, B cnoii SiO,. B cimyyae oTxura ¢
pacrjaBlieHHeM HMIIAHTHPOBAHHOTO CJI0s HAOJI0OJAeTCsl Cy)KeHUE TIyOMHHBIX NMPHUMECHBIX
npodusielt ¢ Bo3pacTaHueM KOHILEeHTpauuu In B Makcumyme a0 9 u 7 at. % mnpu orxkure
¢ W=10 u 12 x/em® coorBerctBenno. HamGompmme mortepn mpumecd (~ 50 %)
3apEeruCTPHPOBAHBI TS MBIIIBSIKA [OCIE OTKATA C ITOTHOCTRIO sHepris W= 10 Jix/cM?.
Pesynprarer [IDM-uccrnenoBanuii mpeacTaBieHbl Ha pucyHke 2. J{ins Bcex oOpas3ion
MOCJ€  DJIGKTPOHHBIX  OOpabOTOK  PETHUCTPUPYETCS  CIOW  BTOPHUYHBIX  JCPEKTOB,
MMPEUMYIIECTBEHHO JUCIOKAIMOHHBIX 00pa3oBanuii (pazmepamu ot 100 HM 70 2 MKM) BJIOJIb
Kpuctamuorpadguueckux miockocreit cemeiicrsa (001). IIpu oTkure ¢ mIOTHOCTHIO SHEPTUU
W = 10 Jix/cM® XapaKTepeH KOHTPACT CBETIBIX M TEMHBIX IISTEH, YTO MOJKET OBOPHTH O
nepepacnpeesieHn IpuMecu B oOpas3ie U (GOpMUPOBAHUU 30H C PA3IUYHOM IUIOTHOCTHIO.
Crout 106aBUTh, 4TO (POopMUpPOBaHUE HAHOKIACTEPOB InAs He HaOIIOJAETCS, OJJHAKO MOYKHO
OPEINONI0XUTh, YTO pa3Mepbl HAHOKJIACTEPOB CIHWIIKOM Mallbl W PErucTpaunus HuX

3aTPYAHUTCIIbHA BCJICACTBHUC HECAJOCTATOYHOI'O MMPECACIIa pa3pCUICHUA MUKPOCKOIIA.

a
T

Mitachl 15600 - tramsmbtion EOOM medy Hitachki H800 - tramsmission £0OM mode Higachi H-400 - trnamission ZOOM made
Oparating mods used: 150 KV, 20 A, 20,000 5 2 0 }-lm np-mn.-m-m 150 KY, 20 1A, 30,000 x 2 0 pl‘l‘l Oprrlnllmda-ul. 150 kY, 20 1A, 20,000 x 2,0 ].lm
Melglttletd uamgy _ Frigut-fald ima - .- s owm o

a—W= 8I[>K/CMZ6 W =10 ix/er?, B— W = 12 [i/em®

Pucynok 2 — Ceemononbasie [IIM-mukpodororpaduu B reomerpun “plan-view” crpykryp SiO,/Si,
MMIUIAHTUPOBAHHBIX HOHAMU As U In, TIOCIIE SIIEKTPOHHOITYYEBBIX 00pabOTOK

Ha pucynke 3 mpencraBieHbl CHEKTPbl OTPaKEHUS OTOAOKEHHBIX CTPYKTYP.

Makcumym 1ipu 370 HM, COOTBETCTBYIOIIUM KPUTHUYECKOW TOUYKE 30HHON CTPYKTYpPBI
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KPEMHHUS,  CBUJAETENBCTBYET O  BOCCTAHOBJICHHMM  KPUCTAIMUECKOW  CTPYKTYpBI
UMIUIAHTUPOBAHHOTO cjo0si KpemHMs. Jlng oOpasma mocie oTxkura 0e3 pacIulaBieHUs
UMIUIAHTUPOBAHHOTO cjosi B Y@ 00sacTH 3aperucTpupoBaHO HaWOOJbIIEEe IaJCHHUE
MHTEHCUBHOCTU oTpaxkeHus (11 %). DTo cBs3aHO C yBENMUEHUEM TOJIIMHBI OKCUIHOTO CJIOS
W/WIN yBEIMYEHHEM €ro IOKa3aTels IpeJoMJIEeHUs BcieAcTBHe AudQy3unm mpumeceid u3

KpPEMHUS B OKCUJIHBIN CJIOH, a TAaK)KE HATMYMEM MEJIKOPA3MEPHBIX KpUCTAILIOB InAs.
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OrtpaxeHue, %
[4] I [4)] (=]
o o o (=]
I -

1]
(=]
1

I

10

500 1000 1500 2000 2500
2, HM
1 — 6e3 mraBnenus, 2 — W = 8 /e, 3 — W = 10 [x/em?, 4 — W = 12 Jix/em®

Pucynok 3 — CriekTpbl oTpaxkeHust cTpykTyp SiO,/Si, HMIUTAHTUPOBAaHHBIX HOHAMK As U In, rmocie
AJIEKTPOHHOIYYEBBIX 00pab0TOK

W3ydeHpl CTpyKTypa ¥ ONTHYECKHE CBOMCTBa CTPYKTYpel  SiO,(40HM)/Si,
MMIUTAHTUPOBAHHOW MHIMEM M MBIIIBIKOM 10 KOHIIEHTpauuid ~ 6 aT. % ¢ Mmocienyromum
3JIEKTPOHHOJIYYEBBIM MHUKPOCEKYHIHBIM OTXKUIOM. [loKa3aHO, 4YTO 3JIEKTPOHHBIA OTKHI
MIPUBOANUT K CIBHTY MakKCUMYMOB KoHIIeHTpainuu In u As B cioii SiO, ¢ 0JTHOBpEMEHHBIM
Cy)KEHUEM TIyOUHHBIX Mpoduiiell pacipeesieHus pUMeceid 1 BO3pacTaHuEM KOHIIEHTPALIUU
npumecH In B makcumyme 110 9 at.%. Ilo manueiM [I9M, mocne 37eKTpOHHBIX 00pabOTOK
dbopmupyeTcsi cioil 1eeKTOB TUCIOKAIMOHHOTO THUIA, OJHAKO HaHOKJIacTepoB InAs He
3apeructpupoBano. HaOmiomaembrii B cHekTpe oTpaxeHus wMakcumyM mnpu 370 HwMm,
COOTBETCTBYIOIIIMM KPUTHYECKOM TOYKE 30HHOM CTPYKTYPbI KPEMHHs, CBUACTEILCTBYET O
BOCCTAaHOBJICHUU KPUCTAUIMYECKON CTPYKTYPhl UMIUTAHTUPOBAHHOTO CJIOSI MIOCTIE OTKHUTA.

1. A. Luque, A. Marti, C. Stanley, Nat. Photon 6 (2012) 146.
2.J. E. Carey, C. H. Crouch, M. Shen, E. Mazur, Opt. Letters 30 (2005) 1773.
3. F. Komarov, L. Vlasukova, W. Wesch, A. Kamarou, O. Milchanin, S. Grechnyi, A. Mudryi, A. Ivaniukovich,

Nucl. Instrum. Methods Phys. Res. B. 266 (2008) 3557.

4. F. Komarov, L. Vlasukova, O. Milchanin, W. Wesch, E. Wendler, J. Zuk, 1. Parkhomenko, Mater. Sci. Eng. B
178 (2013) 1169.

5. F. F. Komarov, N. S. Nechaev, G. D. Ivlev, L.A. Vlasukova, I.N. Parkhomenko, E.Wendler, I.A. Romanov,
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MUKPOMEXAHUWYECKHUE UCIIBITAHUA MATEPUAJIOB, OBJIYVUEHHbBIX
BbICTPBIMMU TSKEJIBIMU HOHAMU
MICROMECHANICAL TESTING OF SWIFT HEAVY IONS IRRADIATED MATERIALS

E.A. Korneeva', A.S. Sohatsky', V.A. Skuratov’, A. Mutali', A.M. Korsunsky?, A.l. Salimon?,
E.S. Statnik?, A. Ibrayeva®, P.A. Somov?, L. Kurpaska®, T.N. Vershinina', N.S. Kirilkin®

! FLNR, JINR, Joliot-Curie, 6, Dubna, Russia, ekorneeva@jinr.ru
2 Skolkovo Institute of Science and Technology, Bolshoy Boulevard, 30, bld. 1, Moscow, Russia
3Centre for HRTEM, University Way, Summerstrand, Port Elizabeth, South Africa
* National Center for Nuclear Research, Andrzeja Soltana, 7, Otwork-Snierk, Poland

Irradiation testing of materials using swift heavy ion (SHI) beams (M> 4, E> 1 MeV/amu) has
great potential in radiation material science. Resulting in ion range of about 10 microns, SHI
irradiation provides a possibility for applying both traditional methods of the mechanical
properties evaluation at micro scale like nanoindentation and new approaches based on in situ
micro samples testing in scanning electron microscope [1,2].

In this work we present the results of micromechanical testing of materials showing promise for
nuclear applications - polycrystalline SisN4 as candidate for inert matrix fuel host and oxide
dispersion-strengthened (ODS) alloys as perspective fuel cladding. Both materials are supposed
to be irradiated with entire spectrum of radiation in nuclear reactor including fission fragments. It
should be noted that structural modifications induced by fission products, i.e. atoms with a mass
ranging from 80 to 155 and an energy of about 100 MeV, still remain uncertain because the
effects cannot be investigated using classical low-energy ion implanters. Silicon nitride, as
dielectric, and ODS alloys having dielectric nanocrystals in metal matrix might be sensitive to
dense ionization produced by high energy ions and corresponding irradiation testing is of
considerable practical value.

In our work the effects of fission fragments are simulated by 150 MeV Xe, 107 MeV Kr and 700
MeV Bi ions. SizN4 samples are irradiated in two regimes: with electronic stopping power below
and above the threshold of the latent track formation. Nanoindentation measurements evidence
strong correlation between changes mechanical properties and the presence of latent tracks. Until
the stopping power does not exceed the threshold for latent track formation, there is almost no
effect on the nanohardness like observed for Kr ions. On the other hand, the hardening is
observed for Xe and Bi ions which produce amorphous latent tracks.

The in situ micro-mechanical testings, namely micro pillar compression and micro cantilever
bending, were done for ODS steels. The height of micro samples was less than thickness of SHI
irradiated layer and was characterized by almost constant level in radiation damage depth profile.
In our work the sample preparation procedures and the tests techniques are described in detail for
the first time for SHI irradiated materials. Preliminary results on micro pillar compression and
micro-cantilever bending tests are in good agreement with the nanoindentation.

[1] Xiao X., Yu L. Nucl. Mater. Energy. 22 (2020) 100721.
[2] Hosemann P., Shin C., Kiener D. Mater. Res. 9 30 (2015) 1231-1245.
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M3MEHEHUE COCTABA ITIOBEPXHOCTH Ti IIPU UMITJIAHTAIIMY MIOHOB 03 U
MNOCJIEAYIOUIEI'O OTXUI'A
CHANGES IN THE COMPOSITION OF THE Ti SURFACE DURING THE
IMPLANTATION OF 03 IONS AND AFTER ANNEALING

A.A. A6ayBanToB, A.H. Ypoxkos, X.O. A6aues, M.b. FOcymxkanosa, /I.A. Tammyxamenosa,
Bb.E. Ymup3zakos

A.A. Abduvaitov, A.N. Urokov, X.Ye. Abdiev, M.B. Yusupjanova, D.A. Tashmukhamedova,
B.E. Umirzakov

Tamkentckuii ['ocynapcrBennsiii Texunueckuid Y auepcuret, 100095, yi.

YuuBepcurerckas, 2, TamkeHT, Y30ekucraH, e-mail: ftmet@mail.ru

It is shown that prior to annealing, a layer consisting of oxides of the TiO,, Ti type and
unbound Ti and O atoms is formed in the near-surface region of ion-implanted Ti. After

annealing at T = 800 K for 30 min, a uniform TiO, film with a thickness of ~ 25 — 30 A.

B nocnennee Bpems co3faHue U KOHCTPYUPOBAHHE HAHOCTPYKTYP HAa OCHOBE OKCHJIOB
METAJUIOB  IPUBJIEKIO MPHUCTAJIbHOE BHMMAHUE HCCIEAOBaTeNel B CBA3M C HX
crneuu(UYecKuMU 3JIEKTPOHHBIMH M ONTOJIEKTPOHHBIMH CBOWCTBaMM, a Takxke Oonee
HIMPOKUM NPHUMEHEHUEM B IIPOMBIIIIEHHOCTH U TexHUKeE [1, 2]. Cpean pa3nuuHbIX OKCHIOB
METaJUIOB HAHOCTPYKTypbl auokcuaa tutana (TiO;) Oonee mOMyNsSpHBI W3-3a UX
YHUKAQJIBHOCTH ¥ NPUBJIEKATEIbHBIX CBOMCTB B ONTHUKE, JJIEKTPOHUKE, (OTOXUMHUH U
ouosoruu [3 — 5], a TakKe BO3MOYKHOCTH Ha €r0 OCHOBE M3TOTOBJICHHUS (POTOTATbBAHUYECKUX
YCTPOMCTB, CEHCOPOB TEMIIEPATyp, JUTUNH-HOHHBIX aKKyMYJIATOPOB, CEHCUOMIN3UPOBAHHbIC
KpPacHUTEJIEM COJIHEYHBIE 3JEMEHTHl M ONTHYECKHe Mpeodpa3oBareny U (OTOKATATIH3ATOPHI.
Jns monydeHusT HaHOpa3sMepHbIX (a3 M CIOEB OKCHJIOB M JPYTrUX COEAMHEHUH Ha
IIOBEPXHOCTH  METAJUIOB W IOJYHNPOBOJHUKOB  IIMPOKO  HUCIOJNB3YETCS  METO.
HU3KOZHEPreTUYeCKOH MOHHOW MMIUIAHTALMU B YCIOBUSAX CBEPXBBICOKOTO Bakyyma [6 — 8].
OpHako Takue MccieqoBaHus B ciaydae Ti MpOBOAMIIMCH HEAOCTaTouHO. B nmanHO# pabote
BIIEPBBIE M3y4EHBI COCTaB HAHOIUIEHOK TiO; mosyueHHbIX mMIuianTanueil nonos O3 B Ti B
COYETAaHUU C OTIKUTOM.

B kadecTBe OOBEKTOB HCCIENOBaHMS HCIONb30BAINCH XOPOLIO IOJIMPOBAHHBIE

noJuKpucTasumyeckue oopasmsl Ti ¢ TommuHol L ~ 0,8 MM ¢ MOBEPXHOCTHBIM THAMETPOM
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1,2 cm. Tlepen moHHOM UMIIIAaHTAIIMEH 00pa3Ibl MOMMKPUCTAIITNYECKOTO T1 00€e3rakuBaINCh
npuT = 900K B Tteuenue 8-10 yacoB mpu BakyymMe HE XYyxke 107 Tla. Oxwucienue
npoBoauIock 6ombapanuposkoit nonamu 03 ¢ Eg= 1 k3B npu no3e Haceimenue D, = 2- 10"
cv”. Haumnbas ¢ D, yBennueHrue D TMpakTUYeCKu HE NPUBOIUT K H3MEHEHHIO COCTaBa,
CTPYKTYpPbl M CBOWCTB HMOHHO-UMIUIAHTUPOBAHHBIX clloeB. McciaenoBaHus MPOBOIUINCH
METONAMM 0KE-2JIEKTPOHHOM CIIEKTPOCKOIIMM U BTOPUYHOM MOHHOUW MaCC-CIHEKTPOCKOIUEH.
[Ipodunm pacnpeneneHus aTOMOB 1O TIYOMHE h ONpeAensiiuch METOJOM OXKe-3JICKTPOHHON
CIIEKTPOCKOIINN B COYETAHNHM C MOCIONHBIM TPABICHHEM OBEPXHOCTU MOHaMHU Ar' ¢ Ey = 2
keV mox yrimom 5-10° OTHOCHTENHHO TMOBEPXHOCTH oOOpasma. TexHomorumdeckas Kamepa
npubopa TO3BOJsIA TPOBOAWTH OYUCTKY IOBEPXHOCTH MATEPUATIOB TEPMUUYECKUM
MPOTPEBOM, DSJIEKTPOHHOU OOMOApPAUPOBKOW, MOHHBIM TPABICHHEM, a TaKXe IMPOBOIUTH
HU3KOIHEPTEeTUYECKYIO0 HOHHYIO UMITJIAHTAITUIO C PA3IMYHBIM (DIIFOEHCOM OT 10" o 10" em™

Ha puc. 1 npusenen macc-cnextp Ti ummiantupoBannoro nonamu OF. Buamno, uro
1ocjie UMIUIAHTAllMd MOHOB B MAacC-CIIEKTpE B OCHOBHOM OOHApy>KMBAIOTCSI MHTEHCHUBHBIE

muku TiO,, TiO u HecBsa3anHbIX aToMoB Ti 1 O, a Taxke MaJIOMHTEHCUBHEIN MUK C.
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Puc. 1. Macc-CIeKTphI THTaHA, IMILTaHTHpoBaHHOro HoHamu 0F ¢ Eg=1 k3B npu D=2-10" cm™.

Ha puc. 2 mnpuBeneHbl HavalbHas 4YacTh OXe-cnekTpoB umcroro Ti m Ti
MMILIaHTUpoBanHoro monamu O3 1o mocne mporpea pu T = 800 K B Teuenune 30 muH.
BunHo, 94TO HHTEHCHUBHOCTH Oke-Tinka M3 V'V Ti mocie noHHO#M MMIUTaHTAIlMK YMEHBIIIACTCS
B 3-4 pa3a, u BOJM3M HEro MOSBISIIOTCS WHTCHCHBHbIE TIIMKE XapaKTepHbIE IS
HecTexuomerpudeckux okcunoB TiO; (E =22 3B), TiO (E = 25 »3B). [locne nporpesa mpu T

= 800 K wunrencuBHocth nuka TiO, pe3ko yBennumBaercs, a nuke TiO m Ti moure He
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oOHapyxuBaeTcs. MOKHO ToJjlaraTh 4TO Ha moBepxHOCTH Ti hopmupyercs mieHka TiO; c

XOPOILIEH CTEXHOMETPHUEH.
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Puc. 2. Biusaue ummianTamuy noHos 05 ¢ Eg=1 k3B npu D =2-10"7 cm™ u nocneayromero omxura

mpu T = 800 K Ha oxe-uk M,;VV tutan. 1 — Ti; 2 — mociie HOHHON UMITIAHTAIIAH; 3 — ITOCIIE
porpesa.

Taxum 06p330M IMOKAa3aHO, YTO HU3KOOHEPICTUUCCKAA U BBICOKOAO3HAA UMILIaAHTAUA
OTXKHUI'OM  IO3BOJIACT IMOJYYHUT OJHOPOIHBIC

+ .
noHoB O, B Ti B coueranue ¢
MOJIMKpUCTAIITNYecKast HaHoTuieHKH T10,/Ti.
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NCCIEJOBAHUME UBMEHEHHUE COCTABA U CTPYKTYPbI
MOHOKPUCTAJIJIA W(111) TP UMIIVTAHTAIIUU UOHOB KUCJIOPOJA
STUDY OF CHANGES IN THE COMPOSITION AND STRUCTURE OF A W(111)
SINGLE CRYSTAL DURING IMPLANTATION OF OXYGEN IONS

AA. A6/:[VBaI7mTOBl)., X.X. BonTaeBl)., I''A. POSI/IKOB2)., @41 XyﬂﬂﬁKynOBl)
A.A. Abduvayitov", Kh.Kh. Boltaev", G.A. Rozikov?, F.Ya. Khudaykulov"

1 .« o .
Tawxenmckuu eocydapcmeeHHblu mexnu4ecKuu ynueepcumem, Tawxenum, Y36exucman

khurshid.boltaev@gmail.com

2 .~ . .
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Investigation of the change in the composition and crystal structures of the W(111)
single crystal upon implantation of O ions with an energy of 1 keV at a saturation
dose of 2:10"7. The results of SIMS and AOS measured before annealing showed
that, along with intense peaks of H, O, C and their combination with oxygen, peaks

of heavy masses WO, WO, are clearly distinguished on the W surface.

B Hacrosimee Bpemsi (yHKIMOHAIBHBIE MaTepHalbl HA OCHOBE HAHOYACTHUIl OKCHIA
BOJIb(PpaMa, CTAOMITM3UPOBAHHBIX OPTAHMYECKUMU MAaKPOMOJIEKYJIAMH, HAXOMAT IIHUPOKOE
IpUMEHEHHE B (OTO- U IEKTPOXOIHBIX YCTPOWCTBAX, T€TEPOreHHOM KaTallu3e, CEHCOpPHUKE,
owmomormn u MemuumHe [1-6]. HecmoTps Ha  MHOTOYHCICHHBIC  HCCIICIOBAHHS
MUKPOKPHCTAJUIMYECKUX OKCHJIOB BOJb(pama, (U3NKO-XHMHUYECKHE CBOWCTBA HAHOYACTHIL
WO; no cux mop ocraiTcs ManousydeHHbIMU [7]. Hcmonb3oBaHHE CHHEro OKCHJa
Bonbppama (COB) B MHpPOBOW TPOMBIIICHHOCTH JISI MMPOW3BOJICTBA AJIEKTPOBAKYYMHBIX
npuOopoB Hauyajgoch B KoHIE 90-x romoB XX Beka, W BCE 3TO BpEeMs MPHUCATOYHBIC
KOMIIOHEHTHI BBOJSTCS B BOJb(pPaMOBBIC AHTHUAPUILI B BHUJE KOJUIOWIHBIX IIETOYHBIX
pacTBOpPOB CHUIIMKATOB. YcTaHOBIEHO [8, 9], 4TO BBeneHHWE OKCHIA Kalus B BOJbppam
MO3BOJISIET  MOJIy4aTh MPOBOJIOKY CO  CTale€IbHOM  KPUCTAUIMYECKON  CTPYKTYpOH,
o0OecrieunBaromIed MPOAOIKUTEIBHOCTh M HAAEKHOCTb JKCIUTyaTallMM JJIEKTPOHHBIX U
JJIEKTPOBAKYYMHBIX yCTpOWCTB. B pabore mpeacTaBieHbl JaHHBIE 10 BO3MOXHOCTH
MouduIpoBaHusl MUHEpaTbHOTO HanodHUTeNnss WO, il COBMECTUMOCTHU C MOJIMMEPHBIMU

HCIOJIIPHBIMH MaTpHIIaMU.
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B kauecTBe OOBEKTOB HCCIIEIOBAaHUS MCIOJIb30BAIUCH XOPOIIO TMOJIUPOBAHHBIE
MOHOKpHUcTamnueckre odpasusl W ¢ tonumHoi L ~ 0,8 MM ¢ MOBEPXHOCTHBIM JTHaMETPOM
1,2 cM. Oxucnenme TpoBoamics Gombapauposkoii monamu O, ¢ Eg = 1 xoB nmpu 10 ®
naceimenne Dy = 210" cm™. Haunmas ¢ Dy yBenudeHue D mpakTuyecku He MPUBOJIUT K
U3MEHEHHUIO COCTaBa, CTPYKTYpbl M CBOWCTBA HOHHO-UMIUIAHTUPOBAHHBIX  CJOEB.
HccnenoBanusi TMPOBOAMIINCH METOJAMH  DJIEKTPOHHOW  oxe-crekTpockonuu  (D0C),
BTOPUYHOW HMOHHOW Macc-cniektpockonueir (BMMC) wu  pacTpoBOW  3JIEKTPOHHOMH
mukpockoruu (POM). Ilpodunu pacnpeneneHuss aroMoB 1o TiyOumHe h ompenensiuch
meTozoM DOC B COYETAHHH C MOCIIOMHBIM TPaBICHHEM MOBEPXHOCTH HOHaMH Ar' ¢ Ey = 2
keV mox yrmom 5-10° oTHocuTenbHO mHoOBepXHOCTH oOpasia. TexHomormueckas kamepa
npubopa MO3BOJIAJIA TPOBOJUTH OUUCTKY IOBEPXHOCTH MaTepUajoB TEPMHUUECKHE
IPOrPEBOM, 3JIEKTPOHHOM OOMOAapAUPOBKOM, MOHHBIM TpaBICHHEM, a TaKXe MPOBOJIUTH
HU3KO’HEPTEeTHUECKYI0O MOHHYIO UMIUIAHTALUIO C PA3IMYHBIM (DIIFOEHCOM OT 10" 10 10" em
2

Ilepen oxucneHneM WOHHOW uWMIUIaHTaruedn o6Opasusl  W(111) ouunmanucek
temnepaTypHbiM iporpeBoM cHavaio npu T = 1800 — 1900 K B treuenue 20 — 25 yac, a 3aTeM
MHOTOKpaTHBIM KpaTKoBpeMeHHbIM mporpeBoM 10 T = 2600 K. Pesymbratet BUMC,
MU3MEPEHHBIMU [0 OT)KWATra MOKa3alM, YTO Ha NoBepXHOCTH W Hapsiay ¢ MHTEHCUBHBIMU
nukamu H, O, C 1 ux coequHeHu ¢ KUCIOPOAOM, YETKO BBIJECISAIOTCS MUKW TKEIBIX Macc
WO, WO,. Ilocne otxkura noBepxHocTb W MaKCUMaJIbHO OYMIIAJIOCh U B HEM COJIEPHKATUCH
TOJILKO aTOMBI KHCIIOPOJa U yriiepoa, o0Ias KOHIIEHTpalus KOTOpbIX He mpesbimaet 1 — 1,5
at.%.

Tocie poctimxenust nasiaerns 107 ITa B orcek npubopa HamycKaiau Kuciaopoa. Hamu
OBLIO YCTAHOBJICHO YTO, TIPH TeMIiepaType nmouiokku 600 °C Ha MOBEpXHOCTH (POPMUPYETCS
wiéHka WO, ¢ xopolei CTeEXUMOMETPHE.

B caydae uMIutantTauuu MOHOB 02+ B W naubonee coBepuieHHble méHkn WO, Takxke
oGpazoBamucs mpu B W ¢ Eg = 1 k3B 10 D = 10" cm™ crenens mokpsitis 0 mosepxuocti W
kiacrepHbiMH pazamu WO, nuHelHO pacTér 10 ~ 0,7 3aTeM CKOPOCTh POCTa 3aMEJISETCS U
npu D = 10'7 em? mocruraer, ciefoBaTeNnbHO dbopMHpyeTCs CIJIONIHAS OJHOPOAHAS TUIEHKA
WO, (puc.1). Ilpu sTom Tonmuna muéakua WO, cocrasnsna 45 — 50 A,

Ha puc.2 npusenens JIBD xapTunsl HoibdpaM, HMITAHTHPOBAHHOTO HoHaMu O ¢
Eo = 1 ©B nmpuD =~ 10" cm?. O6pasyercs Iuokchy BOIb(pPaM ¢ YIOPSLOYCHHOI

TETParoHaJbHOU CTPYKTYPOH.
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ITpu 1000 °C uaer pacman WO, u BoccranoBieHnue OIIK pemérku Bombdpama. Ilo
3JeKTpoHOTrpaMMe (pUC. 2, a), MOXKHO NPEANOJIOKUTh, YTO YHOPSAAOYEHHas CTPYKTypa
CBSI3aHA C M3JIMIIKAMU MEXJ0Y3E€IbHOIO KHCIOPOAA M €r0 CIOMCTBIM PACIIOIIOKEHHEM I10
OTIpeNIeIEHHBIM KpUCTAIIOrpaduuecKuM IIocKocTsaM. TepmooOpabotku mpu 1000 °C
BBI3bIBAET YXOJI KHUCJIOPOJAa M3 HOHHO-JETHPOBAHHOTO CJOS, YTO M NPUBOJUT K Hayaly
BOCCTaHOBJICHUS MOHO- KpuctaummaHoctd OLIK — Bombdpama, TO ecTb, BOCCTAaHOBJICHHUE

UIET TI0 KUCJIIOPOIHBIM BaKaHCHSIM.

0,8

0,6

0,4

0,2

| | | | |
10 10P 10" 10" D, em?

Puc.1. 3aBrucUMOCTB CTENICHH TTOKPHITHS TOBEpXHOCTH W MEHOK WO,, OT 10361 00yUYCHHSI HOHOB

O,". DHeprus noHos Ey = 1 k3B Temnepatypa noanoxku 600°C.

IIpu 1200 °C (puc. 2, 6) MOJHOCTHIO BOCCTAHABIMBAECTCS MOHOKPHCTAILTHYECKAS
CTPYKTypa OLK BoJIb(pama. Bropoii MIPUINHON KpHCTauIorpaguaeckoro
COBCPHICHCTBOBAHUA MOKCT GBITB ¥yXoJ4 B MCCTC C KUCIIOPOAOM IMPHU OTKUI'C COITYTCTBYIOIIUX

IIpUMeECEH TUIla YIJIepoa Cepbl, KPEMHUS U IIp.
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a) 0)

Puc.2. DIeKTpOHOrpaMMBI 06Pa3I0B, HMILTaHTPoBaHHBIX 70361 10! cM™, 1000 °C (a); 1200 °C (6)
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M3MEHEHHWE COCTABA Y MOP®OJIOT' MM TIOBEPXHOCTH

MOHOKPUCTAJIJIMYECKOI'O Ge ITPY BOMBAPJIMPOBKE MIOHAMU Ar' u Na*

CHANGES IN THE COMPOSITION AND MORPHOLOGY OF THE SURFACE OF
SINGLE-CRYSTAL Ge BY BOMBARDMENT WITH Ar' and Na" IONS

Abpaesa C.T., XyxanuszoBa A.Y., Xynoitoepaues 1.D., XKymaes K.M., Xyxkaunus3os XK.b.
Tammyxamenosa /. A.
Abraeva S.T., Xujaniyazova A.U., Xudoyberdiev LF., Jumaev J.M., Xujaniyazov J.B.,
Tashmukhamedova D.A.

Tawxenmckuti I'ocyoapcmeennviii Texnuueckuti Yuusepcumem, 100095, yu.

Vuusepcumemckas, 2, Tawxenm, ¥Y30exucman, e-mail: ftmet@mail.ru

The effect of bombardment with Ar" and Na' ions on the crystal structure, composition,
excitation energy of plasma oscillations and interband transitions was studied using
elastically reflected electron spectroscopy methods. It is shown that, regardless of the
type of ions, after bombardment with Ey = 1 keV at a saturation dose D = Dy, the near-

surface layers of Ge (111) are completely disordered.

HanocTpykTypsl co3maHHble Ha oOcHOBe (e SBISIOTCS OCHOBOW 3((EKTUBHBIX
UIEKTPOHHBIX M ONTHYECKHX ycTpoiictB [1, 2]. B wuactHoctH, (G€ HaHOCTPYKTYpBI,
BHEJIPEHHBIC B PA3JIMYHBIC AUAJICKTpUUEecKue MaTpuilbl (Hampumep, Si0,, SisNg nnu HfO,),
y)K€ HUCIOJIB3YIOTCSA I M3roToBICHUS [3 — 5] BBICOKOA(h()EKTUBHBIX (HOTONMPHEMHHUKOB,
MHOTOCIIOMHBIX 3aIIOMHUHAIONINX YCTPOWUCTB M JIPYTMIX NMPUMEHEHUH, TaKMX KaK COJIHEYHBIC
doronpeodpazoBarenu, Oarapen u OUOCEHCOpPHL. B [6] mMmIaHTanus MOHOB TePMaHHS B
KPEMHUI HCHOJb30BaNach [UIsl BBEACHHsS Oecropsaka peIIeTKH, IOCKOJIbKY TepMaHuit
OTHOCHUTCSl K Marepuany [V rpynmbl, U ero HMcrnonb3oBaHHE AJi MOHHOW HMMILUIAHTAllMU B
KPEMHUIl HE BBI3BIBACT Jerupyromero 3gdexra B KpeMHUH. B mocienHee Toabl XOpPOIIO
U3YYCHO BJIMSHUE MMIUIAHTAIIMN HU3KOAHEPTeTHUYECKUMU MOHAMH METaJUIOB U Tra3oB B Si,
CaF,, GaAs, SiO, u apyrue matpuiibl [7 — 9]. OmHaKO 10 HACTOSIIETO BPEMEHHU MPAKTHYECCKH
HE HCCJIEeIOBANIOCH BIMSHUE HU3KOAHEPreTUYECKON MOHHON HMMILIAHTAllUK Ha AJIEKTPOHHBIE
cBoiictBa Ge.

B nanHoil paboTe M3ydeHO BIUSHHE HU3KOAHEPTreTHUECKOW OOMOapAMpPOBKH HOHOB

+ + o
Ar u Na' Ha »Hepruio BO30OYXKIEHHUS IJIa3MEHHBIX KoJeOaHUM, MOJIOKEHUS MaKCUMYMOB
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IUIOTHOCTH COCTOSIHUSI BAaJ€HTHBIX 3JIEKTPOHOB, KPUCTANIMYECKYIO CTPYKTYpY, 00pa3oBaHue
XUMHYECKOM CBSI3M MEXKIY aroMaMH W KOJMYECTBO 3apsla, INepeJaBaeMoro KaTHOHOM
AHHOHY.

B kauectBe OOBEKTOB HCCIEAOBAaHMs OBLIM MCIIOIB30BaHBl MOHOKPUCTAJUINYECKUE
obpasubr Ge (111) ¢ pazmepamu 10x10x0.5 mm. Tepmuueckast o6paboTka, 6oMOapaANPOBKA
voHaMu Ar, Na' M WCCIeNOBaHMS C WCIONB30BAHAEM METOJOB OXKe-3JIeKTPOHHOI
CHEKTPOCKOIMUU U CIIEKTPOCKOIHUH YIPYTO OTPAKEHHBIX 3JEKTPOHOB OCYIIECTBISUIM B OJTHOM
¥ TOM K€ SKCIIEpPUMEHTATbHOM Tpubope (tuma YCY-2) npu Bakyyme P < 107 TTa. Bo Bcex
CIy4dasix UMIUTAHTalMsg HOHOB MpoBoauiack ¢ 3Heprueit Eg= 1 k3B nipu no3e naceimenus Dy.
Tt Ar' D, = 4-10" em?, a gt Na™ - ~ 6:10'° oM™ Tlepen moHHO# GoMGapaupoBKoii
noBepxHocTh Ge obesraxkuBanu npu T = 1000 K B Teuennn 4 — 5 4acoB B COYETAHUU C
KpaTKoBpeMeHHbIME rporpesamu 10 T = 1200 K npu Bakyyme e xyxe 107 Ia.

Ha puc. 1 mpusenens! 3aBucumoctd — dR/dE, ot E, ansa uucroro Ge (111) u Ge,
O6oMOapAMPOBAaHHOTO MOHAMH Ar uNa ¢ Ey=1 B npu po3e Hacelmenus Dy, B obnactu E,
= 5 — 250 »B. Ha cnekrpe umcroro Ge Bo Bceil obnactu E, obGHapyxkuBaroTcs psj
MaKCHMYMOB U MUHUMYMOB. B o6nactu E, < 25 — 30 5B 60abIIHMHCTBO MAKCUMYMOB CBSI3aHbI
C TMepexoioM DJIEKTPOHOB K3 MAaKCUMYMOB BAJIGHTHOW 30HBI B MAaKCUMYMBI 30HBI

IIPOBOANUMOCTH, a B obsactu E, > 30 5B B030yxk1eHHEM 21€KTPOHOB M3 OCTOBHBIX YPOBHEH

Ma' — Ge
E,=0,5k3B g —

35 Ma L,
| 122

Fica,

R/dE.

™
et

[ 124

181

65 105 145 185 E,, 2B

Puc. 1. Cnextpst YOO B obnactu E, = 5 — 250 5B nns: 1 —uucroro Ge(111); 2 — Ge,
6ombapaupoBanHoro HoHaMu Ar' ¢ Ey = 1 k3B; 3—-Ge, 6om6apauposanroro nonamu Na' ¢ Eg = 1x3B.
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u nudpakiuei 3JIEeKTPOHOB Ha YHOPSIOYCHHOW CTPYKType MOHOKpucTauia. [lomokeHue
HEKOTOPHIX MHHHUMYMOB TPHMEPHO COBMAJaeT C IOPOroBOM HSHEpruei BO30OYKICHUS
MOBEPXHOCTHBIX M OOBEMHBIX IIA3MEHHBIX KoyieOanwii (h s, ho, u 2hw ). MHTepnperaus
3TUX 0coOeHHocTel yka3aHbl Ha KpuBbIX — AR/AEL(E,), rie y — cpoCcTBO K 3JIEKTPOHY.

[Mocte GombapmupoBkn moHamMu Ar m Na' Bce AUMPAKIHOHHBIE MAaKCHMYMBI
CTJIAKMBAIOTCS, YTO CBSI3aHO C TOJHOM amopdu3aimei IpUImoBepXHOCTHBIX ClIOeB. B cirydae
MOHOB Ar' TIONOXKEHHME BCEX OCHOBHEIX MAKCHMyMOB CYIIECTBEHHO HE MeHseTcs,
MPOUCXOUT HEKOTOpOE HM3MEHEHHE WX (POPMBI, a TMOJOKEHHE MHHHMYMOB CBSI3aHHBIX C
BO30Y)KJICHHEM IIJIa3MEHHBIX KOJIEOaHUI CMeIaeTcs B CTOPOHY MEHbIINX 3Hepruid Ha 1 — 1,5
3B. [lo-BuauMoMy, pazynopsaoueHue MPUIOBEPXHOCTHBIX CIOEB MPUBOJUT K HEKOTOPOMY
repepacpeeICHUI0 AIEKTPOHOB BAJICHTHOM 30HBI. B ciiyyae noHOB Na" B obnacTu E, <30
5B Bce MakCUMyMBbI 1 MUHUMYMBI XapakTepHbie 11 yuctoro Ge (111) momHOCTBIO BcUe3aroT
U MosABISIIOTCA HOBBIE. Pesynbratel OOC mokazanu, 4To MOCie€ MOHHOW HMMIUIAHTAIIMM Ha
nosepxHocty Ge (opmupyercs cioit ¢ TommuHok 30 — 40 A cocTosmmii U3 coemuHEHMI
tuna Ge + Na (~ 70 — 80 ar.%) u HecBsizanHbIX aToMOB Na (20 — 30 ar.%). CrnegoBarenbHo,
Ha crniektpe YOO conepkarcs ocoOeHHOCTH XxapaktepHbie st Ge + Na u Na (cm. puc. 1,

KpuBas 3).

dR + +
IToxa3aHo, YTO HA 3aBUCUMOCTHU — TR (Ep) MOCJIe UMILTAaHTAIlMU HOHOB Ar', Na' 0;’
P

BCce AU(DPaAKIMOHHBIE MAaKCHMyMBbl CIJQKUBAIOTCS, UYTO OOBSACHAETCS amopdu3anuei

MpUNOBEPXHOCTHBIX ciioeB. [lociae 6ombapauposku Ge (111) Ha ciektpe YOD monoxeHue
+

nmMKa ocTOBHOTO ypoBHA Mys Ge (111) mpu GombOapaupoBke moHaMu Ar TPaKTHYECKH HE

+ ~
MeHsieTcs, Tpu OoMOapaApoBKe HOHAMH Na' - CMEIIAETCsl B CTOPOHY MEHBIIUX SHEPTUH.
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PABMEP 3EPHA U TEKCTYPA IIPU UMIIVIAHTALIUU ATOMOB Fe-57
B ®OJIBI' Mo U Ta
GRAIN SIZE AND TEXTURE AT Fe-57 IMPLANTATION IN Mo AND Ta FOILS

B.A. AunpuanoB', K.A. Benenn6exoBa?
V.A. Andrianov!, K.A. Bedelbekova?

1. HUUAD MTI'Y, Mockea 119991, Poccus, e-mail: andrva22@mail.ru

2 Uncmumym Aoepnoi Quzuku, Armamot, 050032 Kazaxcman

Abstract: X-ray diffraction studies of Mo and Ta foils implanted with >’Fe ions have been
carried out. It is shown that Mo and Ta foils are strongly textured with {100} crystallographic
planes oriented in the foil plane. Implantation of >’Fe had no noticeable effect on the texture.
However, annealing at 700°C weakens the texture on the irradiated side. It is shown that

irradiation leads to a decrease in the size of crystalline grains.

WMmmuiaHTanus yCKOPEHHBIX MOHOB CONPOBOXKIAETCSl TeHepalued paJualiiOHHBIX
nedeKToB, IpU 3TOM KOHIIEHTpalus AePEKTOB 3HAYUTEIbHO MPEBOCXOIAUT KOHIIEHTPAIHIO
MMIUIAaHTAPOBAaHHBIX aToMOB. [lepBuuHble ne(EKTh, BaKaHCHM W aTOMBI BHEIPEHUS,
YacTUYHO PEKOMOMHHPYIOT YK€ B mporiecce oOiyueHus. Hapsay ¢ pexomOuHanuen umayT
MpOIIeCChl  cerperanuu  1eexToB, 00pa30oBaHUS MHUCIOKAIMA, a TakKe BaKaHCHOHHBIX
KJIACTEpOB U MoJIocTel. B psine ciiydaeB BO3MOXKHBI U3MEHEHHS pa3MepOB KPUCTAIITMUECKUX
3epeH U oOpa3oBaHHe HOBBIX (a3. VMcTOUHMKOM »HEpruM s 3THX MAaKpPOCKOMHMYECKHX
MIPOLIECCOB CITy>KaT MEXaHUYECKHEe HAPSDKEHUs, KOTOpbIe 00 MPUCYTCTBOBAIN B UCXOJAHOM
Marepuase, 1100 00pa3yroTCs B MIPOIIECCE OOTyUSHUSI.

B nacrosimieit pabote paguanmoHHsie moBpexaeHus B Gomasrax Mo u Ta co3maBayimch
Op¥ WMIUIAHTAllMd WOHOB °'Fe. DTOT MeETOJ MO3BOJSET CO3/1aBaTh BBICOKHE JIO3bI
noBpexaeHu mopsiaka gecsaitkoB CHA (cmemenuit Ha oamH atoM Martpuibl). Ha
o0yuyeHHBIX 00pa3ax MpOBOAUINCH UCCiIeoBaHMs MeToIoM 3 dekta Meccbayspa Ha sapax
>"Fe [1] u merogom EXAFS na Kq-munuu Fe [2]. O6a MeToa MO3BOJININ MOJTYYUTh JAHHBIE O
JoKanu3auu aroMoB Fe B yCIIOBUSX BBICOKOJIO3HOTO OOJTyUEHHS.

B nactosmel pabote npeacTaBiIeHbl PEHTIeHO-IU(DPAKIIMOHHBIE UCCIEAOBAHUS ITHX
00pas31oB, KOTOpble 0T HHGOPMALIMIO O KPUCTAUIMYECKON pelieTke B 1eiaoM. M3mepenus

MPOBOAMIINCH KaK CO CTOPOHBI OOJIy4eHHOH MOBepXHOCTH (HOJIbI, TaKk U C OOpaTHOM
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HEOOJyYeHHOW CTOPOHBL. AHAIU3UPOBAIUCH IapaMeTpbl KPUCTAIUIMUECKON pEIIeTKH,
YIIMPEHUE JIUHUN U UX UTHTEHCUBHOCTH C TOUKH 3PEHUS TEKCTYPHI.

Ikcnepument. Vccneayembie 00pasiel MpecTaBIIsiIn co00M MeTautHaeckue (hoabru
Mo u Ta tommmuon 20 mxm ¢ pasmepamu 10x10 MM, MOJy4YEHHBIE XOJIOJHON MPOKATKOM.
Pexpucrannu3anvoHHbId OT)KUT MPOBOAWIICA B Bakyyme npu temneparypax 800—900°C.
Uuctora ucxoansix Mo u Ta Ob11a He Xyxe 99.9%.

Pannannonneie nedeKThl Co3aBaIUCh MPU UMITIAHTAIIUH HOHOB STFe ¢ sHepruen 1 MaB.
OO6nydyeHne NPOBOAWIOCH IMPH KOMHATHOW Temmeparype. DmroeHc s Bcex 00pasLoB
coctaBun 5 % 10'® won/cm?. TommuuHa MMIUIAHTHPOBAHHOTO CJIOS OlEHMBanach =~ 600 HM;
MakCHMaJibHas KOHIIEHTpamuss aromMoB °'Fe =~ 2.5 ar. % wna riyoune 270-300 HM.
KonuenTpanus nepBuyHbIX JedekToB Oblla MakcuManbHOM Ha riyoune 200 - 250 HM u
coctaBisia At Mo u s Ta mpumepno 120 CHA (pacuer mo nporpamme SRIM). Ilocne
ob6mydenust ¢ponbru Mo u Ta ObITM paszeneHsl MOMojaM, W BTOPBIE TOJOBHUHBI 00pa3IoB
ObUTH OTOXKEHBI B BakyyMme npu temneparype 700°C B teuenue 2 4. [Ipu atoit TemnepaType
MOABUKHOCTH COOCTBEHHO aToMOB Mo, Ta u Fe mana, u pekpucrammsanus He TPOUCXO/INT.

Pentreno-nudpakuronHsie u3mMmepeHus npoBoauiauchk Ha audpakromerpe D8 ADVANCE
¢upmsr BRUKER (HUUA®, Anmatsl, Kazaxcran) u Ha kadpeape dusuxu Teepporo Tena
Ousznyeckoro ¢akynbrera MI'Y. B o0eux ycraHoBKax NpHUMEHsJIaCh CXeMa H3MEpEeHUil
bparra-bpearano u wucnone3oBasiock nuHUA K, Cu. OcoOEHHOCTBIO HCCIEAOBAaHHBIX
00pa31oB sBIsIACh HEOJHOPOAHOCTh MO TOJIIMHE: oOmias ToauuHa ¢onbr paBHa 20 MKM,
rIyOMHa MMIUTAHTUPOBAHHOTO ciosi — okoyio 0.6 MkM. C y4yeToMm 3TOro, peHTT€HOTrpaMMBbl
CHUMAJINCh, KaK ¢ 00JIyYEHHBIX CTOPOH, TaK U C OOPATHBIX CTOPOH (DOJIBT.

Pe3yabTaTsl u 00cyxaenus. udpakrorpaMMbl Bcex 00pas3IoB coaepkain 4 OCHOBHbBIC
JTUHUM, cooTBeTcTBytomue peduiexcam: 110, 200, 211 u 220 OLK crpykrypsl. [lapamerpsl
PELIETKH, MOTyYeHHbIE C 00yYeHHON U ThIIIbHOW CTOPOH (DOJIBT, MPAKTUYECKH COBMAANIH, U
ObUIM ONM3KM K JUTepaTypHbIM JaHHBIM a(Mo)=3.147 °A wu a(Ta)=3.305 °A. Taxum
o0pa3om, 00JydeHrEe HEe TPUBOIUIIO K 3aMETHBIM M3MEHEHHUSAM KPUCTAININYECKOU CTPYKTYPBHI.
[upuHbl TUHUM, TOTyYEHHbIE ¢ O0JIy4eHHON CTOPOHBI (DOJBI, HECKOJIBKO OOJbIe HIUPUH,
MOJIyYEHHBIX C TBHUIbHOW CTOpOHBI. lIupuHBI JMHHI MOTyT OBITH CBSI3aHBI C pa3MEpPOM
KPUCTAINTMYECKHUX 3€PEH U MoJIeM JepopMaiiii, BOSHUKAIOIINX IPpU 00Ty4eHUH.

CreneHb TEKCTyphl 0O0pa3LOB OIpeaensiiach W3 OTHOCHUTEIbHOW HWHTEHCUBHOCTH
peHTreHoBckux JuHAW. Ha Puc. | mpuBeneHbl WHTEHCHBHOCTH OCHOBHBIX JIMHHUWA IS
paznmuuHbiX 00pas3oB ¢onpr Mo u Ta. Ilo ocu opauHar oTioxkeH yron HaOmoneHus 20.

NuTtencuBHocth HopMupoBanbl Ha 100%. YepHble KBaJipaThl COOTBETCTBYIOT JIUTEPATYPHBIM
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120 JAQHHBIM JUISI U30TPOITHBIX
100 —a— stand
4 —A— No-|
SN i obpasioB Mo wu  Ta.
>'; — &— Back
"é 601 el Janmbeie No-Irr cooTsercT-
O 404
£ 5] BYIOT HUCXOIHBIM (hompram
0
Mo u Ta nmo obmydenws.
120 OcrTanbHbIe JTaHHbBIE
1004 —&— stand
X —&— No-Irr
~ o ——r COOTBETCTBYIOT  OOJIy4EH-
Py - & -Back
B 601 —0— Heat-Irr|
S 0 HBIM O0pasiaM, H3MepeH-
T 20
T 0 HbIM ¢ oOmydeHHOU (IRR)

u TeuThHOM (Back) cTopon.
Puc. 1. VIHTEHCHMBHOCTP PpEHTTEHOBCKHMX pe(diIexcoB B W3 rpaduros BHAHO, |TO
TeKkcTypupoBaHHbIX (Gonbrax Mo u Ta. Stand — nureparypHbie
nannbie; No-Irr — uWcxonHblii HeoOnyweHHBIH obOpaser; Irr —
obnydenHas crtopoHa ¢onbru; Back — ThiibHas HeoOndydeHHas — OOpasIbl HMEIOT PE3KOe
CTOpOHA (OJBTH.

BCEC OKCIICPUMCHTAJIBHBIC

ycunenue peduexca 200,
4TO 03Ha4aeT 4To (osbra Mo u Ta TekcTypupoBaHbl ¢ OpUEHTALIMENH KpUCTaIOrpapruuecKux
wiockocteit {100} B mimockoctu onbru. Mmmmanranus nono Fe He okaszana 3aMeTHOTo
BIIUSIHUSL HA TEKCTYpY, KaKk OOJIy4eHHOH, Tak U ThUIbHON cTOpoH. OTxur obpasuoB Mo u Ta
npu temneparype 700 °C BbI3piBasl HEOOJNbLIOE OcCiabIeHHE TEKCTYphl, HO TOJBKO C
o0xyuyeHHOU cTopoHbl (honbru (nanneie Heat-Irr). Takum o0pa3zom, OTXKHUT IPU CPAaBHUTENBHO
HEOOJIBIIION TeMIIEpaType OCIa0IsIET TEKCTYPy B 00JIy4EeHHOM CIIO€.

3akiiroueHue

PeHTreHoBCcKHME JaHHBIE CBUIETENBCTBYIOT, 4TO ¢oneru Mo u Ta cuiabHO
TEKCTypHUPOBAaHbI C OpHeHTaluel Kpuctamiorpadpuueckux miockocreid {100} B miuockoctu
¢onbru. O6nydyenne noHamu Fe He oka3pIBasio 3aMETHOrO BIUSHUS Ha TeKcTypy. OnHako
nocneayomui oTxkur npu temnepatype 700" C ocnalisin TEKCTYpy ¢ OOJIy4eHHON CTOPOHBI,
MpU 3TOM HE OKa3blBas BIIMSHUSA Ha TEKCTypy HeoOiayueHHOW cTopoHbl. [lokazaHo, 4To
nMIUIaHTanus Fe BbI3bIBaeT yMEHbIICHHE Pa3MEPOB KPUCTAITMUECKHUX 3€PEH.

PaGora BbImosmHeHa npu mojajaepkke rpaHta MunucrepctBa Hayku u Beicuiero
obpazoBanus Poccuiickoit ®@enepammu Ne 075-15-2021-1353. ABrtopsl Omaromapusr T.1O.
KuceneBoil 3a uccnegoBanus oroxokeHHBIX (onsr Mo u Ta B lleHTpe KOIEKTHBHOTO

nosib3oBanusa Kadenper @usuku tBepaoro tena duzdaxa MI'Y.

1. V.A. Andrianov, K.A. Bedelbekova, A.N. Ozernoy, M.F. Vereshchak, I.A. Manakova,
Nucl. Instr. Meth. Phys. Res. B. 475 (2020) 71.

2. V.A. Andrianov, K.A. Bedelbekova, A.L. Trigub, Vacuum 193 (2021) 110521.
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AHAJIN3 ITOBEPXHOCTHU TEXHOJIOTHYECKHUX OBBEKTOB

MOHHBIMU U SJIEKTPOHHBIMHU ITYYKAMHU
ANALYSIS OF THE SURFACE OF TECHNOLOGICAL OBJECTS
ION AND ELECTRON BEAMS

C.C. BOJIKOBI, T.N. KHTaeBal, C.B. Hukonuu®
S.S. Volkov', T.I. Kitaeva' S.V. Nikolin®

 pasancroe 28apoelickoe gvicuiee 8030YUHO-0eCaHMHOe KOMaHOHoe yuunuuje, Poccus
volkovstst@mail.ru
240 «lInasmay, yn. Luonxosckoeo, 24, e. Pazans, 390000, Poccus

The possibility of increasing the efficiency of the use of physico-analytical equipment
using electronic and ion spectroscopy methods in the study of technological processes
for the production of materials and products is shown. Examples on the analysis of the
composition and structure of materials and technological media are given.

Ha ocHOBe pe3ynbTaToB HCClIENOBaHUK B3aMMOACHUCTBHS 3apsKEHHBIX aTOMHBIX 4dac-
THIl C TIOBEPXHOCTBIO Pa3paboTaH psia METOMOB M (PU3UKO-aHATUTHIECKOTO 000PYIOBAHUS
JUIS. TMAarHOCTUKHA TTOBEPXHOCTH M MHOTOCJIOMHBIX TUICHOYHBIX CTPYKTYpP, B YACTHOCTH, IIIH-
POKO HCIOJb3yEeMblE METObl BTOPUUYHO-MOHHOM MAacC-CIIEKTPOCKOMHH, OKE-3JEKTPOHHOU
CIIEKTPOCKOIIUH, PEHTTEHO-3JIEKTPOHHON CIEKTPOCKOIUHU, TYHHEIIBHOW U aTOMHO-CHIJIOBOM
MUKpOCKOIUH, TudpakimoHHbsie MeTobl [1-3]. B uccnenoBarenbCckux M aHATUTHICCKUX 11€-
JISIX WCTIONIB3YETCs Takke Oosee AecsiTka pa3pabOTaHHBIX JPYTUX METOIOB, PEaIM30BaHHBIX
JUTSL TPAKTHYECKOTO MPUMEHEHHS B BUJIE OTIBITHOTO U SKCIIEPUMEHTAILHO-MAaKETHOTO 000py-
noBaHusa. CyMMapHO aHAIUTHYECKUE BO3MOKHOCTH CYIIECTBYIOIIMX METOJI0OB MPUHIIUITHAIIb-
HO TIO3BOJISIIOT peniaTh Mpeodaaaroniee OOIBITHHCTBO TEXHOJIOTHUECKUX U TaKe HCCIIeI0BA-
TEJIbCKUX 3a/1a4 MO0 CO3/IaHUI0 HOBBIX U3JCNIHM, MaTepuaioB U TexmpoieccoB [4, 5]. Ognako
MPAKTUYECKH CO3JaHHOE (PU3UKO-aHATUTUYECKOEe 000pYAOBaHUE TIO HACTOAIIEE BPEMs OCTa-
€TCSl Ha MCCIIEeIOBATEIbCKOM YPOBHE M PEIKO BBOJUTCS B COCTaB TEXHOJIOTUYECKOTO 000py-
JIOBaHUs MPOU3BOACTBEHHBIX IpoieccoB. [Ipu 3TOM BbIXOJ TOAHOW MPOAYKLIIMH MOXKET CO-
CTaBJISITh HE PEATM30BAHHBIN PE3EPB NECATKH MPOILEHTOB, a B IPOU3BOJICTBE HOBBIX M3JCIUN
3JIEKTPOHHOM TEXHHMKU TEXHOJOTUYECKUU BBIXOJ MOKET COCTaBJISITh MEHEE JIECSITKA MPOIEH-
TOB. Takasi cuTyanusi CBS3aHA TPEKIAE BCETO C HEPEIICHHBIMH HAayYHBIMU MPOOJIEMAMH CO-
[JIACOBAHMS JOCTATOYHOCTH AHAIMTHUYECKUX BO3MOXKHOCTEM C pEelIaeMbIMU TEXHOJIOTHYe-
CKHMH 3amadami [4, 5].

Ilenpro maHHOW PabOTHI ABJSAIOCH MCCIICIOBAHNE aHATUTUYECKUX BO3MOXKHOCTEH Me-
TOAOB JAMArHOCTUKH MOBEPXHOCTH HOHHBIMU U 3JEKTPOHHBIMM MyYKAMH B PELICHUU psJlia

KOHKPCTHBIX TCXHOJIOTHUYCCKUX 3adad B MNPOLCCCax MPOU3BOIACTBA I/IB,Z[G.HI/Iﬁ BHGKTpOHHOﬁ
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TEXHUKH, a TaKKe TIPH pa3pabOoTKe HOBBIX M3JICINI U TEXHOJIOTHYECKUX omneparuii. [Ipu pas-
paboTke PU3NKO-aHAIUTUYECKOTO 000pYIOBaHUS ISl TEXHOJIOTMYECKOTO MPUMEHEHUS U JUIS
OTIpeNIeJICHUs] €r0 aHAJUTHYECKUX BO3MOXKHOCTEH pa3pabaThIBAIOTCS METOJUYECKUE MaTe-
pHUabl 0 PEUICHUIO NPAKTHUUECKUX aHAIUTUYECKUX 3a/1ay, a TEXHUYECKHE XapaKTEPUCTUKH
000py/IOBaHUsl OMNpPEAENAIOTCS Ha AaTTeCTOBAHHBIX CIELUUAIbHBIX MOJAEIBHBIX OOBEKTaX.
[TpakTueckoe npuMeHeHHe (U3UKO-aHAIUTUYECKOTO OOOpYIOBaHUS B TEXHOJIOTMUYECKOMN
MPAaKTUKE MO OTAETBHOCTH M B KOMIUIEKCAX IOKa3aJl0 HEOOXOIUMOCTH JOMOJHUTEIBHOTIO
pacupeHuss HaydHoi 0a3bl MO aHAIMTHYECKUM BO3MOXKHOCTSM MPUMEHSEMOTo 000pyaoBa-
HUs NIPUMEHUTEIIBHO K KOHKPETHOW PEIIaeMON TEXHOJIOTMYECKOW WIIM HCCIEA0BATEIbCKOU
3amaye. OJHUM U3 OCHOBHBIX 3aTPYJHEHUN B PEIICHUH TOW CUCTEMHOW MPOOJIEMBI SBIISIETCS
pacnpocTpaHEHHOE MPECTaBIEHNUE O JOCTaTOYHOCTU OOIIEeH METOAMYECKOi 0a3bl AJs TOTO
WIA UHOTO METO/Ia U PEIIeHUH TaKuX MpoOJieM HEe HAyYHBIMH, & OPTaHU3AL[MOHHBIMU Mepa-
MH. B kadecTBe OpraHM3alMOHHOM OCOOCHHOCTH 3(()EKTUBHOTO TNPUMEHEHHS (UIUKO-
AQHAIUTUYECKOTO0 000PYIOBaHMS B TEXHOJOTUM MPOU3BOACTBA U3JEIHM IEKTPOHHOW TEXHU-
KM, KaK T[OKa3aJd Hamu paboThl B ITOM HANpPaBIICHUH, SBISIETCS pEIIeHHe Hay4yHO-
TEXHOJIOTMYECKOHN 3a/1aui UCCIIEN0BATENIEM HE 0 YPOBHS «HAay4YHO-TEXHUYECKOTO OTUETAY, a
JI0 «TIOBBIIIEHUS BBIXOJa TOIHOM MPOAYKLIMN» Ha KOHTPOJIUPYEMOM 3Talle TEXIPOLECCa.

B Takoil mocTaHOBKE OMOJHUTENBHO K 3TanaMm BbIOOpa METO/IOB M MPOBEIEHUS aHa-
JM3a TEXHOJOTHYECKUX OOBEKTOB, 00paObOTKU pe3ylbTaToOB A0 MPAKTUYECKOTO MPUMEHEHUs
HEO0OX0IMMO M3y4YeHHE (PU3NKO-XUMHUYECKUX OCOOCHHOCTEH HMCCIeNyeMOro 0ObEeKTa, TeXHO-
JIOTUYECKUX CPEJl, ONPEAEICHUE UX OTKIOHEHHI OT HOPMBI C UCIOJIb30BaHUEM DPE3YJIbTATOB
NPUMEHEHUS (DU3UKO-aHATUTUYECKOTO OOOPYJOBaHMS U KOPPEKTUPOBKHU BBISABIEHHBIX OT-
kioHeHui. Hambornee mpocThiM NpUMEPOM TaKOTO HCCIEAOBaHUS SBISETCS OIpeaeicHue
NPUYMH TOBBIIIEHHON XPYNKOCTH OCEH TSDKENBIX T'YCEHHUHBIX MamnH. OOBEKTOM aHanu3a
SBIISUTMCH TPOOBI pa3MepOM IMOPSAIKA CM.KB HIIM MEHEE C MMOBEPXHOCTIMHU U3JI0MOB. J1Jisl TaKo-
ro aHallM3a MpearoYTUTEIbHEEe UCIOIb30BaTh METO/ CHEKTPOCKOMUU OOpaTHO PAaCcCESHHBIX
MOHOB HU3KHX PHEPIruil (METOJ MOHHOTO pacCesHUs), TaK KaK CBSI3H MOTYT OBbITh HapyIIE€HbI
MOHOATOMHBIM CJIOEM HEXEJIaTeNbHbIX IPUMECEH Ha MOBEPXHOCTH, a B KAaYECTBE TeCcTepa
MOKHO MCIIOJIb30BaJICSI YHUBEPCAIBHBIN METOJ 05KE-CIEKTPOCKOIINHU, C TOMOLIBI0 KOTOPOTO
OJIMH MOHOCIJION MOHO He OOHapyXHuTh. AHaIM3 00OMMH METOJaMH IOKa3aj Cerperamuio
CEepbl Ha MOBEPXHOCTHU (KaK B U3BECTHOM JIMTEPATYPHOM IPUMEPE).

Bosiee cnoHBIM MPUMEPOM SIBISIETCSL OINIPEENICHUEe U YCTpaHEeHHE NPUYHH (DIyKTya-
LMY 3MHMCCHUU XOJOJHBIX KaTOJOB M3 CBEPXUYHMCTOIO AIIOMHHMS. AHAJIM30M COCTaBa IOBEPX-

HOCTH KaTo/ia METOJIOM MOHHOTO paccestHus OOHapyKeHa NpU HEOOJBIIIOM HarpeBe cerpera-
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AT MOHOAQTOMHOI'O CJIOSi MarHusl KaKk COMYTCTBYIOIICH TPYIHOYAQISEMOW MPUMECH. ITO
co37aeT TUIeHOUHbIN kKaton Mg-[Al]. JIpyrumu MeTomaMu MarHuid Ha KaTojie He OOHapyXH-
BaeTcs.. [ ycrpaHeHust QUIyKTyallMii B allOMUHUN BBEJE€HA KOHTPOJIMpyeMasi MPUMECH -
MpUMECh MarHus Jyisi CO3/IaHMsI YCTOMUYMBOW TUIEHKW MarHusi. Kpome Toro yBennueHa ToJi-
IIMHA CTEHOK KaToJa JUIsl YCTpaHEHUs TeMIepaTypHOW HEpaBHOMEPHOCTU U CO3JIaHUs yCJIO-
BUI (popMUpOBaHUS PAaBHOMEPHOU TIJICHKU IO BCeil moBepxHOCTH. Eme 6osee cloXHBIM sIB-
JSieTCsl ONpeieNieHUue MPUUMH HYJIEBOTO BBIXOJIa TOJHBIX B Hayaje OCBOCHUS HOBOTO U3/ENIUS
B MIPOU3BOACTBE MUKpocxeM. COTHH TEXHOJOTHUECKUX OIeparuii, 60JbIIoe Yucio o6opyno-
BaHUs, TEXHOJOTUYCCKUX MOMEIIEHUN M Cpel MPUBOASAT K HEOOXOIUMOCTH OTpeAcTICHUs
HauboJsee BEPOSITHBIX NMPUYUH OTKA30B TEXHOJIOTMU C UCIOJIb30BaHUEM Haubolee 3KCIpecc-
HOTO METOJa — OKe-CIeKTPOCKONUH, a JUIsl KOHTPOJISl HApYIIEHUH YUCTOTHI MOIYIPOBOIHU-
KOBOTO NMPOU3BOJCTBA — BTOPHYHO-UOHHOM Macc-crieKTpocKonuu. CioxHbIe 00bEKTHI UCCe-
JOBAJTUCh KOMIUIEKCOM METOJOB. AHAIM3 TEXHOJOTUYECKUX UYHUIIOB, MOJICITHHBIX OOBEKTOB,
OTJIEIbHO TEXHOJIOTUYECKUX CPeJl, 0COOEHHOCTEN TEeXHOJIOTUYECKOT0 000pYAOBaHUs, HATIPU-
Mep BHyTpUKaMepHOe 000pyAOBaHNME Ha WMIUIAHTALIUM, HA HAINbUJICHUH, aHAJINU3 CIIEI0B JIeU-
OHU30BAHHOW BOJIbI HA OIEpaIUsX OTMBIBKH, CJIE€IOB MMEPEKHUCHO-aMMHAYHOI'O PacTBOpa, ra-
30B Ha OIEpPALUN OKUCICHUS, (OTOPE3UCTOB U APYTHX MOKa3all Psii OTKIOHEHUH OT TEXHOJIO-
rudyeckux HopM. HauOosnee BBIpaXKEHHBIMH OKa3aJIUCh 3arpsi3HEHUS MOCJIE OTMBIBKH, YTO
MPUBEJIO K BBIBOAY O HEJOCTATOYHOM YMCTOTE JIEMOHM30BAaHHOW BoAbl. OHAKO HCCIEAO0Ba-
HUS 00pabOTKM KPEMHHUEBBIX IUIACTHH MEPEKHCHO-aMMHUAYHBIM PACTBOPOM TIOKA3almH aj-
COpOIMIO HA MOBEPXHOCThH IUIACTHH MPUMECEH IMIENOYHBIX U MIET0YHO3EMEIbHBIX METaJIOB
(OBITOBBIX MpPHUMECE), HE CMBIBACMBIX JIEMOHU30BAHHOW BOJOMW JIFOOOW CTETICHU OYHCTKU M
JNEMOHU3AlMH, C HAaKOIUICHHEM Ha MOBTOPSIOLIMXCS omnepanusx. AncopOuus yCUIMBalach
HaM4YueM J1e(h)eKTOB, OCTAIOIINXCS TIOCTe TPAaBJICHUs Ha MOBEepxXHOCTU. Ha omeparuu mocan-
KM YWIIOB HA KOBAp BBISICHWIOCH, UTO Ha a/Ir€3UI0 MPHUIOSI OKa3bIBAE€T OTPULIATEIILHOE BIIUSI-
HUE U3MEHEHUSl KOHIEHTpAllMu KPEMHUS B KOBape B Mpeesiax HIKE JOMYyCTHMOIO YPOBHS.
Ha Bcex sTamax aHanM3a TEXHOJIOTHYECKHX OOBEKTOB pa3pabOTaHbl YaCTHBIE METOAMKHU aHa-

JM3a ¢ y4eTOM OCOOCHHOCTEH TEXHOJIOTHYECKUX 0OBEKTOB H MPOIECCOB MX 00pabOTKH.

[1] Bonkos C.C., I'yrenko B.T., JImurpesckuii 10.E., Toncrory3os A.b., Tpyxun B.B. // Dnekrponnas mpo-
MbIIeHHOCTh. 1987, Boim. 5(163). C. 43-43.

[2] Boaxos C.C., [Jerancos A.T"., Kpatenko B.U., Cenpkun U.®., Tonctory3os A.b., [Iporomomos O./]., Ilaru-
mypatoB '.W. // Dnexrponnas npomeimureHHOCTH. 1990. N 10. C. 13-16.

[3] ApucrapxoBa A.A., BoakoB C.C., I'yrenko B.T., Amurpesckuii FO.E., Kapmanos O.H., Kparenko B.1., JIs-
e B.M., [Iporononos O./1., Ceprees H.H. // [Ipubops! 1 Texuuka skcnepumenta. 1993. N 1. C. 217-226.

[4] Texnonorus CBUC: B 2-x ku. Ilep. ¢ aurn. / [Tox pen. C. 3u. M.: Mup, 1986.

[5] bpoynait U., Mepeit [Ix., Puzndeckre ocHOBBI MUKpoTexHosoruu. M. Mup, 1985.
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CBOMCTBA GaAs, OBJIYUEHHOI'O MOHAMM MAPT' AHIIA
PROPERTIES OF GaAs IRRADIATED WITH MANGANESE IONS
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It has been experimentally shown that the implantation of Mn ions into GaAs
followed by annealing with an excimer KrF laser pulse makes it possible to form
single-phase  ferromagnetic semiconductor layers. The electrical and
magnetooptical properties of the layers depend on the implantation dose. The
Curie temperature is also determined by the dose of ions and reaches 100 K.

Paz6aBnennsie MarHutHble TonynpoBogHuku (PMII), o6mamaromme Hapsmy ¢
MOJIYIPOBOJHUKOBBIMU €lle U (PeppOMarHUTHBIMH CBOWCTBAMH, SBIISIIOTCS OJHUMHU U3
OCHOBHBIX MAaTEepHAJIOB CIMHOBOH 3JeKTpOHUMKU. KX mnonydeHue TtpeOyer BBEICHHUS B
MOJIYTPOBOIHHUK MPUMECEN MEPEXOIHBIX AJEMEHTOB J0 KOHLIEHTPAUUii HE MEHEE HECKOJIBKHUX
at.% [1]. Hdns mnonyduenus PMII B naGopaTopHbBIX YCIOBUSAX OOBIYHO HCHOJB3YIOT
HU3KOTEMIIEPATYPHYIO MOJIEKYJISIPHO-TyYEBYIO JMHUTakcuio [l], HO BBICOKas CTOMMOCTH
O6OPYI[OB3.HI/I}I 1 HU3Kask NPpOU3BOJUTCILHOCTD HEC MO3BOJIAIOT UCIIOJIB30BATh 3TOT MCTOA JIA
CKOJIb-HUOYIb MacIITabHOro MPOM3BOACTBA. BBIX0OM MOXeET ObITh NMPUMEHEHHUE HMOHHOU

UMIUIAHTALUH C TOCCIYIOINM UMITYJILCHBIM J1a3epHbIM oTkurom (UJI0) [2].
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B  kadecTBe HMCXOJHOrO  Marepuana  HCIONB30BaaM  €pi-ready  IUTacTHHBI
nonyusonupyromero GaAs ¢ opuenranueii nosepxuoctu (100). Mmmnanranus nosos Mn* ¢
snepruerd 180 koB BhImonHeHa Ha yckopurtene mapku Extrion 200-1000 (Varian). J{o3st
O0Jy4YeHHs] COCTaBIISUIN 1x10%8, 3x10' u 5x10%® cm 2 TloCTHMIUIAHTAIMOHHBIH OTKHUT
00pasmoB MPOBOAUIICS MUMIYJIbCOM dKcuMepHoro ja3zepa LPX-200 c paboueit cmechio KrF.
[TapameTpsl J1a3€pHOTO UMITYJbCA COCTABISUIM: [JIMHA BOJHBI HW3JIydeHUs 248 HM,
JUTUTENBHOCTB UMITYIbCa 30 He, IIoTHOCTB SHEeprun 300 M/Dx/cM?.

CocraB u mpodwim pacnpeneneHuss atoMoB Mn mo riryOMHE JIETMPOBAaHHOIO CIIOS
U3y4eHbl METOJIOM BTOPUYHOM HOHHOM Macc-ciektpomeTpun (BUMC) Ha ycTaHoBke
TOF.SIMS® ¢ BpeMANpPONETHBIM MAacC-aHANM3aTOPOM. 3OHIMPOBAHHE OCYIIECTBIANOCH
My9KOM HOHOB BHcMyTa (25 k3B), a pacmbuieHHe MO TIyOMHE — C TOMOINBIO HOHOB
kuciopona c¢ sHeprueid 1 koB. Illkama BpemeHnu mnpoduis mpeoOpazoBbIBAIACh B IIKATY
IIIyOMH C MOMOIIBI0O M3MEpEeHUil TyOMHBI C(HOPMUPOBAHHOTO KpaTepa Ha HpoduiIoMeTpe
Talystep ¢ norpenrHocTbto He Bbiie 2%. CTpyKTypa HMIUTAHTUPOBAHHBIX CJIOEB HCCIICI0BaHA
METOJIOM PEHTTEeHOBCKOW audpakTomMeTpun Ha ycraHoBke Bruker D8  Discover.

I"anpBaHOMArHUTHERIE CBOMCTBA HU3YUCHBI MPHU PA3BCPTKC MATrHUTHOI'O IIOJIsI B AMUAIIA30HC

+3600 I'c. [Tpu 3TOM 00pa3IBbl MOMENIATUCH B TEIUEBbI KPHOCTAT 3aMKHYTOTO IIHKJIa Janis.

3,5%10% . . - - - . Ha pucynke 1 mnokazansl mnpoduinu
3,0x10%' | 1 pacmpenenenuss aromoB Mn B GaAs

2,5%10%" - g Hocjie WMIUIAHTAIMA ¢ go30i 3x101°

P L L L L
P A

e 1 2 1
| -2
£ 2,0¢10% - CM “. Haomromaercs xopoiiee
Q ]
= 15107 ] COOTBETCTBHUE 9KCIEPUMEHTATIHLHOTO

1,0x10%"

| npoduns (2), nonyuennoro BUMC, c¢

5,010 | {  mpodunem, paccuUMTaHHBIM 1 ()

ool . | nmporpamme SRIM-2012 ¢ yuerom
0 50 100 150 200 250 300 350
X, Nm pacnbUICHHS (xoaddurent

Puc.1. Ilpopunn pacnpenenenus aromoB Mn B pacmeuieHus = 7.2). B pesyasrare NJIO
GaAs: 1 — pacyer ¢ y4eToM paclbUIeHHUS; 2 —
pesynstar BUMC nocie ummianTanuu; 3 — BUMC ~— MPOU3OIIIM  SHAYUTCIBHBIC H3MCHCHUSA

— 2106 (g2
rocie omkura. Jloza uMmmuranramuu = 3x10° cm . (3): HaGMIONAETCS CHIIbHAS CErperawus

aToOMOB Mn K MOBEPXHOCTH, a BHYTPH cjiosi = 150 HM — OTJIMYHOE OT KOJIOKOJI00OpPa3HOTO
pacmipesienieHne co cpeaHuM 3HaueHmeM Ngp =~ 1x10% oS, Amanormumsie mpodumm
(cerperamusi Mn K TMOBEpXHOCTH M CHH)KEHHE KOHIIEHTPAIlMH B CJIOC 10 CPAaBHEHHUIO C
pacueTom) HabmoaaoTes Takke s 103 1x101° em? (Nep = 3.5%x10%° cm3) 1 510 em2 (Nep

~ 2x10% end).
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M3mepenuss sdpdexkra Xomra npu 300 K mo3Bonmminm OnpenenuTh CIOEBBIC
KOHIIEHTpalluu ABIPOK Ps (akmenTtopHsix atomMoB Mn). KosbduimeHnt siekTprHuecKoi
akTHBHOCTH Mn (OTHOIIEHHE Ps K 03¢ MOHOB D) ymenbinaercs ¢ poctom D ot 21 % mns
1x10%® cm? 10 7 % mis mo3er 5%x10%° cm 2. CpenHre KOHIEHTPALUU aKIENTOPOB (ISl CIIOS
150 uM) cocrapmsror 1.4x10%° 1 2.3x10%° cM 3, anst yKa3aHHEIX 103 HOHOB, COOTBETCTBEHHO.
D deKTHBHAS TOABHKHOCT JIBIPOK - HEBBICOKas ~ 5 cM%/B-c.

[Ipy  yMeHbLIEHWHM  TEMIEpaTypbl  U3MEPEHUN  COMPOTHBIEHHE  00pasloB
YBEJIMYUBACTCS, TIOKa3bIBasi MOJYIMPOBOJHUKOBOE ToBeneHue. [lpu 3ToM Ha 3aBHCHMOCTSIX
00HapyKMBACTCSI MAaKCHMYM CIIO€BOTO CONPOTHUBIICHHUS IMPH HEKOTOPOW MPOMEKYTOUHOM
TeMIeparype, KoTopas oObIUHO MHTEPIIpETHpYyeTcsa Kak Temneparypa Kiopu. OgHako, XOTs ¢
MOBBILICHUEM JI03bl UMILJIAHTALIMU MUK CIIBUTAETCS K O0jiee BHICOKMM TeMIlepaTypam, cTporas
Koppemsinus ¢ Temneparypoir Kropu, ompenenenHoit u3 usmepenuit sdpdexra Xomna mpu
HU3KHUX TEMIEpaTypax, OTCYTCTBYET.

[Ipu cHwxeHUM Temmeparypsl u3MepeHuil 3¢ ekt Xoia OTOXOKEHHBIX 00pa3lloB
CTaHOBUTCA aHOMaidbHBIM. Ha pucyHke 2(a) moka3zaHbl MarHUTOIOJIEBbIE 3aBHCHUMOCTH

conpoTtuBieHus Xoa s 06pasia, o6aydeHHoro ¢ 1030 5x10%° cm2,

16 T T T T T T T T T T T T T T

10 0,04 -
12 5x10' cm? g— 1 1x10% cm

100 0,02 -

0,00 - 4
60 K

MR, %

40 K

Ry, Ohm

0,04 | 4

-0,06 - 20 K A

ok . 10 K

0,08 1 1 1 1 1 1 1

-16 L L L L L L L e -1500 -1000  -500 0 500 1000 1500
-1500  -1000 -500 0 500 1000 1500

Puc.2. MaraurononeBsie 3aBHCUMOCTH CONPOTHUBIICHUST XO0JUTa (2) U MarHeTocornpoTusieHus (0)
MIPY Pa3INYHBIX TEMIIEpaTypax u3MepeHus. Jl03bl MMIUIAaHTAIH TaKKe YKa3aHbl Ha TpaduKax.

BuaHo, yTo MarauromnosieBas 3aBUcUMOCTh 3 dexra Xota UMEeT MeTIII0 TUCTepe3uca
BIu1oTh 70 100 K. Takum oGpa3om, chOpMHPOBAHHBIN MpPU 3TUX YCIOBUSAX CIOH sBIsSETCA
(dbeppoOMarHuTHEIM MOJMYNpoBOAHUKOM ¢ Ttemmeparypoir Kiopu =~ 100 K. OGpa3sipi,

obydennsie ¢ goszamu 1x10% 1 3x10® cm?

, TIOKa3bIBAIOT aHOMAIBHBIN d(Pdext Xomra ¢
netneit rucrepesuca Bioth a0 40 K. Marueroconporusienue (MR) Bcex Tpex o0OpasioB
(puc.2(0)) sBiIsIeTCS OTpUIIATEIBHBIM BIUIOTH J0 TeMiepaTypbl Kiopu, mpuyeM mHpu caMbIx

HU3KUX TemnepaTtypax MR nMeeT aHU30TpOIHBINA XapaKTep.
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HccnenoBanusi MarHuTHOTO IUPKYJsipHoro nuxpousma (MIIJl) Obut mpoBeneHbl B
CHEeKTpalbHOM gauamnazoHe 1.15-2.5 »B 1ng reomeTpuu OTpaKeHUs UUPKYIIPHO-
MOJISIPU30BAHHOTO CBETa OT TMOBEPXHOCTH CTPYKTYp. BHeliHee MarHuTHoe 1oJie
NPUKIIAAbIBAIOCh TMEPIEHAUKYISIPHO IUIOCKOCTH oOpasina. Bemuumna »sddexra ML
orpezensiaach Kak OTHOLIEHUE PA3HOCTH MHTEHCHUBHOCTEH OTPa)kKeHHOTo OT oOpaslia cBeTa ¢
JIEBOM M TIPABOM MUPKYJISIPHON MOJSPU3ANUEH K O0IeH HHTEHCUBHOCTH CBETA.

Ha puc. 3 mnpencraBieHbl 3HAYEHUS

MI npu 13 K B marautHOM 1osie 3500 O

OpU  pa3IMYHBIX DHEPTUsAX (OTOHOB IS

cinoeB GaMnAS ¢ pa3HBIMH J103aMH HOHOB

Mn. HabGmtomaercs sSpKo  BBIpaKCHHAs

MCD, %

CIIEKTpaJbHas 3aBUCUMOCTh MIL,

XapakTepHas A OJHO(A3HBIX  CIIOEB

GaMnAs [3]. Ha BcraBke k pwuc. 3

MMPEaACTaBJICHEI Mar"HuTOIIOJIEBbIC

3apucumoctd  MI/], mnomydeHHble IIpU

sB. Puc.3. Crnexrpansueie 3asucumoctd MIUL mpu
13 K (1 — noza 1-10% cm?, 2 — 3-10% cm?, 3 -

MarauTomnosneBble 3aBUCHUMOCTH SBIAIOTCS  5-10®  ¢m?). Ha BcTaBke — NpencTaBlIeHbI

MarHUTOIIOJICBBIC 3aBUCUMOCTH IIpH 1.66 7B.

SHEPrUu KBaHTOB 1.66

rucrtepesucHbiMi.  Temmnepatypa  Kropu
CTPYKTYyp, ompeneneHHas u3 uccienoBanuit MIJI, cormacyercs ¢ temneparypoil Kropu,
IIOJIy4YEHHOU U3 MarHUTOTPAHCIIOPTHBIX UCCIICIOBAHUMN.

JUIs MMIUTaHTUPOBAaHHBIX U OTOXKEHHBIX HMMITYJbCOM Jlazepa 0Opa3loB IPOBEACHO
uccnenoBanue HamarunueHHocTH npu 300 K MeTo1oM nepeMeHHOro rpajueHTa MarHuTHOTO
1OJIsl, KOTOPOE MOKa3aJo OTCYTCTBHE (DeppOMAarHUTHOro cHurHaiua (HaOiroganzach TOJBKO
JMHENHAss MarHUTOII0JIEBAsl 3aBUCUMOCTh HAMArHUYEHHOCTH ). DTO TAK)KE CBUJETEILCTBOBAIIO
00 oTCyTCTBHH (peppOMarHUTHBIX KiacTepoB Tuma MnAs, Temneparypa Kiopu st KOTopbix

BBIIIIE KOMHATHOM, B C)OPMHUPOBAHHBIX CIIOSIX.

PaGota BeImonHeHa npu noaaep;kke Poccuiickoro Hayuynoro ¢onma (mpoekt Ne23-29-
00312). BUMC-uccnenoBanusi npoBelcHbl Ha oOopymoBaHuu LIeHTpa KOJJIEKTUBHOTO

NOJIb30BaHUs «JIMarHOCTUKA MUKPO- U HAHOCTPYKTYP».

[1] T. Dietl, H. Ohno, Rev. Mod. Phys. 86 (2014) 187.
[2] Y.Y. Zhou, X. Liu, J.K. Furdyna, M.A. Scarpulla, O.D. Dubon, Phys. Rev. B. 80 (2009) 224403.
[3] K. Ando, H. Saito, K.C. Agarwal, M.C. Debnath, V. Zayets, Phys. Rev. Lett. 100 (2008) 067204.
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OCOBEHHOCTU MOHHOI'O JIETUPOBAHUMA APCEHUJIA TAJUINA BUCMYTOM
FEATURES OF DOPING GALLIUM ARSENIDE WITH BISMUTH IONS
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This paper shows the possibility of doping GaAs with bismuth by ion
implantation. Investigations of the depth distribution profiles of bismuth, the
optical properties of these structures and the effect of laser and thermal annealing

on them are presented.

B kadecTtBe 0JHOTO M3 CITOCOOOB MOAU(PHUITMPOBAHUS TIOTYIIPOBOTHUKOB A"BY moxer
BBICTYNaTh JIETMPOBaHUE W30BAJICHTHBIMU NpUMecsMU. VIHTepec mpeacTaBiseT JIETHpOBaHUE
GaAs atomamu Bi, KOTOpBIC HM30BaJICHTHBI MBIIIbAKY. Tak Kak aTOMbl BHCMYyTa TSDKEIEe
aTOMOB MBIIIbAKA, TO JICTUPOBAHWE MMM apCeHUAA TAUTUS MPHUBOIUT K CYIIECTBEHHOMY
U3MEHEHHI0 ero cBoicTB. Tak, B psane paboT ObUIO MOKa3aHO, YTO BBEJIEHUE BHCMYTa
NPUBOJUT K CYIIECTBEHHOMY YMEHBIICHUIO MIMPHHBI 3ampenieHHoi 30HbI [1], a Takxke
CKa3bIBACTCS HA 3JICKTPOTPAHCIIOPTHBIX cBoiicTBax [2]. KpoMe Toro ormevaercs: BnusiHue B
Ha CIUH-OpOUTaIbHOE B3ammojelicTBue B GaAs [3]. B kadecTBe anbTepHATHBBI OOBIYHO
OTMCBHIBAEMBIM B JIUTEPATYpE IMUTAKCHAIBHBIM MeToaaM nosrydeHus: GaAs:Bi B HacTosmiei
paboTe npruMeHseTCs JIETUPOBaHUE BUCMYTOM ITYTEM HOHHOTO BHEAPEHUSI.

Hounbl BUuCMyTa UMILTaHTUPOBaIKCh B moanoxku 1-GaAs(001) na yckopurene «Pamyra-
3M», pu 3TOM BapbupoBasioch yckopsitoiee Hanpspkenue (30 u 80 kB) u 103a BHEAPEHHBIX
HMOHOB. [ 71aBHOI 0COOEHHOCTHIO MCIOJIB3YEMOTO YCKOPHUTENS SBISETCS BaKYYMHBINH JTyTrOBOM
UCTOYHUK, TO3BOJISIOIIUI CO3/1aBaTh HHTEHCHUBHbIE IYYKM HOHOB NPU HCIOJIB30BaHUU
METAIIMYECKUX TBEPABIX HCXOAHBIX MaTepuanoB. MCTOYHUK paboTaeT B HMITYJIHCHO-
NEPUOANYECKOM PEKUME C JAJIUTENBHOCTHI0 UMITYJIbCOBS 200 MK € M 4acTOTOW MOBTOPEHUS
10 — 20 wwmm./c. [Ipyras OCOOEHHOCTH YCKOPHUTEJIS COCTOMT B TOM, YTO ITy4OK HOHOB
COJIEP’)KUT HECKOJIBKO 3apsAJoBBIX (pakiuii, a pacmnpezeneHue Mo (ppakuusM 3aBUCUT OT

KOHKpeTHoro Metayuia. B wactHoctu, s Bi mydok conmepxkut, mo maHHeiM [4], 83 %
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dbpakmuu Bi* m 17 % Bi'". Jlosa WMmIaHTanmum BBIOMpanach TakKuM oOpa3oM, 4TOOBI IO
pacuety ¢ nmomorpio nporpaMmmbl SRIM 2013 Pro B cpenneM 1o uMITJIaHTHPOBAHHOMY CJIOIO
comepxkanue BucMyta BapbupoBaiocb or 0.5 mo 1.0 m 1.5 ar.%. [ns yckopsroiero
nanpsokenns 30 kB takumu gosamu 66 7x10™, 1.4x10" 1 2.1x10" cM 2, cooTBeTcTBEHHO.
Jnst yckopsiroriero HarnpspkeHus 80 kB 103s1 ummutadTammu coctaBsum>xd 0 14, 1.6x10" u
2.4x10" oM [Tockonpky macca monHoB Benuka (M; = 209 o.a.e.M.), TO Tpu pacyere
npoduiieii pacrpeneieHuss T0KeH ObITh ydTeH O0oJbInoi KoddduuueHT pacmsiicHus (S =
16.0 at/uon muis seprun noHoB Bi 80 k3B).

[locne wummIaHTauM OFHA YacTh OOpa3LoB ObUIa MOABEPrHYTa HMITYJIECHOMY
nazepaomy omxkury (MJIO) skcumepusiMm KrF mazepom ¢ mmutenbHOCTBIO mMmmyiabca 30 HC
npu pasHoii wiotsocty suepruu (P) B uMmyibee (240 mJlx/cM® WISt CTPYKTYP, 0G/IyIeHHBIX
npu 30 kB; 250, 300 u 400 m/Br/em? st 80 kB), a st CpaBHEHHUS JIpyrasi 4acTh 0Opa3IoB -
osicTpoMy Tepmudeckomy oTxkury (BTO) B cpene ynbprpauucroro aprosa mnpu T, = 800°C B
teuenune 20 c. PacnipeneneHune BUCMYyTa B MOJYYEHHBIX CIIOAX MCCIEAOBAJIOCH C MOMOIIBIO
METO0/1a BTOpUYHO-UOHHOM Macc-cniektpomeTpun (BUMC) na ycranoBke TOF.SIMS 5 (MOM
PAH) npu pacnbuiennn GaAs nyukoM noHoB Cs. {151 cpaBHEHMSI C AKCIIEPUMEHTAIBHBIMU
npopmwisiMu ¢ nomoiuisio nporpammbl SRIM OblTi paccuMTaHbl TEOpETHUECKUE MPOGUIn
pacmpeneneHnus BHCMyTa C YYE€TOM HOHHOTO pAacHbUICHUS TOBEPXHOCTH CTPYKTYpPHI B
cootBeTcTBUM ¢ [5]. CBOMCTBa MONYYCHHBIX CTPYKTYp HMCCIICAOBAIUCH C IOMOIIBIO
CIEKTPOCKOINY INPOIYyCKaHUsl U OTPAXEHMsI CBeTa B Auana3oHe AauH BoiH oT 0.18 mo 1.8
MKM C UCIOJIb30BaHUEM JIBYXJIy4eBoro crekrpodoromerpa Cary 60001 (Varian).

[Ipodunu pacmpeneneHuss aTOMOB BUCMYyTa IO TJIyOWHE CTPYKTYp, IOJTYYEHHbBIE
merogomM BUMC, npuBenensl Ha puc.l. Ins cpaBHEHUsA TaMm K€ MPHUBEICHBI pPacUETHHIC
(SRIM) mpodumu. OtmeTnM, yto Juist SHeprun noHoB Bi 80 k9B Makcumym pacnpeneneHus
HAXOJUTCS 3a TpaHHUIEd pUCYHKa (CpeIHUH MpOEHUpPOBaHHBIN Mpoder coctaBui 24 HM).
BuaHo, 4yTO 10 CpaBHEHHUIO ¢ pacueToM Npoduin aToMoB Bi mocne uMIUIaHTaluy MOATSHYTHI
K MOBEpXHOCTH (CM. KpuBble 2 Ha puc.la m puc.10). Ilocne omkura kKak TEPMHYECKOTO
(xpuBas 3 Ha puc.16), Tak u nazepHoro (mpodwmib 3 Ha puc.la u npodunu 4 u 5 Ha puc.16)
HaOJIoMaeTcsl yBENMYEHHWE KOHLEHTpAIlMM BUCMYTa B MPUIIOBEPXHOCTHOH oOjactu
yMeHbIlIeHHE ee B OoJiee TIIyOOKHUX 00JacTsX. ITO TOBOPUT O TOM, UTO MPHU OTKUTE aTOMBI
BHUCMYTa JIBIKYTCS M3 00beMa K MOBEepXHOCTU. VIHTEpeCcHO, UTO MpH J1a3epHOM oTxKure ¢ P <
300 M x/cM® 06pasiioB, 0GMyUeHHBIX KaK ¢ yCKOPSIOMMM HanpsukerneM 30, Tak u 80 kB,

Ha0JII01aeTCsl BTOPO MaKCUMyM Ha TITyOHMHE OKOJIO 5 HM, KOTOPBIN MPOMAaaeT MpH OTKUTE C
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oompmeit aHeprueir MJIO. BpicoTa MOBEpXHOCTHOTO MHKAa aTOMOB BHCMYTa BO3pAcTaeT C

YBCIUYCHUEM IIJIOTHOCTHU SHEPTHUHU UMITYJIBCHOI'O JIA3€PHOI'0 OTXKHTIa.

4x102" - E

3x10%" H

-3
Ng;, cm

5
2x10%! -

Nai

1x10?!

depth,nm

6,0x10%" - 1

?_ 4,0x107" |- E

2,0x10?'

depth,nm

Puc. 1. PacuetHsie (kpuBble 1) M SKCIEPUMEHTAILHO ONPEACICHHBIE MPOMWIN PaCIPEIeICHUS

BHCMYTA 10 [TyOuHe: (a) HMILTAHTALUSA C YCKOPSIOMUM HanpsikenueM 30 kB, no3oit 1.4x10™ cm

-2

no omxkura (kpuas 2) u mociae MJIO ¢ P = 240 m/Dx/cm® (kpuBast 3); (6) MMILIaHTAIus ¢
yekopsomuM HanpsokerneM 80 kB, mosoi 1.6<10 ™ cm? no omxura (xpuBas 2), mocie BTO
(xpuBast 3) u mocie MJIO ¢ mnotHocTHI0 3Heprun 250 (kpuas 4) u 400 m/[x/cm? (kpusast 5).

HccnenoBanbl onTuyeckue cBoiicTBa oOpasuoB (GaAs, o0mydeHHBIX HOHamu Bi.

CriekTpbl OTpaXkeHUs AJs CTPYKTYp ¢ uMmIianTanuen npu 30 kB noka3anel Ha puc. 2.

N E

R, %

30+ E

Puc.2. CexTpsl OTpakeHHS: MOHOKPHCTAJUTIHICCKOTO
GaAs (1) u ob6pasio GaAs, 00nydeHHOTO HOHamu Bi
¢ yckopstoruMm  HampsbkennemM 30 kB:  mocne
umiutantaiuu (2), BTO (3) u UWIO (4) ¢ P = 240
mJDx/cM?.

CnexTp oTpakeHHs MOHOKpHCTaJLIAYe-
ckoro (GaAs COIEpKHUT XapaKTEpHbIE
0COOEGHHOCTH B BHUJAE JYIJICTHOTO
MaKkCUMyMa TpH 3Heprusix kBanra 2.90
u 3.14 5B u makcumyma mpu ~ 5 9B.
[Tocie MMIUTAaHTaMU CIEKTP OTpaxe-
HUS TIpe/CTaBiIseT coboil OeccTpyk-
TYpHYIO 3aBHCHUMOCTH OT OJHEpPIHHU
KBaHTA, YTO CBHJICTEIBCTBYET O MOJTHON
noTepe JalbHEro mopsAaka  (amop-
¢uzanun) B NPUIOBEPXHOCTHON oO0Ia-
ctu  obmyyenHoro  GaAs. Ilocne
NPOBEJCHNS KaK TEPMUYECKOTO, TaK U

JA3€pHOro OTKUIra KpUCTAJUIMYCCKAA

CTPYKTYypa MPaKTUYECKH BOCCTAHOBJICHA, JIUIIh HEJOCTATOYHOE pa3pelieHre MUKOB BOIU3U 3

3B cBUIETENBCTBYET 00 OCTaTOYHBIX PalUAIlMOHHBIX Je(eKTax.
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Ha puc. 3 mpuBeneHsl crnekTpsl mpomyckaHus oomydenHoro monamu GaAs(001); B
ATHX IKCIIEPUMEHTAaX UCIIOJIb30BaIMCh TUIACTHHBI C ABYXCTOPOHHEH MOJIMPOBKOH.

MoxHo CACIaTh BBIBO/J, YTO INIPpU BBCIACHHUU

BUCMYyTa Kpail TOIJIONICHUS CABUTAETCS B
JUTMHHOBOJIHOBYIO 00J1acTh. OILICHEHHBIC IO

CIEKTpaM 3Ha4YeHHs IIUPUHBI 3alpelieHHON

T, %

30Hbl 111 GaAs ¢ BucMyroM pamr Ey =

1.398 5B npu koMHaTHOIl Temmeparype, 4To

MEHBIIIC, yem 1.42 5B JUIST 0 , ,

1 n

1.300 1.325 1.350 1.375 1.400 1425

MoHOKpHUcTamtndeckoro GaAs. Orenka 1o E.eV

nauubiv - [1] oddexnsnoii KoHmenTparmH Puc.3. Cnektpsl nponyckanus ucxognoro GaAs

BUCMYyTa, KOTOpas BIMAEeT Ha Kpai (1) u 06HquHHBIXl4Bi 06pasios flociie bTO -
no3el noroB %10 M (2) u 2.410 ¥ em? 3) m

TIOTJIONICHUS, AaeT BeNuYuHy = 1 ar.%. W10 ¢ P =250 (xpuBas 4) u 400 mlx/cm (5).
[Tpu oOcyXneHuu MpencTaBICHHBIX PE3yJbTaTOB CHauaia CiaeAyeT MOHATb MPUYUHBI
OTKJIOHCHHUSI Tpoduiiell HUMIUTAaHTUpOBaHHOTO Bi oT pacuerHpix. OOpaTM BHUMaHHE Ha
noo6ue MoBeIeHus MpUMecH («ITOATATUBaHUE» Npoduis Bi kK TOBEpXHOCTH) MIPH OTIKUTE U
B MpOIECCe HMMIUIAHTAIlMH. OJTO MOXET OBITh CBHJETEIHCTBOM TOTO, YTO B MPOIECCE
UMIyJbCHOTO HMOHHOTO OOJlydeHUsT B MPUIOBEPXHOCTHOM cioe (GaAs mpoucxonut
3HAUUTEbHBI HAarpeB, a MpH TMOCISAYIONIEM OXJAKICHUM KOHIEHTpAlus aroMoB Bi
MPEBBIIIAET TMPENESl TBEPAOTEIBbHOW PAaBHOBECHOW paCTBOPUMOCTH, COOTBETCTBYIOUIEH
MIPOMEXYTOUHOM TEMIEpPAType, U OHU CErPETHPYIOT K MOBEPXHOCTU. MajaoBepOsTHO, 4TO
aToMbl Bi B IpUMOBEPXHOCTHOM CJIO€ MOCJIE€ UMIUIAHTALMU 3aHUMAIOT Y37bl pemeTku GaAs.
Bunumo, OHM BCTynarT B XMMUYECKOE B3aWMOJECHCTBHE C KHUCIOPOJOM BO3/lyXa U B BUIE

OKCHJIOB BKJIIOUAIOTCA B ITPO3payHblil €CTECTBEHHBIN okucen GaAs.

Pabota BeImonHeHa npu moaaepxkke Poccutickoro Hayunoro ¢onmga (mpoekt Ne23-29-00312)
U npu noxanepxke IIporpamMmmsel cTparerndeckoro akajaemudeckoro guaepctsa "llpuopurer

2030" MuHuCTEepCTBa HAyKH U BhICIIero oOpa3oBanus Poccuiickoit denepanmu.

[1] A.R. Mohmad, F. Bastiman, C.J. Hunter, R.D. Richards, S.J. Sweeney, J.S. Ng, J.P.R. David, B.Y. Majlis,
Phys. Stat. Solidi B, 251 (2014) 1276.

[2] R.N. Kini, A. Mascarenhas., Bismuth-Containing Compounds, Springer, 2013, P.181.

[3] B. Fluegel, S. Francoeur, A. Mascarenhas, S. Tixier, E.C. Young, T. Tiedje, Phys. Rev. Lett., 97 (2006)
067205

[4] 1.G. Brown, The Physics and Technology of lon Sources, New York: Wiley, 1989.

[5] X. Puccen, M. Pyre, Monnas umimianTaius, M.: Hayka, 1983, C.78.
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JETUPOBAHUE APCEHU/JA I'AJIJIUA NOHAMMU 3JIEMEHTOB IV I'PYIIIIbI
DOPING OF GALLIUM ARSENIDE WITH IONS OF GROUP IV ELEMENTS

A.B. 3noposeiimies!, 10.A. [lanunos!, A.B. Mypens?, H. Boudinov?
A.V. Zdoroveyshchev', Yu.A. Danilov', A.V. Murel?, H. Boudinov?

' Huscecopoockuii 2ocyoapemeennviii ynueepcumem um. H .M. Jlobauesckozo, np. I'azapuna,
23/3, Huorcnuii Hoszopoo, 603022, Poccus, zdorovei@nifti.unn.ru
2 Unemumym pusuxu muxpocmpykmyp PAH, I'CII-105, Huxcnuii Hoszopoo, 603950, Poccus
3 Institute of Physics, Federal University of Rio Grande do Sul, av. Bento Goncalves, 9500,
Porto Alegre, RS, 91501-970, Brazil

The electrical properties of GaAs layers obtained by implantation of ions of group IV
elements: C, Si, and Ge, which are classified as amphoteric, have been
experimentally studied. It is shown that the highest electrical activation after rapid
thermal annealing is exhibited by Si atoms, while with an increase in radiation

disorder (Ge") or its decrease (C"), the carrier concentration is relatively low.

Ob6menpunsato cuutath [1], uro atomsl 3nemeHToB IV rpynmel Ilepuoanueckoit
CHCTEMBI ABIAIOTCS aM(OTEpHBIMH NpuMecsMu B moiynpooxaukax A'BY, t.e., moryr
pacroaratbCcsi B y3JIax 00eux mojapeneTok. B smuTakcuanbHbIX TexHOJorusax GaAs
CTPYKTYp OOBIYHO UCHOJB3YIOT KpPEeMHHMH i (OPMUPOBAHUS CIIOEB N-THUIA, PExKe
HCIOJIB3YIOT YTJEPOA JUIsl aKUENTOPHOIO JIETUPOBAHMS MU MPAKTUYECKH HE HCIIOJIb3YeTCs
repManuii. OTMeTHM, 4To K03puueHTs! quddy3un 3tux npumeceii B GaAs HEBBICOKH MpU
TUMIUYHBIX TEMIIEPATypax MPOLECCOB, UTO SBISETCSI HECOMHEHHBIM UX JOCTOMHCTBOM.

M3BectHo [1], uro mms amdorepusix mpumeceit B GaAs cymiecTByeT mpobiema,
3aKJIIOYAIOIIAsCS BO B3aMMO3aBUCUMOCTH JIOJIM 3JIEKTPUYECKH aKTUBHBIX aTOMOB [V rpynmsl
OT pa3zymnopsaoueHusi (KOHUEHTpAluu U BUAA Je(EeKTOB) KpHUCTaliia, a caMa KOHIEHTpaIs
nedeKToOB 3aBUCUT OT COJIEp)KaHUs U THMa npumecH. EcTeCTBEHHO mojarath, 4To MpOLECCHI
JIETUPOBAHMSI U aKTHBAIlMM IpuMeced 3iaemMeHTOB [V rpynmbl OyIyT CHIBHO 3aBHCETHh OT
Merona ux BBeAeHus. [lpum snurakcuanbHOM JerupoBaHuM (GaAs, KOTOpoe OOBIYHO
IIPOMCXOAUT B IOYTH PAaBHOBECHBIX YCIOBHUAX NHpH TeMmrieparypax nopsaka 600 — 700°C u
MpHU TOoJa4e M30BITOYHOTO MBILIbSKA, MPOLECC MPOTEKAeT MPH MUHUMAIbHOM KOJIMYECTBE

nedexroB. [pyras kapTuHa J0JKHA HAOIIOAATHCS TP MOHHOM JIETUPOBAHUH, KOTJA B X0JI€
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BHEJpEHUS 00pa3yercs MHOIO paJHalllOHHBIX JAEPEKTOB, MJsi YCTPAaHEHUS KOTOPBIX
HeoOxonuM oTxkur. Ilpm sToM mporecc akTHUBAlUHM (BCTpauBaHUS B KPHUCTAJUIMYECKYIO
pemetky GaAs) aromoB IV rpynmbl NpOMCXOAUT B YCIOBUSX MOBBIIMICHHBIX KOHIIEHTPALUA
TOUEYHBIX JIe(PEeKTOB, B TIEPBYIO O4Yepeab, BaKaHCHH, MEXI0Y3€JIbHbIX aTOMOB U
aHTUCTPYKTYpHBIX nedexToB. U 3TH aBa mporecca — OTXKUT TOYEUHBIX Je(EKTOB U aKTHUBAIHS
MMIUTAaHTUPOBAHHBIX aTOMOB — HWAYT MapajiielbHO, BIUAS JApPYr Ha jpyra. fIcHo, 4To
KOJMYECTBO OOpa3yIOIIMXCsl MPU UMIUIAHTALMU JAePEKTOB 3aBUCUT OT MacChl MOHOB: HX
KOJIMYECTBO OyJIeT MUHUMAIbHBIM [UIsl JIeTKUX HOHOB C M MakCHMajibHBIM (BILIOTH J0
amopduzanmu GaAs npu HeOombImmX g03ax) s Ge. [IpeacraBnser 3HAYNUTENBHBIA HHTEPEC
IIPOBEJICHUE CPABHUTEJIBHOTO MCCIECIOBAaHUA aKTuBauuu mpumeced IV rpynmel npu
BapbUPOBAHUU YCJIOBHM UMILJIAHTALIUY U TEPMUYECKOTO OTXKUTA.

B nannoit pabote MCXOIHBIM MaTepUaIoM Ciykuiu miacTuHsl i-GaAs (100). DHeprus
MMIUIAaHTUPYEMbIX HOHOB BapbupoBaiach B Auanazone 150 - 3000 k3B (yckopurenu HVE u
Tandetron — Institute of Physics, UFRGS, Brazil). O6myuenne noHamMu TpPOBEICHO B
YCIIOBUSAX, MUHUMH3UPYIOIIUX OCEBOE U IUIOCKOCTHOE KaHaiupoBaHHue. beictpeiii (10 c)
tepmudeckuil oTUr (BTO) 006pa31ioB BHIMOIHSICS B MOTOKE aproHa 0e3 MOKPHITHS, MPUYEM
MMIUIAaHTUPOBAaHHAsI CTOPOHA 00pa3l0B HAXOAMIACh B KOHTAKTE C KPEMHHMEBBIM JIEp>KaTEIeM-
MOJJI0KKON. MeTonbl ucciaenoBaHusl BKIOYaIn: u3MepeHus 3ddexra Xomna U MojydeHue
npoduiIeit HoCUTeNeH B CIO0SIX C TOMOIIBIO dNIeKTpoxumudeckoro C-V merona.

WmrutanTanus camMbiX Tsokenbix HoHOB Ge™ Oblia BbINOJHEHA npu dHeprun 2400 x3B.

—2

2. Ilpm goze 103 cm

HWcnonb3oBanel 1036l uMIuiantamuu (D) ot 10 go 2x10' cm
>IeKTpUdecKas akTupamus aToMoB Ge INPOMCXOMWT TOJBKO B PE3yJbTaTe OTXKUra IpH
1000°C, a ms no3 510" u 2x10'* cm? — maumnas ¢ Temneparypsl omkura (7a) 800°C. Bo
BCEX Cily4asX HaOIIOANCS DJIEKTPOHHBIA THI MPoBOAMMOCTH. ClioeBas KOHLEHTPAIUS
3JIEKTPOHOB BO3pacTajia MOHOTOHHO ¢ yBenuuenweM 71, ot 800 mo 1000°C, mocturas

2 IpM MakCMMAaJbHOM M3 HCHONB30BaHHBIX 103. Kosddumuent

3HaueHus 1.3x1083 cm
AJIEKTPUYECKON aKTHUBAIMM (OTHOIIEHHE CJIOEBOM KOHIIGHTPAIMU DJIEKTPOHOB K J03€
UMIUIaHTanuu) cHmwkaiacs oT 30 mo 7 % TpW  yBENMYEHMH 1036l HWMILUIAHTAIUU.
MaxcumansHas >Gp(eKTUBHAS MMOJBMKHOCTh HOcuTenek nocrurana 3300 cm?/B-c mpu T, =
850°C u D = 5x10'3 cm~? u cHWKanach Kak npM yBenudeHun temnepatypbl BTO, Tak u 10361

ITocne omkuUra cioes, 00Iy4eHHBIX HOHaMHM 23Si*, Takxke BO BCex Cilydasx HaOIrogamcs

N-TUM poBoAUMOCTH. CJI0€BOE€ COMPOTUBIECHHE MOHOTOHHO YMEHBIIANOCh ¢ pocToM T U

JIOCTUTaJI0 MUHUMAIBHBIX 3HAYEHUH NPU MaKCHMAIIbHOM M3 MCIIOJb30BAHHBIX 103 (2x10'
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cM2). Ha pucynke | mokasaHbl 3aBUCHMOCTH CJIOEBOM KOHIIEHTPAIUM DIIEKTPOHOB (715) OT

temneparypsl BTO. OTMeTHM, 4TO MaKCHMAIILHOE 3HAYEHHUE 115 cocTaBisAeT 9.8x10'% cm2,

288i*. 1 MeV

10

. 1
107 7’/——' 1_

800

HS CM

850 900 950

Tﬂ' OC
Pucynox 1. 3aBHCHMOCTD CII0€BOM
KOHIEHTpAIlMK D3JEKTPOHOB B ciosix GaAs,
00yueHHbIX moHaMu Si'” ¢ sueprueit 1000 k3B ot
TeMIepaTyphl OTKUTA MPHU PA3HBIX 103aX, cM *: 1
-2x10",2-5%10"; 3 - 1x10'%; 4 - 2x10',

Ha pucynke 2  mokazanbel  mpoduin

KOHICHTpAUU JJICKTPOHOB B JICTHPOBAHHBIX

KpeMHueM ciosx (GaAs mocie oTXHra Inpu

pasHbIX  Temmeparypax. OrmeruM  1Be
0COOEHHOCTH: BO-TIEPBBIX, MaKCUMyM
KOHIIEHTpPAallMM  HOCHTENICH  pacrosaraercs

OmmKke K TOBEPXHOCTH, Ye€M pPACCUUTAHHOE
nporpammori SRIM-2008 3HaueHue cpenHero
npoenupoBanHoro npobera (0.83 mxm). [Tuk
KOHIICHTPAIIMU  DJIEKTPOHOB  MPAKTHUYECKH
COBIIAJACT C PACCUUTAHHBIM MaKCHMyMOM
pacrpenenieHus  pagualndoOHHBIX  Ae(eKToB
(0.71 MxMm). DTO MOXET CBUIETEIHCTBOBATH O
9TO B aTomMoB  Si

TOM, aKTHBalluu

OIMPCACIICHHYIO  IOJIOKHUTCIBHYIO  POJIb

UTparoT

DT0 3HAUCHHWE MOYTH B 8 pa3 NpEBHIIIACT
BEJIUYHHY, MTOTYICHHYIO JUTSl HMILTAHTAIIHH
Ge'.  Koaddummenr  snexTpuveckoit
aKTUBAIlMd aTOMOB KPEMHHSI BO3pacTaeT ¢
YBEJIMUECHUEM  TEMIIEpaTypbl  OT)KHTa,
nocturas 93 % mpu T, = 950°C u mose
2x10"3 ¢cm2, u ymenbimaercs ¢ poctom D.
OTMETHM, YTO MOJABMKHOCTH 3JIEKTPOHOB B
cinosix GaAs:Si TakKe BBINIE, YeM B CIOSX
GaAs:Ge.

MakcumanbsHoe 3HAUYEHIE

MOJABUKHOCTH  DJICKTPOHOB  COCTaBHJIO
4015 cm?/B-c aas cilydas MMIUIAHTAIAH C

no3oii 103 cMm? u omxure ¢ T, = 750°C.

18
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16
187 00 05 10 15 20
X, MKM
Pucynoxk 2. Ilpodunm  KOHIEHTpaIuu

OJICKTPOHOB, IOJYUYCHHBIC J3JICKTPOXUMUYCCKUM
C-V meronoMm, B GaAs, o0iydeHHOM HOHAMHU
Si* ¢ smeprueii 1000 k3B u 10301t 2310 cm? ¢
rocienyronmm oTkurom npu: 1 — 750; 2 — 800;
3 -950°C.

BaKaHCHH.

Bo-BTOpBIX, € pOCTOM

TEMIICPATYPbl OTXKHI'a o0beMHas KOHLCHTpPANuUsA OSJICKTPOHOB YBCIWYMBACTCA WM JOCTUTACT

3raueHus 8x10'7 cM>. DTH 3HAYEeHWs TaKke TUIUYHBI Il uMIntanTtanmud Sit B GaAs ¢

HCBBICOKHMMHU SHEPTrUAMHU U JJIUTCIbHBIMHA TEPMHUIYCCKUMU OTKUT'aMU [2,3]
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OneKTpryecKkass AaKTUBHOCTh HMILIAHTUPOBAHHOIO YIVIEpoAa MpOSBISAETCS IpU
WCIIONB30BaHUM Temmeparyp OwicTporo omxkura > 700°C. Ilpu Bcex yCIOBHSX JISTUPOBAHUS
CJIOM WMEJIM JBIPOYHBIM THUI MNpoBoAMMOCTH. Kak TmokazaHoO Ha pHUCYyHKe 3, clioeBas
KOHLEHTpalusi ABIPOK (ps) MPH YBEIHMUEHUU JI03bl CTPEMUTCS K HACHIIIEHUIO HAa YpOBHE
4x10"3 cM2. XapakTepHO, YTO 3HAYUTENBHOE YBEIUYEHHE J03bI MMIUIAHTALMH Ha y4acCTKeE
HACBIICHUS IPUBOIUT JIUIIH K HE3HAYUTEITFHOMY YMEHBIIICHUIO TIOJIBIDKHOCTH JBIPOK.

B wactHOCTM, nnA  TeMmmepaTypbl

omkura 900°C m 103 WMILIAHTAIIMH

2x10 wm  1x10 cM? momydeHsl
3HaueHns ps = 2.8x103 um 3.3x101

10"k ] CM 2, COOTBETCTBEHHO, a ITO/(BIKHOCTb

yMeHbImmIack ¢ 210 mo 185 cm?/B-c.

, CM

X AHajornunsie N3MECHCHUA

HaOJIIOJAITNCH "u TUTS TIPYTUX

79 Ct 1 M>dB

TEMIIEpaTyp OTKHUra. OTO TOBOPHUT O

10" 10" 2 10" TOM, 9TO aToMbl C BXOIST TOJIBKO B
D, cm

y3ibl MbllIbsika B (GaAs, T.K. Ipu
Pucynok 3. JlozoBas  3aBUCHUMOCTH  CIIOEBOH
KOHIICHTpAIlMU JBIPOK B ciiosix GaAs, o0JIydeHHBIX
nonamu C' ¢ sueprueit 1000 k3B U 0TOMNKEHHBIX TIPU yriepoga B MOAPEINETKY — ajuIus
T, = 850 (xpuBas 1), 900 (kpuBas 2) u 950°C (xpuBas
3). JOJDKHO  ObTO OBl 3HAYUTEIHHO

BXOXJICHUU JOITIOJIHUTCIIBHOT'O

YBEJIMUUTHCS pPAacCesHHWE Ha 3apsDKEHHOM mpumecu (UIsl BBILICTPUBEIECHHOTO IpUMeEpa
KOHIICHTpAIUS 3apsDKCHHBIX PACCEHBAIOIINX IIEHTPOB JTOJDKHA ObLIa OBI BO3PACTH B 5 pa3).

3aMeTHM, YTO CIIMIIKOM OOJibIlias KOHIEHTpalus aedekroB npu ummiantanuu (Ge')
win caumkoM ManeHbkas (C') He NPHBOAAT K XOPOUIMM YCIOBHSIM AJICKTPUYECKOU
aKTHBaIMK aM(OTEPHBIX MpuUMeced (Kak 3TO MONIydwsiock B ciydae Si'). JIJsi mOBBIIICHUS
Koa¢duLMeHTa >IEeKTPUUECKON aKTUBALMK UMIUIAHTHPOBAHHOTO YIJIEpO/ia BBIXOJOM MOKET
OBITH OTIONIHUTENbHOE JIeheKTooOpa3zoBaHue Mepe]] OT)KUTOM (HaIpUMep, UMIUTAHTALuUs [IPU
MOHIKEHHBIX TEMIIepaTypax).

Pabora BemonHena mnpu momuepxkke Poccuiickoro HaywyHoro ¢onma (MpoeKT
Ne23-29-00312) m mporpaMMmbl CTPAaTETHYECKOTO akaaeMuueckoro nuzaepcta '[lpumopurer
2030" MuHucTepcTBa HayKy U BeIciero oopasosanus Poccuiickoit denepanun.

[1] B.1. ®uctyns. ATOMBI JETUPYIOMUX TpUMecei B moaynpoBogHukax. M.: duzmatiut, 2004.

[2] Apcenun ramnust B Mukpoaniektponuke. [Tox pen. H. AtHenpyka, Y. Yuccmena. M.: Mup, 1988.

[3] E.W. 3opun, I1.B. [1asnos, /1.11. Terens6aym. MonHOE JerupoBaHKe TOTYIPOBOIHUKOB. M: DHeprust, 1975.
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PAJJUAIIMOHHBIE JE®EKTHI B HIEJTOYHO-TAJTIOUJIHBIX KPUCTAJIJIAX,
HABEJEHHBIX IOTOKAMHU YCKOPEHHBIX NOHOB MATHUSI
RADIATION DEFECTS IN ALKALI HALIDE CRYSTALS INDUCED BY FLUXES
OF ACCELERATED MAGNESIUM IONS
H.A. MBanos', C.A. He6orun', B.JI. ITanepusiii’ JI.W. Bproksuna’

N.A. Ivanov!, S.A. Nebogin!, V.L. Paperny?, L.I. Bryukvina?

! Upxymexuii nayuonanohwiii ucciedosamensckutl mexHuueckutl yHueepcumen, yi.

Jlepmonmosa 83, 664074, Upxymck, Poccus, ivnik(@istu.edu

’Upxymcexuii 2ocyoapemeennviii ynusepcumem, ya. Kapaa Mapxca 1, 664003, Hpxymck,
Poccus
SUpkymcexuii punuan Uncmumyma nasepnoii pusuxu CO PAH, yn. Jlepmonmoea 1304,

664033, Upxkymck, Poccus, baikal@ilph.irk.ru

LiF, NaCl, and KCI crystals were irradiated with accelerated Mg ions having an average
energy of ~ 80 keV and an average current density in the ion beam of 4puA/cm?. The
irradiation dose varied from 2.2x10'® to 7.5x10'® jon/cm?. In a thin near-surface layer about
60—100 nm thick, magnesium nanoaggregates and color centers were formed. The optical
characteristics of the induced centers after thermal annealing and X-ray irradiation of the

samples are studied. The nature of nanosized magnesium centers is discussed.

lenounoranouansie kpuctamwisl (I'K) LiF, NaCl, KCI u KBr, nerupoBaHHble MpUMECHIO
Maraus (Mg), IOeMOHCTPUPYIOT TMOSIBJIC€HHE IEHTPOB, CBS3aHHBIX C MpuUMechlo Mg,
norjomatonux B YO obnactu cnektpa (275-330 HM), mpHpoaa KOTOPBIX 0 CHUX MOp
YBEpPEHHO HE yCTaHOBJIeHA. B Hamelr paboTe n3yuaeMble IIEHTPHI HABOSATCS B O€CITPUMECHBIX
KpUCTaJlJlaX BCIEJACTBME MOHHOW WMILIAHTAIlMM MOHOB MarHus. B pabGortax aBTtopoB [1,2]
JaHHbIE IIEHTPHI MOSBISUINCH B sierupoBaHHbIX MaruueM 'K mocie HekoTopsix mporenyp,
BKJIIOYas ONTHYECKOE OOeclBEUYMBAaHUE, TEPMOOOPAOOTKY U OOIyyeHHE HOHU3HUPYIOIIHUMU
n3nydeHussMd. OAMHAKOBBIM JUama3o0H ONTHYECKOrO TMOTJIOIIEHUST B Cllydyae HOHHOMU
MMIUIAHTAllMd U B CIy4yae JETMPOBAHHBIX MAarHWEM KpPUCTAJJIOB MO3BOJIAET MpeArosaraTh
CXOJICTBO MIPHUPOJIbI LIEHTPOB.

IleHTpBl C MOJIOCOM MOTJIOMIEHUS Avaxc=276 HM, HaOdrojarolyecs B MMILIAHTHPOBAHHBIX
MaraueMm kpucrauiax LiF, naBHO u3ywaroTcs, W NpupoAa HMX, KaK HAHOYACTHI[ MarHus,
YCTaHOBJIEHA JIOCTAaTOYHO YyBepeHo [2-4]. Ommako B apyrux 'K, uMmmmanTHpoBaHHBIX

MarHueM, MoBeJIeHUE IIEHTPOB ¢ mojocor B oomactu 300-330 HM mpH pa3IuuHBIX 00paboTKax
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(TepMUYECKUIl OTXKUT, PEHTTEHOBCKOE OOJyuyeHHEe) HEe JaeT BO3MOXKHOCTU OJIHO3HAYHO
MHTEPIPETUPOBATH UX KaK HAHOYACTHUIbI MAarHHUSL.

MeTtoabl 1 MaTepHaJIbl HCCJIe0OBAHUS

Kpucrannaer LiF, NaCl, KCl u KBr, Beipamennbie metonom Kwupomynoca, oOiaydanuchk
noHaMM Mg ¢ NOMOIIbIO MMITYJIbCHOIO KOMIAKTHOTO HCTOYHUKA YCKOPEHHBIX HOHOB CO
cpenneii sHepruei ~80 k3B U cpenHel MIOTHOCTEIO TOKAa B HOHHOM ITydke 4 MKkA/cm?. J103b1
00TyYeHUs HAXOMWIMCh B auamasoHe oT 2,2x10'6 mo 7,5x10'® mon/cm?. HamowacTuusl u
ueHTpbl okpacku (L{O) ¢opmupoBanuch B TOHKOM MPUMIOBEPXHOCTHOM CJIO€ TOJIIMHON
nopsiaka 60-100 aM. Y@ u BHIMMBIE CHEKTPBI ONTHYECKOrO MOTJIOIICHHS HU3MEPSUINCH C
nomotpio criektpomerpa Shimadzu UV-3600 npu xomHaTHOUW Temmeparype. OOmyueHue
KPUCTAJIJIOB PEHTT€HOBCKUM U3TyY€HUEM IPOU3BOIMIOCH ¢ oMolIbsio TpyOku 60 kB, 50 MA
B TEUEHHE JIBYX MUHYT.

Tepmuueckuii orskur kpuctaawinos LiF, NaCl u KCl, umniiantupoBannbix nvonamu Mg
Ha puc. 1 npencraBieHsl onTUYeCKHe CIEKTPHI MOTJIOMEHUS OTOXKEHHBIX KpucTtaos NaCl

u KCl.

o0 0TEITa

100

Abs.
o
e

0.2

0 0.1
200 300 400 500

0 —t—t—t— t
7. HM 200 300 400 500

7y HM

Puc. la. Ontuueckue crektpbl norjomeHus Puc. 10. OnTuueckue CHEKTPhI MOTIOMICHHUS
omxuraeMbeix kpucramioB NaCl-Mg. [udpsr omkuraemsix kpucramioB KCIl-Mg. Hudpst
OKOJIO KPUBBIX - TemnepaTypa oTxura (B °C). OKOJIO KPUBBIX — TemmepaTypa otTxura (B °C).

B Tabmuiie 1 w 2 mpencTaBleHBl TEeMIIEpaTypa OTKWTA, MAKCHUMYMbI OTHOCHTEIBHBIX
WHTEHCUBHOCTEN W IJIMH BOJH TMOJIOC ToryiomieHuss 1neHTpoB ~ 300-330 HM B cmekrtpe
kpuctamioB NaCl, KCl u monocst ~ 274-278 M B cniektpe kpuctasmnia LiF.

Tabnuma 1. Temmeparypa oT)KHTa, MAKCHMYMBI OTHOCHTEIHHBIX MHTEHCUBHOCTEHN ¥ JTMH BOJIH TT0JIOC
nornomenus 1eaTpoB 300-330 am B cnekrpax kpuctamioB NaCl u KCL

NaCl-Mg KCI-Mg

T°C 10 50 | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 10 50 | 100 | 150

OTXHUra OTXHIra

274



Am, 320 312 | 311 | 306 | 304 | 304 | 304 | 307 | 311 | 318 315 325 | 328 | 336
HM
Im, 1.01 094 | 1.02 096|096 | 097 | 095 | 091 | 0.84 | 0.62 | 0.67 0.5 | 045 0.38
OTH.C
pi

Tabmuma 2. Temmeparypa OTXHra, MaKCUMyMBl OTHOCHTEIIBHBIX WHTEHCHBHOCTEH W IIOJIOC
MOTJIONICHUS LIEHTPOB 274275 M kpuctaiios LiF.

T°C bi (6] 50 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550

OTXHUra

Am, HM | 274 276 | 275 | 275 | 276 | 276 | 277 | 277 | 278 | 277 | 276 | 276

I, 224 | 206 | 2.16 | 2.05 | 205 | 199 | 18 1.6 1.5 1.3 | 1.05 | 09
OTH.€J]

Tabmua 1 neMoHCTpuUpyeT yMEHBbIIEHHE WHTEHCHUBHOCTM M CIOBUT MaKCHMyMa IIOJIOCHI
MOTJIOMEHUS IPH Ayiaxe.= 320 HM B kpuctaiie NaCl-Mg. Takum 06pa3zom, BBICOKOYACTOTHBIN
casur noJiockl 320 am 10 304 am npu orxkure 10 300 °C, a 3arem Bo3Bpat k 318 um npu 450
°C ¢ yMeHbLIEHHEM MHTEHCHBHOCTH O3HauaeT, uto nojoca 320 um B NaCl-Mg coctout u3
NBYX TEPEKPBIBAIOIIMXCSA MOJ0C. OTH IMOJIOCHl MPUHAIJIEKAT JBYM THUIAM MAarHUEBBIX
LIEHTPOB, UMEIOLINX pa3Hyl0 JUHAMHKY MoBeleHus B npouecce omkura. B KCI-Mg nosnoca
MarHueBbIX AarperatHbIx LEHTpPOB Ipu 315 HM B IIpolecce OTXKHUIA MPETEepHeBacT
MOCJIEZIOBATEIbHBIA CABUT B CTOPOHY JJIMHHBIX BOJIH U YMEHbLIEHHE MHTEHCUBHOCTH, YTO
COOTBETCTBYET YKPYIHEHHIO MarHueBbIx arperatoB. [Ipu 150 °C mosoca uMeeT Avaxc=336 HM,
KOTOPBIA 3HAYUTEIHHO OTIWYAETCS OT HMCXOTHOTO (Awaxc=315 HM). Ilomoca mormomeHus
MarHueBbIX LIEHTPOB Hucue3aer u3 cnekrpa Kkpuctama KCI-Mg npu yBennuenuun
TeMiiepaTypsl orkura 10 250°C u Bblie.

Pentrenuszanus kpucranios NaCl u KCl, umnianTupoBanHbix HoHamu Mg

Ha puc. 2. u 3. npencraBieHsl CrieKTpbl ontudeckoro noriomieHus kpuctamioB NaCl u KCl,
MMIUTAaHTUPOBAHHBIX Mg HMOHaMHU, /10 U MOCJIe pEHTIeHOBCKOro obmyuenus. Ha pucynkax 2 u
3 yKka3aHbl THINBl IIEHTPOB OKpackH, o0Opa3oBaHHBIX mocie obOnydeHus. Cpeam HUX

HaboarTes AblpouHble HeHTphI (V-Tuna) u snekrponsslie neHTpsl (F, Fo, Ri u R2).
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NaCl-Mg
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7. HM

Puc. 2. Onrtuueckue crektpsl nororienns NaCl kpucraiia, UMIUTAHTUPOBAHHOTO MOHAMH MarHHUs
10 (1) u mocie (2) peHTreHOBCKOro o0ydeHus B TeueHue 2 muH, 60 kV, 50 mA.

I/I3MCHCHI/I${, OPOUCXOAAIINE B TOHKOM HMMINUIAHTUPOBAHHOM CJIOE€ IIPHU PEHTICHOBCKOM
O6J'Iy‘—IeHI/II/I, CBUACTCIIBCTBYIOT O TOM, YTO HWHTCHCHBHOCTL IIOTJIOIICHHA Mg arperaTtoB

YMEHBIIACTCH. ITO CTaBUT nmoa COMHCHHUE UX MPUPOAY KaK MarHMEBbIX HAHOYACTHII.

12 Mg arperar

/\ KCl-Mg
1 1
V-tuna
LEHTP
0.8 \

V22 \N—s —
v \¢ '

200 300 400 500 600 700 800

7.y HM

Abs.

Puc. 3. Onruueckue cnektps! nornomenus KCI kprcraiia, IMIDIAHTHPOBAHHOTO HOHAMH MAarHUS JI0
(1) m mocne (2) peHTreHOBCKOTO 00MyueHus B Teuenue 2 MuH, 60 kV, 50 mA..

Bepositho, Mg arperater B NaCl u KCl, ummianTupoBanabsix Mg noHaMH, COCTOSIT HOHOB U

aToMOB Mg psiZIoM C aHHOHHBIMH W KaTHOHHBIMH (V," ¥ V. ) BakaHCHAMH, KOTOpPBIE MPHU

pPEHTreHU3alMK YIacTBYIOT B oOpazoBanuu 11O, ymeHbIIast KoHIIEHTpamnuo Mg arperatos.

[1] R. Voszka, A. Watterich. Phys. Stat. Sol. (b) 55 (1973) 787.

[2] A.T. Davidson, J.D. Caminst, A.M.J. Raphuthi, A.G. Kozakiewicz, E.J. Sendezera, T,E. Derry. J. Phys.:
Condens. Matter 7 (1995) 3211.

[3] A. Lushchik, Ch. Lushchik, K. Schwartz, E. Vasil’chenko, R. Papaleo, M. Sorokin, A. E. Volkov, R.
Neumann, C. Trautmann. Phys. Rev. B 76, (2007) 054114.

[4] H.A. WBanos, B.JI. Ilanepusiii, C.A. Heborun, JI.U. BprokeuHa. Marepuanst XXVI MexayHapoaHoro

cummio3uyma «Hanodusnka u HaHoanekTponuka», Hukuuit HoBropon, Poccus. 1 (2022) 453.
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NCCJIIENOBAHHE BBICOKOMHTEHCHBHOM UMIUTAHTALIMA NTOHOB TUTAHA B
KPEMHUNU B YCJIOBUAX DHEPTETUYECKOI'O BO3JAEMCTBUA ITYUKA HA
I[NOBEPXHOCTb*

AWM. Usanosa', J1.0. Baxpymes', O.C. Kopuenpa!, A.B. I'ypynes!, I.J1. Epumos?,
A.A. YepHblues®

INVESTIGATION OF HIGH-INTENSITY IMPLANTATION OF TITANIUM IONS INTO
SILICON UNDER THE ENERGY IMPACT OF A BEAM ON A SURFACE*

AL Ivanova!, D.O. Vakhrushev', O.S. Korneva!, A.V. Gurulev', D.D. Efimov?,
A.A. Chernyshev?

1 ®I'A0Y BO «Hauuonanvuwiii uccieoosamenvckuil ToMCKUll noaumexmudeckuil
yHugepcumemy, 634050, npocnexm Jlenuna, oom 30, 2. Tomck, Poccuiickas @edepayus,
bai@tpu.ru

2 @I'AOY BO «banmuiickuii @edepanvhviii yHugepcumem umeHu Humanyuia
Kanmay, 236041, yn. A. Heeckoco, dom 14, . Kanununepao, Poccutickas ®@edepayusi.

3 ®I'AOY BO «Hayuonanvhwiii uccredosamenvckuii Tomckuti 2ocyoapcmeeHHbll

yHugepcumemy, 634050, npocnexkm Jlenuna, oom 36, e. Tomck, Poccutickas @edepayusi.

This work 1s devoted to the study of the features and regularities of the realization of
the synergy of high-intensity implantation of titanium ions into silicon with energy impact on
the surface of a submillisecond ion beam. It has been shown for the first time that the synergy

of high-intensity ion implantation and the energy impact of a high power density ion beam
makes it possible to increase the depth of ion doping from fractions of a micron to 6 microns

by changing the irradiation duration in the range from 0.5 to 60 min.

Pa3BuTtre MeToA0B TiIyOOKOTO HOHHOTO JIETUPOBAHHS TPUIOBEPXHOCTHBIX CIIOEB
MOJIyIIPOBO/IHUKOBBIX MaTepUalioB, a TaKKe METAIJIOB U CIUIaBOB Oyiarojapsi yCHUJIECHHUIO
paAMallMOHHO-CTUMYJIUPOBaHHON  auddy3un B  yCIOBUSAX, KOrjga TJIyOOKHE —CIIOH
oOyyaemoro oOpa3la He MOJBEPrarTCs 3HAUMTEIbHOMY TEMIIEpaTypHOMY BO3JIEHCTBUIO,
MPEACTABISACT 3HAYMTENBHBIM MHTEpEC JUIsl TNPAKTUYECKOM peann3aluy TEXHOJIOTUH
HAIlpaBJIEHHOTO YJIYUYIIEHUS SKCIUTyaTallMOHHBIX CBOWMCTB JE€Taled W W3JIEIUN pa3IndHOTO

HasHaueHus. Hactosmmas paboTra  TOCBAIEHA  WCCICAOBAHMIO  OCOOCHHOCTEH W
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3aKOHOMepHOCTeI\/’I pcannsan CUHCPruu BBICOKOMHTCHCHBHOM UMIUIaHTAIlU MOHOB TUTaHa

IpH IUIOTHOCTAX TOKA B HECKOJNBKO COTEH MA/cM?

C OJHOBPEMEHHBIM HSHEPTrETHYECKUM
BO3JICHICTBUEM Ha TIOBEPXHOCTh ITydyKa HOHOB CYOMWJUIMCEKYHAHOW JUIMTEIBHOCTH C
IUIOTHOCTHIO MOIIHOCTH, TOCTUTAIONIEH HECKOIBKUX JeCATKOB KBT/cM?.

[Ipu wuccraenoBaHuM B KadecTBe OOpa3lOB HCIOJIB30BAIUCH TMOJUPOBAHHBIE
KPEMHHMEBBIE TIACTUHBI pazmepoM 40x10 mm? u Tommmuoi 380 MkM. CBEpXBBICOKOI030Bast
MMIUIAHTallMs HWOHOB THUTaHa B YCIOBHUSX YaCTUYHOTO MIpOrpeBa Bcero odOpaslia MOHHBIM
MMy4KOM U  CYIIECTBEHHOTO HUMITYJIbCHOTO HarpeBa IMOBEPXHOCTH  0OecreynBaio
¢ ¢y3noHHOE JIETMpOBaHHE KPEMHUS TUTAHOM B 3aBUCHMOCTH OT BpeMEHHM U (toeHca
o0ydeHus.

Merogamu POP anbda-gactuir, mpoCcBEYMBAIONMIEH >JIEKTPOHHON MHUKPOCKOIHUEH H
peHTreHo(pa30BbIM  AHAJIM30M  HCCIIEJIOBaHbl  KOHILIEHTpalMs W  MPOCTPAHCTBEHHOE
pacnpeeneHie UMIUIAHTHPOBAHHOTO THUTaHA, MUKPOCTPYKTypa M (a3oBblii COCTaB MOHHO-
JIETUPOBAHHBIX CIIOEB.

[TokazaHo, 4TO B 3aBHCHUMOCTH OT PEXKHMOB OOJyUeHHUS, OTIUYAIOIIMUXCS YacCTOTON
UMITyJIbCOB (D OPMHUPOBAHHUS HMOHHOTO ITydyKa WJIM DSHEpPruedl HOHOB, peanu3yloTcs Tpu
BapHaHTa MOHHO-IJIA3MEHHON 00paboTKK MOBEPXHOCTH KpeMHus. [Ipu yactoTe MMIynbCcoB
1 uMI1./C IMEeT MECTO PEXUM HOHHO-aCCUCTUPOBAHHOTO OCAXJACHUS MOKPHITHA. Y BEITUUYEHNE
4acTOThl MMITYJIbCOB MOHHOTO My4yKa JI0 2 UMIL./C COIPOBOXKIAETCS MEPEXOIOM B PEKUM
BBICOKOKOHIIEHTPAlIMOHHOW ~ MMIUIAHTALIMM, TO3BOJIIIONIEH  YBEJIMYNATHh KOHIICHTPALIMIO
MMIUTAaHTUPOBAHHBIX aTOMOB OJjlarojaps 4acTUYHOW KOMIIEHCAIlMM HOHHOTO pacCIbUICHUS
OCAKJICHHEM METAJUIMYECKON IuTa3mbl. JlalbHelliee yBEIMYEHHE 4YacTOThl HMITYJIbCOB
MOHHOTO ITy4YKa COMPOBOXKAAIIOCH YMEHBIIEHUEM BIIMSHHUS IIa3Mbl HA THHAMHUKY HAaKOIUICHUS
VMMIUTAHTUPYEMOW NMPUMECH U YBEIMYEHHEM HEPreTUYECKOTO BO3IEHCTBUS HMOHHOIO ITy4Ka.

Pesynbratel 00paboTku crnekrpoB POP mo3Bonmim ycTaHOBUTH 3aKOHOMEPHOCTH
W3MEHEHHUS TOJIIUHBl TUTAHOBOTO MOKPBHITUS HA KPEMHHEBOW MHUIIEHH B 3aBHCHUMOCTH OT
BPEMEHHM HOHHO-ACCHUCTHPOBAHHOI'O OCA&XJIEHMs IUIa3Mbl TuTaHa. [loka3aHo, 4TO HMOHHO-
1a3MeHHas o0pabotka B TedeHue 30 ¢ mpuBOAUT K (HOPMUPOBAHHIO HOHHO-JIETHPOBAHHOTO
CI0A C TOJIIMHOM B HECKOJBKO JAECATKOB HaHOMeTpoB. KoHIEHTpanus TUTaHa B CIIO€
HemHoro Oonbimme 30 ar.% moATBEpXKIaeT, YTO B Hadajae OOJyYEeHHS MpeBaIupyeT
MMIUTaHTALKs, @ HE OCaXJIEHUE TOKPBITHs. YBEIUYEHHE BPEMEHH OOJIydeHHUs MPHUBOIUT K
(hOpMUPOBAHUIO MOKPBITHS C TPONOPIUOHATIBLHBIM POCTOM €T0 TOJIIIUHBI.

[TokazaHo, 4yTO MpHU YBETWYEHUM YACTOThl MMITYJIbCOB B JBa pa3a ¢ 1 A0 2 umi./c

MEHSIETCSl PeKUM HOHHO-IIIIa3MEHHOM 00paboTku KpeMHUs. IHTEeHCUBHOCTH MOHHOTO Iy4Ka
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B 3TOM CJIy4ae y»e AOCTATOYHO /Il HOHHOTO PAcHbUICHHS OCaXAAEMON MEX1y UMITYJIbCaMU
IUIGHKH THUTaHa. lccienoBaHus, BBINOJIHEHHBIE C MCIOJB30BAHMEM IPOCBEUMBAOIIEH
ANEKTPOHHOW MHUKPOCKOIIMH, IOKa3ajld, YTO B ATOM pEXUME OOJIy4eHUsS KOHIEHTpalus
TUTaHa B NMPUNOBEPXHOCTHOM HMIUIAHTUPOBAHHOM CJIO€ OKa3bIBAE€TCS OYEHb BBICOKOH. DTO
MPUBOJIUT K (POPMUPOBAHUIO MPOTSHKEHHOTO MPUITOBEPXHOCTHOT'O CJI0S, COAEPIKAIIETO OKOJIO
60 ar.% turana m 40 ar.% xpemHus. Bricokas KOHIIGHTpaIMsl THTaHA OOYCJIOBJICHA
BBICOKOKOHILIEHTPALIMOHHBIM PEXUMOM HOHHOM MMILTaHTauu. Ocax/eHue mia3Mbl TUTaHA B
MPOMEXYTKaX MEXIy MMIyJIbCAMM HOHHOTO IyyKa MPUBOJUT K YMEHBUICHUIO
s¢dexkTuBHOrO KO3 (UIIMEHTa HOHHOTO  pachbUieHuss 00ay4yaeMoil  MOBEPXHOCTH.
YMeHbIlIeHHe HOHHOTO paclblICHHUs] MUILIEHH, B CBOIO OY€pe/lb, CIIOCOOCTBYET yBEIUUYEHUIO
KOHIEHTPALUU UMIUIAaHTUPYEMBIX aTOMOB.

VYBenuueHne 4acToThl MUMITYJIbCOB MOHHOTO IMydYka 10 3-4 HUMIL/C MpPH COXPaHEHUU
CpeIHEH »HHEprud HWOHOB, JJIMTEIBHOCTH HMIYJIbCOB M IUIOTHOCTM HMOHHOTO TOKa
CIOCOOCTBOBAJIO MEPEXO/Y OT BHICOKOKOHIIEHTPAIMOHHON HMIUIAHTAIlMM K peXHUMY, KOTaa
OCaXJEHHE IIa3Mbl UTPAET 3aMETHO MEHBLIYIO POJIb.

BrniepBble moka3aHO, 4TO CHHEpPrusi BHICOKOMHTEHCHBHOM HMIUIAHTAllMd HOHOB U
SHEPreTHYECKOro BO3ACHCTBHS MydyKa MOHOB BBICOKOW IUIOTHOCTH MOIIHOCTH, Ha MpHUMeEpe
MMIUIAHTAllMd THUTaHa B KPEMHUI, 00ecreyrMBaeT BO3MOXHOCTb POCTa TIyOMHBI MOHHOTO
JIETUPOBAHMS OT JOJEH MKM J0 6 MKM 3a CueT yBelW4deHHUs BpeMeHu oOiydenus ot 0,5 g0

60 mMuH.

*MccnenoBanue BBIMOJTHEHO 3a cYeT TpaHTa Poccuiickoro HayuyHoro ¢gonma Ne 22-79-

10061, https://rscf.ru/project/22-79-10061/.
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MOJIEJMPOBAHUE MMOBEPXHOCTHBIX ABJJEHUM ITPU BOMBAPJIUPOBKE
KPEMHUSA NOHAMMH Ceo
SIMULATION OF SURFACE EFFECTS IN Si UNDER C¢ ION BOMBARDMENT

K.I1. Kapaces'?, [I.A. Crpuwxkun?, B.E.ITyxa®, A.W.Turtos?, I1.A. Kapaces?
K.P. Karasev!?, D.A. Strizhkin?, V.E.Pukha’, A.I.Titov?, P.A. Karaseov?

! Angpeposcruii ynueepcumem, C.-Ilemepbype
2C.-Ilemepbypeckuii [lonumexnuueckuti ynusepcumem Ilempa Benuxozo, C.-Ilemepbype
SOUI] npobrem xumuueckoi Gusuxu u meouyunckot xumuu PAH, Yepnozonosxa

Effect of 2-14 keV Ceo ion irradiation on Si surface at 0-1000 K is investigated by
MD simulation using Tersoff-ZBL interatomic potential. Single impact events and
cumulative irradiations are considered. Surface relief formation and sputtering
yield shows nonlinear dependence on ion energy and target temperature. MD
results would be compared to experimental data on Si surface morphology change
and carbon film growth by Ceo ion beam.

OO6rydyeHre MOBepXHOCTH MUIIEHH YCKOPEHHBIMH MOHAMH MO3BOJISET KOHTPOJIUPYEMO
U3MEHATh €€ pernbed, MOAUPHUIMPOBATH NMPUIOBEPXHOCTHBIE CBOICTBA BHENPSS aTOMBI U
co3/aBast 1e(peKThl B TOHKOM MPHUIIOBEPXHOCTHOM cioe. Kpome Toro, cymiecTByeT Hemnblii psj
METOJIOB HCCIJIEJOBaHHsI CBOMCTB TPUIOBEPXHOCTHBIX CJIOEB, OCHOBAHHBIX Ha HOHHOM
o0Jy4yeHUH, HampuMep, BTOpHYHAs HOHHAas Macc-creKkTpockonus. [ToMMMO 0JHOATOMHBIX
MOHOB ISl 00JIy4eHHS MOKHO TPUMEHSTDH U KJIACTEPHBIE, COCTOSAIINE U3 JOBOJIBHO OOJIBIIOTO
yyclia aToMoB. MeXaHn3Mbl B3aUMOJIEUCTBUS M Pe3yJIbTaThl O0MOapIUpOBKH, HaOII0jaeMble
IIPU HKCIIOJIb30BAHUU KJIACTEPHBIX HMOHOB, CYIIECTBEHHO OTJIMYAIOTCA OT TaKOBBIX IpHU
najeHuu atoMmapHbIX. [Ipu M3yueHHMHM cocTaBa KpPYHHBIX OHOJOTMYECKHUX KOMIUIEKCOB U
IPYTUX MaKpOMOJEKYJSPHBIX MHILIEHEH METOJOM BTOPHYHON MOHHOM Macc-CIeKTPOCKOIUN
KJIACTEPHOE paCHbLJICHHE IMO3BOJISIET 3HAYUTENBHO JYYIlle COXPaHITh UCXOJHYIO CTPYKTYpPY
pacnbuiieMbIX MoJieKyJl. Takke, IpU pacHblIEHUN KilacTepaMu oOpa3syercs Ooiee, 4eM Ha 3
nopsaka Ooybllle BTOPUYHBIX HMOHOB, YeM NpHU OOJYy4eHMH OJUHOYHBIMM HoHamMu Ga.
bonbmas >Q¢eKTUBHOCTh pacHbUICHHs] JOCTUraeTCs, B YAaCTHOCTH, HpHU OOIyYeHUU
noBepxHocT HoHamMu Ceo [1]. Takke, B pe3ynprate OOMOApAMPOBKU MPOUCXOAUT
Moau(UKAIMS MOBEPXHOCTH, Hampumep (OPMUPOBAHHWE HAHONPOBOAOB [2] W Jpyrux
PEryJsipHBIX y30poB Ha noBepxHocTH [3]. [lepeuncrieHHble sBIEHUS BO3HUKAIOT B MOMEHT
MaJieHHsl MOHA Ha MOBEPXHOCThH MOJI0KKH, KOTJa MPHU yJIape B pe3ysbTare nepeiadl SHeprun
MOHA aToMaM MHUIIEHH HPOUCXOAMUT PAJ OYEHb OBICTPHIX (O HECKOJIBKHUX MUKOCEKYH])
nporeccoB. I X U3ydeHHs yJOOHO HMCIOJIb30BaTh METOJ MOJIEKYJIAPHO-INHAMHUYECKOTO

(M) monenupoBaHusi, TOCKOJIbKY IPUOOPOB C IOCTATOYHBIM BPEMEHHHIM pa3pelieHUeM He
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cymectByeT. B HacTosmieli paboTe MpoaoKarOTCs HawyaThie paHee [4, 5] ucciemoBaHwms
3¢ (eKTOoB, UMEIOIINX MECTO IIpU NMajieHuH HOHOB Cgp Ha TIOBEPXHOCTHh KPEMHHUS.

AHanu3 majgeHuss HOHOB (QyJulepeHa Ha TOBEPXHOCTh MOHOKpHCTala KPEeMHHS
npoBoawics MmetogoM MJl MojenupoBaHHs € TOMOIIbIO CBOOOJHO PacHpOCTPaHIEMOTO
nakera Lammps [6]. McxogHas cuctema cocTosiga U3 KPEMHHEBOW MHILIEHH C OTKPBITON
noBepxHOocThIO (100) 1 pacmonokeHHOM HaJl HEel MOJIeKyJIoH dyiutepeHa. J{ms onmucanus Bcex
TUIIOB MEXAaTOMHBIX B3aMOJIEHCTBUI MUCOIb30BaANICS SMIUpHUecKuil moTeHman Tepcodda,
COBMEIICHHBIN [IJI1 OMNUCAaHMS CTOJKHOBEHMS 4YacTHI[ C BBICOKOW »Heprued ¢ ZBL
MMOTEHIMAIOM. MOHOKpHCTAII KpeMHHS pasmepamu 39x39x31 sneMeHTapHBIX —s4eeK
(21x21x17 M, 403200 aToMOB) ObUT OKPYXEH C OOKOBBIX U HMXKHEH CTOPOH TEPMOCTATOM
bepenncena mumpuHoi B 1 snemeHTapHyro sueidiky. Hwuxaue 3 cios atomoB Obuin
3aduKkcupoBaHbl. B naTepanbHBIX HampaBlIeHUSX SUYEWKH HCIOJIb30BAIHMCH MEPUOIUYECKUE
rpaHn4Hble ycinoBus. HauanbHast sHEprus HOHOB (yJiiepeHa BapbUpOoBajiach B JUANa3oHe OT
2 no 15 k3B, ucxonnas temmneparypa nomioxku pasHsuiace 0, 300, 700 m 1000 K. B
3aBUCHMOCTH OT DHEpPIMM MOJIEKYJIbI, BpeMsl pacueTa OJTHOTO COOBITHS COCTaBJSIO OT 5 /10
15 me. [Ins xakaoro 3HAYEHHsI SHEPTUU U TEMIIEpaTypbl MOAENIHPOBaIoch 50 HE3aBUCHMBIX
CJIy4aeB MaJIeHus], B KaXJ0M U3 KOTOPhIX Ha4aJIbHOE MOJIOKEHHE PyIuiepeHa 1Mo NonepeyHbIM
KOOpJMHATaM BBIOMpAJOCh ciydyallHBIM 00pa3oM B mpeaenax +5 A BOKpPYr LEHTpaibHOU
TOYKH TOBEPXHOCTH. AHAIU3MpYyEMble MapaMeTpbl: KOJIMYECTBO BaKaHCHM, IIyOMHA H
IUIOUIA/Ib OTKPBITHS KpaTepa, BBICOTA U CPEAHUN paauyc OpycTBepa, paclblICHHbIE YaCTHIIbI
(o cocrtaBy, HEPTUsAM, HANPABIECHUSAM BbLIETA).

Jlis MozenupoBaHus J030BbIX 3(Q(PEKTOB 00IyUeHUs: IPOBEJEH TAK)Ke KyMYJIATHBHBIN
pacuer nocienoBaTeNIbHOTO najgeHusi HoHOB Cso Ha TOBEPXHOCTh MHILIEHU. B KOHIlEe pacuera
KaXJOro TMaJeHUs] MPOU3BOAMIOCH TEPMOCTATUPOBAHUE BCEro O0bEMa KpucTaia 0
HavyaJlbHOM TemrepaTypbl. PaciblyieHHbIE YacTUIIBI aHAJIM3UPOBAIIUCH MO COCTaBY, SHEPTUSAM
Y yrjaM BbUIETA, U YIAUBUIUCH U3 pacdeTHOU sueiiku. [locie 3Toro mo0aBmisiiics cliemyomui
HOH (QyJulepeHa, CMEUIEHHBIH Ha Majloe CcllydallHOe pacCTOSHHE B TOPU30HTAJIBHBIX
HaIpaBJICHUSAX, U Tpoliecc MOBTOPsICcs. UTOOBI MCKIIOYUTH MOMaJaHie HOHOB B TEPMOCTAT,
30Ha oOmy4yeHust Oblla OrpaHH4YeHa cpeAHed o0JacTbl0  KpHUCTaula  pa3MepoM
10x10 snemenrtapubix sueek. [Ipu stom 100 ymaBmmx HOHOB (QyJuiepeHa 3KBHUBAJICHTHBI
JIByM MOHOCIOSM M 03¢ obmydenms 3.4x10'* cm?. B momojHeHHe K yKa3aHHBIM BBIIIE

napaMeTpaM aHaJM3HpOBaIach NIEPOXOBATOCTh M aTOMAapHBIH cOCTaB 00TydeHHOI 001acTH.
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Fig.1 Cross section of a Si target (10 nm width) after single Ceo impact event at 0K.

[Ipn nmagenun onuHOuHOM Moiyekynbl Cep OHa HauWHAET CMeUlaThb aTOMbI KPEMHHUS,
dhopMupysT BaKaHCUU W MEXJIOY3JIUs, U pa3pyliarhcs, Tepsas cBorwo ¢gopmy. Uepes ~ 0.5 mc
KOJMYECTBO AaTOMOB, CMELIEHHBIX CO CBOMX MECT, JIOCTMIaeT MaKCUMyMa, a 3aTeM
YMEHBIIIAETCS U BBIXOJAUT Ha HEKOTOPOE yCTaHOBUBIIEecs 3HaueHue. [Ipu 3Tom yacTe aToMOB
«BBITJIECKUBAETCS» HaJ MOBEPXHOCTHIO MULIIEHH U opMupyeT OpycTBep BOKpyT kpaTtepa. C
yBenuueHueM sHeprun Ceo, ITyOMHa KpaTepa yBeIUYMBAETCs IPaKTHUECKU JTuHeiHo. Paquyc
OpycTBepa CyONMHEHHO pacTeT ¢ yBenudeHueM sHeprun ysuiepena. [Ipu HUZKUX dHEPTHUIX
MaJaroluX MOHOB 3aBHUCHUMOCTH 3HAUYEHUN HCCIEAyEeMBIX MapaMeTpoB OT TeMIlepaTyphl B
Mpezesiax CTaTUCTUYECKUX OIMMOOK He oOHapyxeHo. OmHako, HaunmHas ¢ 12 k3B cpennuit
panuyc OpyctBepa mpu Temreparypax 700 u 1000 K okazeiBaercs Gonbine, uem mpu 0 u
300 K. Takxe, ¢ poCTOM TeMIepaTypbl YMEHBINAIOTCSI BHICOTA U CPEIHss TTyOnMHa Kpartepa.
Takum oOpa3oMm, B 3TOM cCiy4ae TeMIEpaTypa OKa3bIBAaeT BIIMSHHE Ha MPOILECCHI
MEPECTPOCHUS CMEIICHHBIX YacTULl MpU TepMaju3alliy pa3orpeToil o0jacTu BOKPYT MecTa
NaJieHusl MOJIEKYJIbl (pyriepeHa.

[Ipu MogenupoBaHUY OAMHOYHBIX MMAaICHUH (Ha HaYaJIbHOM JTare 00JaydeHus ) Oobias
yacTb aTOMOB YIJlepo/ia MPOHUKAeT B KpUCTaI, oOpasys cBsi3u ¢ aromMamu KpemHus. C
poctom sHepruu Ceo pacrpeesieHne BHEAPEHHBIX aTOMOB IO TIyOWHE CTaHOBUTCS Ooiiee
paBHOMepHBIM. CpeaHHil paauanbHBId pa3dpoc BHEAPEHHOrO YTiepoAa pacTeT ¢ POCTOM
SHEpruM majaeHus. Poct Temmeparypsl HE NPUBOAMT K BHAMMBIM  HU3MEHEHUSIM
pacnpeneneHui.

B cocrtaBe pacnbuieHHBIX YacTHIl HAOMIOJAIOTCSA, B OCHOBHOM, OJIMHOYHBIE aTOMBI
KpeMHHS # yriepoja. Takxe MOosBISIOTCS KiIacTepsl KpeMuus (2, 3, 4 aroma) U, B MEHbIIIEM
konmudecTtBe, kiactepsl SiC, SiC m SiCo. KoaddumumeHnt pacnplieHuss KpeMHHsI pacTeT
MPAKTUYECKH JIMHEHHO C YBEIWYEHHEM SHEPruu MaJarollero HOoHa, HpU 3TOM YTIJIOBOE
pacnpe/esieHne paclbUIEHHBIX YacTUIl MPaKTUYeCKH He MeHserca. OTpaxeHue yriepoja ¢

YBEJIMUEHUEM SHEPrUH pacTeT U gocturaer 6 atomoB npu 10 k3B, mocne yero BbIXOAUT Ha
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Fig.2 Cross section of a Si ta'r.g';é't after 30 cumulative Ceo impact events at OK.

HacellieHue. M3MeHeHue Ttemmeparypbl, Kak W CIEA0BaJO OXHUAATh, HA PACIbUICHUE HE
BIIUSIET.

[Ipu mociemoBaTeILHOM MaACHUH OOIBIIOTO YHCIa MOJIEKYJ B 00Jy9eHHON 00J1acTH Ha
HavyaJlbHOM AJTane (OopMUpYETCsl JyHKa TpaBleHUs, JHO KOTOPOHM HMEET CYIIECTBEHHYIO
mepoxoBaTocTh. C yBeJIMYEHHEM KOJIMYECTBA yHaBIIMX HOHOB Cgo MPUITOBEPXHOCTHBIN CIION
Bce OoJsiee HaCHIMAeTcs yriaepoaoM ¢ (opMuUpoBaHHEM KapOWIHBIX CBsizeil. Puc. 2
MOKa3bIBAaeT KapTUHY TMocie MojaenupoBaHus 30 TocienoBaTENbHBIX CIy4yaeB MaJleHus
MOJIEKYJT C SHeprusiMu oT 2 10 14 k3B. BuaHo, 94TO mpu ManbIX 3HEPrUsSX HAYWHAET PACTH
yriaepoaHasi mieHka. C pocTOM 3HEPruM HOHa Mpouecc (GOpMHUPOBAHMS JIYHKH TpaBJICHUS
MpoJoKaeTcs JAOJbllle, W TOJMIMIMHA (OPMUPYEMOTO TMEPEXOAHOrO CJIOS OKa3bIBaeTCs
CYILIECTBEHHO OoJjblle. PacrbiieHHe aTOMOB Yriepojia HEJIWHEHHO 3aBHUCUT OT HSHEPruu
nagatomero uoHa. IllepoxoBatocTs 00MyueHHOM o0O0NAacTH OKa3bIBAE€TCS HIKE IOCIIE
O60MOapIUpPOBKH TMpH MOBBIIEHHOW TemrepaType. Takxke, MOBBILIEHHE TEMIEPaTypbl
MOJIJIO’KKH CITOCOOCTBYET 60Jiee aKTUBHOMY IepeMEIINBAHUIO aTOMOB YIJIepoJia U KpeMHUs, B
TOM 4YHCJI€ U B O0OJAaCTH CYHIECTBEHHOM KOHLEHTpPAlMU YTJIepojaa, CO3JaBaeMoi
MOCJIeI0BaTEeIbHBIMU NaNIEHUAMU HOHOB Cep.

Pa6ora B CIIGITY BeImosHEHa B paMmkax ['0CyIapCTBEHHOTO 3aJaHWs Ha TPOBEIICHUE

dbyHgameHnTanpHBIX ucciaeaoBanuii (kox TeMbl FSEG-2023-0016).
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OINTUYECKUE CBOMCTBA CJIOEB KPEMHUS, THITEPJOITMPOBAHHBIX
CEJEHOM: D®®EKTBI JIASEPHOM 1 TEPMUYECKOM OBPABOTKH
OPTICAL PROPERTIES OF Se-HYPERDOPED Si LAYERS: EFFECTS OF LASER
AND THERMAL TREATMENT
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Silicon layers with a selenium impurity concentration of up to 10?! ¢m™, which
exceeds the equilibrium solubility limit of this impurity in silicon by 4 orders of magnitude,
have been obtained by high-dose ion implantation followed by pulsed laser annealing at pulse
energy densities from 0.5 to 2.5 J /cm?. The Rutherford backscattering of He* ions showed
that after laser annealing up to 70% of the implemented impurity atoms are localized at the
sites of the silicon crystal lattice. The Si layers hyperdoped with selenium are characterized by
increased (up to 45-55%) absorption in the spectral range of 1100-2400 nm. The theoretical
evaluation of recrystallization processes of silicon layers amorphized by Se ions as well as
dopants redistributions at the equilibrium thermal treatment was done.

Ceifuac wuccrmemoBaTeNM BCe dYalle NPHOETaloT K paJguKaIbHBIM TOAXOJaM IS
peau3ai HOBBIX BO3MOXXHOCTEH YIPABJICHUSI CBOMCTBAMHU TOJIYMPOBOIHUKOB. OTHUM H3
TaKAX TIOJXOJOB SIBIISIETCSI BHEIPEHHE B TOJIYMPOBOIHUKK TpPUMECEH B KOHIEHTPAIHSX,
MPEBHINAIONINX WX PAaBHOBECHYIO PacTBOPUMOCTH (rumnepaonupoBanue). [lo mporHoszawm,
HOBBIE CBOWCTBA THIEPIONMUPOBAHHOTO KPEMHHUSI TMO3BOJSAT CYIIECTBEHHO pACHIMPHUTH
obnactu ero mpumeHenus [1]. B HanopasmepHoM MmaciiTabe TUNEpAONUPOBAHUE KPEMHHUS
o6opom, dochopom wmIM XaTbKOT€HAMH TIO3BOJISIET  PEajM30BaTh  JIOKAIM30BAHHBIN
MOBEPXHOCTHBIN 1u1a3MoHHbIN pe3oHanc (LSPR) B cpennem u nansnem UK-nuanazone [2-4].
lumepponupoBaHre KPEeMHUS XaJTbKOTCHAMH WM TIEPEXOJHBIMH METalIaMH TPHBOIUT K
s dexTuBHOMY ToOTOmEeHNI0 u3nydeHuss B OmmxHemM WK-mumanmazone. [lpu  mumpune
3anpeneHHon 30Hbl 1,12 5B kpemHuil sABIIeTCS MPO3payHbIM B CHEKTPAJIbHOM JHANa3OHE
uIMH  BoiaH  Ooznee 1,1 mxm. BceneactBue  3TOro  KpeMHHUEBBIE  (OTOAETEKTOPHI
HEYyBCTBHUTEIBHBI B 00JIACTH OCHOBHBIX IOJIOC ONTOBOJIOKOHHBIX TEIIEKOMMYHHUKAIIHOHHBIX
cuctem: S (1,46-1,53) mxm, C (1,53-1,565) mxm u L (1,565-1,625) mxm [5], a kpeMHHEBBIC

COJIHEUHBIE OaTapew MPOITyCKAIT HH(PpaKpacHYIO 4acTh comHeuHoro cnekrpa (1,1-3,0) Mxwm,
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yTo cocrtaBisger ~ 30% oOmero moroka comHeuHoW »sHepruwm [6]. s XaabKOreHOB
XapakTepeH HU3KMU mpenen pasHOBecHO# pactBopumoctn (< 10V cm?). Yeennuuts
KOHIIEHTPALMI0O PAaCTBOPEHHOM B KPEMHUHM NPHUMECH Ha HECKOJIbKO MOPSAIKOB IMO3BOJIIET
WCIIOIh30BaHUE UMITYJILCHOTO J1azepHoro orxura (MJI0) [7].

NmmanTanys HOHOB celieHa B MOJIOKKHA Si p-TUTa MpoBOAMIach B MoHO- (140 k9B,
6,1x10""non/cM?) M TMONMDHEPTETUYECKOM pEXUMax MpPH KOMHATHOM Temmeparype. B
MOJINPHEPTETUUECKOM PEeXHUME 3Heprus u (UIIOEHC MOHOB Ha IMEPBOM U BTOPOM ATamax
uMIasTanuu cocraBisiid 220 k3B u 1,45%10'° non/cm? u 100 3B u 5,12x10" non/cm?
COOTBeTCTBEHHO. YacTh 0O0pa3loB, BBIPE3aHHBIX W3 HWMIUIAHTUPOBAHHBIX IOJIOXKEK,
MPOXOAMIIa TMPOIEAYPY OTXKUTA PYOMHOBBIM Ja3epoM (JJMHA BOJHBI 694 HM, JIUTETHLHOCTH
uMIyabca 70 HC) TIPU IWIOTHOCTSX SHEPTUM B MMITysbee W B mauanasone 0,5 + 2,5 Jhx/cm? ¢
ONITUKO-ITUPOMETPUYECKON TUArHOCTHKOM in situ (a3oBbIx mnpeBpamieHuil. OmnpeneneHue
KOHIEHTPAallMl BHEAPEHHOW mpuMecH Mo ThoyOuHe, [0/ aTOMOB ceJieHa B Yy3jax
KPUCTAIJIMYECKOW PEIIeTKH KPEMHHUSI M CTENeHH KPHUCTAUIMYECKOTO COBEPIIECHCTBA
MMIUTAaHTUPOBAHHBIX CJIOEB TPOBOJWJIOCH IYTEM KOMIBIOTEPHOIO aHalIM3a CIIEKTPOB
pesepdopaosckoro ooparnoro paccesiuus (POP) nonoB renus ¢ saeprueit 1,5 MaB B pexxume
kaHanmupoBaHus (channeling) u 6e3 Hero (random). Ha pucynke la B kauecTBe mpumepa
npusenen crnektp POP nocie MJIO npu W = 2,0 Ix/cm?, a Ha pucynke 16 - paccuMTaHHbIE
KOHIEHTpallMOHHbIE NMpoduiin Se B oOpa3nax mocje MOJIMIHEPreTHYeCKOW MUMIUIAaHTAluu U
WJIO npu W B mquamasone 0,55 — 2,5 Jlx/cm?. B cinydae nasepHoro omkura ¢ W B auamnazoHe

1,5 - 2,5 Ixx/cm? B 06mactu konnenTpanuii Se (8-9)x10%° ar./cm® (na rimy6unax 30—150 um)

2.5k o o T T T T T T T
—O— CIIy4alHbIN r? 0,5 Dx/cm?
—0— KaHAJIMPOBAHHBIM 3 10214 ——0,8 [x/cm?
- 2.0k 1 7 1 —+— 1,0 Iw/cm?
e 8 —o—1,5 [k/em?
= 1.5k ] g —— 2,0 w/em?
! = —o— 2,5 [lx/om?
o =
= [a]
5 10k - B o, |
g
500.0 . é
00 T T T T T T T T T mm‘ T T T T T T
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Pucynok 1 - Coyuaitnelii u xaHanupoBaHHbIN criekTpel POP ot Si mocnie aBoiiHOi
uvmanTanuu Se (220 k3B, 1,45%10'6 non/cm? + 100 k3B, 5,12x10' non/cm?) u UJ1O
npu W=2,0 JIx/cM> (a) ¥ KOHIIEHTPAMOHHBIE NMPOQHIM aTOMOB CElleHa B CIOSX
uMIUIaHTHpoBaHHOTO KpeMHus nocie NJIO B pasnuunbix pexumax (0).
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dbopmupyercs miaTo B codeTaHuu ¢ AUQPGYy3MOHHBIMU XBocTamu A0 riyouH 500-600 Hwm.
CymiecTBeHHOE paznuyue (HopMbl KOHIIEHTPAITMOHHBIX Mpoduieit mpu W B nuanaszonax (0,55
—1,0) m (1,5 — 2,5) JIxx/cm? 00yCIOBIICHO pa3InuueM B 3HaUeHUAX Kod(uiuenta quddysun
Se B TBep10ii U KUJIKOHN (aze KpeMHUS.

B cnywae monmdHepretudeckoir mmrutantanuu MK-mormomenne (pucyHok 2) mocie
JIA3epHOTO OTXKMTa yBenuuuBaeTcs Ha 36—40%, npuueMm s oo6pasioB nocie UJIO npu W B
nuanasone 1,0+2,5 Jlx/cM? ypoBEHb MOTIIOMIEHHUS OTIMYAETCS HE3HAUYUTENBHO. [l 00pasioB
rmocjie MoHOdHepreTnuecko wumutantanuu nocie WJIO mornomenune B MK-ob6mactu
yBenuuuBaercs oT 10 mo 30% B 3aBUCHMOCTH OT IUIOTHOCTH DJHEPTHH B HMITYJIbCE.
MakcumanbHbIM moronieHueM ~32 % xapakrepusyercs obpasmsl mocie UJIO mpu W = 2,0

i 2,5 Jix/cm?.

1004 100 —
X g0+ 80
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5 o
I 60- 2 60
o >
= |
o S L4k
C 40 E M
o
C
20 20 4
O T T T T 0 T T T T T
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Pucynok 2 — CriekTpbl noriouieHusi o0pas3os, UMILITAHTUPOBAaHHEIX: (a) B pexkuMme (220 k3B,
1,45%10' won/cm> + 100 k9B, 5,12x10'5 wnon/cm?) u (6) B pexume (140 k3B, 6,1x10'°
non/cm?). 1 — ucxomumiii Si, 2 — cpasy mocne mmruianTanuu, 3 — nociae UJIO npu W=0,5
JTix/em?, 4 — W =0,8 Jlx/cm?, 5 — W=1,0 JIx/ecm?, 6 — W=1,5 Jlx/cm?, 7 — W =2,0 [Ix/cm?,

8 — W=2,5 Ix/cm>.

B cnektpe ®JI ncxomnoro obpasma MposIBISIOTCS JBE ciadblie mojockl mpu 1528 u
1415 HM, KOTOpBIE MOXKHO TIpunucaTh JUHUAM D1 u D2 nucnokanimoHHON JTIOMHUHECUIECHITUU
COOTBETCTBEHHO. JIa3epHBIA OTKHUT HUMIyIbCOM C dHeprued W= 1,5 Jlx/cM?> TpuUBOIUT K
MOSIBJICHUIO B crHekTpe ciaboil mosocsl npu ~1190 um (X-nTuHUS) U MHTEHCUBHOM y3KOM
nosiocsl nipu ~1240 um (W-nuHus) ¢ psaoM ee (POHOHHBIX peruiuK. X- 1 W-ITMHUA OOBIYHO
CBA3BIBAIOT C MEXY3EIbHBIMM WJIM BAaKAHCUOHHBIMH KJIACTEPAMHM B KPEMHHMH. Y BEIUYCHHUE
KOJIMYECTBO HMMITYJIbCOB JO TPEX TMpPU JAHHOM DHEPrMM NPUBOJAUT K YMEHBIICHHIO
WHTEHCHUBHOCTH X- W W-IIMHHWA, W YBEIMYEHHIO HMHTEHCUMBHOCTH Tnosioc DI m D2.

VBeIMYeHne SHEPTUH B UMITyJIbce 10 2 J/cM? MIPUBOMUT K yMEHBINEHHIO WHTEHCHBHOCTH
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JUCIIOKAITMOHHBIX JIMHUM, TOorJa Kak W-JIMHUS TIPOSIBISIETCS oueHb ciabo. C yBenndeHuEM
KOJIMYECTBA HMMIIYJBCOB 10 TPEX NPH AAHHOW JSHEPruM B WMITyJlbce W-JIMHHS HCYE3aeT
MOJTHOCTBIO, TOTAA, KaK WHTSHCUBHOCTh JWHHUNM JUCIOKAIIMOHHON JIFOMUHECIICHITHM,
HampoTHB, Bo3pacTtaeT. Ha cnekrpe oOpasna, OOJYyYEHHOTO UMITYJIbCOM C DJHEpPrui
2,5 JIx/cM?, cnabo TPOSIBIAETCS TOJBKO IMOJIOCa TUCIOKAIMOHHOW JIIOMHHECHEHIMH D1,
KOoTOpass C YBCIUWUYCHUEM KOJUYCCTBO HMITYJIBCOB IIpHU )IaHHOfI OHCPIrUr HE3HAYHUTCIBHO
YBCIINUUBACTCA.
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Pucynok 3 — Cnextpsl $poTOMIOMUHECIIEHIIMK 00pa3lioB Si, UMILIAHTUPOBAHHOTO HOHAMU Se J10
(1) u mocne UJIO npu mnotHocTsx suepruu 1,5 (2), 2 (3), 2,5 (4) Jx/cm? oxuum (a) u Tpems ()
HMITYJIbCaMHU.

N3yueHbl CTpyKTypa M ONTHYECKHME CBOWCTBA KPEMHHS, THIEPIONUPOBAHHOTO

celneHoM 10 KoHueHtpammii ~10%' cM. MeTomoM MMIDIaHTamuM Se C IMOCHEXYIOIUM

UMITYJIbCHBIM JIa3€pHBIM OTKUTOM YJAajoCh yBEIMYUThH moryomenue Si B OmmkHem UK-
nuanazone 10 45-55 %. HaubonbIas creneHb BOCCTAHOBICHUS KPUCTANINYECKON CTPYKTYPBI
HUMIUTAHTUPOBAHHOTO CJIOA W MaKCHUMaJIbHass MJOJIA IPUMECH B Yy3jaxX KpI/ICTaJIHI/IIIeCKOﬁ
pemetkn Si (65,6 %) nabmomanack nocie MJIO mpu IUIOTHOCTH SHEPTUU B HMMITYJIbCE

2 Jlx/cm?,
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MOJIUPHUKALINA U PACIIBIJIEHUE HEOJJTHOPO/IHBIX MHOI'OCJIOMHBIX
OKHWCJEHHBIX METAJIJIMUECKUX TIJIEHOK CJABOTOYHBIMU ITYYKAMU
NOHOB APTOHA
MODIFICATION AND SPUTTERING OF INHOMOGENEOUS MULTILAYER
OXIDIZED METAL FILMS BY LOW-CURRENT ARGON ION BEAMS

I.C. JIykepsinues, A.B. JIyoenuenxo, [[.A. iBanos, O.U. JIlybenueHko
D.S. Lukiantsev, A.V. Lubenchenko, D.A. Ivanov, O.1. Lubenchenko

Kadenpa obmeit puzuku u saepuoro cunreza, ®bI'OY BO «HNY «MBU»,

yn. Kpacnokazapmennas 1. 14, r. Mocksa, Poccus, LukyantsevDS@mpei.ru

Thin metal-oxide film sputtering by low-current ion beams is analyzed. By means of X-ray
electron spectroscopy (XPS), chemical and phase depth profiling of films has been performed
after different sputtering times. It is found that effect of a low-current ion beam on a metal-
oxide film leads not only to film sputtering but to its modification forming sub-oxide layers and

layers of another phase of higher oxide than the initial phase.

MHorocnoiHbBIe TOHKHE TUIEHKH OKCHUIIOB U CyOOKCHJIOB Pa3IMYHBIX MEPEXOIHBIX METAIIIOB
WCTIONB3YIOTCS JUISI CO3/IaHUS MEMPHUCTUBHBIX CTPYKTyp [1]. OmHMM W3 TEepCHEKTUBHBIX
croco0oB (GOPMHUPOBAHUS HEOAHOPOJHBIX CYOOKCHUIHBIX CIIOEB SIBIISCTCS BO3JICUCTBHUE
c1a00TOYHBIMHU MTyYKaMH HOHOB aproHa Ha MOBEPXHOCTh TOHKOM TIEHKU. B pabote [2] aBTOpHI
C TIOMOIIBI0 MOHHOTO PACIBUICHHS MyYKOM aproHa TOHKOW IUIEHKH TEHTaKCHJIa TUTaHa
M3TOTOBWJIM YCTPOMCTBO C YJIYUIIEHHBIMH MEMPHUCTUBHBIMH CBOMCTBAMH Ha OCHOBE CIIOEB
cyOOKCHIOB TUTaHA, OJHAKO UM HE yAaIOCh OMPEIETUTh XUMHUYECKUU (Pa3oBBI cOCTaB U

TOJIIIUHBI ATUX CJIOEB.

ens HacTosiel pabOThI 3aKII0YAETCS B OTYYEHUH Pa3IMUHbIX CYOOKCUIHBIX CIOEB TOHKON
OKHUCJICHHOM IUIEHKM HUOOUS C MOMOIIBI0O MOJM(MUKAIMM U PACTbUICHUS €€ MOBEPXHOCTH
C1a00TOYHBIMU ITyYKaMU HOHOB aproHa, OMpelessis UX XUMUYECKUH MOCIONHBIN (ha30BbIi
COCTaB HEPA3PyLIAXOIIHAM METOJIOM PEHTTEHOBCKON (bOTORIEKTPOHHOI
cunektpockonuu (POOC). Taxoit mnoaxoxa mo3BoJWA OBl  KOHTPOJIMPOBATH  IMPOLIECC

dhopmupoBaHus CyOOKCHOIHBIX METAUTMUECKUX CJIOEB BO BPEMS UX CO3/IaHMUS.

Tonkas ti€éHKa HHOOWs TONIIMHOW 10 HM HAaHOCHUIACh HA OKUCIEHHYIO KPEMHHEBYIO
MOJIJIOKKY METOJIOM MarHeTpoHHOTo HamblieHHs Ha ycraHoBke Pfeiffer Vacuum SLS630G.

Ilocne m3roroBiieHUs MIEHKA SKCIOHUPOBANIACH B aTMOC(epe, YTO IPUBENIO K MOSBICHUIO
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MEHTOKCHJIHOTO W YTJEBOAOPOJHOTO CJIOEB Ha e€ moBepxHocTh. llepen nmampHeimem
HCCIe0BaHUEM TIEHKA MTPOXO/IMIa MHOTOCTYTIEHUATYIO0 OYUCTKY B YJIBTPA3BYKOBOM BaHHE C

H30IIPOITaHOJIOM MU allCTOHOM.

PentrenoBckue (OTOINEKTPOHHBIE CHEKTPbl IJIEHKM HHUOOMS 1O U TIOCJIE€ HOHHOTO
BO3/IEWCTBHS MONYYEHBI B YCIIOBHAX CBEPXBBICOKOro Bakyyma (107 ITa) ¢ momMompo Mogyns
AJIEKTPOHHO-MOHHOM crekTpockonuu Ha 6a3e marpopmsl Hanodad 25 (HT-MAT) c
nonycepuueckum sHeproananuzatopom SPECS Phoibos 225 u peHTreHOBCKOW MyIIKOW C
MarHueBbIM aHoJoM. Monudukanus U pacrpuleHne MIEHKU MPOBOAMINCH B aHATUTHYECKON
KaMmepe IMy4YKaMu HOHOB aproHa rnoj yriaom 70°, oTCYUTaHHBIM OT HOPMaJIU K €€ MOBEPXHOCTH,
¢ sHepruerd 5003B u Toke 50 HA. IlpoBeaeHo 3 1UKIAa MOHHOTO BO3JCHUCTBUSA KaXKIbIA

JUTUTENBbHOCTBIO 10 MUHYT.

B unccnenyemoil minéHke 10 M MOCHE KaXAOrO IMKJIA MOHHOTO BO3JIEHUCTBUSA C IMOMOUIBIO
CTaH/IApTHOM METOAMKHU aHaju3a PEHTIC€HOBCKUX (POTORJIEKTPOHHBIX CIEKTPOB OINpeAeieH
XUMUYECKHM KayeCTBEHHBIM W KOJIMYECTBEHHBIM cocTaB. Ha pucyHke | npencraBieHsl
0030pHbBIE CHEKTPHI MIEHKU /10 U MOCie TPEX IUKIOB MOHHOTO BO3JIEHCTBUS U PE3yIbTAThI
XMMHMYECKOIO Ka4eCTBEHHOTO M KOJMYECTBEHHOro a”anm3a. Ilocie mepBoro nukiia HOHHOTO
BO3JICHCTBUS yIIepO] pacHblISETCs MPAKTUUECKH MOJTHOCTRI0. BO BTOPOM U TpeTheM IMKIax
OTHOCHUTEJNIbHAsl KOHIEHTpAlUsi HUOOUS yBEJINYMBAECTCS, a KHCIOpPOJa — YMEHBIIAeTCs, YTO
CBUJCTEIBCTBYET O MPEUMYIIECTBEHHOM pAacClbUICHHH IOCIEAHET0 »JJeMeHTa. JlaHHoe
yTBEpKJIEHIUE OOOCHOBBIBAETCS Pa3IMYMEM MapUHUAIBHBIX KO3()PUIMEHTOB pacHblUICHUS U

MTOATBEPKICHO HAMU paHee B padoTe [3].

x10%
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1SF ° ——10 min[]
E c (0/0) 3 20 min
i ¢ (%) C 85 2 —30 min
= C 585 0 614 '
210+ 0 318 & Nb 30.1 i
S, Nb 9.7 2
> » o
= 2 o
2 7
o 5 -
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= 0629 Y
Nb 371 <
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Pucynok 1. O630pHBIE CIIEKTPHI IUIEHKH JI0 U MOCIIe TPEX ITUKIOB HOHHOTO BO3/ICHCTBHUS 1 PE3YJIbTaThI
XUMHUYECKOT0 KAYECTBEHHOI0 ¥ KOJMYECTBEHHOIO aHAIIN3a
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XUMHYECKUN TOCTOWHBINA (Pa30BbIN COCTAaB TOHKOW TUIEHKH HHMOOHWS N0 W TOCJE WOHHOTO
BO3JICUCTBUS MPOBEIEH MO MeToauke [4]. B Momenn MUIIeHH mpeanoaaraeTcs, YTo BCe CJIOU
SBJISIFOTCSL OJTHOPOJHBIMH U IUIOCKOIApasuiebHbIMU. [Ipy pa3inokeHnn CeKkTpaabHON JTUHUN
Nb 3d Ha mapruanbHble MUKH, KOTOPbIE OMUCKHIBAIOTCS QyHKIMeH Doiirra, yuuThIBaeTCs UX
nyOneTHas CTPYKTypa, a TakKe JIONOJHUTENbHbIE CaTeJUIMTHbIE MUKW, BbI3BAaHHBIE
HEMOHOXPOMHOCTBIO PEHTI€HOBCKOM MyIIKU. Beruntanue ¢poHa npoBoauiiocs o Metoxdy [S].
TonmuHbl CI0EB MHOTOCIIOMHONW MUIIICHH ompeseneHsl o ¢popmyde [6]. OuepéaHocTh ClI0EB

MUIIIEHU OTIpeieNieHa U3 3HAHUN UCTOPUU CO3/IaHUS U TTOCIIEAYIONMEH € «OKU3HI.

Ha pucynke 2a npecraBieHo pa3nokeHune creKTpaibHou tuanr Nb 3d Ha mapriuaibHbIe THKA
IJIEHKU TOcae 3 LMKJIa MOHHOTO BO3JEHCTBHA. DHEPIUU CBSI3W PA3IMYHBIX XUMHUYECKHX
coenquHeHnit ansg auHUM Nb 3d 5/2 B3stel u3 NIST [7]. OOnapyxkeHnsl 1Be pasHble (azbl
neHTaokcua Huoodwust ¢ sHeprusmu 207.6 (Nb2Os) u 208.1 3B (Nb2Os*). Me1 npeanonaraem,
YTO MOSIBJIEHHE BTOPOM (ha3bl CBA3AHO C JPYrod CUCTEMOW KpUCTAIIOrpapuuecKoi Ipymibl
OJIHOTO W TOro ke coeauHeHus. Ha pucyHke 20 mokas3aHbl pe3yibTaTbl pa3ioXKEHUS

cniektpanbHO# InHuKA Nb 3d mn€Hku 10 ¥ mocie KaXa0ro MUKIa HOHHOTO BO3ACHCTBUS.

a)
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Pucynok 2. a) pasnoxenue crekTpaibHoi auHuu Nb 3d mociie noHHON MoauduKauu: KpyKKaMu
0003HaYEHbI AKCICPUMEHTAJILHBIC IaHHBIC, CIUIONIHON JIMHHEW — TeOpeTHYeCKas HHTEpIpEeTaIus
CIEeKTpa,  3aKpallleHHbIMH  00jacTIMH  —  [apUUalbHbIE  TEOPETHUYECKUE  CIEKTPBHI
0) pe3yIbTaThl pa3jiokKeHUs CrieKTpaabHOU JuHUU Nb 3d mi€Hku 10 U 1Mociie HOHHOTO BO3CHCTBHUS

B Tabmune 1 cBenmeHbl pe3ynabTaThl MOCIOWHOTO XUMHYECKOro M (pa3oBoro cocrasa
HEOJHOPOJHONW MHOTOCJIOWHOM TJIEHKH J0 M TTOCJIE HOHHOTO BO3JeHCTBUs. B tiéHke HHOOuUS
JI0 HOHHOT'O BO3JICHCTBUSI 0OHapy)eHBI (a3a nentakcuaa Huoodus (Nb,Os), koTopas obpasyer
CJIOH TONIIMHOM 7.9 HM, a TaK)Ke HECTEXHOMETPUUYECKUN ITepeX0AHbIH ClI0i cyOoKcuaa HUOOHS
(NbOx=0.8) TOmmuHOM 1.15 HM, KOTOpPBIH, NMPEANOIOKUTENBHO, MPENATCTBYET AaJbHEHIIEMY
okucieHuto. HoHHOe Bo3AeiicTBHE MNPUBOAUT K PACHbUICHHIO U MOAM(PHUKAIUU

MMOBEPXHOCTHOT'O IIEHTAKCU0I'0 CJIOA. CDOpMI/Ip}IIOTCSI CTEXNOMETPUUCCKUE CY6OKCI/I)IHI)IG CJIOH
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HUOOMS, MpUYEM WX TOJIIMHBI YBEIMYMUBAIOTCA MOCHIE Kakaoro nukia. HeomHopomHbie

OCTPOBKOBBIE HAHOCTPYKTYPbI BKIIFOUEHBI B OJIMH CJIOW TOAIIMHON MeHee 0.5 HM.

Tabéauua 1. [Tocnoitaerii xumudecknid 1 Ga3zoBBIii COCTAB HEOAHOPOAHBIX MHOTOCTIOWHBIX TNIEHOK

0 Mun 10 Mun 20 muH 30 mun
cIon
dhopmyna d, am dopmyna d, am dopmyana d, am dopmyna d, am
0.62 NbO, + 0.38 NbO, + 0.38 NbO, +
4 - - 0.31 Nb,O3 +  0.32+0.06 | 0.41 Nb,O3 + | 1.05+0.17 | 0.41 Nb,O3 + 1.52+£0.22
0.07 NbO 0.21 NbO 0.21 NbO
U 25 NbOs' | 042 Nb,Os' 0.4 Nb,Os' 0.4
3 TIOPOTBI S57+£0.25 205 0.42 +0.08 205 0.48 £0.09 205 0.48 £0.09
2 Nb,Os 7.9+0.4 Nb,Os 6.8+0.4 Nb,Os 47+04 Nb,Os 3.0+0.3
1 NbOy~0s | 1.15£0.18 NbO.=0.8 0.80+£0.14 NbOx=0.3 0.51+0.09 NbOx=0.3 0.76 £0.13
0 Nb - Nb - Nb - Nb -

PesynbTarhl uccieqoBaHUs TOHKOM MIEHKM HUOOWS 1O W ToOcie CJIab0TOYHOIO HMOHHOTO
BO3JICHCTBUSl MOKA3bIBAIOT BO3MOXHOCTh (OPMUPOBAHUS PA3IMUHBIX HEOJHOPOJHBIX

CTEXHUOMETPUUCCKHUX OKCHUIHBIX N CY6OKCI/IJIHBIX CIIOEB.

Pabota BeinoHeHa npy (prHAHCOBOMH MoIepKke MUHHCTEPCTBA HAYKH U BBICIIETO 0Opa30BaHMUs

Poccuiickoit ®eneparyu B pamkax ['ocynapcreenHoro 3aaanns Ne FSWF-2023-0016.
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BJIMSTHUE BOMBAPJINPOBKHU KJIACTEPHBIMA HOHAMHU APTOHA HA
MOBEPXHOCTh MOHOKPUCTAJLIIA KGd(WO4)::Nd
INFLUENCE OF ARGON CLUSTER ION BOMBARDMENT ON THE SURFACE
OF KGd(WO4)::Nd SINGLE CRYSTAL

W1.B. Hukonaes', H.I'. Kopo6elimuxos!
I.V. Nikolaev!, N.G. Korobeishchikov'

" Omoen npuxnaonoii gusuxu, Hosocubupckuii zocyoapcmeennwiti ynueepcumem, 630090,

ya. [lupoeosa, 2, 2. Hosocubupck, Poccus, e-mail: i.nikolaev@nsu.ru;

The bombardment of potassium gadolinium tungstate activated with neodymium
ions by argon cluster ions with the different scaled cluster energy is investigated. It
has been found that the high- and low-energy cluster ions smooth the furrows
formed by chemical-mechanical polishing on target surface. The roughness

parameters of KGd(WO4)»:Nd surface is obtained by atomic force microscopy.

MoHOKpuUCTaIIIBl  KaJWii-raJloIMHUEBOrO BoJib(hpamaTa, aKTUBUPOBAHHBIE HMOHAMU
HeonqnMa (KGA(WOs4)2:Nd, KGW:Nd) o0namaeT HA3KUM ITOPOTOM T'e€HEPAIlMd U BBICOKUM
KO3 dULIMEeHTOM YCUJIeHHsI, Ojarojapss 4eMmy HCHOJIb3YIOTCS B MOUIIHBIX TBEPIOTEIbHBIX
nmaszepax, pabOTalOUMX B pEeXHMaxX HENPEPHIBHOTO W3IyYEHHUs, CUHXPOHU3AlMd MOJ B
ompkaem WK-gumanazone u Momaymsiuu  AOOpOTHOCTH. M3-3a CHIIBHOTO TOTJIOIICHHS
U3ITyYeHUs] HaKadyKd M KOPOTKOro KOH(OKaJIbHOIO MapaMerpa JMOJHOTO Jiydya HaKayku
(eTMHUITBI MUJUTUMETPOB) 00JIACTh B3aUMOICHCTBUS 3aHUMAET HEOOJBIITYIO YaCTh aKTUBHOTO
Kpuctaiina. Takum 00pa3oM, aKTHBHBIE KPHUCTAJUIBI C BBICOKOM CTEMEHbIO JIETUPOBAHUS
KOPOTKOM JJIMHBI 3()(PEKTUBHO HUCIIONIB3YIOTCS JUIsl TeHepauuu ja3zepoB. C Ipyroil CTOpOHBI,
KOH(OKaJIbHBIA MapaMeTp T'e€HEpUPYEMOro Ja3epHOro HU3IY4YEHHUS B PE30HATOpPE OOBIYHO
OTHOCHUTENIbHO BEJTUK (HECKOJbKO caHTUMeTpoB). CnenoBarenbHO, ISl ONTUMH3ALUU
KOMOMHAIIMOHHOTO YCWJIEHHS HEO0OXOIWM JUIMHHBIM kpuctami. CrienoBaTeNnbHO, JTUHHBIE
aKTUBHbIE KPUCTAJUIbl, JIETUPOBAHHBIE HEOJIMMOM, HCHOJIB3YIOTCS [UIsl HENpPEepbIBHOTO
BHYTPHUPE30HATOPHOTO  MpeoOpa3oBaHus  COOCTBEHHOM  4YacTOThl ~ KOMOWHAIMOHHOTO
paccessHusi. Taxxe MoHokpuctamn KGW:Nd wucnons3yloT B KayecTBe  yCHIIUTEINS
BBIHY’KJICHHOTO KOMOMHaiunoHHoro paccesHusi cera (BKP) u ¢ ux momouipio MOXHO

TE€HEPUPOBATh YIBTPAKOPOTKUE UMITYJIbChI C HECKOJIBKUMU JJIMHAMU BOJIH, UCTIONb3ysi BKP-
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npeobpazoBanne [1-5]. Mouokpucramr KGW:Nd 3¢ dexTuBHO HCTIONB3yeTCsT B Ka4eCTBE
pPaMaHOBCKOM Cpeibl M3-3a BBICOKOTO KOA((UIIMEHTa PaMaHOBCKOTO YCHWJICHHS, BBICOKOTO
Mopora TOBPEXJEHUS U TPEBOCXOJHBIX TEIJIOBBIX CBOMCTB. B pesynbrare naHHBIE
MOHOKPHUCTAJIJIBI CTAJIM UCIOIb30BaTHCS U1 MOIIHBIX M HAJIEKHBIX PAMAHOBCKUX J1a3€pOB Ha
nmuHe BoJHBI 500—600 HM [6, 7].

lNazocTpyiiHble HMOHHO-KJIACTEpPHbIE IMYYKH HUCHOJB3YIOTCS UIsl 3P PEeKTUBHOMN
npeoOpa3oBaHUE CBONCTB M XapaKTEPUCTUK MOBEPXHOCTHU pPAa3IMYHBIX MaTepuasoB,
Omarojaps KOJUIEKTUBHOMY B3aMMOJCHCTBUS aTOMOB KJlacTepa C aTroMamMH MHUIIEHH,
MPUBOJALIETO K BBICOKOW JIOKAaJbHOW TUIOTHOCTH SHEPrOBBIJIEICHUS, JIaTEPaTbHOMY
pachbUICHUIO M MaJOMHBa3UBHOMY BoO37eiicTBHIO. bomOapanpoBka KiacTepHbIMU HOHAMH
ucnosb3yercss g 3(PQPEeKTUBHOrO CriakXMBaHHE M TPaBIEHUS MOBEPXHOCTH MHUIICHH J0
[IEPOXOBATOCTH B €IMHHIIBI HAaHOMETpoB H MeHee [8—13]. OmHOMl W3 OCHOBHBIX
OTJIMYUTEIBHBIX OCOOCHHOCTEH KIIACTEPHBIX MOHOB SIBISETCS Majasi TiTyOrMHa MOBPEXICHUS
MIPUTIOBEPXHOCTHOTO CJIOS — TIOPsAIKA €IUHUIl HaHOMEeTpoB [11-12].

s 00paboTKu MOHOKPHUCTAJIJIOB KaJINA-TraJJ0OJIMHAEBOTO BoJIb(ppamara,
aKTUBHPOBAHHbIE HOHAMU HEOJMMa, HCIIOJIb30BAJICS  HECEMapHWpOBAaHHBIN MO pa3Mepam
(MaccaM) HMOHHO-KJIACTEPHBIM MyYOK aproHa, MNAJarolIMi TOJ HOPMaJbHBIM YIJIOM K
MOBEPXHOCTH MUIlIeHU. [IpuHIIMIIHanbHAsE cXemMa M KpaTKoe ONMHCAHUE 3KCIEPUMEHTAIBHOTO
creaga KJIMYC mnpencraBnensr B pabore [13]. B Oonee panHeil Hamielr pabore OBLIO
YCTAHOBJIEHO, YTO HWOHHO-KJIACTEPHBIA IIy4YOK aproHa C BBICOKOM JSHEpPrHel aToMoOB B
knacrepe, nopsanka 100 sB/atom, 3¢(HEeKTUBHO pacHbUIL€T MUIIEHb U KOJUYECTBO BBIOMTHIX
aTOMOB MMUINIEHN NPUOIM3UTENIBHO PAaBHO KOJMYECTBY IMaJalOIIMX aTOMOM KJacTepa Ha
munieHu. [Ipy yMeHbIIeHHH SHEepruu aToMOB KiiacTepa Ha nopsiaok (co 100 o 10 sB/atom) B
KJ1acTepe SHeprusi, KO3(QpPHUIMEHT pacibUICHUs] YMEHbIIAeTCs MPUOIU3UTENBHO Ha 2 MOPAJIKa,
B cpeaHeM Toibko 100 atomoB kiactepoB BeiOMBatoT 1 arom mumieHu [14]. Onupasice Ha
HaIllM TIPEIBIIYIIHe pPe3yabTaThl, Juisi OoMOapaupoBku MoHOKpucTaLioB KGd(WO4)2:Nd
ObL10 BBIOpaHO JBa pexxuma 6oMOapaupoBKU: 1) Beicoko3HepreTndeckumu (< 105 sB/atom) u
2) HU3KOdHEPreTUYeCKUMH KJIacTepHBIMU HOHaMU ¢ 3Heprueit =~ 10 sB/atom. [InoTHOCTH TOKa
MOHHO-KJIACTEPHOTO Mydka aproHa coctasiamia 0,17 um 0,55 MxA/cM? I PEXMMOB
6omOapaupoBku Nel 1 Ne2, cOOTBETCTBEHHO.

[Tapametpsr mepoxoBaToctu moBepxHOCTH KGA(WO4)2:Nd onpenensiuck ¢ moMOIIbI0
aToMHO-cusioBoro Mukpockorna NTEGRA Prima HD Ha oGmactu ckaHupoBaHUs pa3MepoM
10x10 Mxm? ¢ paspemenurem 1024x1024 nukceneii. I[Tocie 60MOapAMPOBKH KaK BBHICOKO-, TaK

U HU3SKO3HCPTCTUUCCKHUMU KJIACTCPHBIMU HWOHAMH 60p03)II)I Ha TIOBCPXHOCTH MHUIICHU,
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o0pa3oBaHHbIE XUMHKO-MEXaHUYECKON MTOJIMPOBKOM, CIJIaJINITUCK. ITocne
HU3KOIHEPreTHUYECKOro pexunma o0paboTKH MaKCUMAaJIbHBIN Mepenaj BhICOT Ha MOBEPXHOCTH
MUIIEHU U CPEeIHEKBaJpaTHyYHas [IEPOXOBATOCTh MOBEPXHOCTH U3MEHWINCHh HE3HAUUTEIHHO
10 CPAaBHEHUIO C HCXOAHBIM 3HA4€HWEM M cocTaBwik okono 1,2 M u 0,18 HM,
cOoOTBeTCTBEHHO. [Ipennonaraercs, 4To BHICOKOIHEPTeTUUECKUI PEXXUM MPUBOJIUT, CKOpee K
pacTpaBiIMBaHUIO OOpO31, T.K. TOCIAEe OOpabOTKM SPKO BBIPAXKEHHBIE OOpPO3JBI HE
Ha0JII01al0TCA, TEM HE MEHEee, IIEpPOX0BaTOCTh Bo3pacTaeT 10 =~ 0,25 uM. ['myOuHa TpaBieHus
noBepxHocTd MOHOKpUCTAIIOB KGd(WO4)2:Nd cocraBmsiia okono 45 u 80 HM mocie
MEPBOTO M BTOPOTO pPEXHMOB, COOTBETCTBEHHO. YUMTHIBAsl TIOJY4YEHHBIE PE3YyJIbTATHI,
MpearoiaraeTcsi, 4YTO HU3KOIHEPreTHYecKHe KiacTepHble HOHbI HauOosiee 3(p(HEeKTUBHO
CMEIAa0T aTOMbl MHUIIEHH JaTepalbHO, T.€. BIOJb TOBEPXHOCTH. TakuMm o00pa3zoMm,
HU3KOIHEPreTHUYeCKHe KJIACTEePHbIE HOHBI CTJIaKUBAIOT U MOBBIIIAIOT KAYECTBO MOBEPXHOCTU
MUIIEHH Tpu TioyOuHe TpaBieHuss wMumeHun wmeHee 100 HM, 4yTOo HeoOXonWMO st

IMOBEPXHOCTHU OINITHYCCKOTO MaT€pHrajia.
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CTPYKTYPHOE PASYIIOPAJOYEHUE U PACIIPEJAEJIEHUE ITPUMECHBIX
ATOMOB B B-Ga;0;, HOABEPTHYTOM UMIIVIAHTAIIUX HOHOB BOPA
STRUCTURAL DISORDER AND DISTRIBUTION OF IMPURITY ATOMS IN -
Ga;03 UNDER BORON ION IMPLANTATION

A. A. Hukonsckas', J1.C. Kopones!, B.H. Tpymmn', A.1. Benos', M.H. Jlposnos?, ILA.
IOnun?, A.H. Muxaiinos!, JI.1. Terens6aym !
A. A. Nikolskaya', D.S. Korolev!, V.N. Trushin!, A.I. Belov', M.N. Drozdov?, P.A. Yunin!?,
AN. Mikhaylov, D.I. Tetelbaum!

I Vuusepcumem Jlobauesckozo, np. I'acapuna 23/3, Huxcnuii Hoszopoo, 603022, Poccus,
nikolskaya@nifti.unn.ru;

2 Unemumym pusuxu muxpocmpykmyp PAH, I'CII-105, Huxcnuii Hoszopoo, 603087, Poccus

The presented study of B-Ga>O3 (-201) implanted at room temperature with boron
ions shows that the structure of the layer in which the implanted atoms are located
is either amorphous or strongly disordered (to a degree close to amorphization)
before annealing, and the recrystallization occurs after annealing at 950 °C. The
latter is accompanied by a strong redistribution of boron apparently associated with
the effect of impurity segregation into disordered layer.

B mnocnennue roapl 0osbllioe BHUMAaHHE MMOJYYMUJ CBEPXIIMPOKO30HHBINA OKCHIHBIN
noynpoBogHUK Gax03 [1]. 3T0 00yCIOBIEHO €ro YHHKaJIbHBIMH CBOWMCTBAMH, Ojaromaps
KOTOpPBIM OH MpUOOpeN pemyTaluio HauOosee BEpOSITHOIO KaHAuAaTa Ha NpPUMEHEHUEe B
KauecTBe 0a30BOro marepuana A IpuOOpOB HOBOTO MOKOJIEHHMS: MOJIEBBIX TPAH3UCTOPOB U
O6appepoB IloTTKM A7 CHJIOBOM  AJEKTPOHUKH, «COJIHEYHO-CIIETIBIX»  JIETEKTOPOB
ybTpaduoIETOBOIO M3JIYyYE€HHUS, Ta30BBIX JAETEKTOPOB M Jp. [ ¢yHKIMOHHMpOBAaHUS
OOJIBIIMHCTBA TaKUX NPUOOPOB HEOOXOAMMO JIETMPOBaTh HX PA3IUYHBIMU TNPUMECSMHU.
Onnako, HanboJsiee KOHTPOIMPYEMBIH CIMOCOO JIETHPOBAHUS — HWOHHAS WMIUTAHTAIUS JUTS
Ga;03; Hamwia TOKa JUIIbL OrPaHUYCHHOE TPUMEHEHHE [2], He HCUYephbIBalOIee €€
MOTEHIIMAJIbHbIE BO3MOXKHOCTH CBSI3aHHbBIE, HAIpHUMEp, C HEPABHOBECHBIM XapaKTEepOM
MIPOLIECCOB MTPU MOHHOM O0JIyUYE€HUHU U MOCTUMIUIAHTAllMOHHOM OTure.B Hacrosel padore
HCCIIEIOBAaHO BIUsSHUE HOHHOTO 00ydeHus B-Ga>Oz nonamu 60pa Ha CTENEeHb COBEPIIEHCTBA
CTPYKTYpbl, MEXaHHUYECKHE HANpsOKEHUS B OOIYYEHHBIX CJIOAX M paclpe/esieHHe aTOMOB
MMIUTAaHTUPOBAHHBIX U UCXOAHBIX MPUMECEH 10 U MOCIe BEICOKOTEMIIEPAaTypPHOTO OTKHTa.

B pabore ncnonp3oBasiich moyu3oaupyromue noanoxku B-Ga0s; (Tamura corp.), ¢
OpUEHTaIMe moBepXHOCTH 00pa3noB (-201). MynabTUIHEpreTHYeCKasi UMIUIAHTAIlMS MOHOB
B" mpoBoauiack mpu HOpPMaJbHOM TaJaHUM HOHHOTO Mydyka Ha wumiuiantepe MJIV-3.

DHepruu uMIIaHTamuu coctapiasum 40, 22, n 14 k9B ¢ mozamum 1.9-10'°, 1.8-10'5, u 3.6-10"
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cM2, COOTBETCTBEHHO. IIpH WCIONB3yEMBIX DHEPrHAX M J03aX (POPMHUPYETCS IOYTH
MPSIMOYTOJIbHBIN TpodWiIb pacnpeneneHus 6opa ToiamuHOM ~ 170 HM ¢ KOHUEHTpauuen
2-10%' ¢, uTo cooTBeTCTBYET ~ 5 % KOHNEHTpanmu atoMoB Ga B Gax0s. ITlocnemyromuii
OTXKUT MPOBOJWIICA B TpyOuaroil meun npu temneparype 950 °C B notoke a3ora B Teuenue 30
MuH. Ilpoduns pacnpeneneHust BHeApeHHOro Oopa 1O M TOCIE OTKUra HCCIIEIOBaJCs
METOJIOM BTOpUYHOM MOHHOI Macc-cniekTpomeTpun (BUIMC). CtpykTypHbIEe HcCe10BaHuUs
MMIUTAHTHPOBAHHBIX 00PA3IOB MCCIICIOBATIMUCH METOIOM PEHTIeHOBCKOM nudpaxiuu (PI).
Ha puc. 1 npuseneno BUMC pacnpenenenue atomoB Oopa mo riayOuHE 10 U Hocie
oTxkura. J{ns cpaBHeHMs mpuBeleH Npo@uiib, paccuuTaHHblii B nporpamme SRIM. BUMC
npoduns Oopa HECKOJIBKO OTJIMYAETCS OT PACCUYUTAHHOTO, YTO MOXKET OBITh CBSI3aHO C
paguamoOHHO-CTUMYIMpOBaHHON nuddys3uert 6opa Bo Bpemsi uMmruiantanuu. [locine oTxura
npoduis 6opa paguKaaIbHO W3MEHWT (OPMY CBOETO pacTpeleseHUs: KOHIIEHTpamus Oopa
pe3ko cHu3miIach Ha rioyouHe ~ 100 HM, ¥ BO3HUKIIO 1Ba MaKCUMyMa: OJMH — Ha TIIyOuHE ~

50 uMm, apyroi — npu ~ 140 HM.

T T T T 10%

©)

-
o
L

SN
N0 “INIYS

BUMC, oTH. ea.

1——Pacnpepenehue B (SRIM)
F 2= BO (BMMC) nocne umnnaxtauum 310"
3 == BO" (BVIMC) nocne umnnaHtaumm u omxura

0 50 100 150 200
ny6buHa, Hm

Puc. 1. BUMC o6pa3ioB -Ga,03, 06ay4eHHbIx HoHaMu B* 1o u mocie omxura mpu 950 °C,
p

JUIs cpaBHEHUS npuBeaeH pacu€r no SRIM npoduis pacnipeneneHuss HOHOB.

Tako# 3ppexT MOKHO OOBSICHUTH TEM, YTO B MPOIIECCE PEKPUCTAILIA3ZAIUN aMOPHHOTO
(MM CUIJIBHO Pa3yNopsIIOYEHHOTO) CJIOSl M MPOJABIKEHUSI B CTOPOHY MOBEPXHOCTHU T'PAHUIIBI
€ro paszesia ¢ MOHOKPHUCTAJJIOM IIPOUCXOAMT 3aXBaT (Cerperaius) IpuMecu ocTaBIIUMCS (He
perI/ICTaJ'IHI/I3OBaHHI)IM) PAsynopaa04Y€HHBIM CJIOEM BCJICACTBUC BBIMIPhIIIA B OSHCPIrUur
CHUCTeMbl TIpH JaHHOM TMpouecce. B  pesynpraTe mocie 3aBeplIeHHs Ipolecca
PEKpUCTATIIIN3AINU MAKCUMYM KOHICHTPAIMKU OKa3bIBACTCA CMCEIICHHBIM K ITOBEPXHOCTHU IIO
OTHOHICHUIO K €TI0 IIOJIOXKCHUIO A0 OTXKHUIA. HpI/I OTOM Ha HEKOTOPOM I3TaIll€ BO3MOXKCH CPLIB
pPEKpUCTAJUIM3AIMM, TaK YTO NPUIIOBEPXHOCTHBIN CJIOM ocTaercs amMop(dHbIM, JHOO

NEPEXOAUT B MOJIUKPUCTATIIIMICCKOC COCTOSAHUC.
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Ha puc. 2 npuBenensr aqudpakrorpaMmbl 0OJTyUE€HHBIX 00pa3IoB 0 U OCJE OTKHUTA
mpu 950 °C. [Ins He OTOxXOKEHHOTOo oOpasiia B O00JaCTH MEHBIIWX IO OTHOIIECHUIO K
TUGPAKIIMOHHOMY TMHKY OT TOJUIOKKH YIJOB BHAHO XapaKTEepHOE IUIeUo (XBOCT),
CBUJETENLCTBYIOIEE O AedopManuu jaTepaibHOro cxarus. Jedopmanus narepaibHOTO
ckaTusl (pacTsHDKEHUs B HANPaBICHUH HOPMAIM K TOBEPXHOCTH) SIBIISICTCS TUITUYHOM JIsI
MOHHOTO OOJy4YeHHMsI MOJyIPOBOJAHUKOB M YKa3blBaeT Ha MpeodIaJarollyo posb JeheKToB
TUTMA MEXA0Yy3elbHbIX KOMIUIeKcOB. [locie oTkura kapTuHa KayeCTBEHHO M3MEHSETCS.
Bmecto acuMMeTpUyHOro BBITSIHYTOrO Iuledya Ha JaudpakrorpamMme BHUIEH IOYTH
CUMMETPUYHBIA MUK, LEHTP TOKECTH KOTOPOTO HECKOJBKO CMEIIEH B 00JIaCTh MEHBIIHUX
YIJIOB OTHOCUTEJIBHO MUKA MOAN0KKH. PopMa KA COOTBETCTBYET KpUBOH U (PaKIHOHHOTO
oTpakeHus JAepopmMupoBaHHOro cios. OIleHKa TONUIMHBI J1e()OPMHPOBAHHOIO CJIOS T10
LIMpYHE JaHHOTO MHKa faeT BenuyuHy 30 HM. OTa BenuunHa OJIM3Ka K UIMPUHE JIEBOTO MTUKa
KoHUeHTpauuu 6opa no gaHHeiM BUMC (puc. 1). [loaTomMy pe3oHHO NpeasioKuTh, YTO
OCHOBHOM BKJIaJ B AedOpMAaIHIO JIJIT STOTO MHUKAa BHOCAT HE aTOMBI OOpa, a OCTaTOYHBIE
nedextsl. Eciu 970 Tak, To aroMbl 00pa B CBOeM OOJBIIMHCTBE HE 3aHUMAIOT Y3JIbI TaJLTHS,
TO €CTh HE 00pa3yloT pacTBOp 3aMElIeHHs, KaK MPOMCXOAWJI0 Obl B Cilydae 3aMellleHus
aToMoM Oopa BakaHcuu Tayuud. [lo-BuanMomy, Takol IpoIecc SHEPreTUYeCKH HEBBITOJIEH,
00 KMHETHYeCKU 3aTpyaHeH. OJHAKo, 3TO HE MCKIII0YAeT BO3ZMOXHOCTH MOHHO-JIy4E€BOIO
CHHTE3a CIUIaBa 3aMEIIECHUsS TMpPU JAPYrHX YCAOBHAX HMIUIAHTAllMd W OTIXKHTA,

06CCHCLII/IB3IOHH/IX 0oJiee CHIIbHOE OTKIOHEHHE IMpOoNIecCCOB OT paBHOBECHLIX.

T T T

(a) p-Ga,0, (-201) 3 5(6)
(-402)

T T T T T T T T T 3 E T T T T T T T T T T T T T T

(-402

Intensity (a.u.)
Intensity (a.u.)

N.l.........ﬁ.? E........

372 374 376 378 380 382 384 386 388 372 374 376 37.8 380 382 384 386 388
20 (degree) 20 (degree)

Puc. 2. PJI o6myuennbix o6pasnos -Ga>O3 a0 (a) u mocne orxkura npu 950 °C (0).

HccnenoBanue BBITIOMHEHO 3a cyeT rpaHTa Poccmiickoro HayuHoro ¢onma Ne 23-79-

00052, https://rscf.ru/project/23-79-00052/.

[1] S.J. Pearton, J. Yang, P.H. Cary et al., Appl. Phys. Rev. 5 (2018) 011301.
[2] A. Nikolskaya, E. Okulich, D. Korole et al., J. Vac. Sci. Technol. A. 39 (2021) 030802.
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K BOITPOCY O JNPDPY3ZNOHHBIX MEXAHU3MAX HAKOIVIEHUS ITPUITO-
BEPXHOCTHBIX JE®EKTOB ITPU UMIIVIAHTALIUU KPEMHUSA

ON THE ISSUE OF DIFFUSION MECHANISMS OF NEAR-SURFACE DEFECT AC-
CUMULATION AT IMPLANTATION OF SILICON

JI.LA. HoBukos, E.A. Mapkosa, B.M. Mukymkux
D.A. Novikov, E.A. Markova, V.M. Mikoushkin

OTU um. A.D. Hopgpe, Ilonumexnuueckasn 26, Cankm-Ilemepoype, Poccus,
dima_slav_67@mail.ru

Abstract. An analysis is made of the mechanisms discussed in the literature for the formation of a
near-surface amorphous region or a region with a high concentration of point defects due to
implantation of silicon with light medium energy ions, including the most probable mechanisms based
on the diffusion of atoms or vacancies to the surface. Extrapolation of diffusion coefficients in
amorphous silicon to the region of room temperatures led us to the conclusion that the diffusion

mechanisms for defect accumulation on the surface are of zero efficiency.

NMmnanTanys MOHOB CpeHUX SHEPTUil SBJISETCS OJHUM U3 Haubosiee pacipocTpaHEH-
HBIX METOJIOB JIETMPOBAaHMs MOJYNPOBOJHUKOB U, IMPEXJE BCETO, OCHOBHOI'O MaTepHuala
ANEeKTPOHUKH - KpeMHUS [1]. CepbE€3HbIil HEAOCTATOK MeToa - AePeKTo0OpazoBaHue, IPOsB-
nsiroreecst B OpMHUPOBAHUM BBICOKOIE(PeKTHOM Mau aMopdHO 00bEMHONM 00JIaCTH C IICH-
TPOM Ha “TIPOEKIMOHHON riyOuHe” (d = Rp), OOBIYHO COCTaBIISIIOIIEH COTHU HAaHOMETPOB.
SBnsisich LIEHTpaMH PEKOMOMHAIIMU 3JIEKTPOHHO-BIPOYHBIX MAap M PACCESIHUS HOCHUTENEH To-
Ka, nedeKThl CHUXKAIT 3G (HEeKTUBHOCTH MpuOopoB. [Ipoduie pacnpeneneHus MIOTHOCTH Jie-
(eKTOB C OAHUM MaKCUMyMOM B 00sacTH d = Rp xopoio onucbiBaeTcs nporpammoin TRIM
[2]. Onnako B pabore 1972 roma A.W. I'epacumoBa u ap. [3] mpu UMIUTAHTAUU KPEMHHUS
WOHAMHU B IIMPOKOM jauamna3zoHe macc ¢ sHepruid 50 k9B Oputa oOHapykeHa M OmucaHa
COHJIBUY-CTPYKTYpa, B KOTOpOHl moMHMO aMop(du30BaHHON OOBEMHON 00JIaCTH METOJIOM
aeKTpoHOTrpaduu OblIa OOHApPYKEHA IPUIIOBEPXHOCTHAST aMOopdHas 00J1acTh, OTACIEHHAS OT
00BEMHON KPUCTAIUIMUECKUM CJI0EM. ABTOPBI pabOTHI MPEANOIOKUIA HECKOJIBKO BO3MOX-
HBIX MEXaHU3MOB BO3HHMKHOBEHMSI IPUIIOBEPXHOCTHOTO aMOP(HOIO CIos, CPeau KOTOPBIX
Haubosee BEpPOATHBIMU ObUIM yKa3aHbl JU((y3UOHHBIE MEXaHU3Mbl HAKOIUJICHUS Y MOBEPX-
HOCTH MEXJI0Y3eJbHBIX aTOMOB WM BakaHcuil. B pabote [4] ObUTO MpeanonoxKeHo, YTO MO-

BEPXHOCTh pabOTaeT KaK CTOK JJISI MEXKI0Y3€IbHBIX aTOMOB. B mocneayrommx paboTtax, BbI-
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TTOJTHEHHBIX METOJIOM paccessHusi ObICTpbiX HOHOB (RBS), Opla mogaeprkana rumore3a oopa-
30BaHUs MPUIIOBEPXHOCTHOTO aMOp(HOro ciost B pesynbrare Aud@Py3nu MexI0y3elbHbIX
aTOMOB K TIOBEPXHOCTH [Harmp., 5-7]. B HacTosmel paboTe ObLI BBHIOJTHEH aHAJIU3 JINTEpa-
TYPHBIX JTaHHBIX 0 KO3 duimentax camoaupdysun B aMopHhHOM KPEMHUU U OLIEHEHbI Tn(-
(Gy3uOHHBIE JUIMHBI KaK B MPOLECCe MMIUIAHTALMU, JOIYCKAaOleM BO3MOXHBIA HAarpeB 00-
pasla, TaKk U B JIOCTaTOYHO JUIUTEIHHOM IOCJIEUMILIaHTallMOHHOM mepuoje. [lokazaHo, uTo
¢ Gy3nOHHBIE MEXaHU3Mbl HE MOTYT OBITh NMPUYMHON amopdu3aluy MPUIOBEPXHOCTHON
obJyacTu MaTepuania.

[Tapsl Mex/10y3€/bHBIX aTOMOB U BakaHCUH 3 peKkTuBHO 00pasyrorcs B 00bEME Mate-
puana mnoja IeHCTBUEM MMIUIAHTHPYEMBIX MOHOB M B MOHHBIX Kackagax. Ux nuddysus Bos-
MO>KHa BO BpeMSI UMIUIAHTAllUU WIH IOciie He€ B MEPHOJ /10 SKCIEPUMEHTOB O ONpesere-
HUIO pactipeneneHus (mpoduisi) INIOTHOCTH TOUYEUYHBIX Ne(eKToB 1o riyouHe odpasua. [dnu-
TEJIBHOCTh MEPBOrO MEpHOoJia OOBIYHO HE MPEBBILIAET OJHOTO Yaca, a BTOPOM MOXKET pacTs-
HYThCS Ha Henento u 6onee. [loaTomy B oneHkax nuddy3noHHON JTHHBI UCTIOJIB30BAHBI ATH
JUIATeNbHOCTH. OCOOEHHOCTHIO MEPBOTO MEPHO/Ia SABIISIETCS BOZMOKHOCTh HEKOTOPOTO Harpe-
Ba o0Opas3lia My4yKoM MOHOB JI0 TeMIiieparyp, He mnpesbimaromux 100 - 200°C, yTo MOXKeT Cy-
IIECTBEHHO YBEINYUTH MU (Y3NOHHYIO JUIMHY U YTO TaK)K€ HEOOXOAUMO yUeCTh.

s ouenku 3¢ dextrBHOCTH AU GYy3Un aTOMOB KpeMHUS B KpeMHUH (camonuddy3un)
OBLIHM MCTIONB30BaHbI JaHHbBIE paboT [8, 9] no onpeaeneHuto korhdurueHToB camoauphy3un
(D) B amopHOM KpeMHUHU. ABTOpHI pabOT onpeaesnsiin KodphuuueHTsl D METOI0M BTOPHY-
HOM HMOHHON Macc-CIEKTPOMETPUHU M0 YIIUPEHHUIO KOHUEHTPALMOHHBIX MHpoduiei cioén
aMop(HOT0 KpeMHHS C pa3HbIM HM30TOMHBIM cocTaBoM. HarpeB mpopomkanu He Oose He-
CKOJIBKMX MHHYT MPU OTHOCHUTENIbHO HU3KUX TeMmriepaTtypax (7= 550-700°C [8] u 460-600 °C
[9]), uTO, KaKk MOKa3ajlnu KOHTPOJIbHbBIE OIBITHI, HE PUBOMIO K BOCCTAHOBJIEHUIO KPUCTAILIH-
YECKOM CTPYKTYypbl. JlaHHBIE KaXKJA0r0 U3 SKCIMEPUMEHTOB OMUCHIBAIOTCS OJTHOM MpsAMOM Ap-
pennyca (InD(1/T)), 9T0 CBUAETENBCTBYET O JOMHUHHPOBAHWU JIMIIb OJIHOTO MEXaHHM3Ma
mud¢y3uu. Ha Puc. 1 npuBenens! 3aBucumoctu InD(1/7), sxcTpanonrpoBaHHble B 00J1aCTh
KOMHATHOW TeMIiepatypbl. BUHO, 4TO JaHHBIE SKCIEPUMEHTOB 3aMeTHO pacxojasarcs. Ilpu-
YUHOW PacX0KJI€HUS MOXKET ObITh HEOJIMHAKOBasl CTENEeHb aMop(u3ali KPEeMHHUs, CBA3aH-
Has C pa3HbIMHU crocobamu amopdu3anuu (MOHHO-TY4YeBOE HaIbUICHUE [8] W MMILIaHTAIUs
KpeMHus [9]), a Takke ¢ BO3MOKHBIMU MOTPEIIHOCTSIMU CTOJIb JaJIbHEH dKCTpanoasuuu. Mbl
UCIOJIb30BaJIM MaKkCUMasbHble KOA((ULIHUEHTHI, YTOOBI MPUBEAEHHBIE HUXKE OLIEHKH 3Pdek-
TUBHOCTH AU(y3un OblIN “OlleHKaMU CBepXy . BoNbLIIMMH KpyKKamMH Ha BEpXHEH KPUBOM

0003HaYeHBI TOYKH, COOTBETCTBYIoMME TemmepaTypam 1 = 20, 100 u 200°C.
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700 K 500 K 400K 300K Puc. 1. Koadpdunuentsr camonuddysun B

' ' ' ' aMop(GHOM KPEMHHH B 3aBUCHMOCTH OT 00-
patHOif Temmepatypsl 10%/T mo maHHBIM
pabor [8] (xBampatsl) u [9] (KpyXKKn).
BonbmmMu kpykkamMu 0003HAaYEHBI TOYKH,
COOTBeTCTByIOIIHE TemmepaTypam 1 = 20,

% 10%} ] 100 m 200°C Ha O3KCTPAIOJIMPOBAHHOM

T

_19]
107 - (8] ]

g Y4aCTKE 3aBUCUMOCTH.
o
S ot t .
Tax, nmpu temnepatype 7 = 20°C koad-
105 L | dumuent camomuddyzun B amopdHOM

KPEMHHH He mpeBbimaer D ~ 2 x 104

10-65 1 N 1 . 1 N 1 N N
1.0 1.5 2.0 2.5 3.0 35  cMm?/c.

107 (K™

Ha Puc. 2 noka3ansl 3aBUCUMOCTH
mudysnonnoii mmmeel (L = 4(In2Df)Y? [10]) aromos, mudPyHIAMPYOMUX B aMOPPHOM
KPEMHUU B MIPOLIECCe UMIUIAHTAIUH (a) U B MOCIeUMIUIaHTalnOHHbIN niepuo (b). [Tockonbky
MpY UMIUIAHTALlMM MOHOB BEChMa 3HAUUTENIbHBIX SHEPTUI 00pa3el] MOKeT HarpeBaThCs, Obl-
JIM paccuMTaHbl KpUBBIE, OTHOCAIIUECS K Temneparypam oopasua 7 = 20, 100 u 200°C. Kpu-
BBIE HATPETBIX 00Pa3IoB YMHOKeHBI Ha (aktop 3%x10° u 3x10°, coorsercTBEHHO. BUano, uTo
HE3HAYUTENIbHBIN HarpeB u3MeHsieT 3p¢GeKTUBHOCTh AU(Gy3un Ha MHOTO NMopsiikoB. OHAKO
Jlake B cllydae JOBOJBHO BBICOKOM TemmepaTypsl (200°C) v AIUTENbHON SKCHO3UIMH 1n(-
(y3uoHHas 1MHA OCTAETCSA MpakTHUecKu HyieBol (L ~ 10 um). Emé Gonee HUUYTOXKHOM
okasbiBaeTcs qudQy3us Npu KOMHATHOM TeMmIeparype B MOCJIECUMILIAHTALIMOHHBIA MEepuo/l,
Ja)ke eciiu oH pactsarubaercs Ha roasl (Puc. 2b). [IpuBenéHnuble 3aBUCUMOCTH B paBHOU Mepe
XapakTepu3yoT AU Gy3ur0 aTOMOB U “BaKaHCUN’, HAXOASAIINXCS B PAaBHOW KOHIIGHTPAIlUU B
00J1aCTH TTPOCKITMOHHON TITyOHHBI.

Huddys3us He B aMmopHOM cioe, a B AeeKTHOM KpHcTasuie (BKItoYash KpUCTaJInde-
CKUH CIIOM, KOTOPBIA HEOOXOAMMO MPEOI0JIETh aTOMaM aMOp(pU30BaHHOTO 00BEMA MPHU JIBU-
KEHUH K MOBEPXHOCTH) JOJIKHA OBITh ellé MeHee 3((GEeKTUBHOM, MOCKOJIbKY B HEH y4acTBY-
10T HE MEXJO0y3€eJbHbIe aTOMBI, @ aTOMbI KPUCTaUINYECKON pemérku. B aToM ciydae nomu-
HUPYIOLUM SIBJISIETCSI BaKaHCUOHHBIA MexaHu3M auddysuun: D ~ exp(Ew/kT) x C, rae Em -
SHEpTHs aKTUBANMKU Murpanuu, a C - IOTHOCTh BakaHcuid. Koaddumment D B kpuctamwie
BCEr/1a MeHblIe u3-3a Oosplieil s3Hepruu Em 1 MeHbIien miotHoctu C.

WNHTepecen Bompoc, BOZMOXKHO JIM NEepeTeKaHne aTOMOB WJIM BakaHCHM U3 amopduzo-
BaHHOI 00BEMHON 00JIaCTH K MOBEPXHOCTU MPH OTHOCUTEIBHO BBICOKOTEMIIEPATypPHOM OT-
KHUT€, €CliM, KOHEYHO, 3TOT OTKUI HE MPHUBOJUT K CYIIECTBEHHOMY BOCCTAHOBJIEHHMIO KpHU-
CTAJUTMYECKON CTPYKTYyphl. MMeromyecs: NaHHbIE MO3BOJIAIOT IMOJIOKUTEIBHO OTBETUTH Ha

3TOT Bompoc. OLEHKHN MOKa3bIBAIOT, YTO MEXKI0Y3EIbHbIE aTOMBI ITpeoaosieBatoT 100 HM
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Puc. 2. Jluddysuonnas mivHa L B 3aBUCH-
e MOCTH OT JUTUTEIIbHOCTH MMIUTAHTAMH (a) U
______ nocjieuMIuianTannonHoro nepuoja (b). Kpu-
e BbIE MMIUTAHTAIIMOHHOTO IEpUoJia TpUBe/Ie-
\ | HBI I 00pa3IoB, HATPETHIX IO TEMIIEPATyp
100 °C (x3x10°) 4 T=20, 100 u 200°C. KpuBble yMHOXEHBI Ha
i daxrop 1, 3x10* u 3x10°, cooTBeTCTBEHHO.
'-_,'-;3 20°C (x3x10°) Kpussie MOCTEHMILIAHTALHORHOTO NepHoza
5 COOTBETCTBYIOT KOMHATHOW TeMIeparype.

L (10 nm)
N
T

P npu temneparype 700°C 3a 2 gaca. On-

(2)

HAaKO II0 HU3BCCTHBIM OKCICPUMCHTAJIb-

0 20 40 60  HBIM JaHHBIM [5-7] OTXKHI HE yBEIUYUBA-

1.5 " ! ) T j T ' €T OTHOCUTCIIbHYIO ITJIIOTHOCTDH ,Zle(beKTOB
IMIPHUIIOBEPXHOCTHOI'O CJIOA, a B IPUMEPHO

1 week paBHOﬁ CTCIICHU YMCHBIIACT KOHICH-
1.0 4

Tpanuio AePEeKTOB M TOBEPXHOCTH, U

T=20°C 1 00BEMa.

L (10_14 nm)

1 day
05 L i Takum 00pa3oM, BBIITOJHEHHBIE

ornieHKH camoauddyzun B amoppHOM U

(b) Ne(heKTHOM KPHUCTALIUYECKOM KPEMHUU

1 " 1 " 1

0 ' 48 9% 144 ' ITOKA3bIBAET €€ UCKIIOUNUTEIBHO HU3KYIO
At (h)

3¢ (eKTUBHOCTh MpHU TeMmIiepaTypax, He
npesbimatromux 200°C. Auddy3uoHHble MEXaHU3Mbl “‘CTEKaHUs MEXIO0Y3€IbHBIX aTOMOB
WJTU BaKaHCHUM K TIOBEPXHOCTH M3 00bEMHON amop(dHON 0071aCTH WU 00JIaCTH, XapaKTepU3y-
IOIIEHCST BBHICOKOW KOHIICHTpalMer 1edeKTOB, HE IO3BOJIAIOT OOBSICHUTH (POpMUpPOBAHUE
aMop(HOTO WK BBICOKOJE(PEKTHOTO MPUIIOBEPXHOCTHOTO CJIOSI MPU UMIUIAHTALUU KPEMHUS

HOHaMMU.
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I'AIIEHUE ®OTOJIOMUHECHEHIUU JE®PEKTAMHA
MPUIIOBEPXHOCTHOM OBJIACTH GaAs, UIMIINIAHTUPOBAHHOI' O
HMOHAMMU A30TA C DHEPTHEM 250 K2B

PHOTOLUMINESCENCE QUENCHING BY NEAR-SURFACE DEFECTS OF GaAs
IMPLANTED WITH 250 KEV NITROGEN IONS

J.A. HoBuxkos, A.E. Kansaun, H.A. Co6ones, K.B. Kapabemkun, B.C. Kanunosckuid,
E.A. I'pe6enmukoBa, B.M. Mukymikua

D.A. Novikov, A.E. Kalyadin, N.A. Sobolev, K.V. Karabeshkin, V. S. Kalinovskii,
E.A. Grebenshchikova, V.M. Mikoushkin

OTU um. A.@. Hopgpe, Ilonumexnuueckasn 26, Cankm-Ilemepoype, Poccus,

dima_slav_67@mail.ru

Abstract. The edge photoluminescence (PL) spectra of GaAs implanted with N* ions at an energy of
250 keV and annealed at a temperature of 750°C were measured before and after the removal of a near-
surface layer ~100 nm thick. An increase in the intensity of the edge PL line by a factor of 1.3 was
found, indicating the presence of a relatively high concentration of radiation defects in the near-surface
layer. It was shown that the density of these defects is almost twice as high as the maximum density of

point defects in the volume, calculated using the TRIM program.

JledexToobpa3oBaHue Npy UMILIAHTAIIMN HOHOB CPETHUX SHEPTHi (1eCATKU-COTHU K3B)
OTrpaHUYMBAET IPUMEHEHHE TEXHOJIOTHH JIETUPOBAHUS MOIYIIPOBOJHUKOB B ONTOAIEKTPOHHUKE
[1]. BmecTe ¢ TeM, MHOTOJIETHHE UCCIIEAOBAHUS ITOTO MPOIECCa TTO3BOIIIINA JOOUTHCSI BEChMa
TOYHOTO OIUCAaHUs pacnpesesenus (Mpopuis) MIOTHOCTH 1e(heKTOB Mo TITyOuHe MaTepuaa ¢
nomouipio nporpammsl TRIM [2]. TIpodunu miotTHOCTH NedeKTOB, pacCUMTaHHBIE 1O IMPO-
rpamMe TRIM, Bo Bcex MaTepuanax XxapakTepU3yIOTCS OJHUM MaKCUMYMOM B 00iacTu, 6Ju3-
KO K MPOEKIIMOHHOM IiTyOouHe (Rp), KOTOpas COOTBETCTBYET MAaKCUMyMY IJIOTHOCTH UMILIAH-
THPOBAHHBIX HOHOB. OJJHAKO PKCIIEpUMEHTANIbHbIE HCCleA0BaHUs poduielt 1eexToB, reHe-
PUPYEMBIX UMITJIAHTUPYEMBIMU HOHAMU B KPEMHHUH, OOHAPY KU BBICOKOIE(PEKTHYIO 001aCTh
BOJIM3U MOBEPXHOCTH, KoTopasi He onuckiBaerca TRIM pacuéramu [3-5]. Ananoruynas o0-
nacTh Obuta HaliieHa ¥ B GaAs - 0JHOM U3 HanboJiee BaKHBIX MaTEPHUAJIOB ONTOIEKTPOHUKH
[6,7]. MeTtomom obpatHOTO pe3epdopaoBckoro paccesaust noHOB (RBS) 6110 ycTanosieHo,
YTO IUIOTHOCTh TOUEYHBIX 1€(DEKTOB B MPUMOBEPXHOCTHOM ciioe GaAs, 00Iyd€HHOTO MOHAMU

N* ¢ aneprueii 250 k3B, comocraBuma ¢ 00bEMHO# MIIOTHOCTHIO. Hanmuuue q0moaHUTEIbHON
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00JacTH MOBBIIIEHHON KOHIEHTpAUK Je(PEKTOB HE TOJIBKO MPUBOIUT K JOMOIHUTEIHLHOMY
MEXaHHU3MY TallleHus JIIOMUHECLIEHLIMH, HO U MO/ICKa3bIBAET CIIOCO0 YCTPaHEHUs 3TOT0 KaHalla
raieHusi myTéM yAajleHusl IOBEPXHOCTHOrO cliosi. B HacTodmeil paboTe mpUNIoBEepXHOCTHBIN
cioit ronmuHoi ~100 HM ObLT yAaNEH XUMUYECKUM TPABJICHHUEM, YTO MPUBEJIO K YBEINYCHHUIO
MMKa KpaeBou oMuHectieHnn Ha ~ 30%. MoaenupoBanue pactpeneseHus 1eeKToB 1Mo J1aH-
HBIM (DOTOJTFOMHUHECHEHIMH [TO3BOJIMIIO OIIEHUTDH IUIOTHOCTH AE(PEKTOB B MPHUIIOBEPXHOCTHON
o0JacTu 1 moKa3aTh, YTO OHA IMOYTH B JIBA pa3a MPEBBIINIAET MAKCUMAIbHYIO0 00BEMHYIO.
[Tnactuna MoHOKpucTammueckoro n-GaAs (100), neruposannas kpemuueM (n ~ 108
cm), ObLIa MCIONB30BaHA B KAUECTBE MOMIOKKU. [t MONyYEHNS KPUCTAIUIMYECKOTO CIIOS
GaAs ¢ HU3KHM COJepKaHUEM MPOTSHKEHHBIX Ne(EeKTOB METOJIOM ra3oa3HON AMUTAKCHH B
xyopruapuaHoi cucteMe (XI'dD) Ha muacTUHE BBIPACTUIIM AUTAKCHANIBbHBIN ciioit GaAs Tou-
uHOM A = 46 MmxM. Croit ObIT KOMIIEHCHPOBAH akIenTOpHOM npuMechio (P) ¢ koHeHTparuei
p =3%10"2 cM™, 4TOGBI OMYUUTH COOCTBEHHBIN MOMYIIPOBOAHHUK. JMHUTAKCHATBHBIN CIIOH HM-
IUIaHTUPOBaIK MOHaMu a3ota N* ¢ sueprueii £ = 250 k9B u nosoii Q = 5x10'° cm™ npu mwiot-
HOCTH TOKa j ~ 0.45 MKA/cM?. JIJIs BOCCTAHOBIICHUS KPUCTAIUTMYECKON CTPYKTYPBI B BO3MOK-
HocTH Habmonate @JI nmpu KOMHATHON TemrepaType OJHY U3 YacTell IIaCTUHBI MOABEPIIIN
oTkuTy B atMocdepe azota npu temreparype 7' = 750°C B treuenue 15 munyT. [1omo6HBIH OT-
JKUT TO3BOJISIET TIOHU3HUTH INIOTHOCTh TOYCUHBIX 1ePeKToB B 2.5 - 3 pasza mo Bcei riryOnHe uM-
manTupoBadHoro cios [8]. Crnextpsl poTtomomuHectieHIuH (DJI) n3mepsii ¢ MOMOIIBIO MO-
Hoxpomartopa MJIP-23 ¢ InGaAs ¢oToanoaoM 1 KpacHOTO j1a3zepa ¢ JNIMHON BOJIHEI 4 = 730 HM
u MotrHocThI0 P = 50 MBT. KanuOposky cniektpoB ®JI mpoBOuIHN 10 CIIEKTPY KAITHOPOBOU-
Hoit mamnel Avalight-HAL-CAL-Mini. Cnektpsl @JI oToxxEHHOr0 00pa3sia u3Mepsuiu 10 1
MOCJIe yAQJICHUS TIPUTTOBEPXHOCTHOTO cJiosi TodmuHor 2 = 100 = 50 am. [ sToro moepx-
HOCTH TOJBEpraJid aHOJHOMY OKHCIIEHHIO, TPAaBJICHHIO U MpOoMbIBKe. CKOpPOCTh TpaBlIEHUS

ONPEACISUIN B CIEUUATBHOM JKCIIEPUMEHTE MYTEM YIAJICHUS CJIOs TOIMHON ~ 200 HM, 10-

' ' ' ' ' ' CTaTOYHOM Al €€ M3MEpEeHus MO Kparo

/ Removable layer

ME3bl C IOMOIIBIO MHKPOCKOIIA AnpramMm

w

MET 6C c xpaTHOCTBIO yBeanuenus 2000

20

N concentration (10 cm'z)

S}

Puc. 1. TRIM npoduns KoHIEHTpanuy a3ora
B GaAs, UMIUIaHTHPOBaHHOM HMOHamu N’ ¢
. sHeprueit 250 k3B. 3amTpuxoBanHas o01acTh
COOTBETCTBYET CTPABIEHHOMY CION. Bepth-
KaJIbHON JTMHHUEW OTMedeHa IIyOuHa MPOHUK-
0 ! L ! HOBEHHA JIA3€PHOTO H3NIYYEHHS C JITUHOU

0 200 400 600 800 pomHBI A =730 HM 10 yJaJ€HHUS CIIOS.
Depth (nm)
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Puc. 2. CrnekTpsl kpaeBoil (oToIOMUHECIICH-
unu GaAs, MMIUTaHTHPOBaHHOTO MOHamu N ¢
sHeprueit 250 k3B, n0 (crutonHasg KpuBasi) u mo-
cie (MMyHKTHpHAs KpWBasi) yAaJeHHUs CIOSI TOJ-
muHoH A = 100 + 50 uM.

u npodunomerpa Dektak 3030. [danusie o

I (arb.un.)

TOJIIIMHE, TOJy4EHHBIE ABYMS METOJAMH,
okazanmuch Omu3kumu. Ha Puc.l mnokasan
pacuétnbiii TRIM npoduns koHIIEHTpauu

azora B GaAs, IMINTAaHTUPOBAaHHOM MOHaMU

800 850 900 950

+ .
 (hm) N ¢ sneprueit 250 x3B. 3amTpuxoBaHHas

00JacTb COOTBETCTBYET CTpPaBIMBAEMOMY
cioro. BepTukanbHoil nuHMENH oTMeuyeHa INyOMHAa MPOHUKHOBEHHS JA3€PHOIO M3ITYUYEHHS C
JUTHHOM BOJIHBI A = 730 HM 110 yAaJieHuss TOBEPXHOCTHOTO cjiosl. BumHo, 4T0, HECMOTpS Ha
00JIBIIYIO 103y UMILIAHTAIMK, OCHOBHOM curHain @JI ¢popmupyercs B GaAs ¢ He3HAYUTEINb-
HbIM (~ 0.2 - 0.3 at. %) comepkaHUEM a30Ta Kak 0, TaK U MOCTE YAAICHHUS TTOBEPXHOCTHOTO
cinod. IToatomy ocHoBHOE oTiune PJI uccnexyemoro marepuana or @JI kpucrammaeckoro
GaAs cocToHUT B BBICOKOHM IJIOTHOCTH Je(EKTOB, MPOPHIb KOTOPOH OJU30K K MPOPUITIO UM-
IUTAHTUPOBAHHOT'O a30Ta.

CrniekTphl KpaeBoil (POTOTOMUHECHEHIIMN UMILIAHTUPOBAHHOTO M OTOAOKEHHOTO GaAs,
M3MEepeHHbIE [0 (CIIJIONIHAs KpUBasi) U nociie (MyHKTUpHas KpuBasi) y1ajJeHHs IPUIIOBEPXHOCT-
HOTO C€J10s1, TOKa3aHsl Ha Puc.2. BuaHo, 4To ynaneHue NpuioBEpXHOCTHOTO CI0SI IPUBOAMT K
BO3pPACTaHUIO UHTEHCUBHOCTH TiMKa KpaeBor DJI Ha ~ 30%, 4TO mpuMepHO Ha MOPSIOK Mpe-
BBIIIAET MOTPEIIHOCTH U3MEPEHHH, CBA3aHHbIE C HEOJHOPOAHOCTHIO MIOBEPXHOCTH o0pa3la u
BOCIIPOU3BOJMMOCTBIO M3MepeHui. YBenndeHue uHTeHcuBHOCTU DJI, oueBHIHO, 00YCIIOB-
JIEHO yJAaJieHueM /1e(peKTOB NMPUIOBEPXHOCTHOM 00JIaCTH, KOTOPHIE SBJSIOTCS LEHTpaMu Oe-
3U3JIy4aTeIbHOW PEKOMOMHAIMK AJIEKTPOHHO-ABIPOYHbIX nap. IlpusBenénnoe Ha Puc. 3 mo-
JIeNIbHOE pacipe/ieieHne AeeKTOB MO3BOISET OLEHUTh OTHOCUTENbHbIE INTIOTHOCTH J1e(hEKTOB
B [IPUIOBEPXHOCTHOM (S) 1 00bEMHOII (B) 0bnacTsx, a Takke UX CBA3b ¢ HA0JII01aeMbIMH UH-
terncuBHOCTSIMU DJI 10 (I+s) ¥ mocne (/p) ynaneHus moBepxHOCTHOTO cios. [lomaras o6part-
HOTPONOPIHOHATBHYIO0 3aBUCUMOCTh MHTEHCUBHOCTH PDJI oT konnyecTtBa NeeKTOB, MOIY-
gaeM: Ip:s ~ (D + Ds)! wuIg ~ Dp’'. Konmmaectso nedexTos Ha Puc. 3 onpenensercs mioma-
IbI0 MPSAMOYTOJIBHUKOB (S- u D-defects), nnu npousBeneHnemM ycpeaAHEHHON IUIOTHOCTH Ha
TONIUHY MoBepXHOCTHOTO (100 HM) min 06BEMHOTO cio€B. IlocienHss paBHa TOIIIUHE JUa-
THOCTUPYEMOTO CJIOSI M ONpeNeNsieTcsl TIyOMHON NMPOHUKHOBEHUS JIa3€pPHOTO M3ITy4YeHHs [

~424 uM, oTMedeHHOU cTpenkaMu. KonmdecTBo 00bEMHBIX B-1e(hekToB B IPsIMOYTOJIEHUKE
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2.0 . : : Puc. 3. MogensHOEe (TIPSIMOYTOIBHUKH) H
TRIM pacnpeneneHusi KOHIIEHTpAIUU TO-

= =— 100 om A=730 nm yeyHbIX 1eeKTOB 10 riybuHe oopasza GaAs,
g 1sL| s UMIUTAHTHPOBAHHOIO MOHAMH a30Ta C dHEP-
_g ' rueit 250 k9B. JmrHa BOJHEBI 30HIUPYIONIETO
}: S-defects nazepa 4 = 730 HM. Fny61/;Ha ZISXHI/IKHOBG-
£ HUS JIA3epHOTO M3ITyUYeHUs [y, ~ HM.
£ 10F ~ L =424nm | p y 2
P //f\\
% ........ / U \ cOOTBeTCTBYeT MHTerpany or TRIM mpo-
A i

B-defects | ¢wig u oCTaércs MPUMEPHO OJIUHAKO-

\?

BbIM TIIpHU YJAJICHHUHU TTOBEPXHOCTHOI'O

0.0 0 T 0 T ciost.  Mcmomb3ys  SKCIIEpPHMEHTAIIBHO

Depth (nm) HaOmomaemMoe ociabiienue auHuu DJI,
noy4aeM: Is/lg+s = 1 + Ds/Dg = 1.3 u Ds= 0.3Dg . CnienoBaTenbHO, KOJIUYECTBO Ae(EKTOB B
MIPUIIOBEPXHOCTHOM cjioe TouuHoN 100 HM cocTaBisieT OKOJIO TPETH OT KOJUYECTBA 00bEM-
HBIX IEEKTOB B CJI0€ TOIIINHOMN /) ~ 424 HM NpH TUIOTHOCTH S-7€(EKTOB, HECKOIBKO OOJIbIIEH
00bEMHON. OIHAKO, €clU y4ecTb, UTO TOJIIUHA MPUIOBEPXHOCTHOTO JE(PEKTHOTO CJI0s 3Ha-
YUTEIHHO MEHBIIE TONIIUHBI CTpaBIeHHOTO U He mpeBbimaeT 20 - 30 uM [8], To TIOTHOCTH
MOBEPXHOCTHBIX S* Ae(eKTOB MMOYTH B 2 pa3a MPEBOCXOIUT IJIOTHOCTh OOBEMHBIX J1€(DEKTOB B
makcumyMme TRIM pacnpenenenus (Puc.3).

Taxkum oOpaszom, mcciieoBaHne CeKTpoB (poromomuHectieHnu GaAs, UMITIAHTUPO-
BaHHOTO MOHamMK a30Ta N ¢ sHeprueii 250 k3B, M03BONINIO OOHAPYKUTH YBETHUCHUE HHTCH-
cuBHOCTH JTMHUM KpaeBod DJI B 1.3 paza npu ynaneHun NpUNIOBEPXHOCTHOTO CJIOS TOJIUHON
100 am. Ycunenue ®JI Obu10 00BSICHEHO BHICOKOW KOHIEHTpaLMel paualliOHHbIX Je(eKTOB
B IIPUIIOBEPXHOCTHOM 00J1aCTH, KOTOPBIE SBJISIOTCS LIEHTpaMH 0e3u3TydaTeIbHON peKoMOUHA-
MU 3JIEKTPOHHO-JBIPOYHBIX Map. Y CTAaHOBJIEHO, YTO IJIOTHOCTh MOBEPXHOCTHBIX JIe(EKTOB
MIPUMEPHO B JIBa pa3za MPEBOCXOAUT MAaKCUMAJIbHYIO INIOTHOCTh TOUEUHBIX 1€(PEKTOB B 00bEME,
paccuuTaHHyo ¢ nomoubto mporpammel TRIM. Ilokaszano, 4yTo yaaneHue BbICOKOA€(PEKTHOTO

IMOBEPXHOCTHOT'O CJIOA IMO3BOJACT 3HAYUTCIIBHO YBCIIMYUTHL MHTCHCHUBHOCTH (i)OTOJ'II—OMI/IHeC-

HECHOWH UMIINIAHTUPOBAHHOT'O CJIOA.
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OCOBEHHOCTHU JE®EKTOOBPA30BAHUIA ITPU OBJIYUEHUU Ga-COJEPXAIINX
MATEPHAIJIOB.

FEATURES OF DEFECT FORMATION AS A RESULT OF IRRADIATION OF Ga-
CONTAINING MATERIALS.

E.O. [Tapuun, H.C. Menecos
E.O. Parshin, N.S. Melesov

Apocnasckuii @unuan PedepanbHoeo 20Cy0apCmeeHHo20 0100HCEMHO20 YUPeHCOeHUs HAYKU
Qusuxo-mexuonocuueckozo uncmumyma umenu K.A. Banuesa Poccuiickoti akademuu HAyK,
150007, yn. Yuueepcumemckas, 0. 21, e.Apocnasnw, Poccus, parl959@yandex.ru

Yaroslavl Branch of the Valiev Institute of Physics and Technology, Russian Academy of
Sciences, Yaroslavl, Russia, par1959@yandex.ru.

A study of the structure of GaAs defects by the method of Rutherford
backscattering spectroscopy (RBS) of channeled ions is presented. GaAs samples
were implanted with N* ions with energy of 250 keV and doses of 2x10'¢, 3x10!®
and 5x10' cm™ at an ion current of 0.25 pA/cm?. The RBS study was carried out

with He" ions with an initial energy of 1.3 MeV at an angle of 160°.

B mnocnennue roasl mpoBOASATCS OOLIMpPHBIE HCCIIEOBaHMS, HAIpaBICHHbIE HAa CO3/aHUeE
3¢ (}eKTUBHBIX M MHTEHCHUBHBIX M3JIydaTesieil Ha OCHOBE pa30aBJIEHHBIX TBEPABIX PacTBOPOB
GaAs|—«xNx s uHbpakpacHONH ONTO3JIEKTPOHUKHU. Takue CTPYKTYpbl MOTYT OBbITh
W3TOTOBJIEHBl C TOMOIIbI0 MOHHOW HMMIUIAHTAIMM, MO3BOJIAIONIIEH JTOCTATOYHO IPOCTO U
¢ dexkTuBHO BBOAMTH a30T B (GaAs ¢ KOHIIEHTpauueil Bbllle paBHOBecHOH. OnHaKo mpu
MOHHON MMIUIAaHTAIlMK MPOUCXOJUT 00pazoBaHuEe OOJIBIIOTO KOJIMYECTBA PaJUaIlMOHHBIX
nedpexroB, npuuéM B Ga-coaepkallux CTPYKTypax JAMHaAMUKa JAedexTooOpazoBaHus
3HAYUTENIBHO OTJINYaeTCsl OT MOJOOHBIX MPOILIECCOB B KPEMHUU WJIM TepMaHuu. B yactHoCTH,
B UMIUIaHTUPOBaHHOM (GaAs JOBOJIBHO YAaCTO B MOHOKPHCTAJUIMYECKUX CIOSAX 00pazyroTcs
Hanokpuctamuiel GaN u GaAsN [1,2]. OGpazoBaHre HAHOKPUCTAILIOB MOXKET OBITh CBS3aHO C

reHepanueil UMIUIaHTAIlMOHHBIX Ae(QEeKTOB, YTO TPeOyeT UX U3yYeHHUs] U KOHTPOJIS.

UccnenoBanust BBomuMBIX AedekToB B ciosix GaAs:N, oOpa3yronumxcs mpu UMITIaHTAIlUN
WOHOB a30Ta C pPa3HBIMH J03aMH, MPOBOJUIUCH METOJIOM pe3ephopIOBCKOro 00paTHOTO
paccessHusT TpPOTOHOB [3], a TakkKe MeToJAaMHM peHTreHoBckoil audpakuuu (PI),
MPOCBEYMBAIOMIECH  JJIeKTpoHHOW  MuKpockomuu  ([I9M) w  BBICOKOpaspermaromei
aneKkTpoHHOW Mukpockonuu (BPOM) [4]. B »tux pabGorax ObUT MOTyYeH HEOOBIYHBIN

PE3YIbTAT: YBCIMYCHUC 103bI HUMINIAHTAOIWMK Ha IOpAAOK HE MIPHUBOJUT K H3IMCHCHHIO

306



KOHIEHTpalnoHHbIX npoduineit. Kpome toro, Ha rimybunax mensine 200 nm HaOmronaercs
CYILLIECTBEHHOE YBEJIMYEHHE KOHIIEHTpAlMH JePEeKTOB IO HAIMpPaBICHUIO K MOBEPXHOCTH.
Takoe Bo3pacTaHue KOHIIEHTpauu [e(eKTOB B IMPUIOBEPXHOCTHOM CJIO€ B Ipoliecce
UMIUIAHTAlUK CBUAETENbCTBYET 0 nupdy3un atoMoB u3 o06bEMa K mnoBepxHocTu. [lpu
WCCIEOBAaHUN HWMIUIAHTUPOBAHHBIX 00pa3lloB Ha MHKpockome ¢ Oompmmm  (X1000)
YBEJIMUYEHHEM U HAa CKAaHUPYIOLIEM 3JIEKTPOHHOM MHKPOCKONE OOHapy>KEHbI BBIJIEICHUS,
KOTOpBIE, MO-BUIMMOMY, CBs3aHbl ¢ nuddysueir atomoB Ga. Panee aHamoruusbsiil 3Qdext
mud¢y3un Ga 1 ero npeuunuTali Ha MOBEPXHOCTH HAOMIOAAJCS MPU UMITJIAaHTAIlUd MOHOB
Er B cBepxpemerku AlGaN/GaN [5]. Takue 3¢ddexTsl MposBIsINC, U NPU UMIUIAHTALUN

pa3saMYHLIX HOHOB B Apyrue Ga-comepxamue coenunenns ABY [6].

B nannoit pabore nedexTHas CTpyKTypa HMIUIAaHTUPOBAHHBIX CIOEB HCCIEA0Bajach C
MOMOIIBI0 MeTozia pe3ephopaoBckoro obparHoro paccesuust (POP) monoB He™ ¢ snepruei
1,3 MeV Ha yroxa paccesnus 160° B pexxumax KaHaJupoBaHHUs (MaJeHHE MOHHOTO Jy4a Ha
oOpasern BAOJb HOpPMaJIM OOpPA3IOB) M TICEBIOCITYYaHHOTO HAmNpaBieHHUs Mydka (TajgcHue
HWOHHOTO JIy4a Ha oOpaser] moj yrioMm 7°). Jlms peructpamuu oOpaTHO pacCesHHBIX MOHOB
MCIIOJIb30BAJICSl KPEMHHMEBBIN JAETEKTOP C MOBEPXHOCTHBIM 0aphepoM C TeJIeCHBIM yrioM 3,4
MCp, Ppa3pelleHHe M3MEPHUTENIBHOTO TpakTa cocTaBisio 13 k3B, wucnosb3yeMblid
MHOT'OKaHaJIbHBIM aHAIM3aTOp criekTpa umedn 1024 kanan ¢ mmpuHoit 1,5 k3B Ha kanain. [Jo3a
obmyuyenus obpasiia nonamu He' B kaxkom sxcrniepumMenTte coctasisiia 10 MK npu nonHOM
Toke okosio 3,5 HA. PabGorta mpoBomunack Ha yctaHoBke K2MV ¢upmer High Voltage

Engineering Europe B I® ®TUAH um. K.A. Banuesa PAH.

NmrmutanTanus woHoB N mpoBoauiIach MpU KOMHATHOM TeMiepatype ¢ sHeprueit 250 k3B,
IIOTHOCTBIO ToKa ~0,25 MkA/cM? u nosamu 2x10'%, 3x10'¢ u 5x10'® cM™? Ha yckopuTene
¢upmsl High Voltage Engineering Europe B ciioun GaAs Tonmunoi ~40 MKM, BbIpallieHHbIE
METOZIOM Ta30(a3HOM SIMUTAKCHUH B XJIOPUIHOW CUCTeMe Ha cuibHONerupoBaHHBIX (100)
GaAs-nojoxkax. O6pa3ipl U3roTaBIMBAINCH ABYMS NapTUSIMU IPU HECKOJIBKO Pa3INYHBIX
ycinoBusx razogasHoil snutakcuu. [lepBas maptusi comepxana oOpasibl ¢ UMIIAHTALUSIMHU
2x10' cm? u 5%10'% cM? u conpoBoauTENBHBIN 00pasel 6e3 UMILIAHTaMKU. BTopas mapTus

— ob6paszen ¢ umrutanTanuei 3-10'% cm™ u conpoBoAUTENBHEIN 663 MMILIAHTALINMY.

Ha pucynke 1 mpuBonsarcs cnextpsl POP g nepBoit maptum o6pasuoB. CBepxy pHCyHKa
TaK)Ke€ MPUBOJIUTCSA IIKaJIa ¢ TIyOWHOW, HA KOTOPOW MPOM30MUIO paccessHue. JlaHHas mikana

paccuuTaHa B TMPEAIIOJOKCHUN CTEXHUOMECTPUUCCKOTO COOTHOIICHUA Ga u As m JUIA
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paccesiuust nonoB He' Ha moapemérke As (mkaiga paccesHus Ha nojaperiérke Ga cmerieHa
BJIEBO Ha 24 HM y moBepxHocTH oOpa3ua u Ha 15 HM B rimyOune ~1 mkm). OOpaszen 6e3
MMIUIAaHTAINN TTOKA3bIBAE€T BHICOKHI YPOBEHb KaHATUPOBaHUS (KpuBas 4), XapaKTepHBIN IS
MoHoOKpucTtayndeckoro GaAs. [Ipodunm noBpexaeHnii B oOpasiax ¢ UMIUIAHTAIUeH UMEIOT
OYCHb BBITSHYTYIO K TOBEPXHOCTH (opMy, MpHYEM TIPH BBICOKOW JIEKaHAIMPYIOMICH
CITOCOOHOCTH TIOBPEXKIEHHOTO CJIOSI HAOIIOJAETCS JIUIIh HEOOJBIIOE KOJIMYECTBO MPSIMOTO
paccesiHust Ha nedekrax. Ckopee BCero, 3T0 TOBOPUT O TOM, YTO B 00pa3iax 3HAYMTEIIbHAS
9acTh MOCTHMIUTAHTAIIMOHHBIX J1e()EKTOB MpeacTaBlieHa NPOTHKEHHBIMEU Aedexktamu. [Ipu
5ToM amopdu3anuu obpasla He MPOU30ILIO AAKE NMPHU J03¢ UMIUIaHTamuu B 5x10'6 cm™
(xpuBas 2 He kacaercs kpuBoi 1). CTOUT OTMETUTH, YTO y 00pasia ¢ camoi OOJIbIION 10301
umriantanud N* (kpuBasi 2) HOBEPXHOCTHBIN MUK AS UMEET OYCHb HU3KYHO HHTEHCUBHOCTD,
9YTO MOXKET CBHJIETEILCTBOBATh 00 OTKIIOHEHWH OT CTEXHOMETPHUYECKOTO COCTaBa oOpasia Ha

noBepxHocTH — (Ga Ha TOBEPXHOCTH COAEPXKHUTCA U30BITOUHOE KOJMYECTBO, a As

nenocrarognoe. Ha xpusoii 3 (2x10'% cMm) Takoro sBHOro MCKa)KEHUsI HE 3aMETHO.
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Pucynok 1. Ciekrpsl POP, naGpannbie Ha 06pasuax GaAs nepsoii naptuu (nMrutantanus N ¢
sHeprueii 250 k3B). Homepamu o603HaueHbI: 1 — niceBmocTydaifHbIN CIIEKTp OT oOpasia 6e3
UMITIAHTAINH; 2 — CTIEKTP KaHAIMPOBAHHBIX HOHOB OT 00pa3Iia ¢ UMILIAHTAITUEH 5X 10" em?; 3 —
CHEeKTp KaHAJIMPOBAHHBIX HOHOB OT 00pasna ¢ uMmmanTamueit 2x10'° cm™?; 4 — criektp
KaHaJMPOBAHHBIX HOHOB OT 00pa3ia 6e3 MMILTaHTAIINH.

Ha pucyske 2 npeactaBieHbl CIEKTPbI OT BTOPOM MapTUH 00pa3lioB. AHOMAJIBHO 3/1€Ch
BBITJISIAUT CIEKTp OT oOpa3sua 0e3 UMIUIAaHTAaluu: pa3HHUIAa MEeXAYy CHEKTPOM C
KaHanmupoBaHueM (kpuBas 3) u 6e3 Hero (kpuBas 2) oueHb HeOGombinas. Ho mpu atom naxe
CIEKTp NPH HaKJIOHE oOpasia Ha 7° (KpuBas 2) UMEET CHJIBHO 3aHIKCHHYIO WHTEHCUBHOCTH

[0 CPAaBHEHUIO C TE€M, YTO JIOJDKHO HAOIOJAThCs MPH OTCYTCTBUM KaHaIUpoBaHUs (KpuBas 1

308



Ha pucyHke 1). Bo3moxHO, 3TO 0OBscHseTcs TeMm, uTO JaHHBIM ciaoil GaAs uMeer
MOJIMKPUCTAITMYECKYI0O  CTPYKTYpY C HECKOJbKO 0ojiee BEpOSITHONH  OpHeHTauuen
KPUCTAJUTUTOB BJOJb HOpMaiu oOpasiia. Uto xapaktepHo, oOpaserl ¢ mMmIutanTanueiir N* B
MICEBJOCTYyYaltHOW opueHTalu JaéT 0ojiee BHICOKUI 10 MHTEHCUBHOCTH CIEKTp (KpuBas 1),
KOTOPBIA ONMM30K (XOTS M HE MOJHOCTHIO COBMaaaeT) co cmektpoMm | c¢ pucynka 1. Ecmu
TUIOTE3a C W3HAYAIbHON MOJIMKPUCTAUNIMYHOCTRIO o0pa3la BepHa, TO 3TO O3HAuYaeT, YTo B
XO0JIe¢ UMIUIAHTAllMU MPUIIOBEPXHOCTHBINA CJION cTan OJM30K K MOHOKPHCTAJUIMYECKOMY.
CHeKTp KaHAIMPOBaHHBIX MOHOB OT 00pasia ¢ umiuantaiuei 3x10'% cm? (kpusas 4) oueHs
OM30K K criekTpy oOpasma 2x10'® cm? u3 nepsoii maptuu (kpuBas 3 pucyHka 1).
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Pucynok 2 — Criektpsl POP, HaOpanHbie Ha 00pa3iax GaAs BTOpoil nmapTuu (MMIUTaHTAINS
N' ¢ sneprueii 250 koB). Homepamu 0603HaueHbl: | — CeBIOCTydYaiiHBIN CIIEKTp OT 06pasna
¢ ummranTanuei 3x10'° ar./cm?; 2 — ceBoCTyYaliHBIA crIeKTp OT 00pasna 6e3
WMMIUTaHTAINH;, 3 — CIIEKTP KaHAIMPOBAHHBIX HOHOB OT 0Opasna 6e3 MMITIaHTaluH; 4 — CIEKTP
KaHAJTMPOBAHHBIX HOHOB OT 00pasua ¢ uMrnanTanueit 3x10'¢ ar./cm?.
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CBOMCTBA NV IIEHTPOB B HAHOCTPYKTYPAX (111) AJIMA3A IOCJIE
TPABJIEHUA COOKYCHUPOBAHHBIM ITYYKOM MOHOB Ga
NV CENTERPROPERTIES IN (111) DIAMOND NANOSTRUCTURES
AFTER ETCHING WITH A FOCUSED BEAM OF Ga IONS

C.H. Hopnecnsiii ', B.A. Artonos”, M.A. Kaprames”, B.II. [onos'”, FO.H.[TanbsHoB?
S. Podlesnyi", V. Antonov", I. Kartashev'?, V. Popov!, Yu. Palyanov?

! Hncmumym ¢uzuxu nonynposoonurxoe CO PAH um. A.B. Pacanosa, np. ak. Jlaspenmvesa,
13, 630090, Hosocubupck, Poccus
2 Hncmumym eeonoeuu u munepanocuu CO PAH um. B.C. Cobonesa,
np. ax. Konmiwea, 3, Hosocubupck 630090, Poccus

The optically detectable magnetic resonance (ODMR) spectra of negatively charged
nitrogen-vacancy (NV-) centers have been studied in nanoholes and nanopillars formed by a
focused ion beam (FIB) Ga* on (111) diamond surface, when the lower spin sublevels are
populated by microwave radiation. Both a significant decrease in the gyromagnetic ratio and
the quenching of luminescence from NV~ centers inclined to the nanopillar axis were revealed

due to FIB residual defects and stresses.

OtpunatenbHO 3apsikeHHble NV- LEeHTphl B ajaMma3zaX MHOTHMH HCCIIEI0BaTEIbCKUMU
KOJUIEKTUBAMH PacCMaTpUBAIOTCSA B Kau€CTBE MPELUMU3HOHHBIX AETEKTOPOB MAarHUTHOTO MOJIs
C BBICOKMM TIIPOCTPAHCTBEHHBIM pa3pelleHueM M KBaHTOBBIX peructpo [1, 2].
JlroMuHECHIEHIIUSI 3TUX AaTOMHO-MOJOOHBIX KBAaHTOBBIX OOBEKTOB, Oylarojgapsi CIHH-
OpOUTANBHBIM M CIHWH-CIMHOBBIM B3aUMOJEMCTBUSIM, YYBCTBUTEJIbHA K MAarHUTHBIM,
JNEKTPUYECKUM, a  TakkKe  BHYTPUKPUCTAUIMYECKUM  J1e(OPMALMOHHBIM  IOJISM.
JlonroxuByiasi CMHOBAas KOI'€PEHTHOCTh OCHOBHOI'O COCTOSIHMSI MO3BOJIIET (PUKCHPOBATH
MaJible CABHIM CIMHOBBIX PE30HAHCOB, BBI3BAHHBIX BHEIIHMMHU MOJSMU. Perucrpanus Takux
ANEKTPOHHBIX MapaMarHUTHBIX PE30HAHCOB BBIMOJIHAETCS ONTHYECKMMHM METOJaMH, 4YTO
0COOEHHO BaXXHO JIJIs1 0OHAPYKEHHUS JIOKAJIbHBIX MOJIeH B HaHOOOBEKTax [3].

['amunpToHnan NV- neHTpa 06e3 ydeTa CBEPXTOHKOI'O pacCHICIIEHUS, BBI3BAHHOTO
B3aUMOJECICTBUEM 3JIEKTPOHHOTO ciiMHa NV-1leHTpa a30THOM BaKaHCHM C SIACPHBIM CIIMHOM

aToma a30Ta u3 3Toro nedexTa, MOKHO 3alucaTh CIEayoIM odpazoM [4]:

H =hDS? + hE(S? = S*)+ gu, B-S W,

IJ€ Z — OCh KBaHTOBAHMS LIEHTpa a30T-BaKaHCHUs, S, Sy, Sy — KOMIOHEHTHI MaTpuIlsl [laynu ,

h — nocrosinnas [lnanka, uz — marueton bopa, g = 2 — dakrop Jlanae nns anextpoHoB NV-

uentpa, D = 2870 MI'n — oceBoi mapameTp paclICIUICHHs] B HYJI€BOM BHEIIHEM Toje, F —
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el
BHCOCCBOU MapaMETp paCHICIVICHHUA B HYJICBOM IIOJIC, B— marunTtHasg WHAYKOWSA BHCIOHETO

ﬁ
nojsi, S — onepaTop JIEKTPOHHOTO CIMHA LIEHTpa BakaHCHHU. BHeoceBol mapameTp £ CUITBHO

3aBUCHT OT JIe()OpMallMOHHBIX BHyTpUKpUCTaiindeckux noseit (Puc. 1a).
B cnaObix MarHUTHBIX TOJSIX YacTOThl MApaMarHUTHBIX CIIMHOBBIX PE30HAHCOB

onpenenstorcs popmynon [4]:

vi(B) =D % |25, + @ .

rae B,— mpoekuus WHIYKIMHM BHEIIHETO MAarHWTHOIO IOJS HAa OChb KBAHTOBAaHHWs ILIEHTpA
a3oTHOM BakaHcuM. IIpu orcyrcTBum BHemHero nonst vy = D + E.

[Tpu Hanmo)xeHUU CiaObIX BHEIIHMX MArHUTHBIX MOJIEH CIMHOBBIE PE30HAHCHI HAYMHAIOT
pPacCHIEIUIATECSA B COOTBETCTBUN € BEIMYMHOW MHIYKIIMM BHEIIHETO IOJISI U THPOMATHUTHOIO
cooTHomeHUst Y = g-up = 2.8 MI't/I['c u mpoBasibl B JTIOMUHECHEHIIUU YIIUPSIOTCS, YTO
MIPOMCXOAUT M3-32 IIOCTENIEHHOI'O IMPOSIBJIEHUS CIMHOBBIX PE30HAHCOB TpeX JPYyTHX

opueHTtanmii oceit NV- rieHTpoB, ¢ unaykiuei nous B,-cos(70.2°) = 0.3 B,.

NI- DAQ|_,|USB

Ann
J_' PC
& 57} USB

———

(6)

Pucynok 1 NV menTtp B pemieTke aiMasa ¢ Oocblo B HampasieHuH <111> u onrtmdeckas cxema
JHEepreTHYecKuX ypoBHe NV  1ieHTpa (a); cxema skciepuMeHTansHoi ycraHoBku O/IMP (6).

Jns  3KCHEepUMEHTOB 10 ONTHYECKOMY JETEKTHPOBAaHUIO MArHUTHBIX PE30HAHCOB
(OAMP) ObtM  B3ATBI  MOHOKPUCTAJUIMYECKHE alMa3Hble TIacTUHKH 3x4x0,5 MM,
BBIPE3aHHbIE MEPHEHIUKYSIPHO KpUCTaulorpadguueckomy HampaBieHutro <111>  wu3
KpUCTAIJIOB MCKyccTBeHHbIX anMmaszoB TtumoB Ila (NF2, NF10), IIb (B7) u Ib (NG2),

cuHTe3upoBaHHs| Ha ycraHoBKke «BAPCy» mpu Beicokom nasinenuu u temneparype (HPHT) B



NT'uM CO PAH. Konnentparnuu y3710BbIx aToMoB a3ota Ns (C-1leHTphI) B 3THX oOpasiax
coctapnsin Medee 0.5 u ~150 ppm, coorBercTBeHHO. NV 1LIEHTpHl (HOpMHUPOBAINCH JTHUOO
uMmIniaHTanuedi woHoB N+ jnua TumoB Ila u IIb, aubo H2+ mna twma Ib. Omxkuru
MMIUTAaHTUPOBAHHBIX 00pa3uoB nmposoawauck B Bakyyme uwin B HPHT xamepe «BAPC» npu
temneparypax 800-1500°C. MakcumaneHas koHueHTpanus NV- nentpoB NNV B 300 HM
HMMIUTAaHTUPOBAHHBIX CJIOAX HE MpEBBIIIaNa rmocie oTKUro Nay ~5 ppm. [5].

3anuce OJIMP crnekTpoB HpoBOAMIACh HA YCTAHOBKE, CXEMAaTHYHO ITOKAa3aHHOM Ha
pucynke 16. BHenHee MarHUTHOE TOJIE CO3/IaBAJIOCh TpeMs MapaMu KaryIiiek | enrpMrosibiia,

pa3sMeIleHHbIX Ha rpaHsx Kyba 10x10x10 cm?

¢ oOpa3iom B ero mneHrpe. M3menss Toku B
TpeX mapax KaTylleK Ha IPOTUBOIOIOKHBIX IPaHsIX Kyba MOKHO ObLIO U3MEHSATh BEIUUUHY U
BEKTOp HAmNpaBJieHUs BHEIIHEro mnosis B mo oTHOUIeHHio K KpUCTaUIorpadUyecKuM OcsiM
aJIMa3HOW IUTACTUHBI IMOCJIe KaJUOpPOBKM MOJIOKEHUS M 3HAUYEHHUs MOJii Ha MecTe oOpasla.
Anma3zHasi TUIacTHHA pa3Mellajiach Ha MPEeIMETHOM CTOJIMKE M3 HEMarHWTHOTO MarepHualia
MbE302JIEKTPUYECKON X-Y MOJIBUKKOM MO KOPOTKOPOKYCHBIM MUKPOCKOITHBIM OOBEKTUBOM C
yucaoBou aneprypoit 0,63.

B skcnepumenTtax ucnonb3oBaics 50 MBT 3enenslii nazep Ha A=532 HM ¢ UMITyJIbCHBIM
npaiisepom PicoLAS LDP-V 03-100 [7], ynpaBiasiBLIUMCSI OT BHELUIHETO MTPOrPaMMUPYEMOT0
HUCTOYHUKA MPSIMOYTOJNBHBIX HMITYJIbCOB. MHKPOBOJIHOBOE M3JIyY€HHE MOCTYyHaJlo OT
nudposoro cunrezatopa yactorel TPI RF v4.9, ynpasnsiemoro uzsue uepe3 USB unTepdetic.
BbIX01HYI0 MOIIIHOCTH CHHTE3aTOpa MOKHO OBLIO MPOrPaMMHO U3MEHSTH OT -55 dBm mo 10
dBm c¢ eaunuuyHbiM 1maroM. IlepecTpoilka 4YacTOTl M PETyJIMPOBAHHWE MOIIHOCTH
MHKPOBOJTHOBOTO T€HEpaTropa OCYyIIeCTBIsIach mporpammuo uepe3 USB  wunaTEepdeiic
HampsiMmyto oT kommbiorepa. Coop manHbix ¢ OOV, ymnpaBieHne ONTUYECKOW HAKAYKOW W
IpepbIBaTeIeM MUKPOBOJIHOBOTO M3JIyY€HHSI BHITOIHSIUCH BHEITHUM MUKPOKOHTPOJIEPHBIM
omokom NI cDAQ-7194, ceszannbiM no USB ¢ xommbiorepoM st (opMHpoBaHUS
UMITYJIbCOB HYKHOM JJIMTENIBHOCTH M TPOU3BOJBHBIX BPEMEHHBIX MHTEPBAJIOB MEXKIY
ONTUYECKON HAKAYKOM, CHMHOBOM MOJISPU3aLNEH U CYUTHIBAHUEM KBAHTOBOT'O COCTOSTHUSA.

Hns dopmupoBanus ancamOieit, comepxkammx oT 25 mo 2500 NV unentpos, Ha (111)
iacTUHax anMasa ¢ NV LeHTpaMH M3rOTaBIMBAJIMCh MAaTPUIIBI U3 KPYTJIBIX Me3a-CTPYKTYp
(manocton6oB) nuamerpom 50-300 M u BeicoTOM OT 300 10 500 HM ¢ mepuoaoM 1.5 — 3 MKkM
0e3MacoYHbIM MOHHBIM TpaBiieHHeM c(hokycupoBaHHbIM HOHHBIM my4ykoM (FIB) Ga® (Puc.
2a). [lns ¢opMupoBaHus IUTOrpaduyecKol MacKM IUIACTHHBI ajaMa3a MOKPBIBAIHUCH CIOEM

Boib(ppama tommmHOM 100-130 HM ¢ momompio MarHerpoHHoro HambuieHHs. [locne FIB

TpaBieHus UHTeHCHBHOCTh PJI B HaHOcTONOE Mpu A = 637.5 nm B 15 pa3 MmeHbllle, 4eM B
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CIUIOITHOM cJjioe, 4To cooTBeTcTBYeT 2500 NV™ mentpoB B HeM. Mexay HanocTombamu DJI

cnabee emé Ha OpsIOoK. B otnuyme ot crtomHoTrOo cios, B ciektpax OJIMP ot HanHocTON00B

He BUJHBI pe3oHaHChl OT NV 1eHTpoB ¢ ocbio o yraoM 70.5° k ocu HaHOCTOJI0a TIPU MOJISIX

ceoimie 5 ['c (Puc. 2b),

20

15 4

10

Intencity, arb.un.

2D=8
2D= 74MHz 7

S5MHz i

-10
2780 2800 2820 2840 2860 2880 2900 2920 2940 2960

MW frequency, MHz

Pucynok 2 (a) COM mukponzoOpaxkeHnue MaccuBa 3x3 HaHOCTONOOB anMasa quamerpoM 300 HM
n BeicoToir 400 HM, comepxammx 2500 NV- nenrpos; (b) cmexktper OAMP NV nenrpos,
MH/IyIUPOBAHHBIX TIPOTOHaMHU ¢ sHeprueil 36 k3B (H2Y, 72 k3B, 3x10'® cm™), npu HenmpepbiBHOM
Hakadke C(OKYCHPOBAHHBIM JIA3€PHBIM IYYKOM AMAMETPOM 2 MKM Ha JUIMHE BOJNHBI A=532 HM B

06pa3ue tina Ib B HOPMAJIbHOM K HOBCPXHOCTH MATrHUTHOM IIOJIC HAIIPAKCHHOCTBIO! CHCKTpI:I
CIABUHYTHI 10 BEPTUKAJIN HA BEIUYHUHY B,, paBHYI0 MarHUTHOM MHAYKIMU B ['C.

[TomydyeHHble pe3ynbTaThl OOBACHEHBI B pamkax JByX 3¢dexToB. Bo-nepBbix,
yYMEHbBIICHHE JIOMUHECHeHIMH NV~ [eHTpOB ¢ HemapaUlelbHbBIMH  IOBEPXHOCTH
JTUTNOJIBHBIMA ~ MOMEHTaMH, OOYCJIOBJIE€HO CHHXEHHEM dS(PQPEKTUBHOCTH TOIJIONMIEHUS
JIA3€pHOro MOJII B HAHOCTOJIOAX, YTO COOTBETCTBYET TEOPETUYECKMM MOJEIBHBIM pacdyeTam
[8]. Bo-Btopnix, nanHsle KPC cBuaerenbCcTBYIOT O TMPUCYTCTBUHM Ha IOBEPXHOCTH
HaHocTOI00B 20 HM rpaduroBoii mieHku mnocie FIB TpaBneHHs, 4YTO yBEIHMYUBACT
MOTJIOIIEHHUE UX TOJISIPU30BAHHOTO M3ITyueHHs [9], a Takke BeeT K (GOPMUPOBAHHIO YIPYTUX
HaNpsHKEHUH B HAHOCTOJIOAX.

Pa6ota BemonHeHa no npoekry Ne075-15-2020-797 MunobpHayku PO.
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OCOBEHHOCTHU ®OPMHUPOBAHMS JIETUPOBAHHBIX CJIOEB
HA IMOBEPXHOCTHU BEHTUJIBHBIX METAJIJIOB B TPOLHECCE
NOHHO-ACCUCTUPYEMOTI'O OCAXKXIEHUSA METAJIJIOB
N3 IIJIA3MbI BAKYYMHOI'O AYT'OBOTI'O PA3PAIA
FEATURES OF THE FORMATION OF ALLOYED LAYERS ON THE SURFACE
OF VALVE METALS IN THE PROCESS OF ION BEAM ASSISTED DEPOSITION
OF METALS FROM VACUUM ARC DISCHARGE PLASMA

B.B. INomnasckwuii, O.I'. bo6posuy, A.B. Jlopoxko, B.I'. Marsic,
V.V. Poplavsky, O.G. Bobrobich, A.V. Dorozhko, V.G. Matys
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Belarusian State Technological University,
220006, Sverdlov St, 13a, Minsk, Belarus, e-mail: vasily.poplav@tut.by

Layers on the surface of aluminum, aluminum alloy, titanium and tantalum was formed by
ion beam assisted deposition (IBAD) of metals. Formation of layers in IBAD mode, by
means of the deposition of metal and mixing of precipitating layer with the substrate by
accelerated (U=20kV) ions of the same metal from metal vapor and ionized plasma of
vacuum (~10"? Pa) pulsed electric arc discharge, was carried out. When alloying the surface
of materials with metal ions having getter properties (Zr, Cr, Er, Dy, etc.), from the residual
atmosphere of the vacuum working chamber significant amounts of gases are captured and
incorporated into the composition of the formed layer. Multicomponent layers obtained,
including atoms of the deposited metal, components of the substrate material, including
oxygen of the surface oxide film, as well as hydrocarbon molecules as impurities.

TUNUYHBIME TIPEICTABUTEISIMH BEHTUJIBHBIX METAJVIOB, HA TIOBEPXHOCTH KOTOPBHIX B
atMoc(epe Bo3ayxa oOpa3yercs OKCHUIHAS TUICHKAa TOMMUHON ~10 HM, 3aIuiaronias MeTal
OT KOPPO3HH B BO3YIITHOM Cpefie M B CI1a00arpecCUBHBIX Cpeax, SBISIOTCS aTFOMHUHHUMA, TUTAH
n TaHTan. KOHTakT MeXIy MeTalIoM M OKCHJIHON IUICHKOM 00JagaeT OJHOCTOPOHHEH
MIPOBOMMOCTBI0. DTUMH K€ CBOMCTBAMHU 00JIa/Ial0T 1 CIUIABBl METAIIIIOB.

BcenenctBue XuMuueckoi HMHEPTHOCTH 3TU MAaTEPHAIIBI UCTIONB3YIOTCS JIIsl M3TOTOBJICHUS
ANIEKTPOJIOB  AJIEKTPOXUMUYECKUX YCTPOMCTB  (9JIEKTPOJIM3EPOB IOJIYYEHUs BOAOPOAA,
TOTUTUBHBIX ~ DJIEMEHTOB), B YCIOBUAX pPabOTBI KOTOPHIX KOPPO3MOHHOW CTOHKOCTH,
0OyCIIOBJICHHOW HaJU4YMeM OKCHJIHOM IUICHKH, 3adacTyro HemoctarouHno [1-3]. Ilpu stom
ANEKTPOABl HApSy C YCTOMYMBOCTHIO K KOPPO3MM JOJKHBI 00JIaaTh KaTaTMTUYECKOM
AKTUBHOCTBHIO TI0 OTHOIIEHHWIO K COOTBETCTBYIOIIUM JJICKTPOXMMHUYECKUM IPOIIECCAM.
[loBbIIEHNE KOPPO3MOHHOM CTOMKOCTHM W3ACIWMN M3 CIUIaBOB JTHUX METAJJIOB, CO3/IaHHE
AKTUBHBIX DJIGKTPOKATAIM3aTOPOB HA WX OCHOBE, a TaKkKe YIYUYIICHHE MEXaHHMYECKUX
AKCILTYaTallMOHHBIX CBOMCTB MAaTEPHUATIOB MOXET OBITh JOCTUTHYTO B TPOIECCE JICTUPOBAHUS
MOBEPXHOCTH YCKOPEHHBIMU MOHAMH MeTailioB [3—8].

Citon Ha MOBEPXHOCTH MOJIOKEK M3 AFOMUHUS Mapku A7, aimromuHueBoro cruiasa J[16T,

tutaHa BT1-0 u TanTana ¢popmupoBanu B nporecce HoHHO-accucThpyemoro ocaxaenus (IBAD)
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nerupyommx MerawioB. OcaxlIeHne MeTala U MepeMelIMBaHHE HAHOCHUMOIO CJosl C
MOBEPXHOCTHIO MOANIOKKHU yckopeHHbIMH (U = 20 kB) nonamu Toro e merajiia OCyIIeCTBIISUIN
B DKCIIEPUMEHTAILHON YCTaHOBKE COOTBETCTBEHHO M3 HEUTpAIIbHON (Ppakiy MapoB MeTajuia U
MOHM3UPOBAHHOM IIa3Mbl HMITYJIECHOTO BaKyyMHOTO (p ~1072 I1a) myrosoro paspsna.

ONEeKTPOHHO-MUKPOCKOIMUECKUE HCCIIEJOBAHMSI MMOKA3bIBAIOT, UYTO MOP(OIorus
MOBEPXHOCTH OOpa3loB MpH (QOPMUPOBAHMUM HA HUX JETHPOBAHHBIX OCAXKIAEMBIMU
MeTaJJlaMd  CJI0O€B He u3MeHsiercd. McciaenoBaHue TOJMYyYEHHBIX CJIOEB  METOAO0M
sHeproaucnepcruonHoro ananusa (EDX) oOHapyXWBaeT B MX COCTaBE aTOMBI OCaXICHHBIX
METaJIJIOB M1 OCHOBHBIX KOMIIOHEHTOB MaTepHaja MOJI0KKH, a TaKKe KUCIOpOoJa U yriepoa.
PacripeniesieHsl aTOMBI 3JIEMEHTOB IO TOBEPXHOCTH MPAKTUYECKU paBHOMepHO. Mmerorcs
BKJIFOUEHHUSI OCaXJAEMbIX METAJJIOB pa3MepOM MOPSAIKa HECKOJIBKHMX MHUKPOMETPOB, YTO
00yCIIOBJIEHO OCa)/IeHHEM Kallelb MeTajula U3 AYTOBOIO pa3psijia HOHHOTO HcTo4yHMKa. [Ipu
HCCIIEIOBAaHUHN METO0M AU(pakiuu oTpaxeHHbIX 31eKTpoHoB (EBSD) cioeB, momydeHHBIX
P MOHHO-ACCUCTUPYEMOM OCQXKJICHHHM XpOMa Ha aTFOMUHUHA 7], TUTaTHHBI HA TaHTANI [6] U
CTEKJIOYTIEepo [9], yCTaHOBJIEHO, YTO CJIOH, (hOPMHUpPYEMBIE B HCTIONb3yeMoM pexume IBAD,
XapaKTepu3yTcs aMOphHOM aTOMHON CTPYKTYpOil.

YcTaHoBieHbl 0COOEHHOCTH cocTaBa (DOPMHUPYEMBIX B IPOLIECCE JIETMPOBAHUS CIIOEB.
[Ipu nermpoBaHMM MOBEPXHOCTU MATEPHUATIOB MOHAMH IMEPEXOTHBIX METAJIOB, 00JIaJar0NIUX
rerrepubiMu  cBoiictBamu (Zr, Cr, Er, Dy u np.), uMeoT MecTo 3axBaT 3HAYUTEIHHOIO
KOJINYECTBA ra30B U3 OCTATOUYHOM arMocdepsl BakyyMHOM pabouell kaMephbl U BKIIOUEHUE UX B
coctaB Qopmupyemoro ciosi. Ilo JaHHBIM CHEKTpOMETpHH pPe3ephOpPAOBCKOTO paccesHus
(RBS) B cocraBe ciioeB, MOTy4YaeMbIX MpPU OCAKICHUU TE€TTEPHBIX METAIIOB, COAEPIKUTCS
HE3HAUYUTEJIbHOE KOJMYECTBO aTOMOB Marepuana MOJJIOKKH M Hapsiay C JETUPYIOLINM
METaJUIOM MpeodIIafaloT JPyrue 3JIEMEHTHI, MPEXe BCEro KUCIopoa u yriepoa. Tak, aHamu3
CIIEKTPOB paccesHuss MoHOB “‘He Ha sapax aTroMOB JJIEMEHTOB B CIIOSX, MOJNYYEHHBIX Ha
IIOMUHUY U aJTFOMUHUEBOM CIUIAaBE, IO PACIIONIOKEHUIO CUTHAJIOB PACCESTHUS OT TOBEPXHOCTHU
00pa31oB MOKa3bIBAET, UTO aTOMUHMN U KoMnoHeHTh! cutaBa [[16T (Al, Mg, Cu) He BbIxoasT
Ha mnoBepxHOCTh (puc. 1). CoxmepkaHue aTOMOB JSTHX METAJUIOB B CJOAX COCTaBIISET
~5 x 10" ¢cM2, B TO BpeMsi KaK COZIEP/KaHKME aTOMOB LIMPKOHMS U Xpoma — 4 x 1016 cm2,

AHaJOrM4HbIe pe3yJbTaThl MOJyYEeHbl U NPU MCCIEAOBAHUU CIOEB, CHOPMUPOBAHHBIX
Ha MOBEPXHOCTU THTaHa. Tak, KOMIBIOTEPHOE MOJenupoBanue crnekrpa RBS nonos “He Ha
Apax aTOMOB 3JEMEHTOB B CJIO€, MOJIyYEHHOM IPU HMOHHO-AaCCHUCTHPYEMOM OCaXJIECHUU
XpoMa Ha THUTaH, JaeT YAOBJIETBOPUTEIILHOE COOTBETCTBHE C 3KCIEPUMEHTOM IMpH ydeTe

HaJIM4Yus B COCTaBe CJIOSI TUTaHa, Xpoma, KUCIOpOJa, a30Ta, yriaepoja, a Takke BOJIOpPOAa,
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KOTOpBI He wuaeHTuuuupyercs MeronoM RBS, u mnoxareepkgaeTr He3HauYUTEIbHOE

coJiep)KaHue THTaHa B cioe (puc. 2).
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Puc. 1. Cnexrpsr RBS nonoB ‘He na siApax aTOMOB 3JIEMEHTOB, BXOJSIIUX B COCTaB CIIOEB,
c(hopMHPOBAaHHBIX HAa TOBEPXHOCTH ATIOMUHMS A7 1 almfoMHHAEBOTO ciiasa /16T B mpouecce
OCaXKIIEHUS IMTUPKOHUS U Xxpoma. Ey = 1,3 MaB
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Puc. 2. Yuactok cnektpa RBS nonos ‘He na siApax aTOMOB TUTAaHA U XPOMa, BXOJISIIUX B COCTAB CIIOS,
chopMupoBaHHOro Ha ciiaBe TutaHa BT1-0 B mpoliecce HOHHO-aCCHCTUPYEMOTO OCKIACHUS XpOoMa,
B CPaBHEHHU CO CIIEKTPOM, ITOJTyIEHHBIM KOMITBIOTEPHBIM MOCITUPOBAHUEM C YUIETOM HATIHS
B cocTase cios snemenToB: Cr, Ti, O, N, C, H. £, = 1,0 MaB

Hanmnume kucinopoma B (GOpMUPYEMBIX CIIOSX OOYCIOBICHO OKCHIHOW TUICHKON Ha
MOBEPXHOCTH METAJIOB, a TakXKe COPOIMOHHBIMU Mpolrieccamu. Hamuune Bogopona Hapsay
CO 3HAYUTEIHHBIM KOJIMYECTBOM YIJIEpOJa MOKET CBHIETEIHLCTBOBATH O TOM, YTO B COCTaB
CJIOEB BXOJSAT MOJIEKYJIbI YIJIEBOJAOPOIOB — KOMIIOHEHTHI BAKYYMHOI'O Macia.

[Ipy WMOHHO-aCCHCTUPYEMOM OCAXACHUH METAIOB, HE TMPOSBISIONMIMX TE€TTEPHBIX
cBoicTB (Hampumep, Pt, Ir), comepkanme mpuMeceil B MOJYYSHHBIX CJIOSX CYIIECTBEHHO

MCHBLIC, B UX COCTABC COACPIKATCA aTOMBI OCAXKXICHHOI'O METAJIJIa U MaTCpHralia IMoJJI0KKH.
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[ToouepenHoe ocaxieHre Ha MOBEPXHOCTh TaHTAIa OJTHOTO U3 PEIKO3EMEIbHBIX METAIJIOB
(Er, Dy, Ho) u mnatuHbl npuBOAUT K (OPMHUPOBAHUIO CJOEB, B COCTaBE KOTOPBIX TAKKE
3HAYUTENIFHOE COZEP)KAHUE JIETKUX MPUMeceld M He3HAYMTEITbHOE aTOMOB ITOJUTOKKH — TaHTala
(puc. 3). B To BpeMs Kak Mpu OCaXICHUH TOJIBKO myiatuHbl (criektp Pt/Ta) copmmpoBan cioit ¢

MEHBIIIUM COJICPKAHUEM MPUMECEH, BKITFOUAIOITIH TUTATHHY U TaHTaT [6].

Pt/Ta
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Puc. 3. Cnexrpsr RBS nonoB ‘He na sIApax aTOMOB 3JIEMEHTOB, BXO/ISIINX B COCTaB CJIOEB,
c(hOpMHPOBaHHBIX Ha TOBEPXHOCTH TaHTAJIa B Ipoliecce ocaxkaeHus miatutel (Pt/Ta),
ap6us u mnarunsl (Er, Pt/Ta), nucniposus u matunsl (Dy, Pt/Ta), ronsmus u miatunel (Ho, Pt/Ta)

Takum 00pa3oM, MpH HOHHO-ACCUCTUPYEMOM OCAXJIECHHUM METAUIOB U3  IIJIa3Mbl
BaKyyMHOTI'O JIyTOBOTO pa3psja Ha MOBEPXHOCTh BEHTWIbHbIX MeTaioB (Al, Ti, Ta) momydeHsl
MHOTOKOMITOHEHTHBIE ~ amMopdHBIe Cclion  TOMIHMHON ~30-50 HM, BKIIOYAIOIIHAE AaTOMBI
OCAXIEHHBIX  METAJIOB, KOMIIOHEHThl ~ Marepuajia TMOMJIOXKKH, BKIOYas  KHUCIOPOJ
MTOBEPXHOCTHOM OKCHJTHOM IUIEHKH, a TaKK€ MOJIEKYJbl YIJIEBOAOPOJIOB B KauecTBE IpUMeceil.
[IpuyeM 3HauYMTENBHBIE KOJIMYECTBA ra30B BKIIIOYAIOTCS B COCTaB (POPMHUPYEMBIX CIIOEB IPH
OCaXJICHUU METAJUIOB, 00JIaIal0ONIMX IreTTepHbIMH cBoicTBaMu. [Iporiecc popmupoBanus cioeB
OTJINYAETCS OAHOCTAJAUHHOCTBIO, SKOHOMUYHOCTBIO U TIO3BOJISIET MOBBIMIATH KOPPO3HOHHYIO

YCTOWYMBOCTS [3, 7, 8] 1 0OecnieunBaTh KaTATMTUIECKYIO aKTUBHOCTh MaTepUaioB [4—6].
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NCCIEAOBAHME IUVIEHOK OKCHUJIA KPEMHU A, UMITJTIAHTUPOBAHHBIX IITMTHKOM 1
OKHWCJIEHHBIX ITPU TTIOBBIINEHHBIX TEMITEPATYPAX
STUDY of SILICON OXIDE FILMS IMPLANTED by ZINC and OXIDIZED at ELEVATED
TEMPERATURES
B.B. IIpusesennes'- ", A.Il. Ceprees!, A.A. ®upcos', B.C. Kymukayckac?, A.B. Topsues?
V.V. Privezentsev" * A.P. Sergeev!, A.A. Firsov!, V.S. Kulikauskas?, A.V. Goryachev?
I'ory oHI] HUUCH PAH, Mocksa, Poccus, *e-mail: v.privezentsevi@mail.ru
2HUHUAD, MT'Y um. Jlomonocosa, Mockea, Poccust
4 UHMD PAH, Mockea, Poccus

In paper there are investigated the 140 nm thick SiO> film obtained by e-beam evaporation. This
film was implanted by Zn with a dose of 3x10'%/cm? and energy of 40keV. These structures were
oxidized at temperature from 400 up to 900°C with a step of 100°C in 1 hour. During annealing
Zn phase transformed to the ZnO and to the Zn>SiO4 (at temperatures more, than 700°C) phases
are sequentially formed. After annealing at 700°C the ZnO clusters and craters with a size of 1um

were revealed in a sample.
BBEJEHUE

PaboThl Mo Mccne0BaHUI0 OKCHA [IMHKA MPOBOJISATCS CPAaBHUTEIBHO JaBHO. DTOT MaTepHal
HNIMPOKO MCHOJIB3YEeTCSI B MHUKPOAJIEKTPOHHMKE B KadeCTBE IPO3PAYHOrO KOHTAKTa, a TAKXKe,
MOCKONIBKY ZnO SBASETCS NbE30JIEKTPUKOM, TO OH MCIOJB3YETCS KAK OCHOBA JUIA JIMHUM
3a/IepKKHA IMTOBEPXHOCTHBIX aKycTHUecKMX BOJH.. HU okcupa nuMHKA Takke UIParOT BAXKHYIO
poJib, MOCKOIBKY ZnO sBIAETCS NPSAMO30HHBIM MATEPUAJIOM C IIMPHUHOM 3alpEIeHHON 30HBI
3.373B, wumeer OoiblIyl0 OHHEprut0 HKcuToHa O0M3B, urTo Oosblie, uYeM Yy IIHPOKO
HCIIONB3yeMoro ceityac it atux nened GaN 24.8m3B u ZnSe 25 ma3B. [Tosromy HYU ZnO moryt
WCITOJIB30BaThCSA B UCTOUHHMKAX Y P-U3TydEHUs U JJIEKTPOIIOMHUHECIIEHTHBIX JUCIUIESX, KOTOPBIE
MOryT paboTaThb MNpU TeMIepaTypax BbllIe KOMHATHOH. B cooTBeTcTBHM ¢ JpyruMu
YHUKaJIbHBIMU cBoicTBamMu ZnO, Hampumep, 3¢ dexkrom aacopOunu, GeppoMarHeTu3mMoM IMpH
KOMHATHOM Temmneparype u Ap., HU ZnO, noMmemeHHble B pa3InyHble MaTpUIlbl, HAIpUMED,
kBapl, IieHkd SiO2 ¥ T.I. CMOTYT HAlTH NpPHUMEHEHHE B PA3IMYHBIX MHUKPOAJIEKTPOHHBIX
ycTpoiicTBax. [1o3TOMy cTaHOBUTCS BaXKHBIM UCCIIEJOBAaHHE TEXHOJOTUH CO3/1aHus MIeHOK Si02,

JIETUPOBAHHBIX Zn.
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OBPA3LBI U METOAMKHN SKCIITEPUMEHTA

TecToBasg CTpPyKTypa cocTOsUIa W3 TOMJIOKKH KPUCTANIMYECKOro KBapla, Ha KOTOPYIO
METOIOM 3JIEKTPOHHO-JTy4€BOTO MCIApeHusl HambLIsachk mieHka Si0; tommuuon 140HM. OTOT
METO/] HAaHECEHHs TO3BOJISICT HANBUIATH TUICHKH OKCHJIa KPEMHUSI Ha JIIOOBIE MOJJIOKKH, B TOM
ypcne u Ha nposofsmue. I[lnenka SiO» ummIanTHpoBanack Zn ¢ mo30i 3x10'%/cm? u sHeprueit
40x3B. Ilpum wmmnanTaruu WOHHBIM TOK He mpeBbiman 0.35 pA/cm2, Tak 4To Temmeparypa
o6pasnoB He mpeBbimana 40°C. 3ateM 3TH CTPYKTYpPhl OT)KUTAIACh B OKUCIUTEIHHOW Cpefie B
nuamnazone temrepatyp oT 400 mo 800°C c¢ marom 100°C B Teuenwme 1 waca. B pabote
MCCJIEIOBAIIUCH COCTaB, CTPYKTYpa M CBOMCTBA MOJIYYCHHOM TVICHKH U UX U3MEHEHHsI B TTPOIIeCCe

OT>XXKHUT'OB.

XHUMHYECKOE COCTOSIHHE IIMHKA OMPEIeINoch U3 0)Ke-CIEKTPOB M Mpoduiel, MOoITydeHHbIX Ha
3eKTpoHHOM o3ke-criekTpomerpe JAMP-9510F (JEOL). DnexTpoHHas mymika ¢ TEpMOIOJIEBbIM
aBTO-3MHUCCHOHHBIM KaTofoM (katon IlloTTku) mmena cienyromiye mapaMeTpbl: YCKOpSIOIIee
HaIpsKEHUE TEPBUYHOTO 3JIEKTPOHHOro nmydka 10 kB; nmpu perucrpannu CrieKTpoB MEPBUYHBII
TOK 3JIGKTPOHOB COCTaBIsI 37 HA, a IpH MOJYYEHUU H300paK€HUIl B pexUMe BTOPHUUHOM
anexkTpoHHOU smuccuu (POM-B3) u B oxe-anekTpoHax oH ObLT paBeH 2 HA. YTOJ HakIOHa
o0pa3sia, yroy MeXJy HOpMaJlblo K IIOBEPXHOCTH 00pa3la U MEePBUYHBIM IJIEKTPOHHBIM ITYYKOM,
paBusuicst 60 rpagycam. [lpu mpodribHOM aHanmmM3e SHEPTHs HOHOB aproHa COCTaBIisia 2 K3B,
yroa TpaBieHuss 49° OTHOCUTENBHO IIJIOCKOCTH oOpasna. B oxe-ananmse riiyOmHa

paccuuThIBAIaCh MO CKOPOCTH paciibuieHus: TepMudeckoro SiOs.

[Ipodunm UMIUIAHTUPOBAHHOTO IIMHKA, a TakXKe COMYTCTBYIOIIMX OKCHIHBIX HOHOB,
o0pa3yromuxcsi B Mpolecce OTKUTAa HMIUIAHTUPOBAHHBIX OOpa3lOB, HCCIENOBAIA METOJOM
MaccC-CIIEKTPOMETPUU  BTOPHUYHBIX HOHOB C HCIHOJb30BAaHUEM BPEMSAIPOJETHOIO Macc-
cnektpomerpa TOF.SIMS 5-100 (ION-100 TOF). Pacnbuienne nposoawiocs woHamu O ¢
sHeprueii 0,5 k3B npu aHanM3e MOJOKUTEIBHBIX BTOPHYHBIX HOHOB Si, O u Zn u nonamu Cs' ¢
sueprueit 0,5 k3B mpu ananmse oTpuiarenbHbIXx BTOpudHBIX MOHOB O, Si, SiO, SiO2, ZnO u
ZnySi04. Dueprust anamutudeckoro mnydka Bi® cocraBmsima 30 x3B. B TOF.SIMS mpu
npodUIbHOM aHaIKM3e TiyOrHa KpaTepa onpeensach C MOMOIIbI0 KOHTAKTHOTO poduioMeTpa

I1-17 (KLA Tencor).

319



PE3VJIbTATBI 1 OBCYXXIEHUE

Hccneoosanue memooom Odxnce-31eKmpoHHOU CNEKMPOCKONUU

Ha puc.1 npencrasiaens! npoduiu HUHKA U 3J€MEHTOB MIeHKH S102: KpeMHUs U KUCII0po/ia,
a Takxke yriepoaa. M3 sToro pucyHkKa cieayer, 4YTO TMOCie HMIUIAaHTaluu (a) MaKCUMyM
pacnpeziesieHus: UMIUIaHTUPOBAHHOTO LIMHKA PacIojio’keH Ha riryouHe 40 HM, YTO COOTBETCTBYET
pacyeTHOMY 3HaueHHMIO 0 mporpamme SRIM-2013. BOmm3u moBepXHOCTH 3aUKCHUPOBAHBI
3arpsi3HEHUS]  YIIIEBOAOPOJAMH, YTO XapaKTEepHO Al JAMAJIEKTPUYECKUX MaTepHalioB, XOTH
OTKa4yKa MPOBOJMWIACH TypOOMOJIEKYIIsIpHBIM HacocoM. [locme orxura mpu 700°C (6) mpoduib
MMIUTAHTHPOBAHHOTO IIMHKA HECKOJIBKO paciupsierca B 00e ctoponsl, a npu 800°C u Bblle OH
CMEIIAeTCs B CTOPOHY BHEIIHEH MOBEPXHOCTH, KOTOpas SIBISETCS ISl HETO HEOTrpaHUYEHHBIM
CTOKOM.
U3 puc. 2.a cnegyer, 4TO Ha MPOTSKEHUU BCEro MPOQUIIsl SHEPTeTUYECKOE IMOJIOKEHHE IMHKa
[IMHKA HE MEHSAETCS U cocTaBiaeT 9883B. Yriepoa neTekTupyercs TOIbKO Ha TOBEPXHOCTH.
[Tocne orxura npu 700°C Ha NPOTSHKEHUH BCEro MpOQMIISl SHEPreTHUECKOoe MOJIOXKEHUE IMUKa
[IMHKA HE MEHsETCS U cocTaBiiaeT 9853B. B aTom ciiyuae yriepo1 He 1eTeKTUPYETCS
B o0oux ciyuasix mocie MMIUIAHTalMU U TOCNE OTXHUra gopma muka Zn M €ro MoJoXKeHHe
coxpansieTcs Juis oopasia: nocie umruiantanuu 988 3B u nocie omkura 985 »3B.
ITo nanaeM 0a3el JEOL, nmonoxkenune nmuka ynucToro Zn cocrasisgeT 993 3B, a okucnennoro ZnO
— 989 5B. Cnenyert 3aMeTUTbh, YTO MOJIOKEHHUE MHUKA YTiepoaa Ha MTOBEPXHOCTH MCCIEAOBAHHOIO
o0pas3iia mociie UMIUTAHTAIMK TOYXKE CUITbHO cMeleHo: 266 3B Bmecto 272 3B. Mcxoas ux storo,
MOXXHO CJeNaTh BBIBOJ, 4TO Tociie omkura npu 700°C NUHK mepexoauT B 0oJjiee OKHUCIEHHOE
COCTOSIHME C MEHBIIIEH KHHETUYECKON YHEPTUEH.
Hccneoosanue memooom epem npoiemHou Macc-cneKmpomempuu
Metongom TOF.SIMS onpeneneHsr mpoguiii HECKOJIBKUX MOJTOKUTEIBHBIX U OTPHUIIATEIbHBIX
HMOHOB (cM. BbIie). CienyeT OTMETHTD, YTO Mpoduiib HOHOB ZnO™ ¢ MaKkCUMyMoM okoJio 40 HM
3a(pUKCUPOBAH yXKe MOCIe UMITJIaHTALIUH.

BJIIATOJAPHOCTD

Pabora BemmonHena B pamkax roc3aganust ®I'Y OHI HUMCU PAH Ne FNEF-2022-0003
"HccnenoBanne HEUPOMOPPHBIX cucTeM 00pabOTKH OONBIINX TAHHBIX U TEXHOJIOTHUHU HX

TexHoioruu ux usrorosnenus” (1021060808723-2-1.2.1).
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Ha puc. 3. PDM-BD uzo0paxenus B Oxe-CeKTpoMeTpe Ha Ti1youHe okoio 40 HM (MakCUMyM
MHTCHCUBHOCTH IUKa Zn) MMocJie UMILIaHTamuu (a) u nmocie orxura npu 700°C (0).
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O®A30BASA CTABMJIBHOCTb U MUKPOCTPKVYTVYPA OILIK-
CTPYKTYPUPOBAHHBIX KOHIHEHTPUPOBAHHBIX TBEP/IbIX PACTBOPOB,
OBJIYUEHHBIX NOHAMUM KPUIITOHA.

PHASE STABILITY AND MICROSTRUCTURE OF BCC-BASED
CONCENTRATED SOLID SOLUTIONS IRRADIATIED WITH KRYPTON IONS

B.B. Yros"*, M.M. Benos!-*, C.B. 3nouxuii', A.E. Peickynos?, U.A. Usanos?, JI. Ke?,
V.V. Uglov"*, M.M. Belov'”", S.V. Zlotski', A.E. Ryskulov?, I.A. Ivanov?, K. Jin3,

! Benopycckuii 2ocyoapcmeennwiii ynusepcumem, Munck, Benapyco
2Unemumym aoepnoii pusuxu MO PK, Anmamoi, Kazaxcman
3Mexuncmxuii mexnono2uueckuti uncmumym, Texun, Kumaii

“e-mail: uglov@bsu.by, mb17023@gmail.com

The study examined the impact of low-energy krypton ion irradiation on multicomponent
solid solutions based on the V-Nb-Ta-Ti system at room temperature. The results alloys have
compressive micro- and macro-stresses. Despite the irradiation, no significant changes were
observed in the structural-phase state, and there was no decay or disruption of the equiatomic
and uniform element distribution in the near-surface layer. However, irradiation led to a

change in the level of micro- and macro-stresses for all alloys in the V-Nb-Ta-Ti system.

BricokosuTponuiineie cruiaBsl (BOC) sgBASIOTCS MEpCHEKTHBHBIMU MaTepHallaMy st
CO3/1aHMA  paJUAllMOHHO-CTOMKMX MaTepuasoB Onarojapss HUX BBICOKOH MPOYHOCTH,
TEPMUYECKON U KOPPO3MOHHOM CTOMKOCTH, CONPOTHBIICHHIO IOJI3YYECTH WU pagualiOHHOU
ctoiikoctu. BOC npezacraBnsior co0oil ofHO(a3HbIe TBEPIbIE PACTBOPHI, KOTOPBIE COAEPKAT
0ojee TMATHU OCHOBHBIX DJJEMEHTOB B OSKBUMOJSPHBIX MM TIOYTH SKBUMOJISPHBIX
cooTHomeHusix. BOC Takke 007a7al0T BBICOKOM MPOYHOCTHIO M yCTOHYMBOCTBIO K
pa3nuuHbIM (akTopaMm, Ojarogaps TakUM CBOWCTBaM KaK BBICOKAash SHTPOMHUS, OOJbllas
nedopmarust pemeTki, MHOTOAJIEMEHTHOCTh cocTaBa M 3aMmeieHHas auddysus [1]. Ogaako
Ha JAaHHBII MOMEHT JAaHHBIX O BO3JEHCTBUM HHM3KOdHEpreTuueckoro obmyudenus BOC, B
YaCTHOCTH MOHAaMU TeNus, TOCTaTO4YHO Mano. MMrutantanus aTtoMoB rasa u ¢GopMUpOBaHUE
paAMalMOHHBIX Je(PEKTOB, TaKUX KaK MEXJI0Yy3elIbHble aTOMbl W BaKaHCHUHM, H3MEHSIOT
napaMeTpsl peIIeTKH W CO3/al0T HEYMOPSAOYEHHYIO CTPYKTypy BOJIM3M IOBEPXHOCTH,
BbI3bIBAsl TONEPEYHbIE HANpsHKEHUS B 30HE UWMIUIaHTauuu. JlanbHeimee o6mydeHue

MIPUBOJUT K 00Pa30BaHUIO U YBEJIMYEHHUIO OJMCTEPOB, YTO CHUXKAET LEJIOCTHOCTh MaTeprala
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U U3MEHSIET (PU3UKO-XUMUYECKUE CBOMCTBA €r0 MOBEPXHOCTH, B KOHEUHOM CUETE CHUXKAs €ro
XapaKTePUCTHKH [2].

MHOrOKOMIIOHEHTHBIE TBEpJble pPAacTBOpPHl Ha OcHOBe cuctembl V-Ti-Nb-Ta Obuin
CHUHTE3MPOBAHBI C UCTIOJb30BAaHUEM METAJUIOB BHICOKON YHCTOTHI (>99,9%) MeTonoM ayroBoit
IJIaBKU C MOCIEAYIOIe roMorenn3anuent. /lajnee npoBonUiICS OTKUT HA MPOTHKEHUU 24 4 U
72 u mpu Ttemmepatype 1150°C ¢ mnpomexyTOyHOW XoJoIHOM mpokaTkol 1o 85 %
cokpaienust Toamunbl. O6pasisl 00TyJanich P KOMHATHOM Temmeparype nonamu Kr'4* ¢
sueprueit 280 koB u dmoencom 5x10' cm2.

da30BbIi cOCTaB 00pa3ia U3yJdayicsi METOJIOM PEHTTeHOCTpYKTypHOTo ananu3a (PCA) Ha
mudpaxtomerpe Rigaku Ultima IV ¢ ucnons3zoBannem mennoro uznydenus (A = 0,15418 um).
Jlia uccrenoBaHusl BO3ACHCTBUS UMIJIAHTUPOBAHHOIO TENUSl HAa IMPUIIOBEPXHOCTHBIN CIIOH,
CheMKa 00pa3I0B MPOU3BOANIIACH IPU MAJIOM (PUKCHPOBAHHOM YTJIE MAJCHHSI PEHTT€HOBCKUX
myueit (1°).

CornacHO JHUTEpaTypHbIM JaHHBIM, OJKBHATOMHBIH COCTaB MHOTOKOMIIOHEHTHBIX
TBEPABIX PACTBOPOB MOXET YKa3bIBaTh HAa 00pa3oBaHHe OAHO(pA3HBIX TBEPABIX pacTBOPOB [1].
HccnenoBanue, NpoBeieHHOE METOJOM PEHTIEHOCTPYKTYPHOI'O aHaJIN3a, MOATBEPKAAET ITO

npeanoioxenue (puc. 1).
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Puc. 1. PentrenoBckue audpakTorpaMMbl UCXOJHBIX 00pasioB cucteMbl V-Nb-Ta-Ti
OOmuii BUA PEHTIC€HOBCKOH NHU(PAKUMOHHONW KapTUHBI HEOOITY4YEHHBIX JBOWHBIX,
TPOWHBIX M  YETBEPHBIX CIUIABOB  XapaKTepU3yeTcs  HeOOJbIIOH  acuMMeTpHeil
TUGPAKIIMOHHBIX JIMHUHN, KOTOpas 00ycloBJIeHAa BO3MOXKHOM HEOJHOPOJHOCTBIO CTPYKTYPBI
13-32 JIOKAJbHON HEOJHOPOJHOCTH 3JIEMEHTOB CIUIABA C PA3JIMYHBIMU ATOMHBIMHU pajinycaMu
JJIEMEHTOB M XapakTepHa JJIsI MHOTOKOMIIOHEHTHBIE BBICOKOAHTPOIHWKHBIE cruiaBel. Kak
BHJIHO W3 puc. 1, Bce 00pasmpl MPEACTaBISIOT cO00¥ omaHO(a3HbIE TBEPIbIE PACTBOPHI C

OLK-pemetkoi. Ilapamerp pemerkn s ob6pasmoB  V, Nb, VNbTa, VNbTaTi
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YBEJIMYMBAETCS C YBEJIMYEHUEM CIIOKHOCTH cocTaBa cuctem u coctasiger 0,3027, 0,3177,
0,3227, 0,3234 HM COOTBETCTBEHHO. POCT mapaMmerpa pelIETKH CBSI3aH C YBEIUYECHHEM
aTOMHOT'O pajiiyca dJI€MEHTOB B COCTABe.

Hudpaxtorpammbr o6paszuoB V, VNb, VNbTa u VNbTaTi, oGmydeHHbIX HOHaMu
KPHUITOHA, TIOKa3bIBAIOT, YTO ()a30BBI COCTaB HE M3MEHsETCs (pacmaja TBEpPAbIX PacTBOPOB
oOHapy>XeHO He OBLJI0), OAHAKO HAOMIOJacTCsl 0oJiee BRIpAXKEHHAS ACUMMETPHS MHUKOB U UX
CMEIIEHHE B CTOPOHY MEHBIINX YTJIOB IO CPaBHEHUIO C MCXOAHBIMH JIH(PpPaKTOTpaMMaMH,
9TO yKa3plBaeT Ha Jedopmanmio (a3oBOro cocraBa. KpUCTAJUIMYECKAas peEIIeTKa B

MIPUTIOBEPXHOCTHOM 001aCTH, BBI3BaHHAS 00ydeHUEM (puc. 2).
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Puc. 1. PerrreHoBckue audpakrorpaMmbl 00pasioB cucreMbl V-Nb-Ta-Ti, 001ydeHHBIX HOHAMH
Kr'*" ¢ smeprueii 280 k2B

Jns  KonM4YecTBEHHOW OLEHKM BIMSIHHMS — PaJMAllMOHHBIX TOBpPEXAECHUNH ObUIn
paccuuTaHbl OCTaTOYHbIE MAKPO- U MUKPOHAIPSKEHUSI B UCXOJIHBIX U 00Jy4eHHBIX o0pa3nax
(puc.3). Opuentramms (110) wucmonp3oBamack Il  OMpEEICHUS MaKpOHAIPSKEHUH.
[TonydyeHHbIe 3aBUCHMOCTH ObUIH aNMpOKCUMHUPOBAHBI IMHEHHOW QyHKiuel ( = B — Ax) ans

MTOJTYYEHUS 3HAYCHUI HANPSKEHUM.
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Cxumaroniye HanpskeHus mpeo0iaiaioT BO BCeX HCXOIHbIX oOpa3uax. /lobaBnenue Nb
u Ta B o0pa3upsl VNb 1 VNbTa npuBoauT K yBETMUEHUIO YPOBHS C)KUMAIOLINX HAIMPSHKEHUH,
YTO CBSI3aHO C OOJILIIMM aTOMHBIM PaJIlyCOM 3THUX 3JIEMEHTOB 110 cpaBHEHHIO ¢ V. B cmase
VNbTaTi, 6maronapst npucytctBuio Ti, KOTOpBIN UMEET MEHBIINN aTOMHBIN PaJinyC, a TAKKe
CHIDKAaeT MOJyJIb YNPYrocTH CIUIaBa, HaOyronaercss Oosee HU3KUM ypOBEHb CHKMMAIOIIHUX
HanpspkeHni. O0IydeHne HOHAMU KPUIITOHA TPUBOIUT K CHIDKEHHIO MaKPOHATPSHKEHHUH, YTO
MOKET ObITh 0OBSICHEHO HECKOJIBKUMU MpHUUMHaMU. BeposTHO, pa3HHIla B aTOMHOM pa3mepe
MEX/1y JIEMEHTaMU MPUBOJUT K YMEHBUICHUIO CPETHUX CBOOOIHBIX MPOOEroB 3JIEKTPOHOB U
(OHOHOB, UYTO MOXET MOBIHUATH HAa DSHEPTHI0 00pa30BaHUS W MUTPALMOHHBIE Oapbepbl
nedexroB B MaTepuaiue [3]. Paznuna B aTOMHBIX pa3Mepax 3JIEMEHTOB B TBEPABIX pacTBOpax
TaK)X€ CIOCOOCTBYET YBEIIMYEHHIO pacCesHUs aTOMOB M YMEHBLIEHUIO C(HOKYCHPOBAHHOIO
MepeMEeIeHUs] MEXJIOy3JUil B HaNpaBJIIEHUU IUIOTHOM YMAKOBKH, 4YTO TMPENSTCTBYET
OBICTPOMY TEPEMENICHUI0 MEXKIOY3JIH M3 00JaCTH C BBICOKOW KOHIIGHTpaIleld BaKaHCHUH.
DTO CcmocoOCTBYeT peKOMOWHAIMU Je()EeKTOB B ATHX CIulaBaXx. Kpome TOTro, HCKakKeHHE
PEIIETKH TaKKe MOXET CHH3HUTh MOJBWXHOCTh Je(PEeKTOB, TOITOMY MHOTHE W3
MIPOMEXYTOUYHBIX KJIACTEpOB ObUIM CTAl[MOHAPHBIMU M OCTaBalMCh B 00JacTH, Tne
oOpazoBanmuch ne(eKThl, YTO TPHUBOAMIO K O00Jiee BBICOKOW CKOPOCTH PEKOMOWHAITIH
nedexToB. [4]. B pesynbpTaTe oOpasyercs 00JIbIIOE KOJTMIECTBO MEXKI0Y3€IbHBIX KJIACTEPOB
HEeOOJIBIIOr0 pa3Mepa, YTO BHI3BIBAET PACTITMBAONINE HAPSXKEHUS M IPUBOAUT K CHUYKEHUIO
o0miero ypoBHS CXKHUMaroluX HanpsbkeHud [5]. HampoTtuB, B MHKpOHANpPSHKEHUSX
HaOJII0/IaeTCsl yBEJIMYEHHE CXKUMAIOUIMX HAIMpPsDKEHUH, YTO MOXKET ObITh 0OYCIIOBIEHO
CTUMYJIMPOBAaHHOW M3iIydyeHueM aud¢ys3ueit 6osee Jerkux 3JeMEHTOB K IpaHHIlaM 00J1acTh
KOTepeHTHOTO paccestHus [6]. OgHaKo OIEHUTh, KaKOW M3 DJIEMEHTOB Ha JaHHBIA MOMEHT
0osee crabuieH, HEBO3MOXKHO. Takke TPYJIHO C YBEPEHHOCTBHIO CKa3aTh, UYTO CYIIECTBYET

3aBUCHUMOCTB HaHpﬂ)KeHI/Iﬁ OT CJIOKHOCTH COCTaBa.

[1] Tsai MH, Yeh JW, High-Entropy Alloys: A Critical Review, Mater Res Lett, 2014
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[3] Zhang, Y., Stocks, G., Jin, K., et al., Influence of chemical disorder on energy dissipation and defect
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[4] Lu, C., Niu, L., Chen, N. et al., Enhancing radiation tolerance by controlling defect mobility and
migration pathways in multicomponent single-phase alloys, Nat Commun, 2016

[5] Mohammad W., Yanwen Z., Neila S. et al., Evolution of irradiation-induced strain in an equiatomic
NiFe alloy, Scripta Materialia, 2017

[6] Li C., Leonard K.J., Bei H. et al., Microstructural stability and mechanical behavior of FeNiMnCr high

entropy alloy under ion irradiation, Acta Materialia, 2016
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MOJUOUKALINA CTPYKTYPBI U ®A30BOI'O COCTABA KAPBUJIA KPEMHUA
TP OBJIVHEHMM NOHAMMU I'EJINA
MODIFICATION OF THE STRUCTURE AND PHASE COMPOSITION OF SILICON
CARBIDE UNDER IRRADIATION WITH HELIUM IONS
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In this paper, changes in silicon carbide were investigated when irradiated with low-
energy (40 keV) helium ions at high-temperature fluences (1x10'* - 2x10!7 cm™.). The results
showed that irradiation leads to a change in the lattice parameters, which is associated with
stresses that are formed as a result of the formation of helium bubbles. Amorphization is also

observed in the near-surface layer, with a thickness of about 500 nm.

Kap6un kpemaus (SiC) mpeactaBisieT co00i MOTYMPOBOAHUK C IITUPOKON 3aMPEIICHHON
30HOM, MMeromui 6osxee 200 MONUTUIIOB C BapHALUAMU 3alpelIeHHONW 30HBI, OTIWYHON
TEIUIONPOBOAHOCTRI0O M HU3KUM TEIJIOBBIM PACHIMPEHHUEM, XUMHUYECKOW CTaOWUIBHOCTHIO,
paaralMoOHHON CTONKOCTBIO. OH MOXKET ObITh MCHOJB30BaH ISl M3TOTOBJIEHMSI JIEKTPOHHBIX
YCTPOICTB W CTPYKTYPHBIX KOMIIOHEHTOB B CHCTEMaX TEpPMOSIIEPHOW DSHEPIreTUKH.
OyHIaMEeHTalbHOE  NOHMMaHWE  HAKOIUIGHHS] W BOCCTAaHOBJIEHUS  PaJMallMOHHBIX
noBpexaeHui B SiC He00X0AMMO A1l IPOABMKEHUS TEXHOIOTMUECKOr0 IPUMEHEHUSI.

Kepamuueckue o6pasupsl SiC 6bun nonydensl B UTMO HAH Pb nytém cBsizbiBaHus
nByx ¢pakuuit nopomkoB SiC M5 u M50 (pa3mep 3épen 5 MkM 1 50 MKM COOTBETCTBEHHO) C
MOMOIUIBI0 TEPMOIUIACTUYHOTO CBSI3YIOIIET0O Ha OCHOBe mnapaduna P-2 u mocnemyroomum

cunuiuposanrem npu temmneparype 1800°C u nasnenun 0,13 I1a.
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O6nyuenue o6pasuos nonamu He*' mpu komHaTHOM Temmeparype ¢ sHepruen 40 k3B
MPOBOAWIIOCH Ha JHMHEWHOM Yyckopurene Tsxke€nbix uoHoB JI-60 (MuctutryT snepHoit
¢usuku, Hyp-Cynran, Kazaxcran). O6aydenus mpoBoAWIKCh pu ¢uroencax 11014, 1x101,
1x10'6, 5x10' 1 2x10'7 cm™2.

HccnenoBanue CTpyKTypHO-()a30BOro COCTOSIHHS HMCXOJHBIX U OOMy4EHHBIX 00pa3LoB
KapOuma KpeMHHsS TMPOBOJUIIOCH METOAOM peHTreHocTpykTypHoro aHamuza (PCA) Ha
mudpaxkromerpe Ultima IV (Rigaku) ¢ ucnonb3oBanneM reoMeTpuun napauienbHOro Myyka B
MenHoM (CuKa) uznydennu ¢ mymaoN BoHBI 0.154179 HM, a Takke METOJ0OM paMaHOBCKON
CHEKTPOCKONUU. PaMaHOBCKHE CHEKTPHI PETUCTPUPOBAIIUCH MIPU KOMHATHOHN TemIepaType ¢
WCIOJIb30BAaHUEM CHEKTPaJIbHO-aHAIUTUYECKOTO KOMILJIEKCA HAa OCHOBE CKaHUPYIOILIETO
koH(poxkanpHOro Mmukpockomna «Nanofinder HighEnd» (LOTIS-TII, benapyce - Snonus).
JlmrHa BOJTHBI BO30Y KIEHUS COCTaBsIa 532 HM.

Meronom PCA Obl10 yCTAaHOBJIEHO, YTO HCXOJHBIE OOpPa3Ilbl MPEACTABISIOT COOOM
MHorogasnyto cucremy: SiC-6H, Si, SiC-15R. OcnoBHo#i ¢azoit sBusercs SiC-6H (okono
80%), conepxanue pasznr SiC-15R — okomno 15 %, Si— menee 5 %.

Ha pucynke 1 moka3aHa 3aBUCUMOCTb OTHOCHUTEIBHOIO M3MEHEHMsI MapaMeTpoB
pemeTku a u ¢ oT Mo3bl. Ha 3Tux rpadukax MOXXHO BBIIEIUTH Tpu oOmactu. Obmacts |
(Ix10™ - 1x10' cm?) xapakrepusyercst HOPMHUPOBAHMEM PaJUAIIMOHHBIX BAKAHCHUM, 8 TAKKE
BaKaHCHOHHBIX  KoMmIulekcoB. llocienHue  sBISIOTCA — 3apoAblliaMd  (OPMHUPOBAHUS
BaKaHCHOHHBIX M ra30BbIX NOp (my3bipeit). OTHOCUTENbHOE U3MEHEHHE 000MX MapaMeTpPoB 110
MOJYJIIO YBEJTUUMBAETCS, OTIMYHME 3aKII0YAETCS B HANPSDKEHUAX: COKMMAIOIINE HANPSKEHUS
B HaIlpaBJICHUU MapaMeTpa a U pacTATMBAIOIIME HAINpPsHDKEHUS B HaNpaBlICHUH MapaMeTpa C.
O6macte I (1x10'5-1x10'® ¢cm?) xapakrepusyercs cOpOCOM HAINpPSOHKEHWH, CBS3aHHBIA C
(hopMUpOBaHHEM MY3bIPHKOB TeJus, SBISAIOIIUXCS CTOKaMH ajsi nedektoB. CrneaoBareiabHo,
JUTsl 000MX TIapaMeTPOB PEIIETKH OTHOCUTEIBHOE M3MEHEHHEe yMeHbInaercs. B obmactu 111
(1x10' - 2x10'7 ¢m?) mpoucxoaut poct aedopmanuu. DTO, MO-BUAUMOMY, CBI3aHO Kak C
YMEHBIIEHHEM KOHLEHTpPAllUK ra30-BaKaHCHOHHBIX KJIACTEPOB, TaK W POCTOM MX pa3Mmepa,
BCJIEICTBHE MPOIIECCOB KOATECUEHINH, MPOUCXOASIINX B MOISIX HABEIACHHBIX HANPSKEHHM.
CnenyeTr TakXe OTMETUTh YyBEJIMYEHHE MapaMeTpa pelIeTKH a U yMeHbIIeHue c. Takoe
MOBE/ICHNE KPUCTAUIMUECKON PEUIeTKH HA3bIBACTCA PaJUAlMOHHBIM POCTOM. DTOT 3 eKT

xapakTepeH B ocHOBHOM Jytsi ['TIY pereTok MeTaiioB, 0COOEHHO ISl ITUPKOHUSI.
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Puc. 1. 3aBUCHMOCTE OTHOCHUTEIIEHOTO U3MEHEHISI ITAPAMETPOB d U ¢ KPUCTATMICCKOM

6H-SiC o6najgaer rexcaroHalbHOM CHMMETpPUEH CO CTPYKTYpOHM BIOpLUTAa M HMEET
cummeTtputo Cey. IIpaBuino BeiOOpa Teopuu rpynn npejackasbiBaet, 4to Ai, Ei, Ex sBistorcs
aKTUBHBIMHM MOJIaMU B CIIEKTpe KOMOMHAIIMOHHOTO paccesHus. OHU Janee pasJessitoTcsl Ha

nponoasHbie (LO) u nonepeunsie (TO) onTrueckre MObI.
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PamanoBckwii caBur, o’
Puc. 2. PamaHOBCKHE CIIEKTPhI HCXOAHOIO M 00JydeHHBIX rejineM oopasios SiC.

Jns onucaHus paMaHOBCKHUX CIIEKTPOB JIMANa30H 3HAUEHUH 103 MOXHO Pa3/euTh Ha
Takue ke 00JacTH, Kak W mpu omucanuu aedopmaruu (cMm. pucyHok 1). IlepBas obGmacTh
xapakrepusyetrcst capurom  monael  Aj(LO), xotopas oTBewaeTr 3a mapameTrp ¢
KPUCTAIJIMYECKON pEIIeTKH, B CTOPOHY OONbIIMX JJUH BOJH (pUC.2), YTO CBSI3aHO C
pacTATUBAIOIIMMY HAaNpsHKEHUU B OTOM HampaBieHud. OcTajabHblE TPU MOJIbI, KOTOpHIE

OTHOCSITCS K TMapamMeTpy a KPUCTAUIMYECKOW PENIETKH, CIBUTAIOTCS B CTOPOHY MEHBIIUX
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JUIMH BOJIH, YTO CBS3aHO C C)KMMAIOIIMMH HANpsOKEHWSIMH B 3TOM HarpasieHuu. Kax
roBOpWJIOCH Bbllle, B oOiactu Il mpoucxomuT cmaj HampspkeHWd, o 4éM Ha CHEKTpax
CBUJETENBCTBYET CIBHUI NMHUKOB B 0OpaTHOM OTHOCUTENbHO obnactu | Hampasienuu. Takxe
MIPOMCXOAUT YMEHBIIEHNE NHTEHCUBHOCTH M YIIMPEHHUE MTUKOB, YTO CBA3AHO C HAKOIUICHUEM
paanalvoHHbBIX 1e(hEeKTOB.

IIpyn panpHelIeM yBEIWYEHUM J03bl HA PAMAaHOBCKUX CIIEKTpax HET IMHKOB. JTO
CBA3aHO C TE€M, YTO MpPHU YBEJIUYEHUH [03bl MPOUCXOAMUT yBeIWYeHHe KodpduureHTa
MOTJIOLIEHUS,, 4YTO OOYCJOBJIEHO HAKOIUIEHHEM ONTHYECKH MOTJIOUIAOIMIUX LIEHTPOB,
MHAYLHMPOBAHHBIX T'elIeM, a TaKKe ¢ aMmopdu3anueil IpUInoBEpXHOCTHOTO CIIOS.

Ha pucynke 5 mokasaubl CEKTPBI 11 10361 5% 101® cM2, KOTOpBIE OBLIM CHATHI MPH
pa3IUYHBIX Z OT OOJYyYEeHHOM MOBEPXHOCTH oOpasma. B cimoe TommmHOM okono 0,5 mMxM
MIMKOB HE HAONIOAAETCs, HO MPH MOCIEAYIONIEM YBEIWYEHUH TIyOMHBI HAOIIOAAIOTCS MUKU

SiC nmepBoro nopsijika.

0 MEM

0.5 mrem

1 mxm
1.5 MKy

T T T T T T T T T T T \
700 750 800 850 900 950 1000

ae -1
PanmaHoBCKit CJBHT, CM

Puc. 3. PamaHOBCKHeE CIIEKTPBI 1St 00 TyueHHOro 1030it 5%10'° em™ o6pasia SiC, cHATbIE Iy

Pa3JIMYHBIX Z.

Takum 00pa3oMm, B pe3yibTare MPOBEACHHBIX JKCIEPUMEHTOB OBUIM HCCIEIOBAHBI

2 o6pasibl

00y4eHHble HOHaMu Temusi ¢ sHepruer 40 xkoB m mozamm 1x10'4-2x10'7 oM
KapOuaa kpeMHus. VI3MeHeHe KPUCTAITMYECKOW PEeNIeTKH MOXKHO OTHCATh TPEMs dTallaMH:
YBEIIMYCHUE HANpsHKCHWH (B HAmNpaBICHWHM @ CKAMAIONIMX, B HANpaBICHUH C
PaCTATHBAOIINX ), YTO CBS3aHO C 3apOKICHUEM ITY3BIPEKOB TeIHs, IOTOM cOpPOC HampsHKEHUH
(cnmag nmedopmanuu) B pe3ysbTaTe o0O0pa3oBaHUs Iy3BIPHKOB, a 3aTeM yBEIUYCHHE

HampsDKeHUM H3-3a pocTa uX paszMmepa. Taxke o0gyuyeHue NPUBOAUT K amopduzauuu

MIPUIIOBEPXHOCTHOTO CJI0S TONIIHUHON nopsiika 0,5 MKM.
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I[TOPOI'OBBIE 3HAYEHU A [TAPAMETPOB 2JIEKTPOHHOTI'O OBJIYUEHUA CTEKIIA,
MNPUBOJAIIETO K DJIEKTPOCTATUUYECKUM PA3PAJIAM

THRESHOLD VALUES FOR ELECTRON IRRADIATION OF GLASS, LEADING TO
ELECTROSTATIC DISCHARGE

P.X. Xacanmmn'2, JI.B. YBapos!
R.H. Khasanshin', D.V. Uvarov!

' Axyuonepnoe obwecmeo “Komnozum”, 141070, ITuonepckas yi. 0. 4, Koponee Mockosckas o6racm,
Poccus
’Kagheopa pusuxu, Mockosckuii 2ocydapcmeennuiii mexnuueckuii yuueepcumem um. H.3. Baymana,
105005, 2-a baymanckas yu., 0. 5, cmp. 1, Mockea, Poccus

Experimental data are presented on the minimum values of energies and flux densities of
electrons, the impact of which on the cover glasses of solar batteries and reflecting elements of
thermoradiators of artificial Earth satellites leads to electrostatic discharges. It has been
established that the addition of protons to the composition of the particle flux acting on the
studied samples can suppress the development of discharges. For a qualitative interpretation of
the results obtained, a mathematical model is proposed.

Martepuaibl, HCTIONb3yEeMblE B YCIOBHSIX KOCMOCA, O] A€WCTBUEM MOTOKA 3apsiKEHHBIX
yactuly [1-3] moaBepratoTcss OONBIIMM  paJUMAlMOHHBIM Harpy3kaMm. Hanpumep, npu
B3aMMOJICHCTBUM C ropsyeil MarHuTocGepHON Ma3Moil B cTekie o0pasyercss 3JIEKTPOHHO-
IbIpOYHAs IUla3Ma M HaKaruiuBaeTcs OOBEeMHBIM 3apsal. 3axBaT DJJEKTPOHOB U JBIPOK,
UMEIOIUMUCS B CTEKJIE COOTBETCTBYIOUIMMH JIOBYIIKAMH, MPHUBOJIUT K TMOSBICHUIO B HEM
LIEHTPOB OKPACKH U, KaK CIEACTBHE, K POCTY €r0 ONTHYECKOH MIIOTHOCTH.

Panee [4-6] Hamu ObUIM HccieOBaHBl dJeKTpocTaThueckue paspsaasl  (DCP),
BO3HHUKAIOIINE MPH 3JIEKTPOHHOM 00IydeHHH MOKpoBHBIX cTekod (IIC) ameMeHTOB COTHEUHBIX
Oatapeii u oTpaxkaromux dnemMeHToB (OD) TepMOpPaanaTOPOB UCKYCCTBEHHBIX CITyTHUKOB 3€MITH
(UC3). Ilpu »TOM BENWYMHBI IJIOTHOCTH TOTOKOB W SHEPruu OOMOapAHpYIOIIMX YaCTHUIL
COOTBETCTBOBAJIM 3HAYEHHUSM, IPU KOTOPHIX TMPOBOJMINCH YCKOPEHHBbIE MWCIBITAaHUS Ha
CTOMKOCTh MaTepuaioB, ucnoibdyembix Ha MC3, kK BO3AeicTBUAM (PaKTOPOB KOCMHUYECKOTO
MIPOCTPAHCTBA (BAKYyM, 3JIEKTPOMArHUTHOE, AIEKTPOHHOE U MPOTOHHOE U3nydeHus). s Oonee
000CcHOBAaHHOTO BBIOOPA A((HEKTUBHON YHEPTHH W TUIOTHOCTH MOTOKA YACTHI] MOJCIHPYIOMIEH
YCIIOBUSI KOCMOCa YCTAHOBKH, Ha KOTOPOM TPOBOIATCA WCIBITAHUA JIUAJIEKTPUUECKUX
MaTepuaJoB M (parMEHTOB CIYTHHKa Ha CTOMKOCTh K (akropaM >JIEKTpU3aluu U
ANEKTPUYECKUX Ppa3psAIoB, HEOOXOAMMBI JOIMOJIHUTENbHBIE PAacueTHO-IKCIEPUMEHTAIbHbIE
uccnenoBanus. llenplo naHHONW paOOTHI SBJISETCS OIpeNelIeHHe MHUHUMAIbHBIX 3HAUYEeHUN
SHEPTHH U IJIOTHOCTH MOTOKA 3JIEKTPOHOB, BO3AEUCTBUE KOTOPBIX NMPUBOAUT K DCP, u BiusHue
Ha pa3BUTHE 3TOTrO Mpoliecca MPOTOHOB ropsiueid MarHUTOC(HEPHOH MIIa3MBbl.

Ins uccnenoBanust ycioBuid Bo3HUMKHOBeHHs OCP Ha IIC m OD wHCHosb30BAIHCH
o0pa31bl, U3rOTOBJIEHHbIE Ha OCHOBE MacThH crekia K-208 ¢ pazmepamu 40%40x0.17 mm. Ecnin
[IC — 510 mnactuna crexna K-208, o OO — Takas ke macTuHa, Ha OJHY U3 CTOPOH KOTOPOU
METOJIOM MAarHeTpOHHOTO HAIlbUJIEHUS IOCJIEJOBATEIbHO HAHECEHbl CJIOW  AIOMHUHUS
(oTpaxaromuii CI0i) U CTaNH (3aIUTHBIN cioi) [7].

B nepsoii cepum dkcrepuMenToB o6pasusl 1IC u OD obayuanm B Bakyyme 107 Ila
dJeKTpoHaMHu C dHeprusmu (Eo) B nuamazone (5 — 45) koB. 3HaueHHMe MIOTHOCTH TOTOKA
SIEKTPOHOB (@.) BapbupoBanock or 5-108 mo 5-10'2 cm?c!. B rtabmume 1 npuBemeHsI
MIOJIyYEHHbIE B DKCIIEPUMEHTAaX MHUHUMalbHblE 3HaueHHs Eo m coorBercTByromue [IC n OO
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MHHHAMAJIbHBIE 3HAYEHMs IUIOTHOCTEH ITOTOKA DIIEKTPOHOB (Qebl) U (Qeb2), TPU BO3AEHCTBHU
KOTOpBIX Ha oOpasiax Bo3Hukanu JCP. 3aech jxe mpuBeIeHbI IITMHBI TPOOETOB AJIEKTPOHOB R, B

He3apsukeHHOM crekiie K-208, paccunrannsie Merogom MonTe-Kapio.

Tabmuia 1. [Tapamerpsl asekTpoHHOr0 00y4YeHMs 00pasios [1C u O3

Ne EO, Re, Peb1, Peb2,
o/ | k3B MM | em ¢! | em ¢!
1 7,5 09 | 1,5-10"
2 10 1,3 | 54-10"
3 1125 | 1,9 | 49-10" | 8,4-10"
4 15 2,6 | 2310 | 7,0-10'°
5 20 43, | 1,7-10" | 1,0-10"
6 25 6,4 | 1,8:10° | 5,5:10°
7 30 8,8 8:-10° | 2,0-10°
8 35 11,5 5-10% | 1,6-10°
9 40 | 145 | 4-10% | 1,2:10°
10 | 45 | 21,4 3-10% | 1,0-10°

W3 mpencraBieHHBIX [aHHBIX cieayeT, uro Ha oOpasuax [IC paspsnsl HauuMHaAKOT
MIPOUCXOUTh MPU MEHbILEH dHEPruu 31eKTpoHOB (Eo =7.5 k3B), yem Ha OO (Eo =12.5 k3B).
D10 00BsACHAETCS TeMm, 4To mpu obmydennn OO mojie BHEAPEHHOTO B oOpasel 3apsa
COCpPEIOTOYEHO B OCHOBHOM MEXAY MAaKCUMYMOM paclpeesieHus TepMalli30BaHHBIX
AJIEKTPOHOB M METAIUTU3UPOBAHHOMN MOI0KKOH. Heobxoammo oTMeTuTh, uto ¢ poctoMm Eo ot 10
10 45 xoB 3HaUYCHHS Qb1 M Qb2 CHWIKAIOTCS TOYTH Ha JBa mopsiaka. Pacuersr u ACM-
WcCIeaoBaHus TMoKa3anu, 4to npu Eo =7.5 k3B mpoucxomar DCP, pasBuBaromuecs BIOJIb
o0yyaemMoi MOBEpXHOCTH 00pasiia, OCTABIISIOIINE HA HEH pa3psaHble KaHabI (CM. puc.l).

MKM a

HM 6
0.5

0.0
-0.57
-1.04

-1.51

0 02 04 06 08 10 12 14 1.6MKM

Puc. 1. 2D-u3o0pakenue pparmMeHTta 5x5 MKM IMOBEPXHOCTH 00JIydeHHOro 00pasiia (¢) U ero cedeHue
BIIOJIb JIUHUU [—2 (0)

14
—0— 12,5 k5B
—*— 15 kB
—®— 20 k3B
—v¥— 25 kB
—4A—30 k3B

=

Puc.2 3aBucuMOCTh 9aCTOTHI pa3psIOB OT IIOTHOCTH IMTOTOKA AJICKTPOHOB JIJISl Pa3HBIX 3HaUEHUH Fo
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W3 sKcniepuMEHTANBHBIX JTaHHBIX, MOJYYSHHBIX TPU BapbUPOBAHUH BEIHUYUHBI Qe (CM.
puc.2), cienyet, yTo yeM Oombine Eo (B MCCIETOBAHHOM JIMAMa30HEe 3HAYCHHI), TeM ObICTpee
pacTeT yacToTa pa3psIoB C YBEITHUECHHEM (e.

CamocormacoBanHas  apeiihoBo-nuddy3noHHass  MOJeIb, HCIOJIb30BaHHAS IS
MIPOBE/ICHUST OIICHOYHBIX PACUETOB, OYEHb TI'POMO3/KA, MOATOMY 371€Ch MPUBOIUTCS TOJBKO
cxema pacueTHoi obnactu (puc.3) U 4acTh pe3ybTaTOB BhIUMCIeHU. Kak mokas3anum pacyeTsi,
MaKCUMYM pacrpeaesIeHus KOHIICHTPAIIUN TEPMATH30BaHHBIX B CTEKJIE AJIEKTPOHOB CMEIIASTCS
B CTOpOHY oOirydaemoit moBepxHocTH [IC. D10 00yclioBIEHO TEM, UTO MO Mepe OOIyUeHHUs BO
BHEIIIHEM TToJie MHKeKTHpoBaHHOTO B [1C 3apsiia mepBUYHBIC AIEKTPOHBI TEPSIIOT BCE OONBITYIO
4acTh CBOCW DHEPruM Ha mojjieTe K IwiactuHe (cMm. puc. 4a). [lpm sTomM wu3meHsercs

pacmipenenenue ¢. o nosepxHoctu I1C (puc. 46, 46, 42,) u yron Bxoja dJIEKTPOHOB B 00Opaserl,
YTO TaK)Ke YMEHbBIIACT TITyONHY UX IPOHUKHOBEHHSL.

"

Puc. 3. Cxema pacuérHoit obmactu: V — Bakyym; G — crexiio; D — muanekrpuk; ['v_g — rpanmna
BaKyyM-CTeKNO; I'G-p — IpaHuua CTEKIO-IMINEKTPHK; VM V— CKOPOCTH SIIEKTPOHA TIPH BBIXOIE W3

BHeKI‘pOHHOﬁ IMYIKHU U TIPU BXOJ€ B CTCKJIO COOTBETCTBCHHO.
30.07

a [}
27.51
m 25.01
9]
B
] 22.51
20.01
17.51
0 5 10 15 t,c
6 2
Puc. 4. 3aBUCHUMOCTB 2HEPTUH TIEPBUYHBIX ICKTPOHOB IIPH BXOKICHUH B MHIIIEHb OT BpEMEHHU

oburydenust (a) U pactpejielieHie X IIOTHOCTHU MOTOKa 1o moBepxHocTH [1C Ha pa3Hble MOMEHTHI
Bpemenu obyuenus: 0,1 ¢ (6); 10 ¢ (8); 20 ¢ (2).
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Bo Bcex »akcmepuMeHTax mepBOM cepuM HaAOMOJANoOCh TroilyOoBaTOE€ CBEYEHHE
o0mydaeMpIx 00pasmoB, KOTOPOE CBS3aHO C KaToAoJOMHUHecHeHrued crekna K-208.
NHTeHCHMBHOCTH CBEUEHHUSI BO BPEMs SKCIIEPUMEHTOB MEHSIAch, B YaCTHOCTH, MaKCUMaJbHas B
Hayajle, OHa CHIXKalach B IIpolecce OoOJMydeHus, a Jajiee, €clu MPOUCXOAWUI pasps,
MHTEHCUBHOCTh pe3Ko Bo3pactana. M Takas 1memnb cOOBITHMII MHOTOKPATHO MOBTOPSUIACH. JTO
OOBSICHSIETCSl T€M, YTO B Ipolecce OOIydeHHs MOoJie MHKEKTHPOBAHHOTO B CTEKJIO 3apsna
HAYWHAET TOPMO3UTH TMEPBUYHBIE OAJIEKTPOHBI W HMHTCHCHUBHOCTH KaTOJOJIOMUHECIICHIINH
cHmkaercsa. Ilpu paspsmax oOpaser; u3daBiseTcss OT YacTH HAKOIUIEHHOTO B HEM 3apsijia U
HanpsLKEHHOCTD MMOJIS Haj o0pa3loM MajaeT, clieoBaTeIbHO, cpasy Mocie pa3psia Ha odpazen
MaJal0T JIEKTPOHBI C YHEPTHEH OM3KON K £o 1 MHTEHCUBHOCTh CBEUCHHUS YBEITNUNBACTCA.

Takum 00pa3oM, UHTEHCHBHOCTh KaTOOJIOMHUHECIIEHIINNA 00pa3iia SBISICTCS OYEBUIHBIM
WHANKATOPOM TEKYULIeH cTaguu OOydeHMs, XapaKTepU3YIOUIMM B3aUMOJEUCTBUE AJIEKTPOHOB
CO CTEKJIOM U HAaKOIUIEHHE B HEM HH)KEKTHpPOBaHHOTro 3apsia. Koppemsiuioo HHTEHCUBHOCTU
KAaTOAOJIOMUHECIIEHIIMM C 3BOJIONUEH CONMPOBOXKIAIOUIIUX OOJyYeHHE MPOLECCOB MOMKHO
HCIIOJIb30BaTh IPH HCCIEJOBAHUSIX IPOCTPAHCTBEHHO-DHEPIETUYECKOr0 IepepacrpesiesieHus
AJIEKTPOHOB, OOMOApAMPYIOMIUX IUANEKTPUK. B 4acTHOCTH, MHTEHCHBHOCTh CBEYEHHS MOXKET
naTh MHGOpMaIUIo 00 PHEPrUM M IUIOTHOCTU MOTOKA MaJaloluX YacTHUll, YTO U MOATBEPIMIN
Pe3yNbTaThl IPOBEIEHHBIX IKCIIEPUMEHTOB.

OpHa U3 COBPEMEHHBIX TPAKTOBOK BO3HUKHOBEHHS pa3psaoB Ipu oOIydyeHHH oOpasiia
TUBJIEKTPUKA, pPa3Mepbl KOTOPOTO MPEBBIIAIOT INTyOUHY IPOHUKHOBEHUSI OOMOapIUpPYIOLIUX €ro
AJIEKTPOHOB, 3aKJIIOYAETCS B cleayronieM. B oOpasie dhopmupyercs aBe 00J1acTH JTOKATU3AINH
3apsA70B. 3a CYET SMUCCHUHM BTOPUYHBIX 3JIEKTPOHOB MPUIIOBEPXHOCTHBIM CJIOW 00Iydaemoro
oOpa3ua npuoOpeTaeT MOJOKHUTENbHbIN 3apsia. OgHOBpeMeHHO (opMHpyeTcs OTpHULIATEIbHO
3apshKeHHast 00JacTh JIOKAIM3AallMM WH)XEKTHUPOBAHHBIX B JUAJIEKTPUK TEPMaIM30BaHHBIX U
3aXBaYEHHBIX COOTBETCTBYIOLIUMHU JIOBYIIKAMH 3JEKTPOHOB. [Ipy 3TOM mosaraercs, 4yTo mocie
JOCTIKCHHUH HAIPSHKEHHOCTH TIOJIS MEXIY dTUMH JBYMs OOJACTAMU KPUTHYECKOTO 3HAYCHUS
MPOUCXOIUT pa3psia. s TpoBEepKHM TaKoro MpPEArNoyioKeHHUs Obla IpoBeleHa cepus
AKCTIEPUMEHTOB, B KOTOpbIX Ha oOpa3ibl [IC ogHOBpEeMEHHO BO3ACHCTBOBAIM AJICKTPOHAMH U
nporonamu. [Ipu mocrosHHOM mioTHocTH moToka 4 10% cm~2c™! sHeprust mpoTOHOB cocTaBsna
Eo = 10 x9B, ut0 nomkHo ObUTO 00ecrednuTh (POPMUPOBAHUE TTOJTOKUTEITHLHO-3aAPSIKEHHOTO CIT0ST
tonmuuHoN MeHee 0.28 MkM. [Ipy MoCTOsIHHOM 3HEepruu MEeKTPOHOB paBHOU 20 k3B 3HaueHue pe
BappupoBajoch. I3 cpaBHUTENBHOrO aHaiM3a TMOJMYYEHHBIX pPE3yJIbTaTOB CIEAYyeT, 4YTO
(hopMHpOBaHUE MOJIOKUTEIBHO 3apSKEHHOTO €105, 00YCIOBIEHHOTO PUCYTCTBUEM MPOTOHOB B
MOTOKE BO3ACHCTBYIONIMX Ha oOOpas3ell 4YacTWll, NMPHUBEIO K CHIKEHHIO 4acToTel DCP mo
CPaBHEHHUIO CO CITy4aeM JIEKTPOHHOTO OOIYUYEHHs MPU MPOYUX PABHBIX YCIOBUSX.

[1] Mopaens kocmoca. Hayuno-undopmanmonsnoe uznanue / nox pen. JI.C. Hosukosa. T.2. M. KJ1V, 2007, 1144 c.
[2] D.C. Ferguson, S.C. Wimberly, Proceed. 50th AIAA Aerospace Sci. Mtg. January, (2013) AIAA 2013-0810.
[3] Kazuhiro Toyoda, Teppei Okumura, Satoshi Hosoda, Mengu Cho, J. of Spac. and Roc., 42, (2005) 947.

[4] R.H. Khasanshin, L.S. Novikov, Adv. in Space Res. 57(2016) 2187.

[5] P.X. Xacanmms, JI.C. HoBuxkog, JI.C. I'anienko, S.b. Bonkoa, IlepcriektuBHble MaTepuansl, 1 (2015) 22.

[6] P.X. XacanmmuH, JI.C. HoBuxos, IloBepxHOCTh. PeHTreH., cHHXp. 1 HelTpoHHBIE ucci., 11 (2018) 48.
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CTPYKTYPHBIE USMEHEHUA IIOBEPXHOCTU CTEKJIA K-208 ITOCJIE
[MPOTOHHOI'O OBJIYVUYEHUA PABHOU MHTEHCUBHOCTU
STRUCTURAL CHANGES OF THE K-208 GLASS SURFACE AFTER PROTON
IRRADIATION OF DIFFERENT INTENSITY

P.X. Xacanmmn'?, JI.C. HoBukos?

" dxyuonepnoe obuwecmeo “Komnozum”, 141070, Iuonepckas yn. 0. 4, Koponee Mockoeckas
obnacme, Poccus
’Kagheopa gpusuxu, Mockosckuii 2ocyoapcmeennuiii mexuuueckuii yuugepcumem um. H.9. Baymana,
105005, 2-a baymanckas yxa., 0. 5, cmp. 1, Mockea, Poccus
SHUU si0eproii pusuxu umenu JI.B. Crobunvysina, Mockogckuii 20cyoapcmeenviii yHugepcumen

umeru M.B. Jlomonocosa, 119991 Mockea, Poccusa

Changes in the structure of the surface of K-208 glass irradiated in vacuum (10~ Pa) by 30
keV protons have been studied. It has been established that the nature of the changes depends
on the proton flux density (¢p). At ¢p < 3.0:10'° cm2s7!, the changes are mainly associated
with the emergence of percolation channels on the irradiated surface. As ¢, increases, the
formation of gas-filled bubbles in the near-surface layer of the glass begins to play a
significant role.

Martepuanbl BHEIIHUX MOBEPXHOCTEW BBICOKOOPOMTAIBHBIX KOCMHUYECKUX almapaToB
B3aMMOJICHCTBYIOT C 4YacTHIaMH Topstueid marHutocepnoit rmmasmel  (I'MIT) [1-3],
OCHOBHBIMM KOMIIOHEHTaAMHU KOTOPOM SIBIIIFOTCSI AJIEKTPOHBI U IPOTOHBI CPEJHUX SHEPTHUH.
Bozneiicteue ['MII Ha AudnekTpuyecKue MaTepualibl, K KOTOPHIM OTHOCSTCS W CTEKIA,
CONPOBOXKAAECTCS PAJIOM CIIOKHBIX B3aMMOCBSI3aHHBIX MPOLECCOB. Bo3nelicTBre Ha CTeKia
COMPOBOXKAAETCA TeHepaluell paJuallMOHHBIX Je(EeKTOB, BKIIOYas LEHTPbl OKPACKH,
HAaKOIUIEHHEM HWHXXEKTHPOBAHHOTO 3apsiia, MHAYLHPYIOUIETO WHTEHCUBHBIE JJIEKTPUYECKUE
I10JI5l, BOSHUKHOBEHUEM D3JIEKTPOCTATUUYECKUX DPa3psA0B, KOTOPHIE MPUBOAAT K U3MEHEHHIO
CTEXHMOMETPUU MaTepuaja, pa3pylieHue ero CTpyKTypsl u T.a. [4-9]. PesynbTaThl pacueToB
nokaszanu, uyto nokpoBHble cTekna (I1C) comneunsrx Oarapeit TommmuHOM 170 MKM ciykat
HaJeKHOM 3aUTON (POTO2IEMEHTOB OT 3JIEKTPOHOB M MMPOTOHOB ¢ HHEprusimu Mmeree 150 k»B
u 4,3 MaB co0oTBETCTBEHHO, HO UCTIBITHIBAIOT OOJBIIHE paAHAIlHOHHBIC HATPY3KH, OCOOCHHO
BO BpeMs TeOMarHuTHbIX Oypb. Jlerpamanusa ontuyeckux cBoictB [IC mnpuBoautr K

CHM)KCHHIO MOIIHOCTH COJIHCYHBIX 6aTapeI71. IL]'ISI HAACKHOTO IMPEACKa3zaHUusd HU3MCHCHUA
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cBoiictB IIC B yclmoBHSIX KOCMOCAa M BO3MOXHOCTH Pa3BHTHS HETATUBHBIX SBJICHHHA Ha
coJIHeuHBIX Oarapesx moj nercteuem ['MII HeoOxoaumo nccnenoBanue Bo3aecTeust Ha [1C
OTAENbHBIX KOMIIOHEHTOB I’ MIT.

B pabore npejcTaBieHbl HOBBIE SKCIIEPUMEHTAIBHBIE PE3yJIbTAaThl B pacCMaTPHBACMON
obnactu, momydeHusie npu oOnydenun [IC u3 crekma mapku K-208 [12] mpoTonamm ¢
sueprueit 30 xk3B. O6nydenne IIC c pazmepamu 40 x 40 % (0.17 MM, NPUKPEIUICHHBIX K
MOJINPOBAHHOM MOBEPXHOCTH METAJUIMYECKOTO TEPMOCTATUPOBAHHOTO CTOJIHMKA, IIPOBOIUIOCH
Ha aBTOMAaTH3UMpOBaHHOM cTeHae YB-2 AO «Kommo3ut» mnpu cieayrommx YCIOBHSX:
naBnenue B BakyymHOM kamepe 107 Ila; ¢, 5.0:10° — 5.0-10'? cm2c™!; ¢umroenc mpoTtoHoB
(®p) 5.0-10'* —2.5-10'® cm~2; TemmnepaTypa cronmka cocrasnsina 20 + 1 °C.

N3menenus wmopdonoruu  MOBEPXHOCTEH 00pa3ioB  KOHTpoJupoBatuch ACM-
METOJIaMH, a JIeTpajalis UX ONTHUYECKUX CBOMCTB HCCeA0BaIach C MOMOIIBIO IBYXJIy4€BOIO
crektpomeTpa. B kauectBe mpumepa Ha puc. 1 npuBeneno ACM-uzo0pakenue (parmeHTa
MOBEPXHOCTH UCXOJHOTO 00pa3ia, 13 KOTOPOTro BUIHO, YTO IIEPOXOBATOCTh MOBEPXHOCTU HE

MpeBbIIIAET 1 HM.

MKM a

Z, HM o

049 — 2

0.2+

0 5 10 15 20 MM 0 2 4 6 8 10 12 MKM

Puc. 1. ACM-u300paxenue pparmMeHTa MOBEPXHOCTH HEOOIYUSCHHOTO (MCXOHOTr0) 00pasna: 2D-kaap
25%25 MxMm (@) v ero cedeHus BAONb Jiuani [—/ ' (muaus — 1), 2-2 (muaus — 2) (6)

Jlnst  ompenerneHUsT W3MEHEHHWS COCTaBa OOJYYEHHOTO CJIOS CTEKJIa CIEIHATbHO
M3TOTOBIICHHBIE 00pa3Ibl OBUIM MCCIIEIOBAHBI B MTPOCBEYHBAIONIEM/PACTPOBOM 3JICKTPOHHOM
mukpockorie TITAN 80-300 (ThermoFisher Scientific, CIIIA) ¢ koppekTopom cheprudeckoin
abeppani  30HIa B pEXHMax CBETIOr0 W TEMHOTo Tojs. [lomydeHHBIE pe3yinbTaThl
MOJITBEPIMIIA TPAKTOBKY IKCIEPUMEHTAIBHBIX JTAHHBIX, MPEJICTABICHHBIX paHee B padoTe
[12], Tme yka3wpIBaJIoCh, YTO TPH MPOTOHHOM oOMydeHHH B cTekiae K-208 mpoucxomut
nepepacrpe/ielieHie HOHOB IIETOYHBIX METAJUIOB, CAMBIM TOJBM)KHBIM M3 KOTOPBIX SIBIISIETCS

noH Na'. B moje MHKXEKTHPOBAHHOTO 3apsga Mmurpais Na® mporekaeT, B OCHOBHOM, ITO
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MIEPKOJIAIIMOHHBIM KaHajlaM, BBIXOIAIIMM Ha OO0JyJaeMyro IMOBEPXHOCTh. McciemoBaHus
o6my4ennbix [1C mokaszanu, 9ro mpu ¢, < 3.0-10'° em2¢™!, @, > 7.5:10' cm? nabmrogaemble
n3MeHeHus: Mopdooruu o0aydaeMoi MOBEPXHOCTH MOXHO OOSICHUTH B OCHOBHOM BBIXOJIOM

Ha Hee MEePKOJIITUOHHBIX KaHAIOB (CM. puc. 2).
Z, HM
207
154 2

10

0 40 80 12|0 léO HM

Puc. 2. ACM-u306paxenus hparMeHTa HOBEPXHOCTH 06TydeHHOro obpasia (¢, =2.5-10"" em?c™, @,
=9.0-10" cm?): 3D-kaznp 2x2 MKM (@); ceueHus Kaapa BAOIb nunuit -1, 2-2° (6).

DTO MpEeaIoNIoKeHNE MOTBEPANIOCH IPH UCCIEOBAHUH COCTABa MPUIOBEPXHOCTHOTO CIIOS
o0pa31oB, 00JIyYEHHBIX J0 pa3HbIX (It0eHCOB. YacTh MONYYEHHBIX IPU 3TOM PE3yJIbTaTOB
IpeACTaBlIeHa Ha puUC. 3, W3 KOTOPOTO CIEIyeT, YTO B INPHIIOBEPXHOCTHOM CIIO€ CTEKJIa

KoHUeHTpauus HaTpus Cna(x) pacteT BMecTe co 3HaueHueM Oy,

144

—1
2 2
Y a—d
S 104 o
= A*
K
O 84 A
. A
6% vy
LI R, § P —— VXY LR AART 4
T T T b 1
0 250 500 750 X, HM

Puc.3. Pacnpenenenue Cna(X) B IPUIOBPXHOCTHOM CJ10€ 00pa3iioB 00JydeHHBIX 10 (uitoeHcoB: [ — 0 ;
2-2510"cem? 3-9.0-10" em?; 4 - 1810 em? (9, = (2.5 1) -10" em?c™)

C yBenuyeHHEM 3HAu€HUSI @p Bce 0ojiee 3aMETHYIO POJb B U3MEHEHMH CTPYKTYpbI
MOBEPXHOCTH O0pa3lloB HAYMHAET UTpaTh (OPMHUPOBAHHE TAa30HAIMOJIHEHHBIX IY3bIPHKOB.
IIpu @p > 1.2-10'° cM2¢c™! skcnepuMenTanbHO BBISBIEHA 3aKOHOMEPHOCTD, HE MMEIOIIAs MOKA
OJTHO3HAYHOW MHTepnpeTauu (puc. 4): 6610 0OHAPYIKEHO, YTO Ta30HAMOTHEHHBIC TTY3BIPEKU
(ceuenus BaOAb JTUHUN 2—2°, 3—3 'Ha puc. 4a) U HaTpUEBbIE MUKPOBBICTYIIBI (CEUEHUE BIOJb

nuHuK /-1’ Ha puc. 4a) bopMupyroTcs Ha 00Iy4aeMol MOBEPXHOCTH CTEKJIA MTapaMH.
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Puc. 4. ACM-u306paenus hparMeHTa HOBEPXHOCTH 06IydeHHOro obpasia (g, = 1.2-10" em ¢,

@,=5.2-10"° cM?): 3D-kaap 2x2 MM (a); cedennst 2D-kapa Boab muauit 1—1°, 2-2°, 3-37(6).
N3mepenus cnextpanbHbIX Ko3dduurentoB nponyckanus [IC mokaszamu (cM. puc.S),

-2

uto 00ay4enne 10 Pp = 5.2:10'° cM2, COMPOBOKAAMOIIEECS CTPYKTYPHBIMU M3MEHEHHAMU

IMOBEPXHOCTHU CTCKJIIA, HC IPUBOJUT K 3HAYUTEIHLHOMN Jcrpaganuvu €ro ONTUYCCKUX CBOMCTB.
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= 604 ‘T
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Puc.5. Cnexrpanbubiit koaddurmment nponyckanus [IC mo (/) u nocne (2) obnydenus. Paznmia
CIIEKTPOB MpEACTaBICHA B BUJE BCTABKH.
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HYDROGEN PLASMA INFLUENCE ON ELECTRICAL PROPERTIES AND DEEP
TRAPS SPECTRA OF VARIOUS POLYMORPHS OF GaxOs
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In this talk we’ll discuss the effects of hydrogen plasma treatment of Ga>Osz of different
polymorphs. In thermodynamically stable monoclinic B-Ga>O3 currently widely used to grow
from melt high crystalline quality bulk crystals serving as substrates for fabrication of good
epitaxial structures for power rectifiers and FETs with breakdown voltages exceeding those of
SiC or GaN. In such structures H is a common contaminant affecting the properties both by
itself and also by forming complexes with major native defects [1]. Theory predicts interstitial
hydrogen Hi and hydrogen substituting for oxygen Ho to be shallow donors, while the
behavior of hydrogen complexes with major native acceptor defects, triply charged gallium
vacancies in two different Ga sites and split Ga vacancies Vgai depends on the number of
hydrogen ions involved in the complex [2, 3]. It has been shown theoretically that such
complexes can accommodate up to 4 hydrogen atoms and that complexes with 4 hydrogen

atoms should behave as shallow donors whereas complexes with a lower number of
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hydrogens decrease the depth of the Vga-related acceptor levels and can result in the
formation of shallow acceptors which is of utmost importance for Ga;O; where shallow
acceptor dopants are lacking due to the very deep valence band formed mainly by the 2p O
states [4]. Recently it has indeed been reported that shallow acceptors with the depth ~40
meV can be formed in B-GaxOs crystals subjected to sealed ampoule annealing at 900 °C in
molecular hydrogen provided the sample surface has been appropriately preconditioned [3]. It
could be hoped that similarly beneficent result could be achieved if B-Ga>Os crystals were
subjected to H plasma treatment at moderate temperatures. We’ll discuss below what has been
achieved in that direction so far.

As many other wide-bandgap materials Ga>Os3 is characterized by the existence of different
polymorphs metastable at high temperatures and normal pressure and eventually convert into
the stable monoclinic B-polytype. Among these metastable polymorphs three seem to be of
serious practical interest. The orthorhombic k-Ga>Os is the polymorph with the temperature of
conversion to B-Ga>O3 quite high, on the order of 700 °C and the bandgap close to -Ga,Os
(~4.5 eV for k-Ga,Os3 versus ~4.8 eV for B-Ga»O3). The particular interest to this polymorph
lies in its very high spontaneous electric polarization exceeding that of AIN or GaN by more
than an order of magnitude, which makes it potentially possible to use such structures for
building HEMTs with so called “polarization doping” that can be used to fabricate FETs with
extremely high 2DEG concentrations and saturation current [4]. In addition, k-Ga>O3 films
display prominent ferroelectric properties which can be used to broaden the functionality of
the devices [4]. However, until very recently the useful application of the k-Ga>Os films were
severely limited by the very poor quality of the layers plagued by the predominance of 120°
rotational nanodomains strongly handicapping the in-plane conductivity of the films. Only
recently a serious progress in crystalline quality achieved by using the Epitaxial Lateral
Overgrowth (ELO) technique [6] or growth of thick x-Ga,Os films by Halide Vapor Phase
Epitaxy (HVPE) [7] allowed to radically improve the crystalline quality of k-Ga>O3 and to
strongly suppress the formation of rotational domains. This allowed to determine the electrical
properties and to measure for the first time the deep centers spectra [7]. However, the
efficiency of donor doping proved to be low and it was interesting to check whether hydrogen
plasma treatment could contribute, as in P-Ga>Os, to increasing the shallow donor
concentration.

Another metastable polymorph of serious interest is the corundum a-Ga,Os; stable to
temperatures below ~600 °C [4]. The interest here is the higher symmetry of a-Ga;0Os, the

higher width of the bandgap (5.2 eV), the existence of a host of corundum-structure metal
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oxides available for building useful heterojunctions. Inexpensive low-end power devices
(rectifiers and FETs) based on a-Ga>O3 have been demonstrated and definitely show promise.
However, both for the k-Ga;0O3 and a-Ga;0Os3 with relatively low existence temperatures using
Si implantation and annealing for fabrication of low specific resistance Ohmic contacts is
problematic because of the high temperatures of post-implantation annealing necessary to
activate the implant. Hence, the interest to alternative “doping” methods, such as H plasma
treatments.

Finally, recently it has been reported that upon ion implantation with high doses into -Ga,Os
the implanted region of the crystals instead of amorphisation undergoes a structural
transformation to defect spinel y-Ga,Os polymorph that displays an exceptional radiation
tolerance if assessed by structural changes [8, 9]. However, for practical purposes one needs
to be able to get the implanted region conducting, which cannot be done by high temperature
anneals because of the low thermal stability of the y-Ga,O; phase. Here again H plasma

treatment appears to be a feasible option.

H plasma treatment of B-Gaz0s.

It has been demonstrated by us that mild H plasma treatments of n-type p-Ga>O3 does not lead
to deep H incorporation and does not seriously change the electrical properties [10]. In order
to achieve deep penetration of H and serious changes electrical properties one needs to
perform plasma treatments with high energies of ions and moderately high temperatures close
to

300 °C. As a standard in further studies we used the following treatment conditions: in an
Inductively Coupled Plasma (ICP) reactor (Plasma Lab 100 dual, Oxford Instruments
Technology, UK) at 330 °C for 30 min., at a pressure of 36 mTorr. The ICP RF power was
1500 W, the RF power applied to the chuck was 75 W and the bias on the chuck was 298 V.
When analyzing the electrical properties of lightly n-type p-Ga,Os crystals with two
orientations of (-201) (closely packed surface) and (010) (the surface with channels normal to
the surface) we observed that in the first case the depth of the changes at which the electrical
changes occurred was low, the shallow donors concentration considerably increased, a serious
passivation of Fe acceptors was detected together with a strong increase in the near-surface
density of the E2* deep defects donors. For the (010) surface the net donor concentration was
markedly decreased alongside passivation of the E2 Fe acceptors and increase of the density

of E2* donors (Fig. 1 illustrates the results for the (-201) orientation case) [11].
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Fig. 1. Changes in concentration (a) and in deep traps spectra (b)

Measurements of the activation energy of resistivity showed that, for the (-201) orientation
the activation energy was quite low (20 meV), while, for the (010) concentration the
activation energy was high, 0.2 eV suggesting a strong compensation of starting conductivity.
This has been explained by the competition of the formation of donor complexes (Vga-4H)
and Acceptor complexes (Vga-2H)) depending on relative concentrations of Ga vacancies and
H donors.

In an attempt to adjust the relative concentrations of defects and H ions we implanted
B-Ga>Os film with 1 MeV 10'® cm O ions. These ions led to compensation of the top 1.5 mm
layer while H plasma treatment radically increased the shallow donors concentration in the
top 0.5 mm region, suppressed the density of the E2(Fe) acceptors and enhanced the
concentration of the E2* deep defects (Fig. 2) [12]
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Fig. 2. (a) Concentration profiles before O implantation, after implantation, and after H plasma
treatment; (b) DLTS spectra evolution
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For B-Ga;0;3(Fe) samples implanted with Ga and Si we observed the formation at the surface
of a thin (~800 nm) y-Ga>Os layer, after implantation and anneals up to 600 °C the samples
remained very highly resistive, however, the treatment in H plasma rendered the implanted
y-GaxOs regions n-type, with the net donor concentration ~10'> cm™ for samples implanted
with Ga and Si [13] and 2:10'® cm for samples implanted only with Ga.

Similarly, for k-Ga,0Os; films grown by HVPE ELOG on sapphire templates we observe very
moderate shallow donors (Sn) doping efficiency, but treatment of the sample in H plasma
renders the surface region of the sample very highly conducting (net donor concentration on
the order of 10! c¢m?), with the donors showing DX-like persistent photocapacitance
behavior after low temperature illumination.

Thus, we observed that for B-Ga>Os, heavily damaged B-Ga,Os, for y-Ga,Os produced by
heavy implantation, for k-Ga;O; dense H plasma treatment renders the surface region
conducting, oftentimes with a very high density of net shallow donors, despite the fact that the
actual crystalline structures are quite different. This cannot be the result of introducing native
defects with shallow donor levels because proton irradiation of all Ga,O3 polymorphs that we
looked at invariably led to donors compensation. It seems that the defects most likely
responsible for the phenomenon are Vga complexes with 4 H ions giving rise to shallow
donors. The effect could be of some practical interest when trying to prepare good Ohmic

contacts on k-Ga>O3 where Si donor implantation will most likely not be an option.
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