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BBEJEHHUE

Ouzuko-rexunueckuit ”HCTUTYT (OTU) AH PVY3 (1. Tamkent), ocHoBaHHbIH B 1943 T, gBisieTcss OJHUM
W3 CTapelImnX MHCTUTYTOB AKaneMuu Hayk PecnyOmuku Y30ekuctan (AH PY3). B ®TU B pasHbie mepros!
€ro JAesATeIbHOCTH MOJyYMIN Pa3BUTUE MHOTHE Hay4HbIE HAIPABJICHUs, BIOCIEACTBUU BOLIEANIME B chepy
OCHOBHBIX HaIpaBIEHUI ecTecTBeHHO-Hay4Horo nmpodumists AH PVY3. 3xech ObUM HadaThl UCCIENOBAHUS B
o0acTi (PU3NIECKON AMEKTPOHHUKH, QU3UKH TBEPIOTO Tela, (PU3WKH MOTYIPOBOJHUKOB, SJACPHOW (HU3UKH,
(U3UKK  BBICOKMX DJHEPTUH W  KOCMHYECKMX  JIydeH, TeNHOTEXHUKH, BBICOKOTEMIEPATypHOTO
MaTepuanoBeneHus. Ha 0a3e HayuHbIx HampaBieHuidt u nonpasfeneHuil @TH 6butun cozganel MHCTUTYT
simepHoit ¢pusukm (1956 r.), UHCTHTYT 3nektponuku (1967 1.) u B 1987 r. - HIIO "®usnka-Conane" AH PV3.
WNHCcTUTYT MatepuanoBeeHUs opraHu3oBaH B 1993 r. Ha 06asze psaa nmaboparopuii ®TU u ero OmbITHOTO
npousBozcTBa ¢ bonpmoii Conneunoit Ileusto (BCII).

ITpuznanuem 3acayr yuensix HIIO "@usuxa-Conune" AH PY3 sBunocs nznanue Ykasza IIpesunenta
PY3 NoVII-4512 ot 01.03.2013 r. «O Mepax mo JaidbHEHIIEMY DPa3BUTHUIO albTEPHATHBHBIX HCTOYHHUKOB
sueprum» U [locranoBnenus [Ipesunenta PY3 Nelll1-1929 ot 01.03.2013r. «O co3gannu MexyHapOTHOTO
HMHCTUTYTa COJIHCUHOU YHEPTUum». 3a KPyIHbIM BKIaJA B HAyKy B 00JacTu (PU3UKH MOITyNPOBOIHUKOB B 2007 T.
corpynuuku Mucturyra akamemuk M.C.Caunos, nokropa ¢.-m.H. U.I'. AtabaeB u A.C. CanioB y10CTOCHBI
locynmapctBeHHO# npemun PecyOiinkn Y30ekucTaH B 00JaCTH HAYKH W TEXHUKH. 3a pa3paboTKy W CO3JaHHe
COBPEMEHHBIX CHCTEM IIPSIMOTO MpeoOpa3oBaHMs COJHEYHOTO H3IYUYCHUS B INEKTPUUYECKYIO 3HEPTHIO Ha
OCHOBE KpEeMHHEBBIX (oTompeoOpazoBaTenei, kKoiekTuB yueHblx WHctutyta - C.Jlamamyxamenos, X.
Cabupor, M.H. Typcynos, U.A. IOnaames Bo rnaBe ¢ akageMukoM P.A. MymuHOBEIM ynoctoeH B 2013 r.
locynapctBennoit npemun PecriyOminku Y30ekucTaH B 001aCTH HAYKH U TEXHUKH.

B MucTtuTyTe AnuTensHOE BpeMs paboTaiau U paboTaloT B HACTOSILEE BpeMs BUAHBIC yUCHbIE—(DU3UKU:
akageMuk C.A. A3UMOB - co31aTeNb HAYYHON MIKOJIBI (PU3UKH BHICOKMX W CBEPXBBICOKHMX YHEPTHI; aKaIeMHK
VY.A. ApucoB — co3aareis MIKOIbI PU3NIECCKON IIEKTPOHUKY; akaneMuku C.Y. YMmapos, O.1. Anuposny, M.C.
Caunos u P.A. MyMHHOB — OCHOBAaTEH Pa3INYHbIX HAMIPABICHUH (PU3UKH MOIYIIPOBOJIHUKOB, akagemMuk C.B.
Crapony01ieB — co3farens HaydHOW HIKOJBI (pU3MKM TBEPAOTO Telda M OJUH M3 OpraHu3aTopoB VMHCTHTyTa
snepHoi ¢pu3uky, wieH — kopp. AH PY3 I'.Sl. YMmapoB — co3marens Hay9HOHW HIKOJBI TEIHOTEXHUIECKUX
uccnenopanuid, akagemMuk T.T. Puckues, cozmaBmmii coBmecTHO ¢ akageMukoM C.A. A3MMOBBIM HIKOTY
BBICOKOTEMIIEpaTypHOro MaTtepuaioBeaeHus, akanemuku K.I'. I'ynamos, b.C. FOnnames u T.C. FOngamb6aes,
KOTOPBIC PAa3BIIIH HAYYHYIO KOy (PH3UKH BEICOKHX YHEPTUH U KOCMUYECKUX JIy4ueil, CO3MaHHYIO aKaIeMUKOM
C.A. A3uMOBBIM.

C 1965 r. TN AH PVY3 nznaér MexayHapoauslii xypHai «l ennorexnukay. XypHan nepeBoanTcs Ha
AHTTIMICKUI 31K aMepHKaHCKOW KoMmanuen « AmtepTtoH [Ipeccy, nznaéres B CLIA non HaszBanuem «Applied
Solar Energy» u pacnipoctpansercs mo noamucke. XKypaai «Applied Solar Energy» nHaeKcHpyeTcs B HAYIHOH
6aze “SCOPUS” mpecTHKHBIX MEXIYHAPOIHBIX KYPHAJIOB.

B stom 2023 rony B ®@usuxo-rexuuueckoM MHCTUTyTe AH PV3 yoxe B fecsThlil pa3 IPOBOAUTCS CTaBIIast
TPagUIIMOHHON MeXITyHapoaHas KoHpepeHuns «DyHIaMeHTaabHbIe U PUKIAIHEIE TIPOOIEMBI COBPEMEHHON
¢m3ukm». Ha xoH(epeHIuo MpuHIMaIichk paboThl, BHIIOIHEHHBIE 3a MOCJIEAHNE TPH Iofa IO CIEIYIOIUM
HaTpaBJICHISIM U TeMaTHKaM: 1. @u3uKa s1pa ¥ 3JIeMEHTapHBIX YacTHIl (BKII0YAs MX TMPUKIATHBIC aCIEKTHI, a
Taroke (PU3NKY BBICOKHMX PHEPIHMH M KOCMHYECKHX Jydeil; 2. du3nka MOIyNpoOBOJHUKOB M TBEPIOTO Teia
(BKITFOUAs MX TIPUKIIATHBIC aCTIEKTHI, a TAKKe (GU3UKY TUTa3MBbl); 3. BO30OHOBIIsIEMBIE HCTOYHUKH YHEPTHH U UX
MPUIOKEHU (BKIIIOYast rennoMaTtepuanoseerne). OTpagHo OTMETHTD, UTO IO TeMaTHKaM KOH(EpeHIIUH ObII0
nonano 205 HayuyHBIX paboT, BkItouas 68 crtarel 3apybexnbpix yuéHbix uz CIHIA, Kananel, Poccun, Kuras,
[Makucrana, Kaszaxcrtana, AsepOaiimxkana, Typuun, Pecnybnuku benapyce m apyrux crpad. HeiHemnsas
KoH(pepeHnus mocesmieHa 80 ynetHeMy iobmiero Axagemun Hayk Y30ekucrana n PU3MKO-TEXHHYECKOTO
uHctutyTa AH PVY3, a Taxoke 30-netnio obpasoBanust nHcTHTyTa Matepuanoseaenuss AH PY3. Msl yBepeHsl,
YTO MEXTyHapOoIHAass KOH(PEPEHINS CTaHeT TaT(GopMOoit /1t 0OOMeHa ITOCTIeTHIMH HayYHBIMH JOCTH)KEHUAMH
MeX1y YUEHBIMH U3 Pa3HbIX CTPaH, a TAKXKe MOCIYKUT KaTaIu3aTOPOM YCTAaHOBJICHHS HOBBIX HAYYHBIX CBS3EH
MEXIy YIEHBIMU M, BO3MOXHO, 3apOXKACHIUS OYIyIINX MEXIyHAPOAHBIX HAYYHBIX KOJTabopanunii.

Opeanu3zayuonnslil Komumem
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INTRODUCTION

Physical-Technical Institute (PhTI), founded in 1943, is one of the oldest institutes of the Academy
of Sciences of Uzbekistan. During different periods of its activity, many scientific areas were established,
which later became the main directions of research in natural sciences of the Uzbek Academy of Sciences
(UzAS). Among them are the physical electronics, solid state physics, semiconductor physics, nuclear
physics, high energy and cosmic ray physics, solar energy technologies, and high temperature materials
science.

On the basis of scientific areas and divisions of PhTI, several institutions were created, such as the
Institute of Nuclear Physics (1956), Institute of Electronics (1967) and SPA "Physics-Sun™ of the UzAS
(1987). The Institute of Materials Science, based on a number of laboratories of PTI and its pilot production
facility with a Big Solar Furnace (BSF), was established in 1993.

The Decree of the President of the Republic of Uzbekistan “On measures for further development of
alternative energy sources” NeUP-4512 on 01.03.2013 and the corresponding Resolution of the President of
the Republic of Uzbekistan “On the establishment of the International Institute of solar energy” NePP-1929
on 01.03.2013 are recognition of achievements of scientists from PhTI of SPA “Physics-Sun” of the UzAS.
For important contribution to science in the field of semiconductor physics, the Institute scientists -
Academician M.S. Saidov, Dr. Sci. A.S. Saidov and Dr. Sci. I.G. Atabaev, were awarded the State Prize of
the Republic of Uzbekistan in the field of science and technology in 2007. The team of scientists of the
Institute - S. Dadamuhamedov, H. Sabirov, M.N. Tursunov, and I.A. Yuldashev, headed by Academician
R.A. Muminov, was awarded in 2013 the State Prize of Uzbekistan in the field of science and technology
for the development and creation of modern systems of direct conversion of solar radiation into electrical
energy, based on silicon solar cells.

Many prominent physicists have worked in the past and are presently working at the institute. They
founded the different well-known scientific schools and research directions: academician S.A. Azimov -
founder of the scientific school of high-energy and ultra-high-energy physics; academician U.A. Arifov -
creator of the School of Physical Electronics; academicians S.U. Umarov, E.I. Adirovich, M.S. Saidov and
R.A. Muminov - founders of various research areas in Semiconductor Physics; academician S.V.
Starodubtsev — founder of scientific school of solid state physics and one of the founders of the Institute of
Nuclear Physics; correspondent-member of UzAS G.Ya.Umarov - founder of the scientific school in applied
solar energy research; academician T.T. Riskiev, who created, together with academician S.A.Azimov, the
school of high temperature materials science; academicians K.G. Gulamov, B.S. Yuldashev, and T.S.
Yuldashbaev, who developed further the scientific school of high energy and cosmic ray physics, founded
by academician S.A. Azimov.

Since 1965, PhTI publishes the international journal "Applied Solar Energy". The journal is translated
into English by the American company "Allerton Press" and is published in the United States and distributed
by subscription. The journal “Applied Solar Energy” is indexed in the “SCOPUS” scientific database of the
prestigious international journals.

In this 2023 year, the Physical-technical institute is organizing for the tenth time the traditional
international conference “Fundamental and applied problems of modern physics”. The works implemented
within the last three years in the following fields have been accepted by the conference: 1) Nuclear and
elementary particle physics (including its applications, high-energy and cosmic ray physics as well); 2)
Physics of semiconductors and solids (including its applications, plasma physics as well); 3) Renewable
energy sources and their applications (including helio-material science). We are glad to inform that 205
scientific articles pertaining to conference topics have been received by the conference, including 68 works
of foreign scientists from USA, Canada, Russia, China, Pakistan, Kazakhstan, Azerbaijan, Turkey, Republic
of Belarus, and other countries. This year’s conference is dedicated to 80" anniversary of Academy of
Sciences of Uzbekistan and Physical-Technical Institute of Uz AS, and 30" Anniversary of Institute of
Materials Science of UzAS. We are quite confident that the current international conference will be the
platform for exchange of the latest scientific results among scientists from various countries, and it will
possibly foster the creation of the future international scientific collaborations.

The Organizing Committee
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CEKLIUA I1.

®U3NKA TOJYINPOBOJHUKOB U
TBEPJIOI'O TEJIA
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SECTION I1.

PHYSICS OF SEMICONDUCTORS
AND SOLIDS
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Abstract

Zinc telluride (ZnTe) is one of the important 11-VI compound semiconducting materials which have
potential applications in a variety of solid-state devices such as solar cells, photodetectors and light emitting
diodes [1]. ZnTe has a direct optical bandgap of 2.26 eV at room temperature and ZnTe thin films are
usually p-type and a high absorption coefficient of the order of 10° cm™ [2]. ZnTe doped by Cu effectively
are used as intermediate layer in CdTe heterojunction solar cells [3]. Thus, a wide range of possible
applications make ZnTe as material especially worth investigating. There are various techniques reported
for the preparation of a ZnTe semiconductor to obtain device grade films. Some examples are thermal
vacuum evaporation [4], molecular beam epitaxy [5], magnetron sputtering [6],metallorganic vapour phase
epitaxy [7] and electrochemical deposition [8].

In this work we report on the ZnTe thin films deposition on the different substrates: Cu foil, glass and
ZnO bulk crystal by a vapor phase transport (VPT) method and the characterization of ZnTe films in terms
of crystallographic structure and photoluminescence properties. Structural investigations performed by X-
ray diffraction technique showed that studied samples are polycrystalline and have a cubic (zinc blende)
structure. The largest of the crystal sizes was observed for the ZnTe film grown on Cu foil.
Photoluminescence spectra also demonstrate a much higher crystal quality of the ZnO film grown on Cu
foil compared to the films grown on glass and ZnO substrates.

Key words: ZnTe thin films, X-ray diffraction pattern, photoluminescence spectra
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ADCTpaKT

Buibop neopeanuueckux mamepuanos 0is npaKmuiecko2o nPpUMeHeHus oo 6 003umempax, 1uoo 8
CYUHMUNTAMOPAX 3A6UCUT OM BPEMEHU JHCUSHU HOCumenell 3apa008, 3aX6A4eHHbIX 8 T0GYUKAX, UMEIOUUX
pasHble SHepeemuyeckue ypoguu. [lna  Oo3umempuu (nocie 00xyueHUs) mpebyemcs 8blCOKAS
KOHYeHmpayus 21yO00Kux 108YuleK U ux cmaduibHOCMb NpU KOMHAMHOU meMnepamype, 4mo o3Havaem
OonvuLoe 8peMs HCUSHU IAEKMPOHO8 UL ObIPOK 8 JOBYWKAX. [Isi CYUHMUMIAYUOHHBIX 0emeKmopos (8
npoyecce 061yuens) HeobxoouMbl ébicokuli cemosvixod (10° - uucno uonoe/yenmpos smumupyrouux
gomonvl / Ha 3Hepeuro 00HOU nadaroweli yacmuyvl) u Ovicmpooeticmsaue (20 HC — 8pems mMuepayuu
Hocumerell 3apsioa u epems sviceeuusanusi pomona yewmpom) [1].

Panee noxaszano 6 [2], umo obayuenue ¢rioencamu 6vicmpuix nelimponog peaxmopa >10" cu
NPUBOOUM K 3HAYUMENLHOMY CHUdICEHUIO c8emogbixoda *Co camma-niomunecyenyuu (I71) 6 nonocax 310,
325 u 370 um npu 310 K & monoxpucmannax LusAlsO1z, axmusuposannwvix uonamu Pr¥* (LUAG:Pr) ¢
konyenmpayueti 0.22 mon% (1.2x10°* momw™ unu 0.6x10Y cm®), us-3a ysenuuenus romyemmpayuu
paouayuonnvix depexmos (>4x10Y cm®), cesazannvix ¢ yemmpamu okpacku ¢ XapaxmepHviMu ROOCAMU
onmuueckozo noznouwjenusi (OI1) 387 u 570 um. Taxum oOpazom, KOIUYECMBO CO30AHHLIX NOBYUIEK
(anexmponos F* No(Cuop) u dvipox Pr**) npeswviuaem xonuvecmeo uznyuaiowux uornos Pr¥*, umo sensemcs
NPUYUHOIL O2paHUYeHUs pecypea cyunmunismopa guyencom netimponog 10 cu®. Ho 3amo smu n08yuku
npu  YCroBUU UX BbICOKOU KOHYeHmpayuu u O0abwiol 2nyOunsl npuoarom nepeodyueHHoOMYy
CYUHMUNTSIMOPHOMY MAMEPUATY HOBble CEOUCMEA, He0OX00UMble 01 O03UMempd.

Lenvto pabomwl 26714710CH Onpedenerue muna 108yUKY ONMUMATbHOU 015 MEPMOTIIOMUHECYEHMHOU
003uMempuu, KUHeMUKU UX HAKONAeHUsl U onycmoulenus 8 necuposantuvix kpucmaniax LUAG:Pr.

O6pasyvl cnavana 6viiu obnyuenst gayencom neiimponos 10 CM? ons eenepayuu paouayuonmvix
Oegexmog c konyenmpayueii 4x10" cu™ samem o6pazyvi omocuzanu Ona onycmowenus 106yuex u nOMom
o6nyyanu *°Co camma xeanmamu (1.17 u 1.33 M>B) npu mowmocmu 0.064 Gy/cex (5.7x10™° yke/cm’c) 6
unmepeane 003 om om 6.4 0o 70.4 Gy ons cenepayuu snekmpon-0vipounvix nap (om 5.76x10"2 cu oo
6.3x10" cn®) u sacenenus umu nosywex. C nomougplo mepMoNIOMUHECYSHMHO2O MEMOOd MOICHO
obHapyscume nanuyue yenmpos pekombunayuu ¢ npedenom wyscmeumenvrocmu 10™/cm® [3], daice kozoa
oH npaxkmuuecku ne guden 8 cnexmpe OI1. Ilocne kaxicooil gvluueykazanHoll 003bl 2amma-ooayueHus Obliu
3ape2ucmpuposansl Kpugvle mepmosuviceevenus (IB) 6 unmepeane memnepamyp om 300 0o 605 K u
cnexmpbol onmuueckozo no2rowerusi (Ol1).

Unmencusnocmo nuxoe TB 340, 445, 515 u 545 K 6vicmpo ysenuuusanraco ¢ pocmom 003bl 2amma
obayuenus om 6.4 0o 70.4 Gy 6 coomeemcmeauu ¢ ux 3an0IHeHUeM HOCUMEIMU 3aps008, HO MeMNepamypul
nukog TB ne usmensiomes. Coanacto [4] amo ykasvieaem Ha Kunemuxy nepeozo nopsaoxka npoyecca TB.

Hanee Ovinu uzmepenvl kunemuxu samyxanus nuxos TB 340, 445, 515 u 545 K, umobuvr uzyuumo
3aps008y10 CMAdUILHOCMb YeHMPOos 3axeama 80 8pems evloepaicku npu 305 K 6 meuenue 30 mun, 1, 3 u 5
uacog 06pasyos, obyueHHvIx 00unakoeol oozou 50 Gy npu 310 K. Okaszanoce, umo moavko nux 340 K
3amyxaem uepe3 5 uac, a ocmanvhvie nuxu 445, 515 u 545 K noxazanu 3aps008y1o cmabunbHoCms 108y ULEK.
3amyxanue nuxa 340 K ceudemenbcmeyem o0 803MOICHOCHIU MYHHEIbHOU peKoMOUHayuu Hocumenel
sapsoa oaxce npu 305 K [5,6]. Cmabunvhyro 108yuKy, C8A3AHHYIO C CAMbIM UHMEHCUSHbIM nukom TB 445
K, mooicro ucnonvzosams 011 mepmomomunecyenmnou oosumempuu (TJ1/]) evlcoko sHepeemuyHblx 2amma
K68AHMO8, MaxK Kak ¢ pocmom 003l oonyuenus om 6.4 0o 70.4 Gy unmencusHocms nuka MOHOMOHHO
yeenuuusaemcsi u popma kpugou TB ne uzmensiemcsi.

Ucnonv3ys panee onpedenienHble Hamu 3HAYEHUs 08YX NAPAMEMPOS8 3aX8amd, d UMEHHO SHep2uu
axmueayuu (E = 1.21 eV) u uvacmomuozo ¢paxmopa (s = 1.6-10**s™) ona nuxa TB 445 K 6 [2], u popmyny
07151 6peMeHU JHCUSHU DNIeKMPOHO8 6 nosyukax uz [7], oyenunu e2o snavenue v = 38.2 200a npu 300 K. Ha
OCHOBAHUU DMO20 U Pe3YIbMAMO8 3amyxanus 6 mevenuu 5 yacos nocie 003wl 50 Gy eamma obayuenus
MOJICHO CcHumamo, umo HeumpoHHo-Hasedenuviii nux TB 445 K ¢ LUAG:Pr docmamouno cmabunen u
Modicem Obimb NOMEHYUATILHBIM KaHOUOamom 0as oozumempuyeckux yeneu xax TJI], max xak ezo

-2
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sanpewennas 3o0ua maxas dice wupokasn Eg=8.13 eV (~ 152 nm) [8] kax y umerowuxcsi 0o3umempuseckux
mamepuanos TI-500 K (A1,05:C) ¢ Eg= 9.2 eV [9] u LiF:Mg,Cu,P ¢ Eq = 10 eV [10]. Ocpanuuennoe
KOUYeCmeo 108yUleK, OMBEEmMCmMEeHHbIX 3a 0CHO6HOU do3umempudeckuti nux TJI/[-500 K kpucmanios o-
Al203:C u LiF:Mg,Cu,P, o6ycrosrusaem nacvimenue evixooa nuxa TB npu ooszax 10-20 Gy [11]. B
cpasnenuu ¢ Humu LUAG:Pr ne oocmucaem nacviuenus nuxa 445 K oasce npu 50 Gy. Kpome moeo
LUAG:Pr ne ycmynaem o-AI203:C 6 mexanuueckoi RpOYHOCMU, UMEEN HE3HAUUMENbHbIU (DOHOGbLU
CUSHAT, €20 NOBEPXHOCHb He pedzupyem C OKpPYlcaiowel ammocepoll, umo oeraem yeiecooopasHbimu
danvreliuue UCCIe008aHUsL NPUMEHUMOCMU NPEO8APUMENbHO HEUMPOHHO-00IVYeHHbIX U 00PaAOOMAHHBIX
cyunmuasimopHuix monokpucmanios LUAGIPr k xaunuuecxoti oosumempuu TII] eamma uznyuenus (8
YACTNHOCMU 8 JIY4esoll mepanuu) U CMmepuiuzayuy uz0enui MeOUYUHCKo20 HAZHAYEHUs U NULYEBbIX
npoOYKmos.

Ilpu 0ozax 0o 70 Gy cnexmpwr Ol 6 oonacmu 350-800 um He UBMEHATUCH, a NOCAE 2aMMA 003bl >
120 Gy nossnsiomess noaocer OI 387 u 570 wm u pacmym ux xosgguyuenmor. Habrrwooaemviii
MOHOMOHHBL pocm Kodpduyuenmoe nonoc OI1 387 u 573 um, ceszannvix ¢ snekmponnvimu yenmpamu F,
Vo(Caop) 6 unmepsane eamma 0oz (1.2 — 10)x10° Gy, daem 603MOICHOCIb UCHOIL306AMb MO 6
abcopOYUOHHOU 2amMma-0o3umempuu 01 HEKOMOPbIX PAOUAYUOHHBIX MEXHOL02UM.

KoaroueBbie caoBa: miotenuii amomuHueBblid rpaHat LusAlsO1:Pr, obmydenue HelTpoHamy,
LICHTPBI OKPACKH, TEPMOBBICBEUHBAHKE, TO3UMETPHSI FaMMa- M3y dCHHI.
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OPTICAL PROPERTIES AND SPECTRAL RESPONSE OF PHOTOSENSITIVE
STRUCTURES BASED ON SEMI-INSULATING GALLIUM ARSENIDE

Baxodir Abdugaxxorov”

Physical-Technical Institute of Uzbekistan Academy of Sciences, Chingiz Aytmatov str. 2b, 100084 Tashkent,
Uzbekistan, *E-mail: abdugaxxorov.baxodir@mail.ru (corresponding author)

Abstract

Multilayer semiconductor structures based on semi-insulating gallium arsenide with high sensitivity
to light is proposed and demonstrated. It has been experimentally shown that they exhibit sensitivity in a
wide spectral range: 400 + 1700 nm, have internal amplification of the primary photocurrent, and are
sensitive on both sides. The rise time (239+250 ns) and decay time (276+318 ns) of the photocurrent in these
structures have been determined. Studies of the optical properties of these structures have shown that they
are practically transparent in the range from 900 nm to 3300 nm. Thus, a photodetector with high sensitivity
in a wide spectral range and low absorption coefficient (less than 1%) in the sensitivity region has been
developed.

Key words: photoreceiver, optical properties, transparent, spectral characteristics, internal gain.
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INTERACTIONS BETWEEN FERMI GAS AND SOLITON MOLECULE IN DIPOLAR
BOSE-EINSTEIN CONDENSATE

Bekzod Turmanov

Physical-Technical Institute of Uzbekistan Academy of Sciences, Chingiz Aytmatov str. 2°, 100084 Tashkent,
Uzbekistan, E-mail: turmanovbekzod@gmail.com (corresponding author)

Abstract

Fermi impurity can help to formation of bright solitons in a Bose-Einstein condensate (BEC) with
repulsive interatomic contact interactions, was theoretically investigated in [1], where interaction between
bosons and fermions leads to effective attraction between particles. Localization of matter wave quantum
dot (fermion) in BEC was seen in [2]. Experimental observation of stable degenerate fermionic gas in BEC
was reported in [3].

In this work, the soliton molecule (SM) of BEC behaves like a potential well for fermions, and it holds
the fermionic gas inside. These fermions can jump from the first soliton to the next one with tunnelling. Since
the number of atoms of the SM is much greater than the number of fermions, the parameters of the SM must
be constant. Therefore, with the help of the variational approximation, the analytical equations for the
effective width and centre of mass position of the fermionic envelope are determined. And, the effective
double-well trap potential created by a soliton molecule for the Fermi gas is found.

The results of this work can be useful for quantum information, for example, to achieve quantum
entanglement of two states, or to construct qubits.

Key words: bose-fermi mixture, soliton molecule, dipolar interactions
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THE EFFECT OF TEMPERATURE ON THE ELECTRICAL CHARACTERISTICS OF A
SILICON P*NP* STRUCTURE WITH DIFFERENT BASE DOPING CONCENTRATIONS

J.Sh. Abdullayev”

Physical-Technical Institute of Uzbekistan Academy of Sciences, Chingiz Aytmatov str. 2°, 100084 Tashkent,
Uzbekistan, *E-mail: j.sh.abdullayev6é @gmail.com (corresponding author)

Abstract
Silicon-based devices are widely used in almost all industries. Due to the high sensitivity of silicon to
changes in temperature, the development of temperature-resistant devices or temperature sensors is an
important task. For this reason, in this paper, the effect of temperature from 100 K to 500 K on the
characteristics of the silicon p*np* structure with various base region doping concentrations (10*°, 10*,
10Y cm®) was studied by modeling. The influence of the base region thickness (1 u, 2 u, 4 u, 8 u, and 12 1)
on the distributions of potential, electric field, and minority charge carriers was also studied. The silicon
p np” structure was modeled in TCAD Sentaurus software and calibrated with the results of experiments to
select the correct model.
Keywords: TCAD Sentaurus, calibration, modeling, temperature, a depleted base region, doping
concentration.
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AZIMUTHAL MODULATIONAL INSTABILITY OF TWO-DIMENSIONAL VORTEX
QUANTUM DROPLETS

Sherzod R. Otajonov?

Physical-Technical Institute of Uzbekistan Academy of Sciences, Chingiz Aytmatov str. 28, 100084, Tashkent,
Uzbekistan

Abstract

We investigate the modulation instability in the azimuthal direction of vortices possessing various
topological charges within the context of two-dimensional Bose-Einstein condensates influenced by
quantum fluctuations. To analyse the stability of these vortices, we employ a technique that involves
constraining the radial dimension within the Lagrangian function of the Gross-Pitaevskii equation. This
procedure yields a quasi-one-dimensional azimuthal equation of motion, upon which we conduct a stability
analysis in Fourier space, specifically focusing on the azimuthal modes. Our study yields predictions for
the growth rates of individual methods, revealing that vortices exhibit instability below a critical azimuthal
wave number. To identify stationary vortex solutions, we employ the imaginary time method, subsequently
utilizing these solutions as initial conditions to evaluate the vortices' instability. Furthermore, we validate
our stability analysis predictions through direct numerical simulations of the governing equation.

Key words: azimuthal modulation instability, vortex quantum droplets
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W3YUYEHUE JIEKTPHYECKHNX CBOMCTB TOHKOILJIEHOUYHBIX
TETEPOCTPYKTYP Sb,(Sx,Se1-x)s /CdS
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AHHOTAUA

B nocneonee epems auoupyrowumu mamepuaiamu Ha MUpoBomM omogoIbMAULECKOM DbIHKe
sensmomes Si, Cu(In,Ga)Se; u CdTe ¢ agpghexmusnocmvio 26.7; 23.35 u 22.1%, coomsemcmeento [1].

B nacmoswee epems ucciedoeamenu mupa yoeusiom 0coboe SHUMAHUE NPUMEHEHUIO
XANbKO2EHUOHBIX OuHapHbIx coedunenuil SDrSes SaS3 u meepovix pacmeopoe Sba(Sx,Se1x)3 Ha ux ocnose
(xumuueckas gopmyna SbrXs) 6 kauecmee noenrowarowezo cios ons corneunvix snemenmos [4]. Dmo
00yCNOBNIeHO meM, Ymo (husuueckue CoOUCmMEa (p-mun npogoOUMOCMU, WUPUHA 3ANPEUJeHHOU 30HbL
Eq=1,1+1,8 9B, evicoxuti koaphguyuenm noenowenus o> 10%cm™ 6 euoumoii obnacmu comneunozo
uznyyenusi, Huskas memnepamypa niasienus (ShaSes-823K, SboSz- 885K) u ewvicoxkoe napyuanvhoe
oaenenue) dmux mamepuanos odenv oausku k ceoticmeam Cu(ln,Ga)(Se,S), [4]. Kpome mozo, snemenmot
6X00sUUe 8 IMU MAMEPUATLL UMETON OMHOCUMENbHO HUZKVIO CTMOUMOCHb (PACNPOCMPAHenbl 8 NpUupooe),
CcMadUILHOCMb NPU BHEUHUX 8030eUCMBUSX U HemoKcuunocms [5]. Dmo oacm o3modcnocmy uzeomosums
9KOI02UHECKU HUCmble U I OeKmueHvle CoNHeyHble MOOYIU, A MAKI’CE OMKPLIGAen NYMU UX WUPOKO2O
U320MOGAEHUSL 8 NPOMBIULEHHOM Macuimaoe.

B Oanmoiti  pabome  6viiu  uccredosamvl  dNeKMpuHecKue — C80UCMEA  MOHKONIEHOUHbIX
ecemepocmpykmyp  Sba(5x,5€1x)3/CdS, nonyuennvix na cmexiAHHBIX NOONONCKAX ¢  MOIUOOCHOBHIM
NOKpblmuem MemoooM XUMUECKU MOIEKYIAPHO-NYUK08020 ocadcoenusm (XMIIO).

Memooom XMIIO 6vinu nonyuenvt nienku meepoozo pacmeopa Sba(Sy,Se1x)s umerowezo cocmosa
S/(S+Se)= 0,53, momuyunoit 2 Mkm Ha CMEKIAHHBIX U CMEKIAHHbIX NOONONCKAX C MOAUOOCHOB8bIM
noxpvimuem. Ilonyuenue nienox meepooco pacmeopa Sba(Sx Seix)s memoodom XMIIO 6oree noopo6ro
onucarno 6 pabome [5]. 3amem memodom 6axkyymHo2o ocadxcoenus nonyiervl mouxue nienxu CdS
(momwyunoi 80- 100 nm) na nosepxnocmu cmekio u cmexio/Mo/Shy(Sx,Se1x)s noonoocex. Ha smux
CMPYKMYpax u320moeieHsl MOHKONnieHouHble 2emepocmpykmypul cmekio/MolShy(Sy,Se1)s/CdS. Buiiu
nposedenvl mepmuyeckue 0o6pabomku MoHKONJIeHOUHbIX 2emepocmpykmyp cmekio/Mo/Sh2(Sx,Se1-)s/CdS
6 cpede uucmozo apzona npu memnepamype 200°C 6 meuenue 20 murym, 015 YIYUUEHUS UX INEKMPULECKUX
ceoticmes.  J{ns npogedenusi snekmpuueckux usmepenuil k cemepocmpykmypam cmekio/Mol Sby(Sy,Sei-
x)3/CdS OviLau nonyuenvt unouegvie KOHmMaxKmol Ha nepeoHUe CMOPOHbL MEMOOOM BAKYYMHO20 HANbLICHUSL.
s yryywenus nepeOHux KOHMAKMO8 NpogedeH OONONHUMENbHbIL MEePMOOmdICUe Npu memnepamype
~100°C 6 meuenue 20 munym 6 6030yxe.

Boinu usmepenvt memmosvie BAX nonyuennvix cemepocmpyxmyp cmexno/MolSba(Sy,Se1x)3/CdS oo u
nocine mepmuyeckoi obpabomku. Pesyimamul usmepenus 6orbm- amenepHvie xapaxkmepucmux ['C
noKA3aean, Ymo nocie MmepmMudeckou obpabomku yryuwanucst ochoguvie napamempol (K, o, R,)
moHKonieHouHblx eemepocmpykmyp cmekno/Mol Sba(Sx,Se1x)y/CdS u umenu credyrowee snauenuii: K-
1102, po- 0.4 +0.45 3B, R,= I1xOm.

Karouesnbie ciioBa: SbySes, SbyS3, Sba(Se,S)3, XMIIO, TOHKHUX IJIEHOK, TETEPOCTPYKTYP.
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AHHOTAIUA

Tlocnednue oocmudicenus no d¢hgekmusHocmu MOHKONIEHOUHBIX COTHEUHBIX DNEMEHMO8 HA OCHO8E
Sb2Ses, nonyuennvie paznuynvimu HayYHbIMU YEHMPAMU U KOMRAHUAMU NPEOCMABIEHbL 8 TUMEPANYPHbIX
0630opax. Kak nokazano 6 0630pusix aumepamypax [1], ¢ kaxcovim 200om 3¢hghekmugrocms nieHOUHO20
COHEYHORO dNleMeHma yeeauuueaemcs. B oannom momenme camoe 6vicokoe 3Hauenue d¢hgexmusHocmu
na ocnose ShySes conneunvix asnemenmos 6 nabopamopuvix yenosusix — 9,2% [2,3]. Kax euono us
NONYYEeHHbIX pe3ybMamos moxk Kopomko2 0 3aMbIKAHUA U HAKmMop 3anONHeHUss OOCMUIU CE0e20
NPAKmMu4ecko2o 3sHaweHus. /[ peuienus 3moti 3a0auu HeoOXooumo 2nyOoKoe u3yueHue @OU3UYecKUx
ceoticme 2emeponepexo008 Ha ocHose ShaSes, 6 uacmnocmu e2o 2nekmpudeckux ceolcms.

B Oannom pabome npoeeden amanuz memnepamypHol 3a8UCUMOCHU BOIbI  —AMNEPHOU
xapakmepucmuk — cmpykmypol  cmekao/Mo/p-ShySes/n-CdS/In.  3uauenus  nocnedosamenvroeo
conpomugnenus, onpedenennoe uz npamozo yyacmia BAX cocmasnsem Rs =8,27x10° Om.

XapaxmepHoii uepmoii, onpedensiowuti pasiuiHvle Mmexanusmvl moxonpoxodxcoenus 6 1'C asnsemcs
memnepamypuas 3asucumocms BAX npsimozo u o6pamnoco moxos. [lpu mepmosnekmpoHHom mexanusme
nepernoca nocumeneti 3apada 8 I'C, HaKNoH npsAMOU dKcnonenyuanrvHo2o yuacmka BAX, evipadsicennwiii
omnouwenuem dInl,,/dV usmensemcs obpamno nponopyuonaneno memnepamype, 8 mo 6pems KaxK npu
MYHHENbHOM NPOXOHCOeHUU Hocumenel >ma eluduna He 3agucum om memnepamypsul. [lpu smom
MeMnepamypHas 3a6UCUMOCMb MEPMOILEKMPOHHo20 moka noouunsemcsi 3axony Inl,,=f(1/T), a npu
mynnenvnom mexanusme Inl,,=f(T). [nsa onpedenenus mexanmusma moxonpoxodxcoenus Oviau uzyueHvl
memnepamypnule 3asucumocmu BAX I'C p-SbzSes/n-CdS. Temnepamyprnas 3asucumocmo npsamoii eemeu
memnoeou BAX 6 nonynozapugmuueckom macuimabe 6 unmepsane cmewenuti k1/e<V<Vynpedcmasneno.
Ha nepsom yuacmre, 6 obnacmu manvix nanpscenus kT/e<V<0.1+0,7B noxazamens nepeoti 59kchoHeHmol
A1=2,21, a na emopom yuacmke 6 obnacmu 6oaee gvicokux Hanpsaxcenuti 0.1+0.7B=V<V; 4,=1+1,85.
Ipuyem seruuuna moxa nacviyenus lo ymenvwanace ¢ memnepamypoi.

Taxum o06pazom npumenenHue MyHHEIbHO—PEKOMOUHAYUOHHO2O MeXAHUIMA MOKONPOXOHCOCHUS]
oaem B03MONCHOCMb He MONbKO NOHAMb NPOYECCybl, NPOUCXOOAUUE NPU NPOXONCOCHUU MOKA, HO U
nPoB0OUNb KOIUHECMBEHHOe CpasHeHue Hekomopuix xapakmepucmuk I'C ¢ meopemuueckumu 3Ha4eHUAMU.
Mexanuzm mokonpoxosicoenus npu obpamusix cmeuwenusx KT/e<V<1.0B obycroenen mepmuueckoi
eenepayuel nocumeneti 3apaoa 6 OlI3 (puc. 16). Ilpu 6oxnee gvicoxux obpamuuvix cmewernuax 1<V<5 B
npeobnaoaem myHHeIbHbIU MEXAHUIM NePeHOCcd 3apsod.

Pesynmamuvl  usmepenus eonvm-amenepnvie xapakmepucmux ['C  nokazasan, umo nocie
mepmuieckol o6pabomku yayuwanuce ocHognvie napamempol (K, R. o, B, ¢, ¢o) mouxonienounvix
eemepocmpykmyp cmexno/MolShSes/CdS u umenu credyiowee snavenuii: k=1-10*, R,=8,27xkOm, a=6,36
2B, ﬂq,)=5,7><10'2 aB/K, p~0.84+0.95 5B, po=2,71 9B.

KmoueBbie ciioBa: SbySes; SboS;, SbaX3, XMITO, TOHKHMX IUIEHOK, FETEPOCTPYKTYP.

JlutepaTtypa

1.Hongwei Lei, et. al. // Review of Recent Progress in Antimony Chalcogenide-Based Solar Cells: Materials
and Devices, Solar RRL 2019, 1900026.
2.Jiabin Dong, et. al. // Boosting VOCof antimony chalcogenide solar cells: A review on interfaces and
defects, Nano Select 2021; Pages 1-31.
3. A. Mavlonov, T. Razykov, F. Raziq, et al, A review of ShySes photovoltaic absorber materials and thin-film
solar cells. Solar Energy Volume 201, 1 May 2020, Pages 227-246.

21



mailto:mpirimmatov@gmail.com

International Conference “Fundamental and Applied Problems of Modern Physics”, October 19-21, 2023

NONLINEARITY MANAGED VECTOR SOLITONS

Fatkhulla Abdullaev?, Jasurbek Yuldashev'” And Magnus Ogren??

IPhysical-Technical Institute of Uzbekistan Academy of Sciences, Chingiz Aytmatov str. 2°, 100084 Tashkent,
Uzbekistan, *E-mail: yoldoshevjasurbek95@gmail.com (corresponding author)

2School of Science and Technology, Orebro University, Orebro, 70182, Sweden
SHMU Research Center, Institute of Emerging Technologies, Heraklion, GR-71004, Greece

Abstract

Over the past few years, there has been considerable interest in exploring the behavior of an atomic
Bose-Einstein condensate (BEC) when the scattering length undergoes temporal modulation [1, 2]. This
intriguing study has revealed various fascinating phenomena, such as the emergence of two-dimensional
bright solitons in both single and two-component attractive condensates [3, 4, 5, 6], particularly in media
with competing nonlinear effects [7, 8, 9]. Additionally, the long-lasting Bloch oscillations of gap solitons
[10], the formation of Faraday waves [11] have been observed, and other captivating occurrences.

Recent investigations have demonstrated that subjecting a BEC to strong and rapid periodic
variations in the scattering length, a technique known as Feshbach resonance management, can lead to the
existence of stable compactons [12]. Our current focus centers on examining whether such localized wave
structures can also manifest within two-component BECs. To unravel the evolution of vector solitons under
the influence of nonlinearity management, we derive the averaged vector Gross-Pitaevskii equation (GPE)
accounting for the strong and rapid temporal modulations in inter-species interactions. This averaging
process introduces an effective nonlinear quantum pressure term depending on the population of the other
component.

By employing this set of equations, we embark on an exploration of the existence and stability of
vector solitons under the influence of strong nonlinearity management (NM). Using a variational approach,
we determine the parameters characterizing NM vector solitons. Subsequently, we validate our theoretical
predictions through numerical simulations of the fully time-dependent coupled GPE.

Keywords: Vector solitons, nonlinearity management, variational approach
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AHHOTAIINA

IIpobnema 60300HO6ISLEMBIX UCTIOYHUKOS8 IHEPSUU AKMYATbHA 8 Hacmosujul momenm [1, 2].

B acnexme 6030610615 MOU SHEP2EMUKU AKMYANbHA PA3PAOOMKA YCMPOUCME, YYHKYUOHUPYIOUWUX
HA HOBLIX DU3UYECKUX NPUHYUNAX, 8 YACTNIHOCMU, NOJYYEHbl 0OHAJedcUsawue pesyibmamsl 8 001acmu
adcopbyuonnoi dnekmposuepeemuxu [3, 4]. Bedymces paspabomku npeobpasosameneti, Komopule nymem
INEKMPOCMAMULECKO20 3aAX6ama 3aps0a MUKPOCKONUYECKUX Kaneavb 800wl [5], anexmpocmpuxyuu,
8bI136aHHOU adcopbyueti 600bl [6] u Op. docmynuwvimu cnocobamu [7, 8, 9] npoussodsam snexmposuepeuro
U3 xXumuueckou suepeuu aocopdoyuu 600vi. Tpoiinoe coedunenue cocmaséa CulnSer xapaxmepuszyemcs
8bICOKOU IPPEeKMUBHOCBIO (POMOIIEKMPUYECKOU KOHEEPCUU U NEPCHEeKMUBHO OAs UCNOIb308AHUSL 8
gomosorvmauke 6 nacmoswuii momenm [10].

Ilpeocmasnsaiom unmepec mamepuansl, uMelOWue HECKOIbKO KAHAN08 Npeobpa308anus, 8
YACMHOCMU, CROCOOHbIEe NPeodPa306bIBAMDb 8 INEKMPUUECKULL GUO IHEPSUIO NPAMBIX COTHEUHBIX JTyyYell U
SHepeuro adcopbyuu monexkyn enacu. Takue cucmemvl moeym Obimb NOJMYHEHbl NYymMeM CO30AHUSA
HanopasmepHou nopucmocmu [11] 6 ¢pomoadcopbepax, 6 uacmuocmu, na ocHoge cucmemvr CulnSes,
ne2uposannoll cenenudom mapzanya MnSe 6 nponopyusx, coomsemcmeyrowux gopmyne Xmol%MnSe-
(100-X)mol%CulnSe;, 20e X=5,7,10.

Hzyuenue snexmpuueckux c6oUCme HAHOCMPYKMYPUPOSAHHbIX Kpucmannios cocmasa Xmol%MnSe-
(200-X)mol%CulnSe; 6bi10 yenvro dannot pabomol.

B kauecmee ucciedyemvix 06bekmos UCOAb306ANUCH KpUCMaibl mpex cocmasos. 10mol%MnSe-
90mol%CulnSe;, 5mol%MnSe-95mol%CulnSe;  u 7mol%MnSe-93mol%CulnSe;, na  xomopuie
MEXaHUYeCKUM CHOCOOOM HAHOCUNUCL YeNepooHble INeKmpoobl. Bonvmamnepoepammer (V-1) Ovinu
nonyyeHvl 8 pedicume NuHelHou pasgepmiu Ha ycmpoiicmee P-20X ("Elinns") 6 ycrosusx nacviuyerus
enazoil 75% 6 ammocgepe, Kompoaupyemoi npu nomowu coau xaopucmozo Hampus [12]. Kamepa ons
00pasyos npedcmagnana cobou 3axkpuimviil Konmetinep oovemom 350 ma, obpasey nomewancs mexicoy
NPUHCUMHBIMU KOHIMAKMAMY JJLTURIMUYECKO20 MUNA, COCTNOAWUMU U3 cepedpa, Ymo UCKIIOUalo OKUCTeHUe
KOHMAKMHBIX NIOWAOOK.

Yemanosneno, umo 6 0b6pazyax, 1e2uposanHbix CeieHUOOM MAPSAHYA 8 COOMHOUEHUSX He MeHee 7 K
93mol%, nabmodancs addumuenwill 6xk1a0 0OOUX 8030€liCMEUL 8 8UOE YEENUYCHUS JILEKIMPONPOSOOHOCU
(ons cocmasa Tmol%MnSe-93mol%CulnSe; ¢ 0,045 Cm 0o 0,09 Cm (¢ Odsa pasa), ons cocmasa
10mol%MnSe-90mol%CulnSe; —c¢ 0,047 Cm 0o 0,058). Haobopom, 6 obpasye cocmasa 5mol%MnSe-
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95mol%CulnSe; ommeuena KoukypenmHas OUHAMUKA KAHANO8 2eHepayuu Hocumenel 3apsaoa
CONPOBOIAHCOATOWASICSL YBETUYeHUEM DNEKMPOCONPOMUBTIEHUS (ROUMU 8 5 pas).

KiroueBble c10Ba: HAHOCTPYKTYPHUPOBAHHBIC KPHUCTAIUTBI, HAHOTIOPHUCTOCTh, coennHenne MnSe-
CulnSez, rubpuIHbIE HCTOYHUKY SHEPIHH, aACOPOIHs.
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AnHomauyus

H3zyuenue ucmopuueckux npoyeccos ¢ BblCOKOU MOUYHOCMbIO ABIAEMCS OCHOBHOU 3aodaueti
COBpEeMEeHHOI apxeono2uu U ucmopuozpaguu. B oceewenuu ucmopuueckux npoyeccog ocoboe 3naueHue
umerom OpesHue PYKORUCU U apxeojocuyeckue Haxooku. Hccaedoeanue apxeonozuueckux HAX0O0O0K
COBPEMEHHBIMU Memooamu O0aem YeHHble CBeOeHUs O KOMNEeMeHMHOCMU UCHONb308AHUS OPEeGHUMU
HApoOamu PAsiudHbIX MAMepuaios OJisl U320MOGHeHUs. u30eauti u mexunoao2uu ux oopabomxu [1].
Hymusmamuueckue HaxoOxku s6AA10MCs OOHUM U3 2IABHBIX APXEOL02UYECKUX apmepaxmos, 0aouux
YeHHyio uHgopmayuio 0b obpasze HcuzHu OpesHuUx Hapooos. ObbeKmom Ucciedo8anus OAHHOU padbombl
A67151eMCL MeOHAs MOHema, npedcmasisiouas cobou noopaxcanue moneman I enuoxna. [lpomomunom ons
HUX NOCYHCUTU cepedpsiHbIe MOHEeMbl 00HO20 U3 NOCTeOHUX epeyeckux npasumeneti baxmpuu - ['enuoxna [
(ox. 140-130 oo n.3.) [2, 3].
Onemenmubiti cocmas noseepxHocmu MOHembl T'enuoxna 1 onpedenen Memooom
peHmeeHopIyopecyenmno20 ananusd, azoewvlii cOCMag MOHembl ONPEOeieH pPeHmM2eHOCMPYKMYPHbIM
ananuzom. ObvemHOe pacnpedeinenue mamepuaia u eHympenuue nonocmu monemwl [eruoxna 1
UCCNIe008ANUCy — MEMOOOM — HeUmpoHHOU  paduoepaguu  u  momoepaguu. Ilo  pesyromamam
penmeeHopyopecyenmuo2o ananusa Ha nogepxnocmu moremsl I eauoxia I npucymemeayrom credyrowue
anemenmul: Cu - 0CHOBHOU Mampuunblil snemenm monemut, O - HanUYUe KUCIOPOOA MOdCem DblMb C8A3AHO
¢ okucneHuem nosepxnocmu moremsl, PD - ceuney siensemces conymemeyrowum snemenmom ¢ meoHo-
OpPOH306bIX MOHEmax, e2o cooepoiicanue 6 3mou moneme cocmasisem oxono 0.35%. Dazosvui ananusz
NOBEPXHOCU MOHeMmbl 6bINOJHEH HA peHmeenoeckom ougpaxmomempe EMPYREANPANanalytical
(Malvern, Worcestershire, UnitedKingdom). [lonyuenuvie dannvie 06pabamuiéanuco 6 npocpamme FullProf
no memody Pumeenvoa. Pe3zyremamul o00pabomku noxkazamu, 4mo HA HOBEPXHOCMU MOHENbl
npucymcmeyrom ose (hasvl: nepeas (paza coomseemcmayem Kyouueckou gpaze meou ¢ npocmpaHCmeeHHO
epynnoii FM3m. Obubiuno, anmuunvle monemvl uny u30enus 6binoIHeHbl U3 0N06sSHHOL bponsvl [4, 5],
napamemp 1eMeHmMapHoll A4elKu Meou Komopo2o JUHeUHO 3agucum om KoHyenmpayuu onoea. CpeoHee
3HAYEHUe napamempa 1eMeHMAPHOU SUelKy Meou 015 PasHblx mouex monemvl I enuokia cocmasnsem,
a=3,62(1) A. Dmo 3nauenue napamempa snemenmapHoii auetiku Meou OGUKO K napamempy ducmoti meou,
YmMo Modcem CeUOemenbCmBos8ams 0 HEe3HAUUMENbHOM COOePHCAHUU 011084 68 Mamepudne MOHembl.
Oyenounvle pacuemsl Oarom ucyesamule Mmaiylo KoHyewmpayuio onosa 0,5 am.% [5], umo
COOmMBEeMCmMEyem UCKIIOUUMENbHO eCMeCMBEHHLIM UCTNOYHUKAM — NPUPOOHOMY COOEPIICAHUIO 01084 8
pyoHom mamepuane. Bmopas ¢asa coomeemcmeyem kopposuu uiu namune CuO-menopum c
npocmpancmesennoul epynnou C2/c. Pacuemnas maccoeas 0oisi menopuma cocmasuaa okono 1,7%.

DKCnepuMenmsl no UCCIe008AHUIO 6HYMPEHHE20 CMmpoenus MoHembl [ eluoxna nposoounucy Ha
YCMAHOBKe HelimpPOHHOU paduozpaguu u momozpapuu, NOCMpPOEHHOU Ha NAMOM 20PU30OHMAILHOM KAHAe
uccredosamenvckoco peaxkmopa BBP-CM Uncmumyma sioepnou gusuxu AH PY3. [6]. Jlns onpedenenus
pacnpeoeneHust 21eMeHmos U noIocmeti no obvemy monemslt oviio cusamo 400 paduoepapuueckux Kaopos
6 duanasone yenoe om 0 0o 180 2padycoe ¢ wazom nosopoma 0,45°. ITonyuennvie paduozpaguueckue
KAOpbl HOPMATUZUPOBATUCH K UCXOOHBIM THEMHBIM U CEEMIbIM KAOpam ¢ nomowwlo npozpammul ImageJ.
3D-pexoncmpykyus  paduoepaguueckux  uzobpasicenuil  Oblid  GbINOJHEHA C  UCNOIb30BAHUEM
npoepammrnoeo obecneuenus STP (SYRMEPTomoProject). Ilymem susyaruzayuu pexoHCmMpyuposaHHvIxX
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paouoepaghuueckux kaopos ¢ nomoupio npoepammul VGStudioMAX 2.2 uccrnedosanacy pacnpeoenenue
9/1eMeHmMOo8 U noaocmeti no 06vemy monemul. Buzyanvuviil ananuz 3D uzodpasicenus MoHemvi noxkasvieaem,
YUMo 2NeMEHMbL MOHEMbL PACIPeOeeHbl O 00beMY HePAGHOMEPHO, U 8 MO JIce BPEMS 6 HEKOMOPBIX YACHISIX
obvema monemol umeromess menxue nopwt pasmepom om 0,3 0o 0,6 mm.

Ilo pesynvmamam OauHoOU pabomuvl MOJNCHO cOeNamb 661600 O MOM, 4O MAMepuanl MOHembvl
coCmoum u3 ONOBSHHOU OPOH3bL C HE3HAUUMENLHBIM COOepIHCaHuemM 0106a u ceunya. Takoice neborvuioe
KONUYECME0 NAMUHbL HA NOBEPXHOCMU MOHEMbl CEUOEMETbCMEYem 0 MOM, YMO OHA COXPAHULACL 8
cn1abo3aconentol nouge. Ananuz 6HympeHnel cCmpyKmypul HOKa3vleaem HepasHoMepHoe pacnpedeneHue
9/IeMEHMO8 MAEPUANA MOHEeMbl, NPEONOIAZAeMCsl, YMO MO CEA3AHO C HEPABHOMEPHBIM OXNANCOCHUEM
Mamepuana MoHembl 8 npoyecce ee YeKaAHKU.
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Abstract.

The change in the reverse current with increasing light power is theoretically studied for p-n junction
diodes operating in light in two-dimensional materials (BP/WSe2/MoTe2). This has been proven to be
consistent with the photovoltaic mechanism, that the resulting photocurrent increases the reverse current.
This is one of the main factors in the production of new low-power optoelectronic devices.

Keywords: p-n-junction, photo current, light, Two-dimensional materials, Opto-electrical
interconnection circuits, photovoltaic mechanism

1. Introduction

The p-n junction, composed of two dissimilar semiconductors with opposite doping polarity, is the
fundamental functional unit of electronic and optoelectronic devices, such as rectifiers [1], photodetectors
[2-6], photovoltaics [7-11], and light-emitting diodes [12-15]. In the fabrication of conventional p-n
junctions, the ion injection induced atomic doping or surface modification can affect the crystal structure
and degrade the electrical properties, which will hinder the further applications of the constructed devices.
Furthermore, as the size of semiconductor devices continues to decrease, various quantum effects gradually
become prominent, and the classical device design theory will no longer be applicable, making the
traditional semiconductor doping technology facing great challenges. Recently, owning to the atomic thin
thickness and the thus derived outstanding properties, two-dimensional (2D) materials have attracted great
attentions. It has revealed that, some 2D semiconductors, such as tungsten disulfide (WS;), tungsten
diselenide (WSe2), and black phosphorus (BP), allow for p-n junctions to be defined by electrostatic doping
with local gates [10,16-21], providing new opportunities toward semiconductor doping and construction of
new 2D p-n junctions. Compared with electrostatic strategies, light can also be used as external stimulus to
modulate the device performance and has several additional advantages—for example, light can be remotely
and accurately controlled, quickly switched and of very low energy consumption, which are of great
significance for modern integrated optoelectronic interconnection circuits [22-28].

2. Methods

The light is used as an external simulator to drive the diodes. It was shown in [29] that light causes the
formation of conduction bands in two-dimensional p—n junctions. The results of the experiment show that
the density of the main charge carriers in the p-n junction depends on the power of the incident light.
Photovoltaic effects are used to separate photoinduced electrons and holes in the p-n junctions of a black
phosphor. At the same time, as shown in Fig. 1, when the light power is increased, the photoelectric effect
can be observed.
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Fig 1. Io-Vbs curves of the device at various laser illumination powers.

As can be seen from Figure 1, with an increase in light power, the values of the open-circuit voltage and
reverse current increase. This corresponds to the photoelectric mechanism.

When manufacturing diodes, it is important to calculate their power. Knowing the values of current and
voltage, the power of the diode is calculated by the expression p, =1 U, - On fig. 2, the dependence graph is

presented u  in the form of a diagram [29].

0.4

{145 nw
110 nW
73 nW
36 nW
21 nW

75

V, (MV)

Fig 2. Generated electrical power (PeL) as a function of Vps with different laser powers.

However, the change in the reverse current with increasing light power for light-activated p-n-junction
diodes in 2D materials has not been sufficiently studied from a theoretical point of view.

Based on the foregoing, our goal in this work is to theoretically study the change in reverse current with
increasing light power for light diodes with a p-n junction in 2D materials. This should show that it is
consistent with the photovoltaic mechanism, that the resulting photocurrent causes an increase in reverse
current.

3. Results and Discussion

For photodetectors based on two-dimensional semiconductor materials, the change in the current- voltage
characteristics of the semiconductor photocurrent as a function of light intensity is considered. In this case,
the Shockley equation can be used to calculate the total current of the two-dimensional transition [30]:

Ids:mUTW IR, eXp(UdSHSRS) 1, 1)
R muU, mu,

S

here, Is satura tion current, m- coefficient of imperfection current-voltage characteristic of p-n-junction,
u. — KT _ thermal voltage, W- Lambert function, R- resistance in series with the diode. Using expression
:
q
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(1), one can obtain the current-voltage characteristic of a two-dimensional 2D p-n-junction. Using
expression (1), the total current of a two-dimensional 2D photodiode can be calculated as follows:

| =MUr (LR o (Uds+ISRs) (2)
R, \muU;

Here, | _e[ WP, enp], L=ely0-5)): g —pop - (2I2_ﬁ+dLs) - total losses for bulk and surface
Lh L 21%L, +d
recombination, - relative losses for surface recombination, ,  Ld* - relative volumetric
ﬁ( ﬂ\/iiz
L, +d 2(L +d)2
recombination losses, [ =p,/s, d — illuminated area thickness, | -(1-rRje — light intensity, o - light
absorption coefficient [27]:
a=nhv-E,-ae)+ if hv~E, then o= Aas) T- grate temperature, g - bandgap, v - light frequency, h— Planck's

e

constant, A- deformation potential, r - for a properly valid transition r =1/2, correctly forbidden transition
r=3/2. a- coefficient for a correctly admissible transition A=2.10 [28], G =W, /hew — the number of

photons incident on a unit surface, w;, — total light energy, . :(n—ljz— light reflectance, n — refractive
n+1

index of the medium, L[Zeso n, + pp] (27U SPace charge layer width, [ =D, /s, s — recombination
- 0
e nnpp

rate [31].

Taking into account the higher value for the photocurrent, we obtain

el eWA(1—R)A(Ag)" (3)
lo=——"= -
1+— 288y M + Py 2. S |
L, (1 —* 0P, (o +U)) DJ hc
Substituting (3) into (2), we obtain the expressions
- : W(I R, p(U"SHSRS)J eW/ll(_IS_(l—R)A(As) 4)
s s‘l‘l_)-hC

Using this expression for the current-voltage characteristic of the p-n-junction, we get the graph shown in
Figure.3.

0,10
U, (V)
= 0,22 NW
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e 110 NW
== 145 NW

-20

Fig 3. Io-Vbs curves of the device under different laser power illumination.
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Fi 4. Generated electrical power (PeL) as a function of Vps with different laser powers.

On Fig.3 shows the experimental results [29] showing that the reverse current changes with increasing
light power. This corresponds to the photovoltaic mechanism, and the resulting photocurrent increases the
reverse current.

Calculate the power of the diode by the expression: R =losUos

B, = 1U = mUs [ SR, exp(Ud5+|sR5) _IS_eWﬂLs(l—R)A(As) U
R mU, muU, (L, +L)-hc

s

(5)
Using equation (5), we obtain a plot of the diode power versus voltage at different light powers (Fig. 4).

As can be seen from Figure 4, starting from a power of 10 nW, 2D semiconductors begin to perceive
light. The photovoltaic mechanism is observed as the light power increases.

4.Conclusions

In conclusion, in the experiment [29], it was shown that the reverse current changes with increasing light
power for photodiodes with a p-n junction in two-dimensional (BP/WSe,/MoTe;) materials. It is shown that
the results of theoretical calculations are in qualitative agreement with the experimental ones, it is shown
that this corresponds to the photovoltaic mechanism, and the emerging photocurrent causes an increase in
the reverse current. This is one of the main functions in the production of new low power optoelectronic
devices.
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1Jenmp pazeumus namomexmonozuti npu Hayuonanonom Ynusepcumeme Ysbexucmana umenu Mupso
Vayebexa, Tawxenm, Y36exucman, yn. Yuusepcumemckas 4.

AHHOTANUA

B wupokoii npobremamuke ceepxnpogooumocmu 0cobylo ponb ucpaem HNOUCK KaK peyenmos
Mamepuanos, max U HPUHYUNOS (MEXAHU3MO8) NOGbIUIEHUS KPUMUYECKOU MeMNnepamypsl 6blCOKOU
memnepamypvi ceepxnposooumocmu (T.) [1]. Cpeou npeonodicenHvix NpUHYuUnoe HeCOMHEHHO 0COOVIO
POab uzpaem makoe Kaxk hyHoameHmanbHoe NoHAmMUe, KaK MOnoiocuiecKoe u ppakmanbHoe pazmepHoCcmu
0bvekma, u 6 >mou 83U Heobxooumo ommemums unmyuyuro B.JI.Tunzbypea komopwiti MHO20 Jiem
KOHYeHmpupyem sHUMAaHUe Ucciedosameneil Ha cIHO8UUesblX cmpykmypax (cm. [2] — puc.1).

Baryyw i
un
qusmexmpuk /

Juanerru’ 7 Meman

JHeumon

Mo =>4

& %
|- 27—
Puc.1. a) Cenosuunas cm- 6) I[losepxnocmuas ¢) Cxema pacuéma Puc.2. Cmpyxmypa
PYKMYPA ¢ SKCUMOHHBIM o8yxmepHast T, cendsuunoii cenosuua ¢ 8apusoH-
MEXAHUIMOM cmpykmypa cmpykmypoi HOUL 3anpewéHHot

30HOU U AMamu Jupu

Qusuka yeeruuenus T, 6 CIHOBUUAX NO CPABHEHUIO CO CBODOOHOU MEMALIUYECKOU WIeHKOU
00ycnosnena usmeHeHuemM NOMEHYUANbHOU AMbl, yoepicugaiowel 08a 1eKMmpoHa — ¢hepmuona c
npespaujeHuem ux 6 6030H ¢ OanvHeuuiel Konoencayuell boze-Dnuimetina, 3mo nPoUcxooum 3a cuem
OONOHUMENbHBIX — B3AUMOOCUCEUU € HeMEeMAIIUYECKUMU — NPOKIaoKkamu  u  moouguxayueri
HeNnocpeoCmseeHHo 2panuy paszoena (NociedHss NPOUCXoOum 3a cyem YGeludeHusi CGA3bIGaHusi nymem
NOMAPUIAYUOHHO20 MEXAHUIMA, A MAKIICE MYHENbHBIX NPOYECCO8 INEKMPOHOE 8 MEMANIUUECKOL NAeHKe)
[1]. Konxpemnas eenuuuna uzmenennozo T. moocem 6vims nocieoosamenvho paccuumana 6 (k, w) —
Gopmanuzme umo peanu3o6v18an0Ch 8 8ude MHodcecmea eapuanmos ([1-2]). Hzyuaemwiii 6 dannou pabome
sapuanm panee ne pacCMampusaics; OH 00Ycio6ieH e 00bI4HO NPUHAMOL NAOCKOU 30HHOU CIMPYKMYPOI,
a ux eapusonHviM munom. CywecmeeHno, 4mo npu MOM HA MNOBEPXHOCMU NOAGAAEMCA 0c00as
NOMEHYUATbHASL AMA (Muna JUpu), u 3mo padukaIbHO MOOUGUYUDYEm dINeKMPOHHYIO NPUNOBEPXHOCIHYIO
cmpyKkmypbl, npespawjas yposuu Tamma 6 neumo cosepuienno unoe [3-6] (puc.2). Kak noxasvieaiom nauiu
pacuemvt (6 mom owce €(k,w)— popmaruzme) sma 3amena mooupuyupyem @axmuuecku 6ce
Komnonenmol, mpebyemvle 0ns paciema T.. B uacmumocmu, oadice 6 eecoma epybom npubaudiceHuu ¢
UCNONL306AHUEM MEXAHUZMO8 NoaApusayuu (anpobuposannom 6 [2]) moouguyupyrowas 6apuzoHHOCHb
NPUGOOUM K 8ANCHOMY COOMHOUIEHUIO MENCOY KPUMUUECKUMU MEMNEPAmypPAMU C8ePXnPoGoOUMOCY C
6APU3OHHOCMBIO U NIOCKUM GAPUAHINOM
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Bo 6cex smux pasencmeax senuuunsl ; u (1 noopazymesaem 0onegoe ycpeonenue.

Humepecno 06cyoums npuMeHUMOCMb ORUCAHHOU 6APU3OHHOU KOHYEenyuu K HeOasHeMy
(wokosomy!) cobLIMUIO 8O3MOINCHOMY OMKDBIMUIO CEEPXNPOBOOUMOCIU NpPU MemMnepamype eblule
xomuamuou (LK-99) [5-6] u ummepecnvix coobpascenusm A.Kasoxuna u A.3axudoea o 603moxcHou
MPAKmMosKe Ha 0CHO8e npedbloyuell mooervhoi meopuu [8]. B pabome kopeiickux uccredosameneti [5-6]
ObLIU  8bICKA3AHBL COOOpadceHuss 00 ocobou ponu ceepxnposodoumocmu (LK-99) cosokynnocmeti
K8AHMOBBIX SIM, NOAYYAIOWUXCA 8 UCCTIEO08AHHOL UMU CIMPYKMYpe, 001ee M020 OHU GbICKA3AIU SUNOME3Y
0 hopme smux nomenyuanvivix am. B pabome orce [7] smu nomenyuanvivie ambl npedCmasisaiucCh Kax smul
Diipu. Ham npedcmagistiomest 9mu cooOpaniceHusi UHMepPeCHbIMU NOCKOTIbKY 6 YUKILe HAWUX NPedbloyuux
pabom [9-11] npu usyueHuu 6apuzOHHOCMU KPUCANIO8 C UOHHOU CE53b10 Mbl CHMPO20 NOJYYUIU HEKUEe
NOMEHYUATbHBIE SIMbL 60U3U NOBEPXHOCMU UMEHHO 8 Gopme Dipu. B cuny smozo mwl nonacaem
UHMEPECHbIM COeOUHUMb BbICKA3AHHbIE 8 OAHHOM coobweHuu udeu (puc.2) sam Dupu U 31eKMPOHHbIX
yposHeu Diipu ueparowux 6a308y10 poab 8 go3pacmanuu cocmosituu T, 8 C6ePXNPOBOOUMOCU CIHOBUYEN
u ons cayuasn (LK-99). C naweit mouxu 3penust, 3mo Moxicem avleisoems CAe0Viouum 00pasom: 60Kpye ocu
npoxoosuell yepe3 UOHbL  KUCIOPOOd HeoOX00UMO NOCMPOUmMb KOAKCUATbHBIL  MHO2OCTOUHbBIL
YUAUHOPUYECKUL KOHOEHCAmOop NPU 3apsaoKe KOMopo2o 00pasyemcs Cucmema YUiuHOPULEeCKUx CoOHOBUYEN.
Taxas moodenv ¢ cobnodenuem yciosuu mutatis mutandis npeocmasnsemes nam éecoma nonesnoil, u6o
codepaicum KOHKpemHble meopemudeckue @ulpanxicenus, ceazvigaiowue T, ¢ napamempamu mamepuana u
CMPYKMYpou..

KawueBble cJI0Ba: BBICOKOTEMIIEpPATYpHAs CBEPXIPOBOJAMMOCTh, BapH30HHOCTb, CCHJBUYHAS
CTPYKTypa, YpOBHU Diipu
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AHHOTAIUA

Memooom  eakyymHo2co mepmMuyecko2o ucnapenus Obliu  NONYYeHbl  BbICOKOKAUeCmBeHHble
kpucmannudeckue nienku Sbr(SySei); uz nopowkos obunaproco coedunenuss SbrS3 u SbiSes, npu
memnepamype  noonodicku  300°C.  Hccnedosano  emusnue  amomaproeo cocmaea  S/(S+Se)
CUHME3UPOBAHHBIX NIEHOK HA onmuveckue u s1ekmpudeckue ceovcmea Sby(Sy,Seix)s. Llupuna
3anpewjéHHOl 30Hbl NJIEHOK MEepo020 pacmeopd YEenutuusaemcs ¢ pocmoM KOHYeHmpayuu cepa 6
NONYYEHHBIX NILeHOK. DNeKmponposoOHOCMb NIeHOK usmensemcs é npedenax 1.1x107* + 3.2x10™ (Omxcm)”
! 6 3asucumocmu om coomnowenus amomapnoti konyenmpayuu S/(S+Se). Imu pesynomamol onpedensiom
POCH BbICOKOKAYECMBEHHbIX MOHKUX nAeHoK SbiSes u A6na10mcs 0CHOGHBIMU pakmopamu 0N NOYYeHUs
appexmusHbIX conHeunvix dnemenmos Ha ocHoge Shi(SySeix)s ¢ ucnonvzosanuem mMemooa 6aKyyMHO20
ocadcOeHus Uz NopouKkos burnapHozo coeounenus SbaSz u SbrSes npu memnepamype noonoxcxku 300°C.

KaroueBsie caoBa: SbySes; Sb,Ss, Sbo(Se,S)s, TBepmplii pacTBoOp, MIMpHHA 3aIllpEmeHHONW 30HHI,
K03(pPHUIMEHT MOTIIOIIEHNS, SIEKTPOIIPOBOTHOCT, SHEPTHs YpbOax

1. Beenenue

B nHacrosimee Bpemst MiccneIoBaTeNn yASISIOT 0co00e BHUIMAHHUE HCITONB30BAHHUIO XaTbKOT€HUIHBIX
OuHapHbIX coearHeHMH SbaSes, SbaS; u TBepaBIX pacTBOPoB Sba(Sx,Sei«);s Ha MX OCHOBE (XUMHUYECKas
dopmyna Sb,X3), B KaueCTBE MOMIOMIAIOIIETO CIIOS JIJIS COJIHEUHBIX 3IEMEHTOB [ 1]. DT0 00yCIIOBIICHO TEM,
4ro (U3MUECKUE CBOMCcTBa (p-TUN TPOBOMUMOCTH, 3amperieHHas 3o0Ha Eg=1,1+1,8 3B, BbIcOKHUi
k03¢ dunment noromenus o> 10°cm™! (B BUAMMOI 00/1aCTH COTHEYHOTO U3ITYUEHNS), HU3Kas TEMIIEpaTypa
mwiaBneHust (SbySes-612°C, SbyS3- 550°C) u BBICOKOE MapiMalibHOE JABJICHUE 3TUX MAaTEpUajoB OUYCHBb
omusku k cBoiictBam Cu(In,Ga)(Se,S): [2]. Kpome Toro, 311eMeHTHI, BXOASAIIUE B 3TH MaTepUaIbl, UMEIOT
OTHOCHUTENIFHO HH3KYH) CTOMMOCTH (PacmpoCTpPaHEHHOCTh B IPHUPOJE), CTAOWIBHOCTh IMPH BHENIHUX
BO3JICUCTBUSIX M HETOKCHYHOCTH [3]. DTO AacT BO3MOXKHOCTHh H3TOTOBHTH DOKOJOTHYECKH YHCTBIC H
3¢ PEeKTUBHBIC COITHEUHBIE MOYJIH, & TAK)KE OTKPBITH ITyTH UX MIUPOKOTO M3TOTOBJIECHUS B IPOMBIIUIEHHOM
Macrmiraoe.

3a mocneaHne roAbl pa3paboTaHbl METOABI MOMy4YeHHsS Sba(Sx,Seix); TOHKMX TUIEHOK, BHEApPEHHE
HOBBIX CTPYKTYp M HCCJICJIOBaHHME WX (PU3MUYECKUX CBOWCTB MPUBENIO K TMOBBIIEHHIO 3(PHEKTUBHOCTH
COJTHEUHBIX 3ieMeHTOB. Ha ceromusmamii qeHp qocturayra 3¢gdexruBHOCTS 5,6%; 5,79%; 7,3%; 10,5%
[4,5,6,7] i1 COJNHEYHBIX DJIEMEHTOB Ha OCHOBe HOBBIX CTPYKTYp FTO/TiO2/Sba(So32,S€0,68)3/Au;
ITO/CdAS/Sba(So2Seo,s)3/Au; FTO/CAS/Sba(S,Se)s/Spiro/Au nmyTem yrpaBieHHs COCTaBOM 0a30BOTO CJIOS,
KOHTpoNupysi cootHomenne S/Se. Kpome Toro, 3QeKkTHBHOCTh CONHEUHBIX JJIEMEHTOB CBs3aHA C
MeTollaMH TOoJy4eHus: 0a30BOro ciiod. B Hacrosimee BpeMsi B COJHEYHBIX 3JIEMEHTaX MPUMEHSIOTCS,
HU3KOBAKyyMHBIE, BRICOKOBAKYYMHBIE I XHMHYECKHE METOJIBI IToTyueHus 0azoBoro cios [8-19].

Bce BrlmeykazaHHbIEe CBOWCTBA JAETAIOT MJICHKH SbrX3 KOHKYPEHTOCTIOCOOHOM 3aMEeHON OOBIYHBIX
nornotureneit (CdTe/CIGSe/CZTSe) B TOHKOIUICHOUHBIX COMHEYHBIX sNeMeHTax. OJHaKko, HECMOTpPS Ha
BBILICYIIOMSIHYThIE CBOWCTBA IUIGHKM Ha OCHOBe SboX3 HemocraroyHo wu3ydeHbl. [lociennue
MpeJICTaBICHHbIE MCCIIEOBAaHUS KOHCTAaTUPYIOT Pe3ylbTaT HU3KOW S(PQGEKTHBHOCTH MO CPaBHEHHUIO C
marepuanamu CdTe n CIGSe. CnenoBareinbHO, HEOOXOMUMO C(HOKYCHUPOBATh HCCIICIOBAHUS 110 N3yYCHUIO
IUIEHOK Ha 0CHOBE SbyX3, yCHINTE HCCIIEAOBAHMUS 110 TOBBIIICHUIO ) (EKTUBHOCTU 3TUX IICHOK.

Panee mamm ObUIM WCCIEOBaHBI CTPYKTYpHBIE M MOP(OJIOrHYECKHE CBOWCTBa TUIEHOK SboSes
MOJTy4YeHHBIE METOJOM XWMHYECKH MOJEKYIIpHO-TIydKkoBoro ocaxzaeHus (XMIIO) u3 mopomxoB
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OmHapHOTO coemuHeHHA SbrSes MpH pa3IUYHBIX TeMIleparypax MomjoxeK. llomydeHHble pe3ynbTarhl
MOKa3ali, 4TO BCE IUIGHKW OBLIM OOOTalleHbl CYpbMOH W HMMENHW OPTOPOMOMYECKYIO CTPYKTYpYy C
npeumyniecTBeHHOM opueHTanumeit (120) u (221) m pasMepsl KpUCTAJUIMTOB IUIEHOK coctaBisuiu 200-
300mm [20,21].

B nanHoMm pabote ObLIH HCCIIEAOBAHBI ONITUYECKUE U AIEKTPO(HU3NIECKHE CBONCTBA TOHKHUX IJICHOK
Sba(Sx,Seix)3 TBEpIOTo pacTBOpa, MOTYUYECHHBIX BAKYYMHBIM METOJOM.

2. DKcnepuMeHT

OJeMeHTHBI (XMMHYECKHi) COCTaB CHHTE3MPOBAHHBIX TIUICHOK OMPEACSUICS  METOIOM
peHTreHOCIeKTpaibHOTO MUKpoaHanu3a (PCMA) ¢ HcIoiib30BaHHEM 3HEPTOUCTIEPCHOHHOTO 0€3a30THOTO
cnekrpomerpa Aztec Energy Advanced X-Max 80. Coxepxanue C (ar. %) XMMHUYECKUX IJIEMEHTOB B
obpasmax npuseaeHo B Tabmuie 1. Kak BuaHO U3 TAOIUIIB IIICHKA HMEIOT CTEXHOMETPHUIECKHII COCTaB HITH
Omuzku kK HeMy. OnTmueckne W DIEKTPOPU3NYECKHE CBOWCTBA IONyYaeMBIX IUICHOK 3aBHUCHT OT
COOTHOIIIEHHUS aTOMapHOTo cocTaBa S/(S+Se).

Ta6auua 1. Xumudeckuii coctaB mieHoK Sbz2(Sx,Serx)3

Oébpaszey, N 1 2 3 4 5 6 7 8 9 10
C Sb 40.22 40.38 40.53 39.9 39.81 | 39.76 | 39.93 | 39.45 | 38.92 | 40.76
S - 8.29 12.98 23.87 | 25.67 | 32.73 | 40.09 | 49.75 | 51.26 | 59.24

ar. % Se 59.78 51.33 46.49 36.23 | 3451 | 2751 | 19.98 10.8 9.83 -
Sh/(S+Se) 0.67 0.68 0.68 0.66 0.66 0.66 0.66 0.65 0.64 0.69
S/(S+Se) 0.00 0.14 0.22 0.40 0.43 0.53 0.67 0.82 0.84 1.00

Tonkue TIIeHKH TBepAOro pactBopa Sby(Sy,Sei.); ObUIM TMOMy4YeHBl BaKyyMHO- TEPMHUYECKUM
ucrnapeHreM. B kadecTBe HCXOIHOTO MaTeprala ObUT UCIIONB30BaH MOPOIIOK H3TOTOBIEHHOTO U3 CelICHHIa
cepbl SbaS3 1 cypbMbl SbaSes Bbicokoit urctoToi (99.999%) B pasHbix cootHomeHUsX SbS/(SbS+SbSe)=
0+1 (SbS=100+0 mrp, SbSe=0+100 mrp.) coorBercTBeHHO. McmapeHue mopomka HPOU3BOAMIOCH C
MIOMOIIIBIO KBApIIEBBIX HcmapuTeneil (Turieit). Ksapiiessle TUIM HarpeBaiuch (2-3 pasza) mpH BEICOKOM (-
10"® MM.pT.CT.) BaKyyMe MOJIHMONEHOBBIX IMIMHAPOOOPa3HBIX crmpaineil. B pabodeil kamepe paccTosHHE
MEXIy MNOMAJIOKKOW M THUDNSAMH COCTaBiIsieT 5 cM. B KadecTBe MOMIOXKKH HCIIOI30BAJIOCH COIOBO-
H3BECTKOBOE CTeKJo. llepen ocakxaeHneM TOHKUX IUIEHOK Sba(Sx,Seix); Ipou3BoauTcs 00e3raxuBaHue
TUDJIEH ¢ ucnapseMbiMd Marepuaiamu. OcaKJeHHWEe TOHKHX IUIGHOK MPOM3BOIWIOCH TPU JaBICHUU
OCTaTOYHBIX Ta30B B BaKyyMHOM kamepe -107°-10° Mmm.pT.cT.

B mporniecce ocaxxaenust Sba(Sx,Sei.x)3 Temneparypa nomioxku cocrasisuia 300°C, a temmneparypa
WCTIAPUTENsT B TEUCHHWE BCETO IpoIlecca HAHECEHWS IUICHKH TOAJEpKUBaiach MocTosHHOU ~ 650°C.
CKOpOCTh OCaX[eHUS TOHKHX IUIeHOK Obuta paBHa ~ (0,1 Mxm/muH. [locie HaHeceHHS TPOBOIUIOCH
MCIAJICHHOC OXJIAXKIACHHUE IIPU BBICOKOM BaKyyMe€. TOJ]HII/IHa HAaHCCCHHBIX INJICHOK H3MEpPsAIaCb METOAOM
MUKPOH3BEIICHUEM, U COCTABIISIIA 2 MKM.

3. O0cyxneHue pe3yJibTaTOB

C wucnons3oBaHUEM MHOTO(YHKIHMOHAJIBHOIO ckaHupyomero crnekrpogoromerpa PHOTON RT
(EssentOptics) ObutM ompelesieHbl 3aBHCUMOCTH Kodddunuenta otpaxeHus (R) u kodddunmenta
nporryckanus (T) OoT AuHBI BOHEI u3nydenus () B nuanasone oT 400 mo 3000 HM B HENOJISPU30BAHHOM
CBETE, MpeacTaBleHHbIE Ha Prucynke 1.
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Puc. 1. Cnexmpor ompadicenust u nponyckanus moukux nienox Sba(Sx, Seix)s

Kak BumHO u3 pucyHka 1, TOHKHE TUICHKH Sba(Sx,S€1x)3 IPAKTUYECKH HE MPOIYCKAIOT CBETOBOC
W3Iy4YeHHEe BHAMMOTO Ouana3oHa. Ha cmexkrpax oTpakeHHs BHIHBI IEPHONUYECKHE NMHUKH W BIAIUHBI,
O6YCHOBHGHHI)IG I/IHTep(I)epeHHI/IOHHI)IMI/I SABJICHUAMHA, YTO CBUACTCIBLCTBYCT O BBICOKOM CTPYKTYPHOM
COBEpIICHCTBE TOHKUX TJICHOK.

KoaddummenT mormomnieHns: o MOKET OBITH PACCUUTAH U3 H3MEPEHUH KodQuImenTa oTpaxkeHnst R
u ko3 durmenrta nponyckanus T mo Gopmyre:

_ 4 2p2 _(1_ 2
L JA-R)* +4T2R? —(1-R)

t 2TR? SRS

rae t — ToymHaa oopasia, R — koadduument orpaxkenus, T — ko3 GUITMEHT POITyCKaHUsI.

[llupuHa 3ampemieHHOW 30HBI HCCIENYyeMBIX IUIGHOK E, ompemensuiack 3KCTpanoisiiuen
IPSMOJIMHEHHOTO ydacTKa 3aBucuMOCTH (ahv)? ot sHepruu ¢orona hv 10 nepecedenus ¢ ock0 adbcmuce.
CrniektpanbHble 3aBUcHMOCTH (0hv)? or hv 1t meHok Sba(Sx,Se1x); ¥ paccuMTaHHbBIE M0 HAM 3HAYEHHUS
IIMPUHBI 3allpenEHHON 30HbI MpHUBeeHB Ha PucyHke 2. 3aBHCHUMOCTh 3HAYECHUS IIUPUHBI 3aIPEIICHHON
30HBI OT AEMEHTHOTO cocTaBa S/(S+Se) B TOHKUX TUICHKaX MpeJcTaBlieHa Ha PucyHke 3, crutonrHas KpuBast
MIPEAICTABIACT COOOW KBAAPATHUUHYIO AIMMPOKCHUMAIIMI0 W3MEPEHHBIX 3HAUEHWUN SHEPTUU 3amperieHHOU
30HBI. HabmromaeTcst pocT 3HaueHUH MMpPHUHBI 3anpenieHHoi 30861 oT 1,09 3B s Sb2Se3 no 1,65 3B mns
Sb,S; Mo Mepe yBeleUeHUsT KOHIISHTPAIIUU S B CHHTE3UPYEMbBIX TOHKHX TUIEHKaX Sba(Sx,Seix)s.

"g/zTeR 0.82

/ 0.84

1.00

(ahv*10°, (3B/cm)’

T
0.5 1.0 1.5 20 0.0 0.2 04 06 0.8 1.0

hv, 9B S/(S+Se)
Puc. 2. Onpeoenenue wupunuvl 3anpewenHol 30Hbl NIEHOK Puc. 3. 3asucumocmo 3navenus wupuHl
Sb2(Sx, Seix)3 S/(S+Se) 6 obpazyax 3anpeweHHol 30Hbl OM INIEMEHMHO20 COCMA8d

Jis w3ydeHwsi BIMSHHS cocTaBa 31eMeHTOB S/(S+Se) Ha 3JeKTpUYECKUE CBOMCTBAa IUICHOK
Sba(Sx,Seix)3 ObuUIM U3MEpEHB! yAeTIbHbIE CONPOTHBICHUSI MeTofoM Ban-nep-Ilay, a Takke ncciienoBaHsl
TEeMIIEPaTyPHBIC 3aBUCUMOCTH 3JICKTPOIPOBOAHOCTH. DIEKTPOPHUINIESCKUE ITapaMeTphl IIeHOK Sba(Sx,Se;-
©)3 (0, Eax ¥ TUTI TPOBOAMMOCTH) IPUBEACHBI B TabIHIIE 2.
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Kak BuaHO M3 TaOnuIel 2, ¢ YBEIMYCHUEM COOTHOIICHHUS aTOMapHOIO COCTaBa muieHOK S/(S+Se)

HaOIrOaeTCsl yMEHbIIEHHE 3JIEKTPOIIPOBOAHOCTHU TICHOK TBEPAOTro pacTtBopa Sba(Sx,Sei)s. Bee mienku
UMEIOT P- THUI HPOBOAUMOCTH.

Ta6nuna 2. Tun npoBOAMMOCTH, YAe/IbHAs TEKTPONPOBOAMMOCTh M JHEPTHH AKTHBALMH ILICHOK, MOJYYeHHbIX
npu pasanunbix coornoumennsix S/(S+Se)

S/(S+Se) 0 0,14 0,22 0.4 0,43 0,53 0,61 0,67 0,82 0,84 1
Tommuusa d 2 2 2 2 2 2 2 2 2 2 2
(MKM)
Comnpotusnenue| 2,2X 2,4% 2,7% 3,3x 4x 4,1x% 4,5% 4,8x% 5,1x 5,9x 6,5%
R (Om) 108 108 108 108 108 108 108 108 108 108 108
VnensHoe
conporunenne | 3,13x | 3,34x | 3,74x | 4,61x | 557 | 5,79x | 6,29x | 6,67x | 7,15x | 821x | 9,0x
p (Omxcm) mpu | 103 103 103 105 | x10°| 10° | 10° | 10 | 10° | 10 | 103
300 K
VnenbHas
HICKIPOTIPOBO 13 905 | 3,00% | 2,67% | 2,17% | 1,79 | 1,73x | 1,59% | 1,50x | 1,40x | 1,22x | 1,10x
anocth © 104 | 10% | 104 | 10* | x104| 10* | 10* | 10% | 10 | 10* | 10*
(OmxcMm)™ ipu
300 K
uepris 14,8 193,0
axtuBaumu Eop | 15,98 | 73,25 | 27,15 | 24,21 4’ 18,94 | 19,59 9 ’ 8,67 | 4,77 | 15,98
(M3B)
OHeprus
aktuBamuu Eax | 7,35 2,97 16,73 11,83 | 1,01 2,68 11,39 | 6,19 2,22 1,58 7,35
(M3B)
Tun
NPOBOANMOCTH p p p p p p p p p p p

Jis oOBsACHEHUs] YMEHBIIIEHUE JIIEKTPOIPOBOJHOCTH TMOMYUYEHHBIX OOpa3loB B 3aBUCHMOCTH OT
COOTHOIIEHHUS dIIeMeHTOB S/(S+Se) ObuTH N3ydeHbl TeMIEpaTypPHBIE 3aBUCUMOCTH AJIEKTPOITPOBOIUMOCTH.
W3 3THX 3aBUCUMOCTEN HalICHbI SHEPTHH aKTUBAI[MK 00Pa3I0B Pa3IMUyHOIO COCTABA.

Oneprusa Ypb6axa EU naet nndopmMaiuio o CyIecTBOBaHUHN JOKAJIIM30BaHHBIX COCTOSHUH B 001aCTH
3alpelIeHHoN 30Hbl. VX Hamu4ne CBS3aHO C HEHACHIIEHHBIMU CBSI3IMU H/WIH JedeKTaMu B IUICHKaX. B
obnactu HU3KKUX 3Hepruid potoHoB (hv < E,) BeIMONHSAETCS SMIMpryecKoe mpaBmino Ypbaxa [S]:

a=a, exp{g—q (2)
U
7€ O - KOHCTAHTA.
3nauenne EU MoxxeT OBITh MOMYyYEHO 10 HAKIOHY JIMHEHHOW YacTh KpUBOW 3aBHCUMOCTH In(a) oT
hv, kak noka3zaHo Ha Pucynke 4. 3aBUCUMOCTb 3HAYCHHUS SHEPIUK YpOaxa oT aJieMeHTHOTo coctaBa S/(S+Se)
B TOHKHMX TUIEHKaxX IMpeJCTaBiIcHa Ha PUCYyHKe 5, CIUIONIHAS KpUBas MPEJCTaBIsieT cOO0M KBaJpaTuIHYO
aNMpOKCUMAIMIO U3MEPEHHBIX 3HAYEHUH SHEPT UM 3alIPEILIEHHON 30HBI.
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cocmasa S/(S+Se) 6 obpazyax naenox Sha(SxSeix)3

4. 3aka4yenue

MeTonoM BaKyyMHOIO OCKICHHS IOJyYEHBl TMOJUKPUCTAIUIMYECKHWE TOHKHE IUJIEHKH TBEPABIX
pacTBOpoB Sby(Sx,Seix)3. YCTaHOBIIEHO, UTO C YBEITHYEHUEM JIOJH CEpPhl MOHOTOHHO BO3pacTaeT IHPHHA
3anpenieHHoH 30HbI (Eg= 1.1+1.6 3B) cuHTe3upOBaHHBIX TOHKUX IIEHOK, MOJYYEHHBIX PY COOTHOLIECHHSIX
S/(S+Se) paenbix 0.00, 0.14, 0.22, 0.40, 0.43, 0.53, 0.67. Pe3ynbrarbl U3MepeHHs 3IEKTPOGUIHMUECKUX
CBOWCTB IUICHOK IIOKa3aJH, YTO C YBEIWYCHHEM COOTHOIIEHHWS aToMapHOW KoHIeHTparmu S/(S+Se)
YMEHBIIAETCS yAeTIbHAs 3JIEKTPOIPOBOAUMOCTE. Bee 00pasiipl UMENH p-TUI IPOBOAUMOCTH.

s Bcex oOpa3noB 3HaueHWs dHepruu YpOax Ey Haxomsarcs B mpenenax ot 0.16 3B go 0.35 3B, uto
CBHUIETENBCTBYET O IOCTaTOYHO HU3KOU Je(PEKTHOCTH MIICHOK.
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AHHOTALUA.

B pabome uccnedosanvi eonbmamnepHvle Xapaxmepucmuku MOHKONJIEHOUHO20 COJHEeYHO20
onemenma CdS/CdTe ¢ nepexoouwim i- croem ummepgetica uz meepdoeo pacmeopa CdTer,Sy 6
3asucumocmu om memnepamypbi. M3yuenvl maxkue napamempul yCmpoucmead, Kak moawuHa, 3anpewenHas
30HA, NIOMHOCMb GHYMPEHHUX COCMOSAHULL, NIOMHOCHb COCMOAHUI, NOOBUINCHOCMb DNIEKMPOHOE U ObIPOK,
NIOMHOCMb  N108YWeK, (QYHKYus pabomvl Memaind, memnepamypd, KOmMopvle MO2YM GIuimb Ha
agpgpexmusnocme CdS/CdTe conneunoeo snemenma.

KuaioueBble ciioBa: cynphum KaaMus, TEIUTY Py KaaMust, HHTepelic, TOHKOTICHOYHBIE COTHEYHBIS
3JIEMEHTBI, TBEP/bIIl PACTBOP, 3alpeIlCHHAs 30Ha.

Hecmotpss Ha HecootBerctBHe pemetkn B 10% wmexay CdTe u CdS, chopmupoBanHbIi
rerepornepexo]; o0JagacT NPEBOCXOAHBIMU JJICKTPHYSCKHMHU XapaKTEPUCTUKAMH, YTO IPHBOAUT K
BbICOKOMY Kod(duuuenty 3amnonnenus 0,77 B npou3BeneHHBIX CONHEYHBIX 3JeMeHTax. CO ¢ 6a30BbIM
CJIOEM TEJUTypHU/a KaJMHUS UMEET CaMblil BEICOKHH TeOpeTHIecKuil K03 (PHUIIMEHT MONe3HOTO AeHCTBUST —
29% MakcuMmanbHasi SKkcriepuMenTanbHas 3¢ dexktuBHOCTE 16.5% 3adukcupoBana anst CO Ha OCHOBE
rereponepexomaa CAS/CdTe [1]. Ddhdexturrocts CD Ha ocHoBe N-CAS/p-CdTe Bo MHOTOM OTIpeensIeTcs
COBEPILIEHCTBOM COCTaBa, CTPYKTYPHI, TEOMETPHUECKIMHU pazMepamu U ¢azamu TBeproro pactsopa (TP)
CdTe1xSx, KoTOphIii (hopMHPyeTCsi Ha TPaHUIlE pasjielia TeTepoCTPYKTYphl [2,3]. AKTyalbHO# 3amaueii
sBisietcs noydeHust N-CdS/p-CdTe — reTepocTpyKTyphl ¢ Majioil KOHIIEHTpAIMEH HEKOHTPOIHPYEMbIX
npuMeceil W MalbIMH TOJIIMHAMHU TIEPEXOAHOro i-ciosi. Jis TpOBEICHHsS WCCIIeNOBaHUIi ObLIM
nsrorosiensl N-CAS/p-CdTe — reTepocTpyKTyphbl [0 TEXHOJIOTHH, OIIMCaHHOM B padote [4]. UccnenoBane
BOJILTAMIIEPHBIX XapakTeprucTuku (BAX) rerepocTpykTypsl IPOBOAMIOCH B TEMIIEPATYPHOM JHara3oHe
273-433K. Kak u Bce JIpyrue MnoyiynpoOBOJHUKOBBIC PUOOPHI, COJHEUHBIC JIEMEHThI YyBCTBUTEIBHBI K
temreparype. [loBbilIeHHE TeMITepaTypbl yMEHBIIACT IUPUHY 3alpPeIeHHON 30HbI IOIYIPOBOJAHUKA, TEM
caMbIM BIHsIsi Ha OONBIIMHCTBO IapaMeTPOB MaTepHajia MOMYNPOBOJHHKA. YMEHbIICHHE IIHPUHBI
3aIpenIeHHON 30HBI TIOJIYIPOBOJIHUKA C POCTOM TEMIIEpaTyphl MOKHO PacCMaTpHBaTh Kak YBEIMYECHHE
SHEPIUH IEKTPOHOB B Martepuaine. [losTomy 11st paspbiBa cBs3u HeoOxonuMma Oosiee HU3Kas SHeprus. B
COJJHEYHOM DJIEMEHTE MapaMeTpoM, Ha KOTOpBIA OOJbIle BCEro BIUSET IOBBIIICHHE TEMIEpPaTypHl,
SBJSIETCSl  HANpsDKEHHE XOJIOCTOro  xoza. lMccnenoBaHWe TOBENICHHS COJNHEYHBIX JJIEMEHTOB C
temneparypoii (T) BaxHO, Tak KaKk B Ha3eMHBIX IPUMEHEHUAX OHH OOBIYHO IOBEPraroTcs BO3ACHCTBHIO
temneparyp B auanazoHe ot 15° C (288 K) no 50° C (323 K). IloBblmieHne Temneparypbl YMEHBIIAET
NIMPUHY 3alpelieHHON 30HBI TMOJYNPOBOJHWKA, TEM CaMbIM BIIMsS Ha OOJBIIUHCTBO MapaMeTpOB
MaTepHala MOoJIyIpPOBOJIHUKA, KOTOPOTO MOKHO pacCMaTpUBaTh, KaK yBEJIHMUYCHHUE YHEPTUU DIIEKTPOHOB B
Matepuaie. [loaToMy NOBBIIIEHHE TeMIIEpaTyphl YMEHbIIAET IUPHUHY 3alIPELICHHON 30HBI.
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Puc.1.Boromamnepnoie xapakmepucmuxu NCAS/pCdTe cemepocmpyxmypul 6 npsimom
HanpasieHue npu pasiudHbIX MeMnepamypax (a) u ux cyoruHeluHwlil y4acmku (8).
Obosnauenus BAX coomsemcmeyiom cuedyiowum memnepamypam:
T,K:1-293,2-313, 3-333,4-353,5-373,6—-393, 7413, 8 -433.

Pe3ynbTaThl MCCIACIOBAaHMS TOKA3bIBAIOT, YTO 3HAYCHHUE 14,7, NCAS/PCdTe rerepocTpyKTyphl C
TMOBBILIEHMEM TEMIIEPATYpPhI yBeanuuBaeTcs. Hanpumep, 3nauenue 14,7 ~ 1.43-107 cM?/B npu T =293 K,
anpu T =353 K — 147, ~ 3.9:-107 cm¥B. HccreoBanueM TeMIIEPATYPHOI 3aBUCUMOCTH CyOJIMHEHHOTO
yuactka BAX mokasbiBaeT, uTo IiiyOOKHe ypoBHHU B i-cioe mHTepdeiica, TP CdTe1«Sy, pacnpeneneHs
HETIPEPHIBHO U MX KOHLEHTPAIIMS BO3PACTALT C MPUOIMKEHUEM K Cepe/InHE 3alpelieHHOH 30HBL.
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AHHOTAIUA

OCHOBHbIM INEMEHMOM CUCHEMbl ABMOMAMUKY KOHMPOJA NIAAMEHU 20peloK KOMI0dAzpe2amos
ABIAIOMCSL  YOMONpUemMHuKY, 006aadarwue CneKmpaibHOU GOmMoUY8CMEUMENbHOCHbIO, 8 OUANA30He
CREeKmMpa U3NyYeHUus UCNOTb3YeMO20 MONIUBA, KAK OJis 3aNATbHUKA, MAK U 051 OCHOBHOU 20PeKU.

Kirouesnbie ciioBa: QoTONPUEMHUK, OKCH KaAMUsl, TEJLUTYPH] KagMus, INIEHKH, UHBEPCHUS, CIIEKT,

yroJ 063opa.

OmHUM W3 TPagUIMOHHBIX CHOCOOOB 3allUTHl (POTONMPHEMHUKA OT (JOHOBOTO H3IYUCHUS
000CHOBAHO JJIs1 UCTIONB30BAHUS CBETOQMIBTPOB MO3BOJIAOLINE Pa00Thl mupoKonoidocHbX PII B y3kom
cnexkTpajdbHOM nuanazone [1]. OngHako nNpuUMEHEHHWE CBETOQWIBTPOB NPUBOAUT K YMEHBIICHUIO
a0COIIOTHOW BETMUYUHBI TIONIe3HOTo curHana. CyliecTByeT, TakKe CocoObl MPUMEHEHUS] MHOTOCIIOMHBIX
CBETO(MIFTPOB B 3aBUCHMOCTH OT SIPKOCTHOH TeMIiepaTypsl ClieKTpa u3nydeHus [2].

3amadeii cucTeMbl IPEAYIPEKICHUS TOMIOUYHBIX B3PBIBOB ABISETCS OBICTPOE MPEKPAIeHHE TTO1aYH
TOIUIMBA MPH MOTacaHUM WU MOTyCKHEHUH (akesna B Tonke. s KOHTPOJIs MoracaHusl INIAMEHH MOXKHO
WCTIONB30BaTh POTOAIEKTpUUecKre AaTuuku. OIHAKO yroi 0030pa cymecTBYIOMUX (GOTONPUEMHHUKOB HE
npesbimaer 10-15°, B pe3ysnbraTte KOTOpOro HeOONbIIOE TEepeMElIeHHWEe WM MyJbCAlMH TUIAMEHH OT
ONTHYECKOW OCH, MOXET OBITh BOCHPHUHATO Kak ero mnoracanue. CliefoBaTenbHO, IOIDKHBI OBITH
WCTONB30BaHbl  (OTONPHEMHHUKH C MEPECTPaMBaEMbIM  CIIEKTPOM  (POTOUYBCTBUTEIBHOCTH — HIIH
MHOTO3JIEMEHTHBIH (POTONPUEMHUK B3aUMHO HE TEpeKphIBaeMOl ()OTOUYBCTBUTEIBHOCTHIO B JIMAMa30HE
0,38-0,6MKM ONTHYECKOTO H3IIyY€HHs, KOTODPBIM SIBISIETCS «CIENBIM» Ul M3Iy4EHHUs 3a IpelesiaMH
yKa3zaHHOTo auana3oHa. [IpuMeHeHne GoTonpreMHHMKOB 4yBCTBUTENBHBIX B JUana3oHe OnmkHed YO u
OMKHEH BUIIMMOHN YacTH CIIEKTPa ONTUYECKOTO M3IYyYCHHUSI MOXKET OBITh MOJIC3HBIM TIPU PEIICHUH BBIIIE
yKa3aHHOW mpoOnembl. YkazaHHas 3ajada pelniaeTcs IyTeM NpUMEHeHHS (HOTONPUEMHHUKOB
IIMPOKOIIONIOCHON  (POTOUYBCTBUTENBHOCTRIO, Hampumep, Tuma DJI-7K, KOTOpwIi WMeeT auana3oH
cnekTpaabHoU Xapaktepuctuku AL =0,4-1,1 MM ¢ Amax=0,82-0,86 ¢ pabouwm HampspKeHUEM B
¢dorommogaom pexume V-20B.Ilapamerpbl CHEKTpaIbHOTO pachpelesieHuss (OTOUYBCTBHTEILHOCTH
ycrpoiictBa ®J1-7K oTHOCHTENIBHO CHEKTPY M3Iy4YEeHUS IUIAMEHM ra30Ma3yTHOI'O TOIUIMBA MOKa3aHbI HA
puc.l.

1o} 100% Aﬂ‘c‘”e’c"o _FD.7K
. / mazut

Sog {10 \
i / gaz
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Puc 1. Cnexmpanvroe pacnpedenenue pomouyecmeumenvrocmu omonpuemnuxos CdTe/CdO u @/-7K omnocumenvho cnexmpa
UBNYYEHUs NIAMEHU 2A30MA3YMHO20 MONIUGO.
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OmHMM W3 BO3MOJXKHBIX BAPUAHTOB JJISl PEIICHWS TIOCTABICHHOW 3ajadd SBISIETCS TMpPUMEHEHHE
WHBEPCHUOHHBIX (OTONPUEMHUKOB, MMEIOIINE CIEKTPalIbHO 3aBUCHMOE TIOJIO)KEHHE TOYKU HHBEPCUH
¢doroToka oT HampsbkeHus cMmemenus. CymHOCTs MHBepcuu 3Haka (oTodC M NpUHLMI CIEXKEHUs 3a
CHEKTPOM H3IYyIEeHHUS TIOJPOOHO H3IOXKEHH B [3].

Cunresuposanbl mwieHkd CdO, CdS ¢ pasnuyHbIMU pa3MepaMu 3epeH CO CTOIOYATON CTPYKTYpPOit
(10 MxM-40 MKM) 71 CO3/1aHHSI HHBEPCUOHHBIX (POTONPHUEMHHKOB. [ IpuBeieHHOE HeciejoBaHue MOKa3aly,
YTO C YMEHBIIIEHHEM BEIWYHHBI 3€peH IUIEHOK TBepaoro pactBopa oT 40 mxMm g0 10 Mxm yrom o63o0pa
yseanuuaercs oT 120° 1o 135°, Ho mpu 5TOM BeMYMHA BHIXOJHOTO CHTHAIA yMEHbIIaeTcs B 7-8 pas [4].
A yBenMuYeHHE BEIWYMHBI 3E€PEH MPHUBOAUT K YMeHbIIeHHIO yria o03opa @II. WuBepcuonHble
(hOTONPHEMHUKH MPECTABISIOT cO00# cTpyKTypy Ha ocHOBe CdTe/CdO, HAIM4KEeM B HUX IBYX MEPEXO0/I0B,
BKJIFOUEHHBIX B TPOTHBOIOJOKHBIX HAMPABICHHUAX, KOTOPHIE IOJXYYeHBI OCOOBIM TEXHOJOTHYECKUM
crocobom.
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HN3YYEHUME 3ABUCUMOCTU CTEIIEHU PA3YIHOPAJOYEHUSA
MNOBEPXHOCTHbBIX CJIOEBMOHOKPUCTAJIJIOB Si(111) u Ge I1PA
BOMBAPJINPOBKE NOHAMU HU3KUX DHEPT'UU.

B.E. Ymup3akos, .P. beknyaaros, U.X. Typanos, K. M. Kymaes

Tawxenmckuii 2ocyoapcmeennblii mexuuueckuti ynugepcumem, Tawkenm, Y36exucman

AHHOTALINA

C ucnonvzoganuem memooog o0dxce — INEKMPOHHOU CHEeKMPOCKONUU, PecUCMpPayul yei06blx
3agucumocmeti  KoapppuyueHma  HeYynpyeo  OMPANCEHHbIX — JJIeKMPOHO8 1 U  CHEeKMPOCKONUU
VIPY20OMPANCEHHBIX — DNEKMPOHO8 — UZVUEHbl  USMEHEeHUe COCmasda, CmeneHu  pazynopsoouenue
npunoeepxnocmuwix cnoes Si(111) npu 6ombapouposke uonamu Ar* u K* ¢ sapuayueri snepeuu Eo~ om 1
00 10 k3B, u doza uonos ~ om 102 0o 10" cm®. Obuapyaiceno, umo xoms amomwr Ar u K obradaiom
O0OUHAKOBLIMU MACCAMU, NPU OOUHAKOBLIX IHEPLUSIX UOHOB CIENEeHb PA3YNOPA00YeHUs NPUNOBEPXHOCTHHBIX
cnoe Si(111) cywecmeenno omauuaemcs. Habmooaemvitl 3¢hghexm 06BscHACMCA  CYUWECTNEEHHbIM
OMAUYUEM UX UOHHBIX PAOUYCOS.

KiroueBble ci10Ba: HHU3KODHEpreTHYeCcKas OOMOapIUpOBKa, TOBEPXHOCTh, MOHOKPHCTAILN,
OCTPOBKOBBII POCT, 71032 HOHOB.

B mnocnennee roabl METO HU3KOIHEPreTUUECKOW MOHHON OOMOAapANPOBKH IIUPOKO HCTIONB3YETCs
JUISL TIOJyYeHHE HAaHOpa3MEpHBIX ()a3 M IUICHOK (CJIOEB) C 3aJlaHHBIMU (PU3UYESCKUMHU CBOWCTBAMH Ha
MTOBEPXHOCTH METAJUIOB, MOIYMPOBOJAHUKOB W AMAIEKTPUYECKHX TUIEHOK [1-6]. B mporecce wmoHHOMN
00MOapaIUPOBKM MOHOKPHCTAJUIOB Hapsily C HM3MEHEHHEM COCTaBa HOHHO-JIETHPOBAaHHBIX CJOEB,
BCJIeCTBHE 00pa3oBaHue OOJBIIOE KOJHMUECTBO PAJHALIMOHHBIX Ae(DEKTOB, IPOUCXOTUT Pa3yNOpI0UCHUE
MIPUIIOBEPXHOCTHBIX CJIOEB BILUIOTH A0 aMOpP(HU3aLHH.

C HCHonb30BaHUEM METOJOB OXE — 3JIEKTPOHHOH CIIEKTPOCKONHH, PErHCTPAlMH YIJIOBBIX
3aBUCUMOCTEH  KOX(QUIMEHTa HEYNPYro OTPAKEHHBIX JJIEKTPOHOB 1) M CIEKTPOCKOIHUH
YOPYTrOOTPaKEHHBIX  3JEKTPOHOB  HM3y4YeHbl H3MEHEHHWE COCTaBa, CTENEHH pPasyHopsIoYeHHe
NPUIOBEpXHOCTHBIX citoeB Si(111) mpu 6ombapauposke nonamu Ar' u K* ¢ Bapuanueii sueprun Eo~ ot 1
1o 10 k3B, u mo3a monoB ~ or 10" o 10Y" cm? OGuapyxeno, uto xots aromsl Ar u K obnajgaror
OJIMHAKOBBIMH ~ MaccaMd, TMpH OJMHAKOBBIX OJHEPrHsX HMOHOB  CTENEHb  pa3ynopsI0ueHUs
NpUIOBepXHOCTHBIX cioe Si(111) cymecrBenno otauyaercs. HaGmomaemblii 3¢hdekr o0bsCHsAETCS
CYIIECTBEHHBIM OTIMYMEM X HOHHBIX PaJHyCOB.

e

Neo0 |

T
s

-10 0 10 20 30 10

o, deg.

Puc.1 Yenosvie zasucumocmu n(p) ons Si, bombapouposannozo uonamu Art ¢ Eo = 5 k2B pasnvimu 0ozamu
D,em?:1-0;2-6-10"%3-2-10";,4-2-10*°

BuiHO, 4TO Ha 3aBHCUMOCTH 1(Q) 4uCTOr0 Si 0OHAPYKHMBACTCS SIBHO BHIPAKEHHBIC MAKCHMYMbI

COOTBETCTBYIOIIME K Pa3IMYHBIM KPHUCTaUIMYecKuM HampasieHusm Si(111). B cimydae HOHHOM
OOMOapMPOBKY C MAJIBIX JI03 UHTEHCUBHOCTH BCEX MAKCUMYMOB yMEHbIAeTCs. [Ipy ’TOM HHTEHCUBHOCTH
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IHKOB IpH yriax Menbie, yeM ~ 20 — 30° ymemaercs Gsictpee. Yixe npu D = 2-10% cm™ Bee MakcuMyMBI
NPaKTHYECKHU CIIAKHUBAKOTCS, T.€. IPOUCXOIUT TIOJHOE Pa3yNopsI04EHUE NPUIIOBEPXHOCTHBIX CJIOEB Si.

1.0

0.5

0
5-10% 10% 5-10™ 10%* 5-10% D, e

Puc.2 3asucumocms 0omHOCUMENbHOU UHMEHCUBHOCMU OCHO8HO20 Makcumyma kpemuusi Al, om 0o3wl
obnyuenust npu Eo= 3 kaB: 1 - Art; 2 - K™,

Ha puc. 2 mpencraBieH 3aBHCHMOCTh WHTEHCHBHOCTH TepBoro makcumyma Al,, oT 10361
obnyuenust st Si (111) 6ombapaupoBanroro wona Ar® u K ¢ Eg = 3 k9B pasubiMu no3zamu. Ha
3aBHCHUMOCTSX HE3aBUCHMO OT THIIAa HOHA HAOII0IaeTCsl TPU XapaKTepHbIE YYaCcTKU: TPU Majbix go03ax Aly
yMeHbIIaeTcs ¢1ado0, 3aTeM IMPOMCXOIUT PE3KOe YMEHIICHHE U HAYMHAS C OIPEeICHHON 1035l 3HAUCHNE
Al, mpubnmkaercs K HyIIO, T.e. MPOUCXOAWT MOIHOE pa3ymopsaodeHus (amopduzamms) HMOHHO —
60MOapAMpOBaHHBIX c10eB. B ciayuae nonos Art pasynopsgouenue HaunHaercs ¢ D = 2:10% cm?, a nonnas
amop¢uzanus npoucxoaut ¢ D = 6:10* cm2. B cyuae Na* pasynopsiiouenne naunnaercs ¢ D = 5-10% em
2, a monHas amopdusanus ¢ - 2:10% cm. Maccel u atomuble paguycn Ar' u K mano oTiamgarorest apyr ot
apyry. IToatomy HaOI01aeMble pa3HUIBI B CTENIEHH aMOp(U3AIMH MOXKHO OOBSICHITH PE3KHM OTIMYUEM
WX UOHHBIX PainycoB: I'ar+ ~1,88 A . = 1,33A.

JlurepaTtypa

1. Chan, W. L. & Chason, E. E. Making waves: Kinetic processes controlling surface evolution during low
energy ion sputtering. J. Appl.Phys. 101, 121301 (2007).

2. Divya Gupta, Mahak Chawla, Rahul Singhal and Sanjeev Aggarwal. Nanoscale structural defects in oblique
Ar* sputtered Si(111) surfaces. // Scientific Reports. (2019) 9:15531 https://doi.org/10.1038/s41598-019-
52099-4.

3. Ayache Rachid, Sidoumou Mohamed and Kolitsch Andreas. lon Beam Synthesis of Cobalt Silicide Layers
in Si(111). // Int. J. Thin. Fil. Sci. Tec. 4, No. 3, 211-213 (2015).

4. Shenggiang Zhou, Potzger K, Gufei Zhang, Micklich A, Eichhorn F, Schell N, Grétzschel R, Schmidt B,
Skorupa W, Helm M, and Fassbender J. Structural and magnetic properties of Mn-implanted Si // PHYSICAL
REVIEW. 2007.B 75, 085203.p. 1-6.

5. Ergashov Y.S, Umirzakov B.E. Composition and Structure of a Nanofilm Multilayer System of the
SiO/Si/CoSi,/Si(111) Type Obtained via lon Implantation // Journal of Surface Investigation: X-ray,
Synchrotron and Neutron Techniques, 2018, -V. 12, No. 4, p. 816-818

6. Yokub Ergashov, Boltaxodja Umirzakov, Nebodir Nurmatov and Golib Otamurodov. Experimental and
theoretical study of the effect of bombardment with Ar* ions on the spectrum of valence electrons of a Si (111)
single crystal. E3S Web of Conferences 288, 01013 (2021). DOl
https://doi.org/10.1051/e3sconf/202128801013

45


https://doi.org/10.1038/s41598-019-52099-4
https://doi.org/10.1038/s41598-019-52099-4
https://doi.org/10.1051/e3sconf/202128801013

International Conference “Fundamental and Applied Problems of Modern Physics”, October 19-21, 2023

BJIMSAHUE CTPYKTYPHBIX JE®EKTOB HA CIIEKTPAJIBHBIE XAPAKTEPUCTUKU
KPUCTAJLJIOB Y,SI0s:Er®*

M.X.Amypos, U.Hyputaunos, 3.Y.Jcanos, K.X. Cangaxmenos, X.M.Maxxunos

Hnemumym adeprou ¢pusuxu AH Pecnyonuxu Yzo6exucman, 2. Tawkenm, 100214

izzatilloh@yahoo.com

Kpuctamist Y2SiOs:Er (YSO:Er) sBistoTCS OMHUMH M3 JYYIIUX KaHIUIATOB IS TBEPIOTESIBHBIX
Ja3epoB, MaTepua IJisi MPOCTPAHCTBEHHO-CIEKTPAILHON ronorpaduu U KBaHTOBOW 3JIEKTPOHHKH [1].
OnHaKo MUKPOCTPYKTYpa 3pOHEeBBIX LIEHTPOB, a TAKKE PaAHALIOHHbIE XapaKTEePUCTUKHU JIETHPOBAHHOTO
KpHCTaJUIa MCCIIeOBaHbl HeMOCTaTouHO MoiHO. Kpuctammsl YSO HMeoT MOHOKIMHHYIO CTPYKTYpY €
npoctpancTBeHHOH Tpynmnoil Cyc. MoHbl Y 3aHHMarOT ABa KPUCTAUIOTPpadUUecKHd HE3aBUCHMBIX
COCTOSIHMSI C KOOPIMHALIMOHHBIMU YUCIIAMH 110 KUCIOpoay 6 u 7 cooTBeTcTBeHHO [2]. Monsl Er¥* moryt
3aMEHUTh HMOHBI Y3 B 3THX KpHCTALIOTPaQUUECKUX TIONOKEHUSX, 3aHUMas OTUX JBYX
KPHCTALIOrpadUUECKUX HE3aBUCUMBIX COCTOsiHMM. CHEKTpasbHble XapaKTePUCTHKM aKTUBaTtopoB Erd
00yCIIaBIMBAIOTCS STUMU JIByMsI TUTIAMH IICHTPOB, OJJHAKO, XapaKTEPUCTUKHU STHX LIEHTPOB B KPHCTAILIAX
Y2SiOs:Er ucciemnoBansl KpaiiHe HEIOCTATOYHO. B CBSA3M ¢ 3TMM B JaHHOHW pabOTe M3ydYeHbI CIICKTPHI
MOTJIOIIEHNS 3THX ABYX LIEHTPOB U WACHTU(QHULMPOBAHBI 3JEKTPOHHBIE MEPEXObl, 00yCIaBINBAIOLINX
CIEKTPOB AaHHBIX [ICHTPOB.

Ha puc.la npuBeieHbl CIEKTPhI MOIJIOMIEHUS HCXOIHOTO, Y- 00ydenHoro gosoi 10° u 108 pan
kpuctamioB Y,SiOs. Ilocime o6myuenns B crhekTpax omntuueckoro moromerus (OIT) mpoucxomsT
HEKOTOphIE H3MEHEHUS: HaONromaercs MepepactpencieHue HWHTEHCUBHOCTH OTAEIbHBIX JIMHUI
nornomenus noHos Er¥* (puc.1, a). B pasnocTHbIx crniekrpax noryomenns (CIT), 06:1y9eHHbIX B HCXOIHBIX
00pa3IoB ABHO BUHO yBEIMYEHME MHTEHCUBHOCTH OJHMX JIMHUI TOMIOMEHUs HOHOB Er**u ymeHblenue
IPYTHX, a TAKXKE CO3[JAI0TCS TIOJI0CHI IONOJTHUTEIHHOTO MOTJIOMICHHS ¢ MaKCUMyMaMu B obmacTsix 240, 270,
360, 400, 450, 550 u 750 M (cm.puc.1 b).

U,0 4
4 6
—10° Pax- ucx.
% —— 108 Pan- mex.
HCX
——10% Pan
e ——10% Pax
24
a
1 T T T T T
0 T T T T 200 400 600 800 1000
200 400 600 800 1000 A,nm

Anm
Puc. 1. Cnexmput noznowenus kpucmaniog Y2SiOs:Er (a) ucxoonozo (1) u y-obayuennvix dozamu 10° Pao (2), 108 pao
(3), u pasnocmu cnexmpos noznowenus (b) y- obryuennozo dosoii 108 pad u ucxoonozo neobnyuennozo (4); y- obnyuennozo 0osa
108 pao u ucxoonozo neobnyuennozo (5).

AHaJIOTUYHOE SBJICHUE HAOIIOMACTCS U B CIEKTpax TepMOOOPaOOTAHHBIX B BOCCTAHOBUTEIBHBIX
ycloBusx o0pasnos (puc 2, a, 0).
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Puc.2. Cnexmpor noanowenus kpucmannos Y2Si0s:Er (a) ucxoonozo (1), 2amma 06ﬂerHHoeo oosoti 108 pao (2),
mepmoodpabomantozo 9 u. npu memnepamype 700°C (3); u pasnocmu cnexkmpos (b) mepmoo6pabomannozo 9 u. npu
memnepamype 700°C u ucxoonozo (4) u 2amma obnyuennozo 003oii 108 pao u ucxoonozo neobnyuennozo (3).

Panee mamu ObUTO MOKa3aHO [2], 94TO TIpH y-00JyYSHHUH WIIM BOCCTAHOBUTEIBHON TepMOOOpadOTKe
pu Temreparypax 6ombire 600°C aTOMBI KUCIOPOa B CTPYKType KpucTainioB Y SO yXoIsT U3 OKpYKEeHUS
CEMUKOOPAMHUPOBAHHOTO 110 KUCIOPOLY COCTOSHUS MOHOB Y3, uTo NpMBOIUT K IEpexojly 4acTh HOHOB
Y3 u3 7 KOOpAUHUPOBAHHOTO COCTOSIHHS B 6 KOOPAMHUPOBAHHKINA. B pesynbTate 5TOro yBeIMUUBAKOTCS
IECTUKOOPAMHUPOBAHHBIE HMOHBI KHMCIOpPOAa OTHOCHTENBHO aToMoB Y3 M yMeHbIIAaoTCS HX
CEMUKOOPJMHUPOBAHHBIE COCTOSHMS. TaK Kak aKTMBaTOpHbIe MOHBI Er** samemaror B kpucramie YSO
HoHOB Y¥' B COOTBETCTBYIOIIMX KPUCTALIOrpaQHUECKUX IONOKEHUAX, H3MEHEHHME CIEKTpadbHbIX
XapaKTePUCTUK aKTUBATOPOB JpOWsl OO0yCIaBIMBAIOTCA M3MEHEHHSIMH KOJIMYECTBa JTHX JBYX THIIOB
uentpoB Er¥" B mponecce 06,1ydeHus niIM BOCCTaHOBHTENBHOM TepM00OpaboTke. [T05TOMy cuuTaeM, uTo Te
JAMHUM ~ Tepexoja MOHOB  Er¥, KoTopble yMEHBINAIOTCA 10  HMHTEHCHBHOCTH,  OTHOCSATCS
CEMUKOOPJIMHUPOBAHHBIM  COCTOSIHUSM TPUMECH, a TE& TMepexoibl, HWHTCHCUBHOCTH KOTOPBIX
YBEIMYUBAIOTCS, OTHOCATCS K IIECTUKOOPAWHUPOBAHHBIM COCTOSIHHAM. [lo 3TOMYy mpuHImmy Obun
pas3zesnieHbl CIIEKTPhl TPEXBAJICHTHBIX MOHOB 3pOus B B Erl m Er2 mo3unmsx uaeHTUGUIHPOBAHBI UX
AJIEKTPOHHEIE TIEPEXO/IBI.

Takum 00pa3oM, mokasaHo, uTo B kpuctamiax Y2SiOs:Er¥" npu o6nyuennu y — Iydamu WM OpH
TEPMHUUYECKOW 00pabOTKE B BOCCTAHOBUTENHHBIX YCJIOBHAX MPOUCXOAUT OOpa30BaHUE CTPYKTYPHBIX
Ne(eKTOB THIIA KUCIIOPOIHBIC BAKAHCHH.

Kpome Ttoro, mpu BBICOKOTEMIEpaTYpHOH BOCCTAaHOBHUTEIHHOW TEPMOOOPAOOTKE MPOMCXOTUT
KOOpJIMHAIIMOHHEIE npeBparienns Erl—Er2 nearpos.
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N3MEHEHUA TEIIVIOITPOBOJHOCTHU I'PA®UTA PA3HBIX MAPOK IIPU
OBJIYYEHUU B PEAKTOPE BBP-CM
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ADCTpaKT

Hccnedosana mennonposoornocms epaghumos mapku « Xaugopo» u mapku C-4, obnyuennuix

Guicmpeimu netimponamu guoencom 1047'—10"° n/cm? 6 ouanazone memnepamyp 290-423 K.

Yemanoenena nenunetinasn 3agucumocms menionpogooOHOCMuU 0m 003bl U MeMNepamypol.

Toxazano, umo uem 6orvute Qaroenc Helimponos, mem 60abLUe YMEHbUIACTNCS

MEeNnIonpo8OOHOCHb MAMEPUAIA.

KaroueBble ci10Ba: TEIUIONPOBOIHOCTE, Tpadut Mapku C-4, rpadut Mapku «X3Hbopa»,
OBICTpBIC HEHTPOHBI, IIIOEHC, 1034.

PasBuTHe simepHOM TEXHMKU HWIET B HANpPaBJICHUU YBEJIUYEHHs 3HEPro M TEIUIO HaNpsDKEHHOCTH,
WHTEHCUBHOCTH PaJWAllMOHHOTO BO3JCHCTBUS HAa OTAEIbHBIE 3JEMEHTHl KOHCTPYKIHMH SICPHBIX
PEaKTOpOB, YTO BBHIIBUIAET MOBBILICHHBIE TPEOOBAaHHMA K HCIONB3yeMbIM MarepuanamM. OcoOeHHO A
BBICOKOTEMIIEpaTypHBIX ra3zooxyaxmaeMeix peaktopoB (BTI'P) u Ttepmosimepupix peaxtopos (TSP).
EctecTBeHHO, B 3aBUCMOCTH OT YCJIOBUS paboThI ((roeHca HEHTPOHOB, HHTEHCUBHOCTH U TEMIIEPaTyPhI
oOiydeHust), TpeOOBaHHS K MaTepuajaM JJisl 3TUX YCTaHOBOK, CYIIECTBEHHO OTJIMYAIOTCS OT OOBIYHBIX
TpeOOBaHMH K saepHOMY Trpadury. I'paduT CIIy>KUT KIIOUEBBIM MaTepuajoM Ul OTBOJA TEIUIA B
3JIEKTPOHHBIX YCTPOMCTBAX M AJEPHON TEXHUKE OJarojapsi CBOUM 3aMevdaTelbHBIM TEIUIOBBIM CBOWCTBAM
[1]. M3BecTHO, 4YTO HEUTPOHHOE OOJyUYCHHE 3aMETHO CHIIKAET TEIUIONPOBOJHOCTh TIPadUTOBBIX
Martepuaios [2].

W3mepenune cBOHCTB rpaduTa, H3BICUYECHHOTO M3 ACHCTBYIOIIMX SIEPHBIX PEAKTOPOB, HUMEET
KH3HEHHO BAKHOE 3HAYEHHE JIJISl IPOrHO3UPOBAHUS CBOMCTB M LIEJIOCTHOCTH TpaduTa B paMKax OIEHKH
MIPOJIOJDKEHHS IKCIUTyaTalliy U MIPOJUIEHUS CPOKa CITy>KObI aTOMHOM cTaHuumy [3].

1. Martepuajbl 1 METOIMKA IKCIePUMeHTABBIIN Or0TOBICHBI 00pa3Ibl rpaduTa, B3ATHIE U3
3aI1acoB «OCTATOYHOTO» rpaduTa, OoCie CTPOUTEIbCcTBa peakTopa «B» B 1940-x rogax (mepBblit
rpadUTOBBIN peakTop Ha IIomaake B XoH(Popae), OHU NPEICTABISIOT cO00H TpaduT sIEepHOro peakTopa
nepBoro mnoxosneHus. Oopasisl rpadura « X3H(POopa», NPEeICTABISIOMNE COO0H IUIMHAP JUaMETPOM
d=@12 mm, BeicoToit h=19 MM 1 Maccoii 4,79 T, U3 KOTOPBIX OBIIH TIOATOTOBICHBI 00PA3IIBI TS OOTyUSHHUS
auamerpom d=@12 mm, Beicotoit h=3,4 Mmm u maccoii 0,6 .

Taroke HaMu OBUTH MOATOTOBIICHBI 00pa3iibl rpadura mapku C-4 nuamerpom d=@16 MM, BbICOTOI
h=3,64 mm u wmaccoii 1,3r1. I'padpur mapku C-4 xapakTepu3yercs BBICOKOW IUIOTHOCThIO (>1,8 kr/m) u
3JIEKTPOIPOBOIHOCTBIO, HU3KOM mopHcTOCThIO (7%) M ra3onpoHULaeMocTbio. OH TepMO- U M3HOCOCTOEK,
uHepTeH xumuuecku. TBepaocts rpadura mapku C-4 cocrasiser 52 Illop, 3ompHOCTE <0,1%), pasmep 3epHa
<10 MKM.

O0pa3sipl rpadura ObLIM 00JTydeHBI B BEpTHKAIbHOM KaHaie 1-5 peakropa BBP-CM no ¢uitoenca
neitponos 3,17x10% w/cm? (E>0,8 MaB) npu temneparypax 318 K.

Meton, TpUMEHEHHBI HAMH IS HW3MEPEHUil TEIUIOMPOBOJHOCTH OOpa3lloB OCHOBAaH Ha
WCIIOJIb30BaHUM TUHAMHUYECKOTO KajopumeTpa [4].

2. Pe3yJabTaThl IKCIEPMMEHTA U PacyeToB

Ha pucyHke 1 mpuBelleHBI pe3ylbTaThl H3MEPEHUH TEIIONPOBOAHOCTH Tpadura «XsHopa», a
taxke rpagura mapku C-4, 06imydennbix pmoencoM 3,17x10% u/cm?, B 3aBUCMMOCTH OT TEMIIEPATYPHI
oOpa3ia.
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Puc. 1. 3asucumocmo menionposoonocmu A(T) npupoonozo u peakmopro2o 06pasyos epaguma 00 u nocie ooIyueHus
netimponamu gnioencom 10 n/cm?
(1 - neobnyuennviii 2pagpum «Xongopor; 2 - obnyuennsiii epagpum «Xongopoy, 3 - neobnyuennviii 2pagpum mapru C-4)

AHAIN3 IKCIEPUMEHTATBHBIX JTaHHBIX
2 TemniepaTypHast 3aBUCUMOCTb TEILIONPOBOAHOCTH TpaduTa TODKHA ONPEISNIATHCS 3aBUCHMOCTHIO
MOJIBMXKHOCTH HOCUTENEH OT TeMIiepaTypsl. B 00pa3nax nepuognyHOCTh NOTEHINANA KPUCTATUTNIECKOM
pELIeTKH, HapyliaeMas TerIOBEIMH KOJICOaHUSIMH, TOTIOTHUTENBHO HApyIIaeTcsl OECTIOPSI0YHO
pacnpeieIeHHbIMA aTOMaMHi TPUMECEH.
33TO0 NPUBOJUT K AOTIOHUTEILHOMY PACCESTHUIO HOCHTEIICH 3apsia M YMEHBIIICHHIO UX MOJBIKHOCTH. B
pe3ynbTaTe BeJIMYHHA TEIIONPOBOAHOCTH rpaduTa, B 3aBUCUMOCTH OT (IIFOCHCA HEUTPOHOB,
yMeHbIIaeTcs. B HameM cirydae HaOI01a10Ch YMEHBIIICHUE TEIUIONPOBOIHOCTH TpaduTa MapKu
«Xsupopm» oxono 30% npu pimoence Helirponos 3,17x10%° u/cm?. Tlpu 5TOM HaGIIOAAIOCH TIOBBIIIEHHE
TEIUIONPOBOIHOCTH B 3aBUCHMOCTH OT TeMIIepaTypsl o0pasia B naTepBaie oT 298 K g0 423 K.
4 B pabote [5] nmoka3aHo, 4TO 10 Mepe Bo3pacTanus (IIFOCHCA OBICTPHIX HEUTPOHOB TEILJIONPOBOJIHOCTD
00pasIoB MEJIKO3epHUCTOrO siiepHoro rpadurta mapku G347A ot Tokai Carbon Co, Ltd. ymeHnbIaercs.
Hartu pe3ynbTaThl XOPOIIO COTIACYHOTCS € pe3ysibTaTraMu paboTsl [5].

3akioueHue

Taxnm 06pa30M, AHAJIN3 IMMOJTYYCHHBIX OKCIICPUMCHTAJIbHBIX PE3YJIbTATOB IIO3BOJINJI YCTAHOBUTDL, YTO
TETIONPOBOTHOCTH Tpaduta U3MEHSETCS HETMHEWHO Kak OT TeMIepaTyphbl, Tak U OT J03bI o0myueHust. [Ipu
3TOM C POCTOM (ITFOCHCA HEUTPOHOB OTKIIOHEHHE OT JIMHEHHOM 3aBUCUMOCTH U, COOTBETCTBEHHO, CKOPOCTh
pOCTa TEIIONPOBOAHOCTH rpaduTa C TEMIIEPATY POl YBEINYNBAIOTCSL.
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KUJIKOKPUCTAJVIMMECKHUE 3JIEMEHTHI /JUIS1 BOJIHOBO/JHOI'O PEXKUMA
PACITPOCTPAHEHUS JIEKTPOMATHUTHOI'O U3JIYUEHUA

Myxtop Xacanosuu Jramos!, Bapor Uciomosnu Maxcyos?

Xyoorcanockuii nayunvii yenmp Hayuonanvnoti Axademuu nayx Tadxcuxucmana, 2. Xyoacano, cesepo-
socmounas npom. 30ua. 735714, Xyoocano, Tadxcuxucman. E-mail: egamove2@mail.ru (asmop ons
KOppecnoHOeHyuu)

2Tadxcuxckuti HayuoHabHblll yHUsepcumem, 2. [ywanoe, /

AHHOTANUA.

KuioueBble c10Ba: >XUOIKHE
IJIaHapHAask ¥ TOMEOTPOITHAS OPHE

CHTUPYIONIETO TOKPHITUS BEPXHEH MOTOKKH OBLIT
(BUTETHLHBIN TOTUMEp TToJIBHHIIOBOTO criupTa (IIBC).

B kawectBe HX “n-nentui-4’-nnanooudenmn (5SCB) ¢ MoONOKHUTEIBHON
JIRJIEKTPUUECKON MPOHUIIAEMON BEITMYMHON oNTHYeCKON anm3oTpormu An=18. McTounnkom
n3nyuenus ciryxxmwim He-Ne mazep,\ AMOHMPYIOIUI Ha TMHE BOJHBI A=633 HM. /111 BBOAA M3MyUeHHs
B SYEHKY HMCIIOJIB30BAJICS HA0Op MHRPOOOBEKTHBOB. PacmpocTpaHeHne 31€KTpOMAarHUTHOTO H3ITyYeHHS
BHyTpu KK ciost peructpupoBanach Mo paccessHHoMy Ha HeoaHopoaHocTsx JKK cBery mpu momoinu
OIITHYECKOT0 Nosgpu3anronHoro Mukpockona [TOJIAP-2, cHabxenHol (poTOKaMepOii.
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Merton Il — ® Qr C)C) / POZIOB CTIEMANBHON (OPMBI, MO3BOJSIOUINX TPH
nogade Ha JKK smems Q . AeT0 HanpspkeHHs cHOPMHUPOBATH B €ro IUIOCKOCTH
MPOCTPAHCTBEHHYIO MOAY. 2 0(\/ pextopa Mosekys JXKK. Cxema KK suetiku miis metona |l
npencrasieHa Ha puc. 3. Kaxkh é/ €K1 cocTaBiIAIOT ABe iacTuHbl 1. Ha HkHEH miactune

METOJIOM JIa3epHOM JITOrpadub /OMHPOBaAH 3JIEKTPOJ 2 B BHJE NEPHOJANYECCKON CTPYKTYpHI:
YepeayoLUecs: MOJI0Chl XpoMa o 10 mMxMm mpu mmpuHe mnpomexyrtka 10 mMxkM. Hauanenas
I1aHapHas opueHrtanus aupekropa KK Mosekyn 3amaBanmach C TOMOIIBIO METOJA HaTHpPAHUS
TIOJITMMEPHOTO CJI0SI 3 TKaHEBOW IIETKOM, IOCJE Yero TOJIOXKKa O0ydaiach HEmoIsIpu30BaHHBIM Y D
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u3ydeHreM, uToosl ooecneunts GorocuuBanue I[1BC cios. [ToarororneHHbIe MOAI0KKH BIOCICACTBUI
CKIIEUBAJINCh, Tipu 3ToM ToimrHa KK ciost B sraelike cocrapisia 20 MKM.

CTax pacCHOJIOKEHHUS 3JIEKTPOJOB MPOUCXOAUT
[IepEOpUEHTALNS % Q / PEKTOpa CTaHOBUTCS ToOMeoTpomHOH [3] u s
BEPTHUKAIBHOM MOJIAp Q . ATHUTHOTO M3ITy4eHUs BO30YKIaeTcsi HEOOBIKHOBEHHAS
BosiHa (Ns=1,67). B Tex mt Q (\/ CytctByeT, u aupekTop KK coxpaHseT nepBoHadanbHYIO
IUIAHAPHYIO OpPHEHTAIHIO, $°/ OMJICHHSI OIpPENENAeTCs TOKa3aTeleM IpENTOMIICHUS s
OOBIKHOBEHHOW BOJTHBI.

Ha puc. 5 npencrasnens! kap pacnipocTpaHenus n3nyuenus He-Ne nasepa, KoTopoe BBOAUIOCH

B Topen JKK anemMeHToB, M3roToBieHHbIX M0 AByM TexHonorusM (I u 1) mpu pasnuuHbIX ynpaBisiOmmx
HanpspkeHusx. Kak BupHo u3 ¢otorpaduit, i XK sueiikn ¢ HayanpHOW TUTaHAPHOW OpHEHTannei
mupekropa MoJekys JKK B cMeXHBIX 00MacTsax, MpH OTCYTCTBUHU 3JIEKTPUUYECKOW HampshkeHuH (puc. 5,a,
U=0 B) peanusyercssi BOJHOBOJIHBIH PEXKUM PACHPOCTPAHEHHS] TOPU3OHTAIBHO MOJISIPHU30BAHHOTIO
Jla3epHOro m3nydeHus Omaromaps 3¢dexry [1BO. [Ipu yBeauueHHWH BHENIHETO 3JIEKTPUYECKOIO IOJIS
MIPOUCXOAMT Pa3pyllIeHUE BOJHOBOIHBIX KaHAJIOB, M BXOASIIUH JIyd paccenBaercs (puc. 5, a g U=3 B u
5 B). s XKK sueiixu ¢ mapaiuienbHOR HadanbHON oprenTanreil aupekropa KK B cMexXHBIX 001acTsIX pH
BBIKJTIOYCHHOM BHemmHeMm mone (puc. 5, 6, U=0 B) cBer, BBeneHHBIH B sUeiiKy, paccenBacTCs Ha
HeogHopomuocTsax JKK. Ilpm BimoueHuH oanekTpudeckoro momsi B obvemMe KK Bo3Oyxkmarorcs
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BOJTHOBOJIHBIC KaHAJBI, IO KOTOPBIM pacipocTpaHseTcs u3nydeHue gazepa (puc. 5, 6, U=3 B, 5 B). Caenyer
OTMETHUTb, YTO MPHU YBEIUICHUN aMIUIATY bl HaNpsDKeHUs (puc. 5, 0) JJIMHA PaciipoOCTpaHEHUs! CBETOBOTO
nyuka B JKK suelike Bo3pactaer. Ha Hamn B3riisim, 3TO CBS3aHO C TEM, YTO YBEJIMYCHHE HAIPSDKECHUS
MIPUBOJUT K pocTy obmactu no TommuHe KK cios, B mpegenax koTopoit BermomnHsiercs ycnosus [I1BO u Bce
OosblIee KOJTMYECTBO CBETA MOMAAAET B yCIOBUE BOJIHOBOAHOTO PACIPOCTPAaHEHHS.

Puc. 5 Pacnpocmpanenue nazepnoco
oupexmopa KK 6 cmesicnvix obnacmsx;

Takum obOpazom, W
YCTPOMCTB  JJIA
CTPYKTYPHUPOBAHHBIC
KOMITOHEHTOB BOJIY
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MEXAHW3MBbI TIEPEJAYM DHEPITMM DSJIEKTPOHHBLIX BO3BYXIEHUWA B
CHUHTUIISATOPHBIX KPUCTAJIVIAX Lu,SiOs:Ce OBJIYYEHHBIX B PEAKTOPE

A. X. Ucnamos u Kyaparos X. H'.

Hucmumym soepnoti puzuxu AH, Tawxenm, 100214 n.Ynyebex, Vzoexucman, *E-mail: hqudratov@inp.uz

ADCTpaKT

Onmuyeckuti Mamepuan OKCUOPMOCUIUKam Jnomeyus, Jjeeuposannviii  yepuem LusSiOs:Ce
(LSO:Ce), unmencuerno ucciedyemcs Kak nepcnekmugHblll CYUHMULIAYUOHHBLIL Mamepuai, 61a2o0aps e2o
gvicoxoti nnomuocmu (7.4 g/cm?), xopomkomy eépemenu 3amyxanus (40 NS), 6bICOKOMY C6€MO-6bIXOOY
(26000 homornos/ MaB), komopulii 6 namv pas npesvluiaent C8emoBbIX00 UCNOIb3YEMbIX CYUHYUTANOPOB
BisGesO12 (BGO) be3 axmusamopos, u Onune 60anbl usnydenus (420 nm), nooxooswei oas gomo-
anekmponpeobpaszogameneti/Oemexmopos paouayuu [1]. OOHum u3 6axcHeuuwux 60NPOCO8 ABIAEMCS
PaouayuoHHoe nogpedcoeHue 8 IKCMPEeMANbHbIX PAOUAYUOHHBIX YCIO8UAX, odcudaemoe 6 OyOyujux
IKCHepUMenmax no usuxe 6blCOKUX dHepeutl 6 [2], u 803MOACHO ONisl MPEXMEPHO20 Kaaiopumempa OJisl
axcnepumenma High Energy cosmic-Radiation Detection (HERD) 6 xocmoce [3]. Hcnonvzosanue ¢ smux
akcnepumenmax cyunmuansimoprvle kpucmanivl LSO:Ce, dondcnvl 061a0ams 6b1cOKOU CMAOUTLHOCHBIO
onmuueckoli npo3pauHOCMU U 8b1x00a ceevenus 00 003 paduayuu 10° Gy u 5x10" n/cm?. K nacmosuyemy
BpeMeHU Yice BbIAICHEHO, YUMo 0ecpadayiisi ONMU4ecKol npo3pavHoCmu 8 yibmpapuonemosoul u GUOUMOTL
o6nacmax cnexmpa LSO:Ce, nocne o6nyuenus ©Co camma-xeanmamu (1.17 u 1.33 M>B) 0o doser 5-10'Gy
00yC1081eHa pOCMOBbIMU U PAOUAYUOHHBIMU Oepekmamu [cm. 8 pabome 4 u ccoliku].

Ananus numepamypHuix OaHHBIX C8UOEMENbCMEYem 0 HeobX0OUMOCHU GblIABUMb PAOUAYUOHHbIE
nogpexcoeHust, UHOYYUPOBAHHbBIE ~HEUMPOHAMU U  3APANCEHHLIMU AOPOHAMU 6 CONPOBOACOEHUU
UHMEHCUBHBIX INEKMPOMASHUMHBIX U3TLYUEeHUIL.

KmroueBbie cimoBa: LuySiOs:Ce kpucramui, ObICTpble HEHTPOHBI, LEHTPbI OKpackH, (HOTO

JFOMUHECLCHIHS, TaMMa-UHIYTUPOBaHHAs JTIOMUHECIICHIINS, TEPMOBBICBEUHBAHHE.

Lesibo paboTHI SABISUIOCH BRIACHEHHE MEXAaHU3MOB IIepelaul SHEPTUH 3JIEKTPOHHBIX BO30YKICHUI
OT KPHUCTALIMYECKON pEIIeTKH C PaJUaldOHHBIMU JeeKTaMd K aKTUBATOPHBIM IIEHTPaM CBEUCHHS B
nernpoBaHHbIX Kpuctamiax LSO:Ce .

O6pa3usl kpuctaiusl LSO neruposannsie 0.22a1.% Ce (uro coorBerctByeT ~ 1 atom Ce Ha 500
atoMoB LU) Gbutn mostyuenst ot [5] v 00)Ty4eHbI B peakTope CMENIaHHBIM OTOKOM Heltponos (10 u/cm?c,
BKIr0Yas Obictphlie 10% H/cm?c) u ramma usmydenuii (nonmsamus 37 Gy/s=3.3x10' ks/cm?c) B quanazone
(moeHcoB GbICcTpBIX HeliTporoB 10—10Y n/cm? n ramma 3.3x10 - 3.3x10% kp/cm?.

Wzyuann KHHETHKM HaKOIUIEHHUs] HEWTPOH-TaMMa-WHAYIMPOBAaHHBIX JE(PEKTOB CTPYKTYPHl H

KHHETHKH CBEYECHHS C WCIIOJIB30BAHHUEM CIIEKTPaIbHBIX METONOB omnThueckoro mnornomenus (OI1),
B030yxaeHust (CB), pekoMOMHAIIMOHHON JTIOMUHECLEHIIMH B Tipouecce y-o0myueHus npu 300 K (ramma-
momunaectenuuy, I'JI), a Taxoke repmoBsicBeunBanus (TB) npu narpesanuu 300-600 K.
O6nyuenus B peakrope B LSO:Ce mokazaino, 4to ObICTphIME HEHTpOHAMH TeHEpUPYIOTCs AedekTs! Trmna F
(monoca nornomenus 5.2 eV), Ce®/Ce**(4.75 eV) u Ce*'/F* (4.25 eV), a Taxxe Ce**+Vo (2.85 eV) u Viyor
si(2.3 eV) B kpucrammueckoit crpykrype LSO:Ce, KoTopble ONTHYECKH PETUCTPUPYIOTCS TPH (IIIOeHCax
> 10" cm™. BkiaJg raMma KOMIIOHEHTBI B 00pa30BaHHe 3THX Je(EKTOB MOATBEPIKIAETCS CPABHEHHEM C
o6nyuenneM (*°Co) ramma KBaHTaMu J10 BEICOKOM 10361 5+ 107 Gy. C pocToM (umroeHca GbICTPhIX HEUTPOHOB
1o 10 cm B conpoBoxkaennu ramma 3.3x10° kB/cM? NPOMCXOAUT CHIKEHHE MHTEHCHMBHOCTH II0JIOCHI
doro Bo3Oyx)menus 4.7 u 4.2 eV uona Ce*, o6ycnosnennoe ypenuuenneM kodpduimenta momocs Ol
cootercTBytommMu aedexramu: 5.2 (F), 4.75 (Ce**/Ce*") u 4.25 eV (Ce*'/F"), KoHUeHTpalus KOTOPBIX
nocruraer 1.33x10% ned/cm® (B npennonoxennu, uro 1 pedexr cosnaercs 1 HelitpoHom mwim 1 ramma-
KBAaHTOM C dHepruei ~ 1 M»aB). OreHka KOHIIEHTPAIMH ONTHYECKHUX IIEHTPOB OKPACKU TO (hopMyIie
CMaxkymisl 1aeT MPUMEPHO TAKYIO )K€ BEIMUNHY.

IMocne pmoenca 10 v/cm? nnrencusrocts I'J1 Ce®* mpakTUYECcKH HE M3MEHMIIACK, TIO3TOMY MOYKHO
cuutath cBeToBBIX0 2.6x10% ho1/M>aB [1]. YMenbmenue Ha ~50% nrTencusrocTH nojoc I'JI Ce**-nentpa
nocJie GiroeHca ObICTphIX HeiiTpoHOoB 101 cm™2 cOOTBETCTBYET CHUKEHHIO cBeToBbIxoAa 1.3x10* ho1/M>sB.
DHeprusi OBICTPBIX HEUTPOHOB M raMMa-KBaHTOB IIOIJIONIACTCS B KpHCTaUTMYecKoi pemretke LuzSiOs
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BceMH sipamMu, BKiajpl Lu Si u O onpenensrorcss aTOMHBIME JTOJSIMHA U CEUYCHUSIMH, a CIIMHTHIUIATOPHBIC
nonsl Ce®, samemaromue wonsl LU B mpomopuun 1:500, MPHMHAMAIOT 3JIEKTPOHHBIE BO30YXKIEHUS
(TIOIBM>KHBIC AJIEKTPOHBI M JIBIPKH) OT OKPYXKAIOIICH PEIISTKH, I03TOMY BKJIaJI MPsiIMOH noHu3aruu Llepus
coctaBimsier Toiabko ~ 1/1500. 3maumt 3ddext camwkenus I'JI Ce oObscHIETCS TOTepedl SHEPTUU
3JIEKTPOHHBIX BO30YKICHHI CIIEIYIONMM 00pa3oM: - ¢ OJHOM CTOPOHBI, MPOMCXOAMT 3axBat Abpkn Ce®'-
HEeHTpOM ¢ obpasoBanueM IbIpouHbIX Ce** U Vi, o si LIEHTPOB M YBEIMYMBAETCS KOHIIEHTPALMS
>nexTponnbIX F u Ce*"+Vo — 1eHTpoB (1anHHble MO JOMOIHUTENBHOMY °CO raMMa-obIydeHHIO TOCTIe
HarpeBa A0 605 K HelTpoHHO-00Iy4eHHOTO 00pasna); - ¢ Apyroi CTOPOHBI, BO3MOXKHA peabcopOrus
ceeuenus Ce** B cnekTpanbHoit o6actu 2.0-3.2 eV nentpamu okpacku (Ce**+Vo 1 Viworsi), KOHLIIEHTpaIHst
KOTOPBIX PAaCTET ¢ pocToM (uiroeHca HeUTpoHoB 10 101 cm 2. Takoii MEXaHU3M MOATBEPKIAETCSA TEM, YTO
0CJIE OTXKUTE KOHKYPUPYIOIHMX HEWTPOHHO-HHAYIMPOBaHHBIX AedekTHrX F, Ce¥'/F*, Ce*+Vou Viyorsi
nentpos I'JI Ce® BoccranasimmBaetcs Ha 50% (10 CBETOBBIX0a HEOOTy4EHHOTO 00pasa).

Kpucramner LSO:Ce mMoryT OBITh pEKOMEHIOBAaHBI B Ka4eCTBE CIMHTHILIAIMOHHOTO IETEKTOpa It
HPHIIOKEHHH, CBA3aHHBIX C raMMa-u3aydeHusvMu 10 10361 106 Gy [4] u uroeHca GbICTPBIX HEHTPOHOB 10
10 cm2.
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CTPYKTYPA KPEMHHUEBOI'O HAHO-KJIACTEPA, COAJEPKAIIEI'O ATOM
TEJJIYPA.

CyaaiimanoB H.T, TamumeroB M.1O, Maxkamos LII.M, Paguxos A.K, Iramos C.P.
Hucmumym soepnoti uzuxu AH PY3, Tawxenm, Y30exucman, erdonov@inp.uz

Pegpepam

TIpeocmaenenvi pesyibmamol paciemos CmpyKmypbl U SHEP2EMUUECKUX XAPAKMEPUCTIUK HAHO-
xknacmepa kpemnus SizgHzs:Te 6 pamrax naxema ab initio memooos ORCA. Komnviomepnoe
MOOenuposanue gHeOpeHust meiiypa 6 Cmpykmypy kiacmepa kpemnus SizgHss ykaszvieaem
nPeonoYMuUmMenbHOCHb 3aMeweHusl MEeLYyPOM OIUZNEHCAUe20 amoMa KpeMHUsL U 00pazosanue 21y60Ko20
VPOBHSL 6 3aNpeuyeHHOl 30He.

KioueBbIX c10Ba: KpeMHUI, HAHO-KIIACTEP, TEIUTYP, CTPYKTYpHAs MOJEINb, TAKET IPOrpaMMm
ORCA, BakaHcHs, 3alpeleHHast 30Ha, YHEPTeTUIECKUA yPOBEHb.

Bynyun camMbiM BocTpeOOBaHHBEIM MaTepUaIOM MUKPO- U HAHO-3JIEKTPOHUKH, KPEMHHIA BCe OOJIbIIe
MPUMEHSETCS TSI CHHTe3a HAaHO-MaTepHajIoB Ha €0 OCHOBE C YIpaBIIsieMbIMHU CBOIicTBaMu. B mepcriekTrse
HCIIOIL30BaHU HAHO-MATEPUANIOB ONPEAEIAETCS CTPYKTYPHBIMU TapaMeTpaMH, IIPUMECHBIM COCTaBOM U
CTaOMIBHOCTBIO (DOPMHUPOBAHHBIX HAHO-KPUCTAIMTOB WM HAHO-KJIACTepoB. [IpH 3TOM BO3HHKAIOT s
mpobiieM (pyHIaMEHTAIbHOTO XapakTepa CBS3aHHOE C BBIOOPOM IPUMECH, ITO3BOJISIONIEE COXPAHUTH
CBOICTBa MaTepHana.

s monydyeHuss HaHO-4acTULl C 33JaHHBIMU CTPYKTYPHBIMH IMapaMeTpaMud U 3HEPIeTUYECKUMH
XapaKTepUCTUKAMHU Ha MPAKTUKE YaCTO NMPUMEHSIOTCS TEXHOJIOTHYECKas LeToYKa METOIOB CHHTE3a WU
JIETHPOBAHMS HCXOJHOTO MaTepHaa HyKHBIMHU puMecsiMu. OJTHAKO CTPYKTYPHBIE TapaMeTphl U CBOWCTBA
HAHO-KJIACTEPOB MOXKHO TPOTHO3MPOBaTh, €CIM Ha OMpPEJCICHHBIX JTarax HCCIeJOBaHUA NPUMEHHUTDH
(BMECTO HMHCTPYMEHTAJIBHBIX METOJIOB) METOJbl KOMIIBIOTEPHOTO MOJIEIMPOBAHUSA CTPYKTYPHl |
XapaKTepUCTUK MaTepuaia. B manHol paboTe, Ui onpeeneHust CTPYKTYPHBIX ITapaMeTPOB M OCHOBHBIX
IHEPreTHYECKUX XapaKTEePHCTHK HaHO-KiacTepa SixgHss comepikaimiero MpUMECHOr0 aroma Tellypa
BO3MOXXHOCTb HCIIOJIb30BaHHUA METOJAAa KOMIIBIOTCPHOT'O MOACIMPOBAHUA B paMKax IIaKETa IIporpaMm
ORCA.

[To pe3ympTaTtaM ONTHMHU3AIMU CTPYKTYpHI, MOKa3aHO YTO [€ 3aHMMAas IIEHTPaJbHBIA y3el B
KPUCTAITMUECKOM pereTke Kiaactepa SizgHzs

Puc.1. Onmumusuposannas 6 I1JII1 k TOII ceomempus Kriacmepa ¢ amomom meinypa 6 YeHmpanbHom 1d y3ie peulemku
(60161011 Cepuil KpYIHCOK)

:Te, He oOpa3yeT paBHOBECHbBIC KOBAJIICHTHBIC CBSI3M C COCEAHUMH aTOMaMH KPEMHUS U CHIDKAeT B
JIOKaJIbHOM JedekTHol obnacTu cuMMeTpHro oT Tg 1o Cay (Puc.1.).

[Ipu 3TOM aTtoM mpHUMECH MOJOXKHUTEIBHO 3apsDKAeTCs, MOBEPXHOCTh KJacTepa — OTPHUIATENBHO.
Tarxoke n3MeHsIeTCsl SHepreTHYecKasi 30HHasi CTPYKTYpa, 3alpelieHHas 30Ha ymupsercs 10 Eq= -5.546 eV
M0 CPaBHEHHIO C aHAJOTHMYHBIM MapaMeTpoM Oe3medekTHoro kmactepa (B 0e3ne(eKTHOM HCXOTHOM
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kiaactepe SixHss mmpuHa 3amperneHHoi 30Hbl Eg=-5,138 €V), moBepXHOCTh KOTOPOTO 3apsiKacTCs
MOJIOKUTENBHO.

W3 pacyeToB SHEPreTHUECKUX MapamMeTpoB Kiactepa Si28Hszs:Te BBIABICHO, YTO MOSBICHHUE B
3aIpenieHHON 30He TITy0O0KOJIeKAIIero JOHOPHOro ypoBHs E1=-3.1816 eV eV u [ByKpaTHO BBIPOXKICHHOTO
ypoBasi E»=0.679 eV, 00ycioBIeHHBIX BHEIpEHHEM aTomMa € B pemietky kiactepa (SixHszstTe —
Si28H36:T€) npuBOAUT K U3MEHEHHUIO dMeKTpodu3nueckux napameTpos (Puc.2.)

Puc.2. Dnepeemuueckas ouazpamma 31eKmMpoHHbIX IHepeemuieckux yposHel 6 knacmepe SizgHzs: Te.
Y CTaHOBIICHO, YTO €CJIN BHEAPSIEMBIH B KJIIACTEP aTOM IIPUMECH | € OKa)XeTCsI BOJIM3H CYIIECTBYIOIICH
BakaHcuu (puc.3), To IIMprHa 3arpeneHHoH 30HbI Eg= -5.368 eV okaxeTcs Oimke K IIUpUHE 3aIllpenieHHON

30HBI 0e371eheKTHOrO UCXOAHOTO Kimactepa SixgHse Eq=-5,138 eV.

Energy Lovel Diagram: ORCA_XYZ
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i
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Puc.3. Onmumusuposannas ¢ IJII k TDII ceomempus knacmepa ¢ amomom merypa 8 YeHmpaibHoM 1d y3ie peuiemku 60abulou
ceputl KpyJicoK).

ITIpu stom obpasyercs nedextusiii xKomruieke (SizgVHszstTe —  SixgH36:[V+Te]), xoropsim
00yCIIOBJIEHBI TITyOOKOJICKAIMIA JOHOPHBIH ypoBeHb dHepruu (Ei,= -2.701 eV) u Tpu Menkux ypoBHEi
(E1.= 0.183 eV, Ez= 0.502 eV u Ez,= 0.630 eV) B 3ampelieHHO# 30HE Ki1acTepa, T.€, B3aUMOACHCTBUE
BaKaHCHH M BHEJIPSHHOTO aTOMa TeJuTypa MpUBOAUT K dddekry SAna-Temnepa u 00pazoBaHUIO 1eEKTHOTO
xommtekca [V+Te] ¢ paccrosaneM Ry.1e=0.336 A (puc.4).
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Energy Level Diagram: Si28v_teh36
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Puc.4. Dnepeemuueckas ouazpamma 51eKmpoHHbIX SHepeemuieckux ypostell ¢ kiacmepe SizsHss: [V+Te].

Takum 006pa3oM, pe3ynbTaThl KOMIIBIOTEPHOTO MOJICIIMPOBAHUS MTOKA3ald, YTO BHEJAPEHUS TeLTypa
B HAaHO-KJIACTEp KPEMHUS MPUBOIUT K CTPYKTYPHBIM M3MEHEHHSM B 00jacTu oOpa3oBaHUs Hedekra u
00pa30BaHMIO HIEKTPOHHBIX JIOBYIIEK B 3amperieHHoi 30He. [losBieHne riy00oKoro TOHOPHOTO YPOBHS
COXpaHSeTCS M TNpPU B3aHMMOJCHCTBUU C BaKaHCHEW, 3TO CBHUICTEIBCTBYET B TIOJIB3Y JJIEKTPUUECKOM
aKTHUBHOCTU TeJUlypa B Marpuile aToMoB kpeMHUs. [IpoBeneHHoe B pamkax makera mporpamm ORCA
KOMITBIOTEPHOE MOJIETHPOBAHKE CTPYKTYp HaHO-4acTHIL (pa3Mepsl knactepoB =1 A) SizgHazs:Te u SizsHas:
[V+Te] noarsepikaaeT 3HEPreTHUECKY IO BBITOAHOCTD 3aHSTH y3J1a aTOMOM T€ C BBITECHEHHEM aToma Si B
0e3-BakaHCHOHHOHM 00JIacTH KpHCTaJlla U MposiBIeHUe d¢pgpexma Ana-Tennepa npu B3aUMOICHCTBUH C
BaKaHCHCH.
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VIPABJIEHUE BBICTPOAENCTBUAA KPEMHUEBBIX TUOJHBIX p*-n-n* CTPYKTYP
IIPU OBJIYUYEHHUE BBICOKOOHEPI' MYHBIMHU 2JIEKTPOHAMMU.

Maxxkamos II1.}, Tamumeros M.IO.!, Dpronos M.H.}, Caunos P.I1.1, UcmaTtos H.B, Xosmenos
X.M.2
YUncmumym adepnoii pusuxu AH PY3, 2. Tawxenm, Y3bexucman.

2Tawxenmckuii yuugepcumen unpOpMayuoHHbIX mexnonozuil umenu arv-Xopesmu, 2. Tawkenm,
e-mail: makhkamov@inp.uz e-mail: muzaffarerdonov1978@yandex.ru

Pedepar

Ilpodemoncmpuposano, 3HAYUMENbHOE YMEHbUUEHUe 3HAYEHUU  8PeMeHU  BOCCHMOHOGAEHUs.
obpamnozo conpomuenenus (Tsoc) 6 Ougpgysuonnvix p-n-n* cmpyxmypax uzeomoenennvix na 6aze Si n-
muna npogooumocmu. Ilokasano enuanue codepoicanue ocghopa Ha ORMUMUSAYUIO 3HAUEHUU Tgoc U
onpeoeneHbl YClo8us 88e0eHUsl PEeKOMOUHAYUOHHBIX PAOUayUoHHbIX Oeghekmuulx yenmpos (PL) npu
9/1eKMPOHOM 00IyUeHUU, NO36ONAIOUUI NOBLICUMb ObICMPOOECMBUS. KPEMHUEEbIX OUOOHBIX CHPYKMYP.
Buisisnen ocnosroti PL] enusarowuii Ha 3HaAUeHUe Ty

KiiroueBbIX ¢j10Ba: KpeMHHEBEBIE PT-N-N* CTPYKTYPBI, 3JEKTPOHHOE 00TyUeHIe, PEKOMOHHAIIMOHHBIE
ne(eKTHBIC IICHTPBI, BPeMs BOCCTAHOBJICHUSI 00OPaTHOTO COMPOTUBIICHMUS, OBICTPOACHCTBUSI.

[Mpumenenne crocoba JETUPOBAHUS WM pPAJUAMOHHON TEXHOJNOTMU IS MOJU(HKALUH
[apaMeTpoB M XapaKTEPUCTUK IIOIYIPOBOIHUKOBBIX H3AEIUN SBISETCA OJHUM M3 IEPCHEKTHUBHBIM
HaIpaBJICHUEM TBEPAOTEIbHON 3JEKTPOHUKHU. I3BecTHO, 4TO HambOoJiee TEXHOJOTHYHBIM CIIOCOOOM
PETyITUpPOBaHUS SNEKTPOPUINUECKUX TAPAMETPOB JUOAHBIX CTPYKTYP SABJISIETCS pagualnioHHas 00padoTka
UX BBICOKOPHEPIMUHBIMHU SiACpHbIMU dYacTulamu [1-3]. BozaelcTBue TakuxX 4YacTUL] HPUBOJIUT K
(hOpMHUPOBaHUIO PATUANIMOHHBIX 1e(PEKTOB KOTOPBIE MOTYT CITYKUT Kak peKkoMOMHaIMoHHbIe eHTpsI (PLI)
MpUBOJAIIEECsS K KOMIIEHCauuio 0a30BOro Kpucramia. B cBolo ouepenp THN M KOHIEHTPALMS
¢opmupoBanHbix PLI B 3ampemieHHON 30HE IOJYNPOBOJHHKA CHJIBHO 33aBUCHT OT COAEPIKAHHS
ANIEKTPUYECKH aKTUBHBIX IpUMecel Hampumep, gocdopa u 6opa s kpemHus. Kpome Toro, ToueuHble
nedeKTbl 00pasyroluecs Ipu 00Iy4eHUH, MOTYT B3aUMOCHCTBOBATH C HEKOHTPOIUPYEMBIMH IIPUMECSIMH
KaK C KHCJIOPOZOM TaK U yrieponam ¢opmupys HoBele aedekTHbie PL] cmocoOcTByone yMEHbIIEHHIO
BpPEMEHH KH3HH HEOCHOBHBIX HOCUTEJIEH TOKA, T.€. K MOBBIIIEHUIO OBICTPOICHCTBYSI TOTYTPOBOJHHKOBBIX
nuzgenuii. OaHako >QdexTuBHOCTH BBeAeHUs Pl cylecTBEHHO 3aBHUCHT OT PEXHUMOB OOIyYeHHS,
MIPOBOJMMOCTH MCXOJHOTO 0a30BOr0 KpHCTAIa U KOHCTPYKLIHMOHHOH OCOOCHHOCTH M3TOTOBJICHHBIX P-N
CTPYKTYP M Apyrux (aKTopoB.

B mHacrosimieli paboTe HCCIEIOBAaHO BIMSHUE cojiepkaHue ¢ocdhopa M IUIOTHOCTH TOTOKA
BBICOKODHEPTUYHOTO JIEKTPOHHOT0 00JTyueHHsI Ha ObICTPOICHCTBHS KpeMHHEBbIX An(dy3HoHHBIX P*-N-n*
CTPYKTYP.

Jna wccnenoBaHus OBITM HCIIONB30BaH MOHOKpHCTANIMYEeCKHid KpeMHuM Mapku KO®, n-tuma
IPOBOIMMOCTH ¢ coziepxkanuem pocdopa 8,3-10M cm> u 1,6-10%° cm. Tuddysuonnsie p-n-n* mepexompl
(dopmupoBanuch sierupoBanueM Al—p* cioit n qud dysueit P—n* cioi, npu Temneparypubix 1150+1200 'C
B TeUeHHH 6+8 wacoB TommuHa 6a3el (hopMupoBaHHOro P-n-n* cmost cocrasmsur 350 um, a rryouna p* -
cmoit 30+35 pum. KoHTponbp wu3MeHeHHUs ObIcTpoAeicTBUA AU(PPY3MOHHBIX AMOAOB MPOBOIMIOCH
HW3MEpEHHEM BPEMEHH BOCCTAHOBIIEHHSI 00PaTHOTO COMPOTHUBIICHHSI, U3TOTOBIECHHBIX CTPYKTYP 10 U IOCTe
00y4enns B unTepnaie ¢umoenca 102-2-10% sn/cm? ¢ mnotHOCTEIO MOTOKA TyuKa 7-10%° 1o 5,6 -10M em
%/c. Temneparypa obpasua npu 06ay4eHuH He npeBbimano 45+50 °C.

V3mMepeHune KOHIIEHTPAIUK PaIHalliOHHbIX Ae(EKTHBIX IIEHTPOB B P-N-N* CTPyKTypax MpOBOIMIOCH
METOJIOM eMKOCTHOMU criekTpockonuu (DLTS). BeiBiieHo, 4TO pu 00JyUeHHH 3JICKTPOHAMHE C SHEPrUeH 6
M3B B ykazaHHOM WHTepBajie (DIIOEHCOB HE 3aBHCHMMO OT KOHIEHTpauuu ¢ochopa U IIOTHOCTH MOTOKA
3JIEKTPOHOB B 0a30BOH obOmacTh amoma obOpasyroTcs dersipe PL] oOycioBieHHBIE ¢ paguaniOHHBIMU
nedexkramu Ec—0.17 eV (A-uentp) Ec—0.23 eV, E.—0.39 eV (auBakancun) u E.—0.44 eV (E-uentp).
KoHueHTpanuss KOTOpPBIX IIOBBIIIAETCS € BO3pacTaHUEM [03bl OOJIydYeHHUs. YCTAaHOBJIEHO, 4YTO
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3¢ pexTUBHOCTH HOpPMHUPOBAHUS YKa3aHHBIX LEHTPOB, (kpome E—nieHTpa) oT conepxanus pochopa He
3aBUCHT, a E—1ieHTp ¢ moBsieHneM KoHieHTparuu docdopa (Ne) ciabo Bospacraer. ComnocraBieHue
KoHIeHTparmu PL] mpu 0IMHAKOBBIX [103aX 00JyYeHHs TOKa3aa0, 4T0 OCHOBHBIM PII B p*-n-n* cTtpykTypax
SBISIETCS. A—IEHTP, KOHLEHTpalMs KOTOPOTO MpeBbIIAcT B 4 pa3a [0 CPaBHEHUIO CyMMapHOH
KOHIICHTPAIIMH BCEX OCTAILHBIX IICHTPOB W CYIIECTBEHHO BIHsET Ha ObICTponeicTBUS Auddy3noHHBIX
IO0B. M3MepeHne BpeMEeHH BOCCTAHOBJICHHUSI OOPATHOTO CONPOTHBICHHUS JTHOMOB (Tsoc) MOKA3AIO, UTO
perynupysi KOHICHTpAalUI A—IIGHTpa MOXXHO YIPaBISATh B HIMPOKMX MpEAeiaXx 3HAYCHHUS Tyoc.
O} (eKTUBHOCTD PEryIUPOBAHUS Tsoe OMPEACISCTCS M3MEHEHHEM COOTHOIICHWH KoHLeHTpauuu Ne u
anexkTpuiecku akTUBHBIX PJl menTpoB (Np). AHann3 BIUSHUS PEXUMOB 00MydeHHst KoHIeHTparmu PJ[ u
3HAYEHUH Tpoc [TOKA3AIIO, YTO TUIOTHOCTH MOTOKA 3JIEKTPOHOB €200 BIUsAET Ha (P PEKTUBHOCT M3MECHEHHUSI
Tuoc, M TIPOSIBJIIETCS B OOJIACTH HEBBICOKMX (moeHcax obmydenus npu < 10% sn/cm? B ocHoBHOM st
KpeMHUS ¢ HU3KUM conepxanneM Np, T.e. m03a 0OMydeHHs SBISETCA MpeoOnagarommumM (akTOpOM MpH
YIPaBICHHH 3HAYCHUH Tpoc @ HE IUIOTHOCTH IMyukKa. J{JIs1 KpEeMHUEBBIX P-N-N" CTPYKTYp C coleprKaHHEM
docdopa B 6aze = Np=8-10** cM-3 npu obnyuenun no3oii 1,5-10%° s1/cM? MOKHO JOCTHT yMEHbIICHHE
3HAUEHMH Tsoc OT 25005000 mo 75+160 Nnc, a a1 AMOI0B ¢ KOHUeHTpauueir pocdop 1,6-10%° cm-3
yKa3aHHOE 3HAYEHHUE Ty YMEET MeCTO HpH no3ax 5-10'° sn/cm? T.e. B 06enx obpasuax s AOCTHKEHHUS
ONTUMAJILHOTO 3HAYCHHS Tyoc B KPEMHHUEBBIX AH(D(DY3HOHHBIX IHOMAX HU3TOTOBJIEHHBIX W3 N—Si TOIDKHO
BoimostHsATCs yenoBue Ne/ Np ~3 rne Ne—konrnentpanus hpochopa B 6a30Boii o6mact, Np —KOHIICHTparus
PEKOMOMHAIIMOHHBIX IICHTPOB B BEACHBIX MPH O0ITyUCHHH.

Takum o6pazom ObicTpoaeiicTBus T y3HOHHBIX PF-N-N" CTPYKTYp MOXKHO YIPABJIATH B IIHPOKUX
npezenax BeeaeHueM PLI B 3aBucumoctd OT cozaepxanus (ochopa B N-Si, BHIOOPOM pPEKUMOB
paarauoOHHON 00paObOTKU BRICOKOIHEPTUIHBIMH JJICKTPOHAMH.

Jlureparypa.

1. UI. Maxkamos, H.A. Typcynos, M. Amypos, P.Il. CangoB, C.B. MapreiHueHko. O0 0COOEHHOCTSIX
00pa3oBaHust paAHAIIMOHHBIX Je(DEKTOB B KPEMHHEBBIX cTpykTypax // JKT®, 69, 5. Ctp 121. (1999).

2. AM. HUsanos, H.B. Crpokan, B.b. Illyman. CsoiicTBa P*-N-CTPyKTyp C 3ariayOJeHHBIM CIOEM
pamuarnronHbx aedexror / OTII, 32, 3. Ctp 359. (1999).
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BJUSHUA y - OBJTYYEHUS HA OITUYECKUE CBOMCTBA OPTAHUYECKHUX
CHUHTHIIATOPOB UPS-923A

Bb.C. IOanames, U. Hyputaunos, 3.Y. JDcanoB, K.X. Cangaxmenos, LII. Upucos

Hucmumym adeprou gpuzuku Axademuu Hayk Y3bexucmana
izzatilloh@yahoo.com,

onumepubie cuuHTILIATOPH (I1C) MUPOKO UCTIONB3YIOTCS B YCKOPHUTENAX 3apSKCHHBIX YaCTHI]
TUTSL TETEKTUPOBAHMSI CYOBSAEPHBIX YacTHI] OJIarogaps BEICOKOH dyBcTBUTENbHOCTH [1,2]. Llensto manHON
paboTHI ABJISAETCS UCCIACTOBAHUE BIUSHUS Y-O0IYUCHUS HA ONTHYECKHE CBOUCTBA (CIIEKTPHI TOTJIOMICHHUS
(CIT) u doromomunecueniuu (DJI)) oopaznos UPS-923A. O6pasiubl 00Iyqanuch y-Iy4yaMu UCTOYHHUKA
89Co B mpemenax no361 10°—10° pax. CriekTpsl MOMIOMIEHUS U3MEPSIINCE Ha criekTpodoromeTpe «JIsambna
35». Usmepenust cnextpoB DJI mpoBeneHsl Ha ¢(ayopecueHTHOM crnekrpodoromerpe Cary Eclipse B
cnekTpaiabHoi oomactu 190—1100 nm. M3mepenus npoeeneHs! mpu Temmnepatype 300K.

100+
80 b
60«\
<L \ 5
40 '\
.\l_.—_—l_.
201
——————————} OT T T T T T T T
0 - - - 0 1 2 3, 4 6 7
400 500  3.nm 600 days

Puc. 1. Cnexmpor noznowenus(a) ucxoonozo (1) uobnyuennvix y-nyuamu dozamu 5-10%(2), 108 (3), 107(4) pad obpasyos
UPS-923A, a maxoace (b) epemennas 3asucumocmo obecyeeuusanus noznowenus na noioce 420 um (35).

CriekTphl TOTTIONIEHHSI 10 W Toclie OOJMy4YeHHs IpeACTaBIeHbl Ha puc.l a, BUAHO, YTO Kpaii
HOTJIOIIEHUS HAaXOAUTCS Ha ypoBHe okono 390 uM. Ilocne y-o0mydenws, HauumHa ¢ m03el 10° pan
MPOUCXOJUT YBEIMYCHUE TMOTIIONICHHS U OOHapy>KeHa HIMPOKask HedJIEMEHTapHas I0JIoca TMOTIIOIICHUS
(I1IT), mpocTupatomias g0 550 am (puc.1 a). C nanpHeWIIeM YBeITHYESHUH 036l 00TydeHUsT HaOI0JaeMbIit
addext yecunuaetcs. Cpasy mocie nmpeKpameHus 00IydeHus] IPOUCXOIUT 00ECIIBEUNBAHUE TIOTIIOMIEHUS
(puc. 1 b).

B cnexrpax @JI B quanazone 300-380 am u 380-500 HM HaOMIOMAIOTCS TPYMITBHI CBEYSHHUHN (pHC.2
@), OTHOCSIIMICS K (ITyopecleHInH TIoMuHectupyomue 106asku (JI1) 2% nrepdenniom CigHis (pTP) 1
crekrpocMentaromieit mobasku 0,03 % mudenmmoxcazonmnbenzonom CaaH16N20 (POPOP) cooTBeTcTBEHHO
[2,3]. BsisiBieHo, 4To mOCHE Y-00JIydeHHH OOpa3IOB MHTEHCHBHOCTH OOOMX TPYII JIFOMUHECICHITHH
YMEHBIIAIOTCS, YTO MOXKET OBITH OOYCIIOBJIEHA Aerpajalell CTPYKTYpbl apOMaTHUECKOro O€H30JIbHOrO
KOJIbIIAa B MaTpHIle IMOJUMEPHOH OCHOBBI M JECTPYKIUEH CTPYKTYphl N00aBoK. CpaBHEHHE CIEKTPOB
JIIOMUHECIICHIINM HEOOJYyUYCHHBIX M OOJYYEHHBIX 00pasloB IpH BO30yxaeHuH Ha mosiocax 300 HM
MoKasayno, 4ro mocie oOmyudeHus y-mydamu (@), u dnekrpoHamu (D) mpoumcxoaut ymeHblieHHE
nHTeHCHBHOCTH cBedeHus JIJI B oOmactu 300 —380 HM, M CIEKTPOCMEIIAINUX J00aBOK B 00JIaCTH
380—500 uM. [Tpu 3ToM QurroopeciicHIMS Ha CIIEKTPOCMEIIAIONINX 100aBKaX YMEHbIIACTCS CUIbHEE, YeM
Ha JIJI.

BpemeHHBIE 3aBUCHMMOCTH BOCCTaHOBJICHHS], MOTEPSHHOIO OOIy4YeHHEM JIIOMMHECIEHIMH Ha
mojiocax 345 um 420 M nupuBemensl Ha puc. 2 b. Kak BHAHO, CKOPOCTH pejaKcamuy ITOTJIOIMIEHUS
BoccraHapnuBaercsi. OJHAKO CIIEKTPhI HE BOCCTAHABIMBAIOTCS JI0 COCTOSIHUSI HCXOHBIX 00pa3IoB.

Takum oOpa3zoM, mocie 7Y-oOaydeHus HaAOJIIOAAIOTCS YMEHBIIEHHE HMHTEHCUBHOCTH IIOJIOC
momuHaecteHuun B obnactu 300 —380 uM u 380 — 500 HM. DTO CBA3aHO C JerpagalMedl CTPYKTYp
apoMaTHYeCKOro OEH30IPHOTO KOJIbIIA B MATPHUIIE TOTMMEPHOM OCHOBBI U IECTPYKIIHEH B COCTABE JOOABOK.
Bpemennsle 3aBUCHMOCTH BOCCTAHOBIICHUS JTIOMHHECIIEHITMH [TOKA3BIBAIOT, YTO HHTEHCUBHOCTH CBEYECHUS
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nobasku (380—500 HM) yMmeHbIraeTcss Ooyiee CHIIbHO, YeM cBedeHue nojuctupoia (300—380 um) mocie
o0yuenus. [loBpexieHHe CTPYKTYyp OCH30JIBHOTO KOJbIa U JI0OABOK NMPHUBOJUT K CHIDKCHHUIO BBIXOZA
JIOMHUHECIICHITUN U MOYKET OKa3bIBaTh MPSAMOE BIUSHHUE HA IPOIIECC CHUHTUILISAIMN B MaTepHUalle.

100~
300+
. 801 3
g_ ex: 300 nm °
a —— non-irradiated =
2 107 rad 604
1
150+
40 —=— max. 345 nm
—e— max. 420 nm
a
2 4
20 b
0 T T T T 1 0 T T T T T T
350 400 450 500 550 0 2 10

4 6
, t, days
Puc. 2. Cnexmpur DJI, 6036yaicoennvie na nonoce 300 um (a): ucxoonozo (1), 2amma obayuennozo dozoti 107 rad (2) u

BDEMEHHbLE 3a6UCUMOCIIU 60CCmanosienus romunecyenyuu (D)
na nonoce 345(3), 420(4) um

Jlutepatypa
1. Knoll G. F. Radiation detection and measurement. — John Wiley & Sons, Michigan, 1999. pp. 220-222.
2. Kharzheev Y. N. Radiation hardness of scintillation detectors based on organic plastic scintillators and
optical fibers //Physics of Particles and Nuclei. 50, 42 (2019).
3. Chakraborty S, Harris K, Huang M. Photoluminescence properties of polystyrene-hosted fluorophore thin
films //AIP Advances. 6, 125113. (2016).
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PABPABOTKA MHOT OKAHAJIBHOI'O PAIMOMETPHYECKOI'O YCTPOMCTBA
JJIsI MOHUTOPUHI'A TOHU3UPYIOUX U3JTYYEHNU.

C.A. Pagxkanos I, ®.I'. Myutaraauesa !, B5.C. Paxxkanos !, C.K Ora6oes.!, .. Mapunos®.
Y @TU AH PY3, yn. Yuneuza Aiimmamosa 25, 100084 Tawkenm, Y36exucman, *E-mail: rsafti@mail.ru

AHHOTAUA

B pabome npueooumcs onucanue pazpabomanno20 MHO2OKAHAILHO2O PAOUOMEMPULECKO20
YCmMPpOUCMea Ha OCHOGEe KPeMHUESblX 0emeKmopos OJis UMepeHus akxmugHocmel anvgha, bema u
eamma- usnydeHuu. Ilpedcmaenen BHEWHUM BUIL ycmpoucmea. Ilpueoosmcesa — pe3yibmamot
MOHUMOPUH2A O00BEMHOU aKMUBHOCMU albga dacmuy paooHa u akmueHocmel 6Gema U 2amma
U3NYUEeHUU 6 NOYGEHHOM 6030yXe, KOMOopbvle NOKA3ANU 3A8UCUMOCIU AKMUBHOCMEU U3TYYEHUll Om
memnepamypul U GLAHCHOCHU.

Yempoiicmeo neobxooumo npu konmpone paouayuu Ha 20pHOO0OLIBAIOWUX 00BEKMAxX, OXpaHe
OKpyHcalowell cpedvl, npu pabome ¢ paduoakmueHsIMU U30MONAMU 01 C8e0eHUsl YPOGHs 00IyUeHUs
Yenogexka K MUHUMYMY.

KuroueBble ci10Ba: KpeMHUH, NOJYOPOBOAHUKOBBIA AETEKTOP, PagUOMETPUUYECKOE YCTPOMCTBO;

anpda, OeTa U raMMa-u3ITydeHue; paJoH, 00bEMHAS aKTHBHOCTh PaJoHa.

®dusuueckoe BO3JCHCTBHE pPAaTUOAKTUBHOTO H3Iy4YeHHs] Ha TKAHM YEIOBEYECKOIOo OpraHu3Ma
MPUBOAUT K Pa3pyLICHUIO 3JIEMEHTOB KIETOUHBIX CTPYKTyp. HambGonpiiyro omacHocTh Ui udenoBeka
MPEACTABISIIOT raMMa, O0eTa W PEHTICHOBCKHE JIydyd Kak HauOojee NPOHUKAIOIIKE BHIbBI M3IyYCHHH.
Oco0y10 akTyallbHOCTH Il Y30eKHCTaHa UMeeT pajoHoBas mpobiema. [Ipobnemy ycyryOnser Hammuue
MHOTOUYMCIIEHHBIX Pa3JIOMOB, TPEIIWH, SBIISIOLINECS CIEICTBUEM 3EMIIETPACEHHN M XapaKTepHU3YIOTCS
MOBBIILIEHHBIM BBIXOJOM PaJIOHOBOTO Ta3a.

PazpaboTka pajromMeTpuieckux NpuOOPOB YpE3BBIYANHO BAXKHA JUIS HCCIIeJOBaTeNeH, paboTaroIIX
C paluOaKTUBHBIMHE BEIIECTBAMH, J1a00PATOPHUSIM IO MCCIIEJOBAHUIO U OIICHKU PaJUaIllMOHHON 00CTaHOBKH
OKpYy>Karolei cpesl.

Takum oOpazom pa3paboTKa YHUBEPCAIBHOIO PagUOCHEKTPOMETPHUYECKOTO YCTPOMCTBA IS
W3MEpEeHUs] U MOHUTOPHHTa aKTHBHOCTEH aib(da, OeTa, raMmma U3TydeHnid 1 00beMHON aKTUBHOCTH PajioHa
B IIOYBE, BO3JyX€E U BOJE SBJSIETCS aKTyaJlbHOM 3a/1aueil.

B pabote npuBoauTcs onucaHue paguoMETPUUYECKOTO yCTPOICTBa pa3padOTaHHOIO ISl HKCIIpece-
H3MepeHusl alb(ha-u3aydeHus] paJroaKTHBHBIX JIEMEHTOB Ha OCHOBE KPEMHHUEBOTO JIETEKTOpa OOJIBIIOro
nraMeTpa. [IpuBeneHbl TakKe CBEICHUS O IEKTPOPUINUECKUX U PATHUOMETPHYECKUX XapaKTEPUCTHKAX
MOJTYTIPOBOJHUKOBBIX IETEKTOPOB OOJIBLINX Pa3MepOB.

Pagnomerpuyeckoe yCTpOWCTBO Ha OCHOBE KPEMHHEBBIX JIETEKTOPOB MOXXET MPOBOAUTH
OJTHOBpPEMEHHbIe M3MepeHus: anb(ha, Oeta ¥ raMma M3IyYeHUH B UCCIeyeMbIX Npodax Wi B cpele OT
€CTECTBEHHBIX MCTOYHMKOB. [T KaXkJI0ro M3 M3Iy4EeHWH HMCIIOJIB3YETCsl ONPENEICHHBIN THII IETEKTOpa.
Jist u3MepeHusi raMMa 1 6eTa U3ydeHHUs HCIOIb30BANNCH TUTUH-ApeH(OBbIE IETEKTOPDI, AJIsl U3MEPEHUSI
anb(a yacTUIl U OOBEMHOW aKTHBHOCTH pPaJloHA TeTepPONepeXOJIHbIE WIIH TOBEPXHOCTHO-OaphepHbIE
neTekTopel. Pa3paboTka TEXHOJOTMH HM3TOTOBICHHS IETEKTOPOB ommcana B pabortax [1,2]. TIpuGop
OJTHOBPEMEHHO U3MEpSIET TEMIIEPATYPy U BIAXKHOCTh

[Ipenmy1iecTBO BCEX W3TOTOBJIEHHBIX JETEKTOPOB COCTOMT B OTHOCHTENBFHO MAJBIX IOTEPsX
9HEPTUU CO CTOPOHBI 3070TOr0 AE, ~ 6—12 k3B u amommuueBoro cnost AEgx ~ 12—20 k3B, uro
o0ecreynBaeT U3MEPEHUs B 2M-TEOMETPHH.

JleTeKkTopsl MMEN CIIEAYIOIINE XapaKTepUCTHKHU: HpH padodeM HanpstkeHuH Ups= (10+80) B,
«TeMHOBOI» TOK losp= (0,5+2) MKA sHepreTudeckuii 3kBuBaiieHt nryma E,= (40+52) k3B, sHepretuueckoe
paspemenue o-dactun 2°Ra suepruein E, ~ 7,65 MaB ~ 90 k3B npu temneparype T = +27 °C.
OHEepreTUYecKoe pa3pereHre ONpeessaiock, B OCHOBHOM, EMKOCTHBIMU IIIyMaMHU.

Brina paspaborana cTpykTypa ycrpoiictsa [3].

ITpuniun paboTs! 1711 n3MepeHust 00bEMHON aKTUBHOCTEH pajloHa B Pa3JIMUHBIX CpPElaX OCHOBAH Ha
3aKayKe UCCIIEAYeMOTO BO3/1yXa B U3MEpUTENbHBIE paboure Kamepsl. [ u3MepeHns: akTuBHOCTEH anbda,
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Oera W raMMa W3Ty4YeHHWH paboure KaMephl C JIEeTEeKTOpaMH YCTaHAaBIMBAIOTCS HETOCPEICTBEHHO Ha
HCCIICTyeMBIi OOBEKT.

Ha pwuc.l. mpencraBnen oOmuii BHI pagHOMETPUYECKOTO YCTPOMCTBA s OAHOBPEMEHHOTO
M3MEepEeHIs aKTUBHOCTH alb(a, OeTa, raMma N3TydeHHH TN 00beMHOM aKTUBHOCTH PaJioHa B TPEX Cpeaax:
MOYBE, BO3/1yX€ U BOJIE.

Puc.1. Mnozoxananstoe paouomempuyeckoe ycmpoucmeo.

B mpoBesieHBl HCCNIeIOBAaHMS IO OTPEENICHUIO aKTUBHOCTH 0eTa M raMMa M3Iy4eHUH W 00BEMHOM
aKTUBHOCTHU paJioHa B MIOYBEHHOM BO3JyXe Ha OAHOH u3 obnactell pecrryOnuku. [1omydeHsl 3aBUCUMOCTH
00bEeMHON aKTHBHOCTH PaJIOHa W aKTHMBHOCTH ramMma M OeTa M3Iy4eHHUIl OT BIaKHOCTH M TEeMIIEPaTyphL.
(Puc.2). Kommerorepras mporpamma RMI-V1.7 no3Bomnuna 0000IIuTh 1 00€CednTh BHICOKOE Ka4eCTBO
nH(pOpPMAIUH, MTOJTyYaeMO JeTeKTopaMu [4].

Ofvemnan axmwamocTs panona,ba/m’;
ANTHBHOCTS BeTra amma wurye i, Bx
Temneparypa, °C; Baammocr, %

03.06.2022 - 13.07.2022

Puc. 2. H3menenue 06veMHOU aKMUSHOCMU Albha-4acmuy padoHa u akmusHocmell Oema- u 2amMma-uzayyeHutisa nepuoo
03.06.2022-14.07.2022; 1 - usmeHeHue uHmMeHCUBHOCTU 0O0BEMHOU AKMUBHOCTHU PAOOHA 80 8PEMeEHU, 2 — UsMeHeHUe
akmueHoCcmu bema usnyyeHus 60 pemMenu,3-usMeHeHe aKMUgHOCIU 2AMMA U3TYYeHUs 60 6peMeHU, 4 - usMeHeHue IadCHOCmU
60 6peMenU, S - usMeHeHUe MeMNepamypbl 60 6PEMEHU.

WzBectHO, anmbdha YacTUIBl MPHU pachajie pajoHa TOJHUMAIOTCS C IapaMH BOIBI, YBEIHYUBAs
KOHIICHTpAIMI0 dYacTull. MccnemoBanus TOKa3ajd 3aBUCHMOCTh OOBEMHON aKTHMBHOCTH PajJOHAa OT
BJIQKHOCTH. AKTHBHOCTM OeTa M TaMMa — H3JIyYeHHUH HE MOKa3aJid 3aBUCHMOCTh OT BJIAXKHOCTH.
Tepputopust PecnyOnmku OTHOCHTCS K celicMOakTHBHOM 30He. HaOmromaemoe peskoe yBemMUeHHE
AKTUBHOCTU O€Ta W3JIy4YCHHS MOXET OBITh CBS3aHO C Je()OPMAI[MOHHBIMU IMPOIECCAMHU 3€MHOM KOPBI
JJAHHOW TEPPUTOPUH, KOTOpasd HAXOJUTCA IMO-BUIMMOMY B 30HE pa3ioma.

1. Muminov R.A, Radzhapov S.A, Mullagalieva F.A, Radzhapov B.S, Zufarov M.A, Nurboev K.M,
Akhmedov G.M. Development of High-Efficiency Silicon Detectors and Electronic Components for a
Radiometer of Alpha Radiation // Instruments and Experimental Techniques. VVol. 64, Ne 3. P. 444, (2021).

2. R. A. Muminov, S. A. Radzhapov, F. G. Mullagalieva, B. S. Radzhapov, and M. A. Zufarov. Development
of a large-sized highly sensitive detector based on a-Si—p-i-n heterostructures for radonometers // Atomic
Energy, Vol. 131, No. 6, April, DOI 10.1007/s10512-022-00892-2, (2022).

3. Tlonesnas momenb PY3 NeFAP 02142 Mymunos P.A, Pamkanos C.A, MymiaranueBa, M.A. 3ydapos,
Pamxanos b.C./ YcTpolcTBO 11 u3MepeHusi 00beMHOM aKTUBHOCTH pajJloOHa B BO3TyXe, BoJie U ouBe. //Bromn
Nell, 30.11.2022.

4. Pamxanos B.C, Dprames K. CBujerenscTBo Ha mporpaMmuble mpoayktel PY3 Ne DGU 20180983 ot
18.10.2022.
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UCCJIEJJOBAHUE JIEKTPUYECKHAX CBOMCTB TOHKHUX METAJIJIMYECKHUX
HOKPBITUM, TOJYUYEHHBIX TEPMAYECKHUM UCITAPEHUEM

B.1. Uramos!, A.U. Kamapaun®, U.P. Beknynaros?, O.X. Bagaxanos®, A.M. Hopmamaros*,
A.3. ®arTaxos®

Hayuno-mexnuueckuti yenmp ¢ KkoHcmpykmopckum 6iopo u onvtmuwsiM npouseoocmeom AH PV3, yu.
IypmonHynu, 33, 2. Tawxenm, Pecnybnuxa Ysbexucman, E-mail: igamov_bd@mail.ru

2 Tawxenmexuii 20cyO0apcmeenblii mexHuuecKuil yuueepcumen,

3Cayarcba ecocyoapcmeennoii oxpanvr Pecnybauxu Ysbexucman Boenno-axademuveckuti nuyeti «FOuvie
NOCPAHUYHUKUY,

4 2. Tepmes, "Bapxamon A6n00" yuumens usuxu,

SHayuno-mexnonozuueckuii yenmp HIIO ITIPM u TC AO «Anmanvikexuti MKy

Annomayus

Ilposedenvl cpasHumenvuvle ucciedosanus cioesvlix conpomusienuil nokpuimuti Ag, Cu, Au, Co, Cr
monwunoti om 0,1 0o 2 mrkm Ha nonumepax, cmexie u cumaiie. Ha cpopmuposanusix pesucmopax
onpeoeneHvl 3a8UCUMOCIU COeBbIX CONPOMUBTIEHUL OM MOAUWUNBL POPMUPYEMBIX NOKPLIMULL 8 CPAGHEHUU
¢ obvemuviMu Mamepuaramu. OnpedereHo KoIuuecmgenHoe Omaudue NPosoOUMOCMU NOKPLIMULL Om
PACHemHbIX 3HAYEHUIL.

KioueBble cioBa: BakyyMm, MeTalll, IUIa3Ma, HOH, MHKPOXJICKTPOHWKA, HAHOAJICKTPOHHKH,
3JEKTPOH.

BakyymHBIE TIOKPBITHS W3  DPa3IMYHBIX MATEPUANIOB  HE3aMEHHMBI TPU  M3TOTOBJICHHH
MOJYTTPOBOTHUKOBBIX CTPYKTYpP, ONTHUECKHUX W3JCIHUNA, HWHCTPYMEHTOB M MHOTMX mpuOopos. Jlis
(OpMHUPOBAHUS TOHKHMX TIOKPBITHH HCIIONB3YIOTCS Pa3auduHbie MeTObI [1-3], B 4aCTHOCTH TePMHUYECKOE
HCTIApPEHUE METAJJIOB U MAarHeTPOHHOE PAaCIbUICHUE KaToJOB. [IpakTHUYECKUN WHTEpEC MPEICTaBIISIFOT
MPOBOJIAIINE TIOKPBITHS, OJHAKO, KOHKPETHbIC JaHHBIC MO MPOBOJUMOCTH TOHKHUX METAUTMYCCKUX
MOKPBITUI CPABHUTENBLHO PEIKO BCTPEUAIOTCS B TEXHMYECKOH JuTeparype. MHOrooopasue mapaMmeTpoB
OCaKJICHUS MOKPBITUH (CTENEHb BaKyyMa, CKOPOCTh OCaXIIEHUS, TEMIIepaTypa MOIJI0KKH) TaKkKe BEAET K
Pa3IMYHBIM 3HAYCHUSIM MTPOBOMMOCTH.

ConpoTHBIIEHHE TOHKUX IOKPHITHH (TONIIMHA TOKPBITAS MHOTO MEHBIIE PACCTOSHHUS MEXIY
KOHTaKTaMH) MPUHSTO CUUTATh YICIbHBIM CONPOTHBICHUEM Ha KBAJPAT, U CIIOCBBIM CONPOTUBICHUEM.
Takoit mapamerp y00€H TeM, YTO COITPOTURIICHNE KBAPATHOI'O TOMOJIOIHYECKOT0 Y4acTKa MPOBOISIIETO
MOKPBITHS HE 3aBUCUT OT pa3MepOB 3TOTO KBajparta. [Ipu 3TOM CONPOTUBIICHUE YACTH OKPBITHSI, €CITH OHO
uMeeT GopMy MPSMOYTOJIBHUKA, HE 3aBUCUT OT €r0 JJMHEHHBIX Pa3MEPOB, a TOJIBKO OT OTHOILICHMS JITUHBI
(M3MepeHHO BIOTb INHUI TOKA) K €r0 IMIHpPUHE.

Jliis ocaxkeHUs TIOKPBITUH U3 Takux MetauioB kak Cu, Au, Ag, Cr, CoO MeTOJI0M TEpMHUYECKOTO
ucnapenus u Cu, Cr, 6J10Kk-cxeMa KOTOpO# mpejicTaBjieHa Ha puc. 1.
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Puc. I1- Bzaumnoe pacnonodicenue mexHoI02u4eckux yCmpoucms mepmuiecko2o uchapenus 8 paboueil kamepe

O6pasnp! u3 crekna K-8, curamia CT-50-1 ounmanuch B KOHIEHTPUPOBAHHOW CEPHOM KHCIOTE,
MPOMBIBAINCH B AMCTHJUIMPOBAHHOM BOJE M BHICYIIMBAIUCh Ha LeHTpUdyre. OOpasipl U3 MOJIMMEPOB
(TOAECTHPOI, MOTUMETHIIMETAKPHIIAT) OUHIIATNCE 0OPAOOTKOM MIETOYHBIM PACTBOPOM B YIBTPa3BYKOBOIT
BaHHE, MPOMBIBAINCH U BICyIIMBanuch npu 80 °C.

CrapToBasi cTeneHb Bakyyma npu oOpabotke cocrabisia 4-10° Ila. Tepmmueckoe ucrmapeHue
OCYIIECTBIISUIOCH M3 TAHTAIOBOM V- 00pa3HOH JIOJOUKH MPH MPOITyCKaHUHM TOKOB mopsinka 100200 A (mo
MOJTHOTO McnapeHus HaBecku). Jlns ucnapenust CO UCTONL30BalICs BOIb(QPAMOBBIN KaTOA U3 CKPYUYCHHBIX
MpoBOJIOK. /sl mpeaBapuTeIbHON OYMCTKY (aKTHBALMK) MTOBEPXHOCTH 00Pa3lioB B BAKyyME MPUMEHSIICS
HCTOYHHUK MOHOB C X0noaubIM KatogoMm (MHN-4-0,15), obecrieunBaromuii my4KOBO-TUIA3MEHHBIH paspsia B
aproHe NMpW HANpsOKEHUH Ha aHone A0 4 kB m Tokax paspsmga 100+120 MA (obpaboTka 2+3 MHHYTHI).
Bpamaromasics Bakyymnast ocHactka (2060 00/MHH) TO3BOJIsUIa YCTaHABIMBATH 00Pa3Ilbl B MO3UIUU
OYNCTKU M OCAXKJCHHUS MOKphITUH. HakionHas Bpamaromiasicss ocHacTka obecreunBalia paBHOMEPHOCTD
HaHeCeHMs! OKPBITUH 10 5% B mpenenax kBazgpara 150x150 mm. TemnepaTypa oOpa3moB He mpeBbILIaia
110 °C.

HCHOCpeI[CTBCHHO II0CJIE OCaAXIACHHUA MCTATNNIMYCCKUX HOKpI)ITI/Iﬁ 30HAOBBIMU METOAAMU
OILICHMBAJIOCh CIIOCBOC COMPOTHBICHUE M METOAOM (oTonuTorpad € XUMHYCCKHM TpaBICHUEM
BOCIPOU3BOIUMO (POPMHUPOBATUCH PE3UCTOPHI C 33JAHHBIM COOTHOIIICHUEM JUTUHBI M IIIUPHUHBI (pUcC.2).

= e

=
a) 0)

Puc.2- @omoepagus mononocuu pe3ucmopos uz meodu (a) u xpoma (6) na cmexie

W3mMepeHus coeBoro CONMPOTHBICHUS Ha PE3UCTOPaX MPOBOAMIKMCH C MCIIOIB30BAHUEM MPHOOPOB
1I1-300, GM-328, 2400-C KEITHIEY. TonmiHa MOKpHITHI OIEHHBAIACH TI0 ONITHYECKOMY TTPOITYCKAaHUIO
(m1st TomumH medee 100 HM) m mokazanusiM uHTepdepomerpa MHUU-4Y. [ns Gonplieidd TOYHOCTH
M3MEpPEHUs CTYNEHbKU Ha TOIOJOTHMYECKHA PHCYHOK JOTIONHUTEILHO OCAXKIAJCS CIUIONIHOW cioit Ag
TommuHoM 20--50 HM.

Kak mokazanu uccnenosanusi, npu TonumHe nokpeitid Cu, Ag, AU mopsiaka 1 MKM 3HaueHHS
MPOBOJJMIMOCTH TIOKPBITHH Ha TOJNAMEpPaX W CTEKJIaX MNPaKTUYECKH HE OTIMYAINCh, HE CMOTPS Ha
pPa3IMYHYI0 MIEPOXOBATOCTh IMMOBEPXHOCTH. AJIe3MOHHAs TMPOYHOCTh MOKPBITHH W3 Ag u AU Obuia
HaMMEHBIIEH B CPABHEHUHU C JPYTUMH NOKPBITHSIMU.

Hcxons m3 W3BECTHBIX 3HAYCHHMH YJENBHBIX CONPOTHBICHHHA OOBEMHBIX MAaTEpHAlIOB, CIOEBOE
COIPOTHUBJICHUE MOKPBITHI TONIMHON 1,0 MKM TeOpeTHYeCKH JOJDKHO cocTaBiath aius Ag-0,015+0,016
Owm/xBanpar, Cu-0,0175+0,018 Om/xBagpar, Au-0,023+0,024 Om/kBaapart, Al-0,026+0,029 Om/kBaapar,
cranb-0,11-0,14 Om/kBagpar. OxHako crondyaras CTPYKTypa BaKyyMHBIX TIOKPBITHH, OOBIYHO COCTOSIIIAS
13 KOHUYECKUX KPUCTAJUIUTOB, YACTUYHO Pa3JielIeHHBIX IyCTOTaMH, CO3/]aeT OIPAaHUICHUS TPOBOMMOCTH,
CIIOEBOE COIPOTHBIICHUE OKa3bIBAeTCs OOJbIE TEOPETHUECKUX pACUCTHBIX 3HaueHWid. B Tabmmne 1
MpeACTaBICHbl 3HAYCHUS! CIIOEBOr0 conpotuBieHuss mokpbiTuid Cu u Cr, ocaxaeHHBIX METOAOM
MarHeTpOHHOI'O PaCIbUICHHUS.

Tab6uuna 1. CiioeBble CONPOTHBIICHHUA NOKPBITHIA 0T BpEMEHH HX 0CAMKICHUS
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Bung n BPEMs OCAXKIACHUSA IMOKPBITHUA, MUH

CrnoeBoe comnpotuiienne, OM/kBaapar

Cu /0,5
Cu/1,0
Cu/4,0
Cu/8,0
Cr/1,0

Cr/5,0

Cr /10,0

15-20
1,9-211
0,18-0,20

menee 0,1 (marpes mo 110 °C)

20-30
1,5-2,0
menee 1,0

B Ta6n1/1ue-2 MpeACTaBJICHBI paCYCTHLIC U PCAJIBHBIC 3HAYCHUA CIIOCBBIX COHpOTI/IBHeHI/Iﬁ Rs OT BHUAA
" TOJIIHUHBI TCPMUYICCKH OCAXKJACHHBIX BAKYYMHBIX HOKpLITHﬁ.

Taﬁ.}mua 2- PacueTHbIE H IKCIIEPUMEHTAJILHBIC CJI0€BLIC COIIPOTUBJICHUS

Bun nokpeitus Tommuaa, MKM Pacuetnoe Rs, OM/kB Peansnoe Rs, OM/kB
Cu Oxomno 0,1 0,18 0,83
Cu 0,9+1,1 0,016+0,020 0,077+0,058
Cu 1,8 0,01 0,014-+0,016
Ag 0,1 0,15 3,540
Ag 0,4 0,0375 0,096
Co 0,15 0,95 49
Co 0,6 0,23 1,1

PeanbHbple 3HAYEHUS] CIIOEBBIX CONPOTHBICHUH METAJUIMYECKUX IOKPBITHMH 3aBUCSIT OT BUJA,
TOJILMHBI U TEXHOJIOTHYecKuX (hakTopoB ux Gopmuposanus. IIpoBoasime noKpeITHS ObLIH OIPOOOBAHBI
MIpH CO3JaHMUHU 3JIEKTPOMArHUTHBIX 3KPAaHOB Ha IUIacTMaccax.

JlutepaTtypa

1. bepmun, E.B. Cefinman JI.A. MoHHO-TUTa3MeHHBIE TIPOLIECCH B TOHKOIUICHOYHON TeXHOIorHu // M.
Texunocdepa, 2010. — 528 c.

2. Martin P.M. Handbook of Deposition Technologies for Films and Coatings: Science, Applications and

Technology. — William Andrew, 2009. — 936 p.

3. Smith D. Thin-Film Deposition: Principles and Practice // Boston: McGraw Hill, 1995. — 616 p.
4. Oring M. Materials Science of Thin Films. Deposition and Structure. London: Academic Press, 2002. — 794

p.
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OYUCTKA MATEPHUAJIOB I10 BAKYYMHO-ILJIASMEHHOM TEXHOJIOT'MA
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Annomauusn

Ipoyeccvr popmuposanun uzdeauti MUKpo- U HAHOIIEKMPOHUKU, ONMUKU U NPUOOPOCPOEHUs.
BKIIOUAIOM 8 Cebsi MexXHOLo2UYecKUue onepayui, UCHOab3yiowue oopabomxy HANpasieHHbiM NOMOKOM
niaazmuvl U uoHo8. Taxumu onepayusmu mo2ym Obimb OYUCMKA U AKMUBAYUS NOBEPXHOCMU, MPAGIeHUe
NOBEPXHOCHHO20 COs, 0CANCOCHUE MOHKUX NOKPLIMUL PA3IUYHBIX MAMEPUANLO8, MOOUpuUKayus cocmasa
npuUnogepxHocmuozo cnos. llnazmennvie U UOHHO-NYYKOBbIE MEXHONOSUU XAPAKMEPUIYIOMCS 6blCOKOU
NPOU3B00UMETLHOCIBIO U YHUBEPCATLHOCHbIO. Xoms usuueckue a61eHus, npoucxoosnuue 8 nidame u Ha
NOBEPXHOCMU NOOJI0NCEK, 00 KOHYA He UCCLe008aHbl, OHU 6ecbMd NePCNEeKMUBHbL Ol U320MOGIeHUs
PA3TUYHBIX UB0ENU.

KiroueBble ci10Ba: BakyyM, IJ1a3Ma, HOH, MUKPORJIEKTPOHUKA, HAHOAJIEKTPOHHUKH, 3JIEKTPOH.

W3BecTHB MHOTOYMCIEHHBIE KOHCTPYKIIMM YCTPOWCTB JJISi BaKyyMHO-TUIa3MEHHBIX W HOHHBIX
obpaborok [1-4], B uwactHOocTH McTounuku Kaydmana [5-7], Beimyckaemble kommanuedr Kaufman &
Robinson 1o TPOW3BOACTBY HWOHHBIX HWCTOYHHKOB (MOHHBIX TyMIEK) JUISI BaKyyMHBIX CHCTEM.
[pakTrudeckuii MHTEpEC MPEACTABISIET UCTOYHUK C 3aMKHYTHIM JIpei()OM dJIEKTPOHOB, KOTOPBI OCHOBaH
Ha TIPEIeCCHU AJIEKTPOHOB IO 3aMKHYTOMY IIYTH BHYTPH KOJBIIEBOH WIIM TIPOJIOJITOBATOW pa3psaHOMN
KaMmepbl. B HeM HauOonplmMi pa3roH MPOUCXOJUT B TOHKOM CJIO€ OKOJIO aHojaa. B aHTiIos3brdHOMN
nmuTepatype xoiutoBckuil yckopurenem (Hall Effect Thruster).

CranpnapTHelid yckoputenb Takoro tuna «Paaukam» u «Panukan-M200» uMeeT KOJbLIEBOM
YCKODSIFOIIIMA ~ KaHall, BBITOYEHHBIH B (QOpME CKBO3HOM KOJNBIEBOW IIENM B IUIOCKOM JIUCKE
MarHuTonpoBoaa. CpeaHuil nuaMeTp KOJbLUEBOM IIEIH ycKopstowero kaHaina paBeH D=100-200 mwm,
IIMPUHA KOJIBIICBOM IIIEJIH, 00pa3yrolieii KaHajl, COCTaBIseT 5 MM, JUIMHA YCKOPSIOIIEro KaHayia (paBHas
TOJIIMHE JUCKa MarHuTonporoaa) L=4 mm. Kanan obecrieunBaeT reHepaliuio HOHHOTO My4Ka, Y KOTOPOTro
tok nocturaet 100 MA A npu TokoBom KII/I[ okomo 0,5.

CrnenyeT OTMETHTD, YTO amlmapaTypHas CJIOKHOCTh W CTOMMOCTh TaKWX MPOMBIIIJICHHBIX HU3IETHHA
BBICOKA M B Psijie CIIydaeB LIEIeco00pa3sHO HCIONb30BaHME 00Jiee MPOCTHIX YCTPOMCTB, MO3BOJISIOLIMX
OCYIIECTBIISTh  ITyYKOBO-TUIA3MEHHYIO 00pa0OTKYy TOBEpXHOCTH MatepuanoB. Jlns storo Obun
pa3zpaboTaHbl M OMpOOOBaHBI MajorabapUTHbIE WMCTOYHUKM IUIa3Mbl, BCTPaWBaeMble B pa3MYHBIC
BaKyyMHbIe ycTaHoBkH (Hampumep, BYII-5, YBH-75, BY-2M).

PazpaboTtannbie ycTpoiCcTBa coAepKaT OXJIaXTaeMbId KOJBIIEBOW aHOJ M3 HEPXKABEIOMICH CTalld, a
TAaKKE€ MAarHUT WIH 3JIEKTPOMAarHUTHYIO KaTylKy. IIJockocTe MarHuTonpoBoaa (WJIHM IUIOCKOCTb
MOMEPEYHOTO CEYEHHUSI KOJIBLIEBOTO YCKOPSIOLIETO KaHala) MapajuleibHa IUIOCKOCTH KOJBLIEBOTO aHOJA.
Yckopsromee Hampspkerune coctasiasieT 1500-5000 B. Ero co3maeT MCTOYHWK TMOCTOSHHOTO TOKa, OT
KOTOPOTO Pa3sHOCTb IOTEHLMAJIOB YCTAHABIUBAIOT MEXAY KOJBLEBBIM aHOAOM (TOJIOKUTEIbHBIN
MOTEHIIMAN), pa3MEIIEHHBIM TIepel TOJOCThI0 YCKOPSIOUIEro KaHalma BHYTPH YCKOpHUTENS |
MarHuTonpoBogoM. CHIIOBbIE JMHMHM MarHUTHOTO TOJs, JIOKAJIM30BaHHBIE KaK BHYTPH YCKOPSIOILIETO
KaHama, Tak WM B OOJNacTH, NpPUMBIKAIONIEH K HEMy HIDKE 10 TOTOKY HOHOB, WIPAIOT pOJb
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MarHMTOIUIa3MEHHOM JIMH3HI 110 OTHOIIEHHUIO K MOHHOMY MOTOKY, IO3TOMY TPaeKTOPUH HOHOB IPUHUMAIOT
HarpaBlieHHe HOpMaJlel 10 OTHOIIEHHWIO K MAarHUTHBIM CHJIOBBIM JIMHHSAM, KOTJAa OHH JIBHXKYTCA Kak B
KaHaJle YCKOPHUTEINA, TaK ¥ Ha BBIXOJIE U3 Hero. B 3aBCHMOCTH OT KOH(QUTYpalliid MarHUTHOTO TIOJIS ITy4O0K
B 1I€JIOM CTaHOBHTCS WJIM MOJBIM, HHMIHHIPOM MM clIa00 pacXosIuMcs KOHYCOM.

C menpio co3maHWS psAla YCTPOWCTB B COCTaBE BAKYYMHBIX TEXHOJOTHYECKHX YCTaHOBOK,
MO3BOJISIIOIINX TPOBOJUTH IMyYKOBO-TUIA3MEHHYIO OOpabOTKY JHMIEBOW MOBEPXHOCTH ABIKYLIMXCS H
CTaIlMOHAPHBIX 00pa3loB OblIa MPOBEAeHa pa3padO0TKa KOHCTPYKIHU psda yCTPOWCTB, IOTOTHHUTEIHHO
yCTaHAaBIMBAacMbIX B BaKyyMHBIX paboumx kamepax. Ha puc.l mpuBeneHa KOHCTPYKIHMS OJHOTO H3
BapHaHTOB YCTPOWCTBA ISl INIa3MEHHOW 00pa00TKH, pa3MeIIaeMoro Ha OTACTbHOM (hiIaHIe.

3
T g | Puc.1- Yempoiicmeo nnasmennoii
(T ] obpabomku Ha pranye
J | |
'_-__U—I ‘ “’C 1-1uyesasn yacmo macnumonposooa-
Kamooa, 2-yunuHopuiecKuti MazHum, 3-
! - ‘ ’ - MazHumonposoo, 4-konvyesou aHoo us
HeMAasHUmMHo20 mamepuana, 5-uzonsmop, 6-
2 y MpyoKa OXNAHCOCHUSL.
2/ <[ i —
[ ‘ ]
— | |
—

/ |

YCTpoicTBO COCTOMT M3 CTANBHOrO (QUIaHNa TONIIHMHON 14 MM, OIHOBPEMEHHO SBIISIOLIETOCS
KaToJ0M M 4acThI0 MarHUTONpoBoa. draHen npmwxuMaeTcs K OKHY B BaKyyMHOU pabodeli kamepe uepe3
yutotHeHue. Ha (hnanme cMoHTHpOBaH CTaabHONH MarHUTOIIPOBOJI, COCTOSIIIIUI U3 ToJIcTOCTeHHOTO (12 MM)
IWIMHPA U CTATBHBIX quadparM, 00pa3yromux KOIbleBOi 3a30p B HECKOIBKO MM. B 1meHTpanbHON YacTu
(dnaHma 3akpemyieH MOCTOsHHbIM MarHuT u3 ciiaBa FOHJIK. B nBa orBepctus Bo (iiaHiie BXOAST
ANEKTPUIECKH H30JMPOBAHHEIE TTOJIBIE IIMITNHAPHI, COSUHEHHBIE C KOJIBIIEBHIM aHOJIOM W3 HEp)KaBeoIIe
cranu. M3onsmms ocymecTBisieTcs 3a cuet Gropruiacta-4, repMeTH3aIus IIPOUCXOIUT 3a CUET BaKyyMHOM
pe3uHBI (KOJbIA) MEeXAY H30JsITOpaMu. BojsHOe oxiak/ieHHe TOBIX IMIMHAPOB MPOUCXOAUT 32 CUET
JIBMOKCHUS BOJIBI IT0 TOHKUM TPYOKaM BHYTPH IIHMIIMHAPOB. Pabounii ra3 mogaercs B BAKYyMHYIO KaMepy OT
OTJIENIFHOTO HATEKATEIs.

OnpoOoBaHbI TaKXkKe YCTPOKMCTBA, pa3MellaeMble HETIOCPEJCTBEHHO BHYTPH BaKyyMHOH KaMephl, B
TOM 4YHCJIE€ Ha TOABIKHOW OCHAacTKe. OJTO JaeT BO3MOXKHOCTh CKaHHPOBATH IOTOK IUIa3MbI II0
00pabaThiBaeMOll HETIOJIBUYKHOM MOBEPXHOCTH WIJIM HAINPABISATH MOTOK Ha 00padaThiBaeMbIii OOBEKT JIIS
OUYUCTKHU M aKTHBAllMU TIOBEPXHOCTH, 4 3aTE€M Ha PACIbUIIEMbI MaTepuall, HapuUMep KaToJ YCTPOHCTBa
pacubUICHAS U1 O0JETYSHUS 3aKUTaHus pa3psiaa.

YcTpoiicTBa My4KOBO-ILIa3MEHHONW 00pabOTKM B OTIMYME OT OOBIYHBIX IUIa3MEHHBIX 00paboTOK
(maBnenue 0,1-1,0 MM.pT.CT.) paboTarOT MpH AaBiACHHUAX pabouero rasa (aprosa, (ppeoHOB M Ta30BBIX
cmeceit) nopsaka 102 M. pr. cr. u Hwke. [Ipy 5TOM TOK paspsia BO3pAacTaeT ¢ POCTOM JABJIECHHS B
npezenax 10%--10° Mm. pT. T, JanbHeHIIMI POCT aBIeHHs IPUBOAMT K CPBIBY pa3psja B ILIA3MEHHbIN
pexuM (TIepexo/T K HaNpsHKSHHSAM pa3psina MeHee | kB mpu Tokax B COTHH MA).

C poCTOM MOJOKUTEIBHBIX HANPSKEHUN Ha KOJIBLIEBOM aHOJIE TOK pa3psia BO3pacTaeT B IUAMAa30HE
3aueHnit 1o 0-2 kB, 3atem poct 3amemnsercs u Tok yBenmumBaercss Ha 10-30% 3a cdeT BTOPHUYHBIX
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nporieccoB. CKOPOCTh TPABJICHUS MaTEPUAIOB MOXKET JJOCTUTATh 1-2 HM/C IIpH TUIOTHOCTH TOKa Hopsiaka 1
MA/cM?,

Ha puc.2 npusenens! ¢ororpaduu pa3pabOTaHHOTO YCTPONCTBA U MPOIECC BAKYYMHOM ITyYKOBO-
IJ1a3MEeHHON 00paboTKH 00pasia (CUTaIOBOM IUIACTHHEI).

Puc.2-Ycmpoiicmeo nyuxkogo-niasmenHol 0opabomku u 6axyymHuas obpabomka o6pasya

IMogo6HbBIE YCTPOWCTBA PACHIUPSIIOT TEXHOJIOTHUECKUE BO3ZMOXHOCTH YCTAHOBOK M MOTYT OBITh JISI
CaMBIX Pa3JIUYHBIX IIeJiel, B YaCTHOCTH IPH IOATOTOBKE MOBEPXHOCTH IEPE]l HAHECCHUEM TMOKPBITHH,
aKTHBAIMU TIOBEPXHOCTH, CO3JaHWU Je()EKTOB B TOBEPXHOCTHOM CJIOC MATEPUANIOB, TpaBICHHU 03
HCTIONIb30BaHMs XUMHUYECKUX 00paboTok. HeoOXoauMo OTMETHTh, YTO METOJ(bl PEAKTHBHOTO TPABJICHUS
MaTepHaIoB, HapuMep KpeMHust, MOKpbIThii Si02, SisN4, MeTanIoB Bo Gppeore-14 U ra30BBIX CMECSX JUTS
MPOM3BOJICTBA TONYIPOBOJHUKOBBIX CTPYKTYP PEIIAIOT HE TOJBKO TEXHUYECKUE, HO U JKOJOTHYCCKHUEC
npobaembl. OfiHa ycTaHOBKA MYYKOBO-IIIA3MEHHOTO TPABJICHUS 5KOHOMUT JIOBOJILHO MHOT'O KUCJIOT 0COO0H
YUCTOTHI, TAKMX KaK CepHAasi, a30THAs IJIABUKOBAs, YKCYCHAs, COJISIHAsS, a TAKXKE 3HAYUTEIIbHOE KOJIMYECTBO
JICMOHU30BAHHOM BOJIBI 17151 IPOMBIBKH.
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Ul:ka66apranos P, 'Mcaxanos 3.A, 2Ymupsakos B.E, !Kyp6anos P..

Uncmumym uonno-naasmennvix u nasepuvix mexnonoauii, 100125 Tawxenm, za.isakhanov@gmail.com

2Tawkenmckutl 2ocyoapcmeennviii mexuuueckuti ynueepcument, 100095, Ys6exucman E-
mail:ftmet@rambler.ru

B Hacrosiiee Bpems, TEXHOJOTHS TOJY4YEHUS YHCTOW MOBEPXHOCTH KpPEMHHUS — WHTEHCHUBHO
UCCIeAyTCA. DTO 00YCIOBIEHO TE€M, YTO OKCHJ KPEMHHSI MOTYT CTaTh 3JIEMEHTaMH HOBOTO HAIIPaBICHUS
B MaTEpHAJIOBEACHUN — HAHOCTPYKTYPHOM T€XHOJIOI'MH, YTO CIOCOOCTBYET PA3BUTUIO MUKPO3JIEKTPOHHOM
MPOMBIIIJICHHOCTH U CBSI3aHO C JajJbHEUIINM YMEHBLICHHEM Pa3MepoB MOTYNPOBOAHUKOBBIX MPUOOPOB.
OpHako 1O CEroAHSIIHETO IHS MOKa €IlIe OTCYTCTBYET YETKOE IMPEICTABICHHUE O MEXAHHU3ME SBIICHUS
OKHCJICHUSl YacTHIl Ha IOBEPXHOCTH KpeMHHs. bomee Toro, mexay Hambojee 4acToO NMPHUBICKAEMBIMH
MOJEJIIMU A1l  OOBSICHEHHST SMHCCHM KJIACTEPOB TPU PACHBUIGHUH CYIIECTBYET TPOTHBOPEUHUC
(peKOMOMHAIIMOHHOM MOJICIBI0 00pa30BaHMs KJIACTEPOR [ 1], aTbTepHATUBHON MOJIEIBIO TIPSIMOM 3MUCCUU
[2] ® pacmpUIeHHE KJIACcTEepOB, CTUMYJHMPOBaHHOE Ae(ekTaMu Ha TMOBEPXHOCTH KpucTtamia [3]).
NmMeromuecs B HAMUYNAN SKCIIEPUMEHTAIBHBIE JaHHBIE MO MOMYYEHHIO YUCTON MOBEPXHOCTH KPEMHMUS HE
MI03BOJISIOT BHECTH OKOHYATENIbHYIO SICHOCTh B BOIIPOC, KAKOM M3 MEXaHU3MOB SBJISETCA JOMUHUPYIOIIHM.
C 1enbio MPOBEPKH CHIPABEUIMBOCTU M OLEHKH POJIM 3TUX MOZEJel B 00pa30BaHUM KIACTEPOB, a TAKXKe
MOTIBITKA BHECTH HEKOTOPYIO SICHOCTh B CYIIECTBYIOIIME MPOTHBOPEYUSI MEKAY MOIEISIMH, HaMH ObLIH
MIPOBEJICHBl HAIpaBJIEHHBIE SKCIEPUMEHTAJIbHBIE HCCIeoBaHMs. 3Mepssncss BBIXOJOB OTPHULIATENHBHO
3apsDKEHHBIX KIIACTEPHBIX HOHOB, SMUTHPOBAaHHBIX M3 KpeMHHeBoM MutieHH Si(111) mpu 6ombapaupoBke
[IOBEPXHOCTEH MOHAMHU PA3IUYHbIX LIEIOYHBIX METaIOB ¢ 3Heprueil ot 0.1 no 3 k3B.

C nenpro uzydenus Bo3moxHocteil Meroga BUMC ¢ perucrpariyeil HelTpaibHOM U OTpULIATENBHO
HWOHHOW KOMIIOHEHT paclblIeHUs ObLI MPOBEJCH IMKI Pa0OT MO HMCCIENOBAHHUIO BIUSHUS OOBEMHBIX
npuMeced M aAcopOMPOBAaHHBIX aTOMOB Ha BBIXOJ OTPHLATENbHBIX HOHOB NpH OOMOapIupOBKe
KpPEMHHUEBOW MHIIEHUM HOHAMH II€3us. Macc CHEeKTp OTpHUIATENbHO HOHHOTO PACHBUICHUS KpPEMHHS
3a()MKCUPOBAHHBIX TPH HHU3KUX TEMIIEpaTypax II0Ka3bIBAaeT, COCTaB €ro 4Ype3BblUaifHO Oorat W
OIIpENEIIIETCA COCTaBOM U KOJIMUECTBOM COPOMPOBaHHBIX MOJIEKyJl. C yBenHYeHUEM TeMIIepaTypsl oopasna
10 800° C moBEpXHOCTH KPEMHHSI MCUE3AET THUAPHU/IBI, THAPOOKHCIIBI, H PE3KO YMEHBIIAETCS KOJIMYECTBO
OKHCJIOB.

Ha Tabn. 1 npuBeneHbl 3Ha4€HUs] MHTEHCHBHOCTH CIIEKTPOB BTOPUYHBIX MOHOB (BU) 13 rps3HOM,
HE TOJBEPTHYTOM KaKOMy-IHOO BO3ACHCTBHIO MOBEPXHOCTH KpeMHUs (1 - KOJOHKA). 31ech BUIHO, YTO
JOMHUHUPYET WHTEHCHUBHOCTH BTOPHUYHBIX MOHOB BOJIOPOJA, KHCIOPOAA, YIJIepofa W MX COEIUHEHHS.
PernreToyHBIX KJIACTEPHBIX HOHOB He HabmroaatoTcst. OOmydeHue rpsi3HO MOBEPXHOCTHIO KPEMHUSI HOHAMH
Cs* ¢ sneprueii E=2,5 3B u nozoit D=2,2-10%uon/cm?, (Tok nmepuunbix noHoB Cs*, lcs-=107A), (2 -
KOJIOHKA) HE MPHUBOJUT K 3aMETHOW OYMCTKE OT aJCOpOMPOBAHHOTO CJIOS HA TIOBEPXHOCTH, a HA00OPOT K
YBEJIMYEHHUIO UX MHTEHCHUBHOCTU M K TOSBIEHHUIO PA3HOIO pOJa XUMHUYECKHX COCTUHEHMH. A Takke, B
tabnuie 3.4 npuBeICHbI pe3yJIbTaThl mosty4eHHoi MeTooM BUMC Ha o6pasiie Si(111): mo obmyuenus (1),
mocnie oOiydeHns (2) W mociie OTXKUTa, MpH pas3HeIX TemmepaTtypax (3-10).YBenwueHnue Temmeparypbl

o0pasua KpeMHHSI OT
Ta6uuua.l - BeIxoabl oTpHIIATEIbHBIX HOHOB U3 Si-00pa3ia B 3aBUCHMOCTH OT TeMIEPATYPbI

Ne 25° 25° 300° | 400° | 500° | 600°C 700° 800°C | 900°C | 1000°C
1-H 50 80 45 80 30 20/20 20/15 20/15 10/15 | 10/15
12-C 7 5 5 10 30 45/35 30/40 30/10 | 30/10 | 10/10
13-CH 5 5 5 10 10 10/8 8/5 5 2 2
16-0 150 | 210 | 200 120 | 100 | 70/65 60/30 30/30 | 20/30 | 20/30
17- OH 35 40 30 50 10 10 8 4 1 1
19-F 7 5 7 5 5
24-C, 5 5 5 5 15 45/30 40/40 20/20 |2 2
25-CoH 5 5 7 5 15 20/15 10/5 5 2 2
26-CN 65 40 40 40 60 70/60 70/70 40/40 10

28-Si 5 10 10 30 110 | 80/90 85/100 100 140 220
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29-Si 3 5 25 30 13/15 10/15 5/10 5/10 5/10
30-Si 3 10 10 5/10 5/10 2/4 2/4 2/4
32-0; 15 20 20 15 5 5 2

35-Cl 20 10 10 20 10 10

37-Cl 7 5 5 5 5

40-SiC 20 70/50 70/40 70/40 | 40/40 | 20/40
41-SiC 20 15/10 10/5 5 5 5
42-SiC 25 15 10 20 25 60/45 30/10 20 10

43-SiCH 5/2 212

44-Si0 5/2 212

45-SiOH 5 10 20 15 5/2 212

56-Siz 10 110 | 110 110 120 140 150
57- Siyi 7 40 20/20 30/35 20 20 30
58- Siai 5 60 15/10 15/15 10 10 15
Cs~SiOz 50 80 100 60 20 10/5 5/4 4/4 4/4 4/4
61- CsH 50 10

72-Si,0 20 50 75 40 5 312 512 212

84-Sis3 5 45 55/70 70/70 70/70 | 70 80/70
112-Si4 10 10/15 15/15 20/5 20/5 30/5
140-Sis 4/5 4/5 10/5 10/5 15/5
161-SiCs 3 1

100-800°C mpuBOAMTH K aHAJOTMYHOMY M3MEHEHMIO BBIXOJA KIACTEPHBIX MOHOB KpemHus. M3
MOJYyYCHHBIX pe3yJbTaTOB, BHIHO, YTO Jr000€ 3arpsA3HCHHE IOBEPXHOCTH HPUMECHBIMH H
a/1cOpOMPOBAaHHBIMH BEIIECTBAMH ITPUBOIUT K ITepepacipee]ICHUI0 XUMUIECKUX CBsI3el U TOBEPXHOCTHOM
CTPYKTYpBl HM3y4aeMOro BellecTBa. Takke ObUIM OOHApYKECHBI NPH PACIbUICHHUS KPEMHUS, BIHMSHUE
MPOIOJLKUTEIILHOCTH HOHHOH O0MOapIMpOBKM Ha COCTaB MAacC-NPOAYKTOB, YTO MOHHAss OOMOapIupoBKa
MIPUBOIUTH K OYHUCTKE MOBEPXHOCTH OT acOpOUpoBaHHbIX yacTull jierkux mace (H, C, O) u ux coeuHeHus,
OKHCIIOB, IPOSIBIISIIOTCS KilacTepHbie noHbl THIA (SiOy) tae (N) mocturaet 3Hayenus (N=5). Eciu cpaBHUT
Macc CHEKTPbl HEJOCTATOYHO YUCTOH MOBEPXHOCTH KPEMHHUSI M MOABEPTHYTHIA K OYMCTKE MEPBUYHBIM
MIyYKOM IOBEPXHOCTH KPEMHUS, O0Jiee BEICOKOM BaKyyMe, TO BUJIHO, HACKOJIBKO MPOILIE [T paCIIM(PPOBKH
SIBIISIETCS] TIOCJIEAHUHN CIIEKTP, OTPAKAIONINI cocTaB OoJiee YUCTOH MOBEPXHOCTH.

OCHOBHBIE BBIBOJBI:

1. BriepBble mccieoBaHa ITUHAMUKA W3MEHEHHUS! COCTaBa U MOBEPXHOCTHOH CTPYKTYpBI MOHHO-
MMIUTAaHTHPOBAHHOTO KPEMHHUS, TIPU MPOTPEBE B PANIMYHBIX TEMIIEPATypHBIX peknMmax. 2. [TokazaHo, uTo
B 3aBHCHMOCTH OT TE€MIIEpaTyphl MPOUCXOAUT CIIEAYIONINE U3MEHEHNUS: TTOJHAs KPUCTAIIU3AIs HOHHO-
JIETHPOBaHHBIX ClI0eB Si 1 00pa3oBaHue CHIMIMAOB THIIA MeSiz, hopMUpoBaHHE MOHOCIOHHOTO TOKPHITHSI
MeSiz, MakcUMaibHasi OYMCTKA TOBEPXHOCTH M MPHIIOBEPXHOCTHBIX cI0eB Si. 3. YCTaHOBJICHO, YTO VIS
BCEX CHJIMIIMJOB MIENIOYHBIX METAIJIOB TeMmIepaTypa MoyHoM ounucTku Menbine, yem 1100K. 4. Ilpu
O0oMOapaIMpOBKe KPEMHUSI HOHAMH 11€31s1 ONIPEACIICHO, BIUsIHIE 00BEMHBIX ITPUMeCe U aicOpOMPOBaHHBIX
aTOMOB Ha BBIXOJl OTPULATEJBHBIX MOHOB. 5. PacueTsl 3HaYeHMI MOPOTOBBIX YHEPTHM PacHBIICHUS IS
aTOMOB W KJACTEPOB IOKa3ald, YTO IMPH 3TOM YMEHBIIAETCA TOPOTOBas JHEPTHUs DPACHBUICHHUS C
YBEJIMYEHHEM MAacCChl MEPBUYHBIX HNOHOB M YBEIMYUBAETCS IMOPOTOBasi 3HEPTUs PACIBUIEHUS C POCTOM
quciia aToMOB B kiactepe. 6. [loka3zaHo, 4TO BCe CHIIMIMIBI LICTOYHBIX MeTauioB Turma MeSiz pacter
SMUTAKCHAIFHO, OJHAKO TOBEPXHOCTh MMEET pa3inuyHble cTpyKTyphl. llocme mporpeBa mpu T=1100K
HE3aBHCHMO OT THIA CHJINII/IA B IPUTIOBEPXHOCTHOM CJIOE€ MOJHOCTHIO UCTIAPSIETCsl CHITMIIMHAS TUIEHKA,
a TaKKe aTOMBI KHCIIOpOJia U yTiepoa.
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Ko’plab soha doirasini qamrab olgan arzon va qayta tiklanadigan tabiiy polimerlardan biri bu paxta
tolalaridir (PT). Legirlangandan keyin o'tkazuvchanlikka ega bo’ladigan PT tijorat magsadlarida
go'llanilishi uchun katta imkoniyatlarga ega. Polimerlarda, xususan tabiiy tolalarning elektr
o'tkazuvchanligi, materiallarda zaryad tashish tabiatini tushunish va shuningdek ularning elektrofizik
xossalarini o’rganishga ko’plab olimlar giziqish bildirib kelmoqda[1-2]. So’ngi paytlarda tabiiy tolalarning
fizik va elektrofizik xususiyatlarini o’rganish jadal rivojlanmoqda. Shu jumladan, paxta tolalarining
yarimo’tkazuvchanlik xususiyatiga ega ekanligining kashf qilinishi bunga asos bo’lmoqda [3-6]. PT
tuzilishiga ko’ra turliy qatlamlar va har bir qatlamning tuzilishi tarkibi ham o’ziga hos kimyoviy tarkibga
egadir [7]. O’rganishlar shuni ko’rsatadiki, paxta tolalarining elektrofizik xususiyatlari asosan tolaning sirt
yuzasida kutikula gismida nomoyon bo’ladi. Shuning uchun tatqiqot doirasini kengaytirish PT elektrofizik
xossalarining umumiy qonuniyyatlarini ochib berishga va tolalarda sodir bo’ladigan elektrofizik
jarayonlarning mexanizmlarni ochib berishda hamda elektron jixozlarning diskret elemenlarini (Aglliy
kiyim texnalogiyasi) ishlab chigishga imkon beradi.

Dastavval, yetilib pishgan paxta chigitidan tolalar parallel joylashgan holda 1ta chiziq bo’ylab ajratib
olindi. Parallel joylashgan tolalarning taxminiy soni 4.500-5000 dona va uzunligi 4 mm xolatga olib kelindi
va barcha namunalarning geometrik o’chami bir xil gilib olindi. PT yod yoki KMnO; bilan 80° C 0’zgarmas
haroratda 6 soat legirlash jarayonidan o’tkazildi. PT namunalari va metal o’tkazgich orasida Omik kontakt
xosil gilish uchun grafit kukunining suyuq shisha bilan taxminan 40% ga 60% ulushda tayorlangan tok
o’tkazuvchi yelmdan foydalanildi. Ushbu Omik kontaktlarning qarshiligi taxminan ~100-200 Qesm ga teng.
1-rasmda yod va KMnO, legirlangan “Xorazm-150° navliy PT namunalaridan o’tgan elektr tokining
haroratga bog'ligligini o'lchash natijalari ko'rsatilgan. Rasmdan ko'rinib turibdiki, ikkala namunada ham
elektr o'tkazuvchanligi mos ravishda KMnQO, bilan legirlangan namunada Ex=0.54 eV va yod bilan
legirlangan namunada E»=1,41 eV aktivlanish energiyasi bilan eksponentsial ravishda ortgan. Ushbu natija
shuni anglatadiki, kiritmalar PT yuzasidagi kutikula gatlami va malum bir qismi sellyuloza bilan o’zaro
ta’siriga bog’liq. Natijalarga ko’ra aktivatsiya energiyasining o'zgarishi ligaturaning turiga va o'zaro ta'siri

bilan bog'lig bo'lishi mumkin.
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1000/T (K1)
1-rasm. KMnOx4 bilan legirlangan (1) va yod bilan legirlangan (2) “Xorazm-150 navliy PT elektro 'tkazuvchanligining haroratga
bog ‘ligligi
Yod va KMnOQ bilan legirlangan “Xorazm-150 navli PT namunalarining fotoo‘tkazuvchanlik (FO’)
kinetikasi tekshirildi (2-rasm).
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2-rasm. Yod bilan legirlangan “Xorazm-150 navli PT namunasining FO’ kinetikasi (ichki rasm KMnOa bilan legirlangan). ho
=5,0eV, T=300 K

Ushbu tadgiqot shuni ko‘rsatadiki, UB nur (A=254 nm) bilan yoritilganda KMnO4 bilan legirlangan
namunada fototokning eksponensial o‘sishi va UB nur o‘chirilganda fotoo‘tkazuvchanlikning uzoq
muddatli relaksasiyasi kuzatildi va bu taxminan 23 min davom etdi (2-ichki-rasm). Bunda ichki fotoeffekt
hodisasi namayon bo’lganligi kuzatildi. Yod bilan legirlangan “Xorazm-150“ navli PT namunasida esa
yarimo’tkazgich materiallarda kamdan kam uchraydigan noyob hodisa ya’ni negativ fotoo'tkazuvchanlik

(NFO*) hodisasi kuzatildi (2-rasm). Yarimo’tkazgichlarda NFO® kashfiyoti hali tizimning ishonchli
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talginini olmadi. Masalan, grafen monogatlamidagi NFO* fenomenining kelib chiqish mexanizmi hali ham
aniq emas. Ko’plab tadgiqotchi guruhlar tomonidan berilgan tushuntirishlar bir-biriga mos kelmaydi.
Ko'pgina ichki va tashqi omillar zaryad tashuvchilarning xatti-harakatlariga ta'sir gilishi mumkin. Shuning
uchun konsensusga (umumiy mexanizm) erishish uchun ko'proq nazariya va tajribalar talab gilinadi. Ushbu
tadqiqotlarning dolzarbligi shundan iboratki NFO‘ mavjudligi qurilmalarda qo'shimcha funktsiyalarni
ta'minlashi mumkin.
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STUDY OF THE STRUCTURES OF (Ge2)1.xy(GaAs)x(ZnSe)y SOLID SOLUTION
EPITAXIAL LAYERS

Amin Saidov!, Alijon Razzokov?" and Khushnudbek Eshchanov?
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Abstract

ATR-FTIR spectra were analyzed in order to study the interconnections of atoms in the crystal
structure of (Ge2)1xy(GaAs)x(ZnSe), solid solution epitaxial layers grown from a liquid limited volume
solution on a GaAs substrate. The results of the analysis showed that specific absorptions were observed in
the areas of 2231, 2076, 670, 611.6, 598.6, 462, and 435 cm™, which are considered to belong to (Gez)1x-
y(GaAs)x(ZnSe)y.

Key words: crystal, epitaxial layer, chemical bonds, ATR-FTIR spectrum.

By smoothly changing the composition of the solid solution, it is possible to control the material's
leading electrical and optical parameters - the band gap, spectral photosensitivity region, lattice parameters,
etc. On the other hand, to obtain a high-quality solid solution suitable for creating devices, the proximity of
the lattice parameters of the solid solution components is of great importance [1-3]. In this regard, the solid
solution consisting of the components GaAs, ZnSe and Ge is of undoubted interest, since the sum of the
covalent radii of the atoms of the molecules of these semiconductors is very close (fea + ras = 0.244 nm, rz,
+ rse = 0.245 nm and rge + ree = 0.244 nm). The band gaps in them (Eg) differ significantly (Eg,caas = 1.43
eV, Eg,znse = 2.68 eV and Eg,c. = 0.67 eV) [4].

There is every reason to believe that a solid solution consisting of these components will have a high-
quality crystal structure, and the spectral sensitivity region will cover the fundamental absorption regions of
germanium, gallium arsenide, and zinc selenide. Therefore, the work showed the possibility of forming a
solid solution based on GaAs, Ge and ZnSe and identified the optimal technological conditions for growing
single-crystal epitaxial layers of the above-described solid solution of pairwise (“molecular”) substitution
(Ge2)1xy(GaAs)x(ZnSe)y.

The possibility of the formation of such a solid solution was estimated on the basis of the generalized
atomic moment m*. The closeness of the generalized moments of pairs (“molecules”) of solid solution
components contributes to the formation of more perfect substitutional solid solutions of this type. The
generalized moments of the molecules of binary compounds are: for GaAs m*= 14¢1071° C/m, for ZnSe m*=
16.142107% C/m and for Ge m*= 13.4¢10"%° C/m. Their difference is no more than 14 %. This indicates that
they can form a substitutional solid solution of the (Gez)ix.y(GaAs)x(ZnSe)y type. To grow such a solid
solution between GaAs, Ge, and ZnSe, it is necessary to create thermodynamic conditions, which can be
easily found using the liquid phase model with the proposed "molecular" components [5]. According to this
model, semiconductor compounds of the A"BY and A""B"' classes, as well as elementary semiconductors
such as Ge and Si, when dissolved in metallic solvents at temperatures much lower than the melting point
of the corresponding substances, are mainly in the form of dimers (“molecules™).

Epitaxial layers of the (Ge2)1.xy(GaAs)x(ZnSe)y solid solution were grown on n-type GaAs substrates
by forcing cooling from a limited volume of a tin solution-melt according to the procedure [6]. The thickness
of the gap between the substrates varied in the range from 0.45 to 1.5 mm.

Figure 1 shows the crystal lattice of the (Gez)1x.y(GaAs)x(ZnSe)y solid solution obtained by pairwise
("molecular”) substitution. As can be seen from the figure, the lattice contains covalent bonds such as Ga-
As, Ga-Ge, Ga-Se, Zn-Se, Zn-As, Zn-Ge, Ge-Ge, Ge-As, and Ge-Se. Since the breaking energies of such
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covalent bonds are different, they can contribute to the appearance of the corresponding peaks in the
photosensitivity spectrum of the solid solution.

Figl. Hypothetical crystal lattice of the solid solution (Ge2)1-xy(GaAs)x(ZnSe)y

(Ge2)0.02(ZnSe)0.03(GaAs)o.gs solid solutions with specific chemical compositions were grown on
GaAs substrates oriented along the (100) directions at a crystallization onset temperature of 1023 K. A melt
solution bounded between two horizontally located substrates consisted of Sn, GaAs, Ge and ZnSe. The
thickness of the epitaxial layers was 4-25 um, depending on the thickness of the gap between the substrates
and the growth mode.

ATR-FTIR spectra were obtained and analyzed in order to further study the chemical bonds in the
structural structure indicated above (Figure 2).
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Fig 2. ATR-FTIR spectra of Ge, GaAs, ZnSe and (Gez2)0.02(GaAs)o.95(ZnSe)o.03

In the ATR-FTIR spectrum of the crystal consisting of solid solution epitaxial layers with the
composition (Ge2)o.02(GaAs)o.e5(ZNnSe)o.03, Specific absorption peaks were observed compared to those of the
original samples. Absorption peaks in the areas of 2991 and 2882.5 cm™ were considered to be related to
the shape and dimensions of the crystal lattice. A relative increase in absorption intensity in the ATR-FTIR
spectrum of (Gez)o.02(GaAs)o.s5(ZNSe)o.03 at 2377.8 cm™ was observed. The intensity of the absorption peak
in the area of 2347cm™* decreased sharply. If we pay attention to the ATR-FTIR spectrum of the samples, it
can be considered that these changes are related to the interactions between the structures of ZnSe, GaAs
and Ge.

In addition, specific absorption peaks appearing in the regions of 2231, 2076, 670, 611.6, 598.6, 462,
and 435 cm™ are atoms in the epitaxial layers of the solid solution consisting of (Ge2)o.02(GaAS)o.05(ZNS€)o.03
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considered to be related to chemical bonds. Because these absorption peaks were not observed in the ATR-
FTIR spectra of GaAs, ZnSe and Ge crystals.

Therefore, it can be considered that Ge atoms are located in the crystal structures of GaAs and ZnSe
and form a covalent bond.
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W3YUYEHUE CTPYKTYPHBIX CBOMCTB IIOJIYIIPOBOJHUKOBBIX KPUCTAJLJIOB CdZnTe
MOCJE OBJIYYEHUS TEIJIOBIMA HEUTPOHAMHU

Bapor Maxcynos! u Myxammamkon Sposl”

YTaoocuxcruii nayuonanvuviii ynueepcumem, np. Pyoaxu 17, 734025, Jywanbe, Tadxcuxucman, *E-mail:
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AHHOTAUA

Hccneoosano enusiiue Maublx nOmMoKo8 Menyiogblx HeumpoHo8 Ha CIMPYKMYPHbLE XAPAKMEPUCTUKU
NOAYNPOBOOHUKOBLIX KPUCANN08 meanypuda kaomus yunxa (CAZNnTe). Pesyromamer uccredosanue
NOKA3AU, YO MeNI08ble HeUMPOHbL ONPEOeEHHO20 NOMOKA OMPUYAMETbHO GIUIOM HA CIPYKMYPHbLE
napamempul KpUCMaios, 0 4ém CeUOemeibCmayem PeHmeeHOGCKULL AHAU3 00PA3YOs.

KiioueBble cj10Ba: TCIUIOBBIC HEHTPOHBI, TIOIYTPOBOAHUKOBBIE KPUCTAIUIBI, CTPYKTYpPa KPUCTAILIA,

TEIUTYPH] KaJIMUS [IHHKA.

1. BBenenne

B nmocnemHue TOmBI  IUIA  CO3AAaHUS  JCTEKTOPOB PEHTTEHOBCKOTO WM TraMMa-H3IIydeHHS,
¢doronpeobpasyomMX MaHeJed U APYTMX ONTOXJIEKTPOHHBIX YCTPOWCTB TEJUIypUA KaaMHS-LIUHKA
MOKa3bIBACT XOPOLIUE PE3YJIbTAaThl, B CHIY CBOCH JEIIEBU3HbBI U CIIOCOOHOCTH padoTaTh MPHU KOMHATHOM
temneparype. s mocTwkeHHsl Oosee MOAXOJSIINX MapaMeTpOB IMPEeINpUHUMAIOTCS Pa3HOOOpa3HbIe
METOABI TMONyYeHHsT KPUCTAIUIOB, JISTHPOBAHUE XUMHUECKUMHU 3JIEMEHTaMH, BBEICHHE B COCTaB YUCTOTO
KpHCTaljia HHOPOIHBIX ipuMeceil u ap. OnHako, 00paboTKa CTPYKTYPbl KPUCTAIUIOB C TOMOIIBIO SACPHOTO
W3JTYYEHUs SBIISIETCS HOBBIM METOJOM. IIpy 3TOM Hal0 Y4YHMTBHIBAThH MpeNeN MOTOKa OOMYUYEHHs, TaK Kak
MPEBBIICHHUS TIOTOKA O0JIyYeHHSI IPUBOJUTH K OOPaTHBIM MOCIIECICTBUSIM.

s mMomudukauuy CTPYKTYpBhl KPHCTAJUIOB paHbIle ObUIM NPEATOKEHbl 00dydaTh HX C
WCTOJNb30BAaHUEM IOTOKAa OBICTPBIX 3apsDKEHHBIX YacTHL, OT 3JEKTPOHOB 1O TSDKEIBIX HOHOB,
PEHTICHOBCKOE M ramMMa-m3nydenust u jap. Hampumep, B [1] coolOmaercss 0 MOJU(HUKALUN CTPYKTYPHI
kpuctamioB CdZnTe monmamu Yb?* ¢ sHeprueit 5 M»sB. Pesynbrarel mokaszanu, uro uonsl Yb®' mpu
3aJJaHHOM SHEPTUH NMPOHHUKAIOT B IIyOMHE | MUKPOH M MPHUBOAAT K 00Pa30BaHMIO BHICOKOIPOBOISILETO
uHTEepdeiica ¢ BBICOKMM TOKOM YTEYKH. PEHTreHOBCKHMH aHanmu3 OOJydeHHBIX O0pa3loB TOKazal
YXYyIIIAIONIETOCs. BIMSHUE OOJy4YeHUS Ha IPOU3BOJUTEIBHOCTh YCTPOWCTB. sl mpeaoTBpalieHus
HEraTHBHOTO BO3JCUCTBHUs PAAMOAKTHBHOIO H3IYYeHHUs mpejasaraercst obiydar kpuctamwioB CdZnTe
Ja3epHbIM u3nyderueM [2]. [Ipu na3epHoro oOiydeHus: oOpasiia Ha ero MOBEPXHOCTH 00pa3yeTcsl TOHKUN
CJION KaJIMHA, KOTOPBIH CIIOCOOCTBYET YIYUIIEHUIO paJallMOHHON CTOHKOCTH MaTepuaa.

OpHako, B paMKax HallMX HCCIEIOBAHUI MBI NMPEIUPUHSUIM APYrod MOAXOJ: MbI Ipeaaraiu
MOANU(GHUIMPOBATH CTPYKTYpY KpuctaioB CdTe npu o6irydeHHH MajbIMH ITOTOKaMHU TEIIOBBIX HEHTPOHOB
U JOCTHUIIIM XOPOIINX pe3ynbTaToB [3]. B oTnnume oT OBICTpHUX HEHTPOHOB M IPYTHX BUIOB U3ITyUESHHS,
TEIJIOBbIE HEHTPOHBI HE BBI3BIBAIOT 3HAYMUTENIBHBIX MOBPEKACHUH CTPYKTYpbl KpucTamwia. Temeps, mis
CpaBHEHHMS C NPEABLIYIIUMH pe3ybTaTaMy Mbl 00my4anu kpuctamioB CdZnTe TerioBsIMU HEHTPOHAMM.

2. MaTtepuaJibl H MeTO/IbI HCCJIEOBAHNUSA

B xauecTBe mcciemyeMoro marepuana ObUIM BBIOpaHM KpUCTaJUIMuecKkue noiynpoBognuku -1V
rpynmbl, a umeHHo CdZnTe. Pa3mepbl 00pasloB COCTaBISLIM 7X7X2 MM COOTBETCTBEHHO. Kpucraiibl
M3TOTaBIUBAINCH METOJOM HAIPaBICHHON KPHCTAILIH3AIHH.

[locne mnomOOpKH MONYNPOBOJHUKOBBIE KPUCTAUIBI MOJBEPrajivch OOIYYEHHIO TEIUIOBBIMHU
Heiitponamu u3 Pu-Be-ro ucrounnka. DHeprus HEUTPOHOB JTAaHHOTO HCTOYHUKA BapbUPYETCsl B MHTEPBAJIC
ot 0 7o 10 M»aB, a ms BeIIETEHUS TEIIOBBIX HEHTPOHOB MEXy MCTOYHHKOM M 00pa3lloM IOMEIIAJCs
cioii mapaduHa. 3HaueHWs IOTOKA TEIUIOBBIX HEHTPOHOB M METOJ| U3MEpPEHHs 3JCKTPO(YU3NIECKUX
napameTpoB 00pa3LoB MpUBeACHEI B [3].

N3ydenns cTpyKTypHBIX M3MEHEHU MPOBOAMIICS peHTreHoBcKuM anmnaparoM J[POH-3 B unTepBaie
yrios ot 10 o 60°.

3. Pe3yabTaThl M 00CYKICHAS
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PeHTreHOBCKMIA aHaIM3 paHee U3ydeHHbIX 00pas3inoB CdTe mokasan, 4To CTPYKTYpa KPUCTAIIIOB
YIIy4IIaeTCs 3a CUYET YIMOPSNOYCHHSI W TEPCOPUCHTAIUS SYCCK KPHCTALUTUYCCKOH PEHISTKH, TaKXKe
MOSIBIISIFOTCS. HOBBIE U30TOIIBI, KOTOPBIC B ONPEACICHHON CTETICHH COBEPIICHCTBYIOT MEXKATOMHBIC CBSI3H.

Jlns Tennypua KaaMus [IMHKA HAIW HCCIIEI0OBAHUS TN 0OpaTHBIX pe3ysbTatoB. [lox geficTBreM
MOTOKA TEIUIOBBIX HEHTPOHOB CTPYKTYPHBIC XapaKTEPUCTUKU UCCIICIOBAHHBIX KPUCTAILJIOB H3MEHSFOTCS B
oTpHIaTeThHOM Hampasiennu (PucyHok 1).
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Pucl. Pesyromam penmeenodugpaxyuonnozo ananusza CdZnTe.

W3 puHCyHKa BHAHO, YTO HWHTEHCHBHOCTH OTPAKEHHOTO PEHTTEHOBCKOTO H3IYUYCHUS IOCIE
O6Hy‘-ICHI/ISI TCIIJIOBBIMU HCﬁTpOHaMH ImagacrT. 3TO 0O3HA4acT, 4To HeHTpI)I OTpa)KCHI/IH B KpI/ICTaHHH‘IeCKI/Ie
PELIETKH TEPEOPUCHTHPYIOTCS WM B CTPYKType KPUCTaIa TOSBISIOTCS TEPBHYHBIC PaHAI[MOHHBIC
Ne(EKTHI,

4. BoiBoabI

HccnenoBanusi B 0OJIAaCTH W3y4YEHHs BIHMSHUAE MaJblX IIOTOKOB TEIUIOBBIX HEHTPOHOB Ha
cTpyKTypHble napamerpbl CdZNnTe He nanmu oKHIaeMbIX pe3ysbTaToB, Kak B ciydae ¢ CdTe. Temiosbie
HEHTPOHBI CIIOCOOCTBOBANIN TMOSBICHUIO PAIHAMOHHBIX JePEKTOB B CTPYKType KpUCTaa, KOTOpbIC B
CBOIO OYepeab MPUBOIMIN K CHIDKEHUIO MHTEHCUBHOCTH OTPa)KEHUSI PEHTT€HOBCKOTO U3ITyUEeHHUS.
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THERMALLY STIMULATED TRANSFORMATION OF OXYGEN ATOMS BETWEEN
PHASE STATES IN A GROWING SILICON SINGLE CRYSTAL

!Kalanov M.U,!)Khugaev A.V, Malikov Sh.R, 2Saidov A.C, 2Usmanov Sh.N, 2Saparov
D.V,2Eshanxydjaev D.A.

YInstitute of Nuclear Physics Academy of Science of Republik Uzbekistan, 100214, Tashkent
2Physical-Technical Institute Academy of Science of Republik Uzbekistan, 100084, Tashkent

According to leading organizations producing electronic equipment, silicon single crystals will
remain the main material for the production of the element base of modern electronics for several more
decades. Currently, most silicon single crystals for integrated circuits (ICs) are produced by the Czochralski
method. However, in this growth method, silicon single crystals are saturated with oxygen from a quartz
crucible. It has been established that oxygen in a growing silicon single crystal is the main background
impurity that determines the thermal stability of the charge carrier lifetime and the efficiency of gettering of
metal impurities to the drain. It is also shown that oxygen in the volume of a growth silicon single crystal is
in free, dissolved at interstices as quasi-molecules of the SiO- type parallel to the {111} direction of the
silicon matrix lattice and chemically bound (precipitate) states in the form of finely dispersed nanoparticles
of the second phase, crystalline silicon dioxide SiOz(c ). Typically, silicon wafers are heat treated at different
temperatures during the manufacture of IC components. However, any heat treatment must contribute to the
initial phase state of the silicon single crystal. In this aspect, there is no clear understanding of the stability
of two phase states of oxygen in the bulk of silicon and the possible mechanism of interaction between these
states of oxygen under the influence of temperature, since research in this direction is not systematic. This
work is aimed at partially solving this issue using the method of structural analysis.

The sample used was single-crystal n-Si type silicon with a resistivity r * 10 Ohm-cm, an oxygen
concentration No ~ 10*” cm according to IR spectrometry and a dislocation density Np ~ 10 cm grown by
the Czochralski method along the growth axis [111]. Samples measuring 10x5x1 mm?® were prepared from
a silicon single crystal wafer after mechanical grinding and chemical etching. The surface of all samples
was parallel to the crystallographic plane (111) of the single crystal. X-ray diffraction patterns of the samples
were obtained on a DRON-UM1 diffractometer (Russia) using copper X-ray radiation with a wavelength
Acuke = 1.54178 A. Sample measurements were carried out using the ® —20 scheme in step scanning mode
in the range of scattering angles from 8 to 73° along 2®. The error in measurements of the intensity of
diffracted radiation was about 1%. The necessary heat treatment of the samples was carried out directly on
the diffractometer using a high-temperature attachment UVD-2000 at temperatures of 293K, 1593K, 1173K
and 673K. The temperature was controlled by a platinum-platinum-rhodium thermocouple with an accuracy
of = 1.5°. The samples after high-temperature heat treatment at 1593 K were further subjected to low-
temperature annealing at a temperature of 673 K in order to bring the sample into a thermodynamic
equilibrium state. The duration of heat treatment at each temperature was two hours.

In Figure la shows the diffraction spectrum of the original sample at a temperature of 293K. The
diffraction pattern shows the presence of a number of narrow reflections at different angles and one diffuse
scattering at small scattering angles. The analysis showed that the structure line (222) at medium angles at
20 =59° is the second order of the main diffraction reflection (111) of the silicon matrix grating at scattering
angles 20 = 28.5°. Somewhat ahead in the angles of the main reflection (111) of silicon, its -component
(111)g is observed at scattering angles 20 = 26.5°. In the diffraction pattern, in addition to the structural
lines from the silicon matrix lattice, a low-intensity narrow reflection with index (110) is visible at scattering
angles of 20 = 36° from the crystalline impurity phase of silicon dioxide SiO(c) (Fig. 1a). From the half-
width of this reflection, the size of nanocrystallites of the impurity phase was determined using the Scherrer
formula and it was equal to 36 nm. A low-intensity wide diffuse maximum at small scattering angles at 2@
~ 16.5° is caused by the surface amorphous phase of silicon dioxide SiO(a). Consequently, the plates of
the initial growth single crystal of silicon in the bulk contain chemically bound oxygen in the form of
nanocrystallites of silicon dioxide SiO2(c) (precipitates), and on the surface there is a layer of amorphous
silicon dioxide SiO»(a). As for dissolved oxygen in silicon, it manifests itself in diffraction studies only in
changes in the inelastic background during heat treatment of the sample. As for dissolved oxygen in silicon,
it manifests itself in diffraction studies only in changes in the inelastic background during heat treatment of
the sample.
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After annealing the sample at a high temperature of 1593K, the following is observed in the diffraction
pattern: complete disappearance of diffuse scattering from amorphous silicon dioxide — SiO2(a) at 20 ~
16.5°, a noticeable increase (6%) in the average level of inelastic background; ~12% increase in the intensity
of the main structural line (111) from the silicon matrix lattice; a significant ~80% loss of intensity of its
second order (222) at 20 = 59° and a decrease of more than 90% in the intensity of the selective reflection
(110)si02 at 2@ = 36° from the SiO(c) impurity phase (Fig. 1b). These listed effects on the diffraction pattern
indicate a change in the phase state of oxygen in the volume and on the surface of the silicon wafer. A
possible explanation for the disappearance of the diffuse peak at 2@ ~ 16.5° is the sublimation of amorphous
dioxide in the form of silicon monoxide SiO at this temperature; a noticeable increase in the intensity of the
main reflection (111) of silicon, a strong decrease in the intensity of its second order (222) and (110)
reflection of the impurity phase SiO»(c), as well as an increase in the inelastic background by a certain
amount, indicate a thermally stimulated transformation of oxygen atoms from a chemically bound state
SiO(c) into dissolved SiO,, that is, the transition of oxygen atoms to the phase corresponding to the high
temperature of a saturated solid solution of oxygen in silicon in the form of SiO, quasi-molecules with a
more evenly distributed matrix lattice interstices. Such a saturated solid solution usually becomes
supersaturated at low temperatures. Therefore, when the sample is cooled again to room temperature, it
should again decompose into two phases; a phase dissolved in the form of oxygen quasi-molecules — SiO>
and a crystalline (precipitate) phase — SiOz(c).

1,0 ] Fig. 1. Diffraction patterns of a silicon single crystal n -
] iDs Tbes Kk (a) Si at different temperatures: a) at T =293 K; by at T =
87 x100 initial 1593K and c¢) at T = 293K, after cooling the sample in
Z o6l h@ air.
= 04] -~ 3 & @22),, An X-ray diffraction pattern of a slowly
= §“ T = cooled sample with a stove from a temperature
27 | % | 5 of 1593K to room temperature 293K is shown
o] T e S 4 in Fig. 1c. In general, the x-ray diffraction
o 20 s 40 S0 e 70 pattern of the sample cooled to room
temperature is similar to the x-ray diffraction
pattern of the original sample with minor
1,0 (11), osi differences. The main difference is observed in
os] T=1503 Kk D) the intensity of the diffuse reflection at 20 ~
P <100 16.5° and the selective reflection from the
=067 o impurity phase at 2@ = 36°. This shows that
S o ar the formation of silicon dioxide (amorphous
= i =, on the surface and crystalline in the bulk of the
0.2 =i sample) requires more time than the cooling
S = (222),, time of the crystal from high temperatures to
‘ ‘ | | | | | room temperature. To accelerate the transition
10 20 30 40 50 60 70 q
20, deg. of oxygen atoms to a chemically bound state,
the sample was subjected to additional low-
1.0 _ temperature annealing at a temperature of 673
(111, n-Si o K L.
T= 293K (precipitation temperature) for 2 hours.
W oo Alr cooled later After such annealing, the intensity of
= 06 ( diffraction reflections from the impurity phase
= 1 = (both amorphous surface and bulk crystalline)
= 94 = g g (222),, corresponded to the intensity of the same
= ] o 3T i structural lines of the impurity phase of the
0.2 L oo a g o
] %LQ original plate. Also, the intensity of the main
o h 'A reflection (111) and its second order (222)
10 20 30 40 50 60 70 from the silicon matrix lattice was restored to
20, deg. the intensity of the same lines of the original

sample, and the level of the inelastic background became equal to the background level of unannealed

silicon.
Consequently, when a plate of a growth single crystal of silicon is cooled from high temperature

to room temperature, as a result of the decomposition of a saturated solid solution of oxygen at high
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temperature, a two-phase state of oxygen in silicon is again formed in the bulk of silicon: a state with
particles of chemically bound oxygen in the composition of crystalline silicon dioxide SiO2( c) and
dissolved state of oxygen in the form of quasi-molecules SiO; in the surface layers of a silicon single crystal,
oxygen is found only in the composition of amorphous silicon dioxide — SiO(a).
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Abstract

Definitely crystalline phases and crystalline structure of Sh,Ses films obtained at different selenium
source temperatures. X-ray patterns, that the total intensity of the (211), (221) peaks will sharply increase,
while the (020), (230) and (240) peaks decrease at a selenium source temperature of 370 ° C. Additionally,
for 26 = 29.66° for peak (101) low reflex detected intensity, indicating the formation of the Se phase. To
guantitatively study the orientation of Sh,Se; films, the texture coefficients (TC) of diffraction peaks were
calculated. The large value of the TC of the diffraction peak indicates the predominant orientation in this
direction.

Key words: Sh,Ses films, source temperature, texture coefficients,

Sh;S 3 is one of the best absorbent materials for next generation thin film solar cells and has excellent
photovoltaic performance. Antimony selenide (Sb.Ses) is a promising alternative absorber material
compared to the conventional thin film solar cells. Due to its outstanding properties, such as simple crystal
structure, high absorption coefficient (> 10 °sm '), perfect optical band gap (1.1-1.3 eV), and significant
carrier mobility (=10 sm 2V "'s 1), Sh,Ses has been regarded as one of the most attractive absorber
candidates for the next-generation thin film solar cells. It should be noted that in the process of obtaining
Sh,Se; films by physical methods, a significant loss of Se occurs due to the process of decomposition of the
films into Sb, Se, and SbSe during their synthesis. This leads to the formation of Se vacancies, which in turn
increases the density of recombination centers in films [1]. This phenomenon negatively affects the optical
and electrophysical properties of films and solar cells based on them. As being one of the most competitive
absorber candidates for the next-generation thin film photovoltaic, Sh,Se; has attracted much attention and
so various deposition techniques; thus, thermal evaporation, vapor transport deposition (VTD), close-spaced
sublimation (CSS), and sputtering [2] have been thoroughly studied to increase the PCE of the devices

The morphology and electrical properties of the films are found to be strongly dependent on the
selenium source temperature, with higher temperatures resulting in larger crystalline grains and higher
conductivity. These results suggest that the chemical molecular beam deposition (CMBD) method can be
used to produce high-quality Sb2Se3 films with tunable properties for use in solar cell applications.

Experiment

Installed technological mode optimal cultivation quality Sh,Se; films on surfaces glass (SLG-soda-
lime glass) by the method chemical molecular beam deposition. Process receiving Sh,Se; films by the
CMBD method was as follows: as original material used granules binary Sh,Ses compound and Se
semiconductor element purity (99.999%), which placed in different containers: Sh,Ses into one and Se into
the other. Further system brought to work condition and purged hydrogen for the purpose removal
atmospheric polluting gases. Dimensions samples - 2.0x2.0 cm?. For receiving Sh,Ses film enriched
selenium and stoichiometric composition, it was changed partial pressure Se in the steam phase in progress
their growth. In this case temperature substrates was 500°C, temperature sources elements varied in the
ranges: 350°C+430°C for Se and 700°C for Sb,Ses, the rate growth amounted to 0.1+1 A/ sec at stream
hydrogen WH,=20 cm?®min. crystalline structure and phase compound materials explored method
diffraction x-ray rays using _ diffractometer " PanalyticalEmpyrean " on radiation CuK o (A = 1.5418 A)
with a 20 measurement in the range from 20° to 80° in 0.01° increments . Analysis phase composition
produced using _ Joint Committeeon Powder Diffraction Standard (JCPDS) bases. Dark CVCs of Sh,Ses
films were measured using a Keithley 2420 SourceMete

Results. Structural properties. Definitely crystalline phases and crystalline structure of Sb,Ses films
obtained at different selenium source temperatures. It can be seen from the X-ray patterns, that the total
intensity of the (211), (221) peaks will sharply increase, while the (020), (230) and (240) peaks decrease at
a selenium source temperature of 370 ° C.
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Further increase in temperature to Ts. = 430 ° C leads to a decrease in peaks (221), (211), and weak
peaks (020), (120), (230) and (240) increase significantly. Additionally, for 26 = 29.66° for peak (101) low
reflex detected intensity, indicating the formation of the Se phase.

3 -ww
— i Te=370°C
s 1L
! ~—A Te,=350°C
= s =tz _ __ JCPDS:15-0861
A a9 S 88883 58 © N = =z
s §[ 3 §I8 8 gﬁz g°
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Fig. 1. X-ray of Sh,Se; films at different selenium
source temperatures

To quantitatively study the orientation of Sb,Ses films, the texture coefficients (TC) of diffraction peaks
were calculated based on the following equation

T = |t /[12:“1 | it j 1)
IO(th) N B Io(hikili)
where I(hkl) and lo(hkl) - are the intensities of the diffraction peaks of the planes (hkl) on the measured
and standard X-ray diffraction patterns of Sh,Se; (JCPDS 15-0861), respectively. The large value of the TC
of the diffraction peak indicates the predominant orientation in this direction. The TC values of the planes

(hk0) of our samples tend to decrease at a selenium source temperature of 370°C, and then begin to increase
with a further increase in the selenium source temperature.
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OprorepmanaT BHCMyTa, TaKke HaspiBaemblii BGO, sBmsercss XOpomo  H3BECTHBIM
CUMHTWUISIIAOHHBIM MaTEPHAIOM BBICOKOW IUIOTHOCTH ¢ XUMHYecKuM coctaBoMm (Bi4Ge3012) u
JIeTeKTOpoM wu3nydeHus. OH INUPOKO HCIONB3yeTcsi B (PU3MKE BBICOKMX JHEPruil (Hampumep,
CHMHTHJUIATOPBL Ui AJIEKTPOMATHUTHBIX KAJOPHUMETPOB M JIETEKTOPHBIE COOPKH YCKOpHTENeH),
ToMorpapuIeckux cUcTeMax Uil MEIAWIWHBI, TAKUX KaK MO3UTPOHHAs ToMOrpadus, ¥ B KOHTPOJBHBIX
HCTOYHHUKAX CBETA AJIs cucteM TL.

K nacrosimemy BpemeHr ObLIO MPOBENECHO MHOMKECTBO MCCIEIOBAHMHA M HAKOIUICH 3HAYNTEIbHBIN
00bEM 3KCIIEPUMEHTANIBHBIX JaHHBIX, KACAIOIIUXCSI ONTHYSCKHUX U CIIEKTpoMeTpuieckux cBoiicte BGO [1].
OcHOBHOE BHUMaHHUE UCCIIEI0BaTeNeH ObUIO YAEICHO U3YUCHUIO JTIOMUHECIICHTHBIX CBOMCTB KPUCTAIJIOB
BGO B BunnMoMm anamnazoHe crektpa. Lenap 601pImuHCTBa paboT 3aKII09anach B MOUCKE KPUCTATUIMIECKON
CTPYKTYPHBI JUTSL TIONYYEHUST WHTEHCUBHOW JIOMHUHECIICHIIMM B BUAMMOW OOJIACTH CHEKTpa, B YACTHOCTH
«cunei momuHectieHnun (480-500uM)». [anHas 1ens OblUla MPOJUKTOBAHA, KaK y)Ke ObLJIO OTMEYCHO,
He00X0UMOCThI0 co3aanus d(hdekTnBHBIX cuUHTHILIITOpoB BGO wmcmonp3yeMble Kak AeTeKTOpa s
perucTpanuy HOHU3UPYIOLIETO U3ITyYeHHS.

Kpucramnsr BGO o6namator ¢oto- U paguonoMuHeclieHIIMeH B BuanMon obmacTtu criektpa. Kak
OTMEYaNoCh, OHU OTHOCATCS K KJIACCY CAMOAKTHBUPOBAHHBIX KPUCTAJIOB, KOTOPBIE JIIOMUHECLIUPYIOT 0€3
BBeZieHus akTuBaTopa. Kpome toro, MmoHokpucrauisl BGO npomnyckaror cet, HaunHas ¢ 300HM, mo3Tomy
OHH SBIISIIOTCS TIPO3PAYHBIMU I COOCTBEHHOTO M3TyueHHs. Korna 3T Matepualibl SKCILTyaTHPYIOTCS B
HOJIAX PaJUalliH, IPH HAKOIUIEHUH 103 Bhile~107P(8,8+10%T"p) To MHOrMe mapameTphl (S—cBeToBBIXO I, R—
SHEPreTHUECKOE pa3pellieHne) MOJ BO3JAEHCTBUEM paauanuu Jerpagupyror. IIpuunHel nerpagauuu Bo
MHOTHX CJIydasX TOJHOCTBIO HE H3JIararoTcs, MOJITOMY JJIsi BBUICHEHHS XapaKTepa paJuallHOHHOTO
nedeKkTooOpa3oBaHus, MPUYMHBI MPUBOASIINE K JErpajallid OCHOBHBIX CIMHTHJUIIIUOHHBIX CBOWCTB
SIBIISIETCS. HA CETOHSIIHUN AEHb OYCHb aKTyaJlbHBIMHU.

Henpto nHactosimield paboTel ObLIa BbIsICHEHWE MeToqoM Tepmontomunectennuu (TJI) mpuuun
Jerpajiallii  CICKTPOMETPUUECKUX CBOWMCTB MoHOKpuctauioB BGO. B kpuseix TJI B wuHTepBaje
temmeparyp ot 30 mo 400°C (300-700K), mosryueHHbIe HAMH JaHHBIC TOKA3bIBAIOT, YTO B Y-OOJYUECHHBIX
obpasiiax HaOiomaeTcss MUK ¢ MakcumymoMm mpu  55-60°C(328-333K). Jlo3Hast 3aBHCHMOCTb
urTeHcuBHOCTH TuKa TJI mokasana, uto 10 10361 ~10°P(8,8+10°'p) HabmrogaeTCs POCT MHTEHCHBHOCTH CO
CMEIIeHHEM MaKCUMyMa IMHKa B BBICOKOTEMIIEPATYpHYIO O0JIacTh C MOCienyronmM Hackimennem. C
MOBBILIEHMEM 110361 y-00nyuenus (>108P(8,8+10°Tp) muk ¢ makcumymom npu 55-60°C(328-333K)
cMeraeTcsl B BeIcoKoTeMIrepaTypHyro oonacts Kk 100°C(373K) u mosiBisieTcst 601ee MHTEHCUBHBINA TTHK C
MakcumyMoM 1ipu 180°C(453K). MarencuBHOCTL MUKOB TJI pacTyT ¢ MOBBIIIIEHHEM J03bI Y-00IyUCHUS, HE
BBIXO/IS HA HachlLeHHe. B HeKOTOphIX 0Opa3nax Obu 0OHAPYKEHBI JOMOTHUTENbHbIE KU TJI B o0macTu
325°C(598K). D10 BeposATHO CBS3aHO C YUCTOTOM WM JedekTaMu OHorpaguyeckoro xapaxrtepa B
MoOHOKpHucTaax. OleHKa SHepreTHIECKUX TIyOHHBI JIOBYIIEK 3apsijia onpeaessuii mo Gpopmyie:

E=25kTn

(3mece Tm-makcumym muka TJI B KenbBunax, K-moctosiuaocts Bosbimana 8,62:10-55B/K) B pesynbrate
pacdeToB OBUTH MOJYYEHHI clieAyronue BenmuuHbl: it muka 57°C(330K)~0,713B; 100°(373K)~0,803B;
180°C(453K)~0,973B 325°C(598K)~1,28 3B.

Jlist onipeienieHust IPUPOJIbI IIEHTPOB 3axBata (THIIA JIOBYIIEK 3apsia) B KpUBBIX TJI ObUIO M3YUYECHO
BIMSIHAE  BBICOKOTEMIIEPATYpPHOH  TepMOoOOpabOTKM B  pas3iWyHbIX  cpefax  (OKHUCIUTENHHO-
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BOCCTaHOBHUTENbHAs TepM00oOpaboTKa) Ha 1eHTpsI 3axBata (1[3). Kak m3BecTHO, myTemM TepmMoodpaboTKy B
Pa3IUYHBIX CpefaX MOXKHO MEHSITh COOTHOIIICHUE KATHOHHBIX U aHMOHHBIX BaKaHCHI, T.€. CTEXUOMETPHIO,
B TOM YHCJC B OKCHJHBIX KpHUCTa/uiaX. Pe3ynbraThl OTXHra mokas3ajid, YTO IICHTPBI 3aXxBaTa HUMEIOT
9JIEKTPOHHBINA THIT JIOBYIIEK. Bhicokas Temrniepatypa okura 113 mokazana, 4To OHU UMEIOT CTPYKTYpHOE
MIPOUCXOXKICHHE.

Bonee Toro, 3¢(eKTUBHOCTh CHMHTWILIAIUN ONpeaeseTcs HanmmdneMm aedekToB. B dacTHocTH,
nepeaaya SHEPTru B CHUHTHILIATOPE SBISCTCS] CTPYKTYPHO-UYBCTBUTEILHBIM SIBIICHUEM, ONPEIEIIIEMbIM
3aXBaTOM HOCHUTEJCH B TITYOOKHE U MEJIKHE JIOBYIIKY, & TAKXKe IPYTHE PalualliOHHO-3aBUCHMBIC TS(DEKTHI.
JledekTsl cimykaT JIOBYIIKOH A 3JIGKTPOHOB M JIBIPOK, TPEphIBas SHEPrHI0 Iepeqada B IPOIECce
CIUHTHJUISALINY.

Takum 00pa3oM, MOXKHO TpEANoNiaraTh, YTO Jerpajanus CIIEKTPOMETPHYECKHX CBOMCTB TpH
00JIBIINX 7103 Y-00Ty4YeHHHU CBs3aHO 0Opa3zoBaHueM L3 ¢ BEICOKOI TepMUUECKOl CTaOUIBLHOCTBIO.
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Abstract

The concept and model of combined geometric and quantitative scaling of semiconductor energy converter
chips with activated nanoscale heterojunctions on special silicon and silicon carbide substrates to ensure maximum
power are considered. The purpose of the study is due to an increase in the efficiency of electron-hole pairs separation.
A variant of optimizing the scaling solution is implemented by heterojunctions with variations in the sequences of
layers with an increase in the concentration and direction of movement of nonequilibrium carriers and further
increasing voltage conversion with charge pumping. Numerical simulation was carried out to verify the model. The
definition of activation of the heterojunction and activated nanocheterojunction as a fundamental structure is proposed.

Key words: scaling, activated nanoheterojunction, semiconductor converter, analitical modeling,
silicon carbide heterostructures, alloying, energy efficiency, ionization currents and voltages semiconductor
microgenerators, charge point defect formation

1. Introduction

In modern conditions, the role of control complexes in microelectronics at scales less than 100 nm,
which do not require large capacities, is particularly indicated. To power microelectronics on such a scale,
it is necessary to reconsider the options and economical possibilities of long-term autonomous operation of
energy converters and sensors, MEMS, NEMS, molecular machines, almost at the level of atomic and
subatomic technologies. At the same time, silicon devices have chosen their resource to ensure the speed of
operation and memory. Currently, leading scientific laboratories are actively searching for materials and
their compositions for the next generations of microcircuits and alternative power sources [1,2]. One of the
possible directions is the development of activated heterostructures on special silicon and silicon carbide
substrates.

Since 2015, a technology has been developed for introducing the carbon-14 radioisotope into the SiC
molecule by self-organizing endotaxy [3]. The process of growth of a 3C-SiC film on a Si substrate during
endotaxy is described using a system of nonlinear equations taking into account the external field, the
magnitude of the electric field and its position depending on the depth of the p-n junction inside the beta
converter is calculated [4,5]. New phases in bilinear intermetallic systems are predicted based on the convex
hull method adapted for comparing structures with different stoichiometry by converting the energy of
structure formation into binding energy per atom. This approach is extended further to structures with the
presence of point defects [6]. A beta converter has been designed at BetaVoltaics LLC, and studies of the
volt-ampere characteristics of a laboratory sample have been carried out [7]. A theoretical Monte Carlo
study was carried out in the Geant4 program of the depth of the p-n junction in the structure and the
calculation of the generation of electron-hole pairs [8,9]. Quantum mechanical calculations for the 3C-SiC
structure were carried out in various implementations of the density functional theory (VASP, Siesta
programs), the effects of dopant atom concentrations on the position of the Fermi level, as well as the
position of the deep level in the zone structure of silicon carbide in the presence of a nitrogen atom were
investigated [10]. The concept of nanoheterojunctions on silicon and silicon carbide substrates has been
developed [11-13].

2. Scaling and activation of nanoheterojunctions and problems
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Usually a solar panel consists of photovoltaic cells connected in parallel and in series. In turn, we will
focus on the generation of electron-hole pairs on nanoscale heterojunctions (NHJ) during their activation by
the external radiation spectrum [14-16]. Depending on the number of elements in the panel and the NHJ in
the element itself, the scaling factor and the efficiency coefficient change [12]. The higher they are, the
higher the resulting power. The formation of NHJ can occur either during the production of radiation defects
as a result of irradiation of the substrate, or on the dislocation cores of the mismatch between the substrate
and the deposited layer. NHJ can be placed in a structured order at distances of the order of a micrometer
from each other [12]. Thus, up to 100 million NHJ can be placed on a square centimeter of the area [14],
which will allow obtaining capacities of the order of tens and hundreds of mW.

In this paper and report, we will consider an activated nanoscale heterojunction (ANHJ) with an
effective injector in the region of the active zone (SCR) of the heterojunction. In this consideration,
activation is a process leading to the generation of electron—hole pairs or electrons and holes separately.
Several types of activation are possible, it can be a spectrum of electromagnetic radiation, alpha, beta
particles, combined, as well as activated by a neutron flux, for example, from a layer with Cf-252, if the
multilayer structure of neutron-containing elements and semiconductor heterojunctions is considered [17].
The use of neutron-induced fission of beta-decaying radioisotopes to produce beta particles that can be
collected by semiconductor diodes to generate electricity to a storage device is a possible promising
application. An important feature is the maximum energy of the spectrum, it should not lead to a violation
of the atomic structure of the crystal lattice of a semiconductor material. In our case, this is up to 200 keV
for beta particles, therefore, from this point of view, the use of light radionuclides, such as tritium, nickel-
63 and carbon-14, seems very promising [18-20]. The high-energy part of the gamma spectrum is absorbed
in the surface outer part. Activation differs by the location of the radiation source, it can be both outside the
structure under consideration and inside [13]. The novelty of this work lies in the consideration of activation,
also called injection, inside the active region of the heterojunction. And in the fact that activation in radiation
defects and dislocation defects in nuclei is considered also.

Neutron radiation also leads to the formation of radiation defects, which leads to the appearance of
radionuclides [21], which in turn give a beta spectrum. The main reactions of the formation of, for example,
radionuclide *C have rather significant cross sections of interaction with thermal neutrons — 1.8, 0.22 and
0.0013 barns [21]. For a more in-depth study of the formation of radiocarbon-14 (**C) with nitrogen-13
(3N) doped silicon materials, it is necessary to analyze the gamma and beta spectra of a sample with an
increased content of *N. To study other samples with the presumed presence of deposited C for its
detection by isolating spectral regions with an energy corresponding to beta radiation of **C (maximum Eg=
155 keV). To investigate the temporal development of *C activity in samples and measure the half-life to
characterize the kinetics of **C formation. To carry out a comparative analysis of the rate of formation of
14C in silicon with different contents of **N and N to evaluate the reaction (n, y)-activation, refinement in
the fluence experiment, time, neutron flux concentration. This study will confirm or refute the possibility of
the formation of C in silicon materials during neutron activation of nitrogen, which is heavily doped with
silicon plates, clarifying the understanding of the corresponding nuclear processes [21].

The difference and advantage of activation due to beta radiation is that an electron can produce a large
number of electron-hole pairs due to radiation losses. While one photon leads to the appearance of one
electron-hole pair. An interesting observation is a situation in which an injector is embedded in a
heterostructure at the interface of materials, at a heterojunction [13]. In Fig. 1 and 2 are shown in red. In this
situation, a photocell capable of reacting to external radiation in a certain spectrum is not formed. Instead,
a radioactive isotope with beta decay is placed inside the element, for example, ®Ni or *C. This
circumstance opens the way for increasing the efficiency of the structure [18,20].

The increase in efficiency is achieved due to the fact that the electrons emitted during beta decay with
high energy are capable of generating a significant amount of electron-hole, in this energy range, mainly
ionization losses for the generation of electron-hole pairs in large quantities up to tens of thousands per
second. Additionally, at low electron energies, it is possible to take into account the effects of phonons and
excitons, with resonant energy accumulation in microgenerators at nanoheterojunctions. The generation of
electron-hole pairs directly depends on the properties of materials of the type Il heterostructure with different
forbidden zones, but if the injector is inside, then the degree of processing of the spectrum by a
semiconductor is greater than if the beta radiation source is outside. Thus, the structure becomes capable of
accumulating charge carriers, which may be important from the point of view of application.
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Fig. 1. An example of the simplest band energy diagram and an illustration to ANHJ scaling.
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Fig. 2. Dependence of concentration and quasi-Fermi levels on various parameters.

In the context of considering this situation, the solutions of the Poisson equation are analyzed taking
into account certain boundary conditions describing radiation. This allows us to understand more deeply
how exactly the formation and movement of charge carriers in the heterostructure occurs, and how these
processes are related to the beta decay of a radioactive isotope. Fig. 2 shows the optimization of quasi-Fermi
levels and concentrations from various parameters, such as concentration, sample length, injection site and
diffusion lengths. In this graph, E, is the upper bound of the valence band, the energy to which states are
filled with holes, E. characterizes the conduction band, F, is the quasi—Fermi level for holes, which
characterizes the fullness of states in the valence band. Fnmax is the maximum quasi—Fermi level for electrons
in a region with a high concentration of electrons (injection region). F is the quasi—Fermi level for electrons
in the entire volume of the semiconductor, corresponds to the average level of filling of states in the
conduction band.

Fig. 3. ANHJ sensor design option.

The dependence of certain parameters and the relative comparison of diffusion lengths and
thicknesses to the left and right of the injector allows us to identify the prevailing linear or exponential
behavior. This is important for taking into account the conditions of recombination on the surface, in defects
and other factors affecting the dynamics of charge carriers.

The report simulates and experimentally verifies the task of creating planar structures for self-
scanning sensors on silicon and silicon carbide with active ANHJ, Fig. 3. For contact metallization, metals
are used with an output operation smaller and larger than that of the heterojunction material, Fig. 1.

90




Medicoynapoonas konpepenyus « DynoamenmanvHole u npuKiaouvie npoodiemol cogpementoi gusuxu»  19-21
oxmsbps 2023 2.

3. Conclusion

In the conclusion of this report, we note that microgenerators with activated nanoscale isotype and
anisotype heterojunctions with inverse barriers created due to the phenomenon of self-organization on a
silicon substrate and an injected injector inside, of various nature, are of interest when scaling
electrophysical characteristics. A semiconductor energy converter with activated nanoscale heterojunctions
can be determined in such a way that its efficiency will have a high level due to the concentration of a large
number of activated NHJ, it is possible to increase the short—circuit current to tenths of an ampere, and the
idle voltage to tenths of a volt, respectively, the power to fractions of a watt. The experimental variants show
that it is possible to use a planar structure on a silicon substrate to create sensors. In the future, it is planned
to develop a model of a step-up converter in combination with a converter with activated
nanoheterojunctions.
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Annotatsiya

Magolada, izolyator ustida kremniy texnologiyasi asosidagi vertikal izolyatsiyalangan zatvorli
maydoniy tranzistor oksidida qamralgan lokal zaryadning zatvor-istok (stok) orasidagi sig imga ta siri
ko ‘rilgan. Zatvor-istok bog ‘lanishning sig’im-kuchlanish xarakteristikasi kuchsiz o ‘zgaruvchan signal
usuli yordamida modellashtirilgan. Zatvor-istok va zatvor-stok bog ‘lanishlar C-V xarakteristikalari lokal
zaryadning kanal bo ‘ylab turli vaziyatlari uchun o ‘rganilgan. Kanaldagi zaryad tashuvchilarning kanal
bo ‘ylab tagsimoti ham lokal zaryadning turli vaziyatlari uchun tahlil gilingan. Yugorida aytilgan zatvor-
istok (stok) bog ‘lanishlar sig ‘imlari, bog ‘lanishlarga berilgan kuchlanishlarning katta giymatlarida, lokal
zaryad istokdan (stokdan) kanal bo ‘ylab uzoglashganda (chegaradagi vaziyatdan tashqari) monoton
o ‘zgarishi ko ‘rsatilgan.

Kalit so‘zlar: FinFET; lokal zaryad; zatvor-istok bog ‘lanishi; istok-kanal o ‘tishi; zatvor osti

oksid.

1. Kirish

Izolyatsiyalangan zatvorli metall-oksid-yarimo‘tkazgich (MOYa) maydoniy tranzistorlar, aynigsa
vertikal maydoniy izolyatsiyalangan zatvorli (FInFET) tranzistorlar ishlash davomida turli turdagi elektr
stresslarga yoki radiatsiya ta’siriga tushishi mumkin va bu ta’sirlar ularning xarakteristikasining
degradatsiyasiga olib kelishi mumkin. Bu degradatsiyalar qatorida eng ko‘zga ko‘ringanlar qatorida ma’lum
bo‘lgan qaynoq tashuvchilar injeksiyasi [1], kuchlanish ostida temperatura ta’siridagi nostabillik [2], yopiq
holatdagi stress [3] va radiatsiya tomonidan indutsirlangan zaryad ta’siri [4] kabi effektlar ragamli va analog
integral sxemalarni loyixalashda e’tiborga olinishlari shart. Bunday degradatsion effektlar zaryadlarning
oksid gatlamiga injeksiyasi yoki undagi generatsiyasi yoki oksid-yarimo‘tkazgich chegarasida qamralishi
natijasida yuzaga keladi. Oksid qatlamiga yoki chegaraga injeksiyalangan yoki generatsiyalangan
zaryadlarning kanal bo‘ylab joylashish vaziyati turli shartlarga bog‘liq. Masalan, n-MOYa tranzistorda,
kichik zatvor kuchlanishi va nisbatan yuqori stok kuchlanishi rejimida ishlashida oksid qatlamiga va
chegaraga injeksiyalangan zaryad asosan stok yonida joylashadi [5]. Bunda oksid qatlamiga elektronlar yoki
kavaklarning injeksiyalanish xollar o‘rinli bo‘lishi mumkin [6]. Kuchlanish ostida ishlayotgan MOYa
tranzistor oksid qatlamida yoki chegarada radiatsiya ta’sirida indutsirlangan zaryad ham kanal bo‘ylab
notekis tagqsimlanishi mumkin. [7].

Oksid gatlamida yoki chegarada qamralgan zaryad MOYa tranzistor turli parametrlariga, jumladan
bo‘sag‘a kuchlanishi, bo‘sag‘adan past o‘tish xarakteristiksining qiyaligi va kuchaytirish xarakteristikasiga
ta’sir qilishi va natijada MOYa tranzistor mukammalligining degradatsiyasiga olib kelishi mumkin. Demak,
zaryad qamralish mexanizmlarini va sababalarini aniglash uchun qamralgan zaryadlarning lokallashishini
(joylashishini) va tagsimlanishini baholash juda muhim. Qamrovchi nugsonlar tagsimotini aniqlash uchun
bir nechta usullar, masalan zaryad damlash usuli, C-V o‘Ichashlar (Terman usuli), bo‘sag‘adan past toklar
usullari mavjud. Ko‘rsatilgan usullar har birining maxsus kamchiliklari mavjud. Yuqorida keltirilgan
usullardan eng ommabop hisoblanadigani bu zaryad damlash usulidir, ammo bu usuldan faqat taglikdagi
tokni o°lchash imkoniyati bo‘lganda foydalanish mumkin. Bundan tashqari chiziqli va to‘yinish sohasidagi
toklarni taqqoslashga asoslangan usullar nugsonlarning faqat nisbiy joylashishi haqida (ya’ni juda taqribiy
tagsimot) ma’lumot beradi [8, 9].

MOYa tranzistor oksid qatlamida va chegarada qamralgan zaryadni diagnostika qilish, sodda va
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tezchan, usullaridan biri yon istok (stok)-kanal p-n-o‘tish sig’im-kuchlanish xarakteristikasini aniqlashga
asoslangan [10]. Shu usulning eksperimental asoslari [4, 11] ishlarda keltirilgan.

[4, 10, 11] ishlarda MOYa tranzistor oksid qatlamida va oksid-yarimo‘tkazgich chegarasida
gamralgan zaryadning notekis taqsimlanishi yon stok-kanal va istok-kanal p-n-o‘tishlarning sig‘imida mos
o‘zgarishlariga olib keladi. Demak zaryadning kanal bo‘ylab gandaydir taqsimlanishi yuqorida aytib
o‘tilgan sig‘imlarda mos aks ettirilishi kerak.

Ko‘rilayotgan maqolada, yuqorida aytib o‘tilgan, planar MOYa tranzistor uchun rivojlantirilgan
usulni FinFET tranzistor uchun moslashtirilgan. [10] da taklif gilingan usulning asosiy g‘oyasi oksid
qatlamida va oksid-yarimo‘tkazgich chegarasida qamralgan lokal zaryadning yon istok-kanal va stok-kanal
p-n- o‘tishlar barer sig‘imiga ta’sir qilishiga asoslangan. Shu sababli tranzistor shunday elektrodlari
orasidagi sig‘imni aniqlash kerakki bu sig‘imda yon istok-kanal va stok-kanal p-n- o°tishlar sig‘imlari ulushi
sezilarli bo‘lishi kerak.

Planar MOYa tranzistor ko‘rilayotgan holda yon istok-kanal (stok-kanal) o‘tishlar sig‘imlari oddiy
p-n-o‘tish sig‘imiga teng. Ammo izolyator-ustida-kremniy texnologiyasi asosidagi FinFET tranzistor holida,
istok va kanal elektrodlari (mos ravishda S va B) orasidagi sig‘im, stok va kanal elektrodlari ( mos ravishda
D va B) orasidagi sig‘im kabi ikkita ketma-ket ulangan sig‘imga ega: istok-kanal p-n-o‘tishi sig‘imi Cp., va
orqa oksid qatlami sig‘imi Cpox (1-rasm). Demak istok va kanal elektrodlari orasidagi sig‘im quyidagicha
ifodalinishi mumkin:

_ Cp—n'cbox
CSb - Cp—n"'cbox
Agar Cyox yetarli darajada katta bo‘lsa Cy, taxminan Cp., teng bo‘ladi deb garash mumkin. Ammo bu xol biz
ko‘rayotgan tranzistorda o‘rinli bo‘lishi uchun orqa oksid qatlami maksimal qalinligi 5 nm bo‘lishi kerak.
Amaliyotda FinFET tranzistorlarda orqa oksid qatlami qalinliklari 5 nm dan ancha kattroq bo‘ladi.

Yon istok-kanal va stok-kanal p-n o‘tishlar sig‘imi Cp., ni 0‘z ichiga olgan yana bir bog‘lanish bu
zatvor-istok (yoki zatvor-stok) bog‘lanishdir (1-rasm). Zatvor-istok bog‘lanish sig‘imi Cg zatvor-stok
sigimi Cgq sig‘im kabi o‘z ichiga quyidagi keta-ket sig‘imlarni oladi: zatvor osti oksid qatlami sig‘imi Cox,
oksid-yarimo‘tkazgich chegarasi kambag‘allashgan gatlam sig‘imi Cqep, iStok-baza p-n-o‘tish sig‘imi Cp.n.
Kambag‘allashgan qatlam sig‘imi Caep, fagat kambag‘allashgan rejimda Cg sig‘imga o‘zining sezilarli
ulushini berishi mumkin. Ko‘rilayotgan yondashishda istok-baza p-n-o‘tishining faqat barer sig‘imi qaraladi,
shu sababdan istok elektrodiga zatvor elektrodiga nisbatan musbat kuchlanish beriladi. Natijada oksid-
yarimo‘tkazgich chegarasida kambag‘allashgan rejim o‘rinli bo‘lmaydi va demak Cg.p sig‘imni e’tiborga
olmasligimiz mumkin. Bu holda natijaviy zatvor-istok bog‘lanish sig‘imi Cg quyidagi (2) ifoda bilan
aniqlanadi:

_ Cp—nCox
Cos = Cp-n+Cox 2
bu yerdagi birlik yuzaga to‘g‘ri keladigan zatvor osti oksid qatlami sig‘imi C,x siljish kuchlanishiga bog‘liq
emas va quyidagi (3) formula bilan aniqlanadi:
Cox = 22 (3)

- tOX
va birlik yuzaga to‘g‘ri keladigan p-n-o‘tish sig‘imi siljish kuchlanishi U ga bog‘liq bo‘lib (4)-formula bilan
aniqlanadi:

geNg,
Cp—n = 2(p+U)

“4)

bunda ¢ — kremniy dielektrik singdiruvchanligi, e-elementar zaryad, N, —kanaldagi legirlanish darajasi, ¢ -
p-n o‘tish uchun kontakt potensiallar ayirmasi (bizning holda 0.89 V ni tashkil qiladi).

Baholashlar ko‘rsatadiki xattoki siljitish kuchlanishi bo‘lmagan holda p-n o‘tishning kambag‘allashgan
qatlam kengligi 0.1 pum tartibida bo‘ladi va bu oksid qatlami qalinligidan (tox = 2,5 nm ) ancha katta va
demak C,., sig‘im Co sig‘imga nisbatan ancha kichik bo‘ladi. Bu holda, formula (2) dan ko‘rinadiki, Cgs
sig‘im asosan Cy., sig‘im bilan aniqlanadi. Shu sababli ko‘rilayotgan ishda Cg sig‘imning oksid qatlamidagi
lokal zaryadning turli vaziyatlariga bog‘lanishi modellashtirildi.

2. Modellashtirish shartlari va tranzistor parametrlari.

Uch o‘lchamli modellashtirish Advanced TCAD Sentaurus dasturi yordamida amalga oshirildi.
Zatvor-istok (zatvor-stok) bog‘lanishlar sig’im-kuchlanish xarakteristikasi kuchsiz o‘zgaruvchi signal usuli
asosida modellashtirildi. Modellashtirishda 1 MGs o‘zgaruvchi signal chastotasi tanlanildi.
Modellashtirilgan, izolyator-ustida-kremniy (IUK) texnologiyasi asosidagi FinFET 3D strukturasi 2-rasmda
ko‘rsatilgan. Tranzistor zatvor uzunligi Lgs. 25 nm va zatvor osti oksid qatlami qalinligi 2.5 nm ni tashkil
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qiladi. Kanal qalinligi Ts; va orqa oksid qatlami qalinligi Tyox mos ravishda 30 va 100 nm ga teng. Kanal
kengligi 12 nm. p-Si taglik (baza) legirlanish darajasi 1-10'> cm?. Zatvor-istok sig‘imi Cgs oksid qatlamida
gamralgan musbat lokal zaryadning kanal bo‘ylab, istokdan turli masofa L dagi vaziyati uchun
modellashtirildi. L lokal zaryad markazidan istok-kanal chegarasigacha bo‘lgan masofani bildiradi. Lokal
zaryadning chiziqli o‘lchami d=5 nm qilib olingan. Oksid qatlamida qamralgan lokal zaryad birjinsli
zaryadlangan soha orqali modellashtirildi. Zaryadlangan sohadagi zaryad zichligi, MOYa tranzistorlarda
injeksiya natijasida yuzaga kelishi mumkin bo‘lgan tartibda, ya’ni 10'?> cm™ qilib olingan [12] va bu biz
o‘rganayotgan strukutura uchun, 4-10'® cm™ hajmiy zaryad zichligini tashkil giladi.

e B “Ibc&x

1-rasm. Modellashtirilgan IUK FinFET kanal bo ‘ylab kesimi 2-rasm. Modellashtirilgan IUK FinFET tranzistorining 3D
va bog ‘lanishlar sig ‘imlari. strukuturasi

Ko‘rilayotgan nanometr o‘lchamdagi FinFET tranzistorda yon p-n o‘tishlarning kambag‘allashgan
sohasi kengligi butun kanal uzunligidan katta bo‘lsada, oksid qatlamida (yoki chegarada) istokdan qandaydir
L masofada qamralgan lokal zaryad kanaldagi zaryad tagsimotiga ta’sir qilishi mumkin va bu ta’sir mos
ravishda istok-kanal o‘tish va demak, o‘z navbatida, zatvor-istok bog‘lanish C-V xarakteristikasida aks
etishi kerak.

FinFET tranzistor simmetriyaga ega bo‘lganligi uchun zatvor-istok va zatvor-stok bog‘lanishlar
sig‘imlari bir xil bo‘lishi kerak va shu sababli fagat zatvor-istok bog‘lanishi uchun natijalar keltirilgan. Bu
o‘rganishda faqat oksid qatlamida qamralgan lokal zaryadning sig‘imlarga ta’siri qaralgan.

3. Modellashtirish natijalari va muhokama

Zatvor-istok bog‘lanish sig‘imi Cg uchun C-V xarakteristikasini modellashtirish natijalari 3-rasmda
keltirilgan. Rasmdan, katta kuchlanishlarda sig‘imning oksid qatlamida qamralgan lokal zaryadning kanal
bo‘ylab vaziyatiga sezilarli va monoton bog‘lanishi ko‘rinib turibdiki (4-rasm). Lokal zaryadning dastlabki
vaziyati, ya’ni L=2.5 nm ga mos vaziyati (4-rasm, B nuqta ) bundan mustasno. Sig‘imning bunday
o‘zgarishlari yarimo‘tkazgich kanaldagi zaryad tashuvchilar konsentratsiyasiga oksid qatlamidagi lokal
zaryadning ta’siri bilan bog‘liqg. Oksid qatlamida lokal zaryad qamralishi yon o‘tish istok-kanal (stok-kanal)
chegarasiga yaqin sohalarda yarimo‘tkazgich sirtida asosiy zaryad tashuvchilar konsentratsiyasini oshishiga
olib keladi (5-rasm) va bu 0‘z navbatida sig‘imlarning o‘zgarishiga olib keladi. Sig‘im ta’rifiga asosan

Ces =dQv/dV  (5)
bu yerda dQvy, zatvor-istok bog‘lanishga berilgan kuchlanish dV ga o‘zgarganda Cg sig‘imdagi zaryad
o‘zgarishi. Oksid qatlamiga lokal zaryad kiritilganda kanaldagi elektronlar konsentratsiyasi o‘zgarishi
natijasida C,, sig‘imda qo‘shimcha, qamralgan lokal zaryad ta’sirida paydo bo‘lgan zaryad dQic paydo
bo‘ladi, ya’ni endi (5) formula o‘rniga quyidagi (6) formula

Ces = (dQy + dQLo)/ AV (6)

o‘rinli bo‘ladi, va bu zatvor-istok (stok) sig‘imi ortishini tushuntiradi.
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3-rasm. Oksid qatlamida gqamralgan lokal zaryadning turli 4-rasm. Vgs=4.5 V bo ‘Iganda zatvor-istok bog ‘lanish sig ‘imi
vaziyatlarida zatvor-istok bog ‘lanish sig 'im-kuchlanish Cys ning lokal zaryad vaziyatiga bog ‘lanishi. A nugta, lokal
xarakteristikalari zaryal kiritilmagan holda, B nugta lokal zaryad markazi

istokdan L=2.5 nm masofada.

Lokal zaryadning L=2.5 nm vaziyati Cg sig‘im strukturasini o‘zgartiradi, chunki bu holda, lokal
zaryad chiziqli uzunligi d=5 nm bo‘lgaligi sababli oksid qatlami chegarasi bilan kontaktda bo‘ladi (6-rasm).
Bunda lokal zaryad istok tomonda oksidning eng chekkasida joylashgan. Buning natijasida kanal sirtidagi
elektronlar konsentratsiyasi qayta taqsimlanib, kuchlanish berilmagan holda, oksid qatlamiga lokal zaryad
kiritilmagan holga nisbatan, kanal sirtida elektronlar konsentratsiyasi ortib sig‘imning keskin ortishi yuzaga
keladi (3-rasm). Katta kuchlanishlarda, L=2.5 nm vaziyatda qamralgan lokal zaryad ta’sirida, elektronlar
qayta tagsimlanishi saqlanib qoladi, elektronlar konsentratsiyasi (7-rasm) va C,s sig‘imning keyingi L=7.5
nm vaziyatiga nisbatan kattaroq bo‘lishiga olib keladi (4-rasm).

FinFET tranzistor simmetriyaga ega bo‘lganligi uchun zatvor-stok sig‘imi Cg ning oksidga
qamralgan lokal zaryad kanal bo‘ylab vaziyati L ga bog‘lanishi Cg ning L ga bog‘lanishga teskari bo‘ladi,
ya’ni L ortishi bilan kamayib boradi (8-rasm). Cs; va Cgg sig‘imlarning, yuqorida ko‘rilgan, L ga
bog‘lanishidan oksidga qamralgan lokal zaryadning kanal bo‘ylab vaziyatini baholashda ishlatish mumkin.
Buning uchun Cgq / Cgsnisbatning L ga bog‘lanishidan foydalansa bo‘ladi (9-rasm).
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5-rasm. Oksid qatlamidagi lokal zaryadning kanal bo ‘ylab turli 6-rasm. Lokal zaryad istok tomonda oksidning eng
vaziyatlarida yarimo ‘tkazgich kanalda sirtdan 2 nm chuqurligda chekkasida joylashgan. Lokal zaryad markazidan
elektronlarning kanal bo ‘ylab tagsimoti. istok-kanal chegarasi-gacha bo ‘Igan masofa L=2.5

nm.
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7-rasm. Zatvorga nisbatan istokga 4.5V kuchlanish berilganda, kanalda, sirtdan 2 nm chuqurligda, lokal zaryad qamralmagan (4
nuqta) holga nisbatan lokal zaryad turli vaziyatlarda gamralgan (B nuqta) hollarda stokga yaqin sohada elektronlar
konsentratsiyasining o ‘zgarishi.

Rasmdan ko‘rinib turibdiki lokal zaryad oksid qatlamda kanal bo‘ylab istokga yaqin yarmida
joylashgan bo‘lsa Cgq / Cgs nisbat birdan kichik, stokga yaqin yarmida kamralgan bo‘lsa bu nisbat birdan
katta va oksid markazida joylashganda C,q / Cg = 1 bo‘ladi.
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8-rasm. Csg va Cag larning lokal oksid zaryadning kanal bo ‘ylab 9-rasm. Csg va Cuag lar nisbatining lokal oksid zaryadning
vaziyatiga bog ‘lanishlari. kanal bo ‘ylab vaziyatiga bog ‘lanishi

4. Xulosalar

Modellashtirish natijalari ko‘rsatadiki, IUK FinFET tranzistori zatvor-istok bog‘lanish sig‘imi,
berilgan kuchlanishda, zatvor osti oksid gatlamida gamralgan lokal zaryadning kanal bo‘ylab vaziyatiga
monoton qonuniyat bilan bog‘liq ravishda o‘zgarib boradi. Bu qonuniyatdan oksid gatlami chegarasida
qamralgan lokal zaryadning ta’siri istisno. Zatvor-istok sig‘imining lokal zaryad vaziyatiga bog‘lanishi, bu
zaryadning kanal sirtidagi tashuvchilar konsentratsiyasining tagsimotiga ta’siri bilan tushuntiriladi.

Zatvor-istok va zatvor-stok sig‘imlarining nisbati oksid qatlamidagi lokal zaryadning kanal bo‘ylab
vaziyatiga chiziqli bog‘liq ekanligi ko‘rsatilgan. Shu bog‘lanish qonuniyatidan tajribada foydalanib
nanometr o‘lchamlardagi IUK FinFET tranzistorlarda, oksid qatlamida lokal zaryadning qamralganligini
tasdiglash va uning kanal bo‘ylab joylashgan vaziyatini baholash usulini rivojlantirish mumkin.
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Annotatsiya

Ushbu maqolada ikki o ‘Ichamli MoS, asosidagi metall-oksid-yarimo ‘tkazgich tranzistorlarda o ‘z-
o zidan qizish effekti (self-heating effect, SHE) va o ‘tish volt-amper xarakteristikasining bo ‘sag’adan past
sohasidagi giyaligining (subthreshold slope, SS) zatvor osti va kanal osti oksid materiallarga bog ‘ligligi
modellashtirish orqgali o ‘rganildi. Bunda zatvor osti oksidi sifatida Al,Os va HfO,, kanal osti oksidi (BOX)
sifatida SiO, va HfO, materiallar garalgan. Turli zatvor osti oksidi va BOX materiallari va ularning turli
kombinatsiyalari uchun SS va kanal markazidagi panjara haroratining zatvor uzunligiga bog ‘liqligi ko ‘rib
chiqildi. Tranzistor kanali to ‘liq zatvor osti oksidi bilan qoplangan holat ko ‘rib chiqildi. Zatvor osti oksidi
sifatida Al,O3; va BOX sifatida SiO, materiallar olinganda SS nisbatan kichik, zatvor osti oksidi sifatida
HfO, va BOX sifatida xam HfO, materiali olingan holda tranzistorning SHEga chidamliligi nisbatan yuqori
ekanligi ko ‘rsatilgan.

Kalit so‘zlar: 2D MoS;, o‘z-o‘zidan qizish effekti, bo‘sag‘adan past sohadagi giyaligi, MOYa
tranzistor, panjara harorati

1. Kirish

Hozirgi kunda izolyatsiyalangan zatvorli maydoniy tranzistorlar (MOYa tranzistorlar) da integratsiya
darajasini oshirish va energiya iste’molini kamaytirish uchun foydalanishi mumkin bo‘lgan yarimo‘tkazgich
materiallari bu — ikki o‘lchovli o‘tish metallari dixalkogenidlaridir (O‘MD) [1, 2, 3]. Ikki o‘lchamli
materiallar keyingi avliod nanoelektron qurilmalarida foydalanish uchun eng istigbolli materiallardan biridir.
MOYa tranzistorda kanal materiali sifatida ko‘rib chigiladigan ikki o‘lchamli molibden disulfide (MoS5)
eng istigbolli O‘MD materiallaridan biri, shuningdek, eng ko‘p va keng o‘rganilgan material hisoblanadi [4,
5, 6]. Boshga materiallar gatorida, o‘tish metalining dixalkogenidlari yetarli zona kengliklari, termal
bargarorlik, tashuvchining harakatchanligi va an’anaviy kremniy asosidagi CMOS texnologik jarayonlariga
mosligi tufayli katta potentsialga ega ekanligini ko‘rsatdi [4]. Ikki o‘lchamli OMD asosidagi MOYa
tranzistorlar qisqa kanal effektlari ta’sirlariga mukammal qarshilik ko‘rsatadi [5]. Ikki o‘lchamli
materiallarga (2D MOS) asoslangan maydoniy tranzistorining (2D MOY transistor) tuzilishi shunday
Xususiyatga egaki, unda ikki o‘lchamli kanal yuqoridan zatvor osti oksidi gatlami va pastdan kanal osti
oksidi bilan chegaralanadi. Oksid materiallar past issiqlik o‘tkazuvchanligiga ega bo‘lganligi sababli, bu
xususiyat 0‘z-o°‘zidan qizish effekti (SHE) ta‘siriga olib keladi. O‘z-o‘zidan qizish effekti ikki o‘Ichamli
materiallarga asoslangan MOYa tranzistorlarning xususiyatlariga ta‘sir qilishi mumkin bo‘lgan sezilarli
effektdir [7]. Ikki o‘lchamli MoS; asosidagi MOYa tranzistorlarning stok tokiga haroratning ta‘siri [8, 9] da
o‘rganilgan.

Ikki o‘lchamli MoS; asosidagi maydoniy tranzistorlar gisqa kanal effektlariga, jumladan bo‘sag‘adan
past sohadagi xarakteristika giyaligi, SS, ortishiga (tikligi kamayishiga) garshi yetarlicha bardoshlilikga ega
ekanligi ko‘rsatilgan [3].

Ma’lumki o‘z-0‘zidan qizish effekti, SHE, kanalni o‘rab turgan oksid materiallarining issiglik
0‘tkazuvchanligiga bog’liq bo‘lsa, bo‘sag‘adan past sohadagi xarakteristika giyaligi SS shu materiallarning
dielektrik singdiruvchanligi bilan aniglanadi.[10]. Bu parametrlar bir-biri bilan oshkor bog‘lig
bo‘lmaganligi sababli ikkita degradatsion effektning ham ta’sirini hisobga oladigan zatvor osti va kanal osti
oksid materiallarining optimal kombinatsiyasini aniglash zarur. Shu nugtai nazardan, ushbu ishda 2D MoS;
asosidagi MOYa tranzistorda SHE va SS larning zatvor osti oksidi va kanal osti oksidi sifatida olingan
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Al;,O3, HfO, va SiO; materiallarga va ularning turli kombinatsiyasiga bog‘lanishi modellashtirish orgali
o‘rganildi. Kichik dielektrik singdiruvchanligi tufayli SiO, materiali zatvor osti oksidi sifatida garalmadi.

2. Modellashtirish parametrlari va tranzistor o‘lchamlari

Modellashtirish uchun TCAD Sentaurus dasturidan foydalanildi. 2D MoS, materiali parametrlari
TCAD Sentaurusning standart dasturlar paketiga kiritilmaganligi sabali modellashtirishda [5,11] da taklif
gilingan material parametrlari va modellashtirish usullaridan foydalaniladi. Ushbu ishda termal effektlarni
hisobga olish uchun termodinamik transport modeli dreyf — diffuziya modeli bilan birgalikda moslashtirib
go‘llaniladi. Foydalanilayotgan modelni kalibrovkalash uchun 14-Vy xarakteristikani modellashtirish
natijalari [5]-adabiyotda keltirilgan natijalar bilan solishtirildi. Tranzistorning turli zatvor uzunliklari uchun
modellashtirish natijalarini tagqoslash natijalar yaxshi mosligini ko‘rishimiz mumkin (1-rasm).

Modellashtirilgan tranzistorning kanali galinligi 0,65nm bo‘lgan MoS, monoqatlamidan iborat bo‘lib,
tranzistorning umumiy uzunligi zatvor uzunligiga qarab 60nm dan 300nm gacha o‘zgaradi. Barcha ko‘rib
chigilgan tranzistorlar uchun kanal uzunligi zatvor uzunligidan uch marta kattaroqdir. Alyuminiy zatvor
galinligi 2nm bo‘lib, uzunligi 20nm, 30nm, 50nm va 100nm bo‘lgan hollari ko‘rilgan. Kanaldagi zaryad
tashuvchining harakatchanligi zatvor osti oksidi materialiga bog‘liq, shuning uchun zatvor osti oksidi Al,O3

gilib olingadna harakatchanlik 125 % [5] va HfO; bo‘lganda 320 % [12] ga teng qilib olingan.
Modellashtirilayotgan tranzistorning tuzilishi 2-rasmda keltirilgan.

Lgae=20 Nnm
7.40x107 1 Lgale=30 nm
< Lgae=50 Nm
3.70x10™ 1 L....=100 nm

gate

0.00 1

0.88 -0.44 000 044 088
Vv

1 —rasm. Modellashtirilayotgan 2D MoS: asosidagi MOYa tranzistorning turli zatvor uzunliklaridagi o ‘tish VAX.
Uzluksiz chiziglar [5] dagi natijalarga mos keladi va belgilar modellashtirish natijalari.

Gate

Source ‘ MoS, Drain
| A

I AlLO; (HfO, )

2 — rasm. Modellashtirilgan MoS2 MOYa tranzistor tuzilishi.

Modellashtirish zatvor osti oksidi va kanal osti oksidi materiallarining quyidagi 1-jadvalda keltirilgan
to‘rtta turdagi kombinatsiyasida ko‘rildi. Bunda ekvivalent zatvor osti oksidi galinligi barcha
kombinatsiyalar uchun 1nm qilib olindi. Zatvor oksid materiali sifatida SiO, materiali olinsa bunday
galinlikda kanaldan zatvorga sizish toklari yuzaga kelishi mumkin. Shu sababli zatvor osti oksidi materiali
sifatida SiO, materiali garalmagan. Bundan tashgari, adabiyotlar tahlili shuni ko‘rsatadiki tajriba va
modellashtirish ishlarida Al,Os; materiali kanal osti oksidi sifatida ishlatilmagan. Shu sababli, bu ishda Al.Os
kanal osti oksidi materiali sifatida ko‘rilmagan. Kanal osti oksid materialining galinligi kanaldagi haroratga
katta ta’sir ko‘rsatadi [13]. Kanal osti oksidi materialining galinligi ortishi bilan kanal harorati ortadi.
Modelashtirishda kanal osti oksid materialining galinligini, [14] dagi kabi 80nm qilib tanladik.
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Jadval 1. Ishda ko‘rib chigilgan zatvor osti va kanal osti oksidi materiallarning kombinatsiyalari.

Kombinatsiyalar ragami Zatvor osti oksid materiali Kanal osti oksid materiali
1 Al,O3 SiO;
2 HfO; SiO,
3 Al,O3 HfO,
4 HfO; HfO;

3. Modellashtirish natijalari va muhokama

3.1. Gate osti oksidi va kanal osti oksidi materiallar va ularning kombinatsiyalarining SHE ga ta siri.

Oz — o‘zidan qizish effektining ta’sirini ifodalaydigan asosiy parametrlaridan biri bu tranzistor
kanal markazining haroratidir. Kanalning markazida hosil bo‘lgan harorat issiqlik generatsiyasi tezligi va
shuningdek, kanalni o‘rab turgan oksid orqali issiqlik uzatilish tezligi bilan belgilanadi. Ushbu tadqiqotda,
ko‘rib chiqilgan barcha holatlarda issiqlik generatsiya tezligini bir xil bo‘lishi uchun barcha hollar bir xil
kuchlanish rejimlarida va bir xil geometriyada ko‘rilgan. Shuning uchun kanaldagi natijaviy harorat fagat
issiglikning, kanalni o‘rab turgan oksid gatlamlar orgali uzatilish tezligiga bog‘liq deb garash mumkin.

Ko‘rib chiqilgan zatvor osti oksidi va kanal osti oksidi materiallari va ularning turli kombinatsiyalari
1-jadvalda ko‘rsatilgan. Turli kombinatsiyalar uchun ikki o‘lchamli MoS, asosidagi tranzistor kanali
markazidagi panjara haroratining zatvor uzunligiga bog‘ligligi 3-rasmda ko‘rsatilgan. Bunda barcha
hollarda kanaldagi haroratning tagsimlanishi Vy=0,1V va V4=0,4V bo‘lgan zatvor va stok kuchlanishlarida
olingan. Bir xil stok kuchlanishida uzun kanalga ega bo‘lgan tranzistorlarning kanal garshiligi yugorirog
bo‘lgani uchun, ularda stok toki gisga kanal tranzistorlarining stok tokiga nisbatan kichikrog bo‘ladi.

Shuning uchun gisgarog kanalli tranzistorlarda kanalning markazidagi harorat nisbatan yuqori bo‘ladi.
Modellashtirishda 2-jadvalda ko‘rsatilgan issiglik o‘tkazuvchanlik giymatlaridan foydalanildi.
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3 —rasm. Zatvor oksidi va orqa oksidi materiallarining turli kombinatsiyalari uchun SHE ning zatvor uzunligiga bog ‘liqligi.

Jadval 2. Modellashtirishda ishlatiladigan dielektrik singdiruvchalik va issiqlik o‘tkazuvchanliklari
Nisbiy dielektrik

Material Qalinlik (nm) singdiruvchanlik Issiqlik o’tkazuvchanlik %
SiO2 80 3.9 1.4
AlO3 2.385 9.3 12
HfO2 (gate oxide) 5.641 25 2.3
HfO2 (Box) 80 25 2.3

Natijalardan ko‘rinib turidiki kanal uzunligi kamayishi bilan oksid materiallarining haroratga ta’siri
sezilarli ortib boradi. Bundan tashqgari, kanal markazidagi panjara harorati oksid materiallariga ham
bog’ligligini ta’kidlash kerak. Zatvor uzunligi 20nm, oksid materiallar tanlanishining 1 va 2
kombinatsiyasida tranzistor kanal markazidagi harorat 3 va 4 kombinatsiyadagiga nisbatan yugoriroq
ekanligini ko‘rish mumkin. Bunday bo‘lishini 1- va 2-kombinatsiyalarda, kanal osti oksidi sifatida, issiglik
o‘tkazuvchanligi nisbatan kichik bo‘lgan SiO,, 3 va 4 kombinatsiyalarda esa issiklik otkazuvchanligi
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nisbatan yugorirog (1.5 marotabadan xam kattaroq) bo‘lgan HfO; (jadval 2) ishlatilganligi bilan tushuntirsa
bo‘ladi. Demak zatvor osti oksid materialiga nisbatan kanal osti oksid materiali, kanal haroratiga kuchliroqg,
ya’ni asosiy ta’sirni ko‘rsatadi. 1- va 2-kombinatsiyali va 3- bilan 4-kombinatsiyali guruhlarda kanal
markazidagi harorat mos ravishda 2- va 4-kombinatsiyali tranzistorlar uchun yuqorirog ekanligini
ko‘rishimiz mumkin (3-rasm). Buning sababi 2- va 4-kombinatsiyalarda zatvor osti oksidi materiali sifatida
issiklig o‘tkazuvchanligi, 1- va 3-kombinatsiyalarda ishlatilgan zatvor osti oksidi Al.Osz issiglik
o‘tkazuvchanligidan o‘rtacha taxminan 5 marotaba kichikrog bo‘lgan HfO, materiali ishlatilganligi bilan
bog’liq (2-jadval). Al>O3 va HfO; ning issiqlik o‘tkazuvchanlik koeffitsiyenti hajmi va haroratiga qarab,

mos ravishda 6-30 - [15-18] va 0,27-4,3 - [19, 20] oralig‘ida bo‘ladi.

Kanalning issiglikdan kengayishining ta‘siri bu modellashtirishda hisobga olinmagan, chunki
issiqlikdan kengayish koeffitsiyenti juda kichik. 550 K da MoS; monogatlamining issiglikdan kengayish

koeffitsiyenti 6,5-1073 % ni tashkil giladi [21], bu esa 300K dan 550K gacha harorat o‘zgarishida kanalning
atigi 1,95% kengayishini bildiradi.
3.2. Zatvor osti oksidi va kanal osti oksidi materiallar va ularning kombinatsiyalarining SS ga ta’siri

O‘rganilayotgan ikki o‘lchamli MoS, asosidagi tranzistorlarda SS quyidagi ifoda yordamida
hisoblandi:
SS Vg

- d(logiola) (1)
bu yerda Vj; - zatvorga berilgan kuchlanish, I; - V; ga mos keluvchi stok toki.

SHE effekti bilan taqqoslash uchun SS effekti yuqorida aytib o‘tilgan zatvor oksidi va kanal osti
oksidi materiallarining to‘rtta kombinatsiyasi uchun modellashtirilgan. Modellashtirish natijalaridan
ko‘rinadiki 3- va 4-kombinatsiyali tranzistorlarda SS effekti tranzistor zatvorining uzunligiga, 1- va 2-
kombinatsiyalarga nisbatan kuchliroq bog‘liq (4-rasm). Tranzistor zatvori uzunligining barcha giymatlarida
SS effekti 3- va 4-kombinatsiyali tranzistorlarda 1- va 2-kombinatsiyali tranzistorlarga garaganda
yugorirogdir. Demak, ko‘rilayotgan tranzistorlarda SS effekti kanal osti oksidi materialining dielektrik
singdiruvchanligiga kuchliroq bog‘liq va kanal osti oksidi dielektrik singdiruvchanligi ortishi bilan SS ham
ortadi. Ammo 3- va 4-kombinatsiyalarda, SS ning zatvor osti oksidi dilektrik singdiruvchanligiga
bog‘lanishi teskari ko‘rinishga ega, ya’ni kanal osti oksidi bir xil bo‘lsada, zatvor osti oksidi material
dielektrik singdiruvchanligi kattarog bo‘lgan 4-kombinatsiyada SS giymati kichikroq bo‘ladi. Ayni shunday
holat, zatvor uzunligi 30nm dan yuqori bo‘lgan, 1- va 2-kombinatsiyali tranzistorlarda ham kuzatiladi.

100 1

90 4

SS, [mV/dec]

80 4 Combination 3

—v— Combination 4

70 - o
—a— Combination 1
—e— Combination 2

20 40 60 80 100

Lgate: NM

4 —rasm. 2D MoS: asosidagi MOSFETIar turli zatvor oksidi va kanal osti oksidi materialar kombinatsiyasida SS ning
zatvor uzunligiga bog ‘ligligi.

Qaralayotgan kombinatsiyalar orasida 3- va 4-kombinatsiyalarga kanal osti oksid materialining eng
yugori dielektrik singdiruvchanligi to‘g‘ri keladi. Bularda kanal osti oksidi materiali sifatida HfO,
ishlatilgan va uning dielektrik singdiruvchanligi eng yuqori bo‘lib &40, = 25 ni tashkil kiladi. 1- va 2-
kombinatsiyali tranzistorlar uchun kanal osti oksid materiali sifatida dielektrik singdiruvchanligi kamroq
bo‘lgan SiO2 (g5;0, = 3.9) ishlatilgan bo‘lib, bu tranzistorlar uchun SS effekti kam bo‘lganligini ko‘rishimiz
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mumkin. SS ning zatvor osti va kanal osti oksid materiallariga bog‘ligligi, ularning dilektrik
singdiruvchanligining kanaldagi zaryad tashuvchilar tagsimotiga, bu esa o‘z navbatida stok toki va chiqish
volt-amper xarakteristikasiga ta’sir qilishi bilan tushuntirish mumkin.

3.3. SS va SHE effektlarni kamaytirish uchun zatvor osti va kanal osti oksidi materiallari optimal
kombinatsiyalari

SS va SHE lar gisga kanalli tranzistorlarda sezilarli bo‘lganligi uchun zatvor uzunligi 20nm bo‘lgan
tranzistorlarda kanal markazidagi panjara harorati va SS ning yuqorida ko‘rilgan kombinatsiyalar turiga
bog‘ligligi, tagqoslash uchun bir grafikda keltirilgan (5 — rasm). Bu grafik 3- va 4-rasmlardagi grafiklarga
asoslanib tuzilgan. Grafiklardan ko‘rinib turibdiki, oksid materiallarning turli kombinatsiyasi SS va SHE ga
turli, hattoki teskari ta’sir ko‘rsatadi. 1- va 2-oksid materiallari kombinatsiyasi uchun SHE kuchli bo‘lib SS
kichik bo‘lsa, 3- va 4-kombinatsiyalar uchun SS kata bo‘lib SHE kichik bo‘ladi

5-rasmdan xulosa gilish mumkinki, 2D MoS; asosidagi MOYa tranzistorda SHE va SS degradatsion
effektlarga optimal immunitet shakllantirish uchun kanal osti oksidi materiali sifatida nisbiy dielektrik
singdiruvchanligi 3.9 dan 25 gacha oraligda va issiglik

660
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100 _7 —e—ssS
L 630
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o
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F570

704

540

kombinatsiyalar ragami

5 — rasm. Ikki o ‘Ichamli MoS2 asosidagi maydoniy tranzistorda SS va SHE effektlarining zatvor osti va kanal osti oksidi
materiallarining kombinatsiyalari ragamiga bog ‘liqligi.

o‘tkazuvchanligi 1.4 dan 2.3 % gacha oraliqda bo‘lgan dielektriklar tanlanishi magsadga muvofiq bo‘ladi.

3.4. Xulosalar
Modellashtirish natijalari shuni ko‘rsatadiki, 2D MoS; asosidagi MOYa tranzistorda SHE va SS
degradatsion effektlar asosan kanal osti oksidi materiali xususiyatlari bilan aniglanadi. SS va SHE kabi
degradatsion effektlariga garshi immunitetni oshirish uchun zatvor osti va kanal osti oksidi materiallarini
tanlash masalasi bu optimallashtirish masalasidir.
SHE va SS degradatsion effektlarga bir tranzistorning o‘zida optimal immunitet shakllantirish
uchun kanal osti oksidi materiali sifatida nisbiy dielektrik singdiruvchanligi 3.9 dan 25 gacha oraligda va

issiglik o‘tkazuvchanligi 1.4 dan 2.3 % gacha oraligda bo‘lgan dielektriklar tanlanishi magsadga
muvofiqdir.
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CTPYKTYPHOE HCCJIEJOBAHUME SITUTAKCHUAJIbHBIX INTEHOK TBEPIOI'O
PACTBOPA (Si2)1.x(GaN)x BBIPAILIEHHOU HA KPEMHEBOMU NNOJJIOKKE

Amun Caupos!, Hlykpysio Yemonos?!, lanaxon Canapos?, Toamac Mmnussost
Maxmyn Kananos?*

L@usuro-mexnuuecuii uncmumym AH PY3, yn. Yuneuza Aiimmamosa 2% 100084 Tawxenm, Yzbexucmarn,
*E-mail: tolmas.14@mail.ru (corresponding author)
2Uncmumy aoepuoii pusuxu AH PY3, nocenox Yyzbex, ya. Xypocon 1, 100214 Tawxenm, Y36exucman

B nocnennee Bpemst mposBiIseTcs OONBIIONH HHTEPEC K MOIYUIEHHIO AMUTaKcHanbHbIX cioeB GaN Ha
Si, 4TOOBI KCMONBH30BATh CYIISCTBYIOMINE Si TEXHOJOTHH JUIS TOJNyYSHHUs] CTPYKTYpbl Ha ocHoBe GaN,
Urparolleil BaKHYIO pOjib B CO3JaHUM MPUOOPOB ONTO- U MHUKPO3JIEKTpOHUKH [1, 2]. B manHO# pabote
IIPUBEACHBl PE3YJIbTaThl PEHTIICHOCTPYKTYPHOTO MHCCIIEAOBAaHMUSA AIMTAKCHAJIBHBIX CJIOEB TBEPAOTO
pactBopa (Siz)1-x(GaN)y, BbIpalieHHbIX Ha Si MOTOkKKaX U3 KHUAKOH (ha3bl. CTPYKTYPHBIC UCCIIECIOBAHUS
OBLIH BBHITIOHEHBI Ha peHTreHoBckoM audpakromerpe JIPOH-3M (uznyuenne CuK,, A = 0.15418 uMm)
YCOBEPILIEHCTBOBAHHOM ONTHYECKOM cxeMoit ©—20 B pexrMe MOIIaroBoro CKaHUPOBaHUSL.

B penrrenorpamMe snurakcuanbHOH MICHKH  (Si2)1x(GaN)x mpucyTCcTBOBaiM  HECKOJBKO
CTPYKTYPHBIX PE(IIEKCOB CEJIEKTUBHOTO XapakTepa C pa3lMdHOW MHTEHCHUBHOCTBIO U OXHO nuddy3Hoe
OTpakeHHe B MaJIbIX yriax paccesuus. CpaBHUTEIbHO y3kas mupuna (FWHM = 3.78:107 rad) u Gonbimas
UHTEHCHBHOCTE (2-10° umr/cex) ocHoBHOro peduekca 1o HanpapiaeHuo (111)cansi, CBUIETENLCTBYET O
BBICOKOM CTEIICHH COBEPIIIEHCTBA KPUCTAUTMIECKOM PEIIETKH CI10s TBepaoro pactsopa (Siz)ix(GaN)y, To
€CThb BBIpallleHHas IUIEHKa SBISIETCd MOHOKpHCcTaluindecko c¢ opueHtauuedt (111). Pasmepst
cyOkpuctauiutoB (OJIOKOB) 3TOM IUIEHKH COCTaBsUM OKoJIo ~ 40 HM. OpHako, peHTreHOrpamma
AMUTAKCHAIIBHOW IUICHKH CYHIECTBEHHO OTJIMYANIACh OT PEHTICHOIPaMMbI NOMIOKKH Si. IHTEHCHBHOCTD
ocHoBHOTrO peduekca (111)eanssi TIeHKH Obu1a Ha 6 % OoJblIe, YeM MHTEHCHUBHOCTH TOTO e pediexca
MOJJIOKKH. DTO CBUICTEILCTBYET O YACTUYHOM 3aMEIICHUH HEKOTOPBIX MAapHBIX HOHOB Si Ha MOJICKYJIBI,
coctosimue u3 noHoB Ga n N B KpeMHHUEBOH pemnieTke MieHKH. [10CKOIIbKY WHTEHCHBHOCTH pacCesHUsI
PEHTTEHOBCKHX JIy4el MPOMOPIHMOHAIbHA aTOMHOMY HOMepY (Z) aneMeHToB (Zsi = 14, Zn =7 u Zga = 31),
TO Takas 3aMeHa MOHOB JIOJDKHA MPUBECTH K HEKOTOPOMY POCTY HHTEHCUBHOCTH JIAaHHOTO peduiekca, 4To U
HabJroaeTcs B dKcrepuMeHTe. Bmecte ¢ TeM, MHTEHCUBHOCTh TU(GPY3HOTO OTPAKEHHS B MaJbIX yriiax
paccesHUsl yMeHbLIMJIach Oojee 4eM B 3 pas3a, MHTEHCUBHOCTb 3alPEIICHHOTO oTpaxeHus (222)
YMEHBUIMJIACH B 2 pa3a, MHTEHCUBHOCTb €r0 TpeThero nopsiaka (333) yMeHbIIMWIACh TIOUTH Ha MOPSAIOK, a
WHTEHCUBHOCTH pediiekca OT MmpuMecHOH (a3bl KPUCTAIUIMYECKOTO0 KBaplia YMEHBbIIHMIach B 2 pasa.
Cpennuii ypoBeHb HEYIIpYroro hoHa TaKkxe CHU3WICA B 2 pasa.

MHoroKpaTHOE YMEHbIIIEHNE MHTEHCUBHOCTH CEIEKTHBHEIX peduiekcoB tuma (222) u (333) He MoxeT
OBITh OOBSICHEHO 32 CUET 3aMEIICHUS] aTOMOB B Y3JaX PElICTKH IUICHKH. BO3MOXKHOM MPUYMHON TaKOTO
YMEHBIICHUS] UHTEHCHBHOCTH SIBJISIETCSl HapylleHWe ycloBHsi bparra mpu andpakinmu peHTreHOBCKHX
Jy4el, TO ecTh IUICHKa YaCTUYHO YXOOUT U3 OTPAXKAIOLIETO MOJIOKEHUS. DTO MPOUCXOIUT TOTAA, KOrjaa
TUIEHKa U3rHbaeTcss B CTOPOHY, TEPICHANKYISIPHYIO OTpasKaroliell MOBEpXHOCTH IUIEHKH. B aToM cityuae
Ha TUQPaKIHOHHON KapTWHE TUICHKH JOJDKEH HAONIONAThCS CIIBUT YTIIOBBIX ITOJIOKEHHH CEJEKTHBHBIX
pedIieKcoB B CTOPOHY MAJIBIX YIJIOB PACCESHUS 1O CPABHEHHIO C YIJIOBBIMU ITOJIOKEHHSIMU TEX XKe
CTPYKTYPHBIX JIMHUH MOATOXKKH. [Ipy 3TOM OTpakeHUIO ¢ OOJBIIMM YIJIOBBIM IOJOKEHHEM JIOJKHO
COOTBETCTBOBATh OOJIBIIOE 3HAauYeHHE cMmemeHus (A20), yro u HaOmomaeTcss B OKCHEPHUMEHTE: IS
ocHOBHOTO peduiekca (111) 3HaueHue 3TOro cMEIeHHs COCTABIIIO 20 ~ 2 yIIOBBIX MUHYTHI (YIJI. MUH.),
YTO HAXOJUTCS B Mpeesiax 3KCIEPUMEHTAIbHON OMMOKH, IpUYeM Ui BTOporo nopsiaka (222) oHo 0bu10
A20 = 9 yrn. muH, a ais tpetsero nopsiaka (333) cocrasisio A20 = 15 yri. MuH. CmelnieHue yrioBoro
noJIoxkeHus peduiexca npumecHoi gasbl SiO; coctaBisio A20 = 6 yrinoBeix MUHYT. Bee aTH 3 dexTsl ObutH
00yCIIOBJICHBI 3aMEHOI APHBIX aTOMOB Si MOJIEKYJION, COCTOSIIEH 13 aTOMOB TaJUTUs U a30Ta.

C npyroii cTopoHHI, craboe pacuieruieHue ocHOBHOTO pedurekca (111)can/si IO 01 B Ol U3TYUYCHHSIM
¢ cooTHomeHneM uHTeHcHBHOCTEH [l111)(0t1) # 2111y(a2)] u momHoe pactieruienue [laiy(a) = 2lay(on)]
ero Tperbero mnopsnaka (333) moka3piBaeT, YTO HAKOIUICHWE YIPYTUX MHUKPOHANPSDKEHHH pPOCTOBOTO
XapakTepa, B OCHOBHOM, COCPEIIOTOYEHO B TIOBEPXHOCTHBIX CIOSX KPUCTAJUTHYECKOW PENIeTKH CIIOS
TBepaoro pactBopa (Siz)ix(GaN)x [3, 4]. Takue MuUKpOHANPSDKEHUS B TUICHKE, TO-BUIAMOMY, BBI3BAHBI
pasnuuneM HOHHBIX paaunycoB kpemuus (0.040 uwm), rammus (0.062 um) u azora (0.146 HM), KOTOpBIE
PAacIIoIOKEHBI B y3J1aX 3aMELCHHUS IIOBEPXHOCTHOTO CJI0sI IIEHKHU. M3-3a pa3inuuust 3HaUeHUi TOCTOSHHON
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pemetku Si (5.43 A) u GaN (3.19 A), a taxxe koo durmenta Tepmudeckoro pacimmperus (ams Si va 50%
MmenbIe, yem it GaN), npu OXJaxIeHWH IUICHKH OT Temrepatypsl smutakcud (950-850 °C) no
KOMHATHOH TEMIIEpaTyphl, TPOUCXOIUT AePopMarys M UCKPUBICHUE PEIIETKH SMUTAKCHAITBHON TUICHKH.
HecmoTpst Ha paznuume 3TUX (U3MYECKUX NapamMeTpOB, BBI3BIBAIONIMX HCKAKEHHE KPHCTAIUIMYECKOMN
PEIIETKN SMUTAKCHAILHON TUIEHKH, Ooibimas sHeprust cBi3M Ecan (Ecan > Esisi # Ecan > Esio [5])
OTIPE/IETISIET COBEPIICHCTBO KPUCTAJUINIECKON PEIeTKH TUIEHKH. J|aHHBII BEIBOJT TOATBEPIKIAETCS TAKKE U
CHIDKEHHEM YPOBHS HEYyNpYroro (hoHa MIeHKH B 2 pa3a M0 CPaBHEHUIO ¢ YpOBHEM (poHa moanoxku. Kpome
TOrO, 3TOT BBIBOJ TOATBEPXKAACTCA MOSBICHUEM HOBOIO CEJIEKTHBHOTO peduiekca ¢ 3aMeTHOH
MHTEHCUBHOCTBIO ¥ IUPHHOH, paBHoro 3.2-107 rad, B6nusu ocuosHoro pediexca (111)canssi IeHKH. DTOT
pedaekc CcoCTOMT W3 2-X CENeKTUBHBIX JHHUNA OYEHb ONIM3KUX 10 YIJIOBOMY IIOJIOKEHUIO U
cooTBeTcTBYIONHX AByM Moaudukammsam GaN: - kyoudeckoii (C-GaN) (111)can u - rekcaronansHoit (h-
GaN) (002)gan. Onum BbI3BaHBI HaHOokpuctauuTaMd GaN. DTH HAHOKPHCTAJUIUTHI PACIIONOXKEHBI B
MIPUIIOBEPXHOCTHOM CJIO€ IUICHKH, O UM CBUETEILCTBYET YIIIOBOE PACIIONIOKEHHE COOTBETCTBYIOIUX UM
peduiexco. Comeprkanue 3Tux HaHOKpUcTAIOB c-GaN u h-GaN B menke coctasisuio 9.1 u 8.9 mo1.%,
cooTBeTcTBeHHO. CleoBarenbHO, Npu kuakodasHOH snurakcuu Ha mnomiaoxke Si(111) Bo3MOXHO
(dopmupoBanue rerepoctpykTypbl GaN-Si ¢ HanokpucrammuramMu GaN, kak kyouueckoi (c-GaN), tak u
rexcaroHansHOM (h-GaN) monndukanmu.

Boina Tarke mccienoBaHa MOPGOIIOTHs MOBEPXHOCTH SMHUTAKCHANIbHBIX TICHOK (Siz2)1x(GaN)x ¢
MOMOIIBIO0 CKAHUPYIOIIEr0 AaTOMHO-CHJIOBOTO MHKPOCKOMNA. AHAJIN3 PE3YJIbTATOB aTOMHO-CHIIOBOTO
MUKpPOCKOIIA TIOKa3bIBa€T, YTO Ha IMMOBEPXHOCTH IUICHKH OOpa3yloTCs HaHOpPa3MEpHBIE «OYTOpKH»,
HMMEIOIIME Pa3HbIE BBICOTHI - JOCTHUraloOUe A0 ~ 28 HM, U LIMPUHY OCHOBaHUs B cpeaHeM ~ 100 Hm
(maxcumanbsHas 10 ~ 230 am). [llepoxoBaTOCTh ITAIKON YaCTH MOBEPXHOCTH TUICHKH HE MPEBLIIIACT 5 HM.
[To-Bupnmomy, Oyropku oOpa3oBaHbl HAHOKPUCTAJUIMTAMU HHUTpUAa-Tauiusi Kyomudeckod (c-GaN) u
rexcaroHansHOM (h-GaN) monndukanuii.

Paznuumne B MOHHBIX paauycax KpeMHHs, Tajulds, a30Ta M KUCIOpOJa MPUBOJHUT K TOSBICHHUIO
yrIpyroi aehopManyui KpUCTAUTHIECKOH pemeTkr TBepaoro pactBopa (Siz)ix(GaN)x. ITo-eumumomy, 3a
CYET CaMOOpraHM3alHu JABYX(Da3HOW CHCTeMbl - XHUAKOH (pactBop-paciuiaB Sn-Si-GaN) u TBepmoi
(snMTaKcHaNbHas TUICHKA TBEp0ro pacTBopa (Siz)1«(GaN)y) B mporiecce pocTa SMUTaKCHaIbHOW TJICHKU B
NeeKTOCIIOCOOHBIX y4YacTKaX KPHUCTAJUIMYECKOW pemeTKH (Mex(a3HbIX TIpaHHWIax MExay OJ0KaMu)
00pa3yroTCs 3TH HAOKPUCTAILTUTEL. [I0CKONMBKY SHEPTHsI CBSA3M aTOMOB MOJIeKy a3kl GaN Ooublie, 4em y
OCTaJbHBIX MOJEKYN - Egan > Esisi © Egan > Esi.o, TO 0OpazoBaHne HaHOKPHCTAIUIOB OOYCIIOBIEHO
pernakcanuel KpUuCTaIUIMIeCKOW PeIeTKU MUTAKCHAILHON MJIEHKU. DTO, B CBOIO OY€pedb, MPUBOJIUT K
YMEHBIICHUIO YJHEPTUH YITPYTUX UCKAKCHUH KPUCTAUTMYECKOHN PEIIETKH, YTO HEOOXOMMO JIJIS TOTYIeHUS
cTabMIIbHOM (ha3bl KPUCTAITMIECKON pemeTKH TBepAoro pactBopa (Siz)1x(GaN)x.

KiroueBble cioBa: TBepAbI pacTBOP, KPEeMHUH, HUTPUA-TAUINS, CTPYKTYpHBIH aHaums,
PEHTreHOrpaMma, aTOMHO-CHUJIOBasi MUKPOCKOIIHSI.
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AHHOTANUA

Ha xeapyesvix niacmunax noayuernuvl aimaszusie naenku no CVD mexnonozuu ¢ cpede 2a3080ii cmecu
(H-CH30H-NH3) s000poo-memaron ¢ oobasnenuem nekomopozo xoauvecmsea ammuaxa (NHz) (roy-xay).
Tpu uzmepenuu 601bmM-aMnEPHOL XapaKmepucmuKky Cmpykmypul ¢ 6apvepom LLllommiu, cozdannori nymem
HanvlieHUus NaLIa0us Ha AIMA3HYI0 NIEeHKY, HAba0anock beneco-20nyboe ceeuenue ¢ Cune-QOuoIemosbim
OMMEHKOM.

Kuarouessle ciioBa: anmmaznas mieHka, CVD texronorus, 6apeep LloTTkH, cnHE-0enoe cBeueHue.

AJMa3 IMeeT caMyro BBICOKYIO TBEPAOCTh M TETLIONPOBOAHOCTh, XUMHUYECKYFO CTOUKOCTH, OOJIBIIIOMN
KO3 PHUIIMEHT MPETOMIICHHS CBETA, CPENIU BCEX M3BECTHBIX KPUCTALUIMYECKHX MaTEPUAIOB, CAMOE TIIaBHOE,
OH SIBIIIETCS TTOJYTIPOBOJHUKOM C IIHPHHOM 3ampenieHHon 30HbI ~5.5 5B [1,2]. B co3gannu npubopos
ANIEKTPOHHUKH HCIONB3YIOTCS €r0 JIHTAKCHAJbHBIC IUICHKH, BBIPAIICHHBIE HAa Pa3HBIX MOJUIOKKAX C
MTOMOIIBIO Pa3TUIHBIX METOAOB. Tak Kak, HECMOTPS Ha HEOOIBIIYIO TOJMIIUHY (HECKOIFKO MHKPOMETPOB),
aNMa3HbIe TJICHKH TMPOSBIIIOT B ce0e BCE CBOWMCTBAa M MPEMMYIIECTBA, CBOWCTBEHHBIE €r0 00BEMHOMY
kpuctamty [3]. B nuteparype uMeeTcs 00IbIIOE KOTUUECTBO JaHHBIX O TONTYyYEeHHH AIMa3HBIX IIEHOK Ha
pasnuuHbIX momuoxkax Merogom CVD [4,5]. OxHako, OOJBIIMHCTBO M3 HUX UMEET JOCTATOYHO OOIIHi
XapakTep U MHOTHE JIETAIH TPOIiecCOB (OPMHUPOBAHUS AIMAa3HBIX KPUCTAIUTUKOB OCTAOTCS HE JI0 KOHIIA
BEISICHCHHBIMHL.

Hamu anmasHble MIICHKH BBIPAIIMBAIMCH HAa KBApIEBBIX MOJUIOKKAX, TAK KaK OHU MPEICTABIISIOT
OOJIBIION WHTEpec KaK yCTOWYMBBIA MaTepuall K Bo3leHcTBUIO BbICOKMX Temmeparyp (mo 1000°C) u
arpeccuBHOM cpejie. BbiOOp KBapIIeBO# MOIOKKY HaMK ObLT HECTy4alHBIM: KBapIl 00JiafaeT 3HaueHUEM
KTP (0.57-1.32)-10° 1/K, 6muskum k KTP anmasa (0.9-1.45)-10° 1/K, uto mo3Bosser noaydaTh IUIEHKH,
MIPUTOJIHBIE JUTSI CO3/IaHUS IPUOOPOB ONTOAIEKTPOHUKH. B muTepaType Mbl He BCTPETWIN HHPOPMAIIHIO O
nepexoHoM OydepHoM cioe kapouma kpemuust (SiC), oOpasyromieMcsi MEXIy aiMa3HOM IJICHKOW U
KBapIIeBOil 1oT0kKO#. PocT anmasnbix mieHok ocymectsisiicst CVD meronom B cpene cmecu napos (H-
CH30OH-NH3) Bogopoa-mMetaHo ¢ qo0aBieHreM HeKoToporo koauuectsa ammuaka (NHs) (Hoy-xay). [Ipu
3TOM ObLIIM 3aMMCTBOBAHBI HEKOTOPbIE HOBIIIECTBA M TEXHOJIOIMYECKHE OCOOEHHOCTH U3 IUTEpaTypsi [6,7],
a TaKKe YUYTEHBI pe3yNbTaThl HAIIUX MPEKHUX HCCIEIOBAHMI O BHIPAIIMBAHHUIO aJMa3HBIX IUIEHOK Ha
PasIMYHbIX TOAI0XKax [8,9].

OmHUM W3 MHOTOYHMCIIEHHBIX CIIOCOOOB 00pa0OTKH MOBEPXHOCTH TOJIOKKH SBISIETCS BOJOPOTHOE
TpaBlieHue miepen mporeccoM snutakcuu [10]. CrienoBaTenbHO, HAMH ATOT CIOCOO OBUT PUMEHEH st
OYHMCTKH ITOBEPXHOCTH TIOJJIONKEK KBaplla HETMOCPEJCTBEHHO Tepell snurakcuel. Jlns vero cHavaia B
pEeaKTop BIYCKAJICS TOJBKO BOAOPO U TEMIIEpaTypa MO UIOKKH mogHuMaack 10 900-950 °C u, npu Takoi
TeMreparype momnepxkuBaics B TedeHwe 10-15 mwmH. Ilpm 3TOM mporiecc OUYMINEHUS MOBEPXHOCTH
KBapIEeBOil MTOJUIOKKH, T.€. PEaKLUs IIPOUCXOIUT CIEAYIOIINM 00pa3oM:

SiO; + 2H — SiO + H,0T, (1)
00pa3oBaHHbBIE MPH 3TOM MHapbl BOABI YHOCATCS C IOBEPXHOCTU MOJUIOKKU T'a30BBIM IOTOKOM. 3aTeM
TeMIleparypa Mmoainoxkku onyckaercs o 850-870°C u B peakrop Bmyckaercs cmech napoB (H-CH3OH-
NHs), xotopas o Bo3aeiictBueM Beicokux (2000 — 2200°C) TemmepaTyp pasiaraercst Ha aromapHbie H,
C u (N), ¥ mpoHCXOIUT peaklysi aTOMapHOro yriepojaa ¢ okuchbio kpemuus (SiO). B pesynbrare uero
obpasyrorcs MoseKyIbl okucH yrieposa (CO), KoTopble TakyKe YHOCSATCS MTOTOKOM Ta3a U Ha MIOBEPXHOCTH
KBapIICBOH TMOIOKKH MOSBIISIOTCS aTOMbI KpeMHus (Si), KOTOpbIE COCMHSSACH C AaTOMAPHBIM YTIIEPOIOM
00pa3yloT MOJIEKyJ KapOraa KpeMHHUS 110 CIIEAYIOIIeH peaKIiH:

SiO +2C — SiC + COT. 2)

Kak BuaHO, mpy OYMIICHUN KBapLEBOH MOJJIOXKH BOJOPOIHBIM TPABICHUEM, Ha €€ MOBEPXHOCTH
MOSIBISIOTCS MOJIEKYITBI SiC, KOTOpEIE COEAMHAACH MEKIY c000i, 00pasyroT Toukue ciaou SiC, uTo OBLIO
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MOATBEPXkIeHO n3yueHuem PamanoBckoro crektpa KPC (komOuHarmonHoro paccesiaus csera) [10,11].
KoHIEeHTpalus HocuTeneil ToKa B MIIEHKAX, H3MEPEHHAs MEeTOI0M XoJjuIa, cocTaBisia ~ (5-6)-10%8 cm,
YTO COOTBETCTBYET JaHHBIM, ITOJy4YEeHHBIM B padoTax [10,11].

Boutn gpopmupoBanbl BempsmiLsiiomye KOHTakThl ¢ O6apbepoMm LlloTtku B Bume M — Camas — M-
nepexo/a MmyTeM HanbuieHus nauiaans (Pd) Ha mOBEpXHOCTH anMa3Ho# ieHkH. beua nuamepena (mpu 300
K) Bonmprammnepnas xapakrepuctaka (BAX) M — Cqaumas — M- cTpyKTypsl. BAX miMeeT B CHMMETPUIHOTO
CTaOMIUTPOHA, YTO OOBACHSETCS BCTPEYHO BKIIOYEHHOCTHIO OBYX aumonoB Ulortku. IIpm momaue
CMEIICHUS Ha TaKylo CTPYKTYpY, U3-TIOJl KOHTaKTa MPOUCXOAMIIO Oeneco-romyboe cBeueHue (puc.l,0) (c
CHHE-(PHOJIETOBEIM OTTEHKOM). [IOCKONBKY CTPYKTypa COCTOUT W3 BCTPEYHO BKIIFOUCHHBIX JIHOJIOB
[oTTkH, TO K HEH MOKHO TIOJABaTh HEBHINPSIMICHHOE [IEPEMEHHOE HaNpsbKeHHe. EcTecTBeHHO, P 3TOM
OyzeT HaOMIOAATHCS MepLAaHUE H3IYYEHHUsS, KOTOPOE MOKHO YCTPaHUTh IMyTeM NPHUMEHEHHs Omajia B
KadecTBe MOMIOXKKH. [loToMy dro B omarne, Kak mokasaHo B [12], HaOmromaercsi TIOMHHECIICHIIAS O]
neiicTBrEeM 0eneco-Toy00ro U3ITyYeHUs, 9TO MOXKET CIIOCOOCTBOBATH MOSIBICHUIO OETIOT0 CBETa.

Taxkum 06pa30M, IMOoKa3aHa BO3BMOKHOCTD IMOJTYYCHUA aJIMa3HBIX IIJICHOK Ha KBAPLCBBIX ITOAJIOKKAX
metosom CVD, ciocoOHBIe M3MydaTh Oeneco-Tomy0oit cBeT ¢ cuHe-(HOIETOBBIM OTTEHKOM. AJIMa3HbIC
TUICHKY, TIOJYYEHHBIC Ha KBapIEBBIX MOIOKKAX W UCMOJIb30BaHHBIA mpu 3ToM CVD Mmeton, moryt
npUMEHSIThCS IpH co3aanuu CJI CTpyKTYp, CIIOCOOHBIX paboTaTh MPH NEPEMEHHOM TOKE.

PaGora BeImonHeHa B paMkax (pyHIaMEHTAIBHBIX HCCIEIOBAHUN 1O MPOEKTy jJaboparopun «Poct
MOy TIPOBOTHUKOBBIX KPUCTAILIOB» DH3HuKO-TexHUIecKoro nHCTuTyTa AH PY3.
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AHHOTANUA

Paspabomana mnozocmaouiinas memoouka HaHecenus U30NAYUOHHBIX NOKPLIMUN HA YACMUYbL
MEMAIIUYECKUX NOPOWIKOE C Yeabio CO30aHUs HOB020 KIACCA KOMNOZUYUOHHBIX MASHUMOMASKUX
Mamepuanos ¢ YayuuleHHbIMU Xapakmepucmukamu. [Ipeonosicennviii Memoo Kancyiuposanus nopouiKa
Jcene3a OKCUOHBIM CNOeM  AGNAEMCS  BbICOKOIKOHOMUUHBIM MEMOOOM OISl HAHeCeHUs NOKPbIMULL
PA3IUYHO20 XUMUYECKO20 COCMABA HA MEMAIIUYECKUe NOPOWKU, U MOACEM DbIMb UWUPOKO UCHONb30BAH 6
npakmuxe 0N NOAYYEHUS INeKMPOMEXHUUECKUX mamepuanog. 1Iposedensvt KOMNIEKCHbIE UCCIEO08AHUS
CBOLICME NONYYEHHBIX 00pA3y08 NOPOUWKOBLIX KOMNOSUYUOHHBIX MAMepuanos Ha OCHO8e dicene3d
ABC100.30, wacmuyst xomopozo kancyauposamsvl oxcudom @ocgopa. Cozdana pacuemudas Mmooeib
cmamopa ¢ y4emom NpumeHeHus 6 ee KOHCMPYKYUU MASHUMOMSCKUX KANCyIUPOBAHHLIX NOPOUIKOG
aceneza. Memooom npeccosaniis u320mosienbl KOMNOHEeHMbL CMAamopa npu NOMOWU npecc-popmul 6 8Uoe
omoenvublx 3y008. Obuue nomepu cO30aHHOU ¢ NPUMEHEHUEM U320MOBNEHHBIX KOMNOHEHMO8 MACHUMHOT
cucmemul cocmagsim oxono 140 Bm.

KiioueBble ciioBa: KOMITO3MIIMOHHBIC MArHUTOMATKUE MATCpUAJIbl, IMTOPOHIKU KEJIC3a, OKCUIHBIC
CJIOH, KOMIIOHCHTHI CTaTOpa, MCTO MTPECCOBAHUA

1. Beenenue

DKOHOMHYECKOE CTHUMYJIHPOBAHHE PECypcocOepexeHns, pa3padoTka U BHEIPEHHUE IKOJIOTHYCCKH
0€30IMaCHBIX TEXHOJIOTUH W HOBBIX MaTEPUAJIOB B IPOMBIIICHHOCTH, YJHEPIeTUKE, CEIILCKOM XO035SHUCTBE U
Ha TPAHCIIOPTE, ABJISIFOTCSI IPUOPUTETHBIME HAIPABJICHUSIMHU 00ecTiedeHrst 0€30TTaCHOCTH B DKOJIOTUYECKON
cdepe MHOTHX Tocy1apcTB. [1o 3Toi npuyrHe K UCTIOIH3yEeMBIM JIIEKTPUYESCKAM MaIlIHHAM ITPETbBIISIOTCS
ocoOwle TpeOoBanms, Takue Kak Bbicokmii KIIJI, BpICOKas yjenbHass MOIIHOCTH, IMUPOKHH IHAIa3oH
0060pOTOB, PEMOHTOIPUTOIHOCTE, HAJEKHOCT U T.1. [1, 2].

MarautoMsrkue MaTepualibl CIIOCOOHBI OBICTPO MIEPEKITIOYATh CBOI0 MATHUTHYIO TIOJISAPU3AIINIO TTPH
MIPIJIOKEHUH CIIa00T0 MArHUTHOTO TOJIS U 00JIAAaf0T HU3KUMH TIOTEPSIME SHEPTUH, YTO HAXOJUT BaXKHOE
MPUMEHEHHUE B CO3JIaHUHM FEHEPATOPOB, JIEKTPOABUTATENICH, TpaHC(HOPMATOPOB, KATYIICK HHIYKTUBHOCTH
unu AatuukoB [3, 4]. B HacTosiuee BpeMsi MPOUCXOAMUT IMOCTENEHHOE 3aMEIICHHUS MarHUTOMSTKUMHU
KOMITO3UTHBIMU MaTepuaiaMi MOBCEMECTHO UCIOIb3YyEMON TaMUHUPOBAHHOM 3JIEKTPOTEXHUYECKOH CTaNu
JUISI W3TOTOBJICHWUS MAarHUTONPOBOMIOB DJICKTPUYCCKUX YCTPOUCTB. MAarHUTOMSTKHUE KOMITO3UTHI
MPEICTABIISIFOT CO00M 0COOBIH Kiace PeppOMAarHUTHBIX MATEPHUAJIOB JIJIS AJIEKTPOMArHUTHBIX IIPUMEHEHUH.
AHanu3 MMEIONUXCS JINTEPATYPHBIX JTaHHBIX O METOAAaX KaICYJIMPOBAHHUS METAJUIMYECKOTO MOPOIIKa
TOHKHM OKCHJIHBIM CIIO€M, ITOKa3aJjl, YTO OHHM HE MO3BOJISIOT CO37aTh IOCTATOYHO KAa9€CTBEHHOE TTOKPHITHE
U SBIAOTCA Manod(pdekTuBHBIMA. OCHOBHBIE TPEOOBAHHS K MMOKPHITHSIM MOXHO CHOPMYJIHPOBAThH
CJIEYIOIUM 00pa3oM: CIIOW MOKPBITUS JODKEH OBITH CIUIONIHBIM M OJTHOPOIHBIM IO TOJIIWHE; yIEITbHOE
CONPOTHUBJIEHHE MaTepHaa JOKHO cocTaBnarh 107 — 10° Om-cm.

[IpuMeHneHne MarHUTOMSITKIX KOMIIO3UTOB B BHJIC KalICYJIUPOBAHHOTO IMOPOIITKA MMPUBOAUT K TOMY,
YTO MPAKTUYECKHU OTCYTCTBYIOT IMMOTEPU MaTepuaia Mpy U3rOTOBIEHUU 3JIEKTPOMAarHUTHBIX KOMIIOHEHTOB,
[0 CPaBHEHUIO CO CTAaHJAPTHOM TEXHOJOTHEH, mpu KOTOpod a0 60% 5IeKTPOTEeXHUUECKOW cTamu,
MIpeICTaBISIONIEH coO0i TMCTOBOM MaTepral, HAET Ha MOBTOPHYIO NeperuiaBky. Co3maHne MHOTHX HOBBIX
AJIEKTPUYECKUX MAIIMH ¢ TPEXMEPHBIM YIIPABICHUEM ITOTOKA CTAHOBUTCSI BOBMOXKHBIM TOJILKO Oraromapst
M30TPOIHBIM CBOMCTBaM KOMMO3UTOB. KpoMe TOro, mopomiok npeccyeTcsi HEMOCPEACTBEHHO B XKEIAEMYIO
(dopMy, a 3aTeM OABEpPraeTCs TepMUUECKO 00paboTke [5 — 8].
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Jannas pabora moOCBsIIEHa pPa3pabOTKe ¥ M3YyYEHHIO (PH3HKO-TEXHHYECKHUX XapaKTePUCTHK
KOMITO3UIIMOHHBIX MaTepHUajoB Ha OCHOBE IIOPOIIKOB JKele3a W MX NPAKTUYECKOW ampobanuu B
MarHUTOMIPOBO/IaX 00PATUMBIX JICKTPHUUSCKUX MAIIIHH.

2. DKCIepUMEHTAJbHAS YaCTh

C ydeToM TpeOOBaHWH K AJIEKTPOTEXHHUYECKHM XapaKTEPUCTHKAM pa3padaThIBa€MOro MaTepualia
pa3paboTaH HOBBIH CIOCOO HAHECEHUs] OKCHIHBIX MOKPHITUH Ha MOBEPXHOCTHh YACTHIl METAJUTMYECKOTO
XKeJe3a IyTeM KOMOMHUPOBAaHUS PA3INUHBIX METONOB KaIlCYJIMPOBAHMS, NAIOIINN BO3MOXHOCTD IOIYy4UTh
3aJaHHBIN COCTaB C HEOOXOANMBIMU MarHUTHBIMU [IapaMeTPaMu U yAEIbHBIM CONpOTHBIeHHEM. CyIIHOCTb
METO/a COCTOUT B NMPEABAPUTEIILHOM COBMECTHOM MEPEMEIIMBAHUN B CHEIUAIBHOM PEAKTOPE MOPOIIKA C
no0aBleHHEM BOJOPACTBOPUMEBIX COJIEH M MX TEPMUYECKOM Pa3IOKEHUH J0 OKCHIIOB C TMOCIEAYIOMINM
o0pa3oBaHMEM Ha TIOBEPXHOCTU JKe€jle3a OKCHUAHBIX IOKPHITUH. TEeXHOJOIHs H3TOTOBJICHUS
KalCyJIMPOBAHHBIX TOPOIIKOB M CO3MaHWSA M3 HUX H3ACIUN MPEICTaBIsIeT COOOH MHOTOCTaIUIHBIN
MpoLecc, BKIIOYAIOIMUN CleayIole OCHOBHBIE onepaiiui. Ha mepBoii craguu mpoBOAUTCS omeparus 1o
PEaKIMOHHOMY HaHECEHHIO M3O0IIAIMOHHBIX MMOKPBITUI U3 ra3oBoi (pas3sl mpu temmepatype 150 — 200 °C.
Bropas cragus npeacrasnser coboil onepanuio N0 HAHECEHHIO Ha TOBEPXHOCTh W30JMPOBAHHBIX YaCTHIL
Keneza CMa3Kd Ha OCHOBE BOCKa B KomudecTBe, He mpeBblmatomeM 0,025 Bec. % B peakTope mpu
temmeparype 150 — 200 °C mpu mOCTOSIHHOW BaKyyMHOH oTkauke. [lamee myTeM THApOCTaTHYECKOTO
[IPECCOBAaHUsI  KAlCyJUPOBAaHBIX  IIOPOLIKOB  M3TOTABIMBAIOTCS  HEOOXOIUMBIE  KOMIIOHEHTBI
ANEKTPOTEXHUYECKHUX U3/IeNui B mpecc-popmax nox nasienuem 0,7 — 0,8 I'Tla nmpu HOpMaNbHBIX YCIOBHSIX.
CripeccoBaHHbBIE U3/IETHUS TIOJBEPraloTCsl TEPMOOOPaOOTKE IS HOPMAaIH3alul (U3NIECKUX TTapaMeTpOB.
OTmxur nzaenuii npousBoautcs npu remneparype 450 °C B reuenue 1 — 1,5 yaca B aBToK1aBax B arMocdepe
a30Ta WJIM Ha BO3LyXEe B 3aBUCHUMOCTH OT TpeOoBaHMU. Pa3paboTaHHas TE€XHOJOTHsS HAaHECCHHS OYCHb
IIPOCTasl U JIETKO Maciradbupyercs. ['0TOBBIH KOMIIO3UT 00J1a1aeT HU3KOH CTOMMOCTBIO 1O CPAaBHEHHIO C
aHaJIoTaMHu.

Mopdonoruss 1 XUMHYECKHI COCTaB MOPOIIKOB W3yYEHBI METOJIOM CKaHUPYIOIIEH SJIEKTPOHHOM
mukpockornmu  (COM) Ha wmukpockone Hitachi SEM, Zeiss.Pe3ynbraTel peHTTCHOCTPYKTYPHBIX
WCCIIE/IOBAHNH TOPOIIKOB CHHTE3WPOBAHHBIX KOMIIO3UTOB TIOKa3ajH, 4YTO HaHECEHHE TOHKHX
M30JIMPYIOIINX MOKPHITHI Ha OCHOBE OKcHua pocdhopa Ha nopoiku xene3a ABC100.30 ¢ 3epHoM mopsijika
100 MKM He TIPUBOAWT K CYIECTBEHHBIM H3MEHEHMSAM TapaMeTpa dJIEMEHTapHOW KyOMUYECKOW SYEHKU
YHCTOrO Kelie3a NpoCTpaHcTBeHHOU Tpynmbl SG: Im3m (a = 0,2865+0,0003 um). B 06pasiie 06HapykeHO
MIPUCYTCTBHE TOJIBKO 011HOM a-Fe ¢a3bl. daza okcuna Gocdopa siBHO HE 0OHAPYKEHA, ITO CBA3AHO C MaJION
TOJIIIMHON MOKPBITHS 110 CPAaBHEHHUIO C Pa3MEPOM HYaCTHUII, TaK KaK pa3Mep YacTUL] HAXOAUTCS B Ipeaeax
100 MKM, a TONIMHBI TOKPBITHH He TipeBbimatoT 30 M. MccnenoBanue MOpQOIOTHH KanCyINPOBAHHOTO
okcuoM ¢ochopa mopomka xeineza ABC100.30 moka3ano, 4TO YacTHUIIBI MOPOIIKA UMEIOT CIIOXKHYO
reoMeTpuio (PUCYHOK 1), 3TO BaXXHO C TOYKH 3PEHUS MPAKTUUECKOTO MPUMEHEHUS TaKUX YACTHUI[ TPH
MPECCOBAHUM M CO3JAHMU IUIOTHBIX KOMIIO3UTOB, IUIOTHOCTH KOTOPBIX IIO3BOJIUT IIOJIydYaTh
3NIEKTPOTEXHUUECKUE U3JIEIHs C XOPOLIUMH (PU3NUECKUMU CBOHCTBAMH.

50 MEME

Hcxomublit moponok ABC100.30 KancynupoBaHHBIH TOPOIIOK
Puc. 1. Muxpocmpyxmypa uacmuy nopouixa sceneza ABC100.30 do u nocne nanecenus noxkpeimus okcuoa gocgpopa

[penmymiecTBa pa3pabOTAHHOTO KOMITO3UIIHOHHOTO MArHUTHOTO MaTepralia repest IeKTPOTEXHIIECKON
CTJIBIO TIO3BOJISIOT O0ECTICUHTh OoJiee MHMPOKOE €ro MPUMEHEHUE IS M3TOTOBIICHUS AJICKTPOTEXHUUCCKHX
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W3JIETINH C TIEITHIO ITOBBIIICHUS Y IETBHOW MOIITHOCTH TIPU BHICOKOW CKOPOCTH BPAIICHHUS C MEHBIITUMH TIOTEPSIMH.
Takum 00pa3oM, CHHTE3UPOBAaHHBIE KOMIIO3UTHI Ha OCHOBe mopomika xeneza ABC100.30, wacTuib
KOTOPOTO  KarCyJMpOBaHbl  OKCHAOM  ¢ocdopa, o00Iamal0T MarHUTHBIMH — XapaKTEPUCTHKAMH,
HEOOXOIUMBIMHU TSl U3TOTOBIICHHS DIICKTPOTEXHUYECKAX KOMIIOHEHTOB 00pPaTUMO# MaIlIWHbI.

JIisl IpakTHYeCKOro0 MPUMEHEHUSI MarHUTOMSTKHX TIOpPOIIKOB TPOBEICHBI pacueThl reHepaTtopa. s
CO3/IaHMSl PACUYCTHOM MOJEIM MArHUTHOW CHUCTEMbI CTAaTopa C Y4YeTOM IPUMEHEHHS B ©¢ KOHCTPYKIMH
MarHUTOMSTKUX KallCyJMPOBAHHBIX TMOPOIIKOB JKENe3a HCIONL30BAHBI UCXOJHBIC, JNaHHBIC TPHUBCICHHBIC B
tabmunax 1 u 2. Ha pucyHke 2 npezcTasieH Ipogmib cTaTopa reHepaTopa.

Taéauua 1. OcHOBHBIE XapaKTePHCTUKHI

Ilokazarens Pacuernas BennurHa
DJeKTpPOMarHuTHAsI MOIIIHOCTh 2759,9 Br
Bxonnas MOIITHOCTB 2829,5Br
BrIxoaHas MOIIHOCTH 2 688,8 Br
Oormue moTepu (TpH HATPY3KE) 140,75 Br
KT 95,026 %

Taéauua 2. IdpdpeKTHBHOCTH pa3paboTAHHOM CHCTEMBbI

Ilokazarenn Pacuernas BenmmunHa
IoTepu B 0OMOTKE (TIpU HArpy3Ke) 69,66 Bt
MarHuTHbIe TOTEpH (IIPU HarpysKe) 0,002743 Bt
INotepu B cratope [o0uwe] (pu Harpy3Ke) 70,4 Bt
INotepu B MeTajie poropa [o6mue] (py Harpyske) 0,69 Br
Ooiirxe oTepH (IpH HATrPy3Ke) 140,8 Bt

Puc. 2. I[Ipoghune cmamopa

I'enepartop paccuntan Ha pa3paOOTaHHBII MArHUTOMATKWHM KOMIIO3UT M MarHuThl N38. Maraut N38
20x10%4 cranpaptHbid. TommpHa MakeToB cratopa W poropa 60 mMM. Brymka poropa M3roraBimBacTcs M3
HEMarHUTHOro Matepraia. JIoboBbie yactit 00MOTOK 40 — 45 MM.

Ilo pesynbratam pacdeToB CTaTOp WM POTOP HM3rOTABIMBAIMCH M3 MArHUTOMSITKUX KarCyJMPOBaHHBIX
TIOPOIIIKOB TPU MOMOIIM Tpecc-popMbl. C ydeToM TrabapHTHBIX XapaKTEPHCTUK CTaTopa, MPUHATO pPellcHHe
TIPECCOBATH 10 OAHOMY 3y0y (PHCYHOK 3) C TIOCIICMYTOIIEH CKIICHKOM MX MEXITy COOOH.
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Puc. 3. 3y6 cmamopa, uzeomosnenHbil U3 MACHUMOMSIZKO20 KOMHOZULUOHHO20 MAMEPUAIA

VYuureIBas, YTO y KOHEUHOH NeTanu Oojbluasi BICOTA, Mpecc-(hopMa MpeaycMaTpUBacT TEXHOJIOTHIO
JIByXCTOPOHHET'0 IIPECCOBAHMS, [ULs1 60JIee IIOTHOM U PaBHOMEPHOM MPeccOBKH nopouika. [1o aHanoruu caenana
npecc-popma 1S ONTYYeHHUsI CETMEHTA CTaTopa U3 TOTO YKe MArHUTOMATKOTO TIOPOILKA.

[IpenBapuTenpHble UCTIHITAHUS TOKA3aJIH, YTO OONACTh HEOOXOAWMBIX JAaBIEHHH IS TIONy4eHHs 3y0a
cTaTopa M cerMeHTa poTtopa JiexuT B auarnazone 750 — 1200 MlIla. [{ns momydenus naaenwii Tpedyemoe yCcrmie
npeccoBanus coctaBuiio 27 — 30 T.

3. 3akiaoueHnue

OrmpenienieHsl yCIOBUS M METOJIUKH HAHECCHHS M30JIMPYIOIINX OKCHIHBIX MOKPBITHH Ha YaCTHIIBI
ocHoBbl mopomika skeneza ABC 100.30. IIpoBemeH cuHTe3 00pa3loB MarHUTOMSITKHX TOPOIIKOBBIX
KOMIIO3UIIMOHHBIX ~ MaTepualioB ¢ TpeOyeMbIMH TlapaMeTpaMd C  HCIOJB30BaHHEM  BOJIHO-
aToMu3upoBaHHOTO Topomika xeneza ABC100.30 ¢ pasmepom 3epHa mopsimka 100 mxm. Ha gacTwibr
OCHOBBl HAHECEH HAaHOPAa3MEpHBI W3OJIMPYIOIIMHA CIOH Ha oOcHOBe oOkcuaa ¢ocdopa. HM3yuena
MOpGOJIOTHs, XHMHUUECKHI COCTAB MOJyUYSHHBIX TTOPOIIKOBBIX KOMIIO3UIIMOHHBIX MaTepuanoB. YacTuisl
MOPOIIKAa HMMEIOT HEOOXOJMMYIO CIOXKHYI0 TyO4aTyl0 TeOMETPUIO, YTO BaKHO JUIA MOJyYCHUS
HEOOX0MMOI IUTOTHOCTH NPU TpeccoBaHny. CHHTE3UPOBaHHBIE KOMITO3UTHI HA OCHOBE MOPOIIKA JKeJe3a
ABC100.30, 4acTHIlbl KOTOPOTO KalCyJIMpOBaHbl OKCHAOM (ocdopa, SBISIOTCS MAarHUTOMSTKHMH
MaTepHuajaMy C XapakTePUCTHKaMH, HEOOXOIUMBIMH JUIS CO3/IaHUs JEKTPOTEXHUUECKUX KOMIIOHEHTOB
00paTUMBIX JEKTpUYeCKUX MamuH. C y4eTOM XapaKTepUCTHK pa3pabOTaHHOIO MaTepHaja BBIIOIHEHBI
pacueTsl TeHepaTopa. MeToIOM IOpPOIIKOBOH METaTyprud M3 MarHUTOMSTKHAX KarCyJIMPOBaHHBIX
MOPOIIKOB IPH MOMOIIY Tpecc-pOPMBI M3TOTOBIICHBI CTATOpP M POTOp reHeparopa. [IpenBaputenbHbIC
UCTIBITAaHUS TIOKA3aJk, YTO 00JIacTh HEOOXOAMMBIX JABICHHHN /IS MOMy4eHHs 3y0a craTopa M CerMeHTa
poTopa sexuT B auanazone 750 — 1200 MIla.

BaarogapnocTu

Pa6ota BeimonHeHa B pamkax 3aganus 4.1.38 «Pa3paboTka 1 ucciaeqoBaHUE ANEKTPOU30ISIIUOHHBIX
MaTepHajoB JJisi CTaTOPOB OOPAaTHUMBIX DSJEKTPUUECKHMX MAIIMH Ha OCHOBE >KEJIE30COACPIKaIlInX
KalCy/IHpPOBaHHBIX MaTepUANOB C 3aJaHHBIM HAMpaBJIEeHHEM MAarHUTHOTO TOTOKa» | ocymapcTBEHHOM
MpOrpaMMBbl HAYyYHBIX HCCIIEeN0BaHUNA «MartepraioBe/ieHre, HOBbIE MaTepHaibl U TeXHoiorum» Ha 2021-
2025 rr. moamporpaMMbl « MHOTO(YHKITHOHATBHBIE H KOMIIO3UIIMOHHBIE MATEPHAIIBI»
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I'ETEPOIIEPEXO/AblI MUKPOJJIEKTPOHUKE.
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2HamHTH, 2. Hamanzan yn. Kacancaiickas 9. Kagpeopa gusuxa, doyenm. sulix80@ mail.ru

AHHOTANUA:

Lento dannoii pabomvl s6751€MCS UCCAEO0BAHUE 2eMEPOCMPYPHbIE MAMEPUATbL U CO30AHHbIEe HA UX
0CHOBe CYOHAHOCEKYHOHbBLE NOTYNPOBOOHUKOGbIE NPUOOPLL — KOMMYMAMOPbL, A MAKAHCE USYUEHUEe PeHCUMA
CYOHAHO- U NUKOCEKYHOHAS BKIIOUEHUSL (DOMOHHO-UHICEKYUOHHBIX KOMMYMAMoOpa CO30AHHASL HA OCHO8E
cnabo-nezuposannozo GaAs u ezo meepovix pacmeopos AlGaAS u ux nepcnexmuevi npumenenus 6
60IOKOHHO-ONTMUYECKUX TUHUSAX C8A3U, DPAOUOLOKAYUU, pPAKema MeXHuKe, KOCMUYECKUX Ompacisax u
ONMOINEKMPOHUKE

KiroueBble ciioBa: ['eTepoCTpyKTYpHBIC TIOTYIIPOBOJIHUKH, TETEPONIEPEXO0IbI, CTA00ICTUPOBAHHBIC

CIIOM, KOMMYTAIlUsl HMITyJibca, CYOHaHO- W TIMKOCEKYHJHAs KOMMYTAIMs HMIYJIbCOB,

OTITORJIEKTPOHHBIC IPUOOPBI.

B HacTosiiee BpeMsi OBICTPO pa3BUBAETCS CYOHAHO- U MMUKOCEKYyHIHAS HMITYJIbCHAS TEXHHUKA, YTO
CBSI3aHO C MOTPEOHOCTSAMH JIa3epHOH, JIOKALMOHHOH, paguonepenarolieil TeXHUKH, a TaKXKe TEXHHUKH
¢uznueckoro sxcriepuMenTa. OJJHa U3 OCHOBHBIX BOSHUKAIOIIUX IIPH 3TOM MPOOIIEM - CO3/IaHHE KITIOYEBOTO
mpubopa TaHHOTO CIOCOOHOTO KOMMYTHPOBATh OOJIbIINE MOITHOCTH (0T coTeH Bt mo MBT B uMnysbce)
IpU BBICOKOH HAaAE&KHOCTHM UM CTAOMJIBHOCTM MapaMeTpoB KommyTanuu. OIHAaKO, H3BECTHbIC
MOJTYTIPOBOJHUKOBBIE MPUOOPHI, TAKME KaK TyHHeNIbHbIe 11ob!, CBY TpaH3UCTOPEI, OB C HAKOIJICHHEM
3apsiia KOMMYTHPYIOT MOIIIHOCTH He 0osiee HecKonbKuX BaTT. Hanbomnee MoriHbie mpruOOpHI - KpeMHHUEBEIE
JTMOJTHBIE, TPAH3UCTOPHBIE 1 THPUCTOPHBIE 000CTpUTENH [ 1], ONITOAIEKTPOHHBIE KITFoUH [2] TpeOyIOT OueHb
CJIOJKHBIX CXEMBbI JIJIs 3aIyCKa, MMEIOT HU3KYIO MIPEJeTbHYI0 pPadodyIo TeMIIepaTypy, a Takke HeOobIue
Mpele’abHO JOMyCTUMbIE YacTOTHI TOBTOPEHHS HMITYJIbCOB. B COBpeMEHHOW MUKpO3JIEKTPOHHKE BCE
OoNBIIMK HMHTEPEC MPEACTABIISIOT MPUMEHEHUs OOJBIIUE CIIOKHBIX TOITYIPOBOJHUKOBBIX CTPYKTYD,
KOTOpbIE 00pa3yloTCs IPH COBMECTHOM HCIIOJIB30BAHMM MaTepUalloB pa3HOro BUAa. B kauecTBe mpocToro
MpUMepa MOXHO BCIIOMHUTh 00 YHHUKAJIbHBIX CBOMCTBAaX TIEPEXOJ0B METAJI-TIONYIPOBOJIHUK U
CO3/I1aBaeMbIX Ha WX OCHOBE JIMOJOB, OUIOJSPHBIX U MoyieBbiX TpaH3ucTopoB IllorTku. Ho emé Oosnee
MEPCHEKTUBHBIMU SIBIIIIOTCSI MPUOOPHI, B KOTOPBIX Ui CO3JAaHUS IIOJYNPOBOJHHUKOBBIX CTPYKTYD
COBMECTHO HCIOIB3YIOTCS pasHble XWUMHYECKHE DJJIEMEHTBl. Takue CTPYKTypbl Ha3bIBAIOTCS
TeTepOreHHBIMU MJIU TETePOCTPYKTYpPaMU. A OCHOBHBIM AJIEMEHTOM T€TEPOCTPYKTYP Pas3iIMuHOTO THUIA
SBIISIETCSL reTepornepexon. l'ereporepexox — 3TO Mepexof, KOTOpPBHIA o0pasyercs B MecTe KOHTaKTa
Pa3NUYHBIX MO XMMHYECKOMY COCTaBy IOJIyIIPOBOJHHMKOB. Ha rpaHume paszena M3MEHSETCS OOBIYHO
IIUpUHA 3anpeiiéHHON 30HBI AE, NmOABMXKHOCTH HOcuTeled Toka, uX 3((EKTUBHbIE MacChl U Jp.
XapaKTepUCTUKH  TIOJTYMPOBOAHWUKOB.  MaeambHass  CTHIKOBKA  KPUCTAUIMYECKHMX  PEHIETOK B
MIOJIyTIPOBOJHUKOBBIN TE€TEPONEPEXO/T BO3MOXKHA JIMIIb MPU COBMAJECHUHU TUIA, OPUEHTALIMU M Iepuoja
KPUCTAJUIMYECKUX PEIIETOK CpallMBacMbIX MaTE€pUAJIOB. l'ereponepexoipl, € Pa3IMYHON IIHUPUHOU
3anpemEHHON 30HbI ¥ Pa3IMYHON CTENEHBIO JIETHPOBAHHS, TTOIYYHIIH IIMPOKOE MPAKTHYECKOE MPUMEHEHNE
B U3Iy4aloUMX M (OTOIIEKTPUUYECKHX MNpHOOpax (CBETOAMONBI, Ja3epbl, (QOTOAMOABI H.Ip).
Hcnonp3oBaHue TeTepoIepexo 0B B MOJEBBIX M OWIOJSPHBIX TPaH3UCTOpPax IO3BOJSET 3HAYUTEIHHO
YBEIMYUTh WX pabOyMe dYacTOTHl, YTO BAXXHO B CBEPXBHICOKOYACTOTHHIX (CBY) aHamOroBRIXx u
CBEpXCKOpOCTHBIX THdpoBbix MC. s moiyueHHs TeTepornepexo/ioB OOBIYHO HCIONB3YETCsS METOJ
KUJKOCTHOW SIUTAKCUH, TMO3BOJISIIOIIMNA HM3rOTOBUTH HE TOJBKO JABYXCIOWHBIE HO M MHOTOCJIOIHBIE
("4eTpIp€X — MATHUCIOWHBIE) TETEPOCTPYKTYPHL. llpM 3TOM MOIYNPOBOAHHWKH TOJKHBI MMETHb ONHM3KHE
KPUCTAJUTMYECKHUE CTPYKTYpPbl C TMPAKTHYECKH DPAaBHBIMH MapaMeTpaMy KPHUCTAITUYECKON pPEIETKH.
Bonpmias 3aciyra B MONMy4YeHHH MOIYIPOBOJHUKOBBIX IETEPONEPEXOAOB M HCCIEIOBAHUAX MX CBOMCTB
npuHaanexut aaypeaty HobeneBckoit npemun no gusuke akagemuky JK.M. AndEpoBy u Bo3riaBisieMoit
M HaydHoW mkosie [3, 4]. Hambonee OCBOSCHHBIMH SIBIISIFOTCS TE€TEPOTICPEXOIbI MEXKTY TBEPIBIMH
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pacTBOpaMy HOIYIIPOBOIHUKOBBIX coenunenni ASB®: AlyGa«As — GaAs, GaAsxP1x — GaAs, GaAskP1x —
GaP, GaxInixAs — InP u ap. (3neck x=0,2, ... 0,3 — aTOMHOE COZIep)KaHUE OJHOTO U3 KOMIIOHCHTOB TBEPIOTO
pactBopa) [Ipu 3TOM TONIIHMHBI SMTUTAKCUANTBEHOW IJIEHKU TBepAoro pacteopa gocturaet 0,1...2,0 MrM.
W3MeHsIsT TIPOLIEHTHOE COAEPKaHME MCXOMHBIX monynpoBoauaukoB AlAS u GaAs umm INAIAS u InGaAs
MO>KHO PETYJIMPOBaTh IUPUHY 3alpelIEéHHON 30HbI E, 11ar KpucTayuin4eckoi peléTKy Ui BHICOTY MUKa
AE B 3HepreTH4eckoil quarpaMme reTepornepexoaa. OpHOM W3 HaWwIydllMX map A CO3AaHus
rereponepexona ssisercs GaAs — AlGaAs [7].

['eTeponiepexoapl MPUMEHSIOTCS B PAa3MYHBIX MOTYIMPOBOJHUKOBBIX mpubopax. Hampumep,
MOTEHIMANbHAs sMa, (QopMUpyeMas I[HKOM B OJHEPreTHYECKOH auarpaMMe mepexona, MO3BONET
YBEIMYUBATH K.II.JI. CBETOM3IYYAIOMINX 3JIEKTPOHHBIX MPUOOPOB, TAKUX KaK MOIYTPOBOIHUKOBEIE JIa3€PhI
WU CBeTOMMOIEI. [IprMeHeHNe TeTeponepexoa0B B IMATTEPE OUTTONSIpHBIX Tpan3uctopoB HBT mo3Bomsier
YBEIMYUTH TPOBOANMOCTE 0a3bl, HE omacasich YBEJIWYEHHUs 00paTHOro Toka B mere sMuttepa [8]. Tem
caMbIM MOXXHO YIIyYIIaTh YacCTOTHBIE CBOICTBA TpPaH3WCTOpa WM AOOMBATHCA OONBIINX TOKOB, IIO
CPaBHEHHIO C OOBIYHON CTPYKTYPOU TpaH3UCTOpa. bombias BeicoTa Oapbepa reTepornepexoaoB MO3BOISET
yIYYIINTh TapaMeTPhl U3TYYAIOMIMX ONTOMIECKTPOHHBIX MPHOOpPOB. CBOWCTBO OHOCTOPOHHEH WHKEKIIUH
B p-TI TETEPONEX0/ax ¢ CHIBLHOICTHPOBAHHON 023011 MOXKET UCIIOJIL30BAHO B OHIOJSIPHBIX TPAH3HCTOPAX.
I'eteporepexo/ipl MEXIy MONYIPOBOIHUKAMHU OJHOTO THITA MMPOBOJAMMOCTH MPUMEHSIOTCS IJISI CO3MaHUS
rrosieBeIXx CBY TpaH3UCTOPOB M CBEPXCKOPOCTHBIX ITH(poBBIX HIC.

[ukn paboT, BBHINONHEHHBIX B TOCIEAHHE TOMABI, MOKa3ajl IEePCIEeKTUBHOCTh MPUMEHEHUS
TeTepPOIEePEXO/IOB M OINTHUYECKOrO crmocoda yMHpaBiIeHHWS I CO3MaHUS THPHUCTOPOB ITOBBIIIEHHOTO
obicTpozeiicTBuss Ha ocHoBe GaAs - AlGaAs. Hcciemosanus mpuOopa, Ha3BaHHOTO (POTOHHO -
WHXEKIIUOHHBIM HMITyJIbCHBIM KoMMyTaTtopoMm (PUMK), xoTopblil coaepkUT B KadyecTBE COCTAaBHBIX
TPaH3HCTOPOB ONTOTPAH3HCTOP C FeTepO CBETOAHOHOM YIIPABIEHHS H TPAH3UCTOP C BEICOKOBOILTHBIM -
n° mepexomoM, IIOKA3add BO3MOXKHOCTh KOMMYTALMHM OOJBIIMX MOIIHOCTEH TpeX 3NEKTPOIHBIMH
MOJIYTIPOBOJHUKOBBIMHU MTPUOOpaMHU B CyOHaHO-CEKYH/IHOM Juamna3one [5 - 7].

Co3laHue UMITYJILCHBIX TPAH3UCTOPOB M THPHCTOPOB HAa OCHOBE retepo-cTpykTyp GaAs-AlGaAs
CTAJIO0 BO3MOXKHBIM OJaroiaps pa3paboTKe OCHOB TEXHOJOTMH MONYYEHHsS BBICOKOBONBTHBIX p°-n°
repexo/1oB Ha 0a3e HenernpoBaHHOTO GaAS 3a cuét GpoHoBOM KoMIeHcannu. OJHAKO 10 KOHIIA HE BBISICHEH
MeXaHu3M (OHOBOM KOMIEHcalMd 0pu (OPMHUPOBAHMH TUIABHBIX II€PEXOJIOB, 4YTO 3aTPYAHSIIO,
BOCIPOM3BOIMMO TIONy4YaTh TIPUOOpHBIE CTPYKTYphl. IlpencraBiser wWHTEpeC W3y4YEeHHWE BIUSHUSI
M30BAJICHTHEIX aTOMOB Ha TIporecc (opMHpPOBaHHs TIABHEIX p°-N° 1epexo/I0B, MOCKOIBKY HX IPHMEHEHHE
MO3BOJISIET M3MEHSATh YPOBEHb KOHIIEHTPAIIMU H CIIEKTP MEJIKUX MPUMECEH 1 TITyOOKO YPOBHEBBIX JIOBYIIEK
3a cu€T B3aMMOJICHCTBUS ¢ (POHOBBHIMH NPUMECSIMH B PACIUIaBE M U3MEHEHHUS COOCTBEHHBIX TOUYEUHBIX
neEeKTOB B AMHUTAKCUAIBHBIX CIOSX. BO3MOXKHOCTh ManbpHEHIero nopeimeHus 3GpGeKTUBHOCTH JaHHON
TEXHOJIOTHH CBSi3aHa C BBIICHEHHEM 3aBHCHMMoOcCTel xapaktepuctuk nepekiroueHuss ®UUK or ycnosuit
BHIPANIMBAHKS IEHTPANLHOTO BBICOKOBONMBTHOTO pl-n’ mepexoma. DTo nenaerT paboTy, MOCBAIMIEHHYIO
VICCIIE/IOBAHHMIO MEXaHM3Ma (POPMHUPOBAHHS IUIABHBIX BHICOKOBOJBTHEIX p°-N° MepexoyioB, MONYYEHHIO
MMITYJIECHBIX KOMMYTaTOpPOB BBICOKOTO OBICTPOJICHCTBHS Ha WX OCHOBE, HM3yUEHHWIO CBSI3U YCIOBUI
BHIpAIIMBaHMS JMUTAKCHANBHBIX CTPYKTYp M Pa0OYHMX XapakTepUCTUK MpHOOpa, akTyalbHOW Kak B
HAYYHOM OTHOILICHHH, TaK U JUIS PEUICHUS MPAKTUYECKUX 3a]1au.
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HEKOTOPBIE ®OTODJEKTPHYECKUE CBOMCTBA ST TAKCHAJILHBIX
CTPYKTYP Si-(Siz)1+(ZnS)x, BIPAIIEHHOTI'O METO/IOM KUJIKO®A3HOI
SMUTAKCHHU.

Mapunos Uiaxom Ucakosuu'”.Jlapaaros YTkup Toraesny?

Ydusuxo-mexnuueckozo uncmumyma AH PY3, yn. Yuneus Aiimmamos 25, 100084

2Iynucmanckuti Focyoapemsennviii Yuusepcumem Coipoapwounckas obnacme I yaucman, muxp-u 4, 120100

AHHOTAUA

losviwenue s¢hghexkmusHocmu  npeodpazo6anusi CONHEYHOU dHepeuu O0oCmueaemcs
UCNONIL308AHUEM MOHOIUMHBIX KACKAOHLIX coHeyHblx dnemenmos (KCJ) 3a cuem pacuwupenus
CHeKmpanbHO20 OUANAa3oHa npeodopazosanus u camvle gvlcoxkue 3navenus K11/ oocmuenymor KCO
Ha ochose GaAs. Oonako GaAs sersemcs 0opoeum noIynposoOHUKO8bIM Mamepuaiom. Ilosmomy
sblpawueanue dNUMAKCUATbHBIX NIeHOK ZNS Ha KpeMHUevlx NOON0NCKAX, C YEeNbl0 3dMeHbl
00p02OCMOAUUX

Kniouegwle cnosa’ >iMTakcua, BOJIbTaMIIep,CIIEKTpP, KpeMHUE, (POTOINEKTpH

GaAs nmoanokek KpeMHHUEBBIMHU, U UCCIIEJOBAHUE X OCHOBHBIX CBOWCTB, MPEACTABISET
0O0JIBIIION HHTEPEC, KaK T (OTOIHEPTETUKH, TaK U IS HAYKH B TeXHUKU. [[0TOMY 4TO CTPYKTYpBI
KCD, co3nanubie Ha Si MOUT0KKE MO3BOJIUT HAMHOT'O YCIIEBIATH cTOUMOCTh KCD.

B HacTosmem cooOmeHnn IpUBOISTCS PE3yJIbTAaThl BRIPAIICHHBIC SITUTAKCUAIBHBIE CIIOU
TBepaoro pactBopa (Si2)1x(ZNnS)x Ha mnommoxkkax kpemuus KJIb-1.0-10 Om.cm <111> B
temneparypaom uHTeppate 1000+840°C u3 orpaHmdeHHOTO 06HEMa ONOBIHHOTO PacTBOpA-
pacriaBa METOJIOM >KHUAKOCTHOM JMHUTAKCHU. . DTMUTAKCUANbHbBIE IJICHKA MONydYaluch N- THUIA
MIPOBOAMMOCTH, C LIEIbI0 CO3/aHUs TeTepo- P - N- mepexoja HaMu Obljla CHEeUalIbHO BbhIOpaHa
MOJJIOKKA P- TUTA.

Jlayiee smuTakcHanbHBIC IUICHKA ZNS BBIpAIIEHHBIC HAMH >KHIKO(A3HBIM METOJIOM Ha
KPEMHHUEBBIX MOJJIOKKAX TMPEACTABISIOT WHTEPEC C TOYKU 3PEHHS] HCIIOJNB30BAHUS UX JUIS
coznmanust KCD, Garoapst mmpoKoMy TUara3oHy CIeKTPAIbHOW YyBCTBUTEIBHOCTH TUIEHOK ZNS
[1]. TTosTomy wuccrnenoBanue UX (DOTOITEKTPUUECKUX XAPAKTEPUCTHK SBISIETCS aKTyalbHON
3amaveil. BbUIM WCCIIeZIOBaHBI BOJBTAMIICPHBIC, BOJIBTEMKOCTHBIC XapaKTCPUCTHKH, a TaKKe
CIIEKTpajbHbIE 3aBUCHMMOCTH (POTOUYBCTBUTEIBHOCTH TOJYYEHHBIX TBEPABIX PacTBOPOB (Si2)i-

x(ZnS)x [2].

I, a.u.
I, mA/sm? 1,01
20 0.8 3
10’ 0,6’ . -_
4 2 2 4 : :
U,V 041 . .
-10- 0.2 - ._-
-204 0,0 i ; ; —— ‘
0,4 0,6 0,8 1,0 1,2 1,4
A, pm
Puc. 1. Puc.2.

Bonbramnepnsie (puc.l) m cnekTpajibHble XapaKTepucTHKu (puc.2) p - N- mepexoja,
00pa30BaHHOI0 HA FeTEPOrPaHHIIC JAIOT UCUEPITBIBAIONIYIO HHPOPMALIUIO O CBOWCTBAX U KaUueCTBE
ANUTAKCHAIBHBIX TJIEHOK. M3 puc.l BugHo, utro BAX rerepo- p - N- nmepexoaa MMeEeT TUITMYHBII
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Bunx BAX p - n- mepexonoB B kpemMHuu. KpyTusHa HakjgoHa mocie mpoOost P - N- mepexoja
00yCIIOBJIeHa OOJIBIIUM COTPOTHBICHHEM KOHTAKTOB, YTO YJIyYIICHHEM OMHYECKUX KOHTAKTOB
OyIeT MMeTb COOTBETCTBYIOUIMI BuA. M3 crHekTpaibHOW XapaKTepUCTHKU BUIHO, YTO H3-3a
OOJIBIION TONIIWHBI AMUTAKCHAIBHON TUIEHKA KOPOTKOBOJIHOBAS TPaHUIA OTPaHUYCHA JITUHOM
BosHBI 0,45 MKM, a cienoBaiio ObITh MeHbIe 0,4 MKM. JITHHHOBOJIHOBASI TPaHUIIA TIPOCTUPACTCS
10 1,1 MKM, 94TO CBHIIETEIILCTBYET O MPpeodiaganuu Si B cOCTaBe IUICHKH TBEPIOT0 pacTBopa (Si2)1-
x(ZNS)1-x y reTeporpaHuiibl.

B 3akmioueHMH MOXHO CKa3zaTh, YTO NPU CO3JaHUU MEJIKOro P - N- mepexoja B
MIPUIIOBEPXHOCTHON 00JIaCTH AMUTAKCHAIILHOM MIJICHKH MOSBIISETCS BO3MOXHOCTh co3aanus KCO,
paboTaroiero B IIMHPOKOM CIEKTPAIBHOM JHMAla30HE COJNHEYHOrO W3NMydeHUus. braromaps
JOCTYITHOCTU MaTEpUaJIOB JIJIsl U3TOTOBJICHUSI TaHHOM CTPYKTYpBI KX Ce0ECTOMMOCTb CTAHOBUTCS
HaMHOTr o aemresiie, yeM GaAs-CD.
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Annotatsiya

Ushbu ishda p-n o tisjga magnit maydon ta’sir etganda undagi kuchlanishning magnit maydon
kattaligi bilan bog ligligi ko rib chigilgan. Magnit maydon induksiyasi ortib borgani sari kuchlanish ham
ortganligi tajribalarda kuzatilgan. Ayni bir tok giymatida magnit maydon induksiyasi ortgani sari
kuchalanish ham ortib borgani qo ’shimcha Xoll kuchlanishi bilan va noideallik koiffitsienti bilan nazariy
tushuntirishga xarakat gilingan.

Kalit so’zlar: p-n o’tish, Xoll kuchlanishi, noideallik koiffitsienti, volt-tesla xarakteristikasi

p-n o’tishli diodlar asosida yaratilgan asboblar texnikada juda keng qo’llaniladi. Shuning uchun
ularning turli tashqi ta’sirlarga sezgirligini o’rganish juda ahamiyatli hisoblanadi. p-n o’tishga magnit
maydonning ta’siri tajribada ko’p o’rganilgan [1,2]. Magnit maydon induksiyasi ortib borganda kuchlanish
kata giymatlar tomonga surilgani volt-amper xarakteristikasida ko’rsatilgan [3]. Tajribada tok kuchining
ayni bir giymatida kuchlanishning magnit maydonga bog’ligligi ko’rilgan [4]. Bu tajribada olingan volt-
tesla xarakteristika (VTX)ni nazriy asoslashga harakat gilaylik. Magnit maydon ta’siridagi volt-amper
xarakteristikani quyidagi ifoda asosida olishimiz mumkin:

JRB
q| ¢o-U+JIR +—j
9% ( ° T

J =‘]s eckT ckT _1

1)

Bu yerda R, -diodning baza garshiligi, R - Xoll doimiysi, B -magnit maydon induksiya, | -p-n

o’tish galinligi, C_noideallik koiffitsienti. Bu yerda tashqi berilgan kuchlanish U ga qo’shimcha Xoll
kuchlanishini ham qo’shilgan. Chunki tajribada magnit maydon yo’q va bor xolatlar uchun olingan volt-
amper xarakteristikada magnit maydon induksiyasi ortgani sari kuchlanishning ham katta giymatlarni
gabul gilishi kuzatilgan. (1) ifodadagi noideallik koiffitsientini [] adabiyotga asoslanib quyidagicha
xisoblaymiz:

d
b+ch— . {
C:2—L; b:‘u ’ L:I —2b
b+l T A b+1; @3

Bu yerda d-baza uzunligi, L-effektiv diffuziya uzunligi, I-diffuziya uzunligi. Magnit maydon baza
kengligi (d) effektiv diffuziya uzunligi (L)dan ancha katta bolgan diodlar kuchli ta'sir giladi. Shuning
uchun e?/1¥>> 1 bo’lganda

cret i+ (uB))

(1) va (4) ifodalarni xisobga olib kuchlanish uchun quyidagi ifodani olishimiz mumkin:

U= ed’L(le(,uB)z)-kFTIn[‘]i +1j+E

|
()
(5) ifodaga tegishli qiymatlarni qo’yib quyidagi grafikni olishimiz mumkin:
1-rasm. Tajriba va bizning nazariy olingan natijalarni tagqoslash

S
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a) tajribada olingan VTX [4]

b) bizning ifoda asosida olingan VTX

1-rasmdan ko’rishimiz mumkinki bizning ifoda asosida olingan VTX tajriba bilan mos tushadi.
Demak bizning nazariy ifodalarimiz amaliy axamiyatga ega va u tajribani tushuntira oladi. Nazariy

qarashlarimiz to’g’ri degan xulosa qilishimiz mumkin.
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Abstract

This paper presents low-power low-noise 24-GHz CMOS LNA (low noise amplifier) for automotive
collision avoidance radar. The proposed circuit is fabricated using 65nm RF CMOS technology, and it is
powered by 1.2V supply. To increase voltage gain and decrease power consumption, this circuit has cascode
scheme, and it is optimized to decrease noise figure. Cascode inductive source degeneration technique is
also utilized to match the circuit to source impedance. The proposed LNA showed the lowest power
consumption of 4.59mW and the lowest noise figure of 2.98dB with high voltage gain of 24.3dB as compared
to recently published results. It also showed the smallest chip area of 0.6x0.6mm? and the size of the core
cell of 0.31x0.35mm? without pads as compared to recently reported results. We expect that the proposed
LNA is suitable for GHz-band automotive collision avoidance radar.

Key words: 24-GHz, RF CMOS, LNA (low noise amplifier), automotive collision avoidance radar.

1. Introduction

The first active amplification component of a receiver is a LNA. The main function of LNA is to
amplify the signal to suppress the noise of subsequent stage while adding as little noise as possible. The
performance of RF receiver is significantly influenced by the LNA. Operating frequency also depends on
the RF filter used in front of LNA. They offer a good gain and low noise figure, but they are expensive and
cannot be integrated easily. As the new technology evolved, we successfully researched the feasibility of
the new CMOS technologies in RF circuit designs. CMOS devices translated into low noise figure and
higher gain. Latest CMOS technologies showed to be a strong not only in terms of cost and integration, but
also in terms of high performance.

Inductive source generation low noise amplifier provides best noise performance and gain. The LNA
is one the most important block in transceiver used in wireless communication system [1-5].

Power consumption plays an important role in any wireless communication system. Most recent
LNAs for 24 GHz band used the cascode inductive source degeneration architecture. This architecture has
advantages of simultaneous input and power matching, reduced input and output interaction with reducing
miller effects which results in better stability. The main frequency bands of radar applications are 24GHz
and 77GHz. For the sake of detection of other near vehicles in the medium-short range and wide beam
24GHz is mainstream.

This paper presents low-power low-noise 24-GHz CMOS LNA for automotive collision avoidance
radar. The proposed circuit is fabricated using 65nm RF CMOS technology and it is powered by 1.2V
supply. To increase voltage gain, this circuit has cascode scheme, and it is optimized to decrease noise
figure. Cascode inductive source degeneration technique is also utilized to match the circuit to source
impedance.

2. CIRCUIT DESIGN AND ANALYSIS

2.1 Overview of 24GHz Radar

The automotive radar is the most promising and robust solution to vehicle sensing requirements in terms of
environmental conditions, measurement capabilities, and ease of installation. The best frequency for this radar depends
on the targeted application. In fact, this choice of frequency involves trade-off between several factors such as
transmitted and received powers. Fig. 1 shows a simple ACC (adaptive cruise control) system. The systems consist of
three types such as short-range radar (SRR), medium-short range (MRR) and long-range radar (LRR). The CMOS-
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based 24-GHz SRR sensors with distance up to approximately 30 meters are under development for a variety of further
applications. The SRR may cover many applications such as parking aid, ACC with stop and go, pre-crash or collision
warning, back-up function, etc. Since it has also better performance in azimuth angle and in range measurements, it is
suitable for automotive applications providing parking aid, pre-crash detection, side object detection and blind spot

detection [1-6].
detection

i

Intersection Blind spot
. ‘ o

passenger
detection

Intersection

Lane change
alert

Support

Rear crash

Overtake

support

Short-range
24GHz
30m

Rear collision
warning

Fig. 1. Concept of ACC system.

2.2. Design of the proposed 24GHz CMOS LNA

Fig. 2 shows the proposed low-power low noise-noise 24-GHz CMOS LNA. This LNA is implemented
using the 65nm RF CMOS process. This process has been retained because of its good low noise
performance, the unity current gain cut-off frequency (fr) of 120GHz and the maximum oscillation
frequency (fmax) of 140GHz. Successful integration of the LNA at 24GHz depends on minimizing parasitic
capacitances and losses to maintain adequate gain, designing with low voltage swing for low breakdown
devices, and achieving sufficient linearity required for low spectrally efficient and variable envelope
modulation scheme.

Fig. 2. 24GHz CMOS LNA.

Providing a resistive input impedance of 50Q2 is one critical requirement of an LNA. The 50Q termination
is required mainly by the previously band select filter Ls with parasitic capacitance and transistor My is
biased by adding parasitic capacitance to the input impedance matching. The third-order non-linear
transconductance coefficient gms is performed by gate-drain and gate-source capacitances of basic
components, and it reduces linearity performance. To improve noise figure and linearity, we propose a CG
(common gate) NMOS-PMOS inverter scheme for the cascode LNA as a linearizer. The proposed
linearization method accepts NMOS and PMOS transistors into common gate configuration with the second-
order and third-order nonlinearity to improve the linearity performance.
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To reach very low third-order distortion and low power, it is very important to reduce the second-order
and third-order nonlinearities. It is very important to minimize or cancel gm2 and gms to decrease the third-
order intermodulation distortion and to improve IIP3 (third-order input intercept point). The inductor L,
and the parasitic capacitances at the drain of M, and M4 form provide broadband network.

Let’s consider drain current lg. Of M1 through the M, and Ms transistors as shown in Fig. 3. For Mg, Vs
=Vud, Vsa = Vs, laa = (Vad-Vaa)/Rout, laa = lgz and lga = 0, since My is connected to the ground through capacitor
Cy for lg1 = 0. From KCL, Iss = lg1 + sz, ls2 = ls3, Vad-laaRout-Vasa-Vass = Vas2, and Vg = lgaRout + Vs, and we
obtain Eqgs. (1) to (3).

Vi ok

Fig. 3. Ideal view of the inverter stage.

lg; = Imi, V:qsz + gmszgzsz + gm3z[{q352 (1)
lgz = Imi, (_Vgs3) + Ima, (_Vgs3)2 + Ima, (_Vgs3)3 (2)
Lared (V1) = laz + Loz = (Gim1,Ys, + Gm2, Vs, + Gma,Vex,) — Gy (“Vgs,) + Gmzy (“Vgs)? + Gz, (—Vs)?
©)
Since v, is a function of v, it is expressed to power series of v, as follows:
Vos, = C1Vg52+C2V2952+C3V3g52 (4)
3
Apps = ;|§_::; (5)

The gms,a3 changes from positive to negative when the transistor moves from weak to strong inversion
region. In other words, by changing gate bias voltage of PMOS transistor, the parameter ¢, can be varied. It
can be deduced from Eg. (4).

The MIM capacitors are used for high quality factors and the resistors of tantalum nitride thin film are
used. Large on-chip bypass capacitors are placed between each Vpp and ground. The die occupies
0.60x0.60mm? including pads and 0.31x0.35mm? without pads.

Fig. 4. Die photograph of the proposed LNA.

3. RESULTS AND DISCUSSIONS

In analog and RF blocks, high output power with high efficiency is desirable, but with the above-
mentioned limitations on the recent technologies, achieving these goals requires special attention on the
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designing circuits with new techniques and topologies. From Figs. 2 and 3, the proposed LNA showed total
dc current of 3.825mA at 1.2V supply, so we obtained the lowest power consumption of 4.59mW as
compared to conventional results [3-6].

Fig. 5 shows () input and output return losses (S11, Sz2), and (b) reverse isolation (Si2). Input and
output impedance matching is so important to obtain low input and output return losses. Ideal input and
output impedances of the amplifier must have 45~50Q at the operation frequency. As shown in Fig. 6, the
LNA showed very low input return loss of -32.8dB, very low output return loss of -32.7dB, and very low
reverse isolation of -47dB as compared to conventional results.

Return Losses (dB)
Reverse Isolation (dB)

B e o o e SN e e e s s s s e e e B e e I B B B B S S e | BN e s T
5

0 10 15 20 25 30 o 5 10 15 20 25 30
Frequency (GHz) Frequency (GHz)
(a) Input and output return losses, Si; and Sa;. (b) Reverse isolation, Si2

Fig. 5. (a) Return losses (S11, S22) and (b) reverse isolation (Si2).

Voltage gain is very important parameter in GHz-band LNA. Fig. 6 shows voltage gain (S21). As shown
in Fig. 6, the proposed LNA showed very high voltage gain of 24.3dB at the operation frequency of 24GHz
as compared to conventional results [3-6].
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Fig. 6. Sa1. Fig. 7. Noise figure.

Tablel. Comparison summary for recently reported research results

Parameters Wz‘k's [8] [9] [10]
Frequency (GHz) 24 24 24 24
CMOS CMOS CMOS CMOS

Technology (um) | 13 0.13 0.18 0.18
Supply voltage (V) 1.2 1.2 1 -
Sz (dB) 24.3 - 13.1 18.19
Su/Sz» (dB) e 95 18 25
Power

consumption 4.59 15 14 113
(mW)
11P3 (dBm) 32 - 0.54 -16.5
Noise Figure (dB) 2.98 3.8 3.9 5.8
Die area (mm?) 5 0-31x0.3 1.7x1.2 6 0.57x0. 5 0.94x0.

To verify performance of the proposed LNA, we carried out simulations using ADS and layout using
Cadence, and calculation is extracted using high-frequency small signal equivalent model. The S-parameter
and noise figure of the proposed LNA is shown in Fig. 5, Fig. 6, and Fig. 7.
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The performance summary of the proposed LNA is compared in Table 1. As can be seen from Table 1,
the proposed LNA showed the lowest power consumption of 4.59mW, the highest voltage gain of 24.3dB,
and the lowest noise figure of 2.98dB as compared to conventional results [8-10]. It also has the smallest
die size 0.31x0.35mm? without pads as compared to recently reported research results [8-10].

In this paper, we proposed low-power low-noise 24-GHz CMOS LNA for automotive collision avoidance
radar. This circuit is implemented in 65nm RF CMOS process. To increase voltage gain and decrease power
consumption, we utilized cascode inductive source degeneration technique. The LNA was optimized by
minimization of the inherent LNA noise added to the desired or wanted signal during the process of
amplification to reduce noise figure. The proposed LNA showed total dc current of 3.825mA at 1.2V supply,
so we obtained the lowest power consumption of 4.59mW as compared to conventional results. It also
showed the lowest noise figure of 2.98dB, high voltage gain of 24.3dB, good S-parameter results and small
die size 0.31x0.35mm? without pads as compared to recently reported research results.
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KPUCTAJJIMYECKAS CTPYKTYPA CIIJIABA TICos0Hy

HN. K. Kakcumyparos, C. JI:k. Paxmanos, A. C. Ilapnues, B. B. I'etmanckuii

1H)L:cmumym sa0epnoil usuxu AH PY3, Tawkenm, 100214, Vzbexucman, yruya Xypocon, 1, *E-mail:
i.jaksimuratov@mail.ru (corresponding author).

AHHOTANUA

Memooom ougppaxyuu netimpornoe nokazano, umo cocmag kapooeuopuoa mumana TiCosoH, npu
KOHYyenmpayuu 600opooa y>0.5 umerom NIOMHOYNAKOBAHHYIO 2eKCASOHANLHYIO CMPYKMYpy, d npu
Konyenmpayuu y<0.5 umeiom epaneyenmpuposanuyio Kyouueckyio cmpykmypy. Hameusiomes snemenmol
cummempuu U Haba0aemcs KOHYeHmpayuorHole Gazosvie nepexoowi.

KnaioueBbie cioBa: KapOormapun THTaHa, nudpaxkimus HEHTPOHOB, T'paHEIEHTPHPOBAHHASL
KyOm4deckast CTpyKTypa, (ha30BBIif COCTaB, OTXKHT, 3aKaIKa.

OnHoii u3 npo0ieM BOJOPOAHOM SHEPTETHKH SBIISIETCS IOIyUEHHSI TOPOLIKA CILUIaBa, COAEPIKAILEro
B 3JICMEHTApHOH sueiike OOJIbIIEro KOJWYeCTBa BOJOPOAA, JIETKO OTAaBaeMOro OOpaTHO MPH HU3KHX
temneparypax. Panee Obuio [1] moOKa3aHO, YTO MOXHO CHHTE3HMPOBATH TPAHEIICHTPUPOBAHHbIH
KapOoruapuI TTaHa 3kBUaTOMHOTO coctaBa Ti1CosoHos0. AHATH3UPYST KPUCTAIUIOXMMHH JaHHOTO CIIJIaBa,
BBICKA3aHO TPEINOJI0KEHHE O BO3MOKHOCTH TIOJNYYEHHs JTAHHOTO CIIaBa ¢ OOJbIIel KOHLEHTpauuei
aToMOB BojiopoJia. I1ocKoNbKY Takoi BOMPOC MPeNCTaBIsIET HHTEPEC Ul BOAOPOAHOM SHEPTeTHKH, Halla
LeJIb SIBIISIECTCA MOJTyYeHHEe KyOruecKoro kapooruapuia TuTada ¢ 0oJblieil KoHIeHTpaureil Boropoaa, 4eM
B DKBUATOMHOM COCTaBe.

Panee ObUTH ycTaHOBIIEHBI [2], 4TO KapOOTUAPHIBI TUTAHA, MMerotHe cocTaBbl T1Cos0Hy<0.50 HIMEIOT
IpaHElIEHTPUPOBAHHYIO KyOHMUECKYIO CTPYKTYPY, OIHCHIBAEMYIO B PAMKax MPOCTPAHCTBEHHOM TpyHIbl Fm
3 m. Kapborumpun TuTaHa coctaBoB  TiCosoHossu  TiCosoHoes cHHTE3MpoBanmm MeToaoM
CaMOpPacpOCTPAHSIOMIETOCST  BHICOKOTEMIIEPATYpPHOTO CHHTE3a IIyTeM C)KHTaHHSl CIIPECCOBAHHBIX
nopomikoB TutaHa Mapku [ITOM u yrimeponma «oco00 4YHCTBI» B OOMOE MOCTOSHHOTO JIABJICHUS B
Bogopoxnoit cpene [3]. CormacHo peHTreHodasHOMYy W HEUTpOHOrpaduyeckoMy aHamM3am,
KpUCTaTMUECKasi CTPYKTypa CHHTE3WPOBAHHBIX 00pa3lloB OKa3alach T'€KCarOHaJIbHOM, OMUCHIBAEMON B
paMKax NpOCTPaHCTBeHHOHW rpynmbsl P 3 ml. B npuHuMne BOJOPOA MOTYT HAaXOAWTHCA Kak B
OKTay/IPUUYECKUX, TaK W TETpasApHuYecKuX mno3uuusx. OTHAKO paclojOKEeHHEe aTOMOB BOAOPOAa B
OKTay/IpUUECKMX TO3UIUSIX HE Jalo YJOBJICTBOPUTEIBHOE COTJIACHS MEXKAY pacueTHBIMH H
9KCHEPUMEHTAIbHBIMU HHTEHCUBHOCTSIMU JU(PPaKIMOHHBIX MAKCUMYMOB. Tenepb Mbl IPeIOI0KHUIN, UTO
BCE aTOMBI BOAOPOJA PACIOJIOKEHbIE B TeTpasapuueckux mexaoysnusax 8 ¢ 'K pemerku. Ilpu atom
HaOJroaeTcss Xopollee corjacue MeXIy OSKCIEpUMEHTAIRHO HaONI0JJaeMbIMU W PacCUMTaHHBIMU
WHTEHCUBHOCTSIMH IU(PAKIIMOHHBIX MaKCUMyMOB (Tabmuiel 1). B pamMkax maHHOW MOJAENH TOIYYHIH
(akTop HepocTOBepHOCTH 10 bparrosckum Mmakcumymam Rz, = 5.6 %.

Ta6auna 1. CTpyKkTypHble XapakTepucTHKH Kapooruapuia Tutana TiCosoHos0 B TpeanosioxeHny pacnosio:KeHust

aTOMOB BOJIOPO/Ia B TETPA3APHUECKUX MEKIOY3JIUAX B paMKax mp. rp. Fm3 m

AToM To3uumst Koopaunatsi Ko.1-Bo aToMOB,
X Yy 7 n
Ti 4b v | % Y 4
C 4a 0o [o 0 2
H 8¢ vi % % 2
Ro=1.27, Rwp=1.76, Rer=5.04 %. B = 0.31 + 0.05 A?

[Mpumedanue: Rp -, Rwp -, Rer - GdakTopbl HEIOCTOBEPHOCTH ONpEACICHUS] KPUCTALIHYECKON
CTpyKTyphl [4, 5] mo mosHOMY TPO(GUIIO, MO CTATHYSCKOMY BECy KaXJOW TOYKH, MO BparroBckum
MaKCUMyMaM, COOTBETCTBEHHO. B — TeruioBoit dakTop.

Taxum 00pa3oM, B KapOOTHapHIaX THTaHa ¢ OOIBIINM coaepxkanneM Bogoponaa TiCosoHos0, Tak ke
KaK B KapOOTHapHIax THTaHa ¢ TOpaslo MEHBIIHM cojaepxkanueM Bomopoaa TiCxH-g17.021 B cocTosiHMH,
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COOTBETCTBYIOIIIEM BBICOKOM TemrepaType, aTroMbl BOJOPOJA PACIONIOXKEHB B TETPadAPUIECKHUX
MEXKI0Y3IHUSX.
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AKKUMULYATSION VA INVERSION MAYDONIY VERTIKAL TRANZISTORLARDA
O°Z-O‘ZIDAN QIZISH EFFEKTLARI

Bahor Jabbarova, Eldorbek Xaitbayev, Xilola Payzullaeva, Mahkam Xalilloyev va Atabek
Atamuratov”

Urganch davlat universiteti, O zbekiston, Urganch shahar, 220100, Hamid Olimjon ko ‘chasi, 14-uy, *E-mail:
x-mahkam@urdu.uz (tegishli muallif)

Annotatsiya

Magolada 3D o‘lchovli modellashtirish yordamida inversiva va akkummulyatsiya rejimlarida
ishlaydigan nanometrli vertikal maydoniy tranzistorlarda o ‘z-o‘zidan qizish effektiga tranzistor
parametrlarining ta’sivini o rganish va ularni taqqoslash natijalari keltirilgan. Akkumulyatsiya rejimida
ishlaydigan o ‘tishsiz tranzistorning kanal markazidagi harorat bir xil elektrofizik va geometrik
parametrlarga ega bo‘lgan inversiya rejimda ishlaydigan tranzistorga qaraganda yuqori ekanligi
ko ‘rsatilgan. Haroratning bunday farqi tranzistorlarning ishlash tamoyillaridagi farqiga bog ‘liq bo ‘lib,
asosan kanallarning legirlanish darajasidagi farqg bilan tushuntiriladi. Istok va stok sohalari turli
legirlanish usullari bilan shakllangan inversiya rejimida ishlaydigan tranzistorlarda o ‘z-o ‘zidan qizish
effektining istok va stok soxalarining kanal bo ‘ylab legirlanish chuqurligiga bo ‘Iganishi ko ‘rib chiqildi.
Bunda tranzistorning kanal markazidagi harorat istok va stok sohalarining legirlanish chuqurligi va
legirlanish usuliga bog ‘lig ekanligi ko ‘rsatilgan.

Kalit so‘zlar: FinFET tranzistor, JLFinFET tranzistor, o‘z-o°zidan qizish effekti, legirlanish darajasi.

1. Kirish

Nanoelektronikaning asosiy vazifalaridan biri bu energiya iste’molini kamaytirish va intergratsiya
darajasini oshirish uchun, Mur qonuni bo‘yicha, tranzistorlar va integral mikrosxemalar (IM) ning
o‘lchamlarini doimiy ravishda kichraytirish bo‘lgan [1, 2, 3]. Metall-oksid-yarimo‘tkazgich (MOYa)
maydoniy tranzistorlar IM ning eng muhim tarkibiy gismlaridan biridir. MOYa tranzistorlarining hajmini
kamaytirish ularda turli xil degradatsion effektlar, xususan, qisqa kanal effektlari paydo bo‘lishiga olib
keladi [4].

Qisga kanal effektlari MOYa tranzistorlari uchun dastlabki ishlab chigarish texnologiyalaridan biri
bo‘lgan planar texnologiyaga asoslangan MOYa tranzistorlar kanal uzunligi nanometr o‘lchamlargacha
yetganda kuchli namoyon bo‘ladi. MOYa tranzistorining qisqa kanalli effektlari ta’siriga chidamliligini
oshirish uchun planar MOYa tranzistorlari o‘rniga vertikal MOY a tranzistorlar (Fin Field Effect Transistor,
FinFET) tuzilishi taklif gilindi [5], bu transistor planar MOY a transistor kabi inversiya rejimida ishlaydi.

Texnologiyaning yanada rivojlanishi bilan FinFET ishlab chigarish texnologiyasini soddalashtirish
uchun, akkumulyatsiya rejimida ishlaydigan o‘tishsiz FInFET (Junctionless FinFET, JLFInFET) tuzilishi
taklif gilindi [6] (1-rasm). Ushbu texnologiyada istok va stok sohalariga alohida yuqori haroratli ishlov
berish jarayoni bekor gilingan. Nanometr o‘lchamdagi sohalarga yuqori haroratli ishlov berish jarayonida
issiglikning tranzistorning faol sohalarga tarqalishiga va natijada tranzistor parametrlarini o‘zgartirishga
olib keladi. Shu sababli JLFinFET texnologiyasi ko‘rsatilgan degradatsiyaga qarshiligi va soddaligi bilan
afzalroqdir. Bundan tashqari JLFinFET lar ham qisqa kanal effektlariga yuqori chidamlilikni ko‘rsatadi.

Zatvor
Oksid
o Stok

Oksid

Stok Istok

Orqa

oksid qatlami oksid gatlami oksid gatlami

1-rasm. Modellashtirilayotgan, istok va stok sohalari analitik (a) va bir jinsli (b) usul bilan legirlangan FinFET va JLFIinFET (c)
tranzistorlarining tuzilishi
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JLFIinFET va FinFET tranzistorlarning yana bir xususiyati shundaki, ular izolyator ustida kremniy
(IUK) texnologiyasiga asoslangan. Bu texnologiyada tranzistorlarning kanallari, orga oksid gatlam deb
ataladigan oksid gatlami bilan chegaralangan. Bu xususiyat, oksid qatlamining past issiqlik o‘tkazuvchanligi
tufayli FiInFET hamda JLFinFET ikkala tranzistorlarida ham o‘z-o‘zidan qizish effektining (self-heating
effect, SHE) namoyon bo‘lishiga olib keladi [7,8]. O°‘z-o0‘zidan qizish effekti IM larning ishonchli ishlashi
uchun muhim masala bo‘lib qoldi.

O‘z-o‘zidan qizish effekti FinFET va JLFinFET tranzistorlarda alohida-alohida o‘rganilgan, ammo
bir xil elektrofizik parametrli bunday tranzistorlar uchun bu effekt tagqoslanmagan.

Yuqorida aytilgan fikirlardan kelib chiggan holda bu ishda JLFinFET va FinFET tranzistorlarida
yuzaga keladigan o°z-o‘zidan qizish effektlari solishtirib ko‘rildi.

2. Modellashtirishda qo‘llanilgan fizik modellar va tranzistorlar parametrlari

Bu ishda JLFinFET va FinFET tranzistorlarida o‘z-o‘zidan qizish effekti toqqoslangan. FinFET ning
JLFinFET dan asosiy farqi unda istok va stok sohalari mavjudligida bo‘lganligi sababli shu sohalar tuzilishi
va parametrlarining, tranzistordagi SHE ga ta’sirini o‘rganish magsadga muvofiq bo‘ladi. Shu sababli
FinFET tranzistorining kanal markazidagi haroratiga istok va stok sohalariga kiritilgan kirishma
konsentratsiyasining chuqurligiga va kirishma Kkiritilish usuliga bog‘ligligi modellashtirildi. FinFET
tranzistorining istok va stok sohalarining bir jinsli va analitik usul bilan legirlanib shakllantirilgan hollari
ko‘rilgan.

Tranzistorni modellashtirishda TCAD Sentaurus dasturidan foydalanildi. O‘z-o‘zidan qizish
effektining ta’sirini modellashtirish uchun 1-jadvalda keltirilgan parametrlarga ega tranzistorlar ko‘rib
chiqildi. Modellashtirishda transport modeli sifatida kvant effektlarni ham hisobga oluvchi, izotermik
bo‘lmagan, termodinamik model ishlatilgan. Harakatchanlik modelida harakatchanlikning kirishma
konsentratsiya darajasiga bog‘ligligini, kuchli elektr maydonda tezlikning to‘yinishga erishishini hisobga
oluvchi modellardan foydalanildi.

Modellashtirishda qo‘llanilgan fizik modellarni kalibrovkalash uchun, modellashtirishda olingan
o‘tish volt-amper xarakteristika [9] ishda keltirilgan mos parametrli tranzistor uchun olingan eksperimental
natijalari bilan taggoslangan (2-rasm).

1-jadval. JLFinFET va FinFET tranzistorlarining modellashtirishda qo‘llanilgan parametrlari

Nomi Belgilanishi JLFINFET FinFET
Kanal konsentratsiyasi N 5-10%® cm™3 10%%cm=3
(n-tip) (p-tip)
Istok va stok sohalari Nqg 5-10® cm™3 5-10® cm™3
konsentratsiyasi (n-tip) (n-tip)
Zatvor osti oksidi galinligi (HfO2) tox 6,7 nm 6,7 nm
(terr = 1,2 nm) (terr = 1,2 nm)
Kanal galinligi Tsi 9 nm 9nm
Kanal kengligi Wy 22 nm 22 nm
Orqga oksid galinligi Thox 145 nm 145 nm
Zatvor uzunligi Lgate 10 nm 10 nm
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2-rasm. UK texnologiyasi asosidagi JLFIinFET tranzistorining modellashtirishda olingan o ‘tish VAX ning tajribada olingan
natijalar bilan taggoslanishi.

3. Modellashtirish natijalari va muhokama
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JLFinFET va FinFET tranzistorlarining o°tish xarakteristikalarini modellashtirish natijalari 3-rasmda
keltirilgan. JLFINFET va FIinFET tranzistorlarining kanali legirlanish darajalari bunday tranzistorlarda
go‘llaniladigan tipik giymatlarda, ya’ni mos ravishda 5+ 1018 cm™3 va 101® cm™3 qilib olingan. FinFET
transiztori istok va stok sohalari analitik usul bilan maksimal legirlanish darajasi 5- 108 cm™3 qilib
olingan.

Grafikdan o‘tish VAX ning to‘yinish qismida JLFinFET tranzsitorlarida tok kuchi FinFET
tranzistorlariga qaraganda katta ekanligini ko‘rish mumkin. Bu esa oz navbatida JLFinFET tranzistorlarida
haroratning katta bo‘lishiga olib keladi (4-rasm). Kanaldagi harorat o‘zgarishi albatta kanaldan o‘tuvchi tok
hamda kanalda generatsiyalangan issiglik energiyasini uzatuvchi muhitlar, ya’ni kanalni o‘rab turgan oksid
gatlamlar xususiyatlari bilan bog‘liq bo‘ladi. Biz ko‘rayotgan ikkita tranzistorda ham issiglik energiyasini
uzatuvchi zatvor osti va kanal osti oksidlar va ularning parametrlari bir xil bo‘lganligi sababli, kanaldagi
haroratlar fargi asosan issiglik generatsiyasi tezligi, ya’ni kanaldagi toklar farqi bilan bog‘liq bo‘lib goladi.

10® 458 ¢
106 457 F
’—2\/-
E 10'7 g 456 "
g 100 5 4552
X =
= T
® 10° 370 /
1010 369}
10-11 1 1 1 M 368 M M M M 2
0,0 0,4 0,8 1,2 1,6 0 20 40 60 80
Zatvor kuchlanishi [V] Istokdan stokgacha bo'lgan vaziyat [nm]

3-rasm. Bir xil geometrik parametrlarga ega FinFET (1) va 4-rasm. Bir xil geometrik parametrlarga ega FinFET (1) va
JLFinFET (2) ning o ‘tish volt-amper xarakteristikalari JLFinFET (2) uchun kanal markazi bo ‘ylab harorat tagsimoti
Bu ishda FIinFET tranzistori istok va stok sohalari legirlanish usuli va chuqurligining kanal
markazidagi haroratga ta’siri ko‘rib chiqgildi va JLFIinFET tranzistori natijalari bilan taggoslandi. FinFET
tranzistor kanal markazidagi haroratining turli usul bilan legirlangan istok va stok sohalarining legirlanish
chuqurligi L (5-rasm) ga bog‘lanishi modellashtirildi.

Z
L,=L . Lg=L
| |
I Nd Nn Nd S
Ly
e

5-rasm. FinFET tuzilishi, L-istok va stok sohalarining legirlanish chuqurligi
Ikkita legirlanish usulida ham istok va stok sohalarining legirlanish chuqurligi ortishi bilan kanal
markazidagi harorat ortishi kuzatildi (6-rasm). Ideal holda, ya’ni legirlanish chuqurligi ortib, kanal
JLFinFET dagi kabi bir jinsli bo‘lishga intilganda harorat ortib JLFinFET haroratiga tenglashishga intiladi.

Istok va stok sohalari bir jinsli va analitik usullarda legirlanganda kanal markazidagi harorat bir-
biridan katta farq qilishini ko‘rishimiz mumkin. Istok va stok sohalari legirlanish usuli bir jisli bo‘lganda
kanal markazidagi harorat, legirlanish chuqurligiga bog‘liq ravishda 75 - 85 K ga katta ekanligi kuzatildi.
Kanal markazidagi haroratning bunday fargi kanaldagi tok zichligi fargi bilan tushuntirilishi mumkin. 7-
rasmda bir jinsli legirlanish usulida analitik legirlanish usuliga nisbatan tok zichligi katta ekanligi ko‘rinib
turibdi.
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FinFET tranzistorning barcha legirlanish chuqurliklarida va ikkita legirlanish usulida ham kanal

markazidagi harorat JLFInFET kanal markazidagi haroratidan kichikroq ekanligini ko‘rish mumkin (6-
rasm). Buning asosiy sababi JLFinFET kanalining legirlanish darajasi (5-10* cm™) FinFET tranzistor kanali
legirlanish darajasidan (10'® cm=) 3 tartibga yuqoriroq ekanligi va shu sababli kanaldagi tok zichligi ham
yugoriroq ekanligi bilan tushuntirish mumkin.

Harorat [K]
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(=) T S
i o ®  Bir jinsli legirlanish [
JLFinFET < » 410 e Analitik usul bilan
= 2.4x L A
437} ®m  Bir jinsli legirlanish = legirlanish
® Analitik usul bilan I
. . u
i \ legirlanish E 2,1X1018 |
T FinFET K]
377} f S .
£ a0t} m . . * ¢
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Istok va stok sohalarining ligirlanish chuqurligi, L [nm] Istok va stok sohalarining ligirlanish chuqurligi, L [nm]
6-rasm. FinFET tranzistorlari kanal markazidagi 7-rasm. FinFET tranzistorlari kanal markazidagi elektronlar
haroratning istok va stok sohalarining legirlanish tok zichligining istok va stok sohalarining legirlanish
chuqurligi L ga bog ‘lanish grafigi chuqurligiga bog ‘lanish grafigi

4. Xulosa
Shunday qilib, o‘z-o°zidan qizish effekti JLFinFETda, mos geometrik va elektrofizik parametrlarga

ega bo‘lgan FinFET ga nisbatan kuchliroq namoyon bo‘ladi. Bu hodisa tranzistorlarda kanal legirlanish
darajasining fargi bilan tushuntiriladi.

FinFET tranzistorlarda kanal markazidagi haroratning tranzistor istok va stok sohalari legirlanish

chuqurligiga bog‘ligligi aniglandi va bu harorat o‘zgarishlari, legirlanish chuqurligi ortishi bilan kanaldagi
tok zichligi o‘zgarishi orqali tushuntirildi.
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KPUCTAJIJIMYECKAS CTPYKTYPA U MATHUTHBIE CBOMCTBA
TOHKHUX CJIOEB Nd-Fe-B 1 Sm-Co

'Amnesnu A B, Tansc AM, “Kusyabko A.M, lanorko ILIO,? Iaiizyiaxanos M.C,
2[1apnues O.P, 3 Co6oan B.P, “Illam6anés B.H, ? Illlepmaros 2K.3, Snymkesuu K.H.

TO «HIILl HAH Benapycu no MaTepuanoBeeHuo», MuHck, benapych

2I/IHcmTyT MaTepuanoBeneHust Akagemun Hayk PY, Tamkent, Y30ekucran

3Benopycckuii rocy1apcTBEHHbIH MeJarornueckuii yuusepcuret uM. M. Tanka, Munck, benapych
4VTI «®Depput», Munck, benapych

Abstract

Ha noonosicku onmuueckoeo u keapyesoeo cmekia memooom mepmudeckoeo ucnapenust (flash
technique) nanecenvt monxue ciou moawunou om ~50 um 00 1 MKM UCNONB3YS ROIUKPUCATIUYCCKUE
nopowiku coeounenuti NdoFesB u SmCos. Hszyuenvt ocobennocmu Kpucmaniudeckou cmpykmypvl u
memnepamypHble 3a8UCUMOCIU YOeIbHOU HaMazHudeHHocmu nieHok. Ilenku monwunoi nopsaoka 1 mxm
00671a0arm KpUCmaiiuieckot CmpyKmypo C80UCMEEHHOU NOTUKPUCIALIUYECKUM NOPOUKAM COeOUHEeH Ul
Nd2FewsB u SmCos, 3a ucknouenuem npucymcmeust Ha peHmeeHoepaMMax NieHoK 6 UHmepeaie yenos
20=44-45° pegpnexcos manoii unmencusnocmu c6o600nvix uornos Fe u CO no npuuune uwacmuunozo
PA3102iCeHUsT NOPOUIKOG UCXOOHOU WUXMbL NPU UCnapeHuU. Bviseneno, Yumo yMeHblieHue moauuHbl C10é6
npugodum K amoppusayuu Kpucmaiiuveckou cmpykmypol (00 50%) npu monwunax 80-100 um.
Penmeenoepammor naenox monwunot ~50 um e codeporcam OUPPaAKYUOHHBIX PepeKCcO8 XAPAKMEPHbIX
ynopsoouenuio nonuxkpucmaniog NdFewB u SmCos. Yoenvras namaenuuennocmo nienox momyunou ~1
mrm npu 80 u 300 K 6auzka no genuuume K y0eibHOU HAMACHUYEHHOCMU COOMBEMCMEYIOUUX HOPOUIKOS,
UCNOTL3YeMbIX 0Nl cuHme3d. YCMAHONeHo, 4mo GeIUYUHA HAMACHUYEHHOCMU YMEHbUAemcs npu
VMeHbUIeHUU MONWUHbl NIEHOK. Ymo moocem Ovimb credcmeuem 0Ciabaenus 0OMEHHbIX MASHUMHBIX
g3aumModelicmeuii 6 pe3yibmame amopuiayuu U UACUYHO20 PA3PYUIeHUsT KPUCHALIUYECKO20
YHOps00UeHUsL.

Key words: cuHTe3 IUICHOK, KpUCTaIMYecKas CTPYKTypa, aMOp(hHOE COCTOSHHUE, YAelbHas
HaMarHMYeHHOCTh, 0OOMEHHbIE MarHUTHBIE B3aUMOICHCTBHS.

BBenenne

Marnutsl Ha ocHOBe coemmHenui Nd>FeisB m SmCos 061agar0T 3HAYNUTENBHBIMA 110 BEJIWYWHE
ocraTouHo WHAyKuMed By m kospumTmBHONW cmiod Hc. DTO MOCHyX WO OCHOBOM HX HIMPOKOTO
UCIIONIb30BaHMS B TEXHUUECKUX yCcTpoiicTBax [1-3]. MarnutHas sHeprus, onpenenseMasi Ipou3BeICHHEM
B-Hax, y marautoB NdzFe1sB 1 SmCos Ha nopsi/1ok Beiliie, 4eM y MAarHUTOB Ha OCHOBE (heppuTOB Oapust u
ctpoHius. OcoObIil HHTEpeC MPEACTABISIOT MATHATHI M3 KOMIIO3HITUOHHBIX MaTEPHAJIOB PEAKO3EMENIbHBIX
CIJIABOB W TOJIMMEPHBIX CBS3YIOIIUX, a TAK)Ke TOHKME IUIEHKA Ha UX OCHOBE. I10CKONBKY OTKPBIBAIOTCS
MEPCHEKTHBBI JUIsl TOJyYeHHs] 3HAYUTENLHOTO TEXHHUKO-DKOHOMUYECKOTo A deKTa 3a CUET: CHUKEHUS
MAacChl U3JIENTUI Ha UX OCHOBE, YBEJIIMYEHUE HKCIUTYyaTAIIMOHHBIX XapaKTEePUCTHK, MTOBBIIIIEHUE HAJIS)KHOCTH
U JJOJITOBEYHOCTH YCTPOMCTB, a TAK)Ke€ BO3MOYKHOCTH MPOSIBICHUS UX MHOTO()YHKIIMOHAIBHOTO Ha3HAYEHUS
[4-6]. Llenv pabomwi: cuntes Ha ocHoBe coemuHeHuid Nd2FesB mw SmCos mieHok, BILIOTH 10
HAHOPa3MEPHBIX TOJIIUH, HW3yYeHHEe OCOOCHHOCTEH WX KPUCTAUIMYECKOW CTPYKTYPBI, H3YUYCHHE
TEMIIEepaTypHBIX 3aBUCUMOCTE (QyHIaMEHTaIbHON MarHUTHOW XapaKTEPUCTHUKH, B YACTHOCTH, yIEJIbHON
HaMarHMYeHHOCTH.

CuHTe3 00pa3i0B TOHKUX IIEHOK

Mertomowm flash techinque Bcmbimiku myTéM TEPMUYECKOTO MCTIAPEHIS 3€PEH TOIUKPHCTAIIIHYECKHX
noponikoB coeauneHuit NdoFewsB u SmCos quamerpom 3~0,1-0,3 MM ¥ MOCTEIYIOMIETO OCAXKACHUS HX
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MapoB Ha MOJUTIOKKHU M3 ONITHYSCKOTO U KBAPIIEBOTO CTEKJIA CHHTE3UPOBAHBI TOHKUE CJIOU TOJIIUHOM OT d
< 50uM 10 d ~ 1 MkM 10 cocTaBy Omu3kux Kk Nd2Fe1sB 1 SmCos [8]. Micronb30BaHbI MOPONIKH JUTST ITHXTHI
cuntesa: a) MQP-B*(cruiaB Nd-Fe-B) st mosydeHust MOCTOSHHBIX MAarHUTOB; 0) KPYIHIIBI MOCTOSHHBIX
maruuTa Nd-Fe-B u SmCos, nsrorosinennsix npeanpustaeM «OPEPPUTy. Dinemenrapuas siueiika NdoFe14B.
IpescTaBieHa Ha puc. 1.

(b)

e
w

Nd f
Ndg
Fec
Fee
Fej,

Fej,
Fe k,
Fe k,

PV Leeeee

Puc. 1 Tempazonanvhas snemeHmapHas KpUCManiiuieckas sueiuka npocmpancmeennwiii 2pynnol P42/mnm coeounenuii
Nd2FeusB [7]

Pe3yJ'leaTI>I IKCIIEPUMEHTA

PeHTreHorpaMmbl MOPOIIKOB M CHHTE3WPOBAaHHBIX U3 HUX MIeHOK B CU K, — m3myuenun mpu ~300K,
KpOME CTaHJapTHOTO Habopa peduieKcoB, CBOMCTBEHHBIX TETPArOHaJIbHOW KPUCTAJUIMYECKOW peIlIeTKe
(S.G.:P4y/mnm) coenunenuss Nd2Fe1sB, penTrenorpammsl comepikar ciaboil MHTCHCHBHOCTH pediekc
(110) xene3a, a wenok SM-Co peduiekc kodansra Co npu 20=44-45°, PeHTreHorpaMma «TOJICTOM ILIEHKI
Sm-Co npescrasieHa Ha puc.2.
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Puc.2 Penmeenoepamma «moacmoui nienkuy Sm-Co

Ha pentrenorpamme npu 20~44,55° yeTko BumHO MpUCyTCTBUE AUPPAKIMOHHOTO pedexca HoHa
Co. Pentrenorpammer mienok Nd-Fe-B ronmunoii 40 u 60 HM npeacraBieHbl Ha puc.3
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Puc.3 Penmeenozpammol «monxux nienoxy Nd-Fe-B

N3mepena yaenpHas HAMAarHUYEHHOCTh MOPOLIKOB IIKUXTHI JUIsl CHHTE3a U IIeHOK B noiie 0,86T u
uatepBaie Temmepatyp 80-750K monaepomoropusiM MeTomoM [9, 10]. Temmepartypuas 3aBucumocts o=F(T)
IUIEHKH HIMXTHl U3 3€peH MOCTOSHHOTO MarHura (puc.4a) uMeeT BWJ, 3HAYEHHUS HAMarHMYEHHOCTH M
temnepatypy Kropu, xapakrepHbie s coenunenusi NdoFeisB u mpaktudeckn oOpaTuma B HHTEpBaie
Temreparyp uccienoBanus. [locnennee no3BossieT roBOPUTH O CTAOMIBHOCTU CTPYKTYPBI U MarHUTHBIX
xapakTepucTuk mi¢Hok B naTepBatie §0<T<750K. Ha puc406 npeacraBiieHbl TeMIIepaTypHble 3aBUCUMOCTH
yIeIbHON HaMarHWYeHHOCTH npospauHoit tuieHkn Nd-Fe-B  rtommmmuoin d~100uM. EE  ynmenmbHas
HamarauyeHHocTs npu 100K ropaszo MeHblne u3-3a amopdu3alMU KPUCTAJUIMYECKOM CTPYKTYDBI,
nporpes 70 750 K npuBoaut k HeoOpaTUMBIM MpOLIECCaM.
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Puc. 4 Temnepamypuvie 3asucumocmu yoenvHot Hamaznuvennocmu nienku Nd-Fe-B
monwunoi d~100 1m

TemmeparypHble 3aBUCIMOCTH yJIEIBHOW HAMarHUYEHHOCTh TUIEHOK SM-CO mpecTaBIeHbl Ha PHC
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Puc.5 Temnepamypnuie 3asucumocmu yoeavHou Hamacnuyennocms nienok Sm-Co

Ananu3 temnepatypHbix 3aBucumoctedl o=f(T) mo3BosisieT MPUATH K BBIBOAY, YTO YMEHBIICHUE
TOJILIUHBI TUIEHOK MPUBOJUT K YMEHBIICHHUIO YAEIbHON HaMarHUY€HHOCTH IO PUYNHE YMEHBIICHHUS CHUJIT
OOMEHHBIX MarHUTHBIX B3aUMOJCUCTBHI BCIIEICTBHE Pa3pylICHHS KPUCTAUTUIECKOTO YIOPSIOYCHHUS U K
UX JeTpafaluy, NPUBOILEH yBETNUYEHHIO KOIUYECTBA HE CBSI3aHHBIX HOHOB JKeJle3a U KoOanbTa.

3akii0uenne ¥ BbIBOIbI

CHHTE3MpOBaHbl TOHKHE IUICHKH Ha ocHoBe coenunHeHuit Nd:FeisB u SmCos. B pesynbrate
BBINOJIHEHHBIX SKCIIEPUMEHTOB YCTAHOBJIEHO, YTO CHHTE3UPOBAHHBIE METOJIOM TEPMUYECKOT0 MCIIApEHUS
IUIGHKA TOJINMHOW Tmopsimka 1 MKM 0O0NajaroT KPHUCTAUIMYECKOW CTPYKTYpOH CBOWMCTBEHHOM
MOJMKPUCTAITHYECKUM Tiopotikam coenunenuii NdaFesB u SmCos, 3a uckimodeHrneM NpuCcyTCTBHS Ha
PEHTreHOrpaMMax IUIEHOK Ha yriax 20=44-45° peiekcoB Maoii HHTEHCMBHOCTH CBOOOIHBIX HOHOB F€ u
Co no mpuYKHE YaCTUYHOTO Pa3IOKEHUS MOPOLIKOB UCXOJHON HMIMXTHI MIPH MCTIApEHUH. BhIsSBIEHO, YTO
YMEHBIIICHUE TOJIIUHBI CIIOEB MPUBOJUT K aMOpPH3AIUN KPUCTALNTMUECKON CTPYKTYpHI (10 50%) npu
tonmuHax 80-100 HM. PeHTreHorpammbl mieHOK TommuHOW ~50 HM He coxmepxar AUGPAKIMOHHBIX
pedieKCOB  XapaKTepHbIX  yrHopsoueHuto momukpuctawioB  Nd:FewB u  SmCos.  YiaenbHas
HaMarHW9eHHOCTh TUIeHOK TommuHor ~1 mkM mpu 80 m 300 K Onm3ka mo BenmnymHE K YISIHHOU
HaMarHWYeHHOCTH COOTBETCTBYIOIINX MTOPOIIKOB, HCTIOIB3yEMbIX JJISl CHHTE3a TUNIEHOK. Y CTAaHOBJIEHO, YTO
BEJIMYMHA HaMarHUYEHHOCTU IUJICHOK YMEHBLIAETCS] NPU YMEHBUICHWH WX TONLIMHBL. DTO MOXET OBITh
CIIE/ICTBUEM OcCJa0JieHus: OOMEHHBIX MATrHUTHBIX B3aMMOJICHCTBUI BCleACTBUE aMophu3alid |
YaCTUYHOTO Pa3pyUICHUS] KPUCTAILUTHYECKOTO YIOPSIOYCHNSI.
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Abstract

Carbon dots appeared not so long ago and they are of great interest as a new class of carbon
nanomaterials. Carbon dots (CDs) can become a promising alternative to semiconductor quantum
dots and dyes due to their good biocompatibility, low cytotoxicity, high photostability, variety of
surface functional groups, easy synthesis and unique photophysical properties [1, 2].

In this work, we synthesized S,N-doped carbon dots (CP) based on citric acid and L-cysteine and
considered their structural and optical properties, as well as the plasmonic effect of metal
nanoparticles (NPs) on photoprocesses in them.

The measurements showed that the sizes of the synthesized carbon dots are varies from 4 to 10 nm.
FTIR spectra confirm the presence of oxygen-containing (-COO and C=0), as well as -CN, N-H,
and —SH groups. The L-cysteine-doped CDs exhibits an absorption band with a maximum at 350 nm,
while it is practically absent in undoped CDs. The fluorescence band is located in the region of 370—
600 nm with a maximum at ~430 nm. For all the studied CDs, a “red” shift of the fluorescence
spectrum is observed with increasing excitation wavelength. The maximum fluorescence intensity is
observed upon excitation at 350 nm [3].

The properties of long-lived luminescence of the synthesized CDs in solutions and films have been
studied. It has been established that the decay of triplet states of carbon dots occurs as a result of
phosphorescence and triplet-triplet annihilation.

The effect of silver nanoparticles on the absorption and luminescence of CDs films has been studied.
It has been demonstrated for the first time that under the plasmon effect of Ag NPs, the intensity of
long-lived luminescence of CDs increases. The intensity of fast fluorescence increases by 1.6 times,
and that of long-lived luminescence by 2.7 times.

The synthesized CDs are considered as activators of molecular oxygen, as evidenced by the observed
phosphorescence of singlet oxygen upon excitation of solutions in the absorption band of CDS. It is
shown that when O, molecules are added to the solution, the process of singlet-triplet annihilation
develops, the efficiency of which depends on the ratio of the concentrations of triplet CDs and singlet
02 molecules (*Ag). In the presence of plasmonic Au nanoparticles, the phosphorescence of singlet
oxygen is enhanced. This is a consequence of the fact that Au plasmon NPs directly enhance the A4
— 33y radiative transition, which borrows the intensity from the 135*—*A,. transition.

The effect of enhancing the luminescence of CDs can be in demand in such applications as
photodynamic therapy, bioimaging, anti-counterfeit coatings and latent imaging, organic light
emitting diodes, sensors, etc.

Key words: carbon dots, S,N-doping, luminescence, plasmon effect, singlet oxygen.
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Abstract

The phenomenon of localized plasmon resonance (LSPR) is an attractive research topic in the last
few decades. LSPR leads to a significant enhancement of the electromagnetic field around the nanoparticles
(NPs), which is a promising effect for applications. In this work, we studied the effect of plasmons of metal
NPs on intra- and intermolecular electronic processes in condensed matters. The results obtained make it
possible to establish the mechanisms of the plasmon effect on the generation and deactivation of excited
electronic states of molecules with the same and different spin multiplicity.

When studying the dynamics of excited electrons in Ag NPs of various sizes under photoexcitation by
nanosecond laser pulses, it was found [1] that the transition absorption band of silver NPs with a maximum
at about 380 nm has a fine structure with a frequency of maxima of 6 nm and does not depend on the NP
size. A theoretical explanation is proposed for the observed fine structure of the transient absorption
spectrum based on the hypothesis of the degeneracy of the electron gas in metal NPs.

To study the competitive effect of plasmonic fluorescence enhancement and Forster energy transfer
(FRET) between chromophores and Ag NPs, the synthesized symmetrical indopolycarbocyanine dyes (PDs)
with a regularly changing chemical structure were chosen [2]. It was found that the addition of Ag NPs to
solutions of the studied dyes leads to an increase in their fluorescent ability at a constant absorption
intensity. The fluorescence intensity enhancement factor increases with elongation of the polymethine chain
of indopolycarbocyanines. A mathematical model is proposed that takes into account the effect of plasmonic
NPs on the deactivation of the excited state of indopolycarbocyanine molecules. It has been shown that the
main reason for the increase in fluorescence intensity is the increase in the fluorescence rate of dye
molecules in the presence of metal NPs. It was found that FRET from dye to Ag NPs also affects the
fluorescence of PDs.

The influence of the plasmon effect of Ag NPs on the generation of stimulated emission of the PDs
under study has been studied. It has been shown that the presence of silver NPs in ethanol solutions of 1-3
dyes leads to a plasmon enhancement of the generation of stimulated emission of dyes.

When studying the influence of the plasmonic effect of Ag NPs on singlet-singlet (S-S) and triplet-
singlet (T—S) energy transfer in the same donor-acceptor pair of organic molecules [3]. The plasmon effect
affects both S-S and T-S energy transfer in almost the same way. Estimation of the energy transfer rates
using the electric dipole interaction model showed a good correlation between the experimental and
calculated data for the S-S energy transfer.

Key words: polmethine dyes, Ag nanoparticles, fluorescence, plasmon effect.
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Abstract

One of the most important photoelectric characteristics of Au-Zn«Cd:»S-Mo-structural film photo
detectors sensitive in the narrow ultraviolet region of the electromagnetic radiation spectrum based on
ZnCd1S polycrystalline layers, such as the external quantum efficiency, has been studied. It has been
established that the external quantum efficiency depends on the band gap of the Zn,Cd1.S layer, that is, on
the composition X=2nS/(ZnS +CdS).When the band gap is Eq=2.95+0.05 eV, the value of the external
quantum efficiency reaches its maximum at a wavelength of 0.37 wm and does not change with increasing
wavelength.

Key words: photo detector, polycrystalline films, Zn,Cd1.xS, spectral sensitivity, external quantum

efficiency

Light of the near ultraviolet and visible wavelength range is safe at low levels of radiation density,
does not have a significant effect on the object interacting with it. The light of this range penetrates into the
object under study, interacting with it, can provide information about structural and dynamic changes. With
the help of such a physical phenomenon as absorption, it is possible to control important parameters of
technological processes, as well as diagnose components of the blood composition that play an important
role in the functioning of the human body, such as hemoglobin, bilirubin and glucose. To register
electromagnetic radiation passing through the objects under study, low-noise, highly sensitive photo
detectors are required, both with a narrow and with a wide absorption spectrum.

The photosensitivity spectrum of photo detectors and solar cells in the long-wavelength region of the
electromagnetic radiation spectrum is determined by the band gap of the photoactive layer of the device.
The photosensitivity spectrum of the photo detector in the short-wavelength region of the radiation spectrum
is determined by the band gap of the front layer of the p-n junction and its thickness. The buffer layer is
located between the absorbing layer and the current collecting contact layer. The buffer layer also serves to
create an internal built-in electrical barrier of the photosensitive structure. To expand the photosensitivity in
the short-wavelength region of the electromagnetic radiation spectrum, the p-n-junction buffer layer is made
of a wider-gap semiconductor material in relation to the base photoactive part of the photo detector.

At present, in modern photovoltaic power engineering and instrumentation, special importance is
attached to the development of cheap, highly efficient, low material consumable thin-film photo detectors
with a long service life, which can successfully replace crystalline silicon photo detectors. The main
contenders are multicomponent polycrystalline semiconductors A"BY! of the periodic table group, such as
cadmium telluride (CdTe) [1], cadmium sulfide (CdS), zinc sulfide (ZnS), zinc telluride (ZnTe), and
multicomponent alloys based on them, such as, ZnCdS [2, 3], ZnCdTe [4]. CdTe and other multicomponent
polycrystalline semiconductors A'' and BY' of the periodic table group are direct-gap semiconductors, the
band gap of which varies from Eq~ 1.5 eV to 3.6 eV at 300 K. The high value of the absorption index (more
than 10° cm™) makes it possible to use layers with a thickness of the order of several micrometers for
efficient registration of quanta of electromagnetic radiation in the visible spectrum.

ZnCd1,S polycrystalline films, a chemical compound consisting of the chemical elements zinc,
cadmium and tellurium, is a direct-gap semiconductor material from the A"BY' group of the periodic table,
the band gap of which, depending on x=ZnS/( ZnS +CdS) can vary from 2.44 eV (x=0; CdS) to 3.59 (x=1;
ZnS) at 300 K [5, 6]. The amazing properties of the ZnCd:«S layer can be used in the manufacture of photo
recording devices for the near ultraviolet and visible region of electromagnetic radiation, such as in compact
devices for direct analysis of total bilirubin in blood plasma [7].

The study of the spectral dependence of the external quantum efficiency of photo detectors will make
it possible to determine the range of spectral utilization. Polycrystalline Zn«Cd1xS layers, which were
photoactive in the Au-ZnyCdi«S-Mo structural injection photo detector, were sensitive in the ultraviolet and
visible regions of the electromagnetic radiation spectrum, were synthesized on the surface of a molybdenum
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(Mo) substrate by the method of gas transport reactions in a hydrogen flow. The semitransparent gold layer
served as the upper collecting electrical contact of the photosensitive structure, and the molybdenum
substrate served as the back collecting electrical contact of the structure. Electromagnetic radiation quanta
passing through the frontal semitransparent layer of gold penetrates into the photoactive Zn«CdiS layer,
being absorbed generated an electron-hole pair, which were separated by the built-in electric field formed
by the Schottky barrier Au/n-Zn.Cd1»S and the external quantum efficiency of the photo detector was
recorded on the research system QEX10 QE/IPCE/SR company PV measurements, at a temperature of 300
K. The studies have shown that the Zn,Cd1..S layer has a band gap E;=2.95+0.05 eV. The external quantum
yield reaches its maximum at a wavelength of 0.37 um and does not change with an increase in the
wavelength of the incident electromagnetic radiation. The conducted studies have shown that the Au-
ZnyCdi1xS -Mo structural photo detector with a ZnCdiS layer can serve as an effective register of
electromagnetic radiation in the ultraviolet range A <0.37 pm.
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AHHOTAUA

Hccneoosano nusiHue mexHoio2uueckoeo npoyecca Ha (homosiekmpudeckue xapakmepucmuxu Au-
ZnCd14S-MO-cmpykmypHo2o  NIeHOUHO20 —~ UHICEKYUOHHO2O —(DOMONPUEMHUKA  YYECMEUMENbHO20 8
VIbMPAGUONEMOoBoll U GUOUMOU 00IACMU CREKMPA  INEKMPOMASHUMHO20 U3NYYeHUsl, HAd OCHOGe
nonukpucmaniudeckux cnoee ZnCdixS. Yemanoseneno, umo cnexmpanvhas uyscmeumenvnocms Au-
ZnCd14S-MO-cmpykmyproeo nienouHo20 UHANCEKYUOHHO20 (POMONPUEMHUKA 3A6UCUM O MEMNepamyp Ha
ucnapumensx ZnS u CdS, komopwie énusiom na cocmas gpomoaxmusnozo cros ZnCdixS (x=2n/(Zn+ Cd)) ¢
Au-ZnyCd14S-MO-cmpyxkmyprom naeHOUHOM UHNCEKYUOHHOM homonpuemnuxe. B pezyromame uzmenenust
memnepamypsl Ha uchapumeineie ZNS, ¢ npoyecce pocma cnosi ZnCd14S, 6bi1 noryuen pomoaxmuembwiil
BAPU3OHHBIU CIIOU C UBMeHIoWelics WUpUHoU 3anpeujertoll 30usl om Eg = 3.05+0.05 3B 0o Ey = 2.452+0.05
9B, Komopvll enusem HA CHeKMPATbHYIO  UYBCMGUMETbHOCHb U C8emOoBble  8ONbM-AMNEPHbIE
Xapakmepucmuxu.

KaioueBbie cjioBa: (GOTONMPHEMHHUK, MOJMKPHCTALIHYECKUE TUIeHKH, ZNxCdixS, crekrpaibHas

YyBCTBUTEIBHOCTD, (POTOITCKTPUICCKHIE XaPaAKTEPUCTHKU

1. Beeneume

B Hactosiiee Bpemsi B Hallleil TOBCEIHEBHOW JKM3HHM, WHTEHCUBHOE pa3BUTHE IIpoOIlEcca
aBTOMAaTH3aIlMHU TPOU3BO/ICTBA, TPUBOAMT K PACTY CIIPOCA HA yCTPOMCTBA PETUCTPAIINH DIIEKTPOMArHUTHBIX
BOJIH B Pa3JIMYHBIX OOJACTAX CIEKTPa M3MY4YECHUS. DTUM TPEOOBAaHHUSIM OTBEYAIOT MHOI'OKOMIIOHEHTHbIE
coenunenus (A2B6), obpasyromuecs B pe3yabTaTe XUMUIECKON CBS3M XMMHUYECKHX JJIEMEHTOB BTOPOU
A2(Zn, Cd, Hg) u mecroii B6(O, S, Se,Te) rpynn nepuoandeckoi TaOIUIBI XUMHYECKUX IJIEMEHTOB.
@daxkTHYecKd MHOTOKOMIIOHEHTHBIE coeauHeHus (A2B6) MoOryT cocTtosT u3 CIUIaBOB OWHAapHBIX
nosynpoBogHuKOB (A2B6) + (A2C6) [1,2].

[ToynpoBoAHUKOBBINA XUMHUYecKUi criaB ZnxCdiS, Takke XapakTepeH sl MOJTyIPOBOJHUKOB
rpymnbl A2B6, B koTopoM u3-3a u3meHenust coaepxanust Zn u Cd B crutaBe ZnxCdixS (x=2Zn/( Zn+ Cd))
WU3MEHSIOTCS ONTHYECKHE U (OTOIJIEKTPHUUECKHE CBOWCTBA (POTOAKTHBHOIO CJIOSI, YTO MPHUBOIUT K
W3MEHEHUIO (OTOYYBCTBHUTEIHLHOCTH (DOTOAKTHBHOW CTPYKTYpBI, B pE3yJIbTare Yero CIeKTpabHas
qyBCTBUTEILHOCTh CTPYKTYPbI Ha OCHOBE CI0eB ZnxCdixS MOXKET U3MEHSTHCS B IUANA30HE JUIMH BOJIH
AIIEKTPOMArHUTHOTO u3nydenust ot 500 um 10 330 um [3,4].

Metox xumuyeckux TpaHCOpTHbIX peakuuidi (XTP), B moToke rasza-HOCHTENs BOAOpPOIA, B
HACTOSIIEe BPeMsl MCIOIb3YETCs Ul MOJyUYeHHs OONBIIMHCTBA coequHeHn A2B6 U MHOTHX TBEpPIBIX
CIUTaBOB Ha X OCHOBE. B 3TOM MeTo/i€ CHHTE3 MOJIyIPOBOJHUKOBOTO MaTepHasia IpOMCXOANT B pe3yibTaTe
XMMUYECKUX PEaKIMHd XMMHYECKUX SJIEMEHTOB HAaXOAALIMXCS B MapoBOil (ase ra3oBoro MoToka Ha
MOBEPXHOCTH MOJIOKKH. [IpenmyrnecTBo cuHTe3a coeanHennid A2B6 w3 razoBodl ¢assl MeTomoMm
XUMHYECKUX TPAHCTIOPTHBIX PEaKIuil mepes APYTUMH METOAAMH COCTOMT B TOM, YTO MOXHO IOJNy4YaTh
[IOJIyIIPOBOJHUKOBBIE MAaTEpHalbl C pa3IMYHbIMUA CBOWCTBAMH, KOHTPOJIUPYS TeEMIIepaTypy, Kak
WCTIapUTeNel, TaK W TMOIJIOKKH B TPOILECCe POocTa (POTOAKTHBHOTO CIOS. DTO TO3BOJIAET IONyYaTh
COBEpIIICHHbIE KPUCTAJIBI, OYeHb OJM3KHE K CTEXMOMETPHH, W JaeT BO3MOXKHOCTh CHHTE3WPOBATh
KpPUCTAJIBl Pa3IMYHbIX MOAWMUKALMHA NPU HU3KHUX TemIeparypax. Teurypu KaaMmus, TeJUTypHl [IMHKA,
cyabdun kagmus, cynshua HIMHKA U Ipyrue coequHeHus kinacca A2B6 MoryT ObITh MOJy4YeHBI B p- U N-
THTIAX MPOBOANMOCTH. Ha OCHOBE 3THX COEIMHEHNH MOKHO TOJTy4aTh TBEPJIbIE CIUIABBI, OTHOCSIIIUECS KO
BCEMY CIEKTPY pasiMyHbIX coeanHeHuidl kimacca A2B6 [5]. Jns mnomydenust Matepuana ZnyCdixS
UCTIONB30BAINCh [BAa HCHAPHUTENs, OJUH M3 KOTOPBIX HCIOJB30BAICS Uil HCIApEeHUs OMHAPHOTO
coequHenus ZnS, a apyroi s CdS. [ npeaoTBpalieHus MonaaaHis HEKOHTPOJIMPYEMBIX MPUMECeh Ha
pactyumii cinoit ZnkCdi«S, ucmapuTenu moaBeprajcs TEPMHUECKOMY OOXKHIY, TaK K€ TEPMHYECKH
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o0Xuransach U mouIokka u3 MmonudaeHa (Mo), koTopas B (POTOIIPHEMHHKE, TaK e, BRIOIHsIIA (YYHKITHIO
TBUIBHOTO COOMPAFOIIIETO AIICKTPUUECKOTr0 KOHTAKTa [6].

2. MeToasl 1 MaTepHAJIbI

Ha puc. 1 mpeacraBneHa KOHCTPYKLHUSI (OTOAATUMKA, PETHCTPUPYIOLIETO 3IIEKTPOMATrHUTHBIC
W3Iy4YeHus OnmkHed yapTpaduoneToBOM M BUAMMOM 001acTH criekTpa. POTONPHEMHHIK HMEET CTPYKTYPY
Au-Zn,Cd1.xS-Mo. Kak 6b110 cka3aHo Bbile, HoToakTHBHBIN cl0i ZnxCd1xS HAHOCHIICS Ha MMOBEPXHOCTH
MOJINOJICHOBOM TOJJIOKKH, KOTOpbIH umen tommuHy ~ 10 wmxM. Tonmuaa wmonubnena (Mo),
HCTIONB3YEMOT0 B Ka4eCTBE OCHOBBI, cocTaBisia ~150 MKM, OHa TaK K€ BBIIOJIHSET QYHKIUIO HUKHETO
3JIEKTPHYECKOr0 KOHTakTa. [lomympospadneii cioi 3010Ta (Au) Tommumuoi 50 A ciyxun Gapbepom
[oTTkn ¥ co3aaBai BHYTPEHHHI BCTPOSHHBIM MOTEHIMAN, KOTOPBIH 0Opa30BHIBAJICS 33 CUET Pa3HUIIBI
paboThI BEIXO/1a JJIEKTPOHOB KOHTAKTHPYONTHX MaTepranoB Au u ZnyCdi«S. Cioii 30;10Ta, TaK ke, CITYKHUIT
(bpOHTATBHBIM  DJEKTPUYECKHM COOHMPAIOMIMM KOHTAKTOM I (DOTOUYBCTBUTENEHOW CTPYKTYPHL.
[omynpo3payHbIii CIIOSI 30JI0TA TOTYYAJICS METOAOM TEPMHUECKOTO BaKyyMHOTO HCIIApeHHUS AU B BAKyyMe
10 -5 Topp. Pa6ouas miomans Au-ZnkCdi«S-Mo cTpykrypHOro ¢orogaturka cocranisiaa 0,785 cm?,

ho

Zn Cdy S

Mo

Puc. 1. Koncmpyxyus pomonpuemnura co cmpykmypoti Au-ZnxCd1-xS-Mo.

Ha puc. 2 npencraBieHbl 3KCIepUMEHTAIIBHBIE PE3yIbTaThl CIIEKTPAbHONU (POTOUYBCTBUTEIBHOCTH
(S, B oTHOCHUTENbHBIX eAMHHNAX) CTPYKTyphl Au-Zn,CdixS-MoO, onpeneneHHbie TP KOMHATHOM
temneparype T = 300 K. Buano, 9T0 (pOTOUYBCTBUTENBHOCTS CO3MAHHOM CTPYKTYphl Au-ZNnkCdixS-Mo
HaxXoJWUTCA B CHEeKTpanbHOM amamazoHe oT 300 HM g0 500 HM, TO ecTh B ONIKHEH ynbTpaduoIeTOBON
00JIaCTH CIEKTpa HM3JTyYeHHs W B 3€JCHOM YacTH BHJIMUMOTO TJa30M CIEKTpa dJIEKTPOMArHUTHOTO
u3nydenus. [Ipu 3ToM 001aCTh MaKCUMaJIbHON YyBCTBUTEILHOCTH PACIIONIOKEHA BOJIN3H JUTMHBI BOJIHBI 360
oM. Jlns momyuenust chost  ZnxCdinS, €O CHEeKTpalibHOW YyBCTBHTEIBHOCTH  (DOTONPHEMHHUKA
MPEJICTABICHHOW Ha pHUC.2, OBUIM MCIIOJIB30BaHbI CIEAYIONINE TapaMeTphl TEXHOJIOTHYECKOTo TpoIiecca,
TeMIieparypa MomIoKKN Troxs = 550°C; TeMmieparypa ucnapuresist A1 TEPMHUECKOr0 UCIAPEHUS MOPOIIKa
CdS B TeyeHHH BCEro TEXHOJIOTHIECKOTO Mporiecca moaaepskuBanach Ha Tucncas= 750°C. Temneparypa Ha
ucnaputene (Tucnzns) IS TEPMUYECKOTO HCHAPEHUsS MOpoIIka ZNS B TEUEHUH BCETO TEXHOJOTHYECKOTO
mporiecca U3MeHsIach. TeXHOMOTHUECK i Tporece monydenust ciost ZnkCdixS 3anmmano =~ 30 MuHYT.
Temnepatypa Ha uciaputesie ZNS B TEUSHUH HAYaIbHBIX 5 MUHYT MOACpKUBaIach BOIU3H Tyenzns= 900°C;
cnenyromue 5 MUHYT Tuenzns= 950°C 1 nocnenuue 20 MUHYT Tuenzns= 1050°C. IepBoie 5 MuUHYT U3-3a TOTO,
4To Temreparypa ucnapenust CdS HaMHOTo MeHbIIe, YeM TeMIIepaTypa ucrnapeHust ZnS, Ha MOBEPXHOCTH
MOJIMOICHOBOH MOJJIOKKH, B OCHOBHOM, JIOJDKEH ObUI MPOUCXOAUTH mporecc pocta cios ZnxCdixS ¢
MOBBIIIICHHBIM cojiepxkanuem CdS. B cnenyromme 5 MuHyT TemrepaTtypa Ha ucnapurene ZnS Bo3pacraia
Ha 50°C, B pe3ynbTare uero qomkeH Obu1 pactu ciioit ZnyCdixS ¢ OTHOCHTENLHO BBICOKUM COJICPKaHHEM
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ZnS. B nocnennue 20 MUHYT TeMIIepaTypa Ha ucnapurene ZNS noaaepKuBajach OTHOCHTEIIBHO BRICOKOM,
Y KaK BUJHO U3 PUC.2 caMOe BBICOKOE 3HAYCHUE CIICKTPaIbHON UyBCTBUTEIHLHOCTH UMEET CIIOW C OOJBIION
IIMPUHOMN 3alpeIieHHON 30HBI.

3. Pe3yabTartsl u 00cy:KaeHUE

OKCTepUMeHTaIbHBIE PE3yJbTaThl CIEKTPAIFHOW 3aBUCUMOCTH (DOTOUYBCTBUTENBHOCTH (PHC.2)
OBLTH ITPOAHATN3UPOBAHBI METOIOM (POTOOTBETA [7] M IO rayCHaHaM, ¢ YIeTOM [UTMHHOBOJHOBOTO YYaCTKa,
OBLT C/IeaH BBIBOJI, UTO MPU (POPMHUPOBAHHH CIICKTPATHLHON 3aBUCUMOCTH YyBCTBUTEIBHOCTH CO3aHHOTO
Au-ZnxCdl1l-xS-Mo  —  cTpyktypHOro  (oTOMpHEMHHKA  y4acTBYIOT  (DOTOAKTHBHBIC  CIIOH
MOJTYIPOBOJJHUKOBBIX TOHKHX c10eB AU-ZNyCd1xS-Mo ¢ mmpuHaMu 3anpenieHHoi 3061 Eg~3,05 + 0,05
9B, Eg = 2,75 + 0,05 5B u Eg3=2,45 £ 0,05 »B. ®ortoaktusHbIit cioit ZnyCdixS B hoTonpuemunke Au-
ZnxCd1xS-Mo cocrostn u3 3 cioeB ZnxCdiS ¢ 3 ms 3HadeHnsME X: X1~0,6, X2~0,38 u x3=0,0 [1].

= oOwun

® Eg=2.44 eV
] Eg=2.76 eV
3,54 v Eg=3.05 eV

4,0

3,0
2,5 1
2,0 1

1,5

S,A/KBaHT(OTHOCUTENHBI)

1,0
054 2
0,0 : : : Y >
300 350 400 450 500
AnnHa BOJIHbI, nIm

Puc 2. Cnexmpanshas vyecmeumenvrnocmo cmpykmypol Au-ZnxCdixS-Mo, npu komnamnoii memnepamype T = 300K.

UzBecTHO, 4TO (HOTOIIEKTPUUECKHE XAPAKTEPUCTHKH TOHKOIUIEHOYHBIX MOJUKPUCTATHYSCKHX
(oTOIMON0B aHATOTWYHBI (DOTOBJEKTPHUUECKUM XaPAKTEPUCTHKaM (OTOIMOJOB C P-N-TIEPEXOAOM,
W3TOTOBJIEHHBIX U3 MOHOKPHUCTAINTHYECKUX MOIYTIPOBOJAHUKOB, TO €CTh TOK KOPOTKOTO 3aMbIKaHUs (J«;) U
HamnpspkeHHe XoJiocToro xoaa (Vi) BO3pacTaeT ¢ YBEIHMUEHHEM BeTH4MHBI MomHocTH (P) mamaromero
CBETOBOI'O M3JIy4eHHs. J; Bo3pacTaeT TUHENHHO oT P, a Vi Bo3pacraer norapudMuuecku cyOIMHEHHO C
yBenauyenueM P [5]. CeroBast BAX, 3aBHCHMOCTD Jis (Vxx) GOTOAMOIOB C p-N-TIEPEXOIOM BBIPAKACTCS
dopmyoii (1) [8]:

nkT , J
Vxx = (In J_kz + 1) D),
q 0
rae n — ko3 UIMEHT HenIealbHOCTH 1M0/a, Jo — 0OpaTHbII TOK HACBHIIICHUS 110/1a, K — MoCTOsHHAS
Bonbrmana,  — BeNMYMHA 3apsiia MJIEKTPOHA.

Cx0acTBO (POTORIIEKTPUUECKUX CBOMCTB Pa3IMUHBIX (POTOINEKTPUUECKUX CTPYKTYP, YIOMSHYTHIX
BhIIIe (p-N-miepexonoB, OaprepoB ILOTTKH, TETEpOCTPYKTYp), O3HA4aET, UTO MPOIECC TEHEepaluu
3JIEKTPUYECTBA IIOJ BO3JCHCTBHEM 3JEKTPOMATHUTHOIO W3IYUYEHHS MPOMCXOTUT 3a CYET BHYTPEHHETO
3JIEKTPUYECKOTO TMOTEHIMAaNa. OKCIEepUMEHTalbHble cBeToBble BAX, T.e. 3aBUCHUMOCTh Jis OT Vi«
npejcTaBiaeHsl Ha pucynke 3. CeeroBeie BAX ¢orompuemnuka co crpykrypoir Au-ZnCdinS-Mo
HCCIIEI0OBAITUCH TIPH OCBENICHHOTO MOHOXPOMATHYECKUM CBETOM ¢ JiITiHaMH BoJH A = 390 uwm (1), A2 = 460
HM (2) 1 A3 = 500 M (3). U3 sKkcriepuMEHTAIBHBIX Pe3yJIbTaTOB, MPEICTABICHHBIX HA PUCYHKE 3, BUIIHO,
gro cBeroBble BAX, T.e, 3aBucuMocTh IN(J) oT Vi dorommoma Au-ZniCdl-xS-Mo, mpu ocBerieHnn
pasHBIMH JITMHAMHU BOJH, KOTOPBIE TIOTJIONIAIOTCS B PA3IMYHBIX 00MacTsIX (HOTOUYyBCTBUTENHHON
CTPYKTYpBI, pacrojOKeHbl Ha pa3NuuyHbIX yyacTkax BAX, HO UMeIOT Ba HaKJIOHA N1 U Nz, B OTJIWYHU OT
3aBUCHUMOCTH 3, TA€ CTPYKTypa OcBellajach 3eJeHbIM BUIUMBIM CBETOM ¢ A3 = 500 HM, U T1Ie HE yAaIOoCh
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JOCTHYb JIOCTATOYHOTO YCJIOBHS OCBEICHHS JUIS TOrO, 9YTO ObI 00pa30Bajcs BTOPON yYaCTOK ¢ HAKIIOHOM
n2. BAX mpu ocBellieHun pa3inyHbIMU JUIMHAMHU BOJIH, KaK OBLIO CKa3aHO BHIIIE, MMCIOT JIBa HAKJIOHA, C
pa3sIUYHBIMH 3HaUeHUSMH Kod(duimeHTa HewuaeambHOCTH Auofa (N) W 3HAUCHUS OOPATHOTO TOKa
HacermeHust (Jo). PesymbraTer pacdera Nio u Joro2 VIS pa3smuYHBIX y4dacTKOoB BAX, mpHW OCBemeHUH
3JIEKTPOMATHUTHBIM H3ITyYCHHEM Pa3IMYHOMN JUTMHOW BOJHBI MPeICTaBlIeHbI B Tabmuie 1. 13 pe3ynbTaTtos
pacyeToB MPeICTaBICHHBIX B Tabmuie 1, ciaemyer, uTo Ha MepBOM y4acTKe Ni, UL BCEX JJIMH BOJIH UMEET
3HaYeHUe OJIN3KOE K eIMHMIIG, 3HAYCHUE Jor UMEIOT HU3KUE 3HAYEHUS. DTO CBHICTEIHCTBYET O TOM, YTO
Opd  HHU3KUX 3HAYEHHAX OCBEHICHHS (OTOMPUEMHUK CO CTPYKTypoir Au-ZnyCdixS-Mo o6nagaer
XOPOIIUMY XapaKTePUCTUKAMU AUOIHBIMU XapakTepuctrkamu [8]. C yBelIWYCHUEM YpPOBHSI OCBEIICHUS,
BO3HUKAIOT YYacTKH CO 3HAYCHHUAMHU Ny U Jop. 3HAUCHME BEIWYMH N2 U Joo BHINIE 1O OTHOIICHUIO K
3HAYEHUSIM N1 U Jo1, YTO CBUAETENBCTBYET 00 YXyIUICHUH (DOTOPETHCTPUPYIOMUX XaPAKTESPUCTHK
¢doronpreMHuKka co CTpykTypoir Au-ZnyCdixS-Mo, 3a cyer ycunenus s¢dekTa peKoOMOUHAINH
HEpaBHOBECHBIX (OTOTCHEPUPOBAHHBIX HOCHTeNel 3apsna. JlaHHoe yxyaueHue (QOTOIIEKTPUISCKUX
XapaKTePUCTUK CBUIIETEIHCTBYET 00 (POTOCTUMYIMPOBAHHOM 00Pa30BaHMH PEKOMOWHAIIMOHHBIX IICHTPOB
B ()OTOAKTUBHOM 4acTH CTPYKTYypbl Au-ZnxCd14S-Mo.

1
100 4
] B ynbTpaduoneToBbin (1)
NE | ® cuHun (2)
o 1 A 3eneHblii (3)
2 10 + 3
@ ]
2 1 A
* g 1 /i
- ] //
1 /’A
] T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400

V ,mV

XX

Puc -3. Ceemosvie BAX pomonpuemnuxa co cmpykmypoii Au-ZnxCd1-xS-Mo, ocsewennozo monoxpomamuueckum
ceemom ¢ onunamu 6oan | = 390 um (1), 460 um (2) u 500 um (3).

Ta6auna 1. Ilapamerpsl BAX dotomnona Au-ZnxCdixS-Mo N1z - ko3 pumenT naeaasHocTH 1uoaa u Joi oz —

BeJINYUHA OﬁpaTHOFO TOKAa HACBIIIICHUSA JUO0dAa, IPH OCBCIIICHUHU CBETOM pa3ﬂn!moi71 JJIUHBbI BOJIHBI
Ne 2=390 um 460 um 500 um
Ny 1,04 1,24 1,2
Ny 3 1,4 -
Jo1,A/cm? 1*108 2,1*107 4,5*%107
Joa,A/c? 1,87*10® 1,1*10°® -

4. 3Jakiao4yeHue

U3 pe3ynbTaToB, pe/ICTaBICHHBIX B Tabmuie 1, U pe3ylbTaToB, MPEJICTABICHHBIX Ha PUCYHKAX 2 U
3, MOJKHO CZ€eJIaTh CIEAYIOIINe BEIBOABI: CO3MaHHbIN CTPYKTYpHBIH (hoToanon Au-ZnkCdixS-Mo cocTout
n3 Heckoubkux cinoeB ZnxCdixS. B mpouecce pocra doroaktiuBHOro cinost ZnxCdixS MexIy KOHTaKTaMU
Mo u Au, mox jaedcTBHEM HW3MEHEHHs TeMIeparypbl ucmaputens ZNS, ObUTM CHHTE3WPOBAHEBI
(OTOAKTHBHBIC CIIOM PA3HOTO COCTaBa X, pa3Hoil Tommuuukl (d), pasnoro Eg u pa3nuuHoil KOHIIEHTpanuu
OCHOBHBIX HOcuTenel 3apsza (n). M3nyuenue ¢ anunHoi BoiHbl 390 HM normomaercs 3p(QEeKTUBHO CI0eM
HaXOJAIIUMCS BOJIM3U ppoHTaIbHOTr0 KoHTakTa Au, ¢ Eg1 = 3,05+ 0,05 3B, X = 0,6 u Jo1 MeeT HauMeHbIINE
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3HaueHus U ni =~1. C yBelIMYeHHEM MHTEHCHBHOCTH M3JyYEHHUS Ha JJIUHE BOJHBI 390 HM yBEIMUHUBACTCS
KOHIICHTpAIUS HOCUTENleH 3apsiia, HO YBEJIMYUBACTCS (POTOCTUMYJIUpPOBAHHAs PEKOMOMHAIUS
HEPAaBHOBECHBIX (POTOr€HEPUPOBAHHBIX HOCUTEIICH 3apsiaa Ha POTOreHepUPOBAHHBIX PEKOMOMHAIIHOHHBIX
IIEHTpax, B pe3ysbraTe 3HaueHue Joo OoubIie ueM Joi, a KO3 PHUIMEHT HenIeaTbHOCTH JUO0JIA PaBEeH No. = 3
> 1 [9-10]. IIpu m3nydenuu c 460 HM B poToreHepanuu y4actByrot ciion ZnxCdixS: X = 0,38; Eg = 2,75
0,05 3B ux =0; Eg = 2,50 £ 0,05 3B. Ilpu manoii MHTCHCUBHOCTU M3JIY4YCHUS C JJIMHOW BOJHBI 460 HM
OCHOBHOE TIOTJIONICHUE MPOUCXOoAuT B ciioe X = 0,38, a ¢ yBennyeHneM MOIIHOCTH M3IYyUYCHUS] HAYMHACT
pabotath cnoii ¢ X = (0, ¢ yBEIMYCHHEM H3IYYCHHS YCHIIUBACTCS PEKOMOWHAIMS, YTO TPUBOAMT K
YBEJIMYCHHE N2, Ny > N1, a Takxke Jo2 > Jo1. [Ipu ocBemiennu ¢ u3nyuenuem Az = 500 HM, SHEPrusl KBAaHTOB
hvs =~ 2,48 5B, kBaHThI MoryoIaTes B cioe X = 0, Eqgs = 2,45+0,05 3B. hvs u Egz 6u3ku apyr K apyry, B
pe3ynbTarte o0pa3oBaHue (OTOTCHEPUPOBAHHBIX HOCHUTEJICH 3apsijia CPAaBHHUTEIHLHO HEBENHKA, MOITOMY
BTOPO# y4aCTOK C N2 HE BO3HUKAET U TapaMeTphl cBeToBoi BAX, Takue ke, Kak npu ocBenieHuH ¢ A = 460
HM, HO 3Ha4eHUS J; U VXX Mallbl, 10 CPABHEHHIO CO CITydasiMu 00Ty4YeHUs] KBAHTAMH BBICOKHMX SHEPTHU.

Cnucok Jaurepatypsl

1. Bepuenko H.H, u ap.IlonynpoBogHUKOBEIE TBEpAbIC PACTBOPHI U UX NpuMeHeHHe: CrpaBoYHbIe TaOIHIIBL.
M.: Boenmsaar, 1982. 208 c.

2. Witsey.wp.txstate.edu/files/2018/Bandgapworkfn-Heavens-3.8.pdf.

3. Kobulov R.R, Makhmudov M.A, Gerasimenko S.Y, Ataboev O.K. Investigation of composition and current
transport mechanism in polycrystalline thin film ultra violet Au-Z,xCq1.xS-Mo- structure with narrow spectrum
of photosensitivity // Apply Solar Energy. 2017. - V. 53, N2. - pp. 123.

4. Kobulov R.R, Makhmudov M.A, Gerasimenko S.Yu, Ataboev O.K. Morphology and Current Transport in
a Thin-Film Polycrystalline Au-Zn.Cd;xS—Mo Structure with Wide Photosensitivity Range in the Ultraviolet
and Visible Radiation Spectral Region // Applied Solar Energy. 2018. Vol. 54. No. 4. pp. 251-254.

5. TI'eoprobmanu A. H, lleiinkman M. K. (pen.). ®usuxa coenunennii A"BY!. — yue6. Ilocobue. — Mocksa:
Hayka, 1986. — c. 289.

6. Sh. A. Mirsagatov, R. R. Kabulov, and M. A. Makhmudov. Injection Photodiode Based on an n-CdS/p-
CdTe Heterostructure.  Semiconductors // 2013, Vol. 47, No. 6, pp. 825-830. DOI:
10.1134/S106378261306016X.

7. Ohata K, Saraie |, Tanaka J. // Jap. J. Appl. Phys. 1973. - V. 12, Ne10. - pp. 1641-1642.

8. S.M. Sze, K.Ng. Kwok. Physics of Semiconductor Devices”, 3rd ed, Hoboken-New Jersey: Wiley-
Interscience Publication, 2007, p. 823.

9. Leiderman A.Yu, Minbaeva M.K. // Semiconductors. 1996. -V. 30. No. 10.- pp. 1729-1738.
10. A.Yu. Leiderman, M.M. Kashaev. “Lifetime specifics of nonequilibrum carriers in photoelectric cells based
on gallium arsenide obtained via the Czochralski method”. Applied Solar Energy, vol. 49, No. 4, pp. 244-247,
2013.

146




Medicoynapoonas konpepenyus « DynoamenmanvHole u npuKiaouvie npoodiemol cogpementoi gusuxu»  19-21
oxmsbps 2023 2.

BJIMSIHUE JIASEPHOT'O OTKUI'A HA ITPODPUJIN PACIIPEJEJIEHUE ATOMOB Na
MO I''TYBUHE HOHHO-UMIIVIAHTUPOBAHHOI'O Ge

Bantoxomka Ymupsakos, /lunno3da TammyxamemnoBa, Maxcyna IOcymxonoBa, Ceapa
AOpaeBa, 3a0ap:xan Ymapxo/axkaeBa, A3uza Xy:KaHUSI30Ba

Tawkenmcxuti cocydapcmeennwlil mexuuyeckuti ynugepcumem umenu Mcnama Kapumosa, 100095 Tawxenm,

Vs6exucman, ftmet@mail.ru

B nacmoswee epema xopowio usyyenvi cocmas, cmpykmypa, oomoanekmpuseckue u OnmuiecKue
CBOUCMBA HAHOPA3MEPHBLIX CUCMEM HA OCHOB8E HAHONIEHOK U KeaHmogvix mouexk (e, nonyyeHHbix
mMemoodamu  MoNeKyIapHo-iyueeot snumaxcuu [1, 2], mepmuueckoeo ocaxcoenus [3, 4] u uonnou
umnaiaumayuu [5, 6]. B uacmnocmu 6 [5] enepsvie uzyueHa 803MOMCHOCMb CO30AHUS NAAZMOHHOZO
Komnozuyuorno2o mamepuaia Ag:GeSi na noonodcke c-Si npu e2o nociedo8amenbHol 8biCOKO00306801
umnaanmayuu uonamu Ge' u Ag'. Hmnaammayus uonamu Ge* conpososcoaemcs amopghusayuer
nosepxuocmu cios Si ¢ 06pazo8anuem MeaKo3epHUCmMo20 kKomnosuyuonroeo cios GeSi. B [3] nokasano,
YUMo, MeHsis NPOYEHMHOe COOMHOWEHUe AMOPPHOU U KPUCTHATIUYECKOU (hazvl 8 nieHKax (umo 3adaemcs
DENCUMAMU  NOJLYYEHUSI NAEHOK), MOMCHO KOHMPOIUPYEMO USMEHAMb WUPUHY 3ANPEUeHHOl 30Hbl
nOY4aemvlx HAHOKOMNo3umnulx nienok Ge 6e3 00OnoIHUmenbHo20 8030elicmaus (1ecupoganue, 001yuerue
u m.0.). B oannou pabome uzyueno usmernenue npoguiel pacnpedenenus amomos Na no enyoune ora Ge
umnaanmuposannozo uoramu Na* npu nazeprnom omoicuze.

Hmnnanmayus nposoounace uonamu Na* ¢ snepeusmu om 0,5 0o 5 keV npu 0osze nacviuyenus D =
Dsat. = (6 — 8)-10'® cm™. Hcmounukom nampus cyscunu Huxenegvle 10004KU, 3aNOTHEHHbIE XPOMAMAMUL
nampust. [lpu nacpesanuu HuKenesvix 10004eK, 00PA3VIOMCs Napvl HAMPUsl, YACMb KOMOPLIX, NONAAs HA
NOBEPXHOCMb  PACKAIEHHOU  801b(pamogou  cnupanu, uoHusupyemcs. OCHOBHblE UCCTEO08AHUSL
npogoduaucs npu Eo = 0,5 ka3B.

Hawu uccneoosanust noxkasanu, umo npoepes npu T < 700 K u nazepuuiii omowcue npu W < 1,5 Jc-cm
2 o6pasyos Ge, necuposannvix uonamu Na* ¢ Eo> 3 k3B npugooum k 603pacmanuio KOHyeHmpayuy Hampus
8 NPUNOBEPXHOCHHOM Cl0€ U CMewjeHuto noaoxcenutl maxcumyma kpueou Cna(d) 6 cmopony menvuux
enyoun. Yemanoeneno, umo naubonvuee ygeauuenue (00 40 — 45 am.%) Cna docmueaemes npu W = 1,5
Jlorc-em™. Bricokoe codeporcaniue snedpennoii npumecu coxpansemcs 0o 2nyéunvt d = 25—30 A, a ¢ pocmom
anybunvt ono pesko ymenvuwaemca. Hauunas ¢ W = 1,8 Jluc-em® napsaoy ¢ ycunenuem ougghysuu
NPOUCXOOUM UHMEHCUBHAS 0eCcopOyUs HAMPUsL, Ymo npueooum xk ymeHvuuenuro Cna N0 8cell 271yOUHe UOHHO-
Jlecuposantoll obracmu.

Key words: monHas uMIutaHTtanusi, npoduin pacnpe/esieHns, HAHOIJICHKH, JIa3ePHBI OTXKHI,
KOHIIEHTpAIHSL.
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V3YYEHUE UBMEHEHUS CTPYKTYPBI M CBOMCTB CdF,(111) ITPH
BOMBAPIUPOBKE HOHAMMU Ar*

Ax0ap AdnyBantoB, MaxcyHa IOcymkonoBa, Bacuia Xoamyxamenona, Caoaar I'yasimoBa,
Anano3a Tammyxamenosa, banroxomxka YMup3akos

Tawxenmckuil 2ocyoapcmeenubill mexHuyeckuil ynusepcumem umenu Hcnama Kapumosa, 100095 Tawkenm,

Vs6exucman, ftmet@mail.ru

Bonvwoii unmepec k snumaxcuanoHbiM ciosam Qmopudos C8a3aH KaK ¢ YHUKATbHBIMU CGOUCMBAMU
NOCIeOHUX, MAK U C WUPOKUMU NOMEHYUATLHBIMU GOSMONCHOCMAMU UX NPUMEHEHUs 6 ONnmo- u
Muxposnekmponuxe [1-3]. B nocieonue 200bl Hamu X0pouio uU3yueHo giusHue UOHHOU 60MOaApOUposKU Ha
cocmas, JNeKMPOHHYIO U KPUCTALIUYECKYIO CIMPYKMYPY, DMUCCUOHHbIE U ONMUYecKue Cceolcmea
OudIeKmpu1eckux nieHox u 0opasyos [4 — 6].

C  ucnonvzoganuem  Memooo08  0JCe-INeKMPOHHOU — CNEKMPOCKONUU,  YIbmMpapuoiemosot
GPomoIneKmponHOL CHeKMPOCKONUU, OUPPaKyuL ObICMPLIX IAEKMPOHOS U CHAMUSL YeTI08bIX 3A8UCUMOCTEN
KOd(uyuenma HeynpyoompajiceHHbix 1eKmpoHOE usyuero enuanue 6ombapoupoexu uonamu Ar' na
cocmae, INEKMPOHHYIO U KPUCALIUYECKYI0 CIPYKIYPY NOGEPXHOCHHBIX Cl0€8 MOHOKPUCMALIUYECKUX
o6pasyos u nienox CdF»(111).

THoxazano, yumo cmenenv pazynopsadouenus CdF> na cocmaseisiowue u ucnapenue ¢mopa c
NOBEPXHOCHIHBIX CIOEE 3A6UCUM 0N dHep2UuU U 0036l U0HOE Ar*. Bnepsvie nokaszarno, umo noinoe ucnapenue
F 6 6uoe F> nabnooaemcs 6 obnacmu Eo = 1 — 2 k3B npu dose nacviwenus. OyerneHvl MOIWUHBL NOTHOCHbIO
pasynopsadouennvix croee CdFa(111) npu 6ombapouposke uonamu Ar* 6 unmepsane snepauu uonoe Eg om
0,5 00 5 x2B. Bnepsvie uzyueno enusHue UOHHOU 6OMOAPOUPOSKU HA NIOMHOCHb COCMOSHUS 8ANEHMHBIX
2JIEKMPOHO8 U SHepeemuyeckue 30onuble napamempul CdF»(111).

Ioxazano, umo MJID naenku CdF/Si(111) ¢ momyunoii 500 A umeem svicoxoe

cmexuomempuieckoe U KpUCMAiiudeckoe CO8epuleHcmso co cmpykmypou nosepxwocmu (1 x 1).
Yemanoeneno, umo npu 6ombapoupoexe naenku CdF, uonamu Ar* ¢ eapuayueii snepauu ¢ npedenax Eo =
0,5 — 5 x9B nauunas ¢ D = (1 — 5)*10° cm?® npoucxooum ummencusnas decopbyus F, xomopas
npodoncaemes 0o D = 510" — 10" cm. O6napyaiceno, umo 6 obnacmu Eo = 1 — 3 kaB konyenmpayus F

8 NOBEPXHOCMHBIX CLOSAX YMeHbuiaemcs: 00 Hyas, a npu Eq <1 kaB u npu Eo > 4 k2B ona ne ymenvuiaemes
00 HyA. Buisichenbl 0CHOBHbIE MEXAHUIMbL SMUX USMEHEHUIL.

Bnepevie oyenena monwuna cnoeg, obocawennvix amomamu Cd u  monwyuHa CUILHO
pasynopsoouennvix croes CdFy/Si(111). Bnepevie memooom YDIC uszyueno uzmenenue njiomHOCMU
cocmosnus eanenmubix snexmponos CdF> npu 6ombapoupoexe uonamu Ar* ¢ Eo = 1 k3B npu paznwix 003ax.

Key words: DrurakcHaibHBIA CIIOH, TeTEPOCTPYKTYphI, HOHHAsS OOMOapIUpOBKa, 0Ke-CHEKTD,
(hOTORIIEKTPOHHBIH CIEKTP, PA3yOPSI0UYSHHBIHN CJIOH, TUIOTHOCTh COCTOSHUS 3JICKTPOHOB.
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MN3YYEHUE NAPAMETPOB INIEHKOOBPA3YIOIIUX CUCTEM, BJIMAIOIIUX HA
OOPMUPOBAHUE UEPAPXUYECKUX CTPYKTYP B HAHOPA3MEPHBIX
IVIEHKAX TMOKCHJA OJIOBA

Casipa U6paumosa’, Enena JImurpueBa’l, Anacracust ®egocumona’, Exarepuna Bonaapnl,
Aiiryas Illonranosal, Yiskaarac HcaeBa?

1 @usuxo-mexnuveckuii uncmumym, Satbayev University, Arvamet, Kazaxcman
2 HayuonanbHwlll Yyenmp HayHHbIX UCCAe008aHUl, NOO2OMOBKU U 00YyHeHUs 8 Chepe 2paicOanCKoll 3auumst,
Anmamewt, Kazaxcman

AHHOTAIINA

Vuukanvuvie c80UCmMEa HAHOMAMEPUALOE 8 OCHOBHOM 3ABUCIM OM (DOPMUPOBAHUS MeX UL UHBIX
cmpykmyp. B uepapxuueckux cmpykmypax noaesmvie (GyHKyuu GopmMupyiomcest He moibKo 8 HAaHOMempogoil
obnacmu, Ho u 6 Opyaux oonacmsx cmpykmypol. Hepapxuueckue cmpykmypul Ha ocHoge SNO2 uHmeHncugHo
UCCIeOVIOMCst, NOCKOILKY OHU 0011a0aiom O0IbWOl NIOWAObI0 NOBEPXHOCMU, GbICOKOU NOBEPXHOCMHOT
NPOHUYACMOCIbIO, HUSKOU NJIOMHOCMbIO, HUSKOU CHOUMOCHIbIO, IKOJIO2UYHOCMbIO U CIAOUTbHBIMU
QuUKO-XUMUYeCKUMU — Xapakmepucmukamu.B  oannoti  pabome  npedcmagnieHa  803MOINCHOCMb
cunmesuposams u3 naenkoodpasyiowet cucmemst SNCIL/EtOH/NHAOH ¢ nomowwio 3016-2e16 mexnonozuu
MepMuYecKy CmabuibHble UEPAPXUHEeCKUe MUKPO-HAHO CMPYKMYypbl C pe2yiupyemviM pAa3mMepom 8
3A6UCUMOCIIU OM COOMHOWEHUS. UOHO8 AMMOHUSL K UOHaM onosa. TIpedcmasnena kiaccupuxayus popmvl
U pazmepos CUHmMesUupyemvlx cmpykmyp 6 zagucumocmu om pH pacmeopa. Ilposedenvl usmepenus Ha
PEHMEEHOBCKOM Oupakmomempe ¢ Yeablo U3V4eHUss KPUCMALIUYECKOU CMPYKMYpbl AHATUZUPYEMBIX
o06pazyos. OGHAPYIHCEHO, YUMO 8 POPMUPOBAHUL CUHMEIUPOBAHHBIX UEPAPXULECKUX CIPYKIMYD YUACMEYIOM
kpucmannumol SnOz u NH4Cl. [oxazano, umo mexanusm (Gopmuposanus uepapxuieckux CmpyKmyp
3asucum om  Koauwecmea 000AGIEHHO20 —2UOPOKCUOA —aMMOHUs. Dmo  Oaem  603MONICHOCHb
KOHMPOIUPOBAMb (hOPMY U PAZMEPbL CUHMESUPYEMBIX CIPYKIMYP, USMEHSISI COOMHOUEHUE NPEKYPCOPOS.

Hccneoosanue npogedeno npu gunancosoii noodepoicke Munucmepcmea obpazos8anusi u HaAyKu
Pecnybnuku Kasaxcman (epanm Ne AP19574404).

Ki1roueBble cjioBa: HAHOCTPYKTYPBI, TOHKHE IUIEHKH, 30JIb-T€JIb METOJ], PEHTT€HOBCKAs JuU(ppaKius,
KpHUCTaTIMYecKast CTPyKTypa.
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STRUCTURAL AND MORPHOLOGICAL PROPERTIES OF ShxSey THIN FILMS
PRODUCED FROM SEPARATE Sb AND Se SOURCES AT A SUBSTRATE
TEMPERATURE OF 450 °C
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Abstract

Sh,Sey thin films were obtained by chemical-molecular beam deposition (CMBD) on soda-lime glass from
high purity Sb and Se precursors at 450 °C substrate temperature. By the exact control of the Sh/Se ratio, Sb,Sey thin
films with stoichiometric and different compositions were successfully obtained. The elemental and phase
composition, as well as the crystal structure of Sb,Sey thin-films, were studied by energy-dispersive X-ray
microanalysis, X-ray diffraction, Raman spectroscopy, scanning electron microscopy.

Key words: Sh,Ses, chemical molecular beam deposition (CMBD), X-ray analysis, Raman spectroscopy,
solar cell materials.

1. Introduction

Structural and morphological properties of antimony selenide thin films are one of the key factors
governing the device performance of antimony selenide (Sh,Ses) based thin-film solar cells. Thus, the
controlling of structural and morphological parameters and obtaining stoichiometric composition plays an
essential role [1]. To date, number of deposition technics were implemented to obtain Sb,Ses thin films,
such as vapor transport deposition [2], close-spaced sublimation [3], rapid thermal evaporation [4],
magnetron sputtering [5], pulsed laser deposition [6]. However, the selenium loss and re-evaporation of
antimony selenide is inevitable [7] and it influences on properties of Sb,Ses films. In order to suppress this
phenomena, Sh,Ses thin films deposited from separate antimony and selenium sources at substrate
temperatures of 450 °C, respectively. The controlling of selenium content during the deposition process was
carried out by changing temperature of selenium source from 410 °C to 450 °C, whereas 900 °C was
maintained at antimony source.

2. Experimental details

Sh,Sey thin films deposited from separate high purity of 99.999% Sb and Se granules. The
temperature of Sb was maintained at 900 °C. The controlling of Se content during the deposition process
was carried out by changing temperature of selenium source from 410 °C to 450 °C. 20mm x 20 mm in size
soda-lime glass (SLG) was used as a substrate. The SLG substrates were cleaned with detergent, acetone,
ethanol, and deionized water in an ultrasonic bath and finally dried with a stream of N2 gas. ShySey thin films
with a substrate temperature of 450 °C were obtained at atmospheric pressure with gaseous hydrogen at a
flow rate of 20 cm®/min in 30 minutes evaporation time. The 1.4-1.7 um thickness of the thin films was
determined using an MIM-7 microscope. The chemical composition and the morphology of the films were
investigated via SEM/EDX and XRD measurements.

3. Results and discussion
The results of energy dispersion analysis showed that the Sh,.Sey films deposited from separate
sources of Sb and Se at a substrate temperature of 450°C has a different composition Sb/Se = 0.66, 0.72,
0.77, 0.95, 1.1, 1.26 for different temperature sources of selenium in the range of 410 °C - 440 ° C
respectively.
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Fig.1. EDS results as obtained SbxSey thin films.

Sb/Se=0.72

Fig.1 shows the EDS results of Sh,Sey thin films deposited with different temperature of selenium
source. From Fig.1, it is clearly visible that the chemical composition was changed towards stichometric
ratio of Sh/Se=0.66 when selenium temperature was increased.

The influence of chemical composition changes on morphological properties of Sh,Ses thin films
can be seen from Fig.2. As depicted in SEM images, the Sb,Sey films shows different morphology with
evolution of the composition. For the film with Sb/Se=1.26, the non-uniform distribution of grains with
different size can be seen, which can be attributed to selenium-poor composition in the film. The maximum
grain size for this film was around 6 mkm. For Sh/Se=1.1, the identical distribution of grains was observed.
It can be seen that the film with atomic ratio of Sb/Se=0.95 has similar morphology like Sb/Se=1.1 but
scattered grains on the surface of the Sh/Se=0.95. Films with atomic ratio of Sb/Se=0.77 has uniform
distribution of grains as compared to that of Sb/Se=0.95 and still scattered grains on the surface of the film.
When the atomic ratio was 0.77, the sample showed dense and uniform distribution with 1-4 mkm rod-shape
grains. The subsequent increasing of selenium content in the time of deposition leads to the stoichiometric
ratio 0.66 and the morphology was similar to the film with chemical composition 0.72.
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Fig 2. SEM images of SbxSey thin films.
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Fig. 3 depicts the XRD pattern for SbySey thin films grown with different chemical composition at
450 ° C substrate temperature. The films depicted polycrystalline structure, where all the diffraction peaks
are indexed to orthorhombic phase of Sh,Ses; (JCPDS#00-015-0681). From Fig.3, it can be seen that the
variation of the selenium content during deposition process has direct impact not only on chemical

composition, but also on the structural properties of obtained films having favorable (hkl, | = 1) and/or
unfavorable (hkl, I = 0) peaks. For example, the samples with chemical compositions of 1.26, 1.1, 0.95
showed

Sb/Se
—1.26

Intensity (a.u.)

: ~ ; !
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Fig 3. The XRD data of ShxSey thin-films with different chemical composition

Mainly (012), (104), (110) dominant peaks related to Sh according to (JCPDS#01-085-1322). Moreover,

films with the Se-poor chemical composition (Sb/Se > 0.95) have Sb,Ses peaks such as (020), (120), (061),
(211) and (221) according to (JCPDS#00-015-0681). A transition of the dominant peaks from Sb to ShySey
was observed depending on the Se concentration. For films Sb/Se=1.1, Sh/Se=0.95 and Sh/Se=0.77, there
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were nearly identical results such as (020), (120), (130) and (211) peaks. As the subsequent increasing
selenium content, the samples with Sh/Se=0.72 and Sbh/Se=0.66 show (020), (120) and (061) peaks with
higher intensities compared to other samples. It should be point out that with increasing the selenium
concentration during deposition process, the intensities of all peaks such as (020), (120), (211), (221), (061)
corresponding to Sh,Ses are enhanced, which was also observed on Sh.Se; film with stoichiometric
composition of Sh/Se=0.66.

The Raman spectra of ShySey films as-deposited with various chemical composition is illustrated in
Fig.4. It can be seen that the phase transition dependence on chemical composition of samples. Note that
the Sb-Se, Sb-O, Sbh and Se have the following peaks in Raman spectra: Sb,0. — XX, Xy, Xz, Xa, Xb, and xc;
cubic Sh,0s3 — xx, Xy, Xz, xa, and xb; rhombohedral Ses — xx, Xy, Xz, xa, xb, and xc; orthorhombic Sh>Sez —
XX, XY, Xz, Xa, 189 cm?, and 210 cm™; trigonal Se, — xX, Xy, and xz; -monoclinic Ses — xx, and xy; and
rhombohedral Sb — xx, and xy[add reference]. It has been reported that peak positions at 188 cm™ also
belongs to Sh,Se; obtained via a simple PEG-400 polymer chain-assisted growth route in the temperature
range of 160-180°C [8]. For Se-poor condition, two antimony peaks at around 110 cm™*and 150 cm™ was
reported [9], which is consistent with our thin-films with atomic ratio of Sh/Se=1.26 and Sb/Se=1.1. In
addition, intensities at 103 cm™ and 153 cm™ were detected in films deposited by a low-temperature vacuum
evaporation process [10]. However, there is a peak at 189 cm™ for the film with chemical composition
Sh/Se=1.1 corresponding to Sh.Se; as a result of the increase of Se in the film composition as compared to
the film with Sb/Se=1.26. In the literature, the peaks at 190 cm™ and 210 cm are usually caused by Sh-Se
vibration mode [11, 12, 13]. As the chemical composition changes to Sh/Se=0.95, together with the
appearance of the 189 cm?, others peaks are detected at 102 cm™ and 210 cm™ which is assigned to
rhombohedral selenium and Sh,Ses, respectively [8]. The peak at about 103 cm™ is assigned to Ses ring of
rhombohedral Se [9]. As the subsequent changing of chemical composition from Sb/Se=0.95 to Sh/Se=0.72,
there are peaks at 67-72 cm™, 102 cm?, 151 cm?, 190 cm™, 210 cm. It should be noted that the intensities
at 67-72 cm™ and 210 cm™ are also observed in the composition of 0.95 and 1.1. When the atomic ratio
changes to Sh/Se=0.66, the sample shows a dominant intensity at 189 cm* with less intensities at 67-72 cm-
1102 cm?, 151 cm?, 210 cm™. Overall, the Raman spectra showed that the film deposited at 450 ° C of the
substrate temperature has peaks at 110 cm™ and 150 cm™ which are related to rhombohedral antimony under
Se-poor condition. When Se increases in the film composition, there are detected decreasing of antimony
intensities and antimony selenide phases emerged at 189 cm™, 210 cm™ under Se-rich condition during
deposition process suggesting good film quality.
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Fig. 4. Raman spectra of SbxSey thin films with various chemical composition.
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4. Conclusion

In conclusion, we systematically studied the morphological, structural, and optical properties of Sh.Se;
films with different compositions produced from separate sources of Sb and Se by the CMBD method. SEM
imaging shows the surface morphology of ShySey thin films deposited on SLG at a substrate temperature of
450 °C. All ShySey thin films showed compact surface morphology. The grazing incidence X-ray diffraction
study describes that Sb,Sey thin films with micro-sized crystal grains exhibit (hk1) preferential orientation
at all compositions. The Raman spectroscopy measurement shows that there is a blueshift of most of the
Raman peaks of Sh,Ses samples.
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ZATVOR BILAN TO‘LIQ O‘RALGAN MAYDONIY TRANZISTORNI QIZISH
TEMPERATURASIGA KANAL LEGIRLANISH DARAJASINI TA’SIRI

Xidoyat Abdikarimov, Eldorbek Xaitbayev, Muhammad Olimboyev, Zuhra Atamuratova va
Azamat Abdikarimov”

Urganch davlat universiteti, O zbekiston, Urganch shahar, 220100, Hamid Olimjon ko ‘chasi, 14-uy, *E-mail:
azamat.abdikarimov@urdu.uz (tegishli muallif)

Annotatsiya

Ushbu maqgolada Sentaurus TCAD dasturi yordamida 3D o ‘lchovli modellashtirish orqali zatvor
bilan to’lig 0 raglan maydoniy transistorning gizish temperaturasi o' rganilgan. Bunda tranzistorning gizish
temperaturasiga kanalning legirlanish konsentratsiyasini ta'siri aniglanib. Bunda kanalning legirlanish
konsentratsiyasini ortishi bilan tranzistorning gizish temperaturasini pasaytirish mumkin ekanligi
ko rsatilgan.

Kalit so‘zlar: Istok, stok, zatvor, zatvor bilan to‘liq o‘ralgan, metall-oksid-yarimo‘tkazgich
maydoniy tranzistor, tranzistorning gizish temperaturasi, integral mikrosxema, legirlanish darajasi.

1. Kirsh

So'nggi o'n yillikda mikrometr o’lchamli maydoniy tranzistorlarni ishlab chigarish texnologiyasi
endilikda kichikroq qurilma o'lchamlari uchun yuqgori hisoblash tezligini ta'minlaydigan nanometer
o’Ichamli texnologiyaga almashtirildi[1]. Ammo, qurilma o'lchamlarining nanometer o’lchamlargacha
kichiklashishi gisga kanal effektlarini yuzaga kelishi evaziga amalga oshirildi. Bu esa planar geometrik
ko rinishdagi maydoniy tranzistorlardan vertikal ko'rinishdagi uch zatvorli hamda zatvor bilan to’liq
o ralgan maydoniy tranzistorlarni yuzaga kelishiga sabab bo"lgan[2-3].

Yuzaga kelgan gisga kannal effektlar kichik quvvat sarfi bilan yugori samaradorlikka erishish kabi
magsadlarimizni cheklaydi. Aynigsa yopiq holatdagi tokni yugori bo’lishi hamda ko'p zatvorli maydoniy
tranzistorlarda zatvor yordamida stok tokini boshgarish nazoratini gisman cheklab qo’yadi. Bunday salbiy
ta'sirlarni kamaytirishda zatvor bilan to’lig o'ralgan maydoniy tranzistorlar yaxshi na'muna hisoblanadi[4-
8]. Hozirgi kunda zatvor bilan to'liq o'ralgan maydoniy tranzistorlarda yugori quvvat isrofi va 0'z-0'zini
isitish effekti kabi muammolar yuzaga kelmogda. Qurilma o'lchamlarining gisgarishi bilan istok-kanal-stok
birikmasida yuqori elektr maydonlarni (~1mV/sm) vujudga kelishi hamda buning natijasida gaynoq tok
tashuvchilarning hosil bo’lishi yugori quvvat isrofi va 0'z-0'zini isitish effektini kuchaytiradi [9-16]. Integral
mikrosxemalarni ishlab chigarishda issiqlik o’tkazuvchanligi yugori bo’lgan materiallardan maydoniy
tranzistorlarni tayyorlash gizish temperaturasini pasaytirishda yaxshi samara beradi[17-19]. Materiallarning
issiglik o'tkazuvchanligi ularni galinligiga va materialning turiga bog'liq[20]. Zatvor bilan to'liq o'ralgan
hamda nanogatlamli plastinkalardan tashkil topgan maydoniy tarnzistorlarda kanal atrofiga qo’yilgan
dielektrik gatlamni qgalinligi va uzunligini kanalning gizish temperaturasiga ta'siri modellashtirish orgali
o'rganilgan[21]. Adabiyotlar hamda ilmiy magolalar tahlili shuni korsatadiki, zatvor bilan to’liq o'ralgan
maydoniy tranzistorlarda kanal legirlanish konsentratsiyasining gizish temperaturasiga ta'siri bugungi
kunda hali yaxshi o°rganilgan emas.

Yuqorida aytilgan fikirlardan kelib chiggan holda ushbu magolada zatvor bilan to‘liq o‘ralgan
maydoniy tranzistorda kanal legirlanish konsentratsiyasining tranzistorni gizish temperaturasiga ta’siri
o‘rganilgan.

2. Tadqiqotda qo‘llanilgan modellar va na’muna parametrlari

Olib borilgan tadgigotda kanal ko*ndalang kisimi yuzasi 126 nm? aylana (radiusi 6,34 nm) va kanal
uzunligi 22nm bo’lgan, zatvor bilan to’lig o'ralgan maydoniy tarnzistorning gizish temperaturasiga
kanalning legirlanish konsentratsiyasini ta'siri Sentaurus TCAD dasturida modellashtirib o'rganiladi.

Modellashtirish yordamida o’rganilayotgan zatvor bilan to’liq o'raglan maydoniy tranzistorni
barcha geometrik parametrlari jumladan, har bir sohasining uzunligi, go llanilgan materiali va legirlanish
darajasi 1-jadvalda keltirilgan. Tadgiq gilinayotgan maydoniy tranzistor [22] adabiyotda keltirilgan real
tajribada o'rganilgan maydoniy tranzistor bilan ekvivalent gilib olingan. Modellashtirish yordamida tadqiq
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gilingan maydoniy tranzistorning o tish volt-amper xarakteristikasi (VAX) [22] adabiyotda keltirilgan real
tajribada o'rganilgan maydoniy tranzistorning o'tish volt-amper xarakteristikasi (VAX) bilan kalibrovka
gilingan. Kalibrovkalash jarayonida tok tashuvchilarning harakatchanligi uchun termodinamik, drift-
diffusion, high-field saturation transport modellari hamda modellashtirilayotgan tranzistor nanometer
masshtabda bo‘lganligi uchun kvant effektlarni e'tiborga olib Quantum Potential korrektrovka qo‘llanildi.
Modellashtrish orqali o‘rganilayotgan transistor na'munasining geometrik tuzilishi va kanal uzunligi
bo'ylab ko‘ndalang kesim ko‘rinishi 1-rasm a va b da keltirilgan.

1-jadval. Tadqiq gilinayotgan maydoniy transistor uchun modellashtirishda qo‘llanilgan parametrlari

Soha Soha Sohalarning legirlanish | Sohalarni | Tagiglangan zona | Sohalarni
nomlari materiali konsentrasiyasi [sm~] uzunligi kengligi [eV] galinligi
[nm] [nm]
Istok Si 5e19 (Fosfor) 30.8 1.12 12,64
Stok Si 5e19 (Fosfor) 30.8 1.12 12,64
Zatvor TiN - 22 - 2
Kanal Si 1lel5 (Bor) 22 1.12 12,64
Zatvor osti
oksid gatlam HfO, - 22 5.9 8,46

Zatvor

(HfO2) Zatvor

osti oksid | Zatvor |

| Zatvor |

tox=8,46nm
a) b)
1-rasm. Tadqiq qilinayotgan transistor na 'munasining a) geometrik tuzilishi va b) kanal uzunligi bo ylab ko ‘ndalang kesim

ko ‘rinishi.
3. Modellashtirish natijalari va muhokama

Modellashtirishda o‘rganilayotgan tranzistorning zatvoriga 1V hamda istok va sotok orasiga 750mV
musbat o0°zgarmas kuchlanish berilgan. Ushbu maydoniy tranzistorning istok va stok sohalari kremniy
materialidan tayyorlangan bo'lib u Fosfor bilan 5-10' ¢cm™3 konsentratsiyada legirlangan va
modellashtirish davomida o‘zgarmas saqlangan. Tranzistorlarining kanali kremniy materialidan
tayyorlangan bo‘lib, U Bor bilan legirlanish darajasi mos ravishda 1 - 10> cm™2 dan 107 cm ™3 gacha
0 zgartirib borilgan. Tranzistor kanalining har bir legirlanish konsentratsiyasida tranzistor markazidagi
temperatura va stok tokining to‘yinish qiymati hisoblangan. Olingan natijalar 2 va 3-rasmda Keltirilgan.
Olingan natijalardan ko'rinib turibdiki, kanalning legirlanish konsentratsiyasini ortishi stok tokining
to yinish giymatini pasayishiga va tranzistordan ajralib chigayotgan issiglik migdori ham kamayishiga olib
kelmoqda. Buning natijasida tranzistorning gizish temperaturasi ham kanalning legirlanish konsentratsiyasi
ortishi bilan u ham kamaymoqgda. Ushbu holatni sababini o°rganish magsadida kanalning legirlanish
konsentratsiyasi ortishi bilan kanal markazida elektronlar zichligi (eDensity) hisoblandi. Olingan natijalar
4-rasmda keltirilgan.
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4-rasm. Kanal markazida elektronlar zichligini kanalning legirlanish konsentratsiyasiga bog‘ligligi
4. Xulosa

Olingan natijalarga asosan ko'rinib turibdiki, tranzistorning gizish temperaturasi stok tokining

to’yinish giymatiga kuchli bog'lig. Stok toki kanal markazidagi elektronlar zichligi bilan bo'glig. Olingan
natijalarga asosan kanal markazidagi elektronlar zichligi esa kanalning legirlanish konsentratsiyasining
giymatiga teskari bog'liq ekanligi aniglandi. Demak tranzistorning gizish temperaturasini kanalning
legirlanish konsentratsiyasi yordamida pasaytirish mumkin.
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Abstract

A new silicon diode temperature sensor (DTS) with a depleted base region is proposed and
demonstrated. In the proposed DTS, the fully depletion voltage of the base region is used as a temperature
measuring parameter. It is shown that at a particular reverse bias (U,), the base region of the silicon diode
structure is completely depleted, and the measuring potential from the increasing operating voltage
acquires a constant value, which changes only when the temperature changes. The temperature response
curve (TRC) has been measured in a wide temperature range (from 93 K to 300 K). TRC is characterized
by high linearity in this range with a sensitivity of +2.26 mV/K. Thus, for the first time, to our knowledge, a
linear TRC was obtained for a reverse-biased diode temperature sensor.

Key words: diode temperature sensor, silicon, temperature response curve, sensitivity, depleted base
region, p-n-junction

1. Introduction

Temperature sensors are widely used in personal computers, mobile phones, vehicles, biomedical
devices, industrial equipment, power plants, and many other applications. Recently, they have received even
more attention due to the widespread implementation of the “Internet of Things” and “Smart technologies”
[1]-[7]. In addition, temperature sensors are a necessary part of many other sensors, such as pressure sensors
[8], humidity sensors [9], bolometers [10]-[12], and others. Accordingly, to meet the various requirements
arising from these applications, new temperature sensors are being developed that operate on different
principles [9], [13]-[18] and are based on various materials [19], [20].

Many temperature sensors have been proposed. In these sensors, the main temperature-sensitive
element is a forward-biased p-n junction, leading to common drawbacks. The main drawback of these diode
temperature sensors (DTS) is low accuracy [21]. Process spreads are significant sources of high
inaccuracies. However, the accuracy of DTS is also determined by the constancy of the bias current, so
another drawback is that the DTS needs to use external bias circuits or a high-value resistor. The next
drawback is high power consumption, which leads to the self-heating of the sensor.

Using a reverse-biased p-n junction can significantly reduce DTS consumption [9], [21]. However,
the temperature response curve (TRC) becomes nonlinear in this case. It should be noted that, to our
knowledge, there is no information in the literature on reverse-biased DTS with linear TRC.

This paper proposes a new silicon DTS that eliminates the above drawbacks. The proposed DTS is a
three-electrode silicon structure with a reverse-biased p-n-junction and fully depleted base region. Using the
fully depletion voltage of the base region as a temperature measuring parameter allows for a linear TRC
even though the p-n junction is reverse biased. Moreover, the proposed DTS has low sensitivity to changes
in bias parameters.

2. Design of proposed diode temperature sensor

Fig.1 shows the simplified design and fabrication steps for the proposed diode temperature sensor. In
the first step, an n-type epitaxial layer doped with phosphorus (5-10* cm) is grown on a p-type silicon
substrate doped with boron (3-10% ¢cm) and oriented on the (100) plane. The substrate’s thickness is 230 +
20 pum, and the epitaxial layer thickness is 3.2 + 0.1 pum.

In the second step, the p**-type diffusion region is formed at the peripheral branches of the structure
by diffusing boron. In the next step, boron diffusion in small portions of the surface of the n-type epitaxial
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layer results in the formation of the additional strongly doped p*-type region with charge carrier
concentration of 3-10% cm. The depth and length of this p*-type region are 2.0 = 0.1 pm and 2.5+ 0.1 um,
respectively. Additionally, the p*-type region is short-circuited with a p-type substrate through a p**-type
diffusion region formed at the peripheral branches of the structure.

In the next step, two strongly doped n**-type regions with a thickness of 2.5 + 0.1 um are formed as
a result of phosphorus diffusion. The distance between these n**-type regions is 20 um. In the last step,
contacts to these regions are formed by sputtering Al layers with a thickness of 0.5 pm.

As a result, in the finished structure shown in Fig. 1, two rectifying junctions are formed: an n-p*
junction and p-n junction.

" | pSi3:10"cnr?
T #Si 5-10%em?
B0 p+Si3-10%em?
B i 107em?
B Si 5107 em?

Fig 1. Proposed diode temperature sensor and its fabrication steps.

Since the p*-type region (top emitter) is short-circuited with a p-type region (bottom emitter), these
two junctions are connected in parallel. The top junction is linearly graded, while the bottom one is abrupt.
The total die size is 0.045 cm x 0.045 cm, with the area of the bottom junction being 2.36x10 cm?, and the
area of the top one being 0.2x10* cm?.

3. Results and discussion

A typical dependence of the measuring potential (U3), taken from contacts 1 and 3, on the reverse
bias voltage (U12) supplied from an external source to contacts 1 and 2, observed on the experimental diodes,
is shown in Fig. 2a. As can be seen, at low voltages, the measuring potential is equal to the reverse biasing
voltage. However, at voltages higher than the reverse biasing voltage U,, the measuring potential acquires
an almost unchanged value from the increasing bias voltage, which only changes when the temperature
changes in proportion to it.

The observed characteristics can be explained by the corresponding dynamics of changes in the width
of the depletion regions of the n-p* and p-n-junctions of the structure, which are clearly shown in Fig. 2b-e
through structural diagrams of the device under study at various bias voltages:

Uyias = 0: In the initial state, that is, in the absence of a bias voltage (Fig. 2b), there is a quasi-neutral
base region of a certain length.

0 < Upias < Uo: With an increase in the reverse bias voltage (Fig. 2c), the length of the quasi-neutral
base region gradually decreases, mainly due to an increase in the width of the depletion region of the n-p*
junction. However, it is still sufficient for closing the contacts 2 and 3 through n*-n-n*-junctions of the
structure. As a result, in this section, the measuring potential (U3) is equal to the bias voltage (U12), which
shows a linear growth section (designated as c) in Fig. 2a.

Unias = Uo: When the voltage U, is reached, the depletion regions of n-p*- and p-n-junctions close
each other, and the quasi-neutral base region of the structure is completely depleted, and contacts 2 and 3
are mutually unconnected (Fig. 2d).
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Upias > Uo: At reverse bias voltages higher than the depletion voltage (U,) of the base region (Fig. 2e),
the depleted areas of n-p*- and p-n-junctions expand only towards contact 2. Since contacts 2 and 3 are
mutually unconnected, the measuring potential taken between contacts 1 and 3 from the increasing bias
voltage acquires a constant value, which corresponds to the saturation section in Fig. 2a (designated as e).
An increase in temperature leads to a decrease in the initial widths of the depleted regions, thereby increasing
the depletion voltage of the base region, which explains the observed temperature sensitivity in Fig. 3a.

UysV
3 I 2 3 ! 2
1,2; o b i i ? i {
d g e N Lr) @ Ny D) N
1,0 N N
I ! /
— A i A
0,8] (JD\M> oL )
061 . Viras= 10 © 0<Vps<Ve
0,41 3 I 2 3 ! 2
' T i hi { { : {
Y L) N (v IR
0.21 N N
Uo U12,V /I ( (]_ (
Y | D |
0 1 2 3 4 5 6
@ W=V ©® Vs>V

Fig 2. Typical measured output voltage (U13) versus bias voltage (U12) characteristics of proposed diode temperature
sensors (a) and the structural diagrams (b-e) of the device at various bias voltages

The temperature dependence of the depletion voltage of the base region (U,) was studied in a wide
temperature range from 93 K to 300 K, which is shown in Fig. 3b. As can be seen, unlike the forward bias
voltage, the voltage U, increases with increasing temperature and is highly linear (following the equation
0.42349+0.00226-T with R?=0.99982). Thus, the temperature sensitivity of the voltage U, over the entire
temperature range was +2.26 mV/K.
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Fig 3. Typical measured output voltage (U1s) versus bias voltage (U12) characteristics at different temperatures (a) and
the temperature response curve (TRC) of proposed diode temperature sensor

In the proposed diode temperature sensor with a depleted base region, the fully depleted voltage of
the base region taken from pins 1 and 3 (see Fig.1) is used as a temperature-dependent measurement
parameter, while an external voltage that biases the junction in the reverse direction is applied to pins 1 and
2. In this case, by solving the Poisson equation and taking into account the presence of two junctions in the
structure (p-n- and p*-n-junctions), for the depletion voltage of the base region, we obtain the following
expression:

Vo qNaL® Vo + Voiz | €80(WVpir = Vpiz)* _
07 Beg, 2 2qN,L?
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where L — technological thickness of base region; E; — bandgap at temperature T; Vy,;1, Vi — built-
in potentials of p-n- and p*-n-junctions of structure; N; — concentration of donors in base region; Ny, Ny,
— concentration of acceptors in p- u p*-regions of structure, respectively.

As seen from equation (1), the depletion voltage of the base region, taken from pins 1 and 3, is the
sum of several terms but depends only on the material parameters of the structure and has no dependence
on the parameters of the power source. Therefore, measurements are not affected by the noise that occurs in
the power circuit and provide high accuracy and linearity (Fig. 3), in contrast to traditional diode temperature
Sensors.

Additionally, according to equation (1), the temperature sensitivity of the proposed diode temperature
sensor has a positive sign, in contrast to traditional diode temperature sensors where the temperature
sensitivity sign is negative, which is confirmed by the experimental results presented in Fig. 3b. The fact
that the voltage also decreases with decreasing temperature makes these temperature sensors attractive as
cryogenic sensors.

4. Conclusion

It was shown that the temperature response of the proposed three-electrode structure with reverse biased
p-n-junction in a wide temperature range from 93 K to 300 K is characterized by high linearity with a
sensitivity of +2.26 mV/K. Additionally, the proposed diode temperature sensor with a depleted base region
offers high accuracy and linearity in temperature measurements due to its dependence only on the material
parameters of the structure and not on the power source. The temperature sensitivity of the sensor is positive,
which is different from traditional diode temperature sensors, making it attractive for cryogenic applications.
The study also showed that the depletion voltage of the base region increases with increasing temperature
and follows a highly linear relationship.
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3ABUCUMOCTHh MUKPOTBEPJIOCTH CIIVIABOB KYBUUECKOM CTPYKTYPBI
TIxMO1.xCyNz OT PASMEPA KPUCTAJIJIMTOB

M. K. Kakcumyparos' U. Xuaupos !

YUncmumym adepnoii pusuxu AH PY3, yn. Xypocon 1, 100214 Tawxenm, Y3bexucman, *E-mail:
i.jaksimuratov@mail.ru (corresponding author).

AHHOTAUA

Memooamu neiimponoepaguu u penmeenocpagpuu uyueHvl KPUCMALIUYECKAs. CMPYKMypd U
ceoticmea cnnasos eneoperust TixM01xCyN; 6 maccuenvix obpazyax ¢ pasiuunbiM COOMHOWEHUEM
KOHYEeHmpayuu  Cocmasuisiiowux — siemenmos. I[lokazano, umo npu  pasiudHblX — COOMHOUEHUSX
KOHYEHMpayuii KOMNOHEHMO8 CNILA8 UMEem YK KPUCMALIUYLECKYI0 CIMPYKIYPY, ONUCIBACMYIO 8 PAMKAX
np. 2p. Fm3m , 20e amomamu Ti u MO 63aumosamewjenst u Cmamucmu4ecku pacnonioicetvl 8 NO3UYUAX
4b, a amomer C u Nesaumoszamewjenvl u cmamucmuiecku pacnoioNiceHvl 6 OKMA0pULecKux no3uyusx 4a.
Yemanoeneno, umo ¢ usmenenuem COOMHOUIEHUST KOMNOHEHMO8 NO Mepe YMEHbUEeHUs pasmepd

Kpucmaiiiumoe, MUKpOHANPANCEHUA U YBETUUEHUA NJIOMHOCMU OMC/ZOKCZMMIZ pacmem Mukpomeepdocmb 00
119 %.

KuaroueBbie cioBa: CruaBel BHenpeHus TixM01.4CyN;, peHTreHorrpaMma, pasmep KpUCTaJUIUTOB,
MUKPOHAIPSDKEHUS, TUIOTHOCTh TUCIOKAINH, MUKPOTBEPIOCTb.

TyromaBkue rpaHECHTPUPOBAaHHbIC KyOMYECKHE CIUIaBbl BHEAPEHHSI HA OCHOBE THTaHa TixMO1
xCyN; HIMPOKO MPUMEHSIFOTCS B Pa3IMYHBIX OOJIACTAX TEXHHKH W TPOMbIIUIEHHOCTH [1]. M3yueHue
CTPYKTYpPHI U CBOMCTB 3TUX CIJIABOB C PA3IIMYHBIMU COOTHOIIEHUSIMHI KOMIIOHEHTOB MTO3BOJISET MOJIy4YEHUE
HX HOBBIX MOJIU(UKAIIUH U IPEACTABIISACTCS aKTyalIbHOH 3a/1auei (PU3MKK TBEPAOTo Tejia. B naHHoOM cTaThe
00CYXKIArOTCsl Pe3yNbTaThl MCCIENOBAHUS CTPYKTYPHI U CBOMCTB criaBoB TixMO01xCyN; B MaccHBHBIX
obpasnax. B cBs3u ¢ 3THM Lienblo JaHHOH paboThI SBISETCS M3YYEHHE KPUCTALUTHYECKONW CTPYKTYpPhI H
CBOMCTB JaHHBIX CIUIAaBOB IPH PAa3IUYHBIX COOTHOIIEHHUSX COJIEpKaHWH COCTABISIOUIMX 3JEMEHTOB.
OO6pasupl MoyyeHbl METOAOM BBICOKOTEMIepaTrypHoro crekanusi (mpu temneparype 2600 K) mpu
HETPepBIBHO OTKaurBaeMoM Bakyyme B neun Tuna CIIBJI-0.6.2 (ta6. 1) [2].

Ta6auua 1. [TapameTp pemeTKH 1 MUKPOTBEPAOCTh ATOMOB TYTOIIABKHX CIIJIABOB

Ne Oopa3sen Mapamerppemerkua, A MuxkpotsepaocteHv, I'Tla
1 Ti0.9M00.1Co.9No.1+C 4.302+002 46

2 Tio.70M00.30C 4.321+002 38

3 Tio.7sMo00.25C [2] 4.330+003 33

4 Tio.7M00.3Co.84No.16 4.312+002 23

5 Tig.7M00.3Co.7No.3 4.293+001 21

6 TiCo.s0Nos0[3] 4.302+001 21

7 TiCo.07 [2] 4.326+002 31

8 TiNo.gs [2] 4.226x002 20

CoryacHo pentreHorpamMmam npu yriax 20>60° naGmonaercs pacmernenne Ky n Koo mxy6netos
(Puc.1) Cukq — u3iaydeHus. DTO CBHIETSIILCTBYIOT O TOM, 3TO 00pasilbl SIBJISIOTCS OJHOPOIHBIMH,
ONMMCHIBAEMOM B DPAaMKaX IIPOCTPAHCTBEHHOH Tpymmbl (mp. Tp.) FM3M M OTCYTCTBYIOT KPYIHBIX
neopManuii. PeHTreHorpamMmbl, TOJNYyYeHHBIE OT OJTHX CIUIABOB C CHJIBHOW HMHTEHCHBHOCTHIO
Tu(QPAKIIMOHHBIX MAaKCHMYMOB IIO3BOJISIIOT  ONPEACTUTh pasMmep KpuctammuToB (D), TIOTHOCTH
JUCTIOKaui (8) 1 MUKpOHANpPsDKEeHUs (€) B AaHHOM cIiaBe. Pa3Mep KpUCTaNTUTOB, INIOTHOCTH IMCIIOKAINI
1 MUKpOHanpspkeHuro B ciiaBax TixMo01xCyN; onpenensny no 1aHHBIM PEHTT€HOCTPYKTYPHOTO aHaIN3a C
ncrnons3oBanneM MmetonoB llleppepa m BumbaMcona-Xosma 6e3 ydeTa MHUKpPOHAIPSDKEHHUH M BMECTE C
MUKpOHanpspkeHusiMu [4]. Pe3ynbraTel mpuBeaeHs! B Ta0. 2.

Tab6uuna 2. Pa3mep KpUCTALINTOB, IVIOTHOCTD JUCTOKALUI, MUKPOHANIPAKECHUS
" MuUKpoTBepaocTs B ciiaBe TixMo1-xCyN;
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Pasmep Pasmep
KPHCTA/UIUTOB | KPHUCTAJIATOB Muxkpo-
Odpasen MeToj 10 YPABHEHHUIO 6x10%%em?) £x103 (%) | TBepaOCTS,
Buabsamcona- Ileppepa, Hv (I'lla)
Xoaaa, D(am) D(um)
Tio7M00.3Co7No3 134.8 39.8 0.5 1.99 21
Ti0.7M00.3Co.84No.16 114.9 38.8 0.7 1.81 23
Tio.70M00.30C 62.3 35 25 1.46 38
Tip.9M00.1Co.9Np.1+C 36.7 325 7.4 0.42 46
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Puc 1. Penmeenocpamma obpasya Tio70M00.30C, mouku - sxcnepumenmanvhas, CniowHas iuHusi—pacuemuas, A -

PAaA3HOCMb IKCNEPUMEHMANbHBIX U PACUENTHbIX 3Hauenutl unmencusnocmeil. Hao Oud)pal{uu(mubmu MaKcumymamu

npocmasenenst unoexcol Munnepa hkl ¢ pamrax np. ep. Fm3m .

B MHOroKOMIOHEHTHBIX CIIJIaBaX Ha OCHOBE THUTaHa MUKPOTBEPAOCTb YBCIMYMBACTCA, YCM B

OunapHux cruiaBax BHeapenus: tutana TIC u TiN. CornacHo HammMm JaHHbIM (Tabn. 2), mo mepe
YMEHBIICHUS pa3Mepa KPHCTAIIMTOB MaTepHan CTAaHOBUTCA OoJjiee TBEPIbIM 3a CYET YBEITUUCHHS

KOJIMYECTBA I'PaHUI] 3€PCH U ,I[CCI)CKTOB.
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CTPYKTYPHBIE ACIIEKTBI TEPMHUYECKOI'O PACIIEIVIEHUS OKUCJIEHHOI'O
I'PA®UTA

Y. K. Epua3zapo, ArapkanoB b. X, IIpumos X. C, u b. 7K. HapsimGeToB

Kaparxannaxckuii hayuno-uccredogamenvckuii uncmumym ecmecmeenHuix Hayk, Hykyc, ¥Y3oexucman
AHHOTAUA

B pabome na ocnoge ananusza pesynbmamog KOMHAEKCHBIX OUPDPAKYUOHHBIX UCCIE008AHULL
obcyxcoaemesa cmpykmypusie acnekmul npespauwjenuti CI° 6 OI' u TPI. Ilpoyeccol unmepkanayuu u
OeUHmMepPKAIAYUY MOJEKYI PACEOPA USMEHSIIOM PACCTNOSHULL MedHCY YeepoOHbIX ClI0e8 U obecnedums
CKOIbIICEHUIO nepeo co00ll YacmudHou OUCIOKAYUU, He Peanru3yemMoli 8 0ObIYHBIX YCI0GUAX U3-30 BbICOKOL
ynpyeoll 9Hepeuu. YoaneHue uHmepKaiama NPOUCXOOUM  CAVYAUHLIM  00pa3om, Ha Gpoumax
UHMEPKATUPOBAHHBIX CNIOE8 BO3HUKAIOM U32UDBL Y2NePOOHbIX NIOCKOCHEll, 20e 803HUKaom Oedhopmayus
MeANCAMOMHBIX CE53U NPOMUBONONOICHBIX 3HAKOE (Ounamonst). Obpazosanus ounamonos ¢ A = (4 +12)r,

npu noayyenuu Ol -cmpykmyp u pocm ux mowHocmu u pazmepa 00 A = (15+20)r, npu Hazpese A6A0MCs

nociedosamenvHulMu 3manamu npoyecca noayuenus TPI-wamepuanos. Ilpu Ooocmudicenuu mennogoti
SHep2uU, AKKYMYIUPOBAHHBIX 8 OULAMOHAX 00 KPUMUYECKOU BEIULUHY MENCAMOMHbIE C8A3U He0OPamuUmMo
pacwupsiromesi u paspwisaiomes. Ol nepexooum ¢ TPI™ cocmosnuu.

Kuarouessle ciioBa: Coenqunenns rpadura, okucneHHsii rpagut (OI), TepMmopaciiernieHHbIi rpaduT
(TPT'), otpunatensHast GayKTalys INIOTHOCTH, AUJIATOHHBIA MEXaHU3M Pa3pyIICHUS.

1. BBeaenue

Coenunenus rpadura (CI') ¢ CHIBHBIMU KHCIOTaMU MTOCTIE TUAPOIIM3a U TEPMOJIH3a MPEBPAIIAIOTCSI
B okucyieHHsle (OI') n tepmopacmeniennsle rpagurel (TPI) [1]. OI' npeacrasnser coboil nedexTHbII
rpadutT, OTIMYAIOIIUMCS HAIMYHUEM KHCJIOPOICOJEepKAIUX TPYI HAa TOBEPXHOCTH KPHUCTAJLTUTOB,
a/IcOpOMPOBAHHOM KHCIIOTBI M BOJBI, JOBOJILHO IPOYHO YJEPKUBAIOMIUXCS Ha Jle(eKTax MaTpHIIbL.
KonndecTBO 0CTaTOUHBIX COEIMHEHUH MOXKET MEHSTHCS B IIUPOKHX TIPeJIesiaX U ONPeelsieTCs MPUpoIoi
HCXOIHOTO TpaduTOBOrO MaTepHuaia, ycaoBUsIMH cuHTe3a U pasnoxkeHus CI'. Tepmuueckast necTpyKuus
OI' ¢ nomompio ynapHoro Harpesa g0 900-1000°C npuBOAMT K BCIYYHBAHHIO (paCIIEIIEHHIO)
KPUCTAUIUTOB. B KadecTBe OCHOBHOTO MeXaHHM3Ma TEPMHUYECKOTro paclieryieHus KpuctammutoB OI
MIPEJIOKEH PE3KOE MOBBIIICHUE JABICHUU B MEXKCIIOEBBIX ITPOCTPAHCTBAX YTIEPOHBIX TUIOCKOCTEH MpH
WHTEHCHBHOTO IIEpPeX0Jla BHEJPEHHOTO BEIIECTBA B Ta3000pa3HOE COCTOSHUE W Pa3phIB MEXATOMHBIX
cBsizell. Mexay TeM, B pabote [2] 1moka3aHO, YTO TEPMUYECKOE PACIHICIICHUE MPOUCXOAUT U B 00pasiax
OI', Tie cooTHOIIIEHUE Ta3000Pa3yIONINX U YTIIEPOAHBIX KOMIIOHEHTOB Haxoumnack 1:600.

B nacrosimelt pabote Ha OCHOBE pe3yJIbTATOB KOMIIEKCHBIX TU(MPAKIIMOHHBIX (peHTreHorpadus u
9JIEKTPOHHAST MUKPOCKOITUS) HCCIIEA0BAaHUN 00CYX)IaeTcs CTPYKTypHbIe acniekTsl npepamienuii CI' B O
u TPT.

2. MaTepuaJibl U METOABI

OxucneHHbIi rpaguT OBLIM HOITY4YEeHBI IPOMBIBKON B BOJIE U IPYTHX XKHUIKOCTAX U cyukon npu 80-
100°C npoayKTOB XMMHYECKOTO M OJJIEKTPOXMMHYECKOTO BHEIPEHHS KOHLEHTPHPOBAHHBIX DPAcCTBOPOB
HNO3z (OI'-l1) u H;SO4 (OI'-ll). B3aumoaeicTBus CHIIBHBIX OKHCIIHMTENECH ¢ rpaguToM MPHBOIUT K
00pa30BaHMIO KOBAJIEHTHBIX CBS3EH MEXTy MOJIEKYJIaMH OKHCIIUTEIIEH M aTOMaMH YTJIepoa, YTO IPUBOIUT
K HapyLIEHUIO TUIAHAPHOCTH YIIIEPOIHBIX CIIOEB U MOSBICHUIO HOBBIX A€(EKTOB.

Tepmuuecku pacuieryieHHbIH Tpadut momydann HarpeBoM O OT KOMHATHOW TeMIIepaTypbl JI0
400°C co ckopoctero 15-20 rpamycoB B MuHyTHl. Tepmudecku pacumermieHnsii rpagur (TPI)
XapaKTepU3yeTCsl CYyLIECTBEHHOM TopUPOBKON 0a3UCHBIX TPAQUTOBBIX CJIOEB, YTO BBIMOAHO OTIMYAET €T0
OT IIPUPOJIHOTO rpaduTa.

Peanmsnas crpykrypa OI' m TPI' 06pa3iioB ucciemoBaimch KOMIDIEKCOM PEHTICHOTpaudeckux u
3JIEKTPOHHO-MUKPOCKOTIMYECKUX MeToAoB. Judpakrorpammsl Obutn moiydeHsl nudpakromerpe JPOH-
YM1 B pexuMax HENpPEpBIBHOIO M MOTOYEYHOro ckaHupoBaHua ¢ yaroM 0,001 yrmoBeix rpamycos.
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OIEeKTPOHHO-MUKPOCKOITMIECKUE HCCIICIOBAHMUS TIPOBOIMIN C TIOMOIIBI0 MUKpockoma YOMB-100 npu
yckopsieM HanpstkeHuu 50 u 75 kB.

BenmuunHbl 0051acTel KOTEPEHTHOTO paccesiHus (KPUCTAUTMYECKHE OJIOKM C 3aKOHOMEPHBIMU
pacnpefieleHusIMI CTPYKTYPHBIX HapYIIeHH) OMpeAesuin u3 (HU3MUECKOW MUPHUHBI AU(PAKITHOHHBIX
makcumymoB 00.1, a mpoTsHKeHHOCTh Ae(BEeKTHBIX O00JACTEHl ONpenessuld M0 YIIUPCHUIO HYyJIEBOTO
MaKCHUMyMa U 3JIEKTPOHHO-MUKPOCKOITUYCSCKUX H300PaKEHUIMA

3. Onucanue pe3yJbTaTOB H UX pacyer

Hudpaxrorpammer OI'-I u OI'-II cocTouT M3 accMMETPUYHO PACIIMPEHHBIX W CMEUICHHBIX B
cropony menbinux yrioB 00.1 makcumymoB 2H-rpadura (puc.la). Ilpoduiun makcumymoB hk.0 u hk.l B
3aBUCHUMOCTH OT napameTpoB nonydeHust OI" m3MeHsieTcsi CUIIBHO U CIMBAIOTCS ¢ POHOBBIM PAacCESTHUEM B
Buze mupoknx nuddysueix nomnoc. [locrosaubie pemerkn «c» obpasuo OI'-1 u OI-1I uzmensrores B
npenenax 6.73-6.77 A u 6.72-6.75 A, cooTBeTcTBeHHO. ANIPOKCHMALIHS SKCIIEPHMEHTATBHO H3MEPEHHBIX
mupuHbl MakcuMyMoB  00.] ¥ 37IeKTPOHHO-MHKPOCKONUYECKUE H300paKEHUsS] KPHUCTAIUIUTOB JAl0T
CIIEAYIONIYI0 KapTUHY PEabHBIX CTPYKTYp KpuctamumuroB OI': kpuctammtel OI' cOCTOST U3 KOTEPeHTHO
paccenBaromux OnoKkoB pasmepamu D=600+-800 A Broms HampaBmeHmHm «c» M U3 obnacTelf ¢
pasopHeHTanueii oTHocuTeNnbHO Apyr Apyra Ha 1-3°¢ pasmepamu D,=80+120A, B KOTOPBIX H3MEHEHSIOTCS
MOCTOSIHHBIE PEIETKH KaK B HANPaBICHUH «@», TaK M HampaBlieHHH «c» ocu (puc. 2). TypbocTtpaTHOCTh
cTpykrypsl OI' 00pa3loB yBENMYMBACTCS C YBEIMUCHHEM OCHOBHBIX IAPaMETPOB TEXHOJIOTUYECKOTO
pexxuma nonyuenust OI. Jlannas cyOctpykrypa B Ol Bo3HuKaeT HaunHas ¢ KoHueHTpauuu 10% cepHoit

o
Jm

C
T T T T T T T T T T T T T T T T

40 80 20 40 80 260
Puc.1. @pacmenmor ouppaxmozpammor o6pasyos Ol (a) u TPI (8), nonyuennoti ¢ CuK, - uziyuenuu.
Bcemaexu k pucynxy: A - npogunu maxcumyma 00.2 kpucmaniuueckozo epagpuma u obpasya B npu O’ u TPIT
cocmoanusx, B - npoghunv maxcumyma 10.0+10.1 obpazya B npu TPI" cocmosanuu.

DJIeKTpOHOIpaMMa OTIEIbHBIX KPUCTAILUTUTOB TOKa3aJu pacileruieHus: MakcuMymoB Tuma hk.0 Ha
IBa KoMmroHeHTa (puc. 3a). Pacmierenus: pedaekcoB UMEIOT paguaibHBIN XapakTep, OJrmKe K HEHTPY
AIIEKTPOHOTPAMMBI PACTIONIOKEH KOMIIOHEHTBI CO CITa0bIMU MHTEHCUBHOCTSAMH. [[puHIMast 9THX pedIieKkcoB
3a y37b6l OOpaTHOH pelIeTKH, COOTBETCTBYIOIIMH YCPEIHEHHOW CTPYKType IeeKTHhIX oliacTei
KPUCTAJUTUTOB, JIJISl BEJWYUHBI TMOCTOSHHOW PEIIETKH C IMOMOIINBI0 MPOCTBIX COOTHONICHHH TONydaeMm
a,=2.55A, npu a,=2.462 A nns mopMambHOro rpaura. DNEKTPOHHO-MUKPOCKOMHMUECKHE H300paKEHUS
kpuctautoB Ol xapakrepusyeTcs MHOrooOpasueM (HopM rpaHmll pasjiesa KOHTpacTHBIX obnactel (puc.3
B U C). B OKpecTHOCTH TrpaHUIl KPUCTAIMYECKMX OJOKOB M 3HAYHUTENHHBIX IOp, HA TEMHOIIOJIHBIX
n300paKeHUSAX BOZHUKAIOT MyapOBBIE Y30PHbl, IOKa3bIBAIONINE HA U3MEHEHUE BEIWYMHBI U HAIPABJICHUI
neopMany yriIepoAHBIX cjoeB. [leproasl MyapOoBBIX Y30pOB Pa3lIMYaIOTCs MPHU HEepexoje OT OAHOU
YYaCTKU KPUCTAJLTUTA B IPYTOH.

2 { $-or
500_E % % @ § $-TPT
. @ 1, MEE 209 § iZ,%

5 " g 75 50
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(a) (®)
Puc. 2. 3asucumocmu D om npodoadxcumensHocmu (a) u KOHyenmpayuu pacmeopa (8) ois oobpasyos
OI-Iu Or-ll.

O6pasust OI'-1 u OI'-11 mpu Temnepatypax 540 u 440 K, cootBercTBeHHO, iepexoxst B TPT.
JanHbIll TIpolecc conmpoBOXKAaeTcsi clabbiM akycThiueckuM 1mrymoMm. Ha mudpakrorpammax TPI
obpasioB makcumyMmbl (0.1 craHoBsiTcs Oonee cMMMETpHYHbIMU, a MakcumyMmbl Thna hkO u hkl
BOCCTaHABIMBAIOTCS B BHJIC IMTUPOKMX aCHMMETPHUIHBIX JIHHHH (puc. 1B). 3HaueHus «c» TPI-1u TPI'-
I m3MmeHsroTcs B WHTepBamax 6.731-6.738 A mu 6.722-6.727 A, coorBercreenno. ITocne
TEPMUYECKOTO pACLICIVICHUS] 3aMETHO YCHJIMBAIOTCS HWHTEHCHBHOCTH AM(pdy3HOro paccesHusl.
Pacuer muta pe3koii rpaHUIIBI B pacTpeielieHHH MHTEHCUBHOCTH PAacCesHUS B OKPECTHOCTH HYJIEBOTO
MakcuMyMa naeT 3HaueHmn D,=120+10A (puc. 2). VBemuueHMe MHTEHCHBHOCTH AM(QY3HOTO
paccesiHusl B OKPECTHOCTH LEHTPATLHOIO MaKCUMyMa, BEPOSTHO, 00YCIIOBJICHBI AUCIOKAIIMOHHBIMU
KOMITJIEKCAMU YTJIEPOAHBIX TUIOCKOCTH W KJIaCTEPHBIMH BKJIIOUEHHSMH BEIIECTBA PacTBOpA,
3aKperIeHHbIe Ha Je(eKTax perieTKd W TPaH’Iax pasfeNna KpUCTALTHYECKUX OOMOKOB. | 'paHUIIbI
KPUCTAIUTMYECKUX OJIOKOB M TIOP HE YCTPAHSFOTCS IOTHOCTHIO | TTociie TepMoin3a. CoxpaHeHHE STUX
obmacrei mpugaer TPI oOpasnaM OTIMYUTENBHBIX OT MPUPOIHOTO Tpadura GU3HKO-XUMHUECKUE
CBOIICTBA.

a B c
Puc. 3. Dnexmponoepamma (a), ceemnononvhblii (8) U MEMHONOILHBIN U30OPAdNCEHUsL (C)
kpucmaniumog Ol

4. O6cyxnenne

Pentrenorpaduueckre M 3JIEKTPOHHO-MHUKPOCKOIIMYECKUE HCCIIEOBaHUs ToKazand, 4to B O
COCTOSIHMM MEKaTOMHBIE PACCTOSIHUA PACIIMPSAIOTCS KaK BJI0JIb ocH “C”, Tak U MEePIEeHIUKYISAPHBIX K HEMY
HanpasieHusx. O0JacTu ¢ pacIIMPEHHBIMH MEXaTOMHBIMH PACCTOSIHUSMH PaclpeAesIeHbl 0 KPUCTALTy
HEPaBHOMEPHO, KOHLEHTPUPYACh HAa OTAENbHBIE IUIOCKOCTH. PasMepsl M XapakTep paclpoCTpaHeHUs
00JIaCTH C PaCUIMPEHHBIMH MEKATOMHBIMH PACCTOSHUSMH ONPEAEIISIIOTCS ¢ yClnoBHsiMU noxyueHust OI.
[locne TepMopacuienyieHny OMNpeiesieHHas YacTh CTPYKTYPHBIX A€(EKTOB COXPAHSIOTCS M CBS3aHHBIX C
HUMHU yIpyras HampsOKEHWsT KPUCTAUINTOB HE penakcupyercsa. IIpomeccsl MHTepKamsauuu H
JCMHTEPKAISAIMN MOJIEKYJI PAacTBOpa SIBISIOTCS OJHUM M3 OCHOBHBIMH (haKkTOpaMu (HOPMHUPOBAHUS
peanbHO# cTpykTypel OI' u TPI'. Ha oOCHOBE W3IOKEHHBIX PE3yJbTAaTOB OBbUT TIPEIOKEH €IUHBIN
¢uznueckuii Mexanusm npesparienus rpapura B OI' u TPI'. Cunranocs, uto B coctosnun Ol ocraTouHble
BKJIFOUEHUS] PACTIPENIE]ICHO B TPOCTPAHCTBE KPUCTAIUIMNTOB CIy4YalHBIM OOpa3oM W HE TMOJIHOCTHIO
3aMONIHAIOT BCEBO3MOXKHBIE MEXKIIOCKOCTHBIE MPOCTPAHCTBA YIIIEPOAHBIX CceTOK. COOTHOIIEHHE
KOJIMYEeCTBA MOJIEKYJ OCTAaTOYHBIX COCJUHEHHH W aTOMOB YIJIEpOAa BBIACICHHOTO 00beMa
KPUCTAJTMYECKOTO MPOCTPAHCTBA HE JIOCTATOYHO B ra3000pa3oBaHMs, CO3JAIOIINX CIIOCOOHBIX Pa3pbIBY
MHOKECTBAa MEKAaTOMHBIX CBSI3eH 3a KpUTHYECKMX HaBieHuil. [loaTomy, razoobpazoBaHHE OCTaTOYHBIX
COCAMHEHHUH NPH yJAapHOM HarpeBe SIBISIETCS TOJIBKO OJAHUM W3 CTUMYJHMPYIOUIMX (DaKTOpPOB Ipolecca
TEPMOpPACIIEIUICHUS.

CtpykTypa MaTpuIlbl TpPEACTaBIsIeT COOOM IOCIEAOBATENbHOCTh CJIOEB T'€KCaroHajJbHO
coequHEeHHbIX atomoB yriepona ..ABABAB.. . B CI' ciom uHTepkanmaTa HaxOOUTCS MEXAY IBYMs
YIJIEPOAHBIMHU TUTOCKOCTSIMH, TJIE BCE aTOMBI BEPXHEIO CJIOS HaXOAATCS HaJ aTOMaMHM HHXKHETO CIIOS.
CornacHo IUCIOKAIMOHHOMY MEXaHU3MY CKOJIBKEHHs IJIOCKOCTEH, Ul INOJIydyeHHE TakoW YNAaKOBKH,
MHTEPKAINPOBAHHbBIE CJIOM PACIIHPSS PACCTOSHUN MEXAY YITICPOAHBIMHU CIIOSMH, OJDKHBI 00ECHEUHTh
CKOJIBKEHHIO Tiepet coO0M YaCTUYHOM ANCIOKAINHY, HE Peann3yeMOi B OOBIUHBIX YCIOBHSIX U3-3a BEICOKOM
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ynpyroi suepruu. [Ipu yaaneHuu HHTEPKATUPOBAHHOTO BENIECTBA YIIIEPOIHBIC CIION CTPEMSTCS 3aHUMATh
MPEKHUX WM SKBUBAJICHTHBIX K TAKOMY MO3UIHH. Takoe CKOJIbKEHUS TUIOCKOCTEH BO3MOXKHO TOT/1a, KOT/Ia
cieoM (ppoHTA YIOAIIEMbIX CIOCB MHTEPKAJIaTa MPOXOAMT T€ JKE MM DKBUBAJICHTHBIX €My YaCTUYHBIC
JcnoKanuy. BHeApeHne u yalneHne nHTepKallaTa MPOUCXOIUT CIyYaliHbIM 00pa3oM, CIe0BaTeILHO Ha
(poHTaX MHTEPKATMPOBAHHBIX CIIOEB BO3HHKAIOT M3THOBI YTIIEPOAHBIX ITUIOCKOCTEH. B MecTax CHIIBHBIX
M3ru00B TPH JCUHTEPKAISAIMH OOpa3yIOTCs JMCIOKAIMOHHBIC TETIW JBYX THIIOB. BaKaHIIMOHHBIC U
MEXJI0y3elbHble. MOJIeKynbl WHTEpKaJaTa M TPUMECH, HE YAalisieMble TPH TPOMBIBKE, SBIISIOTCS
OappepamMu JUIS JBYOKCHUM JUCIOKanuil. Jlucrnokanuu MOTyT oru0ath WX W 00pa3oBaTh METIS C
BKJIFOUEHUSIMH. B yKa3aHHBIX MECTaX BO3HUKAIOT JAe()OpMAIvs MEXKATOMHBIX CBSI3U MPOTHUBOMOJIOKHBIX
3HAKOB, T.€, 00pa3yeTcsl KpUCTAILI ¢ BEICOKOH (urykTyarueit miotHocty (puc. 4). O0nacTu oTpHUIaTeIbHON
(bIyKTalMKU TUIOTHOCTH B JINTEPATypax HA3BIBAETCSA qUIATOHAMH [3].
Beigenmum B 00NacTM  OTpHIIATENBHON  (IYKTyallMd IJIOTHOCTA  OJHOMEDHOW  IICTIOYKH,
COOTBETCTBYIOIICH aTOMHOMY psay Baosib ocu “C” rpadura. O003HAYMM pasMepa OTPUIATESIILHOTO
r—r
aunaToHa 4epes 1, a MomHocTH Kak &, =—— , rae Yo =3.35 A-paccrosiHne Mexmy aTomMamu B
o
HOPMaJbHOM KPHUCTAJUIC, » - B O0OMacTu maunatoHa. OmpenennM TeMIepaTypHbIe MPeaeind YCTOWIHBOCTH
3TOro AwWiartoHa. PaccMaTpuBas o0nacTh JWIaTOHA KaK HEKOTOPYIO TMOJICHCTEMY, aTOMBI KOTOPOH
CoBepIIaeT KoJicOaHus C COOCTBEHHOW YacTOTOHM, OTJIMYHON OT YacTOThI OCTAJILHOM YacTH IIETIOYKH,
HAXOJIUM OallaHC YHEPTUH [ETIOYKH B BUJIC
, 2 ow(k) , 2 w00k | 3mechk L-mImMHa MEIoYKn : -
;ha}(k )dn(k)=Z;ha)(k)n(k) 2 dt—7;ha)(k (k) 2 e 2 1 I A0
BOJIHOBO BEKTOP B OONIACTH AWIIATOHA, 71(k),7 (k") -4nCiIa 3anmoTHeHusT (POHOHHBIX COCTOSTHUI BHE U BHYTPH

obnactu nunatoHa 1. JleBas yacTe ypaBHEHHE OMUCHIBACT yBEIHMUCHUE YHEPTUH AWIATOHA |, IEpBBIN WiieH
MPaBO YaCTH BBIpaKaeT COOOH MPUTOK SHEPTHU U3BHE, BTOPOH YJICH OTTOK SHEPTUH U3 00J1aCTH AUIIATOHA,
MEPEHOCUMON  akycTHueckuMu ¢oHoHamu. Ilpu BBICOKMX TemmepaTypax M B NPUOIMKEHUH
KBa3WJIOKAJIbHOTO  TEMIIEpATYpHOTO paBHOBECHS ypaBHEHHMEe OajaHca 3aluIIeTCs B BHJC

[c;_T = 2Ts —2Ts'. 3nech S u S’ -cpejHme CKOPOCTH 3ByKa BHE M BHYTpH 001acth (uiykTyarmu. Pemrenne
t

3TOM ypaBHEHMH C YYETOM Ha4aldbHOrO YyCIOBUS T (t) =T BBINIAUT CIEAYIOIMM 00pa3oM:

25t

T ()= Ti—T(i—l)é 7. Orcroma BHIOHO, 4YTO 3a BpeMs 7 < ( % ) TPOHUCXOAUT AKKYMYJISLHUS
. ; g
S S
S
SHepruM B 001macTh aunatona | o saeunnsl 7' =7, =T — . DTO 10NONHUTENbHAS YHEPIUs BCIIECTBUE
S

aHrapMOHM3Ma BeleT K JalbHeWlIeMy TEIUIOBOMY TEIIOBOMY pAaCHIMPEHUI0 0o0JacTH (QIyKTyaluu

IIOTHOCTH 3Hepruu. OIHOBPEMEHHO C MPOLECCOM YBEIUYEHUS €, TPOUCXOAUT KOHKYPHPYIOLIUH

nponecc yMCHBIIICHUEC g_wk BCJIICACTBUC ynpyroﬁ peirakCcanuu. Vcnosue TOT'0, YTO JIOKAJIbHOEC TCIIJIOBOC
'

o o Ar
pacuIMpeHie NTOMUHUPYET HaJll YIOPYrol peinakcaluueid BBITJISIAUT 7 > g, . ITO YCIOBHE U ONPEENAET

KPUTHYECKON JOKaJIbHOM 5,(}, pacIIMpPeHUH PElIeTKH B 00JIacTH (PIYKTYallMd IJIOTHOCTH, MPH KOTOPOM
BO3HHMKAeT HEOOPaTUMOE yBEJIMUCHHE SHEPIHH BHYTPH (IyKTyalluH 3a cHeT NpUTOKa (JOHOHOB HM3BHE. B
SIBHOM BU/IE€ YCIIOBHUE BBIIVIAUT KaK
kTy(2e™" —e™ *
}2/(2 ) >1 ( )1
D2a’rvye,, (A+eg,,.)

10K
0

rae €, - KPUTHYECKOE YUIMHEHHME, KOTJa MEXATOMHBIA CBA3b PBETCA MEXAHWYECKH. AHAn3

MOKa3ajy, YTO aTepMUYEcKass COCTABIIAIONIAS MPOYHOCTH OuYeHb BbIcOka W cocrtaBiuser 0.4+0.8 ot

TeopeTnieckoi npounoctd. OMHAKO, B MeCTaX CKOIUICHHS Je()EKTOB PEIICTKH YCIOBUS BOSHHKHOBEHUS
& 7,

KPUTHYECKOTO TUIATOHA CMATYACTCS Ha ‘—;” =20 rne A =(4+12) 7y -gnuna cBoGogHOrO mpoGera
A

g;tp
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3apozpraeBoro ¢ponona [3]. [Ipu JOCTHKEHUN KPUTHUYECKHX Pa3MEPOB U MOIITHOCTH, IMJIATOH PaciagacTcs
MHKPOB3PBIBAMHU C 3BYKOBOM, CBETOBOM U SJIEKTPUUECKOM SMUCCUIMH.
[IpoBeprM BBITIOTHUMOCTH YCIOBHH (*) B HHTEPECYIONIMX HAC TeMIIEpaTypHBIX HHTepBaiax. [Ipn

-1
pacueTax HCHOJIb3YeM CIIEAYIOIHEe CIIPAaBOYHbIE BEIMYMHBL: 7, =3.354, @ ~24 , y~10.5 -mapamerp

. 0
I'pronaiisena Brous uenouxu, D ~ & =5.4396 -oneprust paspeisa cszu aist C(18)—>C(raz), &, = 0.103 ,
ITpn A=4r;; A =8ry; A=12r,; A =161, U A =20r, MOJTy4YuM

2 > 3,1;2 > 7.1;2 > 11,3;2 > 16,3;% >21 , COOTBETCTBEHHO. JTO O3HAYaeT, 4YTO OOpa3OBaHUS

kT kT

nuaToHa AHHOM (4+20)ry IpUBOIUT YMEHBIICHHUIO SHEPTHs CBSI3U aTOMOB BHYTpHU JuiaToHa Ha (3+21)
pasa. ITpu 3TOM, TepMHUUECKast COCTABIIAIOIIAs POYHOCTH MEKATOMHOM CBSI3H yMeHbInaeTes ot 1.75 3B 1o
0.25 5B. Ecmu, akKyMyJIMpOBaHHasi M3BHE TEIUIOBAs SHEPTHS YBEIMYMBACT TEMIICPATyphl MHJIATOHA HA
(5+10)T, munaToHnsl ¢ A = (15+20)r, TEPAIOT ycToiunBocTH mpu Temmepatypax 400-600 K. O6pasipl u3

cepun OI'-I u OI'-1II pacwenmsrores npu Temneparypax 440 u 540 K, coorserctBeHHo. OTMETHM, IPU 3TOM
oOHapyXMBaJlu ClIa00OH aKycTuueckod smuccuu. ClelnoBaTelbHO, MPH XHUMHYECKOM OKHCIICHUHU
o0pasytoTcs Oosiee JUIMHHBIX U MOLIHBIX AUJIATOHBI, IO CPABHEHUIO C AJIEKTPOXUMHUYECKOH.

Takxum 06pa3zoM pacyeTsl IOKA3al1, YTO H3MEHEHHE CHIIbI MEKaTOMHBIX CBSI3U IPOMCXOIUT KAaK IIPU
¢dopmupoBanun OI'-cTpyKTyp, Tak M TpH HarpeBe A0 TeMmIieparypsl pacmerienus. OOpa3oBaHUs
JMJIaTOHOB C A = (4+12)r, npu nomydyeHuu OI'-CTpykTyp M pOCT HMX MOIIHOCTM M pasMepa 0

A=(15+20)r, TIpU HATrPEBE SABIAIOTCSA IIOCIENOBATENBLHBIMU OTallaMU IIpolecca nonydenus TPI-
MaTtepranoB. IIpr AOCTHKEHUHM TEIIOBOM SHEPruH, aKKyMyJIMPOBAHHBIX B AWIATOHAX IO BEIHUYUHY,

HEOOXOUMOT0 JIJIsl YBEIMUYCHHUIO TeMIepaTypsl Ha 5-10 pa3 B o0jacTu AMIaTOHA, MEXKATOMHBIC CBS3U
HeoOpaTuMo paciupsitorcs u paspeiBatorcs. OI' nepexonut B TPI™ cocTosinum.
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Uzbekistan, *E-mail: ibragimova@inp.uz (corresponding author)
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Abstract

Recently IEEE society has elaborated a roadmap for high-T. superconductor (HTSC) applications in
electric power sector to modernize generators and electric power grid. Since 1987 INP UzAS has been
studying radiation effects and developing radiation technologies for increasing the critical current density
Je in self and applied magnetic field (0.1-10 Tesla) in cuprate materials and lately in industrial coated
YBaCuO and GdBaCuO tapes. Samples were exposed to various fluencies/ doses of neutron and gamma
spectra of U fission, >10 MeV proton beams, ®®Co converging gamma-field, ~MeV electron beams at
different dose rates and 77-1000 K. The analytic data were obtained with modern techniques: SEM-EDS,
XRD, M(T,H), and Hall effect (0.55 Tesla). Below the radiation damage level of destroying the
superconducting state, we found such structure modifications, when magnetic flux pinning centers are
generated at the concentration of 10*-10” cm™ and both T and J. increase. Such an optimized current
vortex state exists in 80-300 K. As irradiation with 1-5 MeV electron flux do not produce long living radio-
nuclides, it is applicable for industrial technology of radiation treatment of long cable. (180w.)

Key words: high-T. superconductors, electric power grid, radiation technology, pinning centers

1. Introduction

Electricity is the fastest-growing form of energy for consumption. The International Energy Agency (IEA)
stated that the world energy system is under stress and estimates $16.4 trillion of investment. For example,
in USA 70% of large power transformers and transmission lines and 60% of circuit breakers are out-of-date.
Similar situation is in Uzbekistan. Some leading IEEE members have elaborated a roadmap for high-
temperature superconductor (HTSC) applications in electric power sector [1]. The principal benefit of HTSC
cables is that they are 50 times less weight and capable of carrying x500 more power at micro voltages
compared to the best existing metallic cable technologies based on high voltages [2]. Therefore HTSC have
the innovative technical potential to facilitate electric grid modernization, increase efficiency, significantly
reduce losses and improve energy security. Several key technology areas include wires, cryogenic systems,
cables, superconducting fault current limiters (SFCL), off-shore wind turbine generators, superconducting
magnetic energy storage (SMES), and transformers, and also for nuclear power facility [3-7]. The leading
companies (USA - SuperPower, AMSC, STI; Japan — Fujikura, Suminoto; Russia - S-Innovations, SuperOx;
Germany - Bruker, THEVA; Korea — SUNAM; Denmark - NKT, Nexans) produce ~ 1000 km/year of wire
made from YBaCuO, REBaCuO, BiSrCaCuO and MgB; (the cheapest $10/kAm), of them YBCO passes
the highest critical current Ic > 2 MA/cm? at 77 K but is 10 times more expensive than MgB: [1,2,4,8].
Modern requirements for the HTSC applications are the following: SMES — solenoid 3.65 MJ, the maximal
magnetic induction Bmax =5 T, pulse I >7.8 kA, cooling with liquid Neon (20 K) or better Nitrogen (77 K);
Cyclotron for 230 MeV, Bmax = 2 T, engineer Ic > 4-5 kA; Nuclotron — Bmax = 2 T, pulse Ic > 6 kA; a single
SFCL module 3.3 kV, 0.5 kA at 77 K. Current leads based on REBCO were successfully charged with 18
kA at 100 A/s ramp rate at 77 K, which is the highest current capacity [9]. The challenge is to increase I; a
few times, especially in applied magnetic
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Fig. 1. (a) Nanostructure of one isolated vortex-rod, in its cross-section the distributions of magnetic field A and order parameter
2¢&; the vector-lines circling the vortex are the supercurrent screening the vortex magnetic flux; the inter-vortex distance exceeds
2&and depends on H,T ; (b) the unit cell of YBa2CuzOz-x, where x ~ 0.05 — the number of vacant O(1) sites pinning vortex between
Cul0L1 chains, superconducting Cu202 planes; (c) microstructure of layered coated YBa2CusO7-x tape [10].

field > 3 T, when Abrikosov vortices creep and magnetic resistance appears, and hence I decreases. The
only way to increase Icm is to pin the vortices in the surface layer (Fig.1a). The record critical current density
Jc above 15 MA/cm? at 30 K, 3 T in 2.2 um was gained in heavily-doped (Gd,Y)BCO superconductor tapes
because of hon-conducting pinning nanorods on buffer layer (Fig.1c) oriented along c-axis (fig. 1b) [10,11].
Two basic flux-pinning mechanisms in thin YBa>Cus;O7.x microfilms with the Jc higher than the best crystal
were studied earlier by [12], who found that the strongest core pinning is due to the large density of point
defects ~3.5x10'? cm™ (they are spaced ~ 5.3 nm) in CuO; planes and occurs at small magnetic induction
~mT, while the magnetic pinning occurs on a length scale Aa. The experimental values for £x,=1.5 nm and
Aap=250 nm, and they increase when the temperature grows. In 1987 the first positive results of flux pinning
at strong magnetic fields, causing the magnetization and J.m enhancement after moderate doses of neutron
and ion irradiations in single crystal YBa,CuzO., were published in [13]. Irradiation of YBCO single
crystals with 2.5 MeV electrons in the superconducting state at 4 and 20 K to the dose 10'® cm™ resulted in
generation of positrons with a half-time 190 and 250 ps at 300 K, that is the direct evidence of nuclear
reactions with Cu or O; even intensive laser pulse could induce oxygen disorder in CuO chains that
recovered by heating >200 K [14].

Since then INP UzAS has been studying radiation effects and developing radiation technologies for
increasing the critical current density Jc in self and applied magnetic field (0.1-5 Tesla) in YBCO materials
[15-17]. Samples were exposed to various fluencies/doses of neutron and gamma spectra of U fission, 9-18
MeV proton beams, °Co converging gamma-field 1.17 and 1.33 MeV, 0.3-5 MeV electron beams at
different dose rates and 77-1000 K. The main results were: dense anisotropic YBCO ceramics was sintered
in the gamma-field in air without long-term annealing in oxygen and had superconducting T.> 90 K; fluency
10%° cm2 of 300 keV electrons at 320 K induced oxygen disorder and decreased T¢ in 1-2 K, and
paramagnetic-to-diamagnetic transition at 200 K, but no flux pinning above 1 T at 70 K; while 1 MeV
electrons could generate cation-anion defect clusters which pinned flux at 2-4 T.

Here we report our latest researches on coated HTSC cuprate tapes aimed at improving crystal structure
and enhancing the flux pinning at irradiation with accelerated electron beam.

2. Samples and experimental methods

2.1. Samples. HTSC-2G tapes SuperOx-YBaCuO-1,2 and GdBaCuO-3 were manufactured by S-
innovation by the patented method [18]. Cables made from GdBaCuO tapes pass the engineer current >1.5
kA at 77 K, 3 kA at 65 K in self field, and 4 kA at 4.2 K in 8 T [4]. They contain 14-elements and have 7-
layers with macroscale and micro-nanosized interfaces Ni-Cr-alloy/oxide-dielectric, HTSC/Ag,
HTSC/dielectrics, Ni-alloy-Cu and Cu/Ag (fig.1c). In this anisotropic structure of YBa,CusO; or
GdBa,Cus0y (fig.1b) Y3 is a scalar nonmagnetic impurity, and Gd*" is a vector magnetic impurity, each
separating two adjacent CuO; planes, where Cooper pairs move without energy dissipation [19]. Therefore
their magnetic response differs one from another. Besides, the Ni-steel substrate is ferromagnetic. Prior
irradiations all samples were studied at SEM-EDS (EVO MAL0 Zeiss and JEOL JSM-IT200), XRD
(Empyrean), Gaussmeter Model GM2 (AlphalLablnc) with the standard Hall probe at 77 K and 300 K at
magnetic field of ~ 0.1 T, and Hall-system HMS-7000 at 80-300 K and magnetic field 0.55 T.
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2.2. Irradiation conditions. Irradiation of the YBCO-tapes with 10-25 MeV electrons to doses 10*’
- 3x10% cm2 resulted in degradation of superconductivity, although at radiation-damage doses below 10*®
cm?2 D ~ 10* displacements per atom, no degradation of HTSC occurred [20]. GABCO tapes have J; 3-5
MA/cm? at 77 K in self-field, and 2.5 MeV proton fluency 6x10° p/cm? was determined as the threshold of
Ic degradation [21]. Since Cu, Ba, Y captured neutrons and protons and generated long-living radionuclides,
more promising for industrial applications were electron beams.

Taking into account these results on the tapes and our early ones on YBCO crystals, we chose the
following conditions: samples were irradiated in air with 4-5 MeV electron beam to doses 10%* — 10% el/cm?
at 273-280 K, at current density 0.4 — 1 pA/cm?, corresponding electron density < 102 cm or >10 nm
spacing of electrons, which is > &, and < Aa, and according to [12], for inducing the largest flux pinning
the point defect density is ~ 102 cm™. Thus, these irradiation conditions would not destroy the Cooper pairs
and leave some space for Abrikosov vortices around each point defect.

3. Results and discussions

3.1. Microstructure and local element analysis. Fig.2 shows SEM images and local EDS spectra
registered from the numbered spots (A,B), and also as a colored map for each found element (C,D,E,F).
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Fig 2. SEM image of non-irradiated 3-GdBaCuO tape lateral cut view (A) and EDS spectrum 85 of HTSC layer (B) on
steel (89-91) with metal coatings (88,92); YBCO-1 (C,D), YBCO-2 (E), GABCO-3 (F) after irradiation 5x10el/cm?

SEM-image (A) shows that cutting the tape resulted in splitting of PbSn, Cu, Ag coatings (spectra 87-92)
from HTSC layer (sp.85,89-91) on Ni-Cr-Mo-Fe-W steel substrate (sp.86) with buffer nanofilms of Al,O3
(sp.86) and MgGeO (sp.91). The outer PbSn coating (sp.92) has a dendrite microstructure enriched with Pb
(light contrast) over a homogeneous film enriched with Sn (gray). EDS spectra of electron-irradiated
samples in the element map mode allows to see all lines of detected elements and their ratio.

3.2. Magnetization in the superconducting state (Meissner effect) and in the normal state.
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Table 1. Magnetic induction at 900 Gauss of the tapes at 77 K measured with Hall probe after irradiations in air by 5 MeV
electrons to different doses at various electron beam currents

Irradiation Sample Non-irrad. | Electr. beam 0.4 pA | Electr. beam 0.4 pA | Electr. beam 1 pA
Dose [cm™?] 0 10t 5x10% 10%°
Induction 1-YBCO 4 10.3 6 11

at77 K 2-YBCO 6 7 7 6

[Gauss] 3-GdBCO 55 6 7.5 8.5

Table 1 demonstrate the most pronounced effect of increasing magnetization in 1-YBCO after the
electron irradiations due to generation of artificial pinning centers. A bit less effect but proportional to the
irradiation dose was gained in 3-GdBCO.

3.3. Hall resistivity (80-320 K) at magnetic field 0.55 Tesla

Fig.3 show the resistivity of the samples when | || B for non-irradiated and electron irradiated samples.
Doses 10%* and 5-10* el/cm? were obtained at the beam current 0.4 yA, and 10*° cm2 at 1 pA.
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Fig. 3. Resistivity of the samples irradiated at 5 MeV electron beam in air: (A) -1-YBaCuO, (B) -2-YBaCuO, (C) -3-
GdBaCuO: 1 — reference, 2 — 10 el/cm?; 3— 5-10™el/cm?, 4— 10% el/em?;

The electron dose 10> cm at the beam 1 pA/cm? (Fig.2 curves 4) have caused the shift of onset T
to 120 K and significant drop of the resistivity at 100 K < 0.1 pQ in 2-YBCO and < 1 uQ in 3-GdBCO,
which are less than in non-irradiated samples. Since the induced amorphization related to oxygen
disordering (transition from superconducting orthorhombic to normal tetragonal phase), it recovered easily
(resulting in the initial resistivity below pQ-cm due to a higher oxygen mobility in CuO chains with plenty
of oxygen vacancies and large defect instability area [14], when irradiated at the electron current density
1pA/ecm? to the dose 10 cm. The common resistivity peak at 100 K, growing proportionally to the
irradiation dose and annealed <200 K, can be attributed to paramagnetic defects in Cu-O-chains. This result
agrees well with our previous data on y-irradiations at 77 K [15,17] and other’s at 4-77 K caused by positron
generation and reviewed in [14]. Unexpected difference in behavior occurred just above T. between 1-
YBaCuO and 2-YBaCuO. Difference in peak at 260 K for both YBCO and at 280 K for GdBCO can be
attributed to defects in double CuO, planes, which are spaced differently by non-magnetic Y** and magnetic
Gd®* [19]. Recent molecular dynamics simulations of radiation damage in YBa,CusO; demonstrated, that
during the cascade of fast neutron induced defects, the interstitial sites between CuO chains (fig.1b) are
populated with oxygen interstitials [22].

3.4. XRD structure and phase analyses

At first one should emphasis, that XRD identifies the crystal structure and estimates its volume
amount in % only for crystalline phases, while amorphous phases are seen as a broad scattering band at low
angles. Non-irradiated samples 1-YBaCuO and 2-YBaCuO contain Y,0s(la-3) and CuO(C2/c), and 3-
GdBaCuO contains Gd,Os(la-3) interface nanophases. It means, that the pinning centers in the non-
irradiated tapes are oxide nanophases at the interfaces of HTSC. After electron irradiation to 10%° cm™ there
appeared 22% of a new YCuO,(R-3m) nanophase in 1-YBaCuO; the superconducting YBa,CusO7(Pmmm)
phase increased up 47% at the expense of Y,0s; and CuO phases decrease, the ration of Gd.O; to
GdBa,Cus0y increased, i.e. the irradiation induced re-crystallization of the interfaces.

Conclusions and Perspectives
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By using the set of modern spectral and microscopy devices and the available irradiation facility, we found
such structure modifications, when magnetic flux pinning centers are generated at the concentration of 10%-
10" cm spaced 200-300 nm to allow accommodation of current vortices and both T. and J. increase. Such
an optimized current vortex state exists in 80-300 K. As irradiation with 1-5 MeV electron flux does not
produce long living radio-nuclides, it is applicable for industrial technology of radiation treatment of long
cable by rewinding across the flux.

Thus effect of nuclear irradiation does not always damages structure and degrades functions of materials.
There exist particular ranges of energy/intensity/dose/temperature where structure modification may result
in improving the properties and even find new functions for old materials.

Implementation of SFCL units in the Moscow city grid fragments at 220 kV, 2.4 kA, 528 MVA has got
the economic yield 5 bln USD. HTSC coil at not too high current 1.5 kA but in high magnetic field 11.5
Tesla at 20 K will allow to design more compact magnetic-resonance tomography with a higher resolution
<0.1 mm.
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NPUMEHEHUE WOHHOM BOMBAPJIUPOBKH J1J151 TOJTYYEHUE
HAHOKOHTAKTOB HA TIOBEPXHOCTH GAP

Jonaes C.b, YmMup3akoB b.E, lllupunos I'.'M

Tawxenmcku 2ocyoapcmeenubvlll mexHuyeckuu ynugepcumem um. Mcrama Kapumosa
E-mail: ganjimurod777@gmail.com

AHHOTAIUA

B pabome 015 nonyuenuss moHkux oMuieckux KOHmaxmos nogepxrnocms monoxkpucmanios GaP(111)
npedsapumensvro 6ombapouposancs uonamu Art ¢ suepeueii Eo = 2 k2B npu doze D = 2 - 10" cu? ¢
saxyyme 10" Ila. Ycmasneno, umo nocne 6ombapouposku uonamu Ar* nosepxnocmuas konyenmpayusa Ga
yeenuuusaemces 0o 90 am.%. /{na nonyuenue konmaxkma na nosepxnocme GaP(111) ocaxcoenvt amomvi Ni
¢ momuyunoii ~ 1000 A. Memannuzayus nosepxnocmu GaP no360nuno ymensuium monyury nojiHo20
konmaxmmnoz2o cios O na 3-4 pas.

KiaroueBble ci1oBa: WMIUIAHTAIlMM, HU3KO3HEPIeTUYECKOTO, IOBEPXHOCTH, IMOJYIPOBOTHHUK,
KOHTAaKTOB, 0OMOapIMPOBKH.

Bunapusie nonynposoguukd A''BY M MHOrOKOMIOHEHTHBIE T€TEPOCTPYK-Typhl Ha HX OCHOBE
LIIMPOKO NPHUMEHSIOTCS B CO3JAHUM DPA3IUYHBIX NPUOOPOB OITO-, MUKPO- M HAHORJICKTPOHUKU. B
YaCTHOCTH, MHOTOCJIONHBIE CTPYKTYpHI co cinosmu GaP, GaAs, GalnP, AlGalnP npuMeHsIOTCS 1 UMEIOT
MEPCHEeKTHBBI AJISI W3TOTOBJICHUS JIa3€PHBIX TUOAOB, COJHEYHBIX AJIEMEHTOB, (OTOINEKTPUUECCKUX U
onTo3eKTpoHHBIX yeTpoicTB [1]. Ipu cozmarnnun M/II, TII1 cTpykTyp 0coObIil HHTEpEC MpEACTaBIsSET
CO3/IaHHE€ Ha TMOBEPXHOCTH 3THX MOJYNPOBOAHUKOB HAJIEXKHBIX YIBTPATOHKUX OMHYECKHUX KOHTAKTOB.
[lonyunTs ynbTPATOHKMH OMHUYECKHH KOHTAKT METaUl — IOJYNPOBOJHHUK CBA3aH DAL TPYAHOCTAMH H
3aBBICUTh OT MHOTHX (PAaKTOpOB TakuX, Kak MOP(HOJIOrMH TOBEPXHOCTH THIIA IMPOBOJAUMOCTH
MOJTYTIPOBO/THHK, & CTETICHH JICTHPOBaHUs U OKUCIIeHHs, BBICOTHI Oapbepa [lloTTku u np. Kpome Toro Bo
MHOTHX CJIy4yasX TaKOW KOHTakKT OyAeT BEHTWIbHBIM, U BCIIEACTBHE B3auMoAn((y3uHn aTOMOB IiyOuHa
IPOHUKHOBEHHE aTOMOB METAIIA B TONYIPOBOAHMK H0X0oauT 10 500 — 600 A. Tlocne mporpese oHa emé
yBennuuBaeTcs. i monydeHus: CBEpXTOHKMX KOHTAKTOB HAa HAaHOPAa3MEPHBIX CTPYKTYpax HCIOJIb3yeTCs
psan MeToZoB (ha30BOrO PAacCIOCHUs; METOJ HHU3KOIHEPreTHUECKOr0 HOHHOIO JIETMPOBAHHS;, METO[
OCaXKJICHHS MHOTOCJIOWHBIX KOMITO3UIIHH, a TaK)Ke METO/]] HelIPEephIBHOTO HarpeBanus koHTakTa M — [I/T1.

DTH MeTOAbl B OCHOBHOM HCIOJBb30BaauCch it Si U Ge. Kaxuplit U3 3THX METOI0B o0iajas
OIIpe/IeICHHBIMH TPEUMYIIECTBAMH HE JIMIICHU U HeloCcTaTKoB. B pabote [2] miist momydeHre HaJeKHBIX
OMHYECKHX KOHTAKTOB Ha Si MCIOJIb30BaHO METOJ MMIUIAHTAIlMK HOHOB Ba® ¢ Bapmanmeii sneprum Eo B
nuanasoHne ot 5 10 0,5 k3B. Bo Bcex ciayuasx 103a HOHOB cocTaBisiia ~ 6 - 10 cm2. Jlna KpUCTAJUIA3ALUN
WOHHO — UMIUTAHTUPOBAHHBIX CIIOEB U MOIYYSHNE CHIIMIMI0B Oapus MPOBOAMJIICS ITOCT UMILTAHTAIIMOHHBIN
nporpes ripu T =~ 100 — 1100 K. ITpu 3ToM yzensHOe conpoTuBieHus p s mieHok BaSiz cocrasisiio ~ 50
— 100 MxOM-cM. 3aTeM Ha TIOBEPXHOCTH CHWJIHIMIA HAMBLUISIIA aTOMbI KOHTaKTHpyomero metamia Ni.
I'ny6una nponuknosenus Ni B Si ymenbImaercs 5 — 6 pas u cocrasnsia ~ 100 A. Takue uccienosanue B
cilydae OMHApHBIX MOJIYIPOBOJIHUKOB HE MPOBOIMINCE [3].

B nmanHOW paboTe MBI TONBITAIUCH TONYYUTh TOHKHUM OMHYECKHH KOHTAaKT HA ITOBEPXHOCTH
MoHOKpHcTaia GaP C ucrnonp30BaHHEM METO/Ia MpeABapUTEIbHON O0MOapIMpOBKY noHamMu Ar'.

[lepen nonnoit 6ombapaupoBkoii oopasibl GaP(111) obesraxkusanucek npu temneparype 900 K B
Teyenue ~ 4 yaca B Bakyyme P = 107 ITa. Ha puc.1 npusenensr npodumu pacrpeneienns Ni mo rioy6une
gucToro (kpasas 1), noHHo — 6ombOapaupoBanHoro CdS no (2) u nmocie nporpes npu T = 800 K B Teuenne
30 muH (3). Buzno, uyro riny6una nponukrosenus Ni B cityuae uncroro GaP cocrasiser ~ 600 - 650 A, a B
cilydae HOHHO — GoMGapaupoBanHoro odpasua ~ 100 - 120 A. Hamu npeiaputeibHO yCTAHOBIIEHO, YTO
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npu 850 K npunoBepxHocTHbIe ciion GaP MOJTHOCTBIO KPUCTAILIM3YETCsl, a TIOBEPXHOCTh M TPaHHYHAS
obmacts cucteMbl Ni — GaP(111) UMEIOT NONMUKPUCTAILTHIECKYIO CTPYKTYpy. [103TOMY IpOrpeB HOHHO -
oomOapaupoBannbiii GaP ocymecteisiercs npu T = 850 K. Ilocne mporpeBa 3Tol CHUCTEMBI TiyOWHA
nponnkHoBerust Ni yBenmumBaercst 1o 220 — 250 A, a TonumHa MONHOrO KOHTAKTHPYIOMIEro cost Oy
coctapmser ~ 350 — 370 A: (B ciyuae Ni — uncreiii GaP 3mauenue dn ~ 1050 — 1100 A) [4].

Bo Bcex ciyuasix, HE3aBHCUMO OT TOJIIUHBI On, 3HAYCHUE YACIHHOTO CONPOTHBICHHS MPU KOHTAKTHON
00J1aCTH COCTABISAIO ~ (5-8) - 107 oM-cM.

Takum 00Opa3oM B JaHHO# paboTe yCTAaHOBJICHO, YTO MpeABapuTeNbHas OombapaupoBku oopasua GaP(111)

noHamu Ar* M03BOJIAET MOMYYHUT YIKTPATOHKHE OMHYECKHE KOHTAKTHI ¢ ToMmuHOH < 300 A.

Chi,
aT.%

GaP(111)

=75

SRR SRR
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l
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Puc. 1. IIpounu pacnpedenenusi amomog Ni no enybune cucmemor Ni — GaP(111): 1 - yucmui GaP(111), 2 -

GaP(111), nocre 6ombapoupoexu uonamu Ar* ¢ Eo= 2 k3B npu D = 2-10Y cm?: 3 — nocne npozpesa npu T = 850 K
UOHHO — DOMOAPOUPOBAHHO20 0OpaA3YA.
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BOJIbT-AMIIEPHASI XAPAKTEPUCTUKA MUKPOILJIA3MBI B KPEMHUEBBIX p-n
MEPEXO/IOB
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AHHOTAUA.

IHpuuunoii MI1 signsemcs nosienenue 0eghekmos ¢ Cmpykmype noaynposoOHUKO8, 8 RePEyIo ouepeds
oucnokayuil. B p - N-nepexode umeemcst HECKOMLKO TOKANbHBIX Mecm ¢ paznbimu 3Havenusmu U,, mo no
Mepe yenudeHus HanpsjiceHusi 8 npoyecc NAGUHHO20 NpobOos NOCMENeHHo OYOYym 6MASUBAMbCS 00HA
obracmov 3a Opy2ou u ux moxu 6yoym 000asiAmvbCs K MOKY uepe3 OCHOGHYIO 4acmv niowaou p - N-
nepexoda. Ilpoeoods ananuz 3moe2o coomHouteHuss no anaiozuu ¢ (1), npuxooum K 6vl1800y, umo npu
00CmMamouno 6OILUOM 0OPAMHOM MOKe Yepe3 MUKPONLA3MY HA ee 801bMm-aMNePHOl XapaKkmepucmuxe
Q0ICEH HAOIOOAMbCSL YUACMOK CPABHUMENLHO CIAO020 POCA CUTbL MOKA C HANPSINCEHUEM.

KuaioueBble €10BbI: TaBUHHOTO MTPOOOH, YAapHOW HOHN3AIINH, TUCIOKAINH, 3aIpEIeHHON 30HE.

Muxkpormnazmenssiit (MI1) mpoOoit 06paTHO CMEIIEHHBIX P—N-CTPYKTYP SBISETCS OOIINM SIBIICHUEM,
MPUCYLINM JaBHHHOMY MPO00I0 peallbHBIX p—n-niepexoqoB B Si, Ge, GaAs, GaP u 1. a. Mukpomia3mbl
HUMEIOT 3HAYUTEIbHO OO0Jiee HHU3KOE HANpsDKEHHE JIABMHHOIO MPO0OS MO CPAaBHEHHIO C OAHOPOIHBIMH
obnacTsiMu p-N-miepexosta U OOyCIOBICHbI JIOKAJIbHBIM YBEIMYEHHUEM HANPSDKEHHOCTH 3JIEKTPUYECKOTO
TOJIST MJTH K€ JIOKAJIbHBIM yBeJTHYeHHEM Kod(pGunreHToB noHuzanui [1]. [Ipun MukporuiasMeHHOM mpoboe
MOJIPa3yMEBAETCsl y4acTHE CTPYKTYPHBIX HECOBEPUICHCTB (AMCIOKAMK) U JEPEeKTOB P—N-CTPYKTYP.
Cefiuac mpeoOmamaer Touka 3peHHs, uro mnpuuuHoW MII mosBNeHNE nedEeKTOB CTPYKTYpPHI
MOJTYTIPOBOJHHUKOB, B [IEPBYIO OYepeb, AUCIOKauu [2]. AMCI0Kauu MOTYT CHU3UTD HAIIPSHKEHKE TPoOost
B P-N Tiepex o/l M3-3a U3MEHEH U IIMPUHBI 3aIipenieHHol 30Hb1 AEQ BOMM3M nuciokanuu. K winmroctpupytor,
cKaThe KpEeMHHS MOXET YMEHBIINTh MHUpuHy 3anpernienHoit 30upl Ha 0,20 0,4 3B [3]. Ilockombky
MOpPOroBasi 3HEPrusi MOHM3ALUK aTOMOB PEIIETKH MPONOPLHMOHAJIbHA IIMPHUHE 3alpeIleHHON 30HHBI,
YMEHBIICHUE TIOCIEAHEH YBEIMUMBAET 3apsi]] KOHIIEHTpaIMsd HOCUTEIeld. DTO, B CBOIO OYepe/lb, CHUKAET
HanpspKeHUue Npo0osi BONM3W JMCIOKAlMH, YTO TPUBOAUT K pacnany MII. AHanornunas Bapuanus
(YMeHbIIICHHE) IUPHHBI 3aIPEIIeHHO 30HbI HA0II0IAaeTCs MPU pacTshkeHnn oopasita GaAs [4].

Ecnu nanpspkenHocTs 1o B OII3 p - n-nepexona mpu mopade oOpaTHOTO CMELICHUS NIPEBBICUT
HEKOTOpOe KpUTHYECKOe 3HaueHue &,, TO HOCUTEIH 3apsla, YCKOPSAACh B ITOM IIOJIe, HA ONpPEEeIICHHOM
nyTu OyayT Habupats 3Hepruro E,=1,5Eq, noctarounyo Al HOHW3AUH ATOMOB ITOJIYIPOBOJIHUKA 33 CUET
coynapeHus. B p - n-mepexosne HayHET pa3BUBATHCS MPOLECC yAAapHOM MoHM3auuu. llpu kaxmom axte
YAapHOI MOHW3ALMM TOPAYMH DJIEKTPOH WM JIbIpKa BHIOMBAIOT y aTOMa IOJIYNPOBOIHHUKA BaJICHTHBIN
anekTpoH. Ha sHeprermyeckoil nuarpamme € TONYIPOBOJHWKA 3TOMY aKTy COOTBETCTBYET IE€PEXO]]
9JIEKTPOHA W3 BAJICHTHOH 30HBI B 30HY MPOBOJUMOCTH, TO €CTh B PE3YJIbTaTe COYIApPEHUS TOPSUETO
HOCHTEJISI C aTOMOM 00pazyeTcs rmapa CBOOOTHBIX HOCHTEICH JIEKTPOH U AbIpKa. Terneps yxKe Tpu HOCHTEIs
OyIyT MPUHUMATh y4acTHe B yaapHoit nonusaiuu (puc. 1) [5-6].
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MIPH Pa3BUTHH MUKPOILIa3MEHHOTO Mpobosi HabromaeTcs mwiaBHoe yBenudeHue losp pu U>Upy (puc. 2,
kpuBas 2). B obnactu Hanpspbkenuit U = Uyp BOJBT-aMIIepHast XapaKTEePUCTHKA P - N-TIEPEX0/ia OMUCHIBACTCS
BBIPKCHHUEM.

_ SM(ISM + II‘M) + (Sp—n - SM)(]S +]r)

06p_1_(U>U0 1_(U)U° (4)
Unp,M Ul'lp,M

Ecnu B p - N-niepexojie uMeeTCs HECKOJIBKO JIOKATBHBIX MECT C Pa3HBIMH 3HAYCHUAMU Ujpy TO 1O
Mepe YBEIWYCHUS HANpPSHKCHUS B IMPOIECC JIABUHHOTO MPO0O0S MOCTENEHHO OyayT BTATHBATHCS OJIHA
00J1acTh 3a IPYrol ¥ UX TOKH OYyT JOOABISATHCS K TOKY Y€pe3 OCHOBHYIO YaCTh ILIOMIA/IH P - N-TIepexoa.

[IpoBoxst aHanmm3 3TOr0 COOTHOIIEHHWA TO aHanoruu ¢ (1), TPUXOOUM K BBIBOAY, YTO IIPHU
JOCTATOYHO OOJBIIOM OOpaTHOM TOKE Yepe3 MHUKPOIUIa3My Ha €€ BOJBT-aMIIEPHOW XapaKTEPHUCTUKE
JOIDKEH HAOI0JaThCA yYACTOK CPABHUTEIHHO CIA00T0 POCTA CHITBI TOKA C HAITPSKEHUEM.

Takum 00pa3zoM, MpelIoKeHHass METOIWKA ONpEAeTCHUs] BOJbT-aMIepHas XapaKTepHUCTHKa p - N-
nepexo/1a MUKPOTLIa3M ITO3BOJISIET IOCTATOYHO HAACKHO OMPEeITUTh STOT KITFOUEBOH ITapaMeTp 0 TaHHBIM
Pa3BUTUU MUKPOIUIA3MEHHOTO Tpo0osi Habmromaercss IuiaBHOe yBenmmdeHUe losp, mpu U>Uppw 1,
COOTBCTCTBCHHO, IMapaMCTPhbl TOKOBBIX ITHYPOB, YTO UIr'pacT 6OJ'H:»H_IyIO POJIb B JUAarHOCTUKU HAJACKHOCTU
TOJTYTIPOBOJHUKOBBIX THOJIOB, pabOTAIONINX B PEXKUME JIABHHHOTO MTPOOOSI.
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3 M3B DHEPI'UAJIN QJIEKTPOHJIAP OKUMUJA HYPJIAHTUPUILTHUHI
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AHHOTANUA

Ywby wuwoa 3 MdB duepeusnu  21eKmpounap  OKUMUOA — HYPAGHMUPUWHUHE — KPEMHUL
KPUCMALLAPUHUNHE INeKMPOPUIUK XOCCANApULA MADCUPUHU MAOKUK KUTUWL HAMUNCANAPU KETMUPULSAH.
Hypraumupunean HamyHanune HypaaHuu mascupuoa Xocui 0yiean HyKCOHLApU Kiacmep munueda Kupuuiu
anukaanear. Conummupma Kapuiuiukiapy oup xui 6y1maean KpemHuti HAMYHANAPUHUHE JNIeKMPOPUUK
Xapaxmepucmraiapuru Hypaanuul 003acuea O0IuKIuey maokux KUIUHSAH.

Kamur cy3aap. MoHOKpUCTaT KPEMHHM, HYKCOHJIAp, 3JIEKTPOHIAP OKUMHUJA HYpIaHTHPULI,
YTKa3yBUYaHIIMK, 3aps]] TALLyBYWIAP XapaKaTYyaHJIUTY, BAKAHCHs], 3apsl TallyBUMIIap.

Kupu

3aMOHAaBHUH KATTHK >KHCMJIAD SJIEKTPOHMKA COXaCHIa SPUMYTKA3TUWIAPHUHT 3IIEKTPOPU3HUK
napamMeTpiapuHi 4yKyp OSHEpPrus caTxjapd XOCWJI KWIIyBUM apajammMaiapaaH QoijaraHraH XoJa,
muddysusutann xkapaéunapu EpaamMuaa MaTepPUATHUHT XYCYCHSTIAPUHH OOIIKAPUIN HT HCTUKOOIUIH
yCylutapuaaH Oupuanp. 3aMOHAaBHU AJIEKTPOHUKAHWHT aCOCHM MaTepHald KPEMHHUHHH JeTHplaliia
KUpUTHIAETTaH apajammMa Typura (ZoHop, akuenTop €ku amdorep) Kapad, JIETHpIaHTaH KPUCTAJLUTHUHT
napameTpiapd Ba XYCYCHATIapu y3rapaad, Oy 3ca YHUHT (OTOCE3THPIIUTH, TEPMOCE3THPIIUTH,
negopManusra Ce3yBUAHJIMIHM Ba paguanysara OapHOLUIMIMIM Ka0M MYXMM XyCYCHSTIapHHHT
pUBOsKITaHHIIHTA 00 Kenaau [1-5].

SpUMyTKa3THWIApHU  JJIEKTPOHJAp OKUMHJA HYpJIAHTUpUII, OOIMKAa IOKOPU SHEPTHUSIIN
3appavajapHHUHT TabcUpHUIaH QapKiu YIapoK, KpUCTAILT TaHKapaHWHT KaM Japaskajia Oy3UIHIIH Ba KATTHK
MOJITAHUHT KUMEBUH TapKUOMHUHT Y3rapMaciaurd ouias tTascuduananu. byHnai xonaa, MHIyKUUSUIAHTaH
HYKCOH MapKa3JIapWHUHT KOHIIEHTPAIMsICH HUCOAaTaH KWYMK Ba HAMyHaHUHT OyTYH XaXMH OYiinab rokopu
Oup XWIMMK OWiIaH TakCHMIIaHaaW, Oy 3ca Oapda Typlard ymdanl HaTIDKAJIAPWHUHT WIIOHWIMIIUTHHH
omupanu [4-9]. UlyHUHT ydyH SpUMyTKasruwiapja pajualusBUi HYKCOHJIAPHUHT XOCWJI OYIUIINHU
VYprasuil y4yH KeHI' HHTE€PBaJUT SHEPrusuiapa 3JIeKTPOHIap OKUMUIA HYpIaHTUPHUIL Ky KYJUIaHUIAIH.
Oxopu sneprusimm (>1 MaB) anexTpoHnap oKMMHUa HypJaHTUPHII XaM O HyKTaBUi HYKCOHJIAPHUHH,
STbHU — BaKaHCUSUIIAp, TYTYHJIap OpacuJary aToMiap Ba yJapHUHT KOMIUIEKCIAPUHH XOCHI OYIuIInra o0amuo
kenanu. Kam sneprusimm (< 1 MaB) snekTponnap oKkuMua HypJlaHTHPHII OMJIaH HYKCOH MapKa3JapuHUHT
KOHQUTYpalMsCHHA aHWKJIAl Ba TYpIH OMMJUIAp TabCUpWAA ylapAard XaTTH-XapakaTIapWHUHT
TaOMaTHHU Ky3aTUIl UMKOHWHM Oepanu. lIlyHUHTIeK, MOJJTaHUHT aToMJIapy Y9yH HYKCOH XOCHII OYIHIIn
SHEPrUsACUHU aHMKJIamra UMKoH Oepamu (Eg), spHM 3appavanunar ®dpenken xydrmmru (0ym sxoi Ba
TYTYHJIap Opacuiard aToM) HA XOCHJI KWIHII YYyH SPUMYTKA3THd MaTpUIIACHra Y3aTHIIHN Kepak OyiraH
MHHHAMAJ YHepTus [2].

Taxpuda MeToAUKACH Ba HATHKAJIAPH

Taxpuba YoxpanbCKkuil ycynmumma YCTHpWITaH N Ba [P -THIDTH MOHOKPUCTALT KPEMHUNWHUHT
(commmtupMa Kapmiukiapu Moc pasuinga 15, 150 Q-cm Ba 10 Q-cMm, 13 kQ-cM) HamyHanapuaa
Ooaxapungn. Kupumma pommit auddysus ycymmma (BVYII-4 yckyHacupga) KUpUTHITAH. YIJIapHHUHT
anekTpodm3uk mapamerpiaapu Xoii KypuiMmacuaa (Emperian HMS-700) ymaanamn. DieKTpoHIap OKUMUAA
HypianTupun “Onektponnka Y-003" tesnatruumaa (3 MaB, umnysse maBomuiinuru 2-10° ¢) amanra
omupuian. Te3naTruuiap 3appayajap 3HEPrUSCHHMHI KEHT [Hana3oHuAa 3apsiijiaHraH dIIEKTPOH
3appavanap HypJapuHHUHT MaHOagapu xaM OV MyMKHH. YJ1ap KHCKa BaKT MYH/1a KaTTa MUKIOP/AA 1032
TabCUPUHU TYIJalml WMKOHUHH Oepany Ba OyHMHT HaTW)Kacuia HYPJIAHTHPWITAH MOHOKPHCTAILT
KPEMHUHHHUHT XyCyCUSTIapura Te3la TabCUp KWwiaad. HypJIaHWIIHUHT Typu Ba SHEPrHACHHH
MyXOKaMacura TyXTaJMacllaH, LIYHH TabKUAJall Kepak-Kh, OMp XWJI HypJIaHUII J03acUa HypJaHWII
HHTEHCHUBIIUTH APUMYTKA3THUIAPHUAHT X0CCaIapyura TabCUp KAIHIIIa MyXUM po YitHaiimu [3,4,5,6].
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Hypnantupum xapaéHnna MaTtepuaapia coqup Oyiaaaura xapaHiap MapTid KeTMa-KeTIUKAa
noJaNTaHUIIN MyMKHH. Xap Oup OOCKUYHWHT aHWK JaBOMHIIMTH FOKOPY SHEPTHSIH 3appada €K1 raMMa-
HYpJIApUHUHT OOLUTAaHFUY SHEPTHACH Ba MAaccacura, 3appajap opacHiard y3apo TabCHp MOTEHIMAJIUra
OOFJIMK Ba KAaTTaJIWMK TapTUOHIA Y3raphIly MyMKHH, IIYHHHT YIyH Oy OOCKHYWIApHH aXpaTHO TypaauraH
BaKT OPAJIMFUHU TAXMHUH KWINII MyMKHH.

Paguanust TabCcUpUHMHT OupWHYM OOCKMYM — aToM opOuTamapuaa dIEKTPOHIAPHUHT
Fana¢HIaHUIINAA HYPIaHUII SHEPIUACHHUHT aTOMJIApra 3J1aCTUK YTHIIH, aTOMJIap OMIaH TYKHAIIYB BaKTH
10%-10"° cexyumuu Tamkmn Kuiamgd [4]. Vpraua sHeprus Ba MMIysicra sra OyaraH aTomiap Ba
9NEKTPOHJIAp MOJIJAHUHT OOLIKAa aTOMIIApW Ba SJIEKTPOHJIApU OWiIaH ¥3apo Tabcupiamand, OyHHHT
HaTWXacuia SHEPrusiHd WyKoTunaad. by Oockuu OupnamMum Ky3raTyBUM 3appada OWJIaH DHEpPIHs
QIMAaIIMHYBU Ba KBa3W-MyBO3aHAT XOJaTWra YTUINM Ae0 aTanaad. DHEprus aJMallMHyBH MOJIAAaru
aTomsiap OOFJIaHWIIM SHEPTHACHHHUT KUMMaTHra MOC Kenaad, S’bHU Oup Hewya 5B sHeprus xyzaa Te3
anMaiMHuIaau. ATomnapapo mMacoganapia 6y Bakt taxmunan 1074-10"3 cexynanu Tamkun Kuau.

Kefiuarn Oockuuna, KpucTalgapaard aTomyiap Ba 3JEKTPOHJIAD TOMOHUAAH KalOynl KWJIMHIaH
OPTHKYa SHEPIHSHUHI PEJIaKCaLMsICH, aTOM TeOpaHHLUIApy AaBpUra Xxoc OyiraH BakTna coxup Oynanu,
ABbHU KaTTUK kucMiaap yuyH 101072 cexynnnn tamkun kunamd. Acnuaa, Oy 60CKMYa pelaKcarus
TU3UMHU HT KaM 3PKUH SHEPTUsUIM OOLUIaHFUY XOJIaTUIa KalTapaay Ba TypJid XU MeTacTaOm1 OupiaaMyu
pazuanysBUi HYKCOHJApWMHM IIAKIJIAHWIIMTA ONMO Kenagu. byHpaH Tamkapu KaTTHK KHCMiIapna
ATOMJIAPHUHT UCCUKIIMK XaPaKaTUHUHT POJIH CE3UIIapiu Oyiau.

Hypnanuim 6unan Ky3raTUiarad TH3UM TYpJIU KBa3H-MyBO3aHAT XOJIATJIapUIaH YTaau Ba OUpiaMuu
pazuanysBUi HYKCOHJApUHU KalWTa THKJIAHUIIM cogup Oymaau. VIKKMHYMCHMHMHI TE3JIMIH SKCIIOHEHTANT
paBuIIIa Xapoparra OOFIIUK, Oy ykapaéH BaKT YTHIIY OWJIaH OPTHIIN MyMKHH. XOHa Xapoparuia oapkapop
OyJraH WKKWIAMYHM paJUallUsiBUN HYKCOHJIApU XOCHJI Oyiaju. YJIapHUHT MIAKIUIAHWIINA OHpIIaM4u
HYpJIaHUII HYKCOHJIAPMHHM (BaKaHCHsUIap Ba TYTyHJapapo aromjap) Ba HypJaHWLIIAH OJIUHTH
HaMyHajapJa MaBxXyJ OynraH KMMEBWH apanammMaiapHu ¥3 waura onaau. Ymoy Oockuuma muddys3us
*apa€HJapH Ba OUpiiaMud HyKCOHJIAPHU Macodarapra TaKCUMIIAHUIIT MyXUM POJT YiHAHIH.

[yHuHT yuyH ymOy UITHUHT MAaKCaId HyKCOH XOCHII OYJIUILH 3JIEKTPOHIap OUIaH HypJIaHTUPHUIITaH
xamaa guddysus  ycynupa poauil  KUPUTWITAaH MOHOKPHCTAJUI KPEMHUMHUHI  3JEKTPO(H3HK
XYCYCUSATIAPUHUHUT Y3rapuily KOHYHUSTIAPUHU YPraHULIIND.

IKCcNepUMEHTAJ KapaéH Ba HATUKAJIAP

Hamynanap gona xapoparuna “Onexrponuka Y-003” sanexkrpornap tesnarraunaa 3 MaB v sueprust
OwinaH HypiaanTupwiau. Hypiaantupuin go3acu Kyiuaaru GopMyJsia OpKaiu aHUKIaH u:

|
D:6.25-1012><§t, (1)
Oy epaa | - ypraua Tox (MKA), t — BaKT (CEKyH), S — HypJIaHTUPHII COXACUHUHT KYHAaJaHT KECUMH
103acH (cM?)
Taxxpuba HaTWXaNapuOH KYPUHUO TypUOIOUKH 3apsA TALIyBUMWIAPHHUHT JJIEKTP YTKa3yBUaHIIMTH
KyHuaara popmyria OpKajiu aHUKJIaHIH:

1
o= )
P

OnexkTpoHyap OWjaH HypJaHTUPWITaH MOHOKPUCTAI KPEMHHH HaMyHaJapHHUHT 3JIEKTPO(QH3HK
napaMeTpiapuHy ym4ad 6opuian. byHra Kypa HypJIaHTHPUITAH HAMYyHAJAPHUHT 3JEKTP YTKayyBUYaHIATH
HypAaHTHPHO J03acura OOFTUKINTH 1-pacMa TacBHUpIIaHTaH.
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1-pacm. Monoxkpucmann kpemuutinune s1eKmp YymrazyeuaHIuUHu 21eKmpoHAap HYPAAHMUpuwL 003acuea
bonuKknuk epaguau.
1. n-Si 15 Q-cm, 2. n-Si 140 Q-cM, 3. p-Si 10 Q-cm, 4. p-Si<Rh> 1,3-10% Q-cm.

1-pacMIaH MIyHH alTUII MyMKHH-KH 3JEKTp YTKasyBuanauru 1 HamyHazga 5-10%° snexrp./cm? raua
Ba 2,3 HamyHanapaa 5-10% snextp./cM? no3arada y3rapMaraHJIMIMHU Ba yHIaH KEWUH KatTa (apk Ouman
y3rapaéTralMruay  xamjaa 4 HaMyHa HYpPJIaHTHUPHUII J03acd OpTHO OopraH capw YHHHT 3JEKTp
VTKa3yBUaHJIMIHM XaM KaTrra (apk OwiaH KaMalraHJUrMHU KYpUII MyMKHH. 1 HamyHajga 3JEKTp
YTKa3yBUaHJIMTMHM KaTTa Jo3arada y3rapMaraHjuruHd HaMyHaJlarnHu OyHIAr 3JIeKTp YTKa3yBYaHIMKAA
WIITUPOK 3Ta€TTaH KOBaKJIap COHU JJIeKTpoHiap coHugan 100 MuHr Maprta kyn Oynrannuru cabadmu
kesaéTran dJeKTpoHIap OupinamMuu Ba ukkuwiamud, [llorTtku Ba ®peHken HyKCcoHIapu Xocui Oyinaau. by
Kapénu 5-10%° snextp./cM? Tava >IEKTPOHIAp OWIaH HypJaHTHPHITYHYA JaBOM 3Taau. ByHma KoBakiap
ACOCHI 3apsi/1 TAIIyBYM OYNTaHINTH cabaliiu COMUIITHPMA KAPIIMIIMTH KUYUK OYIraH HaMyHara ce3uiapiu
Japaxaza TabcHp AITMaiiiu. ByHOaH KelWH YHHHT COJMINTHPMA KApIIWJIATH OpTHO OOpuIM KarTa
HyKCOHJIADHHU CTPYKTYpa CHMMETPHSCHHM Oy3WIIM OWJIaH M30XJIall MyMKHUH. 2 Ba 3 HamyHanapzaa 5-10%
3JIEKTp./cM? J03araua HypJIaHTHPHIITAH/a ylap/a XaM YTKa3yBUaHJIMKKa €Tapiu Japakaaa Y3rapTHpHII
KWIMII YYyH BaKaHCUslap Ba HYKCOHJIAp TabCHUp Kypcara onMaiaud. byHpan tokopu jgosanapiaa 3ca
HaMyHJIQPHUHT 3JIEKTP YTKA3yBUAHIUTH TYIIUIIWHHA 3apsiJi TallyBYHMJIAp TOK TalIMIINA XOCWJI OynraH
KPUCTAUIIATH TYPAM XWJl OMpiaM4M, MKKWJIAM4YM paJuallMOH HYKCOHJap, OUCIOKaluusulap Ba OOLIKa
HYKCOHJIap Ty(aiin KapUIMINKKa ydpamy €Ku TYN-TYn Oynu0 Konuim OWiaH TYIIyHTHPHII MYMKHH.
Taxpubanmap opKanu yJIapHUHT SIIall BaKTJAapUHU aHWKIA0, MablyM BaKTAaH KEHWWH JJIEKTp
YTKa3yBUaHJIMIMHM SIHa KalTagaH Kypull Kepak Oymaau. Jlekun OyHra karra BakT Kepak Oymaau
(aypnantupwirangan cyur 15-20 kyn). byHpail xonnma yHmarum acocuii Ba acocuil OynmaraH 3apsif
TANIyBUYMJIADHUHT SIIalll BAaKTWHM aHUKJIANl Ba ylapAard pPeKOMOWHAIWs, TEHepalus Jerpajarus
XOJUIapuHM  ypranum MyMkuH. 4 HamyHaza (Pomumit aTomuiapu OuinaH KOMICHCHPJIAHTaH) 3JIEKTP
YTKa3yBUaHIMKHA UYU3UKIM KaMmaluO® OopuiM Ky3aTwinu. busHuHr ¢ukpumuzua, xocun Oymaérran
HYKCOHJIAp 3JIEKTP YTKa3yBYaHJMWKIA WIITHPOK STAAWTAaH 3apsajapra TabCUp KWJINIIK YIapHU OwiiaH
OMpllaM4d Ba MKKWJIAMYHA HYKCOHJIAp XOCHI OVIIMIIM pajyialusra YHIaMIIIIUTHAaH JajoiaT OepHiiu
MYMKHH. YMyMaH OJITaHja 3JIEKTPOHJap OWjlaH HypJIaHTHPWITaHAa TYTyHJapapo >KOMamraH aToMiap
(ynap 2JIeKTpOHJIap OKMMHIa JacTiiad Jyd KeJaJuraH CUPTIa XaXMAaruaaH Kymn Oyjaaau) TyryHIapaard
aTOMIIApPHU ypuO YMKapHIK Ty(haiim KoBakiIap KpUcTaiapAari JacTa0Ky Ba3usATHIAH aHYa Y30KJIamo
TapTUON Oy3WIITaH COXa BYXKY/Ira Kenuo KoJjraH.

Hamynanapaaru 3apsia TalryBUMIapHUHT XapakaT4aHIUTH J03aHU OPTTUPUO OOpHiraHuza 3pKUH
XapakaT KwiaéTraH 3apsiap TapTuou Oy3miran coxaga TYTWIHO KOJMHIIN Ty(haian macaiuiy H30XIam
MyMKHH (2-pacMm). Jlo3aHu OPTTUPHUIL OMJIaH yJIapHHU TeMIleparypara OOFIMKINIH KypWIraHia yjiapaard
Oup KUHCIM OYIMaraHIuK AapakacMHU KYpUO MyMKHH OYiaau.
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2-pacm. Monokpucmann Kpemuuil 3apsa0 mautyguuiap XapakamuauiueuHu S1eKmpoHaap HypAaHmupu
dozacuea OOMUKIUK epaghueu.
1. n-Si 15 Q-cm, 2. n-Si 140 Q-cM, 3. p-Si 10 Q-cm, 4. p-Si<Rh> 1,3-10* Q-cm.

XyJoca

3 M»B sHeprusum 3J1eKTpoHIap OKMMEJIA HypIaHTHPHII N- Ba P-TUILTH KPEMHHUH KpUCTAIUTapUaAaru
XyCYCHI HyKCOHJIap/ia 3JIEKTPOHJIap OKUMHU SHEPTUSCHHHUHT IOTWINIIN XHCcOoOUra OMp KaTop skapaéHIapHu
ro3ara Kentupaau. TyryHnapapo jkOHialiraH aTomilap FOTTaH SHEPIHsUIApMHU KYUIHW TYTyHJIApAard
aTOMJIAPHU CUKUO YMKapuIra €K CUPT-CUPTOCTH KaTiamiiap/a BaKaHCUSUIAPHH TYIIMPHINTa capdiamm
MYMKHH, HaTIKaJa KPHUCTALT Mamkapa OapKapopiurd (MHKPOKATTUKIWK) opTaad, Oy ¥3 HaBOarmma
ANEKTPOPHU3HUK XOCCATAPHUHT Y3rapHIIuTa OJTM0 Keslaau. AWHN nalT/aa poIuid OMiTaH JerHpIlaHTaH P-THILTA
KPEMHHUI/Ia 3apsi/i TallyBUHIIap XapakaTyaHJIUTHHU JIEKTPOHIAp HypJIaHTUPHUII J103acura OOFJIHK Tap3za
Oup Tekuc Kamaiimbd OOpHIIM KHPHIIMAIM HYKCOHHMHI paJMalMs TabCHpPHIa FOKOpU Japaxasa
OapaonuTIMIruAaH Aapak Oepaau. Xap WKKajda THIJIATH HaMyHalapAa SJEKTPOHJIap OKHUMHIA
HYPJIAHTHPHII KPEMHUH MOHOKPUCTAJUIMHUHT MUKPOKATTUKIMTHHUHT Y3TrapuIly OUP>KUHCIIN OYIMaCIuTH
Kypcatub Oepuiam.
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A BINARY DUMBBELL VISIBLE LIGHT DRIVEN PHOTOCATALYST FOR
SIMULTANEOUS HYDROGEN PRODUCTION WITH THE SELECTIVE OXIDATION
OF BENZYL ALCOHOL TO BENZALDEHYDE
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Abstract:

Photocatalytic H, production with selective oxidation of organic moieties is a fascinating reach area.
However, rational design of photocatalysts and photocatalytic performance is still inadequate. In this work,
we efficiently synthesized the MoS; tipped CdS NWSs photocatalyst using soft templates via the two-step
hydrothermal method for efficient H, production with selective oxidation of benzyl alcohol (BO) under
visible light illumination. The optimized MoS; tipped CdS (20% MoS,) photocatalyst exhibits the highest
photocatalytic H, production efficiency of 13.55 mmol g h™* with 99% selective oxidation of BO. The
directional loading of MoS; at the tips of CdS NWs is the key factor toward superior H; production with
99% selective oxidation of BO. The amazing enhancement in the photocatalytic performance and selectivity
of optimized photocatalyst is due to the spatial separation of their photoexcited charge carriers through the
Schottky junction. Moreover, the unique structure of MoS; flower at the tip of 1D CdS NWs offers separate
active sites for adsorption and surface reactions such as H, production at the MoS; flower and selective
oxidation of BO at the stem of CdS NWs. This rational design of photocatalyst could be an inspiring work
for the further development of efficient photocatalytic system for H, production with selective oxidation of
BO.

Acknowledgement:

This study was partially supported by my PhD supervisor Prof. Jinlong Zhang at East China
University of Science and Technology, Shanghai 200237, China and postdoc supervisor Prof. Kobe Man
Chung Tang at Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen,
Guangdong 518055, China.

187




International Conference “Fundamental and Applied Problems of Modern Physics”, October 19-21, 2023

METAL/SUPERCONDUCTOR-INSULATOR TRANSITIONS AND RELATED EFFECTS
ON HIGH-Tc SUPERCONDUCTIVITY IN HOLE-DOPED CUPRATES
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transition, Suppression and enhancement of high-T. superconductivity.

The parent undoped copper oxides (cuprates) are charge-transfer (CT)-type Mott-Hubbard
insulators [1,2]. Therefore, the Mott-Hubbard model is believed to be suitable for describing the metal-
insulator transition in undoped cuprates but not in doped cuprates [2,3]. Because the doped cuprates are
much more complex systems [1,2,4], than the Mott-Hubbard insulators and are unusual insulators, metals
and superconductors in the intermediate doping regime. For example, the high-T. cuprates in underdoped
and optimally doped regimes share the intriguing insulating, metallic and superconducting properties, which
cannot be understood within the theories of metal-insulator transitions based on the Mott-Hubbard and
Anderson models (see Ref.[3]) and the Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity [5].
Therefore, interest in metal-insulator and superconductor-insulator transitions in doped cuprates has
increased with the development of the physics of these high-T. cuprate superconductors [1,2,6-8]. One can
anticipate that many anomalies in the superconducting properties of high-T. cuprates observed in
underdoped and optimally doped regimes are closely related to metal/superconductor-insulator transitions,
phase separation and coexisting superconducting and insulating phases [6-11]. Despite considerable
theoretical effort (see Refs. [1,2,4,6-8,12]), the understanding of the metal/superconductor-insulator
transitions in doped cuprates and unusual behaviors of the underdoped and optimally doped cuprates in their
superconducting state is still far from satisfactory. In particular, the evolution of the
metallic/superconducting and insulating phases and the reasons of the suppression and enhancement of high-
T. superconductivity in these materials remain yet open questions.

In this work, we study the metal/superconductor-insulator transitions in doped cuprates driven by
the strong electron-phonon interaction, which results in the localization of charge carriers and the formation
of polarons. Since the most profound effect of strong electron-phonon interaction resulting in the polaron
formation in doped copper oxides (cuprates) is the localization of the doped charge carriers (holes)
transforming a metallic system into an insulator. If the cuprate system is a superconductor, then the strong
polaronic effect can induce a transition from a superconducting into an insulating state. We show that the
metal/superconductor-insulator transitions in doped high-T. cuprates occur in a wide doping range from
underdoped to overdoped regime and are accompanied by the multiphase separation.

We then examine the possibility of the coexistence of superconducting and insulating phases in
doped cuprates and find that the competing superconducting and insulating phase can coexist in underdoped
and optimally doped high-T. cuprates. We reveal the possible detrimental and beneficial effects of the
polaron (or charge-density-wave) transition and the evolution of the competing superconducting and
insulating phases from underdoped to overdoped regime on the superconducting properties (i.e. critical
values of the superconducting transition temperature T¢) of high-T. cuprates and find that the radiation
defects (e.g. anion vacancies) in the cuprates may strongly affect on T. and enhance high-T
superconductivity. We argue that the critical temperature of the superconducting transition T. in these
unconventional superconductors is determined properly according to the theory of Bose-liquid
superconductivity, since the well-known BCS-like theories of Fermi-liquid superconductivity are incapable
of predicting the actual Tc in high-T. cuprates.

In doped high-T. cuprates the attractive hole-lattice interaction is strong enough to overcome the
Coulomb repulsion between two polaronic carriers [13] and Cooper pairing of these carriers results in the
formation of tightly-bound Cooper pairs. The treatment of such Copper pairs as composite bosons has been
justified and the issue of the validity of the theory of Bose-liquid superconductivity proposed as a description
of superconducting transition is now well established [13].
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According to our model of metal/superconductor-insulator transitions in doped cuprates, the
insulating regions (or stripes) in underdoped cuprates are gradually narrowed with increasing doping and
persist even as small islands in optimally cuprates and finally disappear in slightly overdoped cuprates. In
this more realistic picture, only Cooper pairs residing in metallic regions condense in a Bose superfluid
below T. and are involved in high-T. superconductivity, while the other Cooper pairs progressively become
localized in carrier-poor regions due to transition from a superconducting phase to an insulating phase (see
Ref.[13]) and therefore, they do not make the contribution to superconductivity. Therefore, a marked
suppression of superconductivity will occur in underdoped cuprates due to a more stronger polaronic effect
and an increase of the insulating volume fraction at the expense of the superconducting volume fraction.
The strong electron-phonon interactions in the cuprates also give rise to the CDWs which hinder high-T.
superconductivity in underdoped cuprates. Since the formation of CDWs is also accompanied by the polaron
formation. The results presented in Ref. [13] give evidence that the polaronic and CDW effects weaken with
increasing doping towards overdoped regime. As a consequence, the superconductivity is strongly enhanced
in optimally doped regime. Further, the irradiation-induced disorders (i.e. lattice defects) in the cuprates
may strongly affect on T. and enhance superconductivity, since the anion vacancy-enhanced Coulomb
repulsion hinders the polaron formation. Actually, it has been found experimentally that disorder created in
the cuprate superconductor Laj gzsBao12sCuQ4 by proton irradiation increases the superconducting critical
temperature T¢ by 50 % while suppressing the CDW state [14].
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The discovery of superconductivity in the La —based ceramic copper oxide (cuprate) material at a
temperature of about 35K [1] and the dramatic increase of the critical temperature T, of the
superconducting transition in other discovered Y —, Bi — and Hg —based cuprate superconductors to above
90 K [2], 110 K [3] and 130 K [4] ushered in the era of high-T, superconductivity. Further, there has been
considerable interest in the increase of T, in some families of cuprate superconductors to a maximum value
at different applied pressures [5-7] and the record values of T, = 153 — 164 K reported for these materials
are remained still unchanged. So far, room-temperature superconductivity was not observed in high-T,
cuprate materials even under pressures. Recently, the new so-called high-T, hydrides T, < 290 K have been
synthesized at high pressures [8,9]. However, room temperature superconductors discovered at high
pressures will not have a wide-range practicle applications. Therefore, in the last decade, new attempts were
made to synthesize the promising ceramic cuprate superconductors with the highest critical superconducting
transition temperatures T, = 180 K at ambient (atmospheric) pressure by using more advanced technology
[10,11]. These ceramic high-T, materials may present an alternative path to realizing room-temperature
superconductivity at atmospheric pressure. Still, most researchers trying to find the new high- T,
superconductors make predictions on the basic of the Bardeen-Cooper-Schrieffer (BCS)-like and Migdal-
Eliashberg theories of Fermi-liquid superconductivity regarding the possibility of increasing the critical
temperature up to room temperature (see Ref.[8]). However, the high-T, cuprates undergoing a A —like
superconducting transition at T, [12] just like A —transition in liquid “He can be in the regime of Bose-liquid
superconductivity [13] and the BCS-like theories are incapable of predicting the actual T, in such
unconventional superconductors.

In this work, we study the possibility of realizing room-temperature superconductivity in the two-
dimensional (2D) domains within the new Bi/Pb—based ceramic cuprate superconductors, which consist of
three-dimensional (3D) and 2D superconducting domains. We argue that the relevant charge carriers in
doped cuprates are large polarons and their Cooper pairing results in the formation of tightly-bound
(bosonic) pairs. We show that such Cooper pairs in high-T. cuprates condense below certain critical
temperatures into 3D and 2D superfluids in 3D and 2D domains. In so doing, we can determine the actual
superconducting transition temperatures in 3D and 2D systems from the integral equations of 3D and 2D
Bose superfluids presented in Ref.[14]. For 3D systems, the approximate analytical solutions of the integral
equations of a 3D Bose superfluid are obtained and the analytical expression for bulk T, in high-T,. cuprates
is obtained at the intermediate interboson coupling constant y5 = 0.3. For 2D systems, the analytical
solutions of the integral equations of a 2D Bose superfluid are obtained at arbitrary yz and the analytical
expression for the critical temperature superconducting transition temperature T.2P in 2D domains within
the ceramic cuprate materials is obtained [14].

We have used the expressions for T, = T3P and T2P to examine the possibility of the existence of
distinct 3D and 2D superconducting phases in ceramic cuprate superconductors and to predict the existence
of two distinctly different regimes of high-T,. superconductivity and the possibility of 2D room-temperature
superconductivity emerging in the 3D-2D crossover region within these high-T,. materials. For ceramic
high-T, cuprate superconductors, we estimate T, and T2P by assuming that the mass m,, of polaronic
carriers in 3D domains is of the order of 2m,, [15] (where m,, is the free electron mass) and in 2D domains
will be larger than 2m,. In these materials, noninteracting bosonic Cooper pairs have the mass mp = 2m,,
and only the interacting bosons with the renormalized mass mg > mp [14] can condense into Bose
superfluids at T < T, (in 3D domains) and T < T2P (in 2D domains).
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We show that the expected value of T.2P in the 3D-2D crossover region is much higher than the bulk
T, value. Therefore, the 3D superconductivity is destroyed above the bulk T,, but the 2D superconductivity
persists in 2D domains in ceramic cuprate materials well above the bulk T. It is natural to believe that many
grain boundaries parallel each other, interfaces and parallel multiplate blocks within the ceramic cuprate
superconductors synthesized by using advanced technologies represent the alternating 3D non-
superconducting/2D superconducting sandwich layers above the bulk T.. We have demonstrated that the
critical superconducting transition temperature in 2D layers of such new sandwiches can reach room
temperature at certain values of yz; = 0.75.

We confirm experimentally the above predictions of the theory of Bose-liquid superconductivity
regarding the possibility of emerging 2D room-temperature superconductivity within the ceramic high-T,
cuprate superconductors. We have succeeded in synthesizing Bi/Pb—based ceramic cuprate superconductors
Bi, 7Pbg ;ST,Cay_1Cu, 0, (Where n = 2 — 30) using the new melt technology in a large solar furnace (in
Parkent) with the highest critical temperatures of superconducting transitions reaching 395 — 310 K.
Samples of these new Bi/Pb—based cuprate superconductors contain many grain boundaries parallel to each
other, twin boundaries and interfaces in multiplate blocks and twinned domains (Fig.1).

Fig. 1. Lamellar microstructure of high-T, cuprate superconductor Bi/Pb (2:2:19:20) with the stack of many blocks [11].

Keywors: Bi/Pb-based ceramic cuprate superconductors, Three-dimensional (3D) and two-dimensional
(2D) superconducting domains, Bosonic Cooper pairs, 3D and 2D Bose superfluids, The new melt
technology, A large solar furnace, Grain boundaries, Interfaces, Multiplate blocks, the 3D-2D crossover
region, Bulk superconductivity, 2D room-temperature superconductivity.
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In conventional metals with weak electron-phonon coupling, the Cooper pairing of electrons and
Fermi-liquid superconductivity occur simultaneously at the critical temperature T, of the superconducting
transition and these phenomena are well described by the Bardeen-Cooper-Schrieffer (BCS) theory [1]. In
contrast, in doped copper oxide (cuprate) superconductors, the electron-phonon interaction is strong enough
and the origin of high-T, superconductivity in these polar materials remains still controversial [2, 3]. The
temperature-dependent superconducting proporties (in particular, the temperature dependences of superfluid
density and related magnetic field penetration depth) of high-T, cuprates are fundamentally different from
those of conventional superconductors and cannot be understood within the existing theories based on the
BCS-type condensation of weakly-bound (fermionic) Cooper pairs into a superfluid Fermi-liquid and on the
usual Bose-Einstein condensation (BEC) of tightly-bound (bosonic) Cooper pairs. The magnetic field
penetration depth in superconductors is usually called the London penetration depth A, [4] and temperature-
dependent because, it depends on the density pg of superfluid carriers [3], which decreases with increasing
temperature T. The superfluid density p; and London penetration depth 4, are the intrinsic parameters of
superconductors closely connected with the mechanism of their superconductivity. The temperature
dependences of pg and A; in superconductors are sensitive to the form of the quasipartical excitation
spectrum, which depends on the fermionic or bosonic nature of Cooper pairs. In particular, the London
penetration depth A, has an exponential temperature dependence in the superconductor if the quasiparticle
excitation spectrum has a finite energy gap, while it has a power-law temperature dependence if the
excitation spectrum of quasiparticles is gapless in the superconductor.

For a long time, the different BCS-like theories of Fermi-liquid superconductivity are often used to
describe the phenomenon of superconductivity in doped high-T, cuprates. However, the origins of many
anomalies in the superconducting properties of high-T, cuprates have not been well understood yet within
the existing theories based on the BCS-like models or the usual BEC models of an ideal Bose gas [3].
Actually, it is found experimentally that the temperature dependences of A, in high-T, cuprates at low
temperatures T < 0,4T, and relatively high temperatures 0,4T, < T < T, do not follow the predictions of
BCS-like theories (see, e.g, Ref. [5]). Some other experimental results for A; in Y-based cuprate
superconductor YBa;CusOv-s (see Fig. 3 in Ref. [6]) are also essentially at variance with the exponential
temperature dependence of A, (T) predicted by the BCS theory. The doped high-T, cuprates exhibiting a 1-
like anomaly in the specific heat near T, and other anomalies (e. g, pronounced anomalies in p¢(T) and
A, (T) at a temperature somewhat below T, or far below T,.) in the superconducting state are believed to be
unconventional (bosonic) superconductors and superfluid Bose systems. Therefore, the BCS-like theories
of Fermi-liquid superconductivity and the usual BEC model of an ideal Bose gas are incapable of describing
the anomalous temperature dependences of the superfluid density p,(T) and the London penetration depth
A, (T) in these unconventional superconductors.

In this work, we study the unusual temperature dependences of the superfluid density p,(T) and
magnetic field penetration depth A, (T) in high-T, cuprate superconductors YBa,CuzO-.;. We examine the
validity of an alternative theory of high-T, superconductivity in these materials based on the new types of
condensation of bosonic Cooper pairs into a Bose superfluid and find out the origins of anomalies in the
temperature dependences of po(T) and A, (T) in YBa,Cu30¢ 9, and Y Ba, Cus;0,. We demonstrate that the
distinctive exponential temperature dependence of A,(T) at temperatures somewhat below T, and the
power-law temperature dependence of A, (T) at low temperatures in the cuprate superconductors are direct
consequences of the theory of three-dimensional (3D) Bose-liquid superconductivity. We argue that the
doped hole carriers in a polar crystal of the cuprates interact with lattice vibrations (phonons) [7, 8] and they
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are self-trapped just like self-trapping holes in ionic crystals of alkali halides [9, 10]. In doped high-T,
cuprates the attractive hole-lattice interaction is strong enough to overcome the Coulomb repulsion between
two self-trapped (polaronic) carriers [11] and the Cooper pairing of such carriers results in the formation of
tightly-bound Cooper pairs [12], which behave like bosons just like He* atoms and condense into a 3D Bose
superfluid [11, 13]. Therefore, we assume that the Bose-liquid superconductivity is realized in high-T,
cuprates in which the quasiparticle excitations characteristic of a superfluid Bose-liquid result into the
distinctive non-BCS temperature dependences of p,(T) and A, (T).

According to the theory of the 3D Bose superfluid [11], the quasiparticle excitation spectrum Eg(k, T)

has a finite energy gap A, (T) = iz (T) — A% (T) when the interboson coupling constant y; is larger than
a certain critical value yg [11]. At y5 < yg the energy gap in Ez(k, T) vanishes below a characteristic
temperature T, whichiscloseto T, (i.e. T, < T.) at yg < 1 and is much lower than T, at yz < 1 [11]. The
gapped and gapless excitation spectra Eg(k, T) of a 3D superfluid Bose-liquid result in the distinctive
exponential and power-law temperature dependences of the superfluid density ps(T) and magnetic field
penetration depth A, (T) high-T, cuprates.

We have shown that the theory of a 3D Bose-liquid superconductivity in high-T, cuprates is better
consistent with the experimental data on the magnetic field penetration depth and the superfluid density and
predicts the distinctive exponential and power-law temperature dependences of A, (T)~ 1/4/ps(T) in the
temperature ranges T, < T < T, and 0 < T < T/, respectively. Thus, various experiments on the London

penetration depth A,(T) and the superfluid density py(T)~1//A2(T) in Y -based high- T, cuprate
superconductors [14,15] lend support for the validity of the theory of 3D Bose-liquid superconductivity.

Keywords: High- T, cuprate superconductors, Bosonic Cooper pairs, Three-dimensional Bose
superfluid, Bose-liquid superconductivity, Temperature-dependent magnetic field penetration depth and
superfluid density, Unusual exponential and power-law temperature dependences.
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Abstract

The emission spectra of quantum-well CdSe/ZnSe heterostructures with quantum dots were
determined by an optical method. CdSe/ZnSe heterostructures with quantum dots were grown at different
temperatures; therefore, surface and deep-level minibands corresponding to the compositions of the
structure were determined in the emission spectra. In the photoluminescence spectra, the shift of the
radiative spectra is determined depending on the temperature of the grown quantum-size structures.

Keywords. Photoluminescence, photo reflections, quantum dot, relaxation.
Introduction

In the recent decade, the processes of quantum dot (QD) formation in CdSe/ZnSe heterostructures
grown by molecular beam epitaxy (MBE) as well as their structural, optical and luminescent properties have
been extensively studied [1-4]. In particular, it was found that self-organization of CdSe QDs via Stranski-
Krastanow growth mode is hindered by cadmium segregation [5, 6] and Cd/Zn interdiffusion [2, 7, 8]. It
was shown that because of significant intermixing of CdSe and ZnSe layers a CdSe sheet transforms into
cadmium enriched CdZnSe QDs of different sizes buried into 3-4 nm thick two-dimensional CdZnSe
wetting layer [2, 4, 7]. The peculiarities of structural properties of epitaxial CdSe/ZnSe QD heterostructures
determine their optical and luminescent characteristics in many respects [1, 3, 4].An interest to CdSe QDs
grown by MBE was stimulated by their potential application in optoelectronic devices, in particular in green
laser diodes instead of CdZnSe quantum wells (QWSs). Green laser diodes based on 11-VI compound low-
dimensional structures are still of interest because of both absence of commercially available alternatives
and high demands for such devices. Specifically, they can be a new light source for plastic optical fibres
with PMMA, compact full colour projector screens, laser TV projectors, etc. The first injection lasers and
optically pumped lasers that used the sheets with CdSe QDs as an active media demonstrated several
advantages over QW-based devices, namely a reduced threshold for optical pumping and higher degradation
stability. Heterostructures with CdSe QDs were found to be more stable against photo-degradation as
compared to CdZnSe QWs. These advantages were explained by effective localization of carriers in QDs
that hinders their diffusion to relaxed QDs and other regions where carriers can recombine nonradiatively
and stimulate defect multiplication in the active region. However, degradation processes in CdSe QD
heterostructures have not been studied in details. In particular, the peculiarities of Cd/Zn interdiffusion
stimulated by external influences in asgrown CdSe QD heterostructures have not been studied at all. At the
same time, it is known that degradation of light-emitting devices based on CdZnSe QWs is accompanied
not only by noticeable reduction of QW emission caused by dislocation multiplication in active region, but
also by the shift of QW emission band towards high energy spectral region (blue shift) due to Cd/Zn
interdiffusion across QW heterointerface. Study of the processes of Cd/Zn interdiffusion in
CdzZnSe/Zn(S)Se QW heterostructures by applying thermal annealing revealed that diffusion of Cd from the
QW is governed by column Il vacancies (VZnor VCd) and the diffusion coefficient of Cd can be varied by
about two orders of magnitude by varying the concentration of column Il vacancies. [9-10]. It was shown
also that intermixing of the materials of QW and the barriers under thermal annealing occurs via the
vacancies generated at the surface of the sample and diffuse into the structure. In addition, we have found
earlier in CdSe/ZnSe QD heterostructures that column 11 vacancies during the growth gather in the CdSe
layers and influence significantly the QD selforganization process up to its full suppression. It can be
supposed that presence of the vacancies in the wetting layer will influence degradation of QD luminescent
characteristics, too.
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In this paper, we report photoluminescence (PL) study of CdSe/ZnSe QD heterostructure subjected
to thermal annealing with the aim to find a method for improvement of QD luminescent characteristics and
to obtain additional information about their degradation connected with Cd/Zn interdiffusion.

Experimental details

The studied structure was grown on (001) GaAs substrate by MBE and contained 250-nm thick ZnSe
buffer layer, 12 vertically stacked CdSe inserts separated by ZnSe spacers of about 15 nm thickness and
150-nm thick ZnSe cap layer. Nominal thickness of CdSe inserts was 5 monolayers. The growth rate was 5
nm/min. The growth temperature was 280 °C for ZnSe buffer layer and 230 °C for the rest of ZnSe layers
as well as for CdSe layers. To stimulate QD formation, after the deposition of each CdSe layer the Cd beam
was blocked, and the structure was heated up to 340 °C and then cooled down to 230 °C under Se flux. The
duration of both steps was 4 min. The reflection high-energy electron diffraction(RHEED) was used for in
situ control of threedimensional island formation.The PL signal was dispersed using a prism spectrometer
(when the PL was excited by the light of a halogen lamp) or a grating spectrometer (when the PL was excited
by the light of an Hg-lamp) and collected by photoelectronic multiplier.Samples cut from wafer were
thermally treated for 15 min at 200, 220, 270, 300, 335, 370 and 430°C in nitrogen ambient to avoid surface
oxidation.

Experimental results

The PL spectrum of the as-grown sample is shown in Fig. 1a (curve 1). In the spectrum, the band lop
peaking at 544 nm (2.277 eV) and caused by radiative recombination of excitons in QDs dominates. The
full width at a half maximum (FWHM) of this band is ~100 meV and is related with dispersion of QDs both
in composition and in size. In the PL spectrum, a defect related band Ip peaking at 670 nm (1.844 eV) and
of ~300 meV FWHM is also present. The intensity ofID band is more than 10 times lower than that of oo
band. Fig. 1a also shows the excitation spectra of both the QD and defect related bands (curves 2 and 3,
correspondingly). The excitation spectrum of Iop band was detected in the low energy tail of the band, while
the excitation spectrum of Ip band was measured in the band maximum. In the spectra, in addition to the
region caused by absorption of excitation light in ZnSe layers (A=445 nm) two peaks can be distinguished:
(i) the peak WL ~505 nm (2.455¢V), and (ii) the peak Xa ~470 nm (2.638 eV). Our previous investigations
of similar multistack QD structures have shown that the peak WL is caused by ground state heavy-hole-like
exciton absorption in the wetting layer, while the peak X can be ascribed to ground state light-hole-like
exciton absorption in the wetting layer. We have found earlier the linear dependence of the Ip band
maximum position versus the spectral position of WL peak in I band excitation spectra. Approximation of
this dependence to the value of the ZnSe energy gap revealed that Ip band is caused by defect complex
including column Il vacancy and shallow donor. Thus, the excitation spectra of Ip band indicate the presence
of column Il vacancies in the wetting layer of the as-grown sample. The changes introduced to the PL and
PL excitation spectra by thermal treatment at 270, 300 and 370 °C are also depicted in Fig. 1b, ¢ and d,
correspondingly. Fig. 1b shows that annealing at 270 °C results in a noticeable increase in the intensity of
both the PL bands and in no change of their spectral position and excitation spectra. However, in the sample
annealed at 300 °C the Ip band intensity stops growing, while the intensity of 1QD band starts to decrease
(Fig. 1c). These are accompanied by the shift to shorter wavelengths of the spectral position of the Ip band
maximum and the decrease of WL peak intensity in its excitation spectrum. At the same time, no change is
found in the excitation spectrum of the Igp band.
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Fig. 1.PL (curves 1) and excitation spectra of Iqp band (curves 2) and of Ip band (curves 3) of the as-grown sample (a)
and of the sample annealed at 270 (b), 300 (c) and 370°C (d).

In the sample subjected to thermal annealing at 370 °C, the intensity of both PL bands decreases and
their spectral position shifts to shorter wavelengths (blue shift) (Fig. 1d). The excitation spectrum of lop
band still does not change, but in the excitation spectrum of Ip band the intensity of WL peak keeps
decreasing. Thus, the post-growth thermal treatment of CdSe/ZnSe QD heterostructures results in changes
in the PL intensity (at first the increase and then the decrease) and in the shift of PL band position to the
high-energy spectral region (blue shift). The increase of the PL intensity is observed at low annealing
temperatures (Tan~270°C) and is not accompanied by any change in the spectral position of PL bands or in
their excitation spectra. The effect of PL intensity increase has been found earlier in CdZnSe/ZnSe QW
heterostructures subjected to postgrowth thermal annealing at 250-700 OC and explained by interfacial
smoothing resulting from the small-scale lateral diffusion. The increase in the intensity of QW luminescence
band was observed without any changes in its spectral position or with a noticeable blue shift. A similar
effect was also found in the InGaAs/GaAs heterostructures with QWs or QDs subjected to thermal treatment
and was ascribed to QW interface smoothing or nonradiative defect annealing. We suppose that the increase
in intensities of both lop and Ip bands is the result of the annealing of as-grown defects (point defects, for
example) that act as the centers of nonradiative recombination and are located in different layers of
heterostructure. The decrease in intensity of both PL bands observed at higher temperatures (Tann>270-
3350C) is probably caused by generation of the centers of nonradiative recombination under thermal
treatment. In particular, it can be due to multiplication of extended defects (dislocations) nearby the stacking
faults at ZnSe buffer layer/GaAs substrate interface and their following growing into the active layers (QD
layers). It was proposed earlier to explain both quenching of CdZnSe QW emission after rapid thermal
annealing treatment and rapid degradation of blue-green laser diodes based on CdZnSe QWSs. However, the
only rise of nonradiative defect concentration in the result of annealing can not explain different rates of the
decrease of the Iop and Ip band intensities. As it was mentioned above, quenching of the QD emission occurs
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much sharply than that of defectrelated band. This can be due to the increase of concentration of defects
giving rise to Ip band and/or the decrease of QD concentration. Of the two mechanisms, the former can be
realized if column Il vacancies are generated during annealing at the surface of the sample and then diffuse
into the structure as it was observed. This explanation agrees with the blue shift of ID band position and the
decrease of WL peak in its excitation spectra. Both of these are observed in the same range of annealing
temperatures (Tan=300-335°C) and are very likely caused by the increase of contribution of emission of
vacancy-related defects localized in the ZnSe layers to the Ip band (Fig. 1c, d). At the same time, the blue
shift of defect-related band is accompanied by the increase of its FWHM, which in the sample annealed at
430°C is 1.5 times larger than that in the as-grown one. In addition, the WLpeak decreases but not disappears
in the ID band excitation spectrum upon nnealing. These indicate that even after thermal treatment at 430
0C the Ip band emains mutlicomponent and the contribution of defects localized in the wetting ayers to the
Io band is large enough. The data obtained imply that the total concentration of column Il vacancies increases
in the structure.

Conclusions

In conclusion, we have found that post-growth thermal treatment of CdSe/ZnSe QD heterostructures
influences the QD luminescence intensity and results in up to 100 meV blue shift of the QD luminescence
band position. It is revealed that annealing of the samples at temperatures up to 270°C allows raising the
QD luminescence intensity by 2 to 3 times with no changes in other QD luminescent characteristics. The
effect is supposed to be due to annealing of as-grown centers of nonradiative recombination. The blue shift
occurs at annealing temperatures of 370-430°C concurrently with the decrease in the QD luminescence
intensity and is not accompanied by the changes in the energy of the ground state excitonic transition in the
wetting layer. This effect is ascribed to strain-enhanced lateral Cd/Zn interdiffusion in the QD layers through
the vacancies generated during the growth of the structure.
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AHHOTANUA

B oannoii pabome nposedena uuciennas u aHAIUMU4eCKas U3V4eHUs IHePeemudecKo2o CneKmpa
9/1eKMPOHA 8 KBAHMOBOU AMe MHO2OCIOUHbIX 2emepocmpykmyp. bvina uszyuena 3asucumocms yposmeii
9Hepeuu om moawjunsl cioa INAS, ecmaeiennoeo medxncoy cemepomysyromamu. B moderu beckoneurno
2nyOOKoU  sAMbl  noiyuena avarumudeckas gopmyna 3asucumocmu En(b). Hatidennas 6 mooenu
napaboIudeckux 30H 3a8UCUMOCHb IHepeemudeckux yposnei om moawunsvl b nanocnos INAs oxasanacw
CULHOUL U CIOJCHOU. B MoOdenu Henapabonruueckux 301 U3-3a pocma Maccol 31eKmpoHa no SHepeUU Yucio
SHEpP2eMUUECKUX YPOBHEN 8 AMe Y8enuuunocs, a sagucumocmu Eqn(b) 3amemmno nooasnensi.

KuaroueBbie ciioBa: Kanrosas sima, [IpoctpanctBennas kBantoBanus, INAS, AlAs/In,Gas.
«As/AlAs, Hanocoii, Hemapabonu4nast aucrepcust

B rerepoctpykrype AlAs/InGaixAs/AlAs (0 < X <1) obpasyercs mpoctas 0JMHOYHAs KBAHTOBAs
sima. Ho eciin momecTut ToHKMiA HaHocoi INAS BHYTpH ciiost INyGaixAS, TO OH CO3/1aeT TOMOTHUTETbHYO
MOTCHLIUANBHYIO MYy I 3JCKTpOHOB. B pabore [1] 3KCIEpUMMEHTAIBHO H3y4YeHbI XapaKTEPUCTHKH
pe3oHaHcHO-TyHHEeNnbHOro nuoaa (RTD) Ha ocHoBe retopoctpyktypbl AlAs/InyGaixAs/AIAS (nipoctas
kBanToBas ama) u AlAS/InyGai-xAs/INAs/InyGai-xAS/AlAS (cioxHas KBaHTOBas sMa)

B nanHOit paboTe U3y4aroTCst IPUPO/IbI SHEPIeTHIECKUX YPOBHEH JJIEKTPOHA B CIIOKHOI KBAaHTOBOI
sme rerepoctpyktyp AlAS/INGaixAS/INAs/InkGar«AS/AIAS, obcyxaeHHbix B padotax [1,2] ¢ yderom
HerapaOOoIIMYHOCTH 30HBI MPOBOAUMOCTH. OmpeneseHbl 3aBUCHMOCTH JHEPreTHYECKHX YPOBHEH OT
TonmuHbl cnosi INAS En(b) Pesysnbrarsl moydeHs! YuCICHHO U TpecTaBieHbl B rpadukax. O6cyxmaercs
poJIb HEenapabOIMIHOCTH 30HBI TIPOBOMMOCTH B 3aBHCUMOCTSIX En(D)
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Puc.2. 3agucumocmu suepeemuneckux yposueii snekmpona om wupunst cios INAS, En(b/L) npu ¢uxcuposannom snauenuu
L=3,64 nm. LLImpuxosvie nunuu omHocamcs Kk napadoruieckon Mooeau, CRIOuIHble TUHUU — HenapaboauyecKol Mooenu 30Hbl
npPoBOOUMOCHU.
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CONCENTRATION OF SIMULTANEOUSLY DOPED GALLIUM AND ANTIMONTY
IMPURITY ATOMS IN SILICON
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Tashkent state technical university, Uzbekistan, 100095, University St, 2, Tashkent, Uzbekistan, *E-mail:
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Abstract

In this work, the distribution of impurity atoms in a silicon sample doped with Ga and Sb impurity
atoms was theoretically considered. Theoretical calculations were made using MathCad 15 software.
This work is scientifically and practically important in predicting experimental results and increasing
the reliability of results.

Key words: Ga, Sb, Si, diffusion, MathCad 15, simultaneously
1. Introduction

The main sources of energy for the production of electricity are recognized as unsustainable. For
example, the burning of fossil fuels (coal, oil, and natural gas) releases large amounts of CO; into the
atmosphere, causing serious climate problems such as global warming, rising sea levels, and changes in
precipitation. Nuclear power plants are more environmentally friendly (zero CO, emissions). However,
these plants can become extremely dangerous if they are not operated safely, as in the case of the Chernobyl
disaster in 1986, or in the event of natural disasters such as Fukushima. For the reasons mentioned above, it
is very important to use more clean and renewable energy sources. The above problems can be solved by
converting renewable energy sources, especially solar energy into electricity. Solar energy is directly
converted into electricity through the photovoltaic (PV) effect, which was discovered and demonstrated by
Nobel laureate Henri Becquerel [1-4].

Solar panels are traditionally divided into three different generations: silicon-based solar panels, thin-
film solar panels, and nano-crystalline material-based solar panels. The inability to control the main
parameters of silicon, such as its mobility, forbidden field energy, energy zone structure, limits its
capabilities. But silicon makes up 26-27% of the earth's composition, besides, the technology of obtaining
silicon used in industry is cheaper and more widespread than the technology of obtaining other
semiconductor materials. Therefore, silicon is still the leading semiconductor material used in electronics
and solar panel production. Therefore, scientific research is being conducted both theoretically and
practically all over the world to control the main parameters of silicon and to increase the efficiency of
silicon solar panels.

2. Theoretical calculations

In the work of authors Ahmad Mostafa and Mamoun Medraj [Binary Phase Diagrams and
Thermodynamic Properties of Silicon and Essential Doping Elements (Al, As, B, Bi, Ga, In, N, P, Sh and
TI)], the diffusion parameters of gallium and antimony elements in silicon ‘shown.

D = Al ) [%} O

here, A is a quantity equal to the diffusion coefficient when the temperature is infinite; B-activation energy;
Di-diffusion coefficient.

Table 1. Diffusion parameters of group 111 and V elements in silicon.

Elements Al As B Bi Ga In N P Sb TI
A 0.317 8.85 3.79 1.08 3.81 3.13 200000 1.03 40.9 1.37
B -3.023 -3.97 -3.645 -3.85 -3.552 | -3.668 -3.24 -3.507 | -4.158 -3.7

Table 1 and equation (1) can be used to calculate the diffusion coefficient at a certain temperature.

200



mailto:bobir6422isakov@gmail.com

Meswcoynapoonas kongpepenyus « Qynoamenmanvhule 1 nPUKIaonsle npooiemvl cogpemennoi gusuku»  19-21
oxmsbps 2023 2.

1x10”

—

13

1x10

DGa(Tg) 1x107 %

DSb(Td) 1x10” 7
1x10” 0
_21/
1x10
3 3 3
800 1x10 1.2x10 1.4x10

Td
Fig. 1. Graph of diffusion coefficients of gallium and antimony elements as a function of temperature.

The graph of the dependence of the concentration of elements on the depth of penetration is
determined using the following equation (2):

X
C(x)=C, 'erfctm] 2

here is C(x) — the concentration of the element, CO — the maximum solubility of the element in silicon, x

— is the penetration depth, D(T) — the diffusion coefficient, and t — the diffusion time.

The maximum solubility of gallium and antimony elements in silicon can be determined using the
following graph [5-6]:
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Fig. 2. Graph of the temperature dependence of the solubility of some impurity atoms in silicon.
Using Figure 2, we can construct Table 2 below.
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Table 2. Maximum solubility of Ga and Sb impurity atoms in silicon at a given temperature.

T,°C 1000 1050 1100 1150 1200 1250 1300
Sb 4 4+5 4+5 5+6 5+6 6 6+7

C, (x-10"), cm™
Ga 2+3 3+4 3+4 4 4 4 3+4

Using equations (1) and (2) and table 2, we can obtain the distribution of the concentrations of gallium
and antimony elements at temperatures of 1000+1300 °C during the same period of time (5 hours).
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Fig. 2. Depth distribution of concentrations of gallium and antimony atoms entering silicon simultaneously at
temperatures of 1000+1300 °C and during the same time (5 hours).
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3. Conclusion

Based on these calculated results, we can design experiments that we can conduct. The essence of
theoretical calculations and mathematical modeling of the diffusion process is that it reduces the number of
unnecessary experiments, helps us to achieve the result faster and easier, reduces energy consumption and
somewhat reduces costs.

In our future work, we will consider how well the experimental results confirm the theoretical
calculations.
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PYX BA OJTHHI'YT'YPT KHPUIIMA ATOMJIAPYA BUJIAH JIETHPJIAHT'AH
KPEMHUU MOHOKPUCTAJIJIMHU PEHTT'EH (XRD) TAXJIUJIN

C.A. Baniues” M.K. Xakky.si082 Ba lllakapos ®.K2.

LBenopyc-Y36exucmon gpuma mapmoknapapo amanuii-mexnux keanupuxayuanap uncmumymu, Kopamypm
kyuacu 1, Towxenm eunosmu, Ysbexucmon, *E-mail: siroj2@yandex.ru

2Hcnom Kapumos nomuoaeu Towxenm oasnam mexnuka ynusepcumemu, Towkenm, Y36exucmon

AHHOTAUA

Monoxkpucmann KpemHull Kpucmain nauxcapacuoa ZnS OUHap OUpUKMAIapHu X0oCui OVauul sHapaénu
xamoa ynapuune Pemwmeen (XRD) maxaununu onuwioa ypeauunean UIMUL HAMUNCANAD MAKOIA0Ad
xkeamupunou. Kpemnuii kxpucmann namdicapacuda xocun 6yrean ZnS ounap Oupuxmanapuune Cmpykmypa
mysunuuinapu Penmeen (XRD) maxaunu acocuda anuxianud 60unaneuy MOHOKPUCIAILL KPEMHUL 84 PyX
cynvuounune cgharepum xamoa GOPYUM KpUCmMaLl my3usuuiapuHute Moouguxayusnapu  y3apo
COMUUMUPUTIOU.

KanuT cy3aap: xpeMHuii, pyX, ONTHHTYTYpT, OuHap OupukMa, TudQy3us, peHTreH TaxJIUIH.

1. Kupum

SpuMyTKazruy MaTepUAJUIAPHUHT CUPTU Ba X@XMHJA KAPHIIMa aoOMIIAPHUHT OOLIKapWIIaWuTraH
HAaHO yi4aMmyii OWpPUKMAaJapuHU INAKJUIAHTUPUIN Ba KOHIEHTPAIMSCHHH OOIIKAPHII OOILIarFud
MaTepuaUIApHUHT acocuil (yHAaMeHTald IEKTPOMU3HK HapaMeTpliapiHNd MaKCaUId Y3TapTHPHII LTy
KYHHHUHT J073ap0 MyaMMmojapuaaH xucoOnaHamu. TapkuOuaa KUpHUIIMAa aTOMIIAPHUHT OHPHUKMAaIH
KJIacTepiiapu MaBxyJl Oyiran 06a3aBuii MaTepHATHHUHT 3JEKTPOMU3UK, (POTOITEKTPHK, ONTHK Ba KUMEBUIA
XYCYCHATIIApHHU YPTraHUII XaM/1a OJIMHTaH HaTYOKAJIApHH MIMUH HyKTau Ha3ap/IaH TaX W KHJIHII aCOCUIa
SPUMYTKA3TN4d MaTePHATHUHT 3JIEKTPODU3UK TapaMeTpiapy OONIIaHFY HAMYHAHUKUTa HUCOAaTaH TyO1aH
(dapk KuaauraH SHTY MaTepHaIapHH OJIMII MyMKHHJIMTH TYFPUCH/IA aCOCIaHTaH WIMHUH XyJoca KAJIUII
WMKOHUHHM Oepanu. by ¥3 HaBOaTH1a TapKrOWIa KHpHIIIMa aTOMJIApHUHT OWHAp OupHUKManapu OYIraH sHru
MaTepuauIapHH OJIUII Ba YJIAPHHUHT JICKTPOHHKA, ONITO3JIEKTPOHMKA Ba (POTOIHEPreTHKaIa KEeHT Kylanaa
SIHTU MIMKOHUSITIIapHU 0unb Oepanu [1-4].

2. TexHoJiorusi Ba OJIMHraH HATHW/KAITAPDHUHI TaXJIWJIA

Taxxpubanap y4yH 3JIEKTpOHUKa caHoatuia uiniatwiaauran KO®-100 mapkanu OolLiaHFyud
KpEMHUH HamyHajnapu TaHina0d onuHau. By Marepuwania KOJNAMK KHUCIOPOA aTOMJIAPUHHHT MHKJIOPH
No~7-10% cm™® um Tamxun kunau. Taxpubanap ydyH GoLIIaHFUY KDEMHHI HAMyHAIapH Talépiab oMMHIN.
MoHOKpuCTa KpeMHHUIIa OJITHHTYTYPT Ba PyX aTOMJIAPUHMHT ¥3ap0o OMPUKMACHHU XOCHJI KWIHII YUyH
oommanruy KD®-100 mapkanmum kpemuuii Hamynamapuy T=1250°C xapopartma t=10 coar maBommma
ONITMHTYTYPT KMPHMIIMA aTomyiapu Owian guddys3uon ycyiaa gerupianud, cyurpa T=1200°C xapoparaa
t=1 coar maBoMuAa PyX KHUpHUIIMAa aTOMJIApH Ta3 XonaTtuaaH Iuddysus ycyiaum OuWaH KpeMHHHra
KHPUTWIIH. ABBal OJNTHHTYTYPT CYHIpa PyX KHpHIIMa aroMjapd OwiaH KeTMa-KeT JIeTHpJIaHTaH
Tapkubuga ZnS GuHap GMpUKManap Mapxkyl KpeMHuii HamyHanapu 7=850+875°C xapopaT opanuruia
t=0.5+2 coar KymmMua XapopaTii UILUIOB Oepuiian. XapopaTiu UIuIoB Oepuirad TapkuOuaa ZnS GuHap
OupuKkManap MaBxyJl KpeMHHi HamyHanapuHuHr Penrren (XRD) taxjmnn Shimadzu koMOaHWsSCUHHHT
“XRD-6100” mapkanu PenTreH Hypiu nudpakToMeTp KypwiMmacu Epiaamuia ymdaHau. bomuranrudg
MOHOKPHUCTAJUI KPEMHUH, TO3a KPUCTAILT PyX CYIbQUIMHUHT challepuT Ba BIOPLUT KPUCTAIUT TY3UIHMLIATA
sra Oynran mMoanpuUKaUUsIapy xXaMmaa TaxpuOanapia onuHraH HamyHanap Pentren (XRD) rtaxmmiu
acocua YpraHwIAN Ba OJMHTAH HaTWXaap y3apo coaumtupminu (1-pacm).
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1.

1-pacm. Penmeen maxnuau Hamudxcanapu: a) mapkubuoa ZnS Ounap Oupuxmanap mMasxcyo KpemHuti MOHOKpucmaniy  6)
bownanzuy kpemnuii monokpucmannu (KO®-100) ¢) cpanepum xpucmann mysunumuoazu pyx cyis@uou 0) sopyum
KPUCMALl my3uauuoazu pyx cyio@uou.

PenTren taximim acocujia OJIMHTaH HATWKAJTAPHU WIMHUI YpraHuin acocuaa ZnS Ty3WINIIHIATH
OuHap OMpHKMalap MaBXyJ] MOHOKPHCTAIT KPeMHUHHUHT PEHTI€H TaxXJIuinuaary adiucca yku (2 theta) ra
Moc kenrad 1,2,3,6,7,8,10 uykkunapuHuHT KuiiMaTiapu (Mumtep nuaekcinapu- hK,1) 6onnranruy kpeMHanit
MOHOKPHUCTAJUIH, PyX CYIbQUINHUHT cajepuT Ba BIOPIUT MOAH(DUKAIMSIIAPUHAHT MIJUIED UHICKCIApU
(h,k,]) HuHr KHiiMaTIapura Moc Kenmaiinu. By HaTwKanapHU WIMHH TaxJIHIA acOCHAA XyJOca KUJIHII
MYMKHMHKH{, OMp BaKTHUHI ¥3UAa OJITUHTYTYPT Ba PyX KUPHIIMa aTOMJIApHUHMA KPEMHHITa ra3 XoJaTHIaH
muddysus yeynu Ounan KupuTranga ZnS saru OuHap OupukManap Xocui 0ynap skaH. PEeHTreH TaxJ eI
Yyprasuiiga oJMHraH HaMyHaJapHH Maxcyc KMMEBUH sputMa acocuza 0.1 MKM KaJIMHJIMKIAH KaTjlaMMa-
KaTiaM Onu0 TeKIIMPWIraH1a, KPEeMHUHHHMHI CHUpPTHra KaparaHjia cUpT OJJIM Kariamuaa ZnS OuHap
OMPUKMAaJApUHUHT KOHIIEHTPAIMSACH OKCIOHEHIMA KamMain® Oopumm Ba MablIyM UyKypiUKaa
OMpHUKMaNapHUHT KOHIIeHTparusacu d=15+20 MKM 4yKypJIMKIa KeCKUH KaMalUI aHUKJIAaH]IH.
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KWHETUKA HAKOILIEHUSI HOCUTEJIEN 3APSIIA ITPU TAMMA-OBJIYYEHUU B
HEATPOHHO-OBJYYEHHBIX JIETUPOBAHHBIX KPUCTAJJIAX LUAG:Pr

9. M. Uoparumosa u U. A. Xaiiutos”

Hucmumym soepnoti uzuxu AH, n. Ynyebex, Tawxenm, 100214, Vz6exucman *E-mail: haitov_094@bk.ru

ADCTpaKT

Buibop neopeanuueckux mamepuanos 0s nNPaKmMu4ecko2o NPUMeEHeHUst 1ubo 6 003umempax, 1ubo @
CYUHMUTISIMOPAX 3A8UCUM OM BPEMEHU JCUSHU Hocumeell 3apsi008, 3aX6aA4eHHbIX 8 T0GYUIKAX, UMEIOUUX
pasHvle dHepeemuueckue YposHu. [na odo3umempuu (nocie obayuenus) mpebyemcs 6biCOKAs
KOHYeHmpayus 21yO00oKux 108YuleK U ux cmadulbHOCMb NpU KOMHAMHOU meMnepamype, 4mo o3Havaem
OonbULOE 8PEeMSsL JHCUBHU DIEKMPOHO8 UIU ObIPOK 8 J08YWKAX. J{Isi CYUHMULISYUOHHBIX 0emeKmopos (8
npoyecce 061yuenis) HeobXoOuMbl ébicokuli ceemosbixod (10° - uucno uonoe/yenmpos smumupyrouux
Gomonvl / Ha 3Hepeuro 00HOU nadarowell uacmuywvl) u Ovicmpoodeticmeue (20 HC — epems mMucpayuu
Hocumerell 3apsaoa u 8pems 8viceeyusanus pomona yenmpom) [1].

Panee noxaszano 6 [2], umo obnyuenue ¢uioencamu Gvicmpuix neiimponos peaxmopa >10" cu
NPUBOOUM. K SHAYUMETLHOMY CHUNCeHUIO ceemosbixoda *Co eamma-nomunecyenyuu (I'71) 6 nonocax 310,
325 u 370 um npu 310 K & monoxpucmannax LusAlsO1z, axmusuposannwvix uonamu Pr¥* (LUAG:Pr) ¢
konyenmpayueti 0.22 mon% (1.2x10% mone™ wmu 0.6x10Y cn™), us-3a yeenuuenus romyemmpayuu
paoduayuonnvix degpekmos (>4x10Y cn'®), cesazannvix ¢ yenmpamu oxpacku ¢ xapaxmepHuiMu nOIOCAMUL
onmuueckoeo noznouwjenusi (OIl) 387 u 570 um. Taxum obpazom, KOIUYECMBO CO30AHHLIX NOBYUIEK
(snexkmpornos F* No(Caop) t Obipox Pr**) npeswviuaem konuvecmeo uznyuarowux uonog Pr**, umo sensemcs
NPUYUHOLL O2paHUYeHUs pecypca cyunmuniamopa guyencom netimponog 10 cu®. Ho 3amo smu noeyuxu
npu  YCl08UU UX BbICOKOU KOHYeHmpayuu u O0abol 2nyOuHbl Npuoaiom nepeooyyeHHoMy
CYUHMULTISIMOPHOMY MAMEPUATY HOBbLE CEOUCMEBA, He0bX00uMble 015 003UMempa.

Ienvro pabomul 161510CH onpedeneHue Muna J108YWKU ONMUMATLHOU OJIsL MEePMOTIOMUHECYEeHMHOU
0o3uMempul, KUHETMUKU UX HAKONIEHUs U ONycmowenus 6 necuposannvix kpucmaniax LUAG:Pr.

O6pasywl cnauana 6viiu obnyuenvt gryencom neiimpornos 107 cm? ons eenepayuu paduayuonnvix
degpexmos c konyenmpayueti 4x10™ ey samem obpazyvr omorcuzanu Ona onycmouenus 108yuex u nomom
obnyuanu *°Co camma xeanmamu (1.17 u 1.33 M>B) npu mowmocmu 0.064 Gy/cex (5.7x10% yxe/cm’c) 6
unmepeane 003 om om 6.4 00 70.4 Gy ons cenepayuu snekmpon-0vipounvix nap (om 5.76x10" cu oo
6.3x10" cv®) u 3acenenus umu nosywiex. C nomouplo mepmonOMUHECYCHMHO20 MEMOOd MOJICHO
oBHapyIICUMb HaTUYUe YeHMPOs pekombunayuu C npedenom uyecmeumensrocmu 10*/ca® [3], 0asce koeoa
oH npaxkmuuecku e guden 6 cnexkmpe OI1. Ilocne kadxicoot guluueykasanHol 003vl 2amma-ooayueHus Oviu
3apeaucmpupoganvl Kpusvie mepmosviceeuenus (TB) 6 unmepsane memnepamyp om 300 oo 605 K u
cnekmpwsl onmuyecko2o noenowerus (OI1).

Unmencusnocmo nuxoe TB 340, 445, 515 u 545 K 6vicmpo ysenuuusanraco ¢ pocmom 003bl 2amma
obnyuenus om 6.4 0o 70.4 Gy 6 coomeemcmeuu ¢ ux 3an0IHeHUeM HOCUMEISAMU 3apsa008, HO MeMRepamypbvl
nukoe TB ne usmensiomes. Coenacto [4] amo yxasvieaem Ha Kunemuky nepeoeo nopsoka npoyecca TB.

lanee 6vi1u usmepenvl kunemuxu zamyxanus nuxoe TB 340, 445, 515 u 545 K, umobwr usyuums
3aps008yI0 CMabUIbHOCb YeHMPOs 3axeama 60 epemst gvldepicku npu 305 K 6 meuenue 30 mun, 1, 3u 5
uacog 06pasyos, obIyueHHvIX 00unakosol dozou 50 Gy npu 310 K. Okaszanoce, umo moavko nux 340 K
samyxaem uepes 5 uac, a ocmanvhvie nuxu 445, 515 u 545 K noxazanu 3aps1006y10 cmabuibHoCmo 108y ULEK.
3amyxanue nuxa 340 K ceudemenbcmeyem o0 803MOICHOCHIU MYHHEIbHOU peKoMOUHayuu Hocumenel
3apsioa daxce npu 305 K [5,6]. Cmabunsuyro 108ywiKy, C6583aHHYIO € CAMbIM UHMEHCUBHbIM nukom TB 445
K, mooicho ucnoavzosame 0ns mepmonomutecyenmuoui oozumempuu (TJ1]]) evicoxo sanepeemuunvlx eamma
K8AHMO8, MAaK KaKk ¢ pocmom 003vl 0bayuenus om 6.4 0o 70.4 Gy ummencusHocms nuka MOHOMOHHO
yeenuuusaemcs u opma kpugou TB ne usmensiemces.

Ucnonv3ys panee onpedenienHble Hamu 3HAYEHUs 08YX NAPAMEMPOS8 3aX8amd, d UMEHHO SHep2uu
axmusayuu (E = 1.21 eV) u yvacmommnozo ¢paxmopa (s = 1.6-10" s*) ona nuxa TB 445 K 6 [2], u popmyny
0151 BPeMEHU JHCUZHU INIeKMPOHOE 8 108YywiKax us [7], oyenunu ezo snavenue T = 38.2 cooa npu 300 K. Ha
OCHOBAHUU DMO20 U Pe3YIbMAMO8 3amyxanus 6 mevenuu 5 yacos nocie 003wl 50 Gy eamma obayuenus

2
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MOJICHO cHumamo, umo HeumpoHHo-nasedennviii nux ITB 445 K ¢ LUAG:Pr docmamouno cmabunen u
Modicem Obimb NOMEHYUALHBIM KaHOUOamom 01 oozumempuyeckux yeneu xax TJI[, max xax ezo
sanpewennas 30na maxas sce wupokas Eg=8.13 eV (~ 152 nm) [8] kax y umerowuxcs 0ozumempuueckux
mamepuanos TJ]-500 K (41,03:C) ¢ Eq= 9.2 eV [9] u LiF:Mg,Cu,P ¢ Eq = 10 eV [10]. Ozpanuuennoe
KOUYeCcmao 108yuiex, OmeemcmeeHHbIX 3a 0CHO8HOU do3umempudeckuu nux TJ/]-500 K kpucmannos a-
AI203:C u LiF:Mg,Cu,P, obycrosrusaem nacenyenue evixooa nuxa TB npu doszax 10-20 Gy [11]. B
cpasnenuu ¢ Humu LUAG:Pr ne oocmueaem nacviuenus nuxa 445 K oasce npu 50 Gy. Kpome moeo
LUAG:Pr ne ycmynaem a-AI203:C 6 mexanuyeckou npouHOCMU, UMeem He3HAYUMETbHbIL (HOHOBbII
CUSHAT, €20 NOBEPXHOCIb He peazupyem ¢ OKpydcarowel ammocgepoii, umo oeraem yeiecooopasHbimu
oanvHeluuue Uccied08aHUsi NPUMEHUMOCIU NPed8aAPUMENbHO HEeUMPOHHO-00IYYEeHHbIX U 00PAdOMAHHBIX
cyunmuansmopHulx mornokpucmanios LUAGIPr k xaunuuecxoti oosumempuu TJI]] ecamma uznyuenus (8
YACTNHOCMU 8 JIY4esoll mepanuu) U CMepuiuzayuy uz0enui MeOUYUHCKo20 HAZHAYEHUs U NULYEEbIX
npPOOYKmos.

Ilpu 0ozax 0o 70 GY cnexmpwi Ol 6 obracmu 350-800 vy He UZMEHANUCH, a NOCAe 2aMMA 003bl >
120 Gy nossnaomca noaocer OIl 387 u 570 wm u pacmym ux xospguyuenmol. Habrrooaemviti
MoHomoHHbli pocm kKodpduyuenmos noroc O 387 u 573 um, cesazannvix ¢ snekmponnvimu yenmpamu F,
Vo(Caop) 6 unmepsane eamma ooz (1.2 — 10)x10° Gy, daem 603MOICHOCIb UCHOIL306AMb MO 6
abcopoOYUOHHOU 2aMMa-003umMempuu 0Jisi HEKOMOPBIX PAOUAYUOHHBIX MEXHOLOSU.

KaioueBble ciaoBa: roTenuii amoMuHueBblid rpaHat LusAlsO1:Pr, obmydenue HeWTpoHamy,
HCHTPHBI OKPACKH, TCPMOBBICBCUYUBAHUEC, TOSUMECTPUA FaMMa-PISJIy‘-ICHHfI.
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HOBBIE PECYPCBI JJIA YIIYUYIHEHUSA PABOYUX XAPAKTEPUCTUK
HNK-®OTONNPUEMHUKOB U JIASEPOB

'Byrap Auues, Barud Pycramos, SIxba Hamazos

Yloxmop gpusuro — mamemamuueckux nayx, enaeuwiii Hayunwlti compyonux Mncmumyma gusuxu
Munucmepcmea nayku u obpazosanus, Azepoatioxican

2Kanouoam husuxo - mamemamuueckux Hayk, npogeccop xageopvl « Dusuxuy Ianoxcunckozo
Tocyoapcmeennozo ynusepcumema Munucmepcemsa nayku u o6pasosanus, Asepbaiiodican

AHHOTANUSA. /{115 NOIYNPOBOOHUKOBYIX 1A3€PO6 U UK-NPUEMHUKOS ONMUMUZAYUS UX XAPAKMEPUCTIUK
NPOBOOUMCSA C YUEMOM GIUAHUSA NeSUPOBAHUS HA NeKMpuyecKue, ONMmu4eckue u meniosvie C80UCmed
mamepuanos. QOOHAKO HaAwiU  UCCIE008AHUS  NOKA3GNU, UYMO HOBbIM  GAJICHLIM — PECypcoM 8
COBEPUIEHCBOBAHUY UX XAPAKMEPUCMUK — AGNAIOMCA U MeXanudecKue ynpyaue ceoucmea (Mooyib
ynpyeocmu, npedenvhas ynpyeas Oepopmayus), mMoouguyuposaruvie npu 1ecuposaHuu  HeKoOmopblmu
npumMecamu.

B nacmosuyeii cmamve paccmampugaiomcs cumyayuil, Ko20a npu pacuiupenuu Ouanazona ynpy2oll
oeghopmayuu 8 NOAYNPOBOOHUKOBLIX NA3EPAX CHUNICACMCA NOPO2OGbIll MOK, d 8 (DOMONPUEMHUKAX
3HAUUMENbHO 803pacmaem yoeibHoe COnpomueieHue, a, Cie008amenbHO, U Yy8CMEUMeIbHOCb.

Karwuesrble cioBa: nonynpoBoanuku, UK-poTonpuemManky, nazepsl, MOIYJIb YIPYTOCTH, YACIBHOE
COIPOTUBJICHUE.

B mocnennue roabl HaMeTWIICS BaKHBIA TpopbiB B pazpaborke MK mepecrpanBaeMbIxX J1a3zepoB U
(OTONPHEMHUKOB Ha OCHOBE IOJNYNPOBOJHHUKOB. OTO, B MEPBYIO O4YEpelb, CBSI3aHO C CO3JaHUEM
COBEPIICHHBIX T€TEPOCTPYKTYP U OJHOPOIHBIX CHIIBHO JISTHPOBAHHBIX KPUCTAILIOB.

Ecnmn mmpuna 3ampemeHHON 30HBI W 3¢ (eKTHBHAs Macca HOCHUTENeH TOKa B Pa3IMYHBIX
MOJTYTIPOBOJHUKAX B OCHOBHOM OIPENENISIOTCS UX COCTaBOM (XMMHUYECKOH (opMyIioit), TO OOIBIINHCTBO
CBOMWCTB: TUI NMPOBOJUMOCTH, ITIOABHKHOCTh HOCUTENECH, BPEeMS JKU3HHU, KO3 PHUIUEHTH MOTTOUICHUS U
TEIUIONPOBOIHOCTH M JAp., B 3HAUUTEIBHON MEpe 3aBHUCAT OT JIETHpYOmuUX npuMeceil. [lo coBokymHocTH
TaKWX MapaMeTpOoB JJIsl pa3IMUHBIX 3a7a4d BEIOUparoTcs Hanboee 3¢ GeKTHBHBIE MaTepualisl. B yacTHOCTH,
JUISL TOTTYTTPOBOJHUKOBBIX JIA3€POB U (POTONPHEMHHUKOB ONITUMH3AIINS UX XapaKTEPUCTHK: TOPOTOBOT0 TOKA
(paboueii TemnepaTypsl), MOIIIHOCTH U3TYYEHUS, YyBCTBUTEIILHOCTH U JP., IPOBOJUTCS C YIETOM BIUSHUS
JIETUPOBAaHHSA Ha OJJIEKTPUYECKHE, ONTHYECKHE M TEIUIOBBIE CBOWCTBAa MarepuaioB. OpHAKO Halu
mociie/HNe uccienoBanud [1] mokaszany, 4TO HOBBIM Ba)XKHBIM PECYpPCOM B COBEPIICHCTBOBAHMU HX
XapaKTePUCTUK SIBIAIOTCS M MEXaHUYECKUE YIPYTHe CBOMCTBA (MOLYJIb YIPYTOCTH, IIpeaebHas ynpyras
nedopmarnst), MOIU(UIMPOBAHHbIE [TPH JISTUPOBAHUH HEKOTOPBIMH IPUMECIMHU.

B nacTosmem coo0meHn paccMaTpUBalOTCS CUTYAI|H, KOT/Ia IPH pacliipeHnH Ihana3oHa yrnpyrou
negopManyu B TOJYNPOBOJAHUKOBBIX Jia3epax CHHIKAETCS IOPOTOBBIH TOK, a B (POTONpPHEMHHKAX
3HAYUTEIILHO BO3PACTaeT YAEIbHOE CONPOTUBIIEHHE, a, CIIEI0BATENBHO, M UyBCTBUTEIBHOCTD.

N3BecTHO, uTO O1ar0Aaps YMEHBIICHHUIO aKTUBHOTO 00beMa 1 3(pdekTam orpaHudYeHNUs, 3SHAYUTEIILHOE
CHIDKEHHE TIOPOTOBBIX TOKOB JOCTHUTHYTO B Jla3epax Ha OCHOBE reTepoCTPyKTyp. Bo MHOTMX ciydasx st
paclIpeHnus  CIEKTPaIbHOTO JUarna3oHa B KAueCTBE AKTHUBHBIX CIIOEB  HCIOJIB3YHOTCS
MHOTOKOMITIOHEHTHBIE TBEpHble pacTBOpbl. Kak ciemyeT M3 3KCIEpHMMEHTOB M PACUETOB, B Ipolecce
CO3JIaHHS TETEPOCTPYKTYP MPOUCXOTUT 3aMeTHAsE B3auMoaH(D(y3usi KOMIIOHEHTOB TBEP/IBIX pacTBOpoB. B
pe3yabTare, Aaxe B CTPYKTypax, 3aJyMaHHBIX KaK W30MEPHOJHBIC, B AIMHUTTEpax M aKTUBHOW o0iacTu
na3epoB GOpPMUPYIOTCS paccoriiacoBaHHbIE 001acTH. B OONBIIMHCTBO CilyyaeB UX HE ynaeTcs u30exars U
pH M3MEHEHWH TPOQIIS COCTaBOB B TeTepocTpykType. COOTBETCTBYIOUIHE  PAaCcCOTIACOBAHUSIM
HaIpPsDKEHUS TTPEBOCXOAT MPEAET YIPYTroCTH — UX pelaKcanys MPUBOAUT BEICBOOOKACHHUIO THUCIOKAINN
OT LIEHTPOB 3aKkperuieHus. M3-3a pocta 0e3bI31ydaTeNbHON PEKOMOMHALIMH IOPOTOBBIN TOK MOBBIIIAETCS
COTJIACHO:

-1
| ~ TJ(], _ d+2Sr
n "~ I
T d
TAC T5p - BPEMS KHU3HU C YUCTOM LICHTPOB pCKOM6I/IHaL[I/II/I Ipu pacCoriiaCoOBaHuu; 7 - BpCM KU3HU B

aKTHUBHOM oOmacty; d - TOMIIMHA aKTHBHOM 00JacTH; S - CKOPOCTh MOBEPXHOCTHON pexoMOuHanuu (B
JTAHHOM CJIydae paciipeIesIeHHOM 10 HEKOTOPOH TONIIMHE B aKTUBHOM 00J1aCTH J1a3epoB). B cBoIo ouepenb:
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S=ovN
3ech 0 = @’ - cedeHWe PEeKOMOMHAIIMM; V - TEIIOBas CKOPOCTh HOCHTENEH TOKa; a - mapaMeTp
KPHCTAUTHYECKOM pereTkr; N- IJI0THOCTh IEHTPOB PEKOMOMHALINH, PABHAS:
N=—.2

a’ a

a
HpI/IHI/IMaeM, YTO IIpH IJIABHOM paccCorjiaCOBaHUM —— COOTBETCTBYET €0 MaKCUMYyMY. B kauectBe
a

npUMepa PacCMOTPUM TETePOCTPYKTYphl B cucteme moaynpoBomuukoB IV-VI: PbSeTe — PbSnSeTe.
Aa

PaccornacoBannie —— B aKTHBHOM 06JIaCTH IIPU TeMIIEpaType snuTakcuu coctasisieT (1+3)-1073, C npyroit
a

CTOPOHBI, U3 U3MEPEHNI BPEMEHH JKU3HU B aKTUBHOM CJIOE T€TEPOCTPYKTYP U AMIIUTYAHON 3aBUCUMOCTH
BHYTPEHHETO TpeHHs OoJiee MOJOBHUHBI BCEro KONMYeCTBa AC()EKTOB MNOSABISIETCS NpU AedopMaluu
(1+2)-10° . Torga ¢ yuerom v =3.10" cm/c, r = 5.10° + 108, d = 0,6 MmxkmM wu3-3a AUPPY3MOHHOTO
paccoriacoBaHusi ©3MEPsIeMbIi TOPOTOBBIHN TOK |n BO3pacTaeT Ha MOPSIIOK U Ooiee.

BaxxHo moauepkHyTh, YTO NIpeJesbHBIE YIPYrHe HAIpsDKEHUS IPH HCCIEAOBAaHHUM BHYTPEHHETO
TPEHUsI ONPENENAIOTCS M0 KPUTUYECKUM aMIUIMTyAaM KosieOaHuil (Koraa CyIIEeCTBEHHO H3MEHSETCS
MPOM3BOIHASA IOTEPU SHEPTHU OT aMIUIUTY bl KoJieOaHmii) co cnaboii TeMIiepaTypHOH 3aBUCIMOCTEBIO, T.€.
C CHJIbHBIMH LICHTPAMH TUIOTHOCTBIO IUCIIOKAINY TIIacTH4ecKas eyopMalnsi BOSHUKAET B CPAaBHUTEIHLHO
MEHbBILIEM WIN OOJbIIEM KOJUYECTBE JIOKAIBHBIX 00bEMOB pa3HOW BenuuuHbIL. [Ipy OONbIIONH MIIOTHOCTH
IUCTIOKAMM OHa NpHOMMKaeTcsl K HNpefely YHpPYrocTd, aisi oOpa3loB C MEHBIIEH IUIOTHOCTBIO
JUCTIOKAIUA - 3TO HavyalbHas CTaausl IUlacTU4eckoi nedopmanuu. Ho W B 3TOM ciydae BIHSHUE Ha
MOPOTOBBIA TOK 3HaUMTENbHO. Kak 1MOKasbIBaIOT pacyeThl, €CIM PaccoriacOBaHUE COCTABIIAET MOJIOBUHY
MpEeAENIbHOTO, TO MMOPOTrOBBIN TOK BO3PACTAET B 5 + 6 pas.

Korga pecypc mo mpenmenpHOW ympyrod aedopmanuu CTPYKTypax HCYEpIaH, TO MpeleibHOe

E Aa
w=———, (tne v - koaddunuent Ilyaccona) MOKET OBITH YBEIHUYEHO 3a CUET

1-v a
BO3pacTaHusi MOAYJIS YIPYrocTd E W KpUTHYECKOH ymnpyrod nedopMmanuu &q. Kak Mokazaadm Hamm
HCCIIEI0BaHMUs, MOy b YIPYTOCTH B oixynpoBoanukax IV - VI Bospacraer B 2,5 + 3 pa3a, a KpuTHUECKas
yrnpyras aegopmanus B 3,5 + 4 paza npu sierupoBarnu npumecsimu Cr, Ca, Mn na yposae < 0,01. Bee ati
MPUMECH YMEHBIIAIOT MapaMeTp PEIIETKH U B YCIIOBHAX €€ CKAaTHsl BO3HHKAET Oapbep JUIsl 3apOKACHUS 1
JBIDKeHHS Tuciiokanuu. OqHako, Hanbosee HEHTPaTFHBIM 110 OTHOIICHHIO K U3JTyYaTelbHBIM TIepexoiam
B nonynpoBogHuKax |V - VI sBnsercs mpumech MapraHia.

Beenennem ko3 punuenta

HaOpsOKEHUC O

nnp - nnecm
Hecm

B 3HaMeHaTelb (POPMyYJIbI ISl TUIOTHOCTU Ne(EKTOB MPU KOHIICHTPAIMH JISTUPYIOLICH MTPUMECH Npp
~10%cm M KOHIEHTPALMK HECTEXMOMETPUIECKHX AEDEKTOB Nyeer =108cM cTanoBUTCS SICHBIM, UTO MaAXKE
IPU PAcCOTIACOBAaHWU B aKTHBHOM 00JIACTH TIOPOTOBBIN TOK OyAeT IMOHMXKEH, a padovne TeMIepaTrypbl
J1a3epoB CYIIECTBEHHO BO3PACTYT.

OnuH W3 BBINICYKA3aHHBIX MPUMECEH - XpOM, Hapsay C pPaCHIMPEHHEM Hana3oHa yIpyrou
nedopmarn, obsiaaeT cBOWCTBOM crabmim3anuu ypoBHs Pepmu. B ycinoBusx crabmimsanuu ypoBHS
depMu pU BO3pAaCTaHUK KOHIIEHTPALUH JaHHOW TMPUMECH WM JAPYTUX, YpoBeHb, DepMu HE U3MEHSET
cBoero mnonoxkenns. Korja Hekoropas mnpuMmech mnpeBbimaeT no Kouuentpauuu (1019+10%cm)
HECTEXHOMETPUYECKHE U JPyrHe JISKTPHYECKU aKTUBHBIC Ne(PEKThl M MOXKET B MaTpuIle KpHCTajlia
NPUHUMATh Pa3HOBAJICHTHBIE COCTOSHHS, B TOM YHCJIE JOHOPDHBIC M aKIENTOPHbIC, YCTAaHABIMBACTCS
OIPE/IeTIEHHOE COOTHOIIICHUE 3aHSATBHIX COCTOSIHUI MEXKIy HUMH, a MOJOKEHHE YpOBHS DepMu MEHsETCs
TOJIBKO B 3aBUCHMOCTH OT COCTaBOB TBEPJIBIX PACTBOPOB.

B tBepabix pactBopax PhSnSe(Te) ¢ nmoBeIieHreM coepikaHus 0JI0Ba CTa0MIIM3HPOBAHHBINA YPOBEHb
depMu CMEIIAeTCsl OT Kpas 30HBI MMPOBOJAMMOCTH K BAJCHTHOM, T.K. PACTET KOJIMYECTBO BAKaHCHH B
MOJpEIIeTKE MeTaJlIa — PAaBHOBECHE CMEINACTCS B CTOPOHY aKIIENTOPHBIX cocTostHNI. HecmoTpst Ha To, UTO
YPOBEHb XpOMa PacCIIONIOKEH BBIIIE Kpas 30HbI IpoBoguMocTH ( ~100MeV) ckopoCcTh ero CMeIeHHs ¢
coctaBoM (8 meV Ha 1% SnTe) npeBblaeT NOYTH B 2 pa3za CKOPOCTh YMEHBIICHUSI IIUPHHBI 3aPEIIeHHOH
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30HbI (4,8 meV 1% SnTe), u mo3TOMy AJIi HEKOTOPHIX COCTABOB TBEPIBIX PACTBOPOB OMYCKAETCS JaXKe
ceperHbI 3apENICHHOM 30HbI, IEpeX0/isl B aKLIENTOPHOE cocTosiHUE. Eciin cTaOMIn3upoBaHHbIl YPOBEHb
depmu U1 HEKOTOPOT'O COCTAaBa COBIAAAET C CEPEeIMHOM 3alpeIeHHOM 30Hbl U YAAJECH OT KpPaeB 30H Ha
3HauuTenpHble dHeprun — (7+9)kT, TO ynmenbHOE CONPOTHUBJICHUE IOIYIPOBOJHHUKA CYIIECTBEHHO
BO3PAcTaeT U CTAHOBUTCS BO3MOYKHBIM OCYIIECTBUTH 3((heKTUBHEIN (HOTONMPHEMHHK PH MaKCHMAaTbHOM
TemIeparype.

HurepecHo noBeaeHue ypoBHs xpoMa B PbSnTe u npu ruapoctaTHueckoM AaBICHUH — YPOBEHb C1a00
CMEIIACTCsl OTHOCUTENBLHO CEPeAMHBI 3alpelleHHON 30HBI. SICHO, 4TO B HEKOTOpHIX coctaBax PhSnTe,
KOrja CTaOWJIM3WPOBAaHHBIM YPOBEHb XpOMa 3aJleraeT B 3alpelIeHHOH 30HE, NMPU CXKATHU B CBS3U C
OTpHULATEIBHBIM KO3()PULIHMEHTOM M3MEHEHUS IIMPHUHBI 3alPELICHHON 30HbI C JABICHUEM IIPOUCXOIUT
nepexoa IudJeKTpuKk-mMetaul. Ho ecian kakuM-nn6o o0pa3oMm yaacTest pacTsHYTh IOJIyIPOBOIHUK, OyneT
HabmronaThCst 00paTHbI 3G dexT. Moaens IUANEKTPHIECKOT0 COCTOSHUS B Y3KO30HHOM TOTYIPOBOAHUKE,
UCHONB3ysl yKa3aHHble 3(QeKTbl Npu JErMpoBaHUM IPUMECSIMM,  IPEAIoJaraeT  paclIMpeHue
3aMpemieHHol 30HBI ¥ MPOHUKHOBEHUE BIITyOb 3alpemieHHON 30HBI (WM YITyOJIeHnH) JOHOPHOTO HITH
aKIENTOPHOTO YPOBHS. PacueTsl moka3sBatoT, YTOObI ypoBeHb DepMu OTCTOSUT OT Kpast 30H 3Hepruu (7 +
9)KT, pacmupenne 30H y3KO30HHBIX IOJYIPOBOJHUKAX JOJDKHO cOCTaBiATh ~100meV. B mpenenax
ynpyroit  medopmamum  8.103,  jmoctMraemMoll npM  JIETMPOBaHMM  XPOMOM, Pa3HHIA  MEXIY
neGopMaOHHBIMH OTEHIIMATIAMH 3JIEKTPOHOB U JIBIPOK J0JKHA BBITH Mopsinka 10 meV. Okazanocs, 4ro
BbIIICTICPCUYUCITICHHBIC YCIIOBUA MOT'YT 6LITB pcaIn30BaHbI ITPU PACTAKCHUHU ITOJYIIPOBOAHHKA ITYTEM POCTA
TOHKHX HANpsDKCHHBIX CJI0eB, Hampumep, PbSnTe Ha momnoxkax BaSeTe ¢ Gombimmm mapameTpom
KpHCTauTHuecKoit perretku. J{is koukperaoro cocraBa PhSnTe:Cr ¢ conepxanrem SnTe = 0,3 u Cr = 0,5
at% npu pocTe Ha noanoxke BaSeTe ¢ conepxanunem BaTe — 0,15 paccornacosanue cocrasiseT 5.10° u
COOTBETCTBYIOIIEE HanpsbkeHue - 8kOap. [llupuna 3anpemenHoit 30051 Bo3pactaeT Ha 60 meV u mocturaet
140 meV (A =9 mxm) npu 100K, a ypoBeHBs XpoMa ynaisieTcss OT BEpPIIMHBI BAIGHTHON 30HBI HA 60 MeV.
CooTHOIIEHNE YAETHHOTO COMPOTHBICHHS MOJTYNPOBOAHNKA B HAPSHKCHHOM U HOPMaJIbHOM COCTOSIHUSIX
o pacyeTam cocTaBisieT 4+5 nopsaakos. st nepexpbiTust GoTonpueMHUKaMu 00acTu criekTpa 3+20 MKM
COOTBETCTBYIOIIME COCTaBbl TBEPIBIX PACTBOPOB OYyAYT OTAEIBHO JIETHMPOBAaHBI TAKXKE TaUIUEM H
BaHa/IUEM.

Takum 06pa3zom, co3laHue JUIEKTPUUECKOTO COCTOSIHUSA B Y3KO30HHBIX MONynpoBoaHuKax 1V - VI
CTaHOBHTCSI IIPY BHITIOJIHEHUH TPEX YCJIOBHM:

a) npu (HOPMHUPOBAHUM HANPSDKCHUS AJs1 CMEIIEHHWsS YPOBHSA NPHUMECH B 3alPELICHHYIO 30HY C
yIajieHueM OT KpaeB 30H Ha sHepruw (7+9) KT;

0) Tpu OCYHIECTBICHHMH  COOTBETCTBHS TAaKOTO HANPSDKCHUS IWANa3oHy ynpyroi aedopmanvu
HCCIIEyEeMOro cocTaBa TBEPJOTro pacTBoOpa,;

B) IpH BBIOOPE TMOJUIOKEK C IMOJA00HOH KpUCTALUIOrpauuecKkoil CTPYKTYpOH W COCTaBOM JJist
HEOOXOJIMMOTO paccoriiacoBaHusl.

B 3akmoueHne OTMETHM, 4YTO OJHOBpEMEHHas cTabmnm3anus ypoBHs depMu u pacmmpeHue
JMarna3oHa ynpyrou aedopmanyu npy JerupoBaHuy MoaynpoBogHUKOB |V - VI HEKOTOpbIMH IpuMeCIMHU
MpeoOpa3yoT MEpPBOHAYATBHO Je()EKTHBIA, HECTCXUOMETPHUUSCKUN MaTepual B COBEPIICHHBIMH,
OJHOPOAHBIA M ¢ OOJIBIIMMHU BO3MOYKHOCTSIMU IO YIPAaBJICHUIO DHEPIeTUYECKUM CIIEKTPOM HOCUTENeH
3apsiza. ITO 00CTOATENBCTBO MOXKET CTAaTh (DAaKTOPOM JUIsl NAJIbHEHIIIEro MPUMEHEHHS TIOTYIPOBOIHUKOB
IV — VI B UK onTo3nmekTpoHUKE.

JlutepaTtypa
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3, Ne 3, ¢.14-19.
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Abstract

One of the candidates for systems with strong and long-range interactions is gases of ultracold
Rydberg atoms. Rydberg atoms are in highly excited electronic states and interact through long-range van
der Waals (vdW) interactions. The interaction between two Rydberg atoms can reach several megahertz at
a distance of several micrometers [1]. However, the short lifetime in Rydberg states (10-/00 us) is
insufficient for studying spatial coherence. To increase the lifetime mechanism in which a laser with far
detuning couples the ground electronic states with the Rydberg states is proposed an in the literature known
as Rydberg dressing [2,3]. Laser communication creates a long-range interaction like a soft nucleus
between atoms dressed in Rydberg clothes. The coherence time and interaction strength can be controlled
using a dressing laser [3, 4].

We study thermodynamic properties of Rydberg-dressed Bose gas at zero temperature regime.
Applying the mean field theory and taking into account the anomalous density, we analyzed the dispersion
relation. We have shown that depending on the interaction strength (o) roton and maxon modes appear in
excitation energy and at a sufficiently large o the roton mode vanishes, which leads to a second-order
quantum phase transition from the BEC to the supersolid phase.

Key words: Rydberg-dressed BEC, supersolid, roton and maxon modes
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