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AHAJIN3 ®OTOMETPUYECKHUX CBOVCTB U3EPAHHBIX
I'PABUTAIIMOHHO-JIMH3UPOBAHHBIX CUCTEM. I1. B1422+237

T.A. AXyHOB

HaunonansHslit yansepcurer PVY3, kadenpa actponomMun u ¢pusznku armocdepsl, TamkeHT,
V30exucTan
(Tosyuena 02.03.2018)

B1422+237 pakamiu rpaButanuos juH3ajgaHraH cucrema (I'JIC) HuHr Ou3 aHUKIAaraH y3yH
JaBPIM Y3TyKCH3 MOHUTOPHMHIIM HATIDKANApH MabiayMmMoTaapu Taxauwn stwimu. ['JIC Husr
KOMIIOHEHTJIApMHU KalTa uuutam y4yyH (OTOMETPUK YCYJIHMHI TacHUGHM KHUCKA paBHIIIA
OepuiraH, paBIIAHIIMK TPH YU3UKJIAPH TaXJIMJI KWIMHTAH, KyYIM MUKPOJIMH3AIAHUII XOANUCACH
TONWITaH, KEYUKUII BAKTHHUHT 3X THMOJUIN KUIMATIapy aHUKJIAH.

AHanM3upyIoTCA ITOMy4YeHHbIC HAMHU IaHHBIE JOJTOJICTHETO HENpPEephIBHOTO MOHHTOPWHIA TpaBUTa-
uoHHO-NMH3upoBaHHOil cuctemsl ([JIC) B1422+237. JlaHo kpaTKoe omnucaHue (HOTOMETPHYECKOTO
MeTona 00paboTku u3oOpaxkenuit ['JIC, aHANMU3UPYyrOTCS KpHBBIC OJiecKa, OOHAPYKEHO CHIIBHOEC
MHKPOJIMH3UPOBAHKE, ONPEEIICHbI BEPOSTHBIC 3HAUSHNUS] BDEMEHH 3a1€PXKKH.

The observational data of long-term continuous monitoring of the gravitationally lensed system
B1422+237 are analyzed. A brief description of the photometric method for image processing is given,
light curves are analyzed, and strong microlensing is revealed. Preliminary values for time delay were
found.

I. BBEJEHUE

SIBnenue TpPaBUTALIMOHHOTO JIMH3UPOBAHUA ABJIACTCA OJAHHMM H3 CaMbIX AKTHUBHO
U3y4aeMbIX OOjacTeld COBPEMEHHOW AacTpOHOMHH. Pe3ynbTaThl  UCCIeIOBaHUI
rpaBUTANMOHHO-THH3UPOBaHHBIX  cucTeM ([JIC) MO3BONSAIOT HU3YYHTh CMEXKHBIC
(dbyHIaMeHTaIbHbIE TPOOIeMBbI KOCMOJIOTHYECKOTO MaciuTada, H-p, JarT BO3MOXKHOCTh
KOCBEHHOT'O HaONIOJCHUSI U MCCIEOBAaHUS HEBUIMMON MaTepuH, a TaKkKe ONpeleeHus
psma 10 CHUX TOp OKOHYATEIhHO HE YCTAHOBIEHHBIX KOCMOJIOTHYECKHX MapaMeTpOB:
W3MEPEHNE BHETANAKTUYECKUX PACCTOSHUM, YTOUYHEHHE TOHKOH CTPYKTYpBI SAEP
rajJakTHK ¥ KBa3apoB, IOMCK HOBBIX IUIAHET, MPOTOTANAKTHK, 3apOXKIAIOIIUXCS TaJaKTHUK
u ap. B cBs3u ¢ atum uccnenosanue ['JIC, B TOM 4ncie TpaBUTAlIMOHHO-ITHH3UPOBAHHBIX
kBazapoB (I'JIK), sBisercst oAHOM W3 BaKHEHIIUX 3a7ad COBPEMEHHOW aCTPOHOMHUH U
KOCMOJIOTHH. Pe3yibTaTel HaOMIOACHUIH BpeMEH 3allepXKKH, XapaKTepa MHUKpPOJIHH3H-
pOBaHUs, TNapamMeTpoB TPaBUTALMOHHOW JIMH3Bl TMO3BOJISIIOT IPOJUTH CBET HAa psA
CMEXHBIX KOCMOJOTHYECKHX M acCTPOPU3NUECKHX NpobIeM. A WMEHHO, C TOMOIIHIO
KOM6I/IHaHI/II/I 3HAYCHUIN BPEMCHU 3aACPKKH U MOACIIbHBIX HOCTpOGHI/Iﬁ MOXHO IOJIYUUTH
CBeeHHS O reoMeTpuu BceleHHOH, uepe3 MUKPOJIMH3UPOBAHUE CYAWUTH O HAJUYUH U
CBOMCTBaX TEMHOH MaTepuy KaK BHYTPU TaJAKTUK-JIMH3, TaK U B MEXTaJaKTHIECKOM
MPOCTpaHCTBE. MBI MOKEM TaK)K€ UCCIIEIOBATh MX MEX3BE3THYIO CPEIy IO TOTIIOMIEHUIO
IBUTBIO WK 110 a0COPOLIMOHHBIM JIMHUAM, MOSIBIISIOIINMCS B CIIEKTPaX MHOMXECTBEHHBIX
n300paKeHni KBasapa u T.1. [1]

Ho mnst Toro 4To0BI MOIYYHTh HEOOXOAUMYIO HH(POPMAITHIO U 3aTEM HCIIOIh30BaTh
ee Iy JajbHEWIIero aHajau3a, B MEpPBYIO Odepenb, HEOOXOAMMBI MOAPOOHBIE U Kak
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MOKHO JOJTOBPEMEHHBIC JIaHHBIC O KPHUBBIX Onecka. C JApyroil CTOPOHBI, MOIAOOHBIC
CBEJICHHS HYXHBI O KaKk MOXHO OombiieM komuuectBe [JIC, To ecTh HYXHO coOHpaTth
MOAPOOHYIO CTATUCTUKY OT OONBIIOrO KOJWMYECTBA TAKUX OOBEKTOB. B wacTHOCTH,
CTaTUCTUKA JIMH3UPOBAHHLIX KBa3apOB W HU3MEPCHUC BPEMCHHLIX 3aJCPKEK MCKIY
MHHUMBIMHA H300pKEHUSMH B HHUX JAeT HCCIEJ0BaTesIM (U3UYECKU OCMBICICHHBIC
OrpaHUYEHHS TSI KOCMOJIOTHYECKUAX apaMeTpOB MPH MOCTPOSHUH Moenel [2].

Il. IPEJABAPUTEJIbHBIE JAHHBIE UCCJIEJOBAHMUS B1422+232

I'JIC B1422 saBnsercst OOHUM U3 CaMBIX MaJIO UCCIIENOBAaHHBIX 00beKTOB. OHa ObLIa
otkpeiTa B 1992 roay [3]. Beumn mpoBeneHbl Kak ONTHYECKHE, TaK M PAIMOHAOIIONEHIS
yIAJIeHHOTO KBa3apa C KpacHbIM cMemeHneM z4=3.62 u BrepBble HICHTU(HUIMPOBAHA
KaK YeTHIPEXKOMIIOHEHTHAsl CHCTeMa ¢ CyMMapHBIM OieckoMm 16.5 3Be3IHBIX BEIHYHH
(puc. 1). B Tom sxe romy ObLIM MpOBeAeHBI WH(pakpacHble HabmogeHus. OOpaboTka
HaOJII0AAaTETLHOTO MaTeprasa IO3BOIHIIA ONIPEACTUTh JINH3UPYIOIIYIO TaJIaKTHKY B 3TON
cHCTeMe, KpacHOe CMEIIEHHE KOTOpoii okazanocsk zI~1 [4].

OnTryeckne HaOMIONCHUS TOATBEPIMIIM TPEIBIIYNIHE BBIBOJBI, 3 WUMEHHO, OHH
OTOXJIECTBIIIN paHee 0OHAPY)KEHHBbIE 4 TOUEUHBIX MCTOYHHKA W TTOJYUYHIH 3HAYECHHUS UX
Onecka. Heckosbko Mo3ke paccMaTpUBAIUCh MOJIENH, B KOTOPBIX JHH3HPYIOIIEE TEI0
MPECTABIIIOCH B BHJAE KOMOWHAIMM OJHOM TaJaKTHKH C M30TEPMHUUYECKOH cepol u
JBYX TJAaKTHK KaK TOYEYHBIX MCTOYHUKOB, JIMOO MCIIOIB3YEeTCS OAWH M30TEPMHUUCCKUI
amnurconsi. Oxazanoch, 4YTO TakWe MOJIETH JOCTaTOYHO XOPOIIO BOCIPOU3BOJIST
rpaBUTalMOHHYIO cucteMy B1422. T'pynma Ommmarcona [5] B 1994 romy BHOBB
HONBITANACH MOIYYUTH OOJIee IeTalbHbIe ITapaMeTphl JMH3bI-TAIAKTHKY. [10 HX MHEHHIO,
(boTOMEeTpHUYECKHE CBOICTBA KOMIIOHEHTOB CHCTEMBI M OTHOLICHHE Maccal/sipKoCTh
TaJIaKTHKH TTO3BOJISIIOT TPEAONIOKHTE, YTO 37€Ch UMEET MECTO T'aJlaKTHKa PAaHHETo THIIa
¢ KpacHbIM cMmenienneM B mpezaenax or 0.4 mo 0.8. Boxee ToyHOe 3HaueHHE 3TOTO
mapamMeTpa cooTBeTcTByeT 2g=0.647. doToMeTpuieckoe H3MepeHUe OJiecka CHUCTEMBI
nokazajgo, 4ro  Ojleck cucreMbl B  1enoM B R ¢umeTpe  paBeH
MA+B+C+D=15.59m+0.06m, a xommonentoB A=1.0, B=1.52, C=0.73, D=0.037.
BriepBble 0 MUKPOJIMH3UPOBAHUH B ATOW CHCTEME TOBOPHUTCS B cTaThe Xbopda u np. [6]
Ha OCHOBE M3MEPEHHIA U CPaBHEHUS OJieCKa KOMIOHEHTOB.

Puc. 1. T'JIC B1422 ¢ oxpy»XarouMu ONOpHBIMH 3Be31aMi B R ¢uibtpe (mosyuena 13.04.2001
Ha Terneckonie A3T-22). S1 u S2 — onopHble 3Be3nbl. Pasmep monst 2.1x1.83 yrinoBbIX MHHYT
(cmeBa). Kpymuomacirabroe m3obpakenne B1422+231, monydennoe Ha Teneckorne Xa6omna (B
cepenune). Ha maiimaHakckux M300pakeHUsX (CIpaBa) XOPOIIO BHAHBI KOMIOHEHTH A, B u C.
Brieck komronenTa D Oka3aics 3a mpeaeioM 4yBCTBUTEIBHOCTH CBETOIPUEMHUKA, IO3TOMY €ro
TPYAHO 3aMETHUTB.
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[Mocnenyromme Qoromerpudeckne H3MEPEHHUs] BBIBUIM KOPOTKONEPHUOIMUYECKYIO
NIepeMeHHOCTh UCTOYHMKa-KkBa3apa B [ JIC B1422 B Teuenne ogHOTO NHA. BBLTO HaliIeHO,
YTO OTHOIIEHHS TOTOKOB MEXIy KOMIIOHEHTAMH B ONTHYECKOM W paJuojrana3oHax
CYLICCTBEHHO OTJIHMYAIOTCS, a TOKa3aTeld [BETOB T'aJJAKTHKH COOTBETCTBYIOT DIUIHITH-
YeCKO# ranakTuke ¢ KpacHbIM cMmeteHreM ~0.4. JlanpHeiie necieI0Banus JTUH3UPYIO-
Hied TaJaKTUK{ TMOKa3alH, YTO OHA HaXOJWTCS B COCTaBe KOMITAKTHOTO CKOIUICHHS C
kpacHbIM cMerenneM 0.338, paguycom rg=35 h™ u maccoit M=1.4x10" h™*Me. ITaTHank
u ITopkac B 1998 r. [3] M3MepwaM OTHOIIEHHS TOTOKOB MEXKIY KOMIIOHEHTAMH B
HECKOJIBKHUX y4YacTKaxX paJnouana3oHa W HaIUIM 3HAYUTEIbHbIE HECOOTBETCTBUS MEKAY
OTHOIICHUSIMH TOTOKOB B ONTHYECKOM, HWH(paKpacHOM U paauojuanazoHax y A
KOMIIOHEHTa. JTO, B TEPBYIO OYepellb, MOXKHO OOBSICHUTh HAMYMEM MHUKPOIUH3U-
poBanus [7]. B 2000 r. BriepBbie ObUTH HaiileHbl 3HAYCHHS BPEMEHU 3aJCPIKKH MEXKIY
koMnoHeHTaMu B1422 [8] u moka3aHo, YTO 3Ta BEeNMYMHA MEXKAY NapaMyd paBHA:
BA=1.5+1.4 nusa, AC=7.6%£2.5 mus u BC=8.2+2.0 mus. CormacHo MOAETBHBIM pacdeTaM
BpeMst 3amepikkn Mexay kommodentamn A m C ~0.4 h™'. B 2005 r. ma ocHoBe
nH(ppakpacHsIX HaOmoaeHnid B1422+231 Obuti BBEICHBI AOMTOTHATEILHBIC OTPAHUYCHUS
Ha CTPyKTypy muH3upyromei ramaktuku [9]. C 2005 r. HHKakMx pe3yabTaTOB TIO
B1422+231 He omyOaMKOBaHO.

W3 mpuseaerHoro ob63opa paboT mo uccaeayeMomy o0BeKkTy BHAHO, 4To 3Ta ['JIC
uccIeIoBajach paHee JOBOJNBHO yacto. OHAKO HE OBUIO TMPOBEJCHO MOHHUTOPHUHTOBBIX
HaOMIONIeHnH, MO KpaifHell Mepe, B ONTHYECKOM nuamazoHe. OOHOHW M3 MPUYMH, MO-
BUJMMOMY, SIBJISCTCS TO, YTO KOMIIOHEHTBI 3TOW CHCTEMbI OUSHb TPYIHO Pa3pelIuTh U3-
3a DKCTPEMAIIbHO MAIIBIX PACCTOSIHUN MEXIy HHUMHU, MAKCHMAJILHOE PACCTOSHHE MEXKITY
TIPOTHBOIIONIOKHBIME KoMmroHenTamu ~1.3"" (puc. 1, Tabm. 1).

Tabmuma 1. Koopmunater kommoneHToB [JIC B1422+231 OTHOCHTENBHO LIEHTPAIBEHOTO
n3obpaxenus B (B yrimoBsix cekynmax). 13 karamora Castles [10].

| | A [B] C | D | G
RA 0.385x0.0 0  -0.336+0.003 0.948+0.004 0.742+0.003
TTonoxenue Dec. 0.31720.0 0 —0.750+0.003 -0.802+0.003 —0.656+0.004

I1l. HABJIIOAEHUA U OBPABOTKA H1413+117

st HabmroneHust 3TOro 00beKTa MBI OBUTM BBIHY)KJCHBI BHIOMPATh HOUYH C CAMBIMHU
ONaronpUATHBIMA ACTPOKIMMATHYECKUMHU YCIOBHSIMH, a €CIH Y4YecTb TO, YTO 3TOT
00BEKT MOCTyTeH HaOIIOACHNSM B OCHOBHOM B 3UMHE-BECEHHHUH CE30H, TO BEPOSTHOCTH
MOJTYYSHHUST XOPOIIETO M300paKeHUsi HAMHOTO CHIDKaeTcs. 3a mocneanue roast (2003-
2008 r.) Ham yaanoch coOpaTh JAOCTATOYHOE KOJTMYECTBO HAOIIOMATENLHOIO MaTepuaa
JUTSI TIOAPOOHOTO MCCIIENOBAaHUS ITOW CHUCTeMBl. B mTore mbl momyumnu 197 HaOmroma-
TeNLHBIX TOYeK B R punbTpe u 29 Ttouek B V unbrpe. Ham mpunuiock HCKIFOUUTH U3
JanbHEWIIero aHanu3a Kaapbl C HEYJOBJIETBOPUTEIBHBIM KaueCTBOM, a HMEHHO C
BBICOKUM 3HaueHuem ¢ona Heba (Oombmie 1500) u minoxum cunrom (6ombmie 1.4'7).
ITocne aroro ocramock 132 Touku B R punbtpe u 20 Touek B V dunbrpe. Gotomerpus
3TOr0 00BEKTa, KaK y’Ke TOBOPUIIOCH, M3-3a MaJBIX PACCTOSHHUI MEXIy KOMIIOHEHTAaMHU,
JOCTaTOYHO TpyAHas 3amava. [1o3ToMy B 3TOM ciydae MBI HE MOXEM IOJIb30BaThCS
xopotio anpoouposanHoii nporpammoii DAOPHOT. Jlns 3Toro o0bekTa MCIONIb30BaHA
nporpamma GALFIT, xots 31ech 1 He TpeOyeTcs 00pabOTKH ralakTUKH-THH3bI.
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Jnst noctpoenunst moaenu ®PT mbl BeiOpanu 3Be3ny S1 (puc. 1). [IpenBapurensHas
obpaboTka U HopManu3anus moaenu OPT Obuta mpoBeseHa B paMKaX MakeTa MporpaMm
IRAF. Tak Kak JMH3MPYIOLIAs TalakTHKa OdYeHb cinabas (Mge=21.8") u He BumHa Ha
HAIIUX U300PaXKCHUSX, MBI HE CTAJIM YYUTHIBATh €€ IPUCYTCTBHUS.

B mepByto ouepesb MbI OJTYYHIH KPUBYIO OJecKa CHCTEMBI B 1eioM (puc. 2). OToT
rpaduK TONYYHICS OdYeHb MHOrooOemarmuM. BHIHO, 4YTO HCTOYHUK-KBa3ap
MOKa3bIBaET 3aMETHBIC, MOKHO CKa3aTh MEPUOMUECKUE, M3MEHEHHUs OJIeCKa, CBsI3aHHBIC
C e¢ BHYTPEHHEH NepeMeHHOCThI0. B caMoM Hauane HaOmoaTensHoi kammanuu, B 2003
roay, Oneck KBaszapa Haxoawics Ha camoM muke. Co CIEIyIONIero e ce30Ha OJeck
CHUCTEMBI Cpa3y e yCTPEMHUJICS BHH3 K CBOEMY “‘CIIOKOMHOMY” COCTOSIHHIO, W TTaJICHUE
npojoskanock no konna 2006 roma. A co clIemyromero rojaa BHIHO, YTO OJIECK CHOBa
HayaJl yBEIMYUBaThCsA. AMIINTyAa n3MeHenns ~ 0.25™ 3Be31HbIX BEIMUHH.

30t i
% Total B1422+231
T
&
o -28} i
« f
!'_é-
g-286| ]
= Ref. star $2 N
v meme  amw o o ow
24} ]
2800 3200 3600 4000 4400 4800

JD + 2450000

Puc. 2. Kpusas Onecka kBazapa B1422 u pedepentroii 3se3nbr S2 3a 2003-2008 r.r B R-mosnoce.

Takoe 3amedarensHOE TIOBEICHHUE OOIIETro Oliecka UCTOYHHUKA-KBa3apa OOBICHIETCS,
MO-BUJUMOMY, TE€M, YTO B HEM IMPOUCXOIUT MEPUOIMUECKOE IMMaJICHUE aKKPEIIMOHHOTO
BEIleCTBa Ha IEHTP KBa3apa, YTO BHI3BIBAET YBEIWYCHHE SPKOCTH C COOTBETCTBYIOIIUM
MIEPHOIOM.

WHTepecHO OBUIO TOCMOTPETh HA IMOBEJACHHE KOMIIOHEHTOB B OTACIBHOCTH. B
MEePBYI0 OYepelb MbI HCIONB30BaNM MepBblil Bapuant mporpammbl Galfit, rae Bce
rapamMeTphl SIBILIOTCS cBOOOmHBIMU. llpmmokenme ee k mamabpiM 3a 2003-2005 r.r.
NOKa3aji0 O4YeHb CTpaHHyio kapTuHy (puc. 3). Bo-mepBbix, kpuBbie Onecka B 2003 r.
COBEPIIICHHO HE KOPPEIUPYIOT ¢ OOIIeH KpUBOii 3a TOT e nepuoj. C Ipyrodl CTOpOHSI,
OHHM TIOKa3bIBAlOT OYEHb OONBIIOW pa3Opoc Todek. DTH (PaKkTHl MOKa HE TOIYYHIH
ybenuTensHOro oObsicHeHHs. Ho, Mo-BHAMMOMY, 3TO CBSI3aHO C IIpeBapUTEIHHOM
00paboTKOM CBHIPBIX M300paXkeHM. B-TpeThux, KpuBas 0yiecka YETBEPTOrO0 KOMITOHEHTA
D Ha mopsimokx, a TO U B OOJbIIEH CTENEHH, paccesHHA 10 CPaBHEHHIO C APYTUMH.
BcenepcrBre 3TOTO COBEPIIEHHO HEBO3MOXKHO TIPOCIEAWTH 33 €€ MOBEeIEeHHEM. JTO

278 Uzbek J. Phys., 2018, Vol.20(M5)



AHAJIM3 ®OTOMETPUYECKUX CBOVICTB U3BPAHHBIX I'PABUTALIMOHHO JIMH3UPOBAHHBIX ...

€CTEeCTBEHHBIM 00pa3oM 00bsicHseTcs ee cnadbiM OneckoM. M3-3a sToro akra Mbl ObLIH
BBIHYKJICHBI OTPAaHHYHUTHCS B JajbHEHIIIEM KPUBBIMHU OJeCKa TOJIBKO MEPBBIX TpeX (4, B,
C) KOMIIOHEHTOB.

El1422. R-bkand magnites. (Sky, FHHM and Ell. selected)
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Puc. 3. Kpusas Onecka xommoneHToB ['JIC B1422 orHOCHTEenmbHO pedepeHTHOW 3Be3mbl S2.
Kpussie kommonenTos A, B, C, D cooTBETCTBEHHO CBEpXY BHU3.

B nmaneHelimeM MBI UCIONb30Baau oO0HOBIEeHHY0 Bepcuto Galfit, T.e. Bo BXogHBIX
napameTpax KOOpAWHATHl KOMIIOHEHTOB MOKHO OBIIO KECTKO CBS3aTh OTHOCHTEIBHO
HEHTPATbHOM. B 3TOM ciydae 3a1aua MUHAMH3AIUK TTAPAMETPOB CBOJUTCS K OTHICKAHUIO
Ha M300paXEHUH HE KOMIIOHEHTOB B OTJIENLHOCTH, a KOH(pUTrypamuu B 1eiaoMm. [loTokn
K€ KOMITOHEHTOB OCTAlOTCSI HEM3MEHHBIMH. [Ipodmin SpKOCTH  ONUCHIBAIOTCA
OByMepHOW QyHkuuerd [aycca. B 9TO ke BpeMss MBI BOCHOJNB30BAIUCH TaKke H
paspaboTaHHON HaMU (POTOMETPHUECKON IMPOTrpaMMO Ha OCHOBE TPSIMOU ITOATOHKH
napamerpoB ®PT k  wuccienyeMbiM H300pakeHUSIM. 371eCh Ke MpOoQHIN SPKOCTH
KOMITOHEHTOB OIUCHIBatoTCs (pyHkuueirt Mogdara.

1V. AHAJIN3 KPUBBIX BJIECKA

B pesymnbrare paboTBl 3THUX TNPOrpaMM MBI TONYYWIH CIEAYIOIINE TpaduKH,
n300pakeHHbIe Ha puc. 4. B BepxHell yacTu M300pakeHbl KPUBBIE OJICCKa, TOyYCHHBIE C
HOMOIIBIO HAIICH MpPOrpaMMBbl, HWKE IOKa3aHbl pPe3yJbTaThl pabOTHl OOHOBICHHOM
nporpammer Galfit. B memnom mosenenue Giriecka KOMITOHEHTOB MOBTOPSET HM3MEHEHHUS
Onmecka WCTOYHMKA B IenoM. Ho MeXQy yKa3aHHBIMH HUXKe TrpaduKaMH ecTh
CYIIECTBEHHOE pacxokaeHue. B mepBom cityyae odeHb TPYAHO OTACIUTH KpuBble A U B
KOMIIOHEHTOB Ipyr OT apyra. K ToMmy ke OHM TOKa3bIBaIOT CPAaBHHUTEIBHO OOJBIIOI
pa3dpoc. IlomuMo »5TOrO, paccTosHHE B 3BE3MHBIX BEIMYMHAX MEXIY HHUMU |
xomronentom C npumepno 0.05". Kpusble ke, momyuennsie Galfit, npossistorcs
HAMHOTO YeTdye. Y HUX MeHbInmii pasbpoc, a paccrosuue no C ~0.04". Ucxons us stux
coo0pakeHni, MOXHO YTBEPXKIaTh, YTO HIDKHUE TPAQHKH, T.€. MTOTYICHHBIE C TIOMOIIBIO
Galfit, sBisitoTcs 6onee nocroBepHbiMu. B Takom ciywae B ['JIC B1422+231 moxHO
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yKa3aTh KaK MHHUMYM JiBa COOBbITHSI MUKposmH3upoBanus — B 2003 roay u B mocienHeM
2008 romy. B ob6oux ciyuasix kpuBble O1ecka KOMIIOHEHTOB B u C B II€JIOM COBMAJIAIOT, a
BOT ITOBEZICHNE KOMIOHEHTA 4 3aMETHO OTIMYAeTCS OT HUX.

' ER Y
" b S B b g
: gdel i
S 3 -
E o .3 Aﬁ; lfi’:!a A {11}
F i E ’ 13
@ l 8 aa
£ i g i
T 0.4 i 0 ! f
sgw 6 .ﬁ ﬁﬁ& )
i
wau a7
#1 f
' a8 ‘a iy %
‘ Cc aa at
1.2 W 0" '
Pl Rl el dmn Sty LT Ay R A sue pim ﬁ g;m 1'« a;m R?MI ﬂfn 1;“] ‘I‘n ﬁ‘ﬂ]
JD+2450000 JD + 2450000

Puc. 4. Kpussie 6irecka komrmoreHToB 4, B u C T'JIC B1422, nonyuyennsie B R ¢punsTpe. Bepxane
KpUBBIE IIOJYyYEHbl MPOrpaMMON MNpsMOM NOAroHKM mnapameTpoB OPT, HuKHHE MOILYy4YEeHbI

ycoBepineHcTBOBaHHOM nporpammoii Galfit. [Tokazana Takke KpuBast 3B€3/1bI CpAaBHEHHUS S2.

YTBepkaeHne o coOblTHM  MukponuH3upoBaHus B 2003 TOmy KOCBEHHO
HOATBEPXKIAI0T KPUBbIE IIOKa3aTeleil IBETOB KOMIIOHEHTOB PacCMaTpUBAaeMOr0 00BEKTa
(puc. 5). 3 pucyHka BHAHO, 4TO IBeT KommoHeHTOB B u C He MeHsiercs. Ho user
KOMIIOHEHTa 4 MMeEeT TPEH[l, HAIPaBICHHbBII B CHHIOIO CTOPOHY CIIEKTpa. DTO SBISETCS
CBHUJIETEILCTBOM MUKPOJIMH3UPOBAHUS B 3TOM KOMIIOHEHTE.
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Puc. 5. Kpussie mokasareneii 1sera (V-R) 3Be3ap1 cpaBHenus S2, a Takke 4, B 1 C KOMIIOHEHTOB
I'JIK B1422+231.

V. BEPOATHOE 3HAYEHUE BPEMEHMU 3AJEP)KKU B B1422+237

B3sB 3a 0CHOBY, Moy4eHHBIE HAMU KpHBBIE Ollecka KomMnoHeHToB B1422+231 mbt
HONBITAINCH U3MEPUTH BPEMsI 3aJIep’KKH MEXy N3MEHCHHSIMH UX SpKocTH. [l aHanmmsa
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KPUBBIX 0JIeCKa M M3MEPEHUS BPEMCHH 3aJICP>KKH OBUT MCIIOJIB30BaH M3BECTHBIN METOJ
MOJMHOMHATBHOW TOJTOHKM W WHTEPIONSAIUK, KOTOPBIA XOPOIIO TMOAXOAMUT JUIs
HEPaBHOMEPHBIX M MPEPHIBUCTHIX JaHHBIX. VICMONB3ys MONy4YeHHbIE KPUBbIE OJiecKa, MU
MTOMOIIH TTOJIMHOMOB MBI MOJTYUYMIN UCKYCCTBEHHYIO PETYIIPHYIO BEIOOPKY. A 3aTeM, C
noMonplo Metoga MouTe-Kapno co ciny4yallHbIMH 4KciaMu, Mbl moiyduiau mo 1000
CITyYaifHBIX peanu3alii KPUBLIX 0j1ecKa Iy 000ux 006eKTOB (pHC. 6).

221

24+

28+

OTHOCUTeNbHbIe 3B. BEJNNYWHDbI, R-dDIﬂﬂpr

0 00 200 300 400 500 GO0 70D eO0
AHN

2B ac BC
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0 15 * % a5 = 15 7 85 55 5 ] 7 8
BOEUS EpEMA BpEMA

Atpg= 2.5 + 2.31Heid Atpc=-7 £ 1.5ameit Atgc= 6% 1.81Heit

Puc. 6. BepxHss naHens: u30paHHbIe U1l HHTEPIOIMPOBAHUS M BOCCTAHOBJICHHBIE (CIUIOIIHAS
nuHUs) KpuBble Onecka. HIDKHSSI MaHes b. THCTOrpaMMbl HauOoJee BEPOSTHOrO CABHIA MO
BpPEMEHU MEX]ly llapaMu KpUBbIX Oiecka B1422+231.

TOHKMM MECTOM MeETOAa IOJIMHOMMAIBHON IOATOHKHA SBJISIETCS OINTUMAILHBIN
BBEIOOp CTETNEHW IOJWHOMA TaK, YTOOBI MAaKCHMaJIbHO TOYHO OIMCATh HAOIIFOTaeMbIe
HU3MEeHEHUs OJiecka, T.e. HEe MOJABHTh €CTECTBEHHYIO MEPEMEHHOCTh Onecka (Kak MoJro-
MIEPUOJIMUYECCKHX, TAK U KOPOTKOTIEpHOANYECKUX). 1 B TO jke caMoe BpeMsl HHTEPIIOJISIIUS
HE JI0JDKHA JaBaTh JOMOJHUTEIIBHBIC, YaCTO JIOKHBIC IPU3HAKH [TEPEMEHHOCTH.

[Ipu 3TOM MBI UCIIOIB30BAJIH JIJIsl MHTEPIOJISAIMH BCIO KPUBYIO OJIeCKa B II€JIOM, a HE
CE30HBI B OTICIBHOCTU. Tak, Mbl MOINIM Obl HAWTH BpeMs 3aJCPKKH Ha OCHOBE
JIOJITOTICPUOTUUECKIUX H3MEHCHUH, KOTOpbIC MPOUCXOISIT B HCTOYHHKe-KBazape. Ha
puc. 6 mpuBeneHbl HaOJIONAaeMble KpHBBIE OJIeCKa, UX HHTEPIOIMPOBAHHBIE AHAJOTH
(crutomHbie  KpHBBIE). Huke TpUBENEHBI THUCTOTPAMMBI, TIJ/Ie TOKAa3aHbl 3HAYCHUS
BpPEMEHM 3aJICPKKU JUI CIyYalHBIX peanu3aiii KpuBbIx Onecka. Tam ke MOKa3aHbl
cpenuue At 3aepKKU ¥ JOBEPUTEIIbHBIC HHTEPBAIIbI.
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V1. 3AKJIIOYEHUE

Wrak, Hamu HaiijieHO noiroBpeMeHHoe (Oonmee 6 Jsier) uM3MeHeHHe Orecka B
ucrounnke kpazape ['JIC B1422+231. AmnuuTyna m3MeHeHus Onecka mopsaka 0.25"
3Be3AHbIX BennuuH. KpuBele Onecka Tpex KommoHeHTOB 31oii [JIC Ha done
NEePEMEHHOCTH UCTOYHMKA ITOKA3bIBAIOT TAKXKE Y MUKPOJIMH3UPOBaHHUE.

[Townck KoppesuuK KPUBBIX OJecka mokasai, 4yro y oooux ['JIC sBHO mpuCyTCTBYeT
MHKPOJIMH3UPOBAHNE W JIsI W3MEPEHUS BPEMEHH 3aJePXKKH HEoOXOAMMO OToOpaTh
MAaKCUMAJIBHBIA 110 MNPOJOJIKUTENBHOCTH YYacTOK C MAaKCHUMAJIBHON Koppersuued. B
ciyuyae B1422+231 310 0c000 3aMeTHO, XOpoIo KoppeaupoBaiu ce3onbl 2003—-2005 r.,
KaKk BUAHO M3 puc. 6. V3 pe3ynbTaToB M3MepeHHH BpeMeHH 3ajepkku y B1422+231,
IPE/CTABICHHBIX HAa 3TOM PHUCYHKE, BHIHO, YTO IOJO0paTh ONTHMAJIbHYIO CTEIICHb
HOJIMHOMA BecbMa MPOoOJIEMaTHYHO.DTO yIaJI0Ch TOIBKO IS IBYX Hap KOMIIOHEHTOB IIPH
BeiOope mepuosa ¢ 2003 mo 2006 rr. Bonbmioit pazdpoc 3HaYeHUH MOKa HE MO3BOJISIET
MOJTyYUTh 00JIee TOYHbIC 3HAUYCHUS] BPEMEHH 3aJIePIKKH.
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3.25 A T'a3B/c umnynbenu '*Op-ryxnammnapyuaa anbda 3appanrapuHuHr yukuiny 6unan (o+ He)
AIPO CUCTEMaapy Ba 'Be saponapd XOCWI OY/IMIIM >KapaéHIapuHM COJMLITHPMA TaXJIW
HaTwKatapu Kentupwirad. 3.25 A TsB/c umnynsenu '°Op-TyKHAmMULIAPUIA €TTH HYKJIOHIH
cucTeMajap XOCWI OYIUINMIArd YpraHwiraH UKKA KaHal JKyAa SKUH (QU3MK IIapouTiaapia

aMajira OuIun KypcaTHHFaH.

IIpeicTaBeHbl Pe3yIbTaThl CPABHUTEILHOTO AHANN3a IPOLECCOB 06pasoBanus siep 'Be  smepHoi
cucremsr (0+°He) B KkaHamax ¢ BBIXOZOM aiba-gacThil B °Op-coymapenmsx mpu 3.25 A I'aBle.
Iomydeno, 4TO W3yUCHHBIC JBA KAHANA OOPA30BAHMS CEMHHYKIOHHBIX CHCTEM B °Op-COYIapeHHsX
npu 3.25 A I'3B/c peanusyoTces IpH 04eHb OIM3KUX (DH3HYCCKUX YCIOBHSIX.

Results of comparative analysis of the formation processes of 'Be nuclei and (a+°He) system in
channels with formation of alpha-particles in '°Op-collisions at 3.25 A GeV/s are presented. It is
obtained that the two studied channels of formation of seven nucleon systems in **Op-collisions at
3.25 A GeV/s are realized at very close physical conditions.

Wzyuenne xapakTepuUCTHK Ipolecca (parMeHTaluH SACpP BO B3aHMMOJICHCTBHUSIX
aJIPOHOB C SIApaMU TPH BBICOKUX DHEPTUSX MO3BOJSAET IOJNYYUTH BEChbMa MOJIE3HYIO
UHQOPMAIIMIO O COCTOSHHSAX TPOMEKYTOUYHOH BO30YKICHHOW SACPHOM MaTepHH,
XapakTepe SAEpPHBIX CWI M KJIacTepu3ald HYKIOHOB B sApaX, NPHBOAAMIMX K
3pQEeKTUBHOW BHYTPUSAECPHOH CTPYKType, a TaKkKe O KOPpelsUUsX BHYTPEHHEH
CTPYKTYphl HCXOJHOTO f1pa C OCOOCHHOCTSAMH (OPMUPOBAHHS €r0 KOHEYHBIX
nponykToB. HacTosimass paboTa sBsieTcss NPOJODKCHHEM IHMKIA HCCICAOBAHHUN
mporneccoB (parMeHTanuK Aaep KHcaopoaa B Op-coymapenusx mpu 3.25 A I'sB/c u
MOCBSIIEHA CPABHUTEILHOMY aHAIM3y OOIIMX XapaKTEPUCTUK COOBITHH, albTEPHATHBHO
COJEpIKaIUX CPEeay KOHEUHBIX IPOLYKTOB PEaKLUy, Hapsly ¢ IPOU3BOJIbHBIM YHCIIOM O
gacTui, n1u6o suapa ‘Be, mu6o 7-HykinoHylo cuctemy (‘He+®He), T.e. paccmorpensl
MOJIYUHKJIIO3UBHBIC PEaKUH THIIA!

YO+p—'Bet+ka+X, k=0,1,2; (1)
%0+ p — (*He+®He) + ka + X, k=0, 1, 2. (2)
B kagectBe X MOXeT ObITh (parMeHT ¢ Z < 2, IPOTOH OTAAYH WM IHOH.

DKCIEPUMEHTABHEI MaTepuan OBUT TOJMYyYeH C IMOMOIIBI0 1 M BOJOPOIHOM
my3bsIppKOBON kKamepsl JIBD OWSIU, oOmydeHHON sapamMu KHCIOpOAa C HMITYJIbCOM
3.25 A I»B/c na JlyOHeHCKOM CHHXpO(a30TpoHe M COCTOMT M3 8712 MOJHOCTHIO
M3MEPEHHBIX Heynpyrux Op-coObrtmit. Jlms Gonee HaneKHOH HACHTH(UKALMI
(parMeHTOB TI0 Macce pacCMaTpPUBAIKMCh COOBITHSA, B KOTOPBIX JIJIMHA TPEKOB
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¢parmeHTOB B paboueM o0beMe KaMephl cocTaBiisila He MeHee 35 cM, uTo obecrieunBaeT
BBICOKYI0O TOYHOCTh HUMIYJCHBIX U3MepeHuid. [Ipu  ompenmeneHuM — cpeaHei
MHOXCCTBEHHOCTH siiep °He yYHTHIBATHCH WX TOTEPH 3a CUET B3aMMOICHCTBHS
¢ pabouedl >KHMIKOCTHIO Kamepbl Ha juuHe L < 35 cm. Meromudeckue BOMPOCHI
MONYYCHHUST DKCIIEPUMEHTAJIBHBIX JAHHBIX M3JIOKEeHBI B pabotax [1—4]. Jlns BeigencHus
snep *He w3 umcima ABYX3apsiHBIX (ParMEHTOB sApa KHCIOPOAA BBIOPAH MMITYIIBCHEIH
unTepBan 7.75 < p < 10.75 I'aB/c. IIpu TakoM oTbOpe TIPUMECH sAEp *He ne MPEBBIIIAET
3.4%.

B pabore [1] mokasano, uro Gsictpsie supa “He (7' > 75 MbdB B crcTeMe MOKOS
sApa KHCIOpoJa), BKJIAA KOTOpHIX cocraBisier 8.2% oT wux oO0Iiero yucia,
00pa3yloTcss B OCHOBHOM 3a CYET MEXaHM3Ma KOAJICCLUCHLIUH BTOPHYHBIX HYKIOHOB
saapa kuciaopoga. OJHAKO B IEJNOM WHKIIO3MBHBIA aHAIHM3 OKa3alicsl HEJIOCTATOYHBIM
JUIS BBISBIICHHS POIH PA3IMUYHBIX MEXaHH3MOB B Tporeccax obpaszoBamms siaep -He.
JleiictBuTensHO, sagpa °He MOryT 06pasoBaThcsi B pe3ylbTaTe  pealn3aldy
Pa3UYHBIX MEXAHM3MOB PEaKIMU. MPH BHIOMBAHWUM MPOTOHOM MHIICHBIO HEUTPOHA
OJTHOTO U3 O-KJIACTEPOB KHCIOPO/a, B pe3ysibTaTe JalbHEHIIero pacnaia Bo30yKIeHHbBIX
snep-ocratkoB Tuna ‘Be, 'C u 0, umerommx ctpykTypy no+’He, 3a cueT ciusuus
JIBYX MPOTOHOB M HEUTPOHA C ONU3KUMH KOOpIWHATAMH U UMIyJibcamu. J[eno B ToMm,
9TO OpH pacmage BO3OYKICHHBIX simep-octatkoB 'Be, "C m O B KOHEYHOM
COCTOSHHM  pPEaKI[M¥ Yalle COXPAHSIOTCS OJHA, JBE WIA TPH  O-YaCTHI[BI
COOTBETCTBEHHO. JKCHEPUMEHT JacT BBICOKOE HHKIIO3UBHOE CEYCHHE OOpa30oBaHUs
nByx3apsaausIx agep [1, 3], cocrosmux Ha 80% u3 axep “He. Ito oTpaxaercs u B Goee
YaCcTOM TMOSIBICHUH COOBITHI C YETHBIM CYMMAapHBIM 3apsiIOM MHOTo3apsaHbix (Z > 2)
(hparMeHToB.

Jns  aHanmM3a KOPPEISLMOHHBIX — XapaKTEPUCTHK 4YacTHL H  (PparMeHTOB,
COMyTCTBYIOIMX BhIXOAy sgep 'Be mam cucrems (‘He+’He), paccmarpmpammch
COOBITHSI, B KOTOpPHIX o0Opasyercs w00 OAWH YETHIPEX3apsAmHbIM (parMeHT cC
MacCoBBIM 4HCIOM A=7, T.e. Tononoruu (4), (42) u (422), mubo mapa ABYX3apsIHBIX
(parMeHTOB ¢ CYMMapHBIM MAacCOBBIM 4YHCIOM A=7, T.e. Tomomoruu (22), (222) u
(2222). 3mech B cKOOKax yKasaHBl 3apsaabl MHOTO3apsgHbIX (Z>2) (bparMeHToB.
Jnsi Hame)KHOTO BBIACICHHS JTUX KAHAIOB OTOMPAIUCh COOBITHS, B KOTOPBIX
WU3MEpCHHas JJIMHA TPEKOB C 3apsaoM Z=2 u 4 B o0beMe KaMmephl ObUIa HE MEHBIIE
30 cM. Ha 3TOM CTAaTUCTHYECKOM MaTepHane YHUCIO COOBITHI C BBIXOJOM OIHOTO
dparmenra 'Be okasanocs pasusiv N('Be) = 134, a ¢ Beixomgom cucremsl (‘Het+*He) —
375.

CratucTvKa W3y4YeHHBIX B JaHHOM paboTe KaHaIOB ¢ (HOPMHUPOBAHHEM
CEMUHYKJIOHHBIX CHCTEM B COOBITHAX C BBIXOJIOM allb(ha-uacTHIl mpeacTaBieHa B Tabm. 1.

Tab6muma 1. CraTucTika H3yYeHHBIX KaHAJIOB.

— Uwucno ¢parMeHToB ¢ 3apsaoM Z = 2 Bee

0 1 | 2
‘Be+kot... 52 68 14 134
(at+°He) + kat... 214 138 17 369

Cpe/HuE 3HAUCHHS MHOKECTBEHHOCTH ()PArMEHTOB B KAHANAX C BHIXOJOM siiep 'Be
u cuctemsl (o+°He) B 1°0p coynapenusx mpu 3.25 A T'3B/C npeacraBiess! B Tadu. 2.
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Taﬁ.lmua 2. CpeﬂHI/Ie 3HA4YCHUA MHOKCCTBCHHOCTHU (bpaFMeHTOB B KaHaJlaX C BbIXOJIOM SIJACP 7Be n

cuctems! (a+°He).

Kanasnn! 'Be

Kanast (a+°He)

XapaKkTepuCcTUKa N = 52 N = 214

Neh 590+0.15 6.1+0.08
Npm 0.52 +0.06 0.49 £0.03
Np 3.14+0.17 3.14+0.08
n, 2.98 3.00

Ny 0.87+0.11 0.90 +0.06
n; 0.37 £ 0.07 0.36 +0.03
Ny 0.42 +0.08 0.55+0.04
Nyt 0.44 +0.09 0.58 + 0.04

Cpennue 3HaYCHHUS MHOXKECTBEHHOCTH (DParMEeHTOB B KaHAJIaX C BBIXOJIOM CHCTEM
(o+'Be) u cuctemsl (a+o+°He) B *°Op-coymapennsx mpu 3.25 A I'5B/C npeacTapieHs! B

Tabm. 3.

Tabmuua 3. CpenHue 3HaUYECHUS MHOXXECTBEHHOCTH (parMEHTOB B KaHAJIaX C BBIXOJOM CHCTEM

(a+'Be) u cucremsr (at+o+°He).

Kanans! (o+'Be)

Kanans! (o+a+°He)

XapakTepucTuka N = 68 N = 138
Nch 6.0+0.13 6.9+0.09
Npm 0.43 +0.06 0.42+0.04
Np 2.21+0.10 2.06 +0.08
Ng 0.37 £0.07 0.33+£0.05
N 0.15+0.03 0.15+0.03
Ny 0.48 £ 0.07 0.45+0.05
Nyv 0.34 + 0.07 0.50 + 0.05

Cpe,HHI/Ie 3HA4YCHHUA MHOXKCCTBCHHOCTHU q)paI‘MeHTOB B KaHaj1aX C BbIXOAOM CHUCTEM
(ato+'Be) u cucremsr (at+oto+’He) B °Op-coymapemmsx mpum 3.25 A IsBlc

MIPEJICTaBIICHBI B TA0M. 4.

Ta6muma 4. CpenHue 3HAUYCHHS MHOXKECTBEHHOCTH (PpParMEHTOB B KaHAIaX C BBIXOJIOM CHCTEM
(a+a+'Be) u cucremst (ot+o+ot+’He).

XapaKkTepHucTuKa

Kanansi (a+o+'Be)

Kanans! (o+a+o+°He)

N =14 N=17
Neh 4.7+0.25 5.5%0.20
Npm 0.71+£0.12 0.71+£0.14
Np 0.36 £0.13 0.30+0.11
Ny 0.36 £0.13 0.24+0.10
Nps 0.29 +£0.12 0.24 +0.10

Kak BugHOo u3 Tabmmi 2-4, cpeqHHe MHOXECTBEHHOCTH ()parMeHToB ¢ Z < 2,
NPOTOHOB OTJAuH, a TAKXKe 3apsHKCHHBIX MHOHOB MPAKTHYECKH COBHATN MEXIY cO00i B
npesieNiaX CTaTHCTUYECKHX IorpemHocTeil B coObitusax peakumit (1) m (2). Takum

obpazoM, MOXKHO 3aKITIOYHUTH

4TO TONYHHKIIO3UBHBIe peakuun (1) u (2)

C
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(opMHpOBaHHEM CEMHHYKIOHHOH cHCTeMbl B °Op-coymapenmsx mpu 3.25 A TI'sBlc
HPOTEKAIOT MPH OYEHb OJIM3KUX (PU3NUECKHUX yCIOBHSX.
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HNINPUHA KBABUCTAIITMOHAPHBIX YPOBHEH U INIOTHOCTD
COCTOAHUU ABYMEPHOTI'O 3JIEKTPOHHOI'O T'A3A

B.T. Aoayna3zusos, A.b. [laaaros, LII.T. UnositoB, A.A. XakumoB

Hawmanranckwuii rocynapcTBeHHbI yHUBepcuTetT, 160119, Hamanran, Y30ekucran
bt_abdulazizov@mail.ru
(Tosyuena 04.09.2018)

WKkxy ymyamiin 2J1€KTpOH Ta3M yUyH XOJIaTiap 3WWIMIHHHU COIIa aHAIUTHK MO TaKIUd
stwirad. [erepoTy3mnMa KBaHT —ypacugarm OOFIaHTaH d3JEKTPOHHM — KBA3HCTALIMOHAP
XOJaTIApUHUA KeHraiumu xucobra onuHraH. Pepmu sHeprusicu optud Oopuimga xojaTiiap
3UYIMTMHYU KECKUH 3MHACUMOH ¥3rapyIly acTa CHUIMKIAHUO OOPHUIIN KYpcaTHIITaH.

IMpennaraercss mpocTas aHAIMTHYECKAass MOJENb IIOTHOCTH COCTOSHHMH JIBYMEPHOTO 3JIEKTPOHHOTO
rasa. YuTeHbl YLIMPEHHs KBAa3UCTAIllMOHAPHBIX COCTOSHUM 3JEKTpPOHA B KBAHTOBOH siMe TreTepo-
cTpyktyp. Ilokasano, uro ¢ pocrom sHeprun Depmu pesKHe CTyNeHYaTble W3MEHEHHs IJIOTHOCTH
COCTOSIHUH TIOCTETICHHO CTJIa’KHBAIOTCS.

A simple analytical model of the density of states of two-dimensional electron gas has been proposed.
Broadening the quasi-stationary states of electron in quantum dot of heterostructures is taken into
account. It is shown, with the increase of Fermi energy the stepped character of density of states
becomes gradually smooth.

|. BBEJAEHUE

B nocnennee Bpems 0o0iibIIoe BHUMAHNE YAEISIETCS U3YUEHUIO CBONCTB JBYMEPHOTO
JNIEKTPOHHOTO ra3a B KBaHTOBBIX sMax (KSI) moiympoBOJHHUKOBBIX TETEPOCTPYKTYP.
Takue CTPYKTypbl MpPEICTAaBIAIOTCA BECbMa IEPCIEKTUBHBIMHM JJs TBEPAOTEIBHON
3NeKTPOHUKHU. [IpocTpaHCTBEHHOE KBAaHTOBAHME HSHEPIeTUUYECKUX YPOBHEW HOCHUTENEH B
KS mpuBoguT K CyImIeCTBEHHOMY HW3MEHEHHMIO HUX JUCIEPCHH, CIENOBAaTEIbHO, U
wiotHoctu cocrostuuii ([1C). B nBymepHoM rase anektponos [1C sBiseTcs cTyneH4aToit
[1]. B peampHbIX 0Opa3max CTYHEHH IUIOTHOCTH COCTOSHUH YacTHYHO Pa3MBITHI, a B
«TPSI3HBIX» 00pasnax IMoJHOCThI0 monamieHbl. Bupy IIC cUIbHO 3aBHCHT Takke OT
HenapaboIMYHOCTH 30HBI IpoBoaumoctH [2, 3, 4]. B pabote [4] uzyuena I1C aBymep-
HOTO 3JIEKTPOHHOTO Ta3a B oanHO4YHOHN K5 Ha 6a3e y3K030HHBIX MOIyNPOBOIHUKOB INAS
u InSh. ITokaszaHo, 4yTo HenapabOINYHOCTh 30HBI TPOBOJUMOCTH TPUBOJMUT K 3aMETHOMY
u3Mmenennio IIC. M3BecTHO, YTO OOJNBIIMHCTBO HAOIIOJAEMBIX TEPMOIUHAMHUYCCKUX
BEJIMYMH (SHTPOIMHMS, TEIFIOEMKOCTh U.T.J1.) HeocpeACcTBeHHO onpeneinstores [1C raza.

[JanHas pabGora mocpslleHa K aHauuTHYeckoMy mozenupoBanuio IIC nBymepHOTro
JNIEKTPOHHOTO Ta3za ¢ Mapaboimyeckod aucnepcuedd. V3yuaercss BIUsIHAE NIMPHHBL
KBa3UCTAaLlMOHAPHBIX cocTossHMM anekTpoHa Ha [IC rasa. IlokasaHo, yTo ¢ pocTtom
sHeprun PepMu pe3kue cTyneHyarsie u3mMeHeHus 11C nocTeneHHo criakuBaroTCsl.

I1. OCHOBHBIE COOTHOIIEHUSA

PaCCMOTpI/IM HﬂCaHLHBIﬁ SHGKTpOHHLIﬁ ra3 ¢ NpoCTbIM Hapa60J'H/IquKI/IM CIICKTPOM.
SHGPFI/IH OTCUUTBIBACTCA OT AHA 30HBI NPOBOAMMOCTH MACCHBHOI'O IMOJTYHOPOBOAHHUKA.

287



b.T. ABAVJIABU30B, A.b. TABJIATOB, I.T. UTHOATOB, A.A. XAKMIMOB

B FeTepOCTPYKTypHOﬁ KBaHTOBOH sIME SHEPrus MOICPEYHOI'0 ABMIKCHHUSA KBAHTYCTCH, a
CIICKTP BJICKTPOHA MOKHO MMPEACTABUTH B BUJIC

21,2
E= ik +E,, @
2m
rane k®=k;+k;, E, — oHeprermueckue ypOBHH IONEPEUHOTO JBWKCHHS, M —
s dexTuBHAs Macca ekTpona. [ToHas 1ByMepHasi KOHIIEHTpPAIUs paBHa
n, = [9(E)f(E)dE, &)
n=l o
rae f(E) — dynxmus pacnpenenenns Gepmu-J{upaka, n
9(E)=9,> ©(E-E,). ®)
n=1
3neck g, =m/n h’, O(E - E ) — marosas pyrkuus Xesucaiina.
AEg

/ E3

/ e
7 ==

E1

Puc. 1. Tlpumepnsiii npoduns KA u ypoBHH 3Heprum 3JeKTpoHA. BepxHHE ypOBHH HMEIOT
3aMETHBIC IIHPHHBI.

TepMoauHAMIYECKast MIIOTHOCTh COCTOSTHHS OTTPeessieTcst Kak [5]

on, 1
9,(T) = on :go;m- (4)

®opmyina (4) onuchiBaeT TOJBKO TemiieparypHoe pasmbitie crynend [1C. UtoObt
BKJIIOUUTh PACHIMPEHUE, OOYCIOBJIECHHOE KBa3HCTALIMOHAPHBIMU COCTOSHUSIMH CBSI3aH-
Horo »ekTpoHa B KfI, mpeacraBum maroByto pyHKIHIO B BUAE

1
®(E—Enyfn)=m-

(®)
3neck mapamerp I, ~7 /1, UMeeT CMBICT IIMPUHBI N-TO YHEPreTHYECKOTO YPOBHI,

T, — BpPeMsl )KHU3HHU JIEKTPOHA B aHHOM cocTtosHuu. B mpenene I, — 0 (5) mepexonut B

dhynkuro Xesucaiina. s npencrasinenus Ha puc. 1 mokazan npumepHbiid npoduns KA
Y YPOBHH HEPTUH.
IMoxacrasiss (5) B (3), u3 (2) Haiimem

=3 [9E) E)E =0, | oo O ©)

= el -E)ITy +1e(Efp)/T +1

Toraa BmecTo (4) umeem
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on, K 1 of
0.1 =7, —goglma‘ﬁ- M

®opwmyina (7) onuceiBaet pasmbitie cryneHu IIC kak 3a cuer Temieparypel, TaKk U
BCJIEACTBUE HEHYJIEBOW IIMPUHBI KBA3UCTALMOHAPHBIX COCTOSHUU. Ilpm HU3KHX

temmneparypax u— E. (rme E. — sHeprust ®epMu BBIPOXACHHOTO IBYMEPHOIO rasa) u

u3 (7) cinemyer

1
gs(rn):goz (8)

- e(En’EF)/Fn +1 )

I11. YUCJIEHHBIE PE3YJIbTATBI U OBCYKJIEHUE

Pacuer mMpHHBI YpOBHEW — 3ajaua KBaHTOBOW MeXaHUKH. J[s 3TOro cHadama
HEOOXOMUMO ONpeneauTh MHpoduIs MoTeHnuana (cM. puc. 1), pemas CHCTEMBI
maddepennmansaeIx ypaBHenuit [penuarepa u [lyaccoHa caMOCOTIIaCOBAaHHBIM ITYTEM.
OmpeenyB YHEPreTUUSCKUE YPOBHU M BOJHOBBIC (DYHKIUM JJICKTPOHA, 3aT€M MOYKHO
OIICHUTH IMUPUHBI YpOBHEH. [TOCKONBKY TaKWe YHMCIICHHBIE pacdyeThl HE MPOCTHI, 37€Ch
HOCTPOMM KauecTBeHHbIE KapTuHbl [1C, 3a1aBas Benuunnbl E, u [, MOIETBHBIM Iy TEM.

Ha puc. 2 m3obpaxen rpaduk 3aBucumoctn Oespasmepnoit IIC g (I',)/g, or
sueprun ®epmu Er nmo dopmyre (8). Ilpu pacuere npunsto E =En®, ' =0.04E?,
E1=0.05eV, n=1...5. Ha puc. 3 u3o0paxeHa 3aBucumMocts npoussoanoit dg /dE, .

Kak BHOHO W3 pHC. 2, HMIMPUHA KBA3UCTALMOHAPHBIX COCTOSHHMN CYIIECTBEHHO
BiuseT Ha Gpopmy 3aBucuMoctd IIC ot sHeprus @epmu. [Ipu HU3KMX 3HaUeHMsX Ef (T.e.
IPU MaJIbIX KOHIIEHTPAIMSX) IMPUHA SHEpPreTHUeckuX ypoBHei Mana u [1IC uMeer pe3ko
crynenyaryw ¢popmy. C poctom 3HaueHuil sHepriun depmu (T.e. CUIIBHO JETHPOBaHHBIC
obpasipl) crynenvatoe u3MeHeHnue [IC 3HAYUTENBHO MMOJABISAETCS, TaK YTO BMECTO
CTYTEHBKH TOSBIISICTCS CIIIaKCHHAsT KPUBasl.

304

n)"rgﬂ

2.

204

0.2 0.4 0B 0.8 1 1.2 1.4 0 05 04 0B 08 1 T2 14
Eo, eV

e
dg.fdE;

Ho eV

Puc. 2. 3apucumocts Ge3pasmepnoit IIC raza  Puc. 3. 3aBucumocts npoussoxsoii dg,/dE,
9.(I',)/ g, ot oneprum depmu Er mpu T=0, 1 spepryun depmn Er npu T=0, E,=E;n?,
E.=Ein% I, =0.04 E?, E;=0.05eV,n=1..5. T =0.04E?, E;=0.05eV, n=2...5.

B 3aBucumoctu mpounssoxuoit dg, /dE. ot sHeprum depmu Er BMecTO crymeHex
I1C nosBisiroTest auckperrbie mukn (puc. 3). [Ipu HU3kKX 3HaveHusx Er, korma mupuHa
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SHEPIreTUYECKUX YPOBHEW Mama, nmuku B 3aBucumoctH dg, /dE. wumeroT pesknii

makcuMyM. C poctoMm sHeprun PepMu BBHICOTa IMHMKOB IOCTENEHHO MOIABISETCA, a UX
mupuHa pacrer. Takas 3aBucuMocts mnpomsBognoi dg, /dE. oOycnosmuBaer,

HaIrpuMep, AUCKPETHBIC MUKH OJTHOUYACTUYHOM SHTPOIHH B AByMEpHOM rase [6].

1V. 3BAKJIIOYEHUE

Jlist  ydera  BIMSHUS ~ KOHEYHOW  IMMPUHBI ~ YPOBHEH,  OOyCIIOBICHHOM
KBa3UCTALMOHAPHBIMU COCTOSHHSIMHM CBSI3aHHOTO JyiekTpoHa, Ha IIC raza BMmecTo
¢yukimu Xesucaiina O(E—-E ) Obuta ucrons3oBana MopenbHas ¢yHkims (5). Ona

MOJTy4aeTCsl WHTerpUpOBaHUeM mpou3BoaHoi ¢(yHkimun Pepmu-upaka (B KOTOpOM
BMECTO TeMIiepatypsl T Gurypupyer mupusa N-ro yposus I).

B nannoii pabote m3ydeHo kaudecTBeHHOe moBeacHHE [1C, 00yCIIOBIEHHOE TOJIBKO
VIIMPSHUEM KBa3HCTAl[MOHAPHBIX ypOBHeW oanekrpona B KS. Oror pesynbrar
COOTBETCTBYET CIy4ald YHUCTOro oOpasma. YToObl yd4ecTh VIIMPEHHE YPOBHI,

00yCIIOBIICHHOE aKTOM pAacCesiHHs 3JIEKTpoHa, BMecTo [, Hago B3ATh CyMMapHBbIC
umpunbl ' + (7). 3nauenne ['(1,) MOXHO OUEHUTB, CXOIS U3 HKCIEPUMEHTAIBLHO

H3MEPEHHBIX 3HAUYEHHI TOABIKHOCTH [1].
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PEJAKCAIIMOHHBIE MPOLECCHI B CUCTEME Si -SiO;

X.C. lannen

HanmonansHslit yHUBepcuTeT Y30ekucrana, Bysroponok, TamkeHT, Y30ekucran
dalievkhs@yandex.ru
(Tonyuena 10.02.2018)

CC-DLTS wmeron épmamuaa Si—SiO, §TyBuM KaTimaMuUHUHT Xycycustiaapu Ba Si—SiO, cucrema-
cujaru penakcaluuoH xapaéHnap ypranwirad. Kpemuuitnu M SI-cTpykTypanapaa keTraérraH
Xap X1 3apsill peaKcalisICH dJIeKTPOH KapaSHIapy aHUKJIAHTaH.

C nomomipto mMeroga CC-DLTS wusyuens! cBoiictBa nepexomnoro ciosi Si—SiO, u penakcandoHHbIE
nporeccsl B cucreme Si—SiO,. OnpezeneHa cxema pasiMyHbIX AJIEKTPOHHBIX MPOLECCOB PEaKCaliu
3apsja, npoucxoadauux B kpemHueBbix MII-cTpykrypax.

Using the method of CC-DLTS the properties of the Si-SiO, transition layer and relaxation processes in
the system Si-SiO, .are investigated. A scheme of various electronic relaxation processes of the charge
occurring in silicon MIS structures is determined.

Hecmotrpst Ha 00jbIiIoe YUCIIO pabOT, MOCBSIICHHBIX H3yueHHIO cBorcTB MJIII-
CTPYKTYp, OCTaeTcsi €lle MHOTO HE SICHOTO B MOHMMAaHWU (DU3MUSCKUX TPOLECCOB B
kpemuueBbix M/IIT-cTpykTypax. Maso u3ydeHsl cBoWCTBa nepexoaHoro cios Si-SiO; u
BIIMSIHAE PA3MYHBIX BHEIIHMX BO3ACHCTBHI Ha €ro CBOWCTBA, OCTAlOTCSl CHOPHBIMH
BOIIPOCHI O €ro MPOHMCXOKACHHU M PACIpeleeHnH Ne(eKTOB B HEM, O €ro MECTOHa-
xoxxaennu. MssectHo [1-2], uto cBoiicTBa mepexomnoro ciost SiOy ompenmensioTcs, B
OCHOBHOM, COJepKaHHeM Kucioposa. Hanpumep, peakTHBHOE KaTOAHOE pacibuieHue Si
B MarHeTpoHHOM paspsize [3] mo3Bosser HaHOCHTH TIeHKH SiOy B IIMPOKOM JHAna3oHe
COZIEPKAaHUsI KUCIIOPO/Ia CO CTATUCTUUESCKH OJJHOPOIHBIM pactipeaeneHueM cszeit Si-O u
Si-Si [4]. TlneHkn Takoro THIIA MOTYT OBITH HCIIONIE30BAHbI B KAYeCTBE MOJEIH IS
UCCIIC/IOBAHUSI CBOWCTB IMEPEXOJHOTO CJIOS MEXKAy KPEMHHEM H €ro TEePMHYECKUM
OKHCIIOM, ITOTOMY HX U3Y4EHHE MPEJCTABISET 0COObIH HHTEpEC.

B cBsi3u ¢ 3TUM Lenblo TaHHOW PabOoTHI SBISIETCS MCCIEAOBAHUE pPellaKCAIlHOHHBIX
nporeccoB B cucreMe Si-Si0O,. C momomrsio paspaborannoro Hamu metomga CC-DLTS
Jie7aeTCs TOMBITKA JETATbHO M3yYUTh CBOMCTBAa mepexomHoro cuos Si-SiO; u
penakcannoHHbIe mporecchl B cuctemMe Si-SiO,.

PaccMoTpyM  pe3ynbTaThl  MCCIENOBAHUHM — PENAKCAMOHHBIX — IIPOIECCOB B
nepexomaoM cioe Si-SiO, u B menom B cucteme Si-SiO,. Jlast ucciaemoBanuit ObUTH
u3roroiaeHsl M/III-CTpyKTypbl Ha XMMHYECKH MOJHMPOBAHHBIX IUIACTUHAX N-Si ¢
p = 5 Om:cM U opueHTanuel B iockoctn <111>. Ha kpeMHHEBYIO TOIOXKKY TOCTIE €€
okucnenus Ha Bo3ayxe npu 300 K Gbutn Hanecens! cion SiOy Tommmuoi 1500-3000 A
npu gasineHun 0.5 IMa m momHuoctu paspspa 100 Bt. Temmeparypa Si Bo Bpems
HaHeceHHs mieHOK He mnpesbimana 100°C. CopepkaHue KHCIOpoAa B IUICHKaX B
npenenax 0.8<x<2 onpenensioch NapHaIbLHBIM JaBICHHEM KHCIOPOAA.

Penakcaronnsie mpomecchl B cucteMe Si-SiO, msmepsmn ¢ momorpio CC-DLTS.
Ha puc. 1 npusenens! 3aBucumoct curnana CC-DLTS (AU) ot temneparypst (7) B

291



X.C. IAJIUEB

cTpykTypax ¢ mieHkoi SiOy g Mpy Tpex pasHbIX PeKUMax Mepe3apsaku neHTpoB. Kpusas
1 m3mepeHa mocie mepe3apsiKu IIEHTPOB MMITYJIBCOM 3aIlOJIHEHUS ¢ aMrumtymoi Up =
10 B m mmurenbHOCTRIO f = 0.5 MCc W cBs3aHa ¢ Tepe3apsSaKON TOBEPXHOCTHBIX
coctosiauii (I[1C). Makcumywm nipu 7=280 K cBsizan ¢ sMuccHei 3JeKTPOHOB U3 Te(EeKTOR
B IEPEXOJHOM CII0O€ MEXIYy Si M TOHKOW IUIGHKOW OKHCIa, KOTopas oOpasyercs 0
mia3MeHHoro HaHeceHust SiOy BCIIEACTBHE OKHCICHHS KPEMHHEBOW TMOJTIOKKHA Ha
Bo3ayxe [5].

OTH CHEKTpbl MPaKTUYEeCKH He 3aBUCAT OT x. YBemmdenne U; u ; mpuBOguT K
nmobaske B AU, xotopas mpumepHo oauHakosa mpu 150<T<350 K (kpuBas 2). Bo Bpems
OMHCCUH JJIEKTPOHOB, KOTJla MOCTOsHHAs eMKocTh C Oim3ka K eMKOCTH OKhcia Co
(kpuBast 3), T.e. KOrJga Ha IOBEPXHOCTH KpeMHHUS Eps ~ Eis m mepesapsaxu TIC
MPAKTHYECKH HE MPOUCXOMT,

U3MepsieTcs TOJIBKO 3Ta A00aBKa - AUMB
Kk AU. 150

beun  mM3MepeHsl CHEKTpPHI i
CC-DLTS B kpemuueBsix MII-
CTPYKTypax MpH pa3HbIX U3rudax
30H Ec—Ers (puc. 2). Ilomy-
YCHHBIC PE3yJIbTaThl TOKa3aJIy,
yro npu E—Eps=0.35 3B curnan
CC-DLTS wme 3aBuchr OT
Temneparypsi (kpusas E), mpu c’150 200 250 300 [OTK
E.—Egs =0.45 5B nHa 3aBucumMocTu
AU(T) nosBiaseTcss MUK BOIU3H

100+

S0k

Puc. 1. Cnexkrpet CC-DLTS M/II-crpykTypsl ¢
nuasekTpukoM cocraBa SiOpg Tommunaoi 200 HM

305 K (kpuBas D), mamee c
yYBEIUYEHUEM u3ruda 30H
aMILTUTY1a 3TOTO MUKA PacTeT U
€ro MaKCHMyM CMeIIaeTcs B
CTOPOHY HH3KHX TeMIepaTyp.
IIpu 3navenmn E.—Ers =0.55 3B
MOSIBISIETCSL  elle  OJIUH MUK
BOmm3u temneparypsl 310 K,
NpH  JATbHEWIIeM yBEeTUYeHUN
nu3ruba 30H, MAaKCHMyM 3TOTO
MMKa CMENaeTcsi B CTOPOHY
BBICOKHMX TEMIIEPATyp, MPH STOM
ero amIuiuTyJa pacter (KpuBas
C). Ormerum, urto mpu 7> 375 K
HaOmolaeTcsl  OTPULATENLHBIN
curman CC-DLTS gat  Beex
3HaYCHUN U3rnda 30H.

Jns oObsicHeHUST  TOMNY-
YEHHBIX PE3yJbTaTOB Ha puUC. 3
MpUBEJCHA CXeMa Pa3IH4YHBIX
JJIEKTPOHHBIX TPOIIECCOB PENaK-
caluu 3apsijia, KOTOpPBIE MOTYT
NPOHMCXOANUTH TOCIE OKOHYAHUS
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MpHU TPEX Pa3HBIX PEXKUMaXx Mepe3apsaaKy LEHTPOB.
Cy=531®d; C, nd: 1,2 -26,3 -50; Uy, B: 1 - 10;
2,3-20;t mc:1-0.5;2,3-14.

Lol AU, ot en. 23

Puc. 2. Cxemarnueckoe H300pakeHHE CHIHaIA
CC-DLTS mis pa3HBIX NPOLECCOB peJlaKcaliu
3apsga B 3aBUCHMOCTH OT TeMmmeparypel I u
nsruba 308 E.—~FErs BO BpeMs penakcanuu. E.—Frs
3B: A -0.75, B - 0.65, C -055, D - 045, E -
0.35.
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PEJIAKCALIMOHHBIE ITPOLIECCHI B CUCTEME Si -SiO,

BO3/CHCTBHSL MMITYJIbCA MOJNIOKUTEIBHOW MONSPHOCTH HAa METAUIHYECKOM BIICKTPOJIC
MJIII-cTpykTypbl Ha OCHOBE N-Si.

B03MOXHBIMH TIPOLIECCAMH PENTaKCaIliK MOTYT OBITE (pHc. 3):

— 9MHCCHS SJICKTPOHOB M3 TIOBEPXHOCTHBIX COCTOSIHUI B Si;

— OMHCCHS SJICKTPOHOB U3 00OBEMHBIX COCTOSIHHI B Si;

— reHepals ¥ HaKOIUIEHHEe HeOCHOBHbIX Hocuteneit Toka (HHT) u mepesapsiika
IIOBEPXHOCTHBIX cocTosiHuM npu 3axare HHT;

— OMHCCHS OJIEKTPOHOB W3 OOBEMHBIX COCTOSIHUM  JHIJIEKTPHUKA IyTEM
TYHHEJIMPOBAHUSI B 30HY TPOBOUMOCTH Si;

— TYHHEJIIUPOBAaHHE C SMHUCCHEH ODJICKTPOHOB M3 JIE(PEKTOB IMEPEXOJHOTO CIIOS
coctaBa SiOy (0<x<2);

— pernakcais IeHTpa 3apsnaa (MOHOB, 3IeKTpoHOB) BHyTpH SiO, (mpuueMm IieHTp
OTPHIIATEIBLHOTO 3apsiia CMEIIAaeTCst B CTOPOHY Si);

— UHXCKIHA 3JICKTPOHOB U3 MCTAJUIMYECKOTO JJICKTPOJa U 3aXBaT MX Ha LCHTPLI B
o0beMe TUAIIeKTPHUKA.

Puc. 3. Ilpouecchl penakcaluu 3apsiia [OCi€ BO3ACHCTBHS HMMITYJIbCA IOJOKUTEIBHOTO
HaIpPsDKEHUS. HA METAJUIMUECKOM 3J1eKTpoJe KpemHueBoid MIII-cTpyKTypsl.

Bepaemcst x prc. 2 u 1eTadbHO PACCMOTPUM PeENIaKCAIllHOHHBIE MPOIECCHl B CHCTEME
Si-SiO,. Ecnu Ha moBepXHOCTH MONYNpPOBOAHUKA Eps Haxomutes 6musko k E, T.e. mpu
C=Cy, mpouecchl 1-3 He npoucxosr. B aTom cityyae 1eHTpsI B Si ¥ Ha €ro MOBEPXHOCTH
OCTAIOTCS 3alOJIHCHHBIMH 3JIEKTPOHAMH, M HAKOIUICHUS JIBIPOK TOXKE HE MPOUCXOMIMT.
Taxkum oOpa3oM, HaOmogaeMasi B SKCIIEpUMEHTE ITOJIOKUTebHas penakcanus AU>0 npu
C~Cyx cBs3ana ¢ mepesapsakoil (4). Kakoit MexaHu3M ompesesseT 3Ty mepe3apsky,
3aBUCHUT OT Temrepatypbl I m snekrpudeckoro nomns E B muanekrpuke. IIpomecc (5)
CBS3aH C TNEpPEe3apsAKONd TEepeXOAHOro cios, Tak kak npu E.—Ers = 0.45 3B Ha
3aBucumoctu AU(T) mosiBisiercst muk BOosm3u 305 K (kpuBas D), nanee ¢ yBenndeHnem
u3ruda 30H aMIUIUTyZAa STOr0 MHKa pacTeT M ero MakCUMyM CMEIIAeTCsl B CTOPOHY
Huskux Ttemmeparyp. Ilporeccsr (6) m (7) mpHBOAAT K OTPHUIATENLHOMY CHTHATY
CC-DLTS. OnucanHble BbIllIE H3MEPEHHs MPOBOIMIM Mpu cpenHeM none E<106 Bl/cwm.
[Mepesapsiiky, MpakTHYECKU HE 3aBUCAIINE OT 7, IPU 3TOM YCIOBHU MOTYT MPOUCXOHUTH
IyTeM TYHHEJIUPOBAHUS DJICKTPOHOB MEXIy 30HOI MPOBOJMMOCTH Si U JIOKAIBHBIMH
coctossHusAMH B SiO,.
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MakcuMyM TUTOTHOCTH COCTOSHUM, HaOmromaembiii B 3aBucumoctd N = f(X) mpu
coctaBe X~1.2 (puc. 3, 2) sIBISETCS] SKCIEPHUMEHTAIBHBIM MMOJTBEPKICHUEM CYILECTBO-
BaHus mopora nporekanust B SiOy ¢ camMoil BBICOKOI BEpOSTHOCTBIO JJISI CPhIBA CBS3EH
IIPH DTOM KPHUTHYECKOM cocTaBe. ABTOpPHI [6] Takke mokasaiu, uTo ¢ pocToM X B SiOy
npu x~1.2 oxupmaercs MOPOr MPOTEKAHHWsA, IMOCIEe KOTOPOro cBoiicTBa Si pe3ko
U3MEHAIOTCA OT CBOMCTB o-Si k cBoiictBaM 0-SiO,. Bo Bceil o0mactu cocraBa 0<x<2
maHel cBsazeit Si-Si w Si-O mpumepHo Takue ke, kak B o-Si u a-SiO,, HO C
YMEHBIIICHHEM X pacrpenenenue yrioB cBsasedl Si-O-Si Bce Oouibliie OTKIOHSETCS OT
penakcUpoBaHHON KoH(Urypanuu cBs3eit B o-SiO,. [Ipu 3TOM XHUMHUYECKH COCTaB
IUIEHOK MOYKET BIIMATH HA 00pa3oBaHUe JOKAIBHBIX Me(GeKToB B SiOy.
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HUX PACHPEJAEJEHUS 11O I''TYBUHE CUCTEMBI Ni-GaP-SnO;
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Ni-GaP-SnO, (cuTtayn) TH3MMH KHpHMIIMA aTOMIIAPMHHUHT YYKYpJIMTH Oyin4a TakKCHUMOTH
npoduinra I0KOpM BaKyyM IIAPOMTHAA OOLUIAHFMY XapopaTid KU3AUPHIIHUHI TabCHUPU
yprauwnnu. Bynnait xmsgupuin Hatmkacupa Ni-GaP  uerapacupa Kkuciopox Ba  yriiepon
KOHUEHTPALMSICUHUHT KECKUH Macaifumura (2-3 Maprarada) Ba OyHra Moc X0Jj1/1a OMMK KOHTAKT-
HUHT SXIIWIAHUIINTA OJIN0 Kernaau

W3y4eHO BIUSHME MPEIBAPUTEIILHOIO TEMIIEPATYpPHOIO HMPOIrpeBa B YCIOBHSAX BBICOKOrO BaKyyMma Ha
npoGUIN pacpeaesieHs MPUMECHBIX aToMoB 10 rity6uHe cucteMbl Ni-GaP-SnO,; (cutain). Tlokaszauo,
YTO TaKOH MPOrpeB Pe3Ko yMeHbIIaeT (10 2-3 pa3) KOHLEHTPALXIO KUCIOPOa U yriepo/a Ha IpaHuIe
Ni-GaP, COOTBETCTBEHHO YJTyUIIaeTCss KaYeCTBO OMHUYECKOTO KOHTAKTA.

The effect of preliminary temperature heating under high vacuum conditions on the distribution profiles
of impurity atoms over the depth of the Ni-GaP-SnO, (sital) system is studied. It is shown that such
heating sharply reduces (up to 2-3 times) the concentration of oxygen and carbon at the Ni-GaP
boundary, accordingly, improves the quality of the ohmic contact.

|. BBEJEHHUE

W3BectHo [1, 2], uTO A7s pelieHus psia TEXHUISCKUX 33/1a4, HAPUMeEp, B CO3IaHUH
YCTPOUCTB AJIsi KOPPENAIUOHHONH OOpabOTKM ONMTHUECKHX M AJICKTPUYCCKUX CHUTHAJIOB,
IIMPOKO MCIOJIB3YIOTCS (hoTopesncTuBHbIe TEHKN u3 GaP, CdS u mp., ocakneHHBIE Ha
MPO3pAYHbIC JUAICKTPUYCCKUAE TMOMJIOKKHA C MPO3PAuHbIMA METALTU3UPOBAHHBIMHU
cnosimu tuma cutana SnO,. Ha TOBEpXHOCTh TaKUX MOJMYMPOBOJHHKOBBIX TUIEHOK
HAHOCATCS KOHTaKThI B BUJIE MOJIOC M3 OJaropoIHBIX METAIOB (HUKENb, cepedpo u 1Ip).
[MonynpoBoauukoBbie ctpykTypbl THna cutan Ni-GaP-SnO, wmu Ni-CdS-SnO, u ap.
CO3MIAIOTCS MyTEM MOCIEIOBATEILHOTO BAKYYMHOTO HAMBIICHHUS (OCAXKICHHS) OTACTBHBIX
KOMITOHEHTOB. KaduecTBo 1 paboTOCTIOCOOHOCTL YCTPOMCTB M MPHOOPOB, CO3aBAEMBIX Ha
0a3e TakuX MOJYNPOBOAHUKOBBIX CTPYKTYp, OUYEBUAHO, OyIyT 3aBUCETh, IIPEXKIE BCETO,
OT YHCTOTHI MATEPHAIIOB OTJCIBHBIX CJIOCB (TICHOK) M HATUYUS YETKUX TPAHUI MEKITY
YKa3aHHBIMU CJIOSIMH CTPYKTYpBI, & TaKKe OT BO3MOXKHOTO OOPa30BaHHS XMUMHUYECKHX
COCJIMHEHHH MEXJy aTOMaMH JJIEMEHTOB OTAEIbHBIX CIIOEB, TNIE OHU COMPUKACAOTCS
Ipyr ¢ napyrom. [Ipu 3ToM 0cOOEHHO HEXENaTeNbHBIM SIBISIETCSl 00pa3oBaHue OOJBIIOTO
KOJIMYECTBA OKWUCH METAUla Ha TPaHHUIC METAIUI-TOJYNPOBOAHUK, MNPUBOJSIIEE K
YBEIUYCHHUIO COTPOTHBIICHHE KOHTAKTA.

st yrmydimeHuss paboTOCIOCOOHOCTH YCTPOMCTB M MPHUOOPOB, CO3JAaBAECMBIX HaA
OCHOBE TaKHX MOJYMPOBOAHUKOBEIX CTPYKTYp, HEOOXOIUMO KOHTPOJIMPOBATH YHUCTOTY
OTJCIBHBIX CIOCB W HANW4Me YETKUX TPAHMIl MEXKIY CIOSIMH, a TaKKe MPUCYTCTBHE
XUMHNUYECCKHUX COCI[I/IHGHI/Iﬁ MECXKAY aTOMaMu BEUICCTB Pa3/IMYHLIX CJIOCB. B cBs3u ¢ 3THM
OCHOBHOW II€NIbI0 HACTOSIIECH pa0OThl SBJSICTCS HMCCISAOBAHUEC HAIMYHUS Pa3IHMYHBIX
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npuMeced U KOHLIEHTPAMOHHBIX Tpoduiell pacnpeaeneHus: 3TUX IpUMeceil o riyOonHe
cuctembl Ni-GaP-SnO; (rmoaioskka cutan), MoJy4aeMbIX B PEATbHBIX YCIOBUAX UX POCTA.

Il. METOAUKA S9KCIIEPUMEHTA

Crpykrypa Ni-GaP-SnO, mnonydeHa myTeM HCHApeHHsT M 3aTeM OCAKICHHUS
MOJICKYJISIPHBIX HOTOKOB MaTEPUAlIOB OTICIBHBIX KOMIIOHEHTOB Ha JHAJICKTPHUYECKYIO
MOJJTO’KKY THITa cUTajl. Ha momioxkky cHadaira ocaxnanu cioid SnO; TommmaoN 1 MKkM, a
3aTeM Ha ero moBepxHocTh cio GaP rtommmuoit 1 MkMm. Ha oTmenbHble o0nacTu
noBepxHocTH TEHKH GaP ocakgany HUKENEeBBIH KOHTAKT B BUAE MOJIOCKH TOJIIMHON
okono 1 wmxm. Ilepex ocaxieHHEM IUICHOK IMOJIOXKKY (CHTanm) 00e3rakHBalu MHpH
T=900 K B Teuenne 5—6 gacoB. OcaxieHne MPOBOJMIN B YCIOBUSAX BBHICOKOTO BaKkyyMma
(P=10"* I1a) B AByX pexuMax. B mepBOM pexiMe IUICHKH OCAKIAIU IOCIEI0BATENHHO B
OJMHAKOBBIX YCIOBHAX ©Oe3 mporpeBa. Bo BTOpoM pexuMe Iocie OCakICHUS
OTIPEICICHHOTO THUIA TUICHKH MTPOBOJIMIIN MPOTPeB B TeueHHe 1 daca: mocie ocakIeHus
SnO, mpu T=900 K, nocne ocaxxaennu GaP mpu 750 K, mocne ocaxaerre Ni mpu 700 K.
CocTaB MOBEPXHOCTH KOHTPOJIUPOBATIH METOJOM OXKE-DJICKTPOHHOW CIEKTPOCKOIINU
(0OD2C), npoduns pactpenenenus cauManu MerogoM ODC B COUYETAaHMH C TPAaBIEHHUEM
MOBEPXHOCTH HoHamMu Ar’. DHeprus HOHOB cocTaBisiia 3 KiB, IUIOTHOCTh TOKa
0.5-1 MKA-CM 2, Iy4OK T1ajal Ha TIOBEPXHOCTH MHIICHH IO YIIoM ~80° OTHOCHTETBHO
HOPMAaJIH.

I11. PE3YJIBTATHBI DKCIHIEPUMEHTOB U UX OBCYKJIEHUE

Ha puc. 1 npuBeeHBI CIIEKTPBI 0)KE-IJIEKTPOHOB HUKEIEBOTO KOHTAKTa CTPYKTYPBI
Ni-GaP-SnO,, nony4yeHHble B IBYX pexuMax. B BepxHem cnektpe (@), moiydeHHoro 6e3

dH(E)
dE

| | |
| | i
M Cl K CCa o] M Fe Mi™
/ b
F | 1 | 1 1 1 1 1 i 1 J

0 200 400 600 200 E &V

Puc. 1. DHepreTHYECKHe CIEKTPBI 0JKE-2IEKTPOHOB, IMUTHPOBAHHBIX TIOBEPXHOCTHIO HUKEIIEBOTO
KOHTakTa cTpykTypsl (SNO-GaP-Ni) mox geficTBreM MMydka IEPBUYHBIX SIIEKTPOHOB ¢ E¢=3 koB
710 (@) n mocne (6) ouncTky HOHHBIM TpaBieHneM Ar’ (Ey=6.7 x3B. 500 A)
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00e3rakMBaHus TUICHOK, HAOIIOJAI0TCSI HHTCHCUBHBIC 0XKE-TTUKU TPUMECHBIX aToMOB C,
O, N, a Takke wmamomnreHcuBHble mmku K, Na, Cr, Mn, Ar. B oxe-crekrpax,
MOJYYEHHBIX BO BTOPOM PEKHME, COJICpKaHUE TIPUMECHBIX aTOMOB PE3KO YMEHBIIIACTCS.
AmHanornyHasi KapTrHa HaOOAaeTCs U B CIydae 0XKe-CIIeKTPOB, CHATHIX ¢ yyacTkoB GaP,
He TOKpbIThIX atomamu Ni (puc. 2). Pe3ynbpTaThl SKCIEPUMEHTOB MOKA3bIBAIOT, YTO
MOBEPXHOCTh KaK HHUKEIEBOTO KOHTAaKTa, TaK W MONymnpoBojgHrka GaP B OCHOBHOM
sarpsisHeHa atoMamMu C, O u N, KOHIEHTpaIUs KOTOPBHIX B Cly4ae MPEIBapPUTEIBHO
00e3Tra)KeHHBIX TUICHOK 3HAYUTENIBHO MeHbIIe. ClieloBaTeIbHO, UHTCHCHBHOCTH OXe-
MUKOB OCHOBHBIX 3neMeHTOB ((Hukens puc. 16) a taxke Ga u P (puc. 26)) pesko
BO3PACTAIOT.

DIE)
N

]

Puc. 2. DHepreTnueckue CHEKTPhI 0Ke-3JIEKTPOHOB, SMUTHPOBAHHBIX IOBEPXHOCTHIO TieHkH GaP
MO/ ICHCTBHEM ITy4YKa MEPBHYHBIX JIEKTPOHOB ¢ dHeprueit Ep=3 k3B no (a) u nocne (6) ouucTku
MOHHBIM TpaBiienneM Ar’ ¢ Eg=6.7 k3B.

Ha ocHoBe aHanmm3a 0ke-CIIEKTPOB, CHATHIX B COYETAHMU C MOHHBIM TPABJIICHUEM,
OBLTH TIOCTPOEHEI TpaduKy IpoduiIe pactpeneaennii kounenTpamuit snemertos Ni, Ga,
P, Sn, O, C mnsa cucremsr Ni-GaP-SnO,, monydeHHoii B nepBom pexxume (puc. 3). U3
puc. 3, BHIHO, 4TO pe3kas rpaHuna Mexay rmieHkoi Ni u GaP orcytcTByeT, uTo
00yCJIOBIICHO, TIO-BHIUMOMY, TIPOIIECCOM B3aMMHON mudy3uu aTOMOB M MX NpUMeceH
B YKa3aHHBIX IJICHKaX BO BpeMs pocta. OTMETHM, YTO IO Mepe yBEIMYCHHS TITyOUHBI
KOHLIEHTpAlXsl yTJiepoAa MOHOTOHHO yMEHbIIaeTcs. MOXKHO MojiaraTh, 4YTO aTOMBI
yTJ€poa B OCHOBHOM IOSBIISIFOTCS. HA IIOBEPXHOCTHU B IIPOLIECCE UMILIAHTALNS HUKETIS.

Hamuune B o0beMe u Ha moBepxHocTH TWEHKH GaP mpumecHsix anemenToB O, K,
Na, u ap, mo-BUAMMOMY, SIBIAETCS OCHOBHOM MNPUYMHOW HW3MEHEHUS YACIBbHBIX
CONIPOTHBIICHUH  METANIMYECKMX  KOHTAKTOB, HAHOCHMBIX Ha  IOBEPXHOCTb
HOJIYIPOBOAHUKOBBIX IUIEHOK. JIeHCTBUTENBbHO, NPUMECHBIE JJIEMEHTHl M3 YHCIIA
HICJIOYHBIX METAJUIOB W KHCJIOPOJa, HAXOSCh HA MOBEPXHOCTH IOJYIPOBOJHUKOBBIX
IVIEHOK, MHUIPUPYIOT M MOTYT COOHMpaThCsi Ha TpaHHULE MEXAY METaUINYECKUM
KOHTAKTOM M IIJIEHKOH, YTO COOTBETCTBEHHO IPUBOIUT K OKHCJICHUIO M O00Pa30BaHMIO
IIEJIOYHO-METAIUTMICCKUX coequHeHui [3].
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W3 Hu3kodHEpreTudeckoil yactu oxe-crektpa Ni, CHATOro mocie IMOCIOHHOTO
tpasienus noBepxuoctd Ni B mpenenax 0.4; 0.8 u 1.0 mxm (puc. 4) BUIHO, YTO BONMH3H
M,M M5 muka Ni (E = 61 3B), HaunHas ¢ riayouns! ~ 0.6 MKM, OSBJISIETCS CaTEIIMTHIMA
MTUKY C dHeprueit 54 3B.

ANIE] ;
I|E. IJI r__.,-r’"_--f
I \ | I
SN
||| v
.-:1III-J‘| VMO - 54 £ ]
| M {Owe-mepeay
| "_ o Wb d5)
.l'./--.
e
| |
I .
74
W
= 1 1
0 0 _— 100
. B

Puc. 3. TIpaduku mnpoduieii pacnpenenenuii  Puec. 4. HuskosHepretndeckue oxe-

koHieHTpanuii amementoB Ni, Ga, P, O, Sn, C mns  nwuku Hukens ¢ sueprueit 61 3B (mepe-

cuctemsl Ni-GaP-SnO,-curai. xon Mp;MyMs), moJy4eHHbIe TOCIE
TpaBJIEHUs TIOBEPXHOCTH B mpeaeax 1,
2 ¥ 3 NOHHBIM TPABJICHHEM.

Pacuer sHEprun 0’xe-MMMKOB OCYIIECTBIISIIN C IIOMOIIBI0 (DOPMYITBI, UCTIOIH30BAHHOM
HaMmH B [2] 11 onpeeneHns BEITHYAHBI XAMHYECKOTO CIBHTa

AE(Ni—)NiOn)AZBd)d)(Ni—>NiOn_l) )

AZ,,,(Ni—NiO,) ’
rae AE(Ni—NiO,) u AE(Ni—NiO,4) — XuMHUECKHIi CHBHUT OXXe-NIMKA HHUKEIS B
coemuaeHnssx NiO, n NiO, AZ,,p(Ni—NiOn1) — m3meHeHue 3GdexTuBHOrO 3apsia
uukens B coenuHeHnn NiO, a AZ,p(Ni—NiO,) — usmenenue s¢dexTnBHOrO 3apsia
atoma wukens B NiO, Amnagu3 mokaszaja, d9ro OXe-UK ¢ OHeprueir 54+1 5B
cootBercTByeT coenureruo NiO (nmu NiO,). MakcumanbHasi KOHIICHTpALUS KUCIOpOoaa
Ha rpanune Koutakta Ni-GaP cocraBnsier 10-15%. Takoe KOJHYECTBO KHCIOPOAA
BBI3BIBACT OKUCIICHHWE 3HAYUTENbHBbIH wacTh Ni BONM3M TIpaHUIB], YTO NPHUBOIUT K
YBEJIMYCHHIO CONPOTHBIICHUS KOHTaKTa [4, 5].

B cnyuyae turenounoit cuctemsr Ni-GaP-SnO,, monydeHHONH BO BTOPOM pEXUME,
KOHIIEHTpanus npumeceit Ha rpanuie Ni-GaP 6rita B 2—3 pa3za MeHbIIIe, YeM B TIEPBOM
pexxume. Ha puc. 5 mpusenenst npodunu pacnpenenenus atomoB Ni, Ga, C u O no
rnyboune cucrema Ni-GaP-SnO,-curan, monyueHHble B pekume 2. BumHo, 9To B 3TOM
Cllydyae HE TOJIbKO PEe3KO YMCEHBIIAeTCSd KOHIICHTpAIMs MPUMECHBIX aTOMOB IO BCeH

AE(Ni— NiO, )=
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ryOWHE CHCTEMBbI, HO U 0oJiee YeTKO BBIZSCTCS rpanuna Mexay ruieHkamu Ni u GaP.
OnHako Ha TpaHUIlE pasfiena HaOoMAeTCsl HEKOTOPOE YBEJIMUYEHHE KOHIICHTPAIUU
aromoB O u C.

OTH.

i GaP

20

0 0.2 0.4 0.6 0.8 s . ; 4, pom

Puc. 5. Ipodunu pacnpenenenuss aromoB Ni, C, O u Ga mo riyOuHE Ha TpaHHIE CHCTEMBI
Ni-GaP.

Takum o6pa30M, pe3yabTaThl SKCHOCPUMCHTOB IIOKA3bIBAIOT, YTO MAJId IMOJYYCHUA
HagCKHBIX OMHUYCCKUX KOHTAKTOB B CHCTEMAxX THUIIA MCTAJUI-IIOJIYIPOBOIHUK
HGO6XOILI/IMO IIPOBOJUTH o0e3rakuBaHue B YCIIOBUAX BBICOKOI'O BaKyyMa ITOCJIE KaXXI0ro
HUKJIa OCAKACHUS NOJYTIPOBOJHUKOBBIX U JUIJICKTPUUCCKUX IIJICHOK.
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SIpUMYTKA3rUWIM JaTYMKIAD XApOpaT Yiyall AHUKIMTHHUHT WINYM TOKUHMHI CTaOMJUIUIU
koddumeHTHra  OOFJIMKIUIMHUA — TaAKHMKOTH  HATIDKaJapud KeNTHpWIraH. Bosibrammnep
TacHUpUAAa KWUIMKHUHT MaBXyMINTH XaMmIa ymoOy KUSUIMK KWUMaTHHU TeMIlepaTypara
OOFJIMKJINTY MIIYM TOKMHHUHI CTAOWUIMK KO3(GHLUMEHTH, UIIYM TOKU KMHMATH Ba XapopaTHU
yayam coxacura OOFIMK XO0JI1a XapOPAaTHH YiIyall aHUKJINTUTa YeKJIOB KYWUIIHN KYpCaTHIITaH.

IIpencraBieHsl  pe3yibTaThl HCCICHOBAHMS 3aBHCHMOCTH TOYHOCTH M3MEPEHHUS TeMIIepaTypsbl
MOJYIIPOBOAHUKOBBIMU JTaTYMKaMU OT Koddduuuenta cradunusauuu pabouero toka. Ilokaszano, uro
HaJMYME HAKJIOHA BOJIBTAMIICPHON XapaKTEePUCTHKH, a TaKKe € 3aBHCHMOCTh OT TEMIIEpaTypsbl
HAKJI1a/IbIBAlOT OTPAaHMYEHHUS HA TOYHOCTh N3MEPEHHS B 3aBUCHMOCTHU OT KO3 (dHIHEHTa CTaOMIM3aun
pabouero Toka, 3Ha4eHHH pabovero Toka u 00IacTH H3MepsieMOi TeMIepaTyphl.

The dependence of accuracy of temperature measurement by semiconductor sensors on stabilization
factor of the current source is investigated and the results are presented. It is shown that the presence of
slope of the current-voltage characteristic, as well as its dependence on temperature, impose limitations
on the measurement of accuracy depending on the stabi;ization factor of the current source, the value of
the operating current and the region of the measured temperature.

BBenenue. PasButue npuOOpOCTpOCHUS B OOJACTH MEIUIMHBI U YIIydllICHHE
00ECIEYCHHOCTH  HACEeNeHUWS WM MEOUIMHCKUX  YUYPSKACHHH  JIOCTYITHBIMH,
Ka4eCTBCHHBIMU  HM3JICJIUSMH  MEIUIMHCKOTO Ha3HAYCHUS, pealu3aluss Mep TI0
HEJIOMYILIEHHIO HEOOOCHOBAHHOTO POCTa IIEH Ha HUX SBIISIOTCS OAHUM U3 BOKHBIX 3a/1a4.
B wactHOCTH, M3MepeHue TeMIepaTypbl Tela, SBISACH OJHOM M3 BaXKHBIX IPOLETYp B
MEJHIIHE, TT03BOJISIET CBOEBPEMEHHO OLIEHWBATh COCTOSHHWE OPraHW3Ma W IPHHUMATH
Mepbl MO BBISIBJICHUIO HPUYUHBI HeAayra u JjedeHuro Oone3nu [1, 2]. Kpome Toro,
U3MEpEHHs TeMIepaTypbl IIMPOKO NPUMEHSIOTCS B XHPYPIMU B KauyecTBE CPEICTBA
KOHTPOJISI, B MEANIIMHCKOM AMarHocTuke u B Tepanuu. [Ipu 3ToM Temmeparypa sSBiIsSeTcst
PETYIUpPYIONMM TEpaNeBTUYECKYI0 MPOLENypy IOoKa3aTesleM, CBOEro poaa oOpaTHOH
CBSI3bIO C OMOJIOTUYECKUM OOBEKTOM.

B Hacrosimee Bpems B Y30E€KHCTaHE HCIHOJB3YIOTCSI B OCHOBHOM TEPMOMETPBI,
COCTOSIIIIME M3 TOMENIEHHOH B CTEKJITHHBIA KOPITYC PTYTH, KOTOpas MpPOIOPIUOHAIBHO
BO3/ICHCTBYIOIIEH TemmepaType MeHseT o0beM. OHH, TpeOys ATUTENbHOE BpeMs IS
PETHCTpallui TEMIIEpaTyphl Teja, SBISIOTCA TAaKKe TOKCHYHBIMH W HEOE30IaCHBIMH,
0COOEHHO TIPH MCIIOJIB30BAaHHUH JJISI U3MEPEHUS TEMIIepaTyphl Tena xetei. [Ipn sToMm, kak
oTMe4YeHo B «MwHaMaTckoil KoHBeHImMH o pryTH» [3], Haumnas c¢ 2020 rona,
NpEeKpanaroTcsi MPOU3BOJICTBO, HKCIOPT U MMIOPT U3ACIHH, COAEpKAIIMX PTYTh, B UX
YHCJIe BCE TUIBI TEPMOMETPOB, COAEpKALINE PTYTh. B CBs3M ¢ yeM 3ampoc Ha Apyrue
BUJIBI TEPMOMETPOB OyAeT o4yeHb BocTpeOoBaHHBIM. OQHAKO B HACTOSIIEE BpeMs B
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VY30ekucTane OTCYTCTBYET NPOM3BOACTBO TEPMOMETPOB M TEPMOAATUMKOB, M BCA
NOTPeOHOCTh OTpaciieli pecyOIuKH yIOBICTBOPAETCS 38 CUST UMITOPTA.

B paspabarhiBaeMBIX 3JCKTPOHHBIX TEPMOMETPAX ISl U3MEPEHHS TEMIIepaTyphbl
TeNla UCIOJNIL3YIOTCS TEPMOJHOABI, TEPMOTPAH3UCTOPHI, PE3UCTOPHBIE U HHTETPaJIbHBIC
tepMmonaturk [4, 5]. B Tom uucne B Y30ekucraHe BemyTcs paboOThl MO pa3paboTKe
TEPMOJIATYMKOB B BUJEC KPEMHHEBBIX TEPMOPE3UCTOPOB C KOMIIEHCHPOBAaHHON 0a30BOi
obmacTpio: ¢ mpuMeHeHWeM AU(D(Y3UOHHOH TEXHOJOTMH IyTeM JIETUPOBAHUS
OpUMECSIMH  TIEPEXOMHBIX MeTa/uioB (MapraHer, HUKedb W ap.) [6] u myTem
TEPMOPATUAIIMOHHOTO JeTHpoBaHusl kpeMuus [7]. Kpome Toro, Ha 0CHOBE UHTErpaIbHBIX
CXeM Ha KOMIUIEMEHTApHBIX TPAH3UCTOPAX, COCTOSIIMX M3 HECKOJIBKUX JIECSITKOB
TPaH3UCTOPOB, MPEIJIOKEH PAJ TEPMOAATINKOB, CIIOCOOHBIX OCYLIECTBIATH MOHUTOPHHT
TEMIEpaTypsl pa3auuHbiXx 00bekToB [8, 9], B wacTtHocTH, BhIMyckatommecss AQO
«FOTON» mukpocxembl K1019EM1, mpezacrasisioiiue co00il TEpMOUYYBCTBUTEIBHBII
JJNIEMEHT C JIMHEHHON 3aBUCHMOCTBIO BBIXOJHOTO HAINPSDKEHHS OT TEeMIeparypbl |
coiepkamiye 28 HHTerpabHBIX JIEMEHTOB.

OOmuM HEeIOCTATKOM H3BECTHBIX IOJNYNPOBOJHUKOBBIX JIATYUKOB SBISIETCS WX
HHU3Kas TOYHOCTh HW3MEpPEHHsl TeMIeparypbl. TOYHOCTh H3MEPEHUs] TeMIepaTypbl B
MOJTYTIPOBOJHUKOBBIX JaTYNKAX ONpPEAEISIeTCS] COBOKYITHOCTHIO MHOXKECTBa (akTOpPOB,
OOJIBIIIMHCTBO KOTOPBIX SIBJISCTCS CIIEACTBHEM HEHJCATbHOW BOCIPOH3BOJUMOCTU
TEXHOJOTHYECKOTO IPOU3BOJICTBA TIONYIPOBOJIHUKOBBIX TPUOOPOB, TPUBOJSIIETO K
OTKIIOHCHHIO XapaKTepUCTHK JaTYMKOB OT CTaHAapTHOW KpuBoil. Hampumep,
HECOOTBETCTBHUE ko3 durmenra HEeHJIeaTbHOCTU Wi MOCJEI0BATEILHOTO
COTIPOTHBIICHUSI HCHOJNB3YEMOTO JaT4hKa COOTBETCTBYIOIIUM TMapamMeTpaM paHee
KaTHOPOBAHHOTO JIaTYMKAa NPUBOTUT K CYIIECTBEHHOMY CHW)KGHHIO TOYHOCTHU
M3MEpPEHHUSL.

Hacrosimast pabota mocBsiieHa OMPEACTICHUI0 3aBUCHMOCTH TOYHOCTH HU3MEPCHHUS
TEMIIepaTypbl TOJIYNPOBOAHUKOBBIMH JaTdyMKamMH OT Kod(ddunuenta crabunnzanuu
pabouero Toka.

Hccaenyembie o6pa3ubl. J[s vccneaoBanus ObLTH U3rOTOBJICHBI KPEMHUEBBIC P-N-
CTPYKTYPHBI, COCTOSIIIUE U3 DIMUTAKCHAIBHOTO CJIOSI N-TUMA ¢ KOHICHTpale HocuTenen
5x10% cm™ u Tommumuoii 3.5-3.88 MKM, BBIPAIIEHHOTO Ha MOJIOKKE KPEMHHS p+-TI/IHa C
KOHIICHTpaluel HOCHUTENen 3x10% cm® u Tommmuoit 380 Mxm. Ha wactu MIOBEPXHOCTHU
SMUTAaKCHALHOTO  ciost  auddysueid  Oopa  chopMupoBaHa  JOMOTHHUTEIHHAS
CWJIBHOIIETHPOBaHHAsL 00JIACTh p++-TI/I1'Ia tommuaoN 0.9-1.4 MKM W ¢ KOHIIEHTpanuen
Hocureneit 3x10™ cM ) KoTopas TeXHOMOrHYECKN 3aKOpOUYeHa ¢ TIOIONKKOH P'-Tima. B
pe3yibTaTe B TOTOBOM CTPYKTYpe CPOPMHUPOBAHBI JIBa BBINPSIMIISIONIMX epexo/ia, OJIUH
¢ n-p"-mepexomoM, a Apyroif ¢ p*-N-mepexomoM, KOTOpblE MapajielbHO COEIMHEHBI
Mexay coboi. KoHTakThl kK 3TUM obnactsM cGopMUpOBaHbl HambuieHHeM cios Al
tommuuoi 0.5-0.2 mxm. Ilpu pasmepe kpucramia 450x450 MkM®, aKTHBHas IUTOIAIb
CTPYKTYpHI cocTassier 2.36x10 7 cm?.

Mertoauka wuccieaoBaHusl. BoJbTaMmepHble XapaKTEPUCTHKH CHUMAIH IO
CTaHIAPTHOM cxeme. Pabouee HampspkeHHE HogaBanu OT OJoka muTanus tuna b5-48 u
b5-50 ¢ marom 0.05 B. HampspkeHune (UKCHpOBaNIM YHHBEPCAJIbHBIM BOJIBTMETPOM
[I1301. MunumansHbIN n3MepeHHbIH ToK OblT paBeH 0.1 HA, KoTOpyIO H3Mepsuu Ha B7-
30 m I1I300. TemmeparypHble WCCIEAOBAHUS MPOBOAMIN C HCIIOJIB30BaHUEM
CHENUAIFHOTO KPHOCTATa, B KOTOPOM B KaueCTBE XJIaJareHTa ObUT UCIIOJIb30BaH JKUAKUN
a30T, a TEMIIEPATYPHBINA PEKUM 3aJIaBATH C IIOMOIIBIO HArpeBaTelis, BMOHTUPOBAHHOTO B
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Jepkatens o0pasla, MOMEIaeMOro BHYTPH HW3MEPUTEIbHOM KaMepbl. 3agaBaeMylo
temnepatypy ot —180°C mo 150°C wusMepsuin TepMomapoil XpoMenb-alioMelb U
NoJIepKUBaK TepMoperyisitopom 2TPM1.

IMonyyeHHble pe3yabTaTbl W HX 00cy:xkaeHue. l3MmepeHbl BOJbTaMIEPHBIE
XapaKTePUCTUKU H3TOTOBICHHBIX P-N-CTPYKTYP B PEXHME NPSMOrO CMEIICHUS IpH
Pa3IMUHBIX TeMIepaTrypax, a TaKKe BOJBT-TEMIEPAaTypPHbIE XapaKTEPHCTHKH TPH
PasIM4HBIX pabOYNX TOKAX, KOTOPBIE MPEICTAaBICHBI HA pUC. 1 M 2 COOTBETCTBEHHO.

HaGmrogaemoe w3MeHeHHME MoOKazaTens Kod(pQuIMeHTa HEWIeadTbHOCTH ¢
MOBBIILICHUEM TEMIEpPaTypbl MOKHO OOBSCHHUTH MEPEXOJOM MEXaHHW3Ma TOKOIEpeHoca ¢
pexoMOuHaOHHOTO Ha Muddy3uoHHbINA. [lockonbky nuddy3noHHBIN TOK, B OTIHYME
OT PeKOMOMHAIIMOHHOT'O, IIPOIIOPLIUOHANIEH KBaApaTy COOCTBEHHOI KOHLIEHTpPAIMHU, TO C
pOCTOM TeMmIeparypbl MO Mepe YBEIMYeHHs COOCTBEHHOW KOHILIEHTpAIUW HAYHHAET

npeBanupoBaTh AU PY3HOHHBIH
TOK, YTO M  MPUBOAUT K

LA " HaOJIF0IAEMOMY Ha DKCIIEPHMEHTE

10 4 : il g TR L Tl A T W3MEHEHHIO ko3 purmenta
10 a HeueadbHOCTH. Hanmuue HakiioHa
£ (I BOJIbTAMIIEPHON  XapaKTEPUCTUKA
1077 NPUBOIUT K TOMY, YTO PETUCT-
1074 : pupyeMoe H3MEHEHHE IPSMOTO
. MAICHUS HAIIPSDKEHHSI MOXET OBITh
1074 CJIEZICTBUEM HE TOJBKO M3MEHEHHUS
10°4 TEMIIepaTypsl, HO TaKke W
1 W3MEHEeHMs 3HadyeHus pabodero
o TOKa. Bcenencteue 3TOTO
10" LT HaKJIaJbIBAaCTCsl OIpaHUYCHHE Ha
0 0102 03 04 05 0,6 0708 09 UB TOYHOCTb HM3MEPEHHs. TeMIepa-
Puc. 1. 3aBUCHMOCTB TOKa OT HAIPSKEHHS TPSMO- Typel B 3aBHCHMOCTH  OT
CMELIeHHEro P-N-Tiepexona MpH Pa3iIMyHbIX TEeM- ko3 uumeHTa crabunmsanuu
mepaTypax B IMoryorapuMUIecKkoM MacmTade. paboyero TOKa, a M3MEHEHHUE
HAKJIOHA TOKOBOW XapaKTEPHUCTUKU

U,V C TeMIepaTypoil emie OombIme
0. 3aTpyJHSET TOYHOE HW3MEpEeHHe
0. TEMIIEPaTYPHI. I/{CCJ'IGL[OBaHI/IH
BOJIBT-TEMITEPATYPHOIN 3aBUCHMOC-

0.7 TH TOKa3bIBAIOT, 4YTO TeMIlepa-
061 TYpHBIH KO3(pQUIIMEHT YyBCTBU-
051 TEIHHOCTH WMEEeT HapacTalomuil
R 10 mkA XapakTep CO CHIKEHHEM pabouero
031 e 1mkA toka (puc. 2). Opmako s
0.21 0.1 mkA obecriedyeHusi JIMHEHHOW 3aBUCH-
017 —v—10nA MOCTH HaIPSKEHUS oT

0 r r r r r r r r r v
-100 -80 -60 -40 -20 O 20 40 60 t,°C TeMIEpaTypsl  pabounii TOK
HEOOXOJMMO BBHIOPATh HECKOJBKO
Puc. 2. BonbT-TeMIieparypHas XapakTepuCTHKA Gonpmie (He MeHee ueM Ha
MMPpAMOCMCIICHHET O p-n-nepexona IIpyu pa3JINIHbIX

5 HOPSIZIOK) TOKA HACHIICHUS.
Ppadovux TOKax
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OmpenencHHble U3 OJKCHEPUMEHTAIBHBIX KPHUBBIX BOJBTAMICPHOM U  BOJIBT-
TeMIepaTypHOU XapaKTePUCTUK OTPAaHWYCHUs, HaKJIaJIbIBAeMble Ha TOYHOCTb U3MEPEHUS
TeMIepaTypsl B 3aBHUCHMOCTH OT 3HA4YeHW pabodero ToKa W TeMIepaTrypsl TpHu
pa3auuHbBIX Kod(hdUIMEHTaX CTa0MIM3alKK pado4yero TOKa, MPEICTaBJICHbI B TAOJUIIE.
Bumno, uro mnpm HeusMeHHOM Kod(dduimeHTe cradwnm3anud pabodero Toka
MIOTPEITHOCTh  OMPENENIEHUs] TEeMIlepaTypbl MO Mepe CHIDKEHHs pabodero Toka
YMEHBIIIACTCs], a MPH MOBHIIIICHUH TEMIIEPaTypPhl YBETUINBACTCSI.

Tadmuua. OrpaHuyeHHe TOYHOCTH HW3MEPEHUS TEMIIepaTypbl B 3aBUCHMOCTH OT 3HAuYCHUS
pabouero Toka u TeMIIepaTypsl IPH PA3TNYHBIX KOA(PPUIHEHTaX CTAOMIH3aNN pPab0vIero TokKa.

Tox Kosddurment crabmmszannu padodero toka Al/l = 0.01

-120°C | -90°c | -60°C | -30°C | 0°C | 30°Cc | 60°C
10 mxkA  +0.102 +0.111 +0.121 +0.127 +0.137 +0.153 +0.165
1 MxA +0.094 +0.102 +0.112 +0.117 +0.127 +0.152 +0.153
0.1 mxA  +0.087 +0.095 +0.103 +0.109 +0.117 +0.131 +0.142
Tox Kosddumment crabunmzanuu padogero toka Al/l = 0.001

-120°C_ | -90°C | -60°C | -30°C | 0°C |30°c | 60°C
10 mxkA  +0.010 +0.011 +0.012 +0.013 +0.014 +0.015 +0.017
1 MxA +0.009 +0.010 +0.011 +0.012 +0.013 +0.014 +0.015
0.1 mxA  +0.009 +0.009 +0.010 +0.011 +0.012 +0.013 +0.014

IIpu  BBICOKOH  cTeneHu

crabunm3anuu  pabodero TokKa 1’{‘{’ v
TOYHOCTh U3MEPCHUS OTPEACIIS-

eTCsl TEXHOJIOTHYECKUAM Pa3opo- 1,0
COM TMapaMeTpoB OT OJHOTO 0,9
obpasna Kk  apyromy. B
YacTHOCTH, Ha  pHc. 3 0.8
MPEACTABIIEHBl BOJILT-TEMIIEpA- 0,71
TYpHBIE  XapaKTEPUCTHKH B 0.6,
pPOKHUME MPSIMOTO  CMELICHHUS
p-n-niepexoja TUTS SITH 0,51
00pa3IoB W3 OIHOH TEXHOJIO- 0,41

THYECKOH Ccepuu, KOTOpPBIC
YKa3bIBarOT Ha TO, YTO JaXKE IIPpH

T T T T T 0
150 <100 50 0 50 100 t C

HE3HAYUTEILHOM W3MCHCHUH Puc. 3. BonbT-TemrepaTypHble XapaKTEPHCTUKH B
KO3 PUIMEHTa HEUIeaTbHOCTH peXHMe MpSAMOro CMeELIeHHs P-N-Tiepexofa st
HaOJIrOmaeTcs 3HAYUTEIbHOE MSATH 00pa3I0B U3 OJHOM TEXHOJIOTHIECKOH cepruun

OTKJIOHEHHE OT CTaHAApTHOU
KaJTHOPOBOYHOM KPHBOH.

3axioyenne. TakuM 00pa3oM, MOKa3aHO, YTO HAIMYME HAKJIOHA BOJIETAMIICPHOM
XapaKTEepPUCTUKH, a TaKKe €€ 3aBUCUMOCTb OT TEMIIEPATyphbl HAKJIAJbIBAIOT OrPaHUYCHUS
Ha TOYHOCTb W3MEpPEHHs B 3aBUCHMOCTH OT Kod(duiueHTa crabunmzanuu padodyero
TOKa, 3HAUeHUs pabouero Toka M o0yacTh u3MepseMol Temrepatypsl. CiegoBaTeibHO,
Ul JOCTHMKEHUS BBICOKMX 3HAQUYECHUU 3asBJIICHHBIX TOYHOCTEH M3MEPEHUS B M3BECTHBIX
JaTYMKax TeMIepaTypsl TpeOyeTcsi WX IUTaHWe OT HCTOYHHKOB TOKAa C BBICOKOM
CTENeHbI0 CcTa0unu3auuu paboyero Toka. JlaHHOE CBOWCTBO fABIsEeTCS OOMIMM
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HEIOCTaTKOM BCEX U3BECTHBIX MOJYIPOBOJHUKOBBIX JATYUKOB. PE3UCTOPHBIX, TUOTHBIX
U TPAH3HCTOPHBIX.

Jlnst co3paHusl aTyvKa TEMIepaTypbl 0e3 yKa3aHHBIX HEJIOCTATKOB HAMH paHee
OpeUiokeHa HOBas CTPYKTypa M KOHCTpyKums tepmoxaarturka [10], kotopas
NPECTABISAET COOOM CTPYKTYPY C JBYXYPOBHEBBIMHU JIByMsI KOHTAKTHBIMH OONACTSIMH B
0a30BOI 00JIACTH OXHOTO THUIIA, CPOPMHUPOBAHHBIX B CHIIHHOJETHPOBAHHON 00JIaCTH
JIPYroro THIa MPOBOAUMOCTU. PaboumuM sIBIsieTCSl 0OpaTHOE HampsKeHUE, MpUiaracMoe
K KOHTAKTY, HaXOJSAIIEMYCsl HA BEPXHEM YPOBHE, H K KOHTAKTy K CHJIBHOJICTHPOBAHHOMN
obnactu. V3MepuTenbHBIN MOTCHIIMAT CHUMAETCS ¢ HAXOMAAIICTOCS Ha HHXKHEM YpPOBHE
KOHTakTa K 0ase. Ilpu ompeneneHHOM 3amuparoiieM pabodeM HampspkeHHn (OTcedke)
MIPOUCXOUT TIOJTHOE OOCHEHUE CO CTOPOHBI HUIKHETO YPOBHS 0a3bl, a U3MEPHUTEIbHBIN
NoTeHNUa (HampsDKEHWE) OT HapacTaloniero paboyero HampsHKeHUs mpuobperaer
HEM3MEHHOE 3HA4YeHHWe, HO TMPHU TOBBINICHUM TEMIEPaTypsl OyIeT BO3pacTaTh
IMPpONOPIHUOHAIBHO er. OTtHOIIECHHE npupamcHud HU3MEPUTCIIBHOI0 IMOTCHIHAIa K
MPUPOCTY  TEMIIEPaTypbl MPEACTABIsICT COOOW  TEeMIIEpPaTypHbIA KO3 PHUIIMESHT
TEPMOYYBCTBUTEIBHOCTH, KOTOPHIH HE 3aBUCHT OT PabOYero HampsHKEHHS MM TOKA, TO
ecTh 00JIa1aeT caMOCTaOMIIN3UPYEMBIM XapaKTepOM.
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Hyxconcus rpaden cuprura odymiepen Cg HUHr Typnu ycynuparu ancopOuusicu bpennep
MOTEHLMATI [OUpacuIa KOMIIBIOTEpJa MOAC/UIAIITUPUIN METOOM OWiIaH TaIKWK OTHIIIH.
AncopOuusi opanuru Ba 3Heprusi OornaHunuiapu onuHau. Llynynraex ¢ymnepen ancopOuus-
CHHUHT T€OMETPHK ¥3rapuiin aJcopOLMSsIaAHUII YCYIIUTa OOFIMKINIH TAIKUK STHIIH.

MeToaMu KOMIIBIOTEPHOIO MOJEIHUPOBAHUSA B paMKax IOTeHIMana bpeHHepa MccieoBaHbl pasHbIC
croco0bl ancopbuun Qymiepena Cgo Ha moBepxHocTH Oe3nedextHoro rpadena. Boutk momydenst
9HEPTHM CBS3M W JAUCTaHLIMS ajcopOLMM, a TakKe MCCIEIOBAHO H3MCHEHHE TI'EOMETPUM
ancopOUpoBaHHOTO QyJUIepeHa B 3aBHCUMOCTH OT criocoba aacopouum.

Different ways of Cg fullerene adsorption on surface of defect-free graphene have been studied by the
methods of computer simulation within the framework of the Brenner potential. The energies of binding
and distance of adsorption have been obtained. It has been also studied how geometry of adsorbed
fullerene depends on a way of adsorption.

Fullerenes are an independent allotropic form of carbon as isolated molecules of that
are self-organized in the form of convex closed polyhedrons composed from the even
number of three-coordinated atoms of carbon. Defect-free fullerenes consist of
geometrically regular hexagons (Fig. 1a) and geometrically regular pentagons (Fig. 1b)
and defect-free graphene is composed of hexagons only (Fig. 2).

Fig. 1. Atomic structures as an example of Cg fullerene: hexagon (a) and pentagon (b) marked by
black circles.

The number of carbon atoms (n) in fullerene obeys some regularity, namely n = 32,
44,50, 58, 60, 70, 72, 78, 80, 82, 84 etc. The most stable fullerene has 60 atoms of carbon
and is denoted as Cg. The fullerene Cy, differs from Cgq fullerene by inserting 10 carbon
atoms into the equatorial region of Cgp; as a result, the Cso molecule becomes elongated
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and like a rugby ball. The fullerenes containing the greater number of carbon atoms (up to
400) are formed in much smaller amounts and often they have a rather complex isomeric

composition.

Fig. 2. Atomic structure of defect-
free  112-atomic  rectangular
graphene  consisting of  just
hexagons under periodical
boundary conditions.

Among fullerenes, Cg has the highest
symmetry and the highest stability. It is formed by
20 hexagons and 12 pentagons with carbon atoms at
their vertices. Another structural feature of this
fullerene is that it has an internal cavity whose
diameter, taking into account the size of the carbon
atoms, is about 5 A; owing to that the atoms of other
elements or even small molecules can be inside the
fullerene.

The unique possibility of fullerene is
broadening when fullerene is combined with other
atoms and molecules, and endofullerenes are of
special interest when additional atoms, for example,
alkali metal ones, are in the inner cavity of
fullerene. However, the practical application of

fullerenes and endofullerenes in nanoengineering is
depends on what substrate will be used for fullerene
structures. Such substrates can be the surfaces of silicon carbide crystals, silicon, diamond
and graphene Latter, in view of miniaturization, is more successful since its thickness is
one atomic layer. In addition, defect-free graphene having a two-dimensional hexagonal
carbon crystalline lattice (Fig. 2) is a unique object with distinctive physical properties [1]
and can be selected as a substrate for integrated chips. In the present work, the adsorption
of fullerene Cq onto the surface of defect-free graphene is studied by computer
simulation within the framework of classical molecular dynamics.

First, a computer model of a single defect-free Cqo fullerene was built by the energy
minimization method using the second-generation Brenner potential (REBO) well
describing the carbon structures [2]. It was found that the cohesive energy of each carbon
atom in the fullerene is equal to 6.8 eV. Then, a computer model of defect-free
rectangular graphene consisting of 112 carbon atoms was constructed (Fig. 2, the details
and model validation see [3]) by the same method of energy minimization using the
Brenner potential with periodic conditions for boundary atoms. As a result, a computer
model of graphene with cohesion energy of 7.4 eV was obtained; that cohesion energy
value is more than that of fullerene atoms, which indicates that graphene is a "stronger"
structure than fullerene.

After the computer models of single defect-free fullerene Cg and graphene were
obtained, the adsorption of this fullerene on graphene was studied as well as how these
structures change as a result of adsorption. For this purpose, the models obtained were
disposed at a necessary distance with a different set of fullerene locations with respect to
the central part of the graphene surface. A method of energy minimization with the
Brenner potential and periodic boundary conditions were used for calculation. It was
found that the adsorption of fullerene Cgy 0N graphene can be realized in different ways.
Here only 5 selected adsorption methods are listed [4]:

I) interaction of one fullerene atom and one graphene atom (C-ATP);

I1) interaction of fullerene hexagons and graphene hexagons (C-RING);
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I11) interaction of two neighboring atoms of fullerene and two neighboring atoms of
graphene (BRI);

V) interaction when the fullerene hexagon center is located over the graphene atom
(C-RING2);

V) interaction of two non-neighboring atoms of fullerene and two non-neighboring
atoms of graphene.

The geometric characteristics of adsorbed fullerene obtained by analyzing the results
of computer simulation of the above 5 ways of adsorption are presented in Table 1.

Table 1. Geometric characteristics of Cg, fullerene adsorbed on graphene.

Way of adsorption

| I 1] v \Y
C-ATP C-RING BRI C-RING2
Radius averaged, A 3.60 3.61 3.60 3.61 3.60
Radius maximal, A 3.91 3.98 3.91 3.88 3.88
Radius minimal, A 3.53 3.50 3.50 3.48 3.47
Ratio of maximal radius to 1.108 1.137 1.117 1.115 1.118
minimal one

Since the radius of free fullerene Cg is equal to 3.60 A and owing to spherical
symmetry the maximal and minimal radii are equal (their ratio is 1), then according to
Table 1 and as a result of adsorption, the spherical symmetry of Cg, fullerene violates and
this violation of symmetry depends on a way of adsorption.

The values binding energy and adsorption distance for adsorbed Cg, fullerenes were
obtained and they were compared with the available experimental and theoretical results
(Table 2). In [5], no taking into account a way of adsorption, it was experimentally
obtained that the energy of binding Cg fullerene with graphene is 0.85 eV and the least
distance between the atoms of Cg, fullerene and those of graphene is 2.9 A. This distance

Table 2. Comparison of the results obtained with Brenner potential and with the first-principle
calculations and experimental data.

Way of Calculation method Exp.
adsorption Brenner First-ptinciple [4] ]
potential PBE PBE-D2 | optB86b
Bounding | I) C-ATP 1.08 0.15 0.91 1.28 0.85
energy, B | |1) C-RING 0.77 0.13 0.83 1.17 eV
1) BRI 1.07 0.13 0.84 1.20
1V) C-RING2 0.06 0.13 0.90 1.23
V) 0.84 - - -
Adsorption | 1) C-ATP 2.62 3.50 2.82 2.81 29A
distance, A | 11) C-RING 2.69 3.79 3.32 3.35
1) BRI 2.69 3.57 3.10 3.14
1V) C-RING2 2.19 3.53 3.15 3.16
V) 2.22 - - -

307



V.G. STELMAKH, 1.D. YADGAROV, A.N. ULUKMURADOV

is considered as an experimentally measured value of the adsorption distance. In [4] by
the three first-principle methods PBE, PBE-D2, optB86b the binding energy and
adsorption distance were obtained for the ways of adsorption from | to IV (adsorption
way V and geometrical changes of adsorbed Cg, fullerene are not presented in this work).

As seen from Table 2, our results are in agreement with experimental data and with
the results of first-principle methods PBE-D2, optB86b. It should be noted that the best
way of adsorption is way | because adsorbed fullerene has the highest energy of binding
with graphene and fullerene is less deformed as a result of its interaction with graphene.

The work was performed under grant OT-®2-46 of fundamental studies of Uzbek
Academy of Sciences.
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Cy OYIUIEpEHHUHT HKKH KOMIIOHEHTIIN 9pUTYBUMIap (GEH3011 Ba alleTOHUTPIII) apataliMacuaara
9pUTMAJIapyu XOHAa XapopaTHIard CWUIMK TarIUK CHPTHUAA OKOWJIAINTaH TOMYHMCHHUHT
OyFIaHaéTraH XaXxMHu1a TapTHONIAHIaH HaHoArperaTiap XOCua OYIMIIMHUHT 3GQEeKTUB MeTonu
kypcatmirad. Cg GyJUlepeHHH HaHOArperaTlapu CHHTE3U — HHUCOATaH KaTTa CTPYKTypajlap
KHYMKIapu XxucobunaH yeummra acocianran OCTBajbl eTHIMIIMHUHT  (QU3HK-KUMEBUI
MeXaHU3MJIAPH TAKIU} ITUIIH.

IMponemoncrpupoBan  3pdexTuBHBIT MeTon (HOPMHUPOBAHMS  YIOPSIOYEHHBIX HAHOArPEraToB
¢ymnepena Cgy B o0beMe HCHIApSIONIMXCS Kamenb (yiuiepeHa B CMECSX JBYXKOMIIOHCHTHBIX
pactBoputeinell (OeH30/1a W AlICTOHHTPHJIA) Ha IUIOCKOH ITOBEPXHOCTH MOJIOKKH NP KOMHATHOM
Temneparype. IIpeuioxkeH KOHKPETHBIH (U3MKO-XUMHYECKMII MEXaHM3M CHHTE3a HaHOarperaTos
¢dysepeHa Cgy — OCTBalIbIOBCKOE CO3PDEBAHHME, COIVIACHO KOTOPOMY OTHOCHTEIBHO OoJbluue
CTPYKTYPBI PacTyT 3a CYET MEHbIINUX.

An efficient method of formation of the ordered fullerene Cg nanoaggregates in the volume of
evaporating fullerene droplets in mixtures of two-component solvents (benzene and acetonitrile) on a
flat substrate surface at room temperature is demonstrated. The specific physical-chemical mechanism
of the synthesis of fullerene Cgq, aggregates in the volume of the evaporating droplet of solution, so
called Ostwald ripening, according to which relatively large structures grow at the expense of smaller
ones, has been proposed.

I. INTRODUCTION

Currently, nanoparticles and nanomaterials, in particular, nanoagregates of fullerenes
Ceo and Cyo, are expected to play a crucial role in the newest bio and chemical
technologies [1-2], modern medicine [3], solar energy [4] and other branches of science
and technology [5-8] in the near future. Unlike other well-known allotropic forms of
carbon (diamond, carbyne, graphite, ...), fullerene Cg is well soluble in most low-polar
organic solvents (for example, benzene, toluene, carbon disulfide, tetralin, etc.), but
practically not soluble in polar solvents like alcohols [9]. In addition, an aqueous
dispersion of fullerene Cq can be relatively easily obtained by slow evaporation of the
organic component of the solvent with the gradual addition of distilled water in small
amounts to a solution of Cg [10]. Fullerene Cq has high lipophilicity [11], and is a
nontoxic substance [12], having powerful antioxidant properties due to its high activity as
free radicals acceptor [13].

At the same time, there are new experimental data [14-16] which reveal that Cg
molecules have tendency to self-assembling and formation of large negatively charged
(Cs0)m aggregates (where m is a number of fullerene molecules in aggregate) of different
shapes and sizes in a wide range of mono- and multi-component organic and inorganic
solvents. Aggregation of fullerene molecules in solutions may cause significant changes
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in their chemical and physical properties and result in a dramatic change in their medical
and biological, technical and other applications. One of the most important tasks of
modern nanotechnologies is the development of relatively inexpensive highly efficient
selective methods for the synthesis of new nanoscale structures and nanomaterials with
new physical properties, as well as the generation of various functional devices based on
them.

In this work, the self-organization of fullerene Cg molecules in the volume of
evaporating droplets of fullerene solutions in mixtures of benzene and acetonitrile on the
flat surface of a mica at room temperature have been experimentally investigated for the
first time.

Il. EXPERIMENTAL DETAILS

To prepare the initial molecular solution of Cg, from which the investigated droplet
were subsequently selected, we used crystalline powders of high purity fullerite Ceo
(>99.8%, SES Research, USA) and the organic solvents benzene (CgHs, Sigma-Aldrich)
and acetonitrile (C,H3N, Sigma-Aldrich). Weighing of the dry crystalline powder Cgo Was
carried out using electronic scales EP 214C (Ohaus Explorer Pro, Switzerland) with
~0.1 mg readability.

To prepare the molecular solutions of fullerene of necessary concentration, powders
of Cgo Were dissolved in mixtures two-component solvents benzene and acetonitrile with
volume proportions 0.9:0.1 respectively and kept at room temperature (~ 25°C) in test
tubes for 36 hours without external mechanical influences. It can be noted that within 36
hours in the initial fullerene solution, self-aggregation of Cg, molecules and synthesis of
(Cs0)m Nanoaggregates was not detected.

We have used the atomic force microscope (AFM) Solver Next (NT-MDT, Russia)
with atomic resolution to determine morphological features and dimensional
characteristics of (Ceo)m aggregates synthesized in volume of evaporating droplets of
fullerene Cgo on the mica surface. For establishing a final distribution of particles of the
solid phase on the surface of mica deposited from a drop of the Cq solution we have used
optical binocular microscope Motic B1-220A (Speed Fair Co., Ltd., Canada) with
1000xmagnification and with a digital camera for continuous image recording.

I11. RESULTS AND DISCUSSIONS

Phenomena in evaporating liquid droplets of nanoscale particles are very perspective
for use in modern technology, such as in medical diagnostics, cosmetics, inkjet printing,
coating, deposition of materials, agriculture, food industry, or spills of liquids. In the
course of experimental studies of the evaporation of droplets deposited on the flat surface
of horizontally mounted mica and contained both pure organic solvents and Cg fullerene
solutions in mixtures of two-component organic solvents, we found the following main
regularities of droplet behavior:

— drops taken from pure organic solvents (benzene, toluene, acetonitrile,
tetrahydrofuran, carbon disulfide, ...) or their mixtures in any volume proportions retained
the value of the edge angle o throughout the thermal evaporation, but gradual narrowing
the area of the "drop-substrate” contact was observed, up to the complete disappearance
of the drop itself;
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— if the drop contained molecular or nanosized particles (for example, fullerene
(Cso)m Nanoaggregates), then after the solvent evaporates from the droplet, the droplet
base area remains constant and the "pinning" mode of the contact line is realized - the
edge angle of the droplet gradually decreases up to a=0°. In this case, due to the influence
of the known Rayleigh-Benard and Marangoni effects both in the volume and in the near-
surface layers of the evaporating drop of the Cg, solution (Fig. 1b), strong capillary flows
arise (so-called Rayleigh-Benard flows and Marangoni flows). The latter directly initiates
the mutual approach of Cg, molecules and the synthesis of (Cg)m aggregates according to
the scheme CgotCqot ...+Ceo—>(Coo)m. The above regularity of the behavior of a droplet of
the Cgqo solution on the surface of the substrate (mica) is maintained throughout the
evaporation of the organic solvent.

Marangoni

[ NN N \"\l\\ SNONNNNNNNNN I
\ ! Rayleigh-Benard flows
‘compensatory radial flows

Fig. 1. A photograph of a drop of fullerene Cg, solution with the base diameter d = 10 mm lying on
the surface of a mica (a) and a schematic illustration of the appearing flows inside the evaporating
droplet (b), leading to the self-organization of Cg, fullerene molecules. The arrows inside the drop
and above the drop indicate the directions of the Rayleigh-Benard flows and the evaporation of the
solvent, respectively. The arrows on the "drop-air" interface line indicate the directions of the
Marangoni flows.

Fig. 2. The final distribution of particles of the solid Fig. 3. An enlarged optical micrograph
phase deposited on the surface of mica from a drop of the peripheral part of the final
of the Cgq fullerene solution in a mixture of benzene distribution  of  fullerene  nano-
and acetonitrile in volume proportion of 0.9:0.1, after aggregates (Ceo)n Synthesized in the
complete thermal evaporation of the solvents at room volume of evaporating droplets of
temperature. The initial concentration of Cq, in the fullerene solutions in mixtures of
drop is ~0.36 mg/ml, the drop radius is R~3.0 mm, benzene and acetonitrile on the mica
the height of the drop is h=1.9 mm. surface.
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As the mixtures of organic solvents (benzene and acetonitrile) evaporated from the
droplet of Cgo solution sitting on the surface of a mica, self-organization of the Cg
molecules occurred and the characteristic rings (see Fig. 2) containing nanoaggregates of
fullerene (Cgo)m in four different dimensional ranges gradually formed.

Self-organization is a collective process in which the whole ensemble of Cg
fullerene nanoparticles participates. It is not difficult to see that the Cgy molecules, which
didn't participate in the synthesis of initial (Cgo)m Nanoaggregates, as the droplets
evaporated, moved further along the surface of mica together with the organic solvents,
and eventually accumulated in the central part of the "dried drop” as a solid “circular”
disk.

Figure 3 shows an image of the peripheral part of the final distribution of (Cgo)m
nanoaggregates synthesized on the mica surface. The fact that the molecular solution of
Ceo used in the drop experiments was initially homogeneous (that is, the chemical
composition and physical properties of the solution throughout the volume were
identical). In this case a probable factor capable of initiating the transport of particles in
the droplet volume (the effect, similar to the Marangoni and Rayleigh flows) and lead to
the synthesis of (Cgo)m Nanoaggregates, in our opinion is the presence of a significant
temperature gradient (up to 5°C) between volume and near-surface layers of an
evaporating drop of a Cg solution. The appearance of the above-mentioned temperature
gradient in the droplet volume is probably associated with a sharp cooling of its surface
and near-surface layers as a result of intensive evaporation of the organic solvents
(benzene and acetonitrile) into the environment.

400

Fig. 4. Atomic force microscope image of a monomolecular close-packed (Cgp), Nanoaggregates
synthesized on the mica surface at a room temperature. Concentration of fullerene Cg, in initial
equilibrium solution was ~0.9 mg/ml.

Figure 4 shows the high-resolution image obtained by the atomic force microscopy
of (Ceo)m Nanoaggregates synthesized in the volume of evaporating droplets of fullerene
solutions in mixtures of benzene and acetonitrile on the mica surface. Drying droplets of
fullerene Cg 0on a surface of a substrate can exhibit complex transitory structures during
the process of evaporation of a solvent. The evaporation of solvents can drive the creation
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of nanoaggregates (Cego)m Of various morphologies and sizes as well as the formation of
nanoaggregate monolayers on a flat substrate (mica) surface. In this case, a substrate can
dramatically influence the process of self-aggregation of molecules Cgo, Which during
evaporation of the solvent, migration of molecules Cg, 0n the substrate usually continues
and induces further self-assembly processes. It can be noted that by controlling the
concentration of nanoparticles, one can control the size of the synthesized
nanoaggregates, which can reach hundreds of nanometers.

IV. THE PROBABLE MECHANISM FOR THE FORMATION OF (Cgo)m
NANOAGGREGATES ON THE SUBSTRATE SURFACE

When organic solvent in a colloidal droplet evaporates, the fullerene concentration
increases. That changes the physical and chemical properties of the droplet and affects on
the droplet formation. Individual Cs molecules, as well as dimers 2Cq and trimers 3Cso,
arising in the volume of a drop to maintain equilibrium in the system, will be deposited
on the surface of larger particles. At the same time, smaller fullerene clusters will have to
dissolve further to compensate the substance that has left the solution. As a result of this
self-organization of the fullerene molecules in the volume of the evaporating solution
droplet takes place, larger aggregates (for example, (Ceo)m, Where m>n) grow due to both
the Coulomb and Van der Waals attraction of smaller nanoparticles. Thus, continuous
diffusion transfer of Cg molecules from smaller (Cgo), Clusters to larger aggregates of
(Cs0)m Occurs inside the evaporating drop of Cg fullerene solution in the binary mixtures
of toluene with tetrahydrofuran. This phenomenon is well known under the general nhame
"Ostwald ripening".

Based on the analysis of the results obtained, the following characteristic features of
the evaporating droplet of Cg, solution can be identified:

— it is an open dissipative system, that is, energy and matter are exchanged with the
environment;

— this is an ensemble of aggregated particles, there is an initial (unordered) and final
(ordered) state of the ensemble. The transition from the initial molecular state of Cg to
the final cluster (Cgo)m takes a finite time, depending both on the volume of the initial
drop and the type of solvent used, and on the initial temperature of the drop;

— the self-organization processes of the Cg nanoparticles according to the Cgo+Cgot+
-+ +Cgo = (Co0)m SCheme is irreversible: the transition from the initial molecular state of
Ceo to the final aggregate nCqy is initiated by the evaporation of the solvent. So the energy
supply to the drop of the Cg solution from the external medium occurs during the
evaporation of the solvent and terminates by the completion of evaporation of the solvent.

The obtained scientific results made it possible to reveal both the basic regularities of
an organic solvent evaporation from a drop of a Cg, fullerene solution and the working
mode of synthesis of thin 2-D films from (Cg)m nanoaggregates on a flat surface of a
substrate.

V. CONCLUSIONS

A new accelerated method for the synthesis of (Ceo)m aggregates of a spherical shape
from fullerene Cgo molecules has been developed and implemented. The method is based
on the self-aggregation of Cg, molecules in the volume of the evaporating drop of the
fullerene solution at room temperature. The proposed method can also be used for the
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synthesis of thin (<100 nm) two-dimensional (2-D) films based on Cg molecules on the
mica surface for the needs of high-efficiency solar energy.

It has been established that the most likely motive force for the self-aggregation of
Ceo molecules in an evaporating droplet volume of solution due to the thermal action is
the presence of strong temperature gradients both in the volume and in the near-surface
layers of the evaporating drop.

The physical mechanism of self-aggregation of C¢, molecules and formation of large
(Cso)m Nanoaggregates, so-called Ostwald ripening, according to which relatively large
structures grow at the expense of smaller ones, has been proposed. The most important
factor determining the ordering of fullerene molecules and the formation of (Cego)m
nanoaggregates in the volume of evaporating droplets is the velocity on the contact line
along the substrate, depending on the type of organic solvent used in the preparation of
the initial Cgg solution.

On the basis of the proposed method, a thin semiconductor fullerene Cgo film with a
thickness of ~100 nm was obtained, which can be used as a photoactive layer for solar
cells and photodetectors.

Prolonged (for six months) microscopic observations of self-aggregation processes
of fullerene Cgo in the experiments have allowed one to establish that synthesized thin
films of (Ceo)m Nanoaggregates are stable to external mechanical and thermal influences.
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By nmpa craTuk MarHeTHK Macc-clieKTpoMmeTpraaH (oiinanannb I0KopH BaKyyMIIM 3JeKTpocIpeit
nonnamumuaa Taimop KoHyCMHUHT Xocuil 6ynuin Tagkuk KuiauHrad. Coluia I0KOpU BaKyyMIIu
9NIEKTPOCHPEel MOHIAIIMII MaHOAcHM HIIIA0 YMKWITAaH Ba MAacC-CIIEKTPOMETpra YpHATHIITaH.
Xocui 0ynaérran 3aps Ul TOMYMIAPTa SpUTMAHUHT TAPKUOU, OKUM TE3JIMIH, IOKOPH KyWIAHHUII
Ba TeMIIEpaTYPAHUHT TabCUPJIAPH aHUKJIAHTAH.

B pabore wuccienoBano oOpa3oBaHue KoHyca Taiiopa B BBICOKOBAKYYMHOH 3JICKTPOCIIPEHHON
HOHM3AIMY C MCIOJIB30BAaHUEM CTaTHYECKOTO MarHHTHOTO Macc-clekTpoMerpa. Paspaboran mpocrtoit
BBICOKOBAKYYMHBIH 3JI€KTPOCIIPEHHbII HOHN3AI[MOHHBIA HCTOUHHUK U YCTAHOBJIEH B MACC-CHEKTPOMETP.
BbLiBiIeHO BIMSHHE COCTaBa pacTBOpa, CKOPOCTU IIOTOKA, BBICOKOTO HANpPSDKCHUS U TEMIIEpaTyphl B
00pa3oBaHUE 3apsHKEHHBIX Kariei.

In this work, the formation of the Taylor cone in high-vacuum electrospray ionization using a static
magnetic mass-spectrometer was studied. A simple vacuum electrospray ionization source was
designed and combined with a mass-spectrometer. The effect of the solution composition, flow rate,
high voltage and temperature on the formation of charged liquid droplets was determined at high-
vacuum conditions.

I. INTRODUCTION

Electrospray ionization (ESI) has been used as an ionization method for mass
spectrometry (MS) for more thirty years.The electrospray of liquid glycerol from a
capillary was observed in 1917 [1], and the electrified liquid meniscus, which took the
shape of a cone, was theoretically analyzed by Taylor [2]. Dole et al. described that the
molecular ions can be liberated from the electrosprayed droplet [3], and the first
electrospray ionization mass spectrometry (ESI-MS) was demonstrated by Fenn et al. [4,
5]. Electrospray is a well-known phenomenon producing fine charged droplets through a
small capillary due to a high voltage applied between the capillary and a counter
electrode. A typical electrospray process is separated into four steps: electrochemical
reactions inside the ESI capillary, which produce charges for analyte ionization;
generation of charged droplets at the tip of the ESI capillary; shrinking process
of the charged droplets via solvent evaporation and repeated fission; gas-phase
ion formation from very fine droplets resulting from the shrinking process. The electric
field strength at the needle tip with a planar counter-electrode can be approximated as
[6-8):

En ZL’ (1)

r In(4d/r)
where V, is the applied voltage, r, is the outer radius of the needle and d is the distance
between needle tip and counter-electrode. A typical value of E, for a successful
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electrospray is 10°~10" V/m [6, 8]. If the electric field is strong enough, the force acting
on the anions from the electric field is balanced by the surface tension of the solution
forming a cone of liquid, called Taylor cone [2], at the needle end.
Using a modified [9, 10] form of the Hendricks equation [8] the electrospray current
ies Can be approximated as:
i, =HV{c ES 2

s ¢!

where H is a constant depending on the surface tension and the dielectric constant of the
solvent, v; is the flow-rate, o5 is the specific conductivity and E. is the electric field from
equation (1).

Nowadays, ESI is widely applied in qualitative and quantitative studies of
nonvolatile organic compounds, thermally labile inorganic compounds and biomolecules,
which are difficult to analyze using electron impact (EIl), atmospheric pressure chemical
ionization (APCI), atmospheric pressure photoionization (APPI) and other atmospheric
ionization methods. ESI [5, 11] generates intact molecular ions, which are used for mass
spectrometry [12, 13] ion mobility spectrometry (IMS) [14] or for ion beam deposition
methods like soft landing [15, 16].

However, one of the biggest issues of the ESI technique is the large ion loss during
transmission from atmospheric pressure to the low-pressure region of the mass analyzer
[17, 18]. Most ion loss occurs at the inlet and skimmer of the ESI-MS interface, and
therefore, the ion loss should be reduced by moving the ESI source from ambient
environment to the sub-ambient pressure inlet chamber. This concept was initially
reported as a design called electrodynamic ionization (EHD) by Evan and coworkers [19],
and later developed for several applications [20]. In the 1990’s, several new designs of
ESI sources operating at low pressure emerged [21, 22]. In these initial designs of sub-
ambient pressure ESI, the electrospray was operated at pressures much lower than
0.1 Torr, below the suitable pressure (~1 Torr) for electrical breakdown. In addition, a
low operating pressure for ESI may degrade the electrospray performance due to the
freezing of the solvents during plume expansion, which results in insufficient
evaporation.

One potential solution is to implement those conventional atmospheric pressure
ionization techniques inside the vacuum chamber. Aksyonov and Williams developed
impact desolvation of electrosprayed microdroplets (IDEM), which uses the charged
droplets generated by wvacuum electrospray [23]. Analytes were dissolved in an
electrolyte solution that was electrosprayed in vacuum, producing highly charged
micron and submicron-sized droplets. The electrosprayed microdroplets were
accelerated by 5-10 kV to velocities of several kilometer per second and allowed to
impact a target. The energetic impacts led to desorption of analyte molecules dissolved in
the droplets.

In this work, the formation of Taylor cone in high vacuum using a magnetic sector
mass-spectrometer MI-1201 was carried out. For this purpose, a handmade vacuum ESI
source has been constructed and tested on the magnetic sector mass-spectrometer Ml-
1201. Specifically, solution was introduced into the vacuum chamber by direct capillary
sampling, and simultaneously, a high voltage (HV) was applied onto the ESI emitter.
Initial research on the characterization and application of the proposed VESI was
demonstrated.
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1. EXPERIMENTAL METHODS AND
MATERIALS

The developed vacuum electrospray source Mass analyser
(VESI) was mounted on a magnetic sector mass-
spectrometer, and the scheme of the instrument
structure is shown in Fig. 1. A needle with the outer
diameter 0.5 mm and inner diameter 0.05 mm was
used as an electrospray emitter. The transportation of
liquid was directly performed using an ESI emitter. In
order to avoid freezing liquid the electrospray emitter
was slightly heated using a ceramic cartridge that was
embedded of the interface. The temperature of
emitter was 60°C in all the experiments. The liquid
was pushed to the tip of capillary using a handmade
liquid pump with flow rate of 1-10 pl/min.

All the experiments were conducted using a Fig. 1. Scheme of the experi-

magnetic sector mass-spectrometer MI-1201. The mental system: 1 — extracting
surface ionization ion source was removed and electrode, 2 — syringe needle
instead of it the vacuum electrospray ionization (inner diameter 0.05 mm), 3 —

focusing lens, 4 — handmade
syringe pump, 5 — polyvinyl-
chloride isolator.

source was embedded. The electrosprays are
generated inside a vacuum chamber at the pressure
107 Torr. The charged liquid droplet beam produced
from the electrospray emitter was accelerated towards
the Faraday cup with an accelerating voltage up to 5 kV.

The charged liquid droplets were generated by electrospraying water and ethanol
(1/1) with adding acetic acid of 0.5%. The solution was prepared at different ratios of
water and ethanol and the optimal ratio of water to ethanol was also investigated. They
were transported into the ion focusing system and accelerated by 5 kV after exiting the
ion focusing system. The pure ethanol and water were used in all experiments. Water was
purified and deionized by Simplicity UV (Millipore, Bedford, MA, USA).

I11. EXPERIMENTAL RESULTS AND DISCUSSION

One of main issue of vacuum ESI (VESI) is to prevent freezing the liquid. The
solvent is easy cooled and freezes at the spray tip because of rapid evaporation [24].
Drops freezing can likely occur during the entire electrospray process in vacuum because
the solvent will continuously evaporated and cause evaporative cooling. In that case,
Coulomb explosion may be terminated that can significantly reduce ionization efficiency.
Some related studies have been carried out to produce a stable electrospray under vacuum
as well as primary cluster ion source for secondary ion mass spectrometry analysis [25,
26]. Because to prevent ice formation, additional devices, such as a wire heater [27] or a
continuous infrared laser [25, 26] were commonly used to heat the liquid.

lon production from an electrospray source is related to the solution flow rate [28].
In general, liquid transfer rate in a capillary is determined by many factors, including the
pressure difference between the two capillary outlets, capillary dimension, and sample
viscosity [29]. One feature of the self-aspirating capillary introduction is that the
sampling rate is difficult to change during the experiment. This approach helps ensure the

317



SH.DJ. AKHUNOV, B.SH. KASIMOV, D.T. USMANOV

stability of detection for a single measurement. However, the viscosity varied the
fofmation of ions, the performance of VESI became dependent on the solution
composition. In some cases, the experimental configurations needed to be readjusted for
optimization when the sample was changed.

There are the large numbers of solvents that can be used for electrospray ionization
under ambient conditions, but there is relatively few suitable for in-vacuum electrospray.
We found that ethanol is the most suitable for the electrospray and the stability of the
spray in vacuum. The mixture of ethanol and water in various ratios were tested. The
solution was continuously sampled through the needle, and a high voltage was directly
applied to the emitter. During this sampling process, the pressure of the chamber
increased from 1x10°° Pa to 6x107° Pa. It has been established that the mixture of ethanol
and water (75:25 ratio) is also highly suitable for electrospray stability in a vacuum. The
dependence of ion current as a function of ratio of ethanol and water is shown in Fig. 2.
The applied high voltage to the emitter was 3 kV. As shown in Fig. 2 the maximum ion
current of more 4 nA was observed in mixture water and ethanol (ratio 75:25) without
applying heat to the electrospray emitter. However, to increase the ethanol amount in
mixture further leaded to decrease the ion current.

45 2
4
4
3,5
2 25 €
S ]
£ 2 =
8 1,5 3 i
1 1
0,5
0 0
0 20 40 60 80 0 il 2 3 4
Solution (ratio) High voltage (kV)
Fig. 2. lon current as a function of mixture Fig. 3. lon current as a function of high
of ethanol and water ratio. voltage.

For VESI operation, spray voltage is another indispensable condition. We have
studied the influence of the spray voltage on VESI. The mixture of ethanol and water
(75:25 ratio) was used for the experiments. Fig. 3 shows the dependence of the
electrospray current as a function of high voltage. Electrospray current increased with the
applied voltage, and a voltage greater than 1.5 kV was required to operate the VESI.
However, the signal disappeared after the high voltage was removed. This observation
was consistent with the characteristics of a traditional ESI source. Hence, the detected
ions were mainly produced from ESI mechanism.

In order to improve the ionization efficiency, we were also studied the temperature
effect on the ion current. For this purpose the mixture of ethanol and water were diluted
in a ratio of 50:50. The applied maximum temperature to the electrospray emitter was
60°C because of most organic compounds could be degraded at high temperature. The ion
current dependence of charged droplets as a function temperature is depicted in Fig. 4.
The curve shows that the ion current increased at the high temperature of the emitter.
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The large current of about 4.5 nA was
obtained even with a ratio of 50:50 for 6
the mixture of ethanol and water.
However, the extraction voltage
necessary for stable cone-jet emission is
significantly lower for the heated
emitter. The total currents registered by
the Faraday cup are significantly higher 2
in the heated case. Heating also appears
to produce a more divergent spray.

Current (nA)

These experiments demonstrate that 0
temperature, high voltage and the 0 20 40 60
amount of ethanol in solution play an Temperature (°C)

important role in the formation of stable

Taylor cone in VESI. Fig. 4. lon current as a function of

temperature.
IV. CONCLUSION

In this study, the first time VESI using a magnetic sector mass spectrometer Ml 1201
was carried out. For the purpose, the extremely simplified VESI source was designed and
coupled to the mass spectrometer. The stable Taylor cone was obtained in high vacuum
and a large current was obtained even with a rough adjustment. It has been established
that the formation of the stable Taylor cone depends on many factors such as flow rate of
solution, applied high voltage and temperature of electrospray emitter. The best solution
ratio of ethanol and water was 75:25 without applying any heat to the electrospray
emitter. However, applying the heat to electrospray emitter at 60°C may increase the
formation of charged liquid droplets as well as decrease the ethanol amount in solution.
Based on these results, it is concluded that this vacuum electrospray technique has a
promising future for analyzing organic compounds such as peptides and narcotics as well
as to elucidate their electrospray ionization mechanisms in high vacuum.
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Ti**:AlL,O, nazep Qaon sIeMeHTM acocuaa KY€l JHEPTMSACMHU Jla3ep HypH OSHEPIUscUra
AWIAaHTUPUII UMKOHUATH TaAKUK KWIMHIU. KoMmbploTep cuMymsiiusicu Metonu épraMuia jasep
(aon MyxMTH KOHUEHTpalMsUIaHraH Ky€m Hypu OwiaH OyilaMa HyHajaumza ONTHK
JaMJIaHaJUraH (HakKauyka KWIMHAIUTAH) CXeMa Y4YyH KPHCTaJI MapaMeTpPIapUHUHT ONTHUMAl
FEOMETPHMSICHHM TAHJIAll OpPKAJIM OINTUK JaMilall KYBBATUHMHI 4YerapaBuil KUHMaTHHU
racaiTHPHUII UMKOHUSTH KYpPCaTUIIIH.

HccenenoBaHa BO3SMOXHOCTB IPeoOpa3oBaHus COIHEYHOH SHEPIHHU B SHEPIHIO JIA3CPHOTO U3IIYUYCHHUS Ha
Gase akrueHOro snementa Ti°T:Al,Os. MeTomom KOMITBIOTEPHOI CHUMYJISIIMU TOKa3aHa BO3MOXHOCTh
CHIDKEHHS TI0pOra IeHepaliy 3a CYEeT BHIOOpa ONTHUMAaJbHOH IeOMETPHUH MapaMeTPOB KpUCTaJIa TpU
HPO/IOIBEHON HaKa4YKe KOHLIEHTPUPOBAHHBIM COJTHCUHBIM H3JIyYCHUEM.

On the basis of the active element of Ti**:Al,QO;, the possibility of converting solar energy into laser
radiation energy is investigated. By the computer simulations, it was shown the possibility of reducing
the threshold pump power by choosing the optimal geometry of the crystal parameters for end-pumping
scheme of concentrated solar radiation.

Laser materials are not divided into separate groups by the type of pumping (lump,
diode, solar, nuclear, etc. types of pumping). Therefore, in principle, solar radiation can
be used as a pump source for any laser material. However, under these conditions, special
requirements are imposed on them: high thermal conductivity of the material to withstand
the thermal load of the broadband spectrum of solar radiation, and a low lasing threshold
(threshold pump power) due to the limited concentration of solar radiation. Nd: YAG
crystal has found wide application as a laser material due to the relatively high thermal
conductivity and low threshold pump power. At the same time, there are other laser
materials, for example, Ti**:Al,O3, which by some of its characteristics exceeds Nd:YAG
[1]. For example, it has better overlapping of the absorption spectrum with the solar
radiation spectrum (Fig. 1) and high thermal conductivity (more than two times greater
than that of Nd:YAG). However, it has a significantly higher threshold pump power with
respect to Nd:YAG. For this reason, it was not considered as a laser material for lasers
with solar pumping.

In this connection, in this paper we made an attempt to achieve laser generation with
the help of optimal design solutions for Ti*":Al, O, namely, ensuring the conditions under
which the lasing threshold is reached and at the same time the effective conversion of
solar energy into laser radiation energy takes place. To solve the problem, a computer
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simulation was carried out within the framework of the model proposed by us [2, 3] and
the possibility of reaching the lasing threshold was demonstrated.

Different variants of the laser scheme were considered. The most optimal of them,
in our opinion, was the scheme shown in Fig. 2. In this case, the diameter of the
concentrator was assumed to be equal to 1 m with a reflection coefficient of about
90%.
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Fig. 1. Absorption spectrum of the active element of  Fig. 2. Scheme of a solar laser with
Ti**:AlLO; and the standard spectrum of solar radiation ~a composite active medium of
AM1.5. Ti*":Al,Os.

As an active element, a composite active medium of Ti**:Al,O; with a parabolic
shape was considered. The parabolic composite material at the inlet end is coated with an
antireflection coating to reduce the loss of incoming solar radiation and a highly reflective
coating in the wavelength region of 700-1100 nm at the opposite end. The active element
is placed in a cuvette for water cooling. The output mirror of the laser is located at the
focus of the parabolic mirror-concentrator.

Fig. 3. Absorbed pump power density distribution in the active medium.

322 Uzbek J. Phys., 2018, Vol.20(M5)



SOLAR PUMPED LASER BASED ON COMPOSITE TITANIUM-SAPPHIRE ACTIVE MEDIUM

Figure 3 shows the absorbed pump power distribution in the composite Ti**:Al,O5
active element (dots in the active region of the crystal). As can be seen from Fig. 3, at the
parabolic form of the active element with an active zone of Ti**:Al,O; located along the
central axis of the element, the pump density is uniform and, accordingly, the thermal
load on the active element is also uniform. Heat removal occurs through Al,O3 in water.
In this case, the active zone is separated from the input end at some distance. This helps
to reduce the thermal load on the antireflection coating, and also improves the conditions
for the thermal load on the active element as a whole.
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Fig. 4. Calculated laser power depending on the pump solar radiation power, and the dependence
of lasing threshold on the output mirror reflectivity of R for the composite active medium

From the results obtained (Fig. 4) for the laser radiation power as a function of the
pump power (solar radiation), it is clear that for a laser with an active element of
Ti**:Al,O3, the conversion efficiency can be no less than in the case of solar pumped
Nd: YAG laser.

REFERENCES

1. Sh. Payziyev, Kh. Makhmudov and Yasser A. Abdel-Hadi, International Journal for Light
and Electron Optics 156, 891 (2018)

2. Sh. Payziyev, Kh. Makhmudov, Journal of Renewable and Sustainable energy 8, 015902
(2016).

3. Sh. Payziyev, Kh. Makhmudov, Optics Communications 380, 57 (2016).

323



Uzbek Journal of Physics
Vol.20(Ne5) 2018 PP.324-326

OCTATOYHBIE 3P®EKTHI B KPEMHHUHU C IPUMECAMUAU
T-UOHOB, TIOABEPTHYTOM I'MAPOCTATHYECKOMY C/KATHIO

III.b. YTamypagosa

Haunonanenslit yausepcurer PY3 nm. Mup3o Yiyroeka, Tamkenr, Y30ekucran
sh-utamuradova@yandex.ru
(Toyuena 22.02.2018)

UyKyp caTxjap HOCTaLMOHAp CHFMMIIM CIIEKTPOCKOIHMS ycynu épmamuaa T-nonmap OwimaH
JIETHPJIAaHTaH KPEMHHUIA TUAPOCTATUK CHKMII TabCUPUAATH KONIMK dbdexTaap ypraHuaras.
5-70 x6ap opamugnaru ruppocraTuk cukuml E-0.22 3B Ba E-0.42 3B uyKyp caTxJIapHUHT
TEPMUK (HaoJUIALIUII SHEPTUSCUHUHT Y3rapuIInra oiub KUy aHUKIaHTaH.

C 1OMOIIPI0 HECTAMOHAPHOH EMKOCTHOH CHEKTPOCKONMUHM TIYyOOKHX YPOBHEH HCCIIEIOBaHbI
ocraroyHble 3(PQexTsl B KPEMHHH, JETHPOBAHHOM TIPEMECAMH T-HOHOB H IIOJBEPTrHYTOM
BCECTOPOHHEMY CikaThio. [lokazaHO, 9TO BO3JEHCTBIE BCECTOPOHHETO CxKaTus B uHTEpBajie 5—70 xbap
NPUBOAUT K OCTATOYHOMY M3MEHEHHIO TePMHYECKOH SHEpruM akTHBauuu ypoBHed E—0.22 3B u
E.—0.42 5B.

By means of nonstationary capacitance spectroscopy of deep levels the residual effects in silicon doped
with impurities of T-ions and subjected to uniform compression are investigated. It is shown that the
effect of compression in the range of 5-70 kbar leads to a residual change of the thermal activation
energy of the levels E.—~0.22 eV and E.—0.42 eV.

B mocnennue romel yaemsiercss OonblIoe BHUMAaHUE HMCCIEIOBAaHUSIM B OONacTH
BBICOKMX JaBJIeHHHA. B 3HauMTenpHOW Mepe 5TO OOYCIIOBIEHO HWHTEPECHBIMH
(GU3UYECKUMH SIBICHUSIMU, TPOUCXOSIIMMHI B KPHCTAJUIAX MPU BO3ICHCTBHH BBICOKHX
napienuii [1-2]. Bbicokoe THAPOCTATHYECKOE CKATHE NPHBOAUT K CYIIECTBEHHBIM
U3MEHEHUSM 30HHOM CTPYKTYphl MOJYHNPOBOAHUKOB, B YACTHOCTH, K CMELICHUIO
SHEPreTHUECKUX  ypOBHEH. B OZHOPOAHBIX  MOJNYNPOBOAHMKAX  CMEIICHHE
SHEPIreTHUECKMX YPOBHEW M CBS3aHHOE C 3TUM H3MEHECHHE CIIEKTpa HOCHUTENeH TokKa
OPUBOIUT, B CBOIO OYepelb, K CHIBHBIM H3MEHEHHSM ONTHYECKUX, DJIEKTPUUYECKHUX,
MEXaHHYECKHX W MHOTHUX JPYTUX CBOMCTB KPHCTaUIOB. B HEKOTOpPBIX cirydasx
BO3HUKIIIKE PU CKATHH CBOWCTBA COXPAHSIOTCS M TIOCIIE CHATHS AaBieHus [3-4].

B nactosimieit pabote mpUBOIATCS Pe3yJbTaThl HCCIEJOBAHMS OCTATOUHBIX SIBICHUH
HOCJIe TUAPOCTAaTHYECKOTO YIPYroro Cxarus oOpas3loB KPEMHHs, JIETHPOBAHHOTO
nmpuMecsMH T-HOHOB: Mapraniia, skeie3za U xpoma. OOpasIsl ISl HCCIASAOBAHMA OBLTH
BBIPE3aHbl U3 MOHOKpPHUCTAIJIA KPEMHUS N-TUIA, BHIPAIIEHHOTO METOAO0M YO0XpanbCcKoro,
¢ yaenbHbIM conpotuBiacHrueM 5—10 om-cm. JJuamerp oOpasioB 3—4 MM, TojriuHa 1 MM,
opueHTtalms B riockoctu [111]. Ilpumecn mapraHma, skene3a ¥ XpoMa BBOIWIH B
kpemHuil nud¢y3nonHeiM myteM npu 1200°C B TeueHwe 2-X 4YacoB ¢ MOCIEAyIOUICH
3akankoi B Maciue. Juddysnonnsie p-n-nmepexoasl B o0pasuax co3paBanu 10 auddysun
npumeceit. O6pasipl N-Si<Mn>, n-Si<Fe> u n-Si<Cr> xpaHwin B KHUIKOM a30Te, T.K.
JUIMTENIbHOE XpaHEHHEe WX NpPU KOMHATHOH TeMIlepaType NPUBOJAWT K YMEHBIICHHIO
KOHLIeHTpalmu riryookux yposueit (I'Y) [5].
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[Tapamerpsl W KoHueHTpammioo ['Y mepex o0pabOTKON JaBJICHUEM TIIATEIBHO
U3MEPSIIH C TIOMOIIBIO HECTAIMOHAPHOW €MKOCTHOM CIIEKTPOCKOITMH TITyOOKHX YpOBHEH
(DTLS) u BomsT-(hapamgabix xapakTepuctuk (BOX). DTH M3MepeHHs MMOKa3ald, YTO BO
BCEH MapTHH UCIIOJIb30BAHHBIX JUIsl SKCIIEPUMEHTA JUOJIOB KOHIIEHTPAIMS M MapaMeTphl
I'Y Obun MAEHTHYHBIMHU. B sKcIiepuMeHTax MCIOIb30BaHA KaMepa BBHICOKOTO TaBICHUS
tuma "Topoun™ [3].

B kadectBe MozenbHON TpuMecH OyIeM paccMaTpUBATh aTOMBI XpOMa B KPEMHHUH.
W3mepenust mapaMeTpoB TIyOOKHX YPOBHEH B KPEMHHH N-THIIA, IETHPOBAHHOTO XPOMOM,
HOKa3aJ¥, YTO BO3ACHCTBHE BBICOKOTO THAPOCTATHYECKOTO JABICHHS B HWHTEpPBAJIC
5-70 k0ap NpUBOOUT K OCTaTOYHOMY MU3MEHEHHIO TEPMUYECKOH SHEpruu axTuBauuu E;
ypoBueii E.—0.20 3B u E.—0.41 »3B. Ananmu3 tunmuHeix cnextpoB DLTS o6pasnos
n-Si<Cr> u 3aBucuMocTeld AppeHuyca, MOJYYeHHBIX M3 3THX CHEKTPOB 10 M IIOCTe
00paboOTKH JaBJIeHUEM, IOKa3al, YTO B pe3yJbTaTe BO3JCHCTBUS BBICOKOTO JaBIICHUS
sHepruu aktuBanuu E; yposueit E.—0.21 3B u E.—0.41 3B ymenpmatores go E'y, T.e. o0a

I'Y cpBurarorcsi 1o HampaBleHHIO K 30HE MPOBOIUMOCTH, HpUYeM Ooliee TITyOOKHit
YPOBEHB CIBUTACTCS C OOJBIIEH CKOPOCTBIO.
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Puc. 1. Cmektpsr DLTS n-Si<Cr> no (1) u mocne (2) BosmeiictBusi mapnenus. P=70 xbap,
ty= 30 mMuH.

M3MeHeHne SHepriy aKTUBaui 000UX YPOBHEH ONpeesseTcs BIpakeHHEM:
AE:Et—E‘t )
roe E'' — sHeprus akTuBauuMu ypoOBHS TOCIIE BO3ACUCTBHS AaBieHUS. AE IuHEWHHO
3aBHCUT OT JaBieHus. MakcumanbHoe AE; npu 70 kbap mocturaer 3Hauenus 0.035 »B
st ypoBHs Ec—0.21 5B u 0.1 3B ma I'Y E.—0.41 3B.

[lonoOHOE yMeHbIIEHHWE SHEPrud AaxkTHBAalUM YpOBHEH HaOmoganock W Ul
npuMecell MapraHia M Jkele3a B KpPeMHHH. AHAJOTMYHOE YMEHBUICHHE JHEPruu
akTHBanmyu ['Y, CBA3aHHBIX C MapraHmeM B KPeMHHH, HAOIIONAIOCh HaMH paHee HpHU
JaBieHnu B uHTEpBase 5—70 kbap, HO MakcuMaabHOe 3HaUeHne AE; u cooTBeTCcTBYyOINI

ko3 dunpent nasnenus ['Y y = dAE/dP, nonydennsie B [5], Obiin B 2—-3 pasa MeHblIle,
4eM B JaHHOU paboTe.
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Ypoerar E.—0.41 »B, cBs3anHBIl ¢ XpoMOM B KpeMHHH, OOHApy>KHBaeT
HEMOHOTOHHYIO 3aBHUCUMOCTH AE; OT BpeMEHM BO3ICHCTBHS [aBICHUS. OH HMEET
MakcuMmyM 1pu t;=40 MUH U mpu panpHeilIeM yBenudeHHH ty BemumumHa AE; OGbIcTpo
ymensbiiaetcs. Koapduuuent nasnenus y rimybokoro yposHs E.—0.41 3B Taxke 3aBUCHT
OT BPEMEHH BO3JIEHCTBUA JABICHHSA: NPH Pa3HBIX ty Y u3MenseTcs or 8x107 »B/Ila 1o
2/3x107* 5B/Tla.

Konnenrparus ypoBas E.—0.41 3B B pe3ynbrare BO3ICHCTBH JaBJICHHS PacTeT U B
makcumyMe (60 x0ap, ;=40 MuH) yBeJMYMBAETCS NPUMEPHO BJBOE IO CPABHEHHIO CO
CTapTOBBIM 3HaueHHeM. JliurenbHoe XpaHeHume anoaoB N-Si<KCr> mpu KOMHATHOI
TeMIeparype IpUBOAUT K TOMY, YTO TepMHUYECKast YHEPTHs aKTHUBALMH W KOHIICHTPALUS
9TOr0 YpPOBHS YAaCTUYHO BO3BPAIIAIOTCS K 3HAYCHUSIM, KOTOpbIe HAOIIOAAIHCH [0
BO3JICHCTBHS IABIICHHS.

VBenuuenue konuentpanuu I'Y Ec—0.41 3B mns xpoma u Ec—0.42 5B ans mapranna
B KPEMHHUH MOKHO OOBSCHUTH CIICIYIOMINM 00pa3oM. M13BeCTHO, U4TO 3HaYNTEIbHAS YacTh
aToMoB T-MOHOB, BBEAEHHBIX B O0BEM KpPEMHHUS IIyTeM BBICOKOTEMIIEPATypPHOI
i dy3nun, HaXOAUTCS B IINEKTPOHEUTPATBHOM COCTOSHHU. JJIEKTPOHHO-MHKPOCKO-
MUYECKUEe HCCIICNOBAaHUS IOKA3bIBAlOT, YTO HEAaKTWBHAs 4YacTb aTOMOB T-MOHOB
ocakiaercsi B Buae arMocepsl BOKPYTI JIWCIOKAIMH WIM JAPYTHX CTPYKTYPHBIX
nedekroB. Hannune Takux mpuMecHBIX atMoc(hep HCKaKaeT KPUCTAIUIMIECKYIO PEIICTKY
Y HapylaeT ee MepHOANYHOCTh. [103TOMYy BO3MOXKHO, YTO THAPOCTATHYECKOE ABICHHE,
B IIEPBYIO OYepeib, CHIBHO BIMSACT HA TaKUE MPELHITUTATHI, B PE3YJIbTAaTe MPOUCXOAUT
gacTuyHOe (BO3MOXKHO, ¥ IIOJHOE) pacUIelUICHHE ¢ pacmlaj] MPeLUNUTATOB.
OcBOOOXIEHHBIE TIPU O3TOM aTOMbl T-HOHOB MOTYT MHIPUPOBATh B COCEIHHE
MEXIOY3JIUS U CTaTh 3JIEKTPUIECKH aKTHBHBIMH.

JIMTEPATYPA

1. ®wusmka 1 MaTepHaIOBEeICHHE MOTYIIPOBOAHUKOB C I'TyOoKkuMH ypoBHsMU. [Tox pen.
B.U. ®uctyns (Mocksa, Metamnyprus, 1987).

2. B.U. ®ucrynb. ATOMBI IETHPYIOLIMX IpUMeceid B moynpoBoaHukax (Mocksa, Gu3Matiur,
2004).

3. A.A. Tlonskosa. [lehopmariust MoIynpOBOJIHUKOB M TOTYTIPOBOAHUKOBBIX IIPHOOPOB
(Mocksa, Dueprus, 1979).

4. K. Peiigu. JIehexTsl 1 mprUMecH B TIOIYIPOBOJHUKOBOM KpeMuuH. [lep. ¢ anrit. (Mockga,
Mup, 1984).

5. K.II. A6agypaxmanos, A.A. Jle6enes, b.A. Kotos, . Kpeiicas, II.b. Ytamypanosa, @TII
19, Ne2, 349 (1985).

6. II.B. Yramypanosa, I11.X. Tanues, XK.C. Paxmonos, Tokin. AH PY3 Ne6, 45 (2009).

7. 1Lb. Yramypanosa, XK.C. Paxmonos, I11.X. [lanmues, EcTecTBeHHBIC M TEXHHUYCCKHE HAYKH
PAH Ne 2(40),31 (2009).

326 Uzbek J. Phys., 2018, Vol.20(M5)



Uzbek Journal of Physics
Vol.20(Ne5) 2018 PP.327-328

YUYEHBIN, HACTABHUK, UHTEJUIETEHT

29 HOs0ps Ha 82 Tomy yIIeN W3 KHU3HU BHIAIOIINI YUYeHBbIH Y30EKHUCTaHa, TOKTOP
XUMUYECKUX HayK, mpodeccop, AeHCTBHTENBHBIA wieH Poccuiickoit Axamzemun
€CTECTBEHHBIX HayK Asekcanap AnekceeBud Kucr.

B cBoe Bpems J1.U. ITucapes 3ametwit: «KTo pa3 momo0Ont HayKy, TOT JIFOOUT €€ BCHO
JKU3Hb U HUKOI'ZIa HE PacCTaeTcsi C Hel H10OpPOBOJIBHO». DTH CI0BA IOIHOCTBIO0 OTHOCSATCS
K MATPY aKTHUBallMOHHOTO aHamu3a A.A. Kucry.

AnekcaHnp AnEKceeBUY Hadal CBOIO TPYNOBYIO JESATEIbHOCTh cpa3y Iocie
OKOHYaHMsI XMUMHYecKoro (akynprera CpenHea3snaTcKoro rocynapCTBEHHOTO YHHBEp-
curera, u OoJiee TMOJyBeKa €ro NesTeIbHOCTh Oblia cBi3aHa ¢ WHCTUTYTOM sepHON
¢usukn AH PVY3. On mpomren myTs oT jabopaHTa 10 3aBeAyIOIIEro Jaboparopucit
aKTUBAIL[MOHHOTO aHanu3a WHCTHTyTa. B Teuenne 26 mer (1975-2001 rr) paGoran B
novkHOCcTH 3amecturenst aupekropa, a ¢ 2001 mo 2007 rr sBisuicss COBETHHKOM
JUPEKTOpA.

Ero paboTsl B 00:1aCTH aHATUTHYECKONW XMMUH, PAAXOXUMHH, IPUKIATHON sIAEpPHOM
¢u3uky, S3KONOTMH, OHOXMMHUM, T€OXHMHH, TI'OPHO-METAUIyPIU4eCKOH TEXHOJOIHHU
BHECIH OOJIBIION BKIIAJ] B YKPEIUICHHE MPECTHXKA CTPAHEI.

Anekcannp AJeKceeBUY SIBISUICS PYKOBOAMUTEIEM MPU3HAHHOM BO BCEM MUpPE
Hay49HOM IIKOJABI B O0JAacTH paJuOaHAIUTUKU, KOOPIUMHHUPOBAN paboThl IO
aKkTHBalMOHHOMY aHanm3y B Macmrtabax CCCP. m ony6mukoBano 6onee 400 HaydHBIX
pabot, BKJIIOUas aBTOPCKUE CBHIETENbCTBA M MaTeHTH. OH aBTOp ABYX MOHOTpadHii:
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«buosoruueckasi poib XUMHUECKHX 3JEMEHTOB W Tepuoanveckuii 3akon» (TamikeHr,
®aH, 1973), «DeHOMEHOIIOTUS] OMOTCOXUMHUU U OHOHEeOpraHudeckor xumun» (TarkeHr,
®an, 1987). Ero yueHMKHM TNPOIOJDKAIOT pPa3BUBATh HAEH CO3JAHHOM WM IIKOJNLI B
00J1aCTH aHATUTUYECKON XUMHH, PATHOXUMUH, SKOJIOTUH, MEIUITUHBI U IPYTHX OTpacieit
Hayku u TtexHuku B CIHIA, Poccum, Kazaxcrane, benopyccun, Tamxukucrane,
V36ekucrane. Ilog ero pykoBoacTBOM ObuIH 3ariuiieHbl Oonee 40 kaHaugaTckux u 9
JIOKTOPCKUX JIUCCEPTALM.

Bonbmioe mpaktudeckoe 3HaueHHWe UMErOT pabothl A.A. Kucra B coapykecTBe C
AnmansikckuM 1 Hapouiickum 'MK, Y3KTXM, MeauuuHCKUMU, TpUPOIOOXPAaHHBIMH,
TEOJIOTHYECKMMH ¥ TIPAaBOOXPAaHUTENBHBIMU oOpranm3anusaMu. OH ObUT OXHUM U3
OpraHU3aTOpOB M  KypaTOpOM  MpPOU3BOACTBA  H30TONOB  HAa  MPEANPHUATUU
«Paguonpenapar» (MAD® AH PVY3) mig HayuyHBIX U METUIMHCKUX IeTeH pecmyOIuKH.
DTa MpoIyKIUs TakKe BOCTpeOoBaHa 3a PyOeKOM.

A.A. Kucr ydactBoBan B psiie MexayHaponaHbix mporpamm (MATATD, YHTII,
Komepuuk u ap.) B coapyxectBe ¢ ydeHbiMu Poccum, CHIA, IMonpmm, Yemckoi
PeciyOnmmku wn nmpyrux crtpaH. HeomHokparno mpusnekancs MAI'ATD B kadecTBe
skcnepta. A.A. Kuct Obim uieHOoM MeXBEJOMCTBEHHOTO HAYYHOTO COBETa IO
pamuoxumuu, npenacenareneM CpeaHeazwaTCKOro OTAENEHUS HaydHoro coera AH
CCCP no aHanuTHUYECKOH XUMHUH.

3a CBOW MHOTOJETHHH M CaMOOTBEP)KCHHBIH Tpya AJiekcaHnp AJeKCeeBUY OBLT
ynocroen [ocymapcTBenHod mnpemun umenu bepynu (1983 r.), HarpaxaeH opiacHOM
TpynoBoro Kpacuoro 3namenu (1986 r.), opneHoM «DHIOKOpPOHA XM3MATIApU YUIyH»
(2004 1.), Memampio «3a mOOJECTHBIN Tpym», Memanbio «Berepan Tpyma», mo4eTHOM
rpamoroii BepxoBHoro Coera u CoBera MunuctpoB PecnyOnuku Y30Oekucran. 3a
BKIAJ B pa3BuThHe Hayku KemOpwkckuMm — OuorpaduyeckuM IMEHTPOM  IMpHU
Kembpumxckom Yuaupepcurere Benmnkooputannu B 2000 1. eMy ObLUT MPUCBOCH THTYIT —
“Mexnaynaponasid YenoBek TricsueneTus”, HarpakiaeH MexXTyHapOAHOW MERabio
«Slna Mapka Mapuu» ot Yenickoro crneKTpoCKOMMUECKOro o0ImecTBa.

Anexcannp AJexkceeBHY OBLT BCECTOPOHHE O0Opa30BaHHBIM, BHICOKOHPABCTBEHHBIM
YYEHBIM, TaJAaHTIUBBIM M JOOpOKeTIaTeIbHbIM pyKoBoauTeneM. OH peman Bce BOIPOCH
CTIIOKOWHO W OBICTPO, MO-AEJIOBOMY, C OONIBIIMM YyBaK€HHEM K coOeceiHUKy. Bcernma
3a00THIICS O KOJUIEKTUBE W yMeJNl HalTH OOl SI3BIK M C TA0OpaHTaMHU U C BEAYIIUMHU
cnenmanucramMd. Ero yBiekanwm Hayka, HCKYyCCTBO, MYy3bIKa, CIOPT, TypUCTHYECKHE
MOXOBI B TOPHI U MHOTOE, MHOTO€ JIPYTOE.

B cepamax nmpysei, KoJler U COPATHUKOB HaBCETJa OCTAHETCS MaMsATh 00 3TOM
3aMevaTenbHOM denoBeke, YenoBeke ¢ O0IbIION OYKBHI.
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