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KWUPUII (pancada nokropu (PhD) nuccepranusicn aHHOTAIHASICH)

Juccepranus MaB3yCMHHMHT J10J13ap0Juru Ba 3apypartu. XKaxoH Mukécunia
MYKOOMJI ~ DHEpPreTUKaHW  pPUBOXJIAHTUPMILJA  HAHOKUPUIIMAIA  Ky€Ell
AJIEMEHTJIapura Karra axamuar OepuwiMokna. by Oopama  3amoHaBuid
HAaHOTEXHOJOIUs  IOTyKiaapuaaH  ¢oigananu®  Kyém — sneMeHTIIapuHHHT
3¢ (}EeKTUBINIY Ba CTaOWJI MIUIAII MYJAATUHUA OIIMPHILI, HAHOKUPHUIIMATIAPHUHT
Ky€Il DJEMEHTJIapyd caMapajopjurura TabCUPUHU TaJKUK O3TULI  MYXHUM
Bazudanapaan 6upu 6yaud KOIMOK/IA.

Xo3upru  KyHJa  HaHOKHpUIIMaAIM  Ky€m  (POTOdIEeMEHTIapUHUHT
camapaJOpJIMTMHU OIIMPUIITa KaTTa axamusaT 6epunmoraa. by 6opana, makcamm
WIMHAA ~ TAaIKUKOTIAPHU JKyMJIaJlaH, KyWHJarn WyHaJIuOouiapaard WiIMUN
V3JIAaHUIIUIAPHA aMalira OIIMPUIl MyXHM BaszudanapaaH xucoOnaHagu: Oa3za
coxacuMra KBaHT YyJIYaMJIM KHpUIOMajap KUPUTWITaH Ky€ll 3JIeMEHTIAPUHUHT
(OTORNIEKTPUK XapaKTEPUCTUKATIAPUHU ONTUMAJUIAIUTUPULI, TarjuK CUPTHIA
HaHOTY3WIMAJIApHU Y3-Y3UAaH MIaKUIAaHUII LIapTIapUHU aHMUKIALI, Ky COHJIU
HAaHOTY3WJIMAaBUIl ~ KOMIIOHEHTJIM JIOKal TEeTePOYTUHUIAPHUHT  IIAKJUJIAHUII
KapaEHJIapuHU TAAKUK 3TUII, TOK TalIyBUMJIAPHUHT HUFUII KOA(PPUIUEHTHHU
KYyTapuil Makcaauaa Ky€u HypIaHUIIUHUHT FOTUINILI COEKTPUHUA KEHTaUTHPUII.

V36ekncTon Pecry6nukacHHE SHAJA PHBOMIAHTHPHIIHMHT —Xapakariap
CTpaTerusicura Kypa, WIMHH-TaIKUKOT Ba WHHOBalMs (GaoJUsITHUHU parOaTt-
JAHTUpULI, WIMHA Ba HMHHOBAaLMS IOTYKJIAPUHU aAMAJTUETTA >KOPUNA STUIIHUHT
camapaii MEXaHU3MJIAPUHU SpaTHUILl Macajlajapura aloxuaa 3THoop KapaTtuil. by
Oopana xymuiajnaH, (oTosHepreTvka coxacuja KaWTa TUKJIAHAIUTaH SHEPrus —
Ky€EIIJIaH 3JEKTP SHEPTUACHUHU OJIMILITa MYJDKAJUIAHTaH TAAKUKOTJIAp Ba YJIApHUHT
TEKAMKOPJIUTMHNA OLIUPHUIL WYJUIAPUHU TAAKUK KUIUII MyXUM axamHsTra sra.
®aon Tag0MPKOPIIMK, MTHHOBAILIMOH FOSJIAp Ba TEXHOJIOTHSUIAPHU KYJ1a0-KyBBaTIalll
Huwmaa ONMHraH WIMHKA HaTWKallapHU XO3MPrM 3aMOH Tajaliapura >xaBo0
Oepanuran Japaxara OJMO YMKUIL, KyEHI 3JIEMEHTIApUHUHT CcaMapIOpJIUTHHU
OLUMpUIIra XU3MaT KWJIQJWraH KyIIMMYa MEXaHU3MJIApHU HWILIad YMKHIL, KyEl
SHEPreTUKACUHU PUBOXIIAHTUPUIL aJloxXuia 3bTHOopra cazoBop. POTOTOKHU XOCHIT
KWIMIIHUHT ~ SHTM ~ MEXaHM3MJIApMHM  [NAKJUIAHTHPUI,  UIUIaTWiIaéTraH
MaTepUAUIADHUHT TaHHAPXWHU TYMIMPUII Ba CcTaOWil HOUIAIl  JABPUHU
y3aiTUpHIITra UMKOH OepyBYM OMUJUIAPHU aHUKJIAI MyXUM aXxaMusITra ara.

V36exncron Pecniy6mmkacn Ilpesunentununr 2017 iun 7 despanarn
[1D-4947-con «V30ekucTon Pecry6iIuKacHHU sHANA PHBOXIAHTHPHIN Oyiinda
Xapakatiap crparerusicu Tyrpucuaanru ®apmonu, 2017 #un 13 deBpanmaru
[IK-2772 -con «2017-2021 ¥unnapaa 31€KTPOTEXHUKA CAHOATUHU PUBOXKIAHTH-
PUILIHUHT YCTyBOp WyHanuuuiapu Tyrpucuaa»ru Ba 2017 wun 17 deBpangaru
[1K-2789-con «®annap axkagemusich (GaosdiaTH, WIMHA TaJKUKOT HUIUIAPUHU
TAIlIKWJI OSTUII, OOIIKAPUII Ba MOJMUIAIITHPULIHM sHa/la TaKOMUJUIAIITHPHIL
yopa-tagoupiapu TyFpucumaru»ru  Kapoprapm xamaa wmaskyp  ¢aonusitra
TErunuUIM OOIIKa MEbEPUH-XYKYKUH XyxoKarinapnaa Oenruinanran BaszudanapHu
amaira omuMpuIra ymoly AuccepTanus TaIKUKOTH MyalsH aapakajga Xu3Mar
KHWJIaJu.



TagKuKOTHUHT pecny0JuKa (paH Ba TEXHOJOTHSJIAPU PHUBOKJIAHUIIH
YCTYBOP HMYHAJMIUIAPUTA  MOCJAMIUM. Maskyp TagKuKOT V36ekucron
Pecnybnukacu ¢dan Ba TexHosorussiap puBoxkiaaHumHuHT AT/[-4: «Kaiita
TUKJIAHAJIUTaH 3HEepPrus MaHOaapuaaH QoilaJaHul yCyJJIapyuHu UILIa0 YMKUII,
HAHOTEXHOJIOTHS, (DOTOHMKA Ba OOIIKA 3aMOHABHMI TEXHOJOTHUSIAp aCOCU[A SIHTU
TEXHOJIOTHsJIap Ba KypuiaManap wunuiad wukuny xamaa DOT/-3  «Kaiita
TUKJIAHAJUTaH >Heprusi ManOajgapu Hazapusicu Ba (oijajaHuIl YCYJUIAPU»HUHT
YCTYBOp HyHaIMIIMra MyBO(pHUK Oakapuira.

MyaMMOHHMHI YPraHWIraHJuK AapaxkacM. byryHru kyHzaa (QOTOTOK
redepanuscu ycyimapuan puBoxiaanutupuinga AKII muk M.C. Beard Ba yHuHT
xamkacOnmapu, B.KnmumoB xamga Poccusiimk B.A.I'yceB skcnepumeHTna
MYJIBTU3KCUTOH TE€Hepalus XOJMCACUHU aHUKJamraH. Texacc TEeXHOJOIHK
MHCTUTYTH KOILIMJArM HAHOTEXHOJOTHUSIAp WHCTUTYTH oiumiapu A.3axujos,
1O.KontoxoB, M.bypmuctpoB Ba Oouikanap 3apsj TallyBUWJIap XapakaT4aHIUTH
IOKOpY Oynran yriaepoa HaHOHalWyanapuaaH uOopar »siekTpojjiap Oumal
KOIUIAHTaH OPTraHMK IUJIEHKAIAP Ba METAJUIOPTAHUK MEPOBCKUTIAPHU STHTH KAaCKal
(TanmeMm) Ty3wiIMara MHTETpaJUiall TeXHoOJIOTHsACHAaH Qoigananund, Typiu
CHEKTpaJl [uana3oHjard Ky€ul HypUHHU 3JIEKTp SHEprusira ainantupu® Oepysuu,
IOKOpH 3G (EKTUBIMKIArM KypwJiMa sIpaTUIl yCTUJA TaJKUKOTIap Oaud
OOpHUIIIMOK/1A.

AKIaunT Jloc Anamoc maxpugaru MAuaii taboparopusiaa R. Schaller, M.
Sykora, J.Pietryga, B.KiiuMOB MyJIBTUIKCUTOH T€HEpallMsl acocuja UIUIalauran
Ba (oiganu um Ko3p(UIMEHTH 3aMOHABUU aHAJIOTNIapAaH FOKOpPU OYJraH sHTU
aBoJ1 (pOTOZIEMEHTIAPUHU SIPATUILL YCTHJIA UMUK U OJIMO OOPUILIMOKIA.

Vrum  Merammapuan  muddysus KWIMIIHAHT SHTH  yCymH  SpaaMmia
HAaHOKJIACTEPJIAPHU OoLIKapuIn TEXHOJIOTUSCUHU ApaTrad M.C.
baxanupxaHOBHUHT UIMUN MAaKTaOM KYTI 3apsiid KJIacTepiiapra 3ra KpeMHUigaru
(OTORICKTPUK XOAMCATAPHM VpraHuil OujaH OOFIMK TAaAKUKOTIAp OJIMO
o6opmokna. b.JI. OkceHrenjjiep TOMOHHAAH MYJbTUIKCUTOH T'€HEPALUSICUHUHT
CTaTUCTUK HA3apUACH UIIA0 YUKUIITaH.

TagKUKOTHUHI AuccepTAnMs 0aKAPWITAH WIMHH-TAAKHKOT Myacca-
CACHHMHI WIMHI-TAAKUKOT HILIAPH pexajapu OWiaH OOFJIMKJINIH.
JluccepTanys TaaKUKOTH Y30EKHCTOH PecryGnuKkacH MIMHII-TaIKMKOT aBIaT
nactypu  goupacuga  A4-009:  «Hanory3wimaBuii  KOMOOHEHTIM KY€l
(GOTO3IEMEHTIIApHHUHT camMapaaopauruuau ommpunn (2012-2014 iii.), A-4-001:
«SIHTM  KOHTaKT Ty3WwIMalapra acocjiaHran »>(QeKTuB mnapaMeTpin Kyeul
AJIEMEHTJIAPUHU  SPATUI TEXHOJOTHUACHHU unad yukuny (2015-2017ii.
maB3ynapu  Oyimuya xampa  AKHIauar  «®ykaposap  TaaAKUKOTIApUHU
puBoxutanTupuin douau» soimxacuna (U.S. Civilian Researh & Development
Foundation) CRDF FSAX-14-60115-0, «Kyém sjaeMeHTIapuaard KOHTAKT
KaTiaMJapuHu TacHuuiam Ba ontumusanusuiamn» (11-anpens 2014 .+ 10 anpen
2016 1) norimxanapu goupacuna Oaxxapuiras.

TaagKMKOTHHHI MaKCaAW HAHOYJIYaMJIM KOMIIOHEHTJIap €paaMuia Kpem-
HUWIM Ky€m (OTOdIEMEHTIIApUHUHT CaMapaJOpJIMTUHU Ba KadoiaTiau HIanml
MyIJATHHH OIIMPUII MEXaHU3MJIApUHU Ha3apuil MIIu1ad YuKHUIIgaH noopar.
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TagkukoTHUHT Basudaaapu:

kadonaTiM WUUIall MYJIJATUHU OUIMPYBYM Ba MILJIATHIYBUM MaTepHall-
JIAPHUHT TAHHAPXWUHU KaMasUTUPHILTa TAabCUP KWIYBUH OMHUJJIAPHU aHHUKJIAII;

KBaHT-YI4OBIU 3(P(GEKTIapHUHT HAMOEH OYIUIIM Y4yH HAHOKOMIIOHEHTJIAp
YyerapaBuid YI4aMIIApUHA aHUKJIALLL

HAaHOTY3WJIMAJIADHUHT  TarjiIMK  CHPTHJAA  y3-y3uJaH  YCUIN  IApT-
IapOUTIIAPUHHU YPTAHUILI,

KYTI COHJIW HAaHOKOMIIOHCHTJIM JIOKQJI TEeTePOYTHIIIAPHWHT XOCHJ Oy
MEXaHU3MJIAPUHH TaJKUK 3THUIL;

HAHOKOMIIOHEHTII TY3WIMaJa KY€l HYPJAHUIIM FOTWIWIIL CIEKTPUHU
KEHTaWUTHUPUII MEXaHU3MIIAPUHU W3J1all.

TagKUKOTHUHT 00beKTH cudaruga HAaHOKHUPUTMAJIHU Ky€1l
dboTor5IeMeHTIapu Ty3WIManapuaad GhoiganaHuITraH.

TagKMKOTHUHI mNpeIMeTH HAaHOKOMIIOHEHTIM KY€l JJIeMEHTIapuaa
(OTOTOKHUHT TIAKJUTAHUII MEXaHU3MJIApH Ba DJIEKTPOH-KOBAK T€HEpaIUsCHUATH
bu3uK xapaéHaap xucobiaHaIu.

TaagKUKOTHUHT ycyJuiapu. TaakuKOT xkapacHuia KyMWIraH MacajlaH! CqMIIl
yUyH KaTTUK XUCM (PU3MKAcCH Ba SPUMYTKA3TUwiap (U3MKACHHUHT MaTeMaTHK
anmapaTv xaMmJia Hazapui XucoOJiail Ba HaHOTY3WIMallapa dHEPIreTHUK, dJIEKTPOH
*apaCHJIapUHU Ky3aTUIll KaOu yCyJulap KYJUTaHUIITaH.

TagKUKOTHUHT MJIMHUI STHTUJIMIY KyiHugaruiapaad noopar:

HAHOKOMIIOHEHTJIM  KOHTAaKT TY3WIMaHW IIAK/UIAHTUPUII  MMKOHUHU
OepaJvrad KpEMHUM TarJTUTMHUHT XYCYCUSITIIApU aHUKJIAHTaH;

JTOMMUU MaHXapa opacugaru ¢apk, MEXaHUK KydJIaHMIIJIAp Ba TeMIeparypa
pexuMu OuiaH OOFIMK OYJraH TarjiuKk YCTHUJIa HAaHOTY3WJIMAJIAPHUHT Y3-Y3UHU
TaIKWJUIAIITAPHUII [aPT-IIAPOUTIAPH UIIa0 YUKUIITaH;

KOHTAaKTra KHPYBYM MATEpPUAJUIAPHUHI DSHEPreTHK XapaKTEpUCTUKAIAPHU
OwiaH GeNruaaHyBYM HAHOKOMITOHEHTJIAPHUHT MAaKCHUMaJl BA MUHUMAJ YTdaMiiapu
ONTUMAJUIAIITUIINIITaH;

EpYFIMK TabCUPHAA BYXKYAra KeJIraH OJJICKTPOH-KOBAK >KYQTIUTMHUHT
QKPATUIINHU TAbMUHIANAUTaH OUp YIIdyamMiIi, UITHACUMOH JJIEKTPOCTATUK Mai10H
XOCWJI KWIYBYM, HAHOYJYAMJIM XAQJIKOTE€HUJ-TArJIMK THU3UMUJA TIE€TEPOYTHUILIHU
IAKJJTAHUII MEXaHU3MU aHUKJIAHTaH;

unuiad YUKWITaH MOJIEb acocuia KPEeMHHUM TarjuK WYWJard KuCMaH
KOMIICHCAIlMSUIAHTaH, HAa30paTCU3 YYyKyp KUpHUIIMaiap KyEm HYpPJIaHUITUHUHT
3 PEKTUB IOTWINII CIIEKTPUHUA KEHTAaUTUPHUIITN MyMKUHJIUTH KYpCaTHITaH.

TaagKMKOTHUHT aMaJIuii HATUKAJAPH Kyiiuaaruinapiad noopar:

TarJiMK CUPTHUJIa TEKUC TaKCHMJIaHTaH Ba OWp Xua  YyiIdamjaaru
HAHOTY3UJIMAJIap XOCUJI OYJIUII MIapTIIapy, YYKyp CaTXJU KUpHUIIMaJIap Xucooura
3¢ ()EeKTUB IOTHIIUII CIEKTPUHU KEHTaUTUPUIII UMKOHUSTIIAPH KYpCATUIITaH;

KpeMHMIIM KY€ (OTOANIEeMEHTIapuTra HaHOYJIYaMJIM KOMIIOHEHTJIApHU V3
WYNTra OJITaH KOHTAKT Ty3WJIMaHU OJIMIL/IA UIIUIATUII MYMKHH.

TagKMKOT HATWKAJTAPUHUHI HINOHYWIMJIMIM OJIMHTAaH HATWXajlap Ba
XyJocaiap 3aMOHaBUW (U3MKAa Ba SPUMYTKA3TUWIAP TEXHUKACH XaKUJaru



Kapaluiapra acocjianran 0ynu6, 6omrka MyannudIapHUHT Ha3apuid XaMmja aMainui
TaJKUKOTIAp OWJIaH TacAUKJIaHTaH.

TaagKUKOT HATHKAJTAPUHUHI MJIMHH Ba aMajuil axaMUSATH.TaIKAKOT
HATWKAIAPUHUHT WIMHM aXaMHsITH IIyHAaH UOOpaTKy, y KyEll 3JeMeHTIapua
(GOTOTOK IIAKIUIAHUIIMHUHT SIHTU MEXaHU3MJIAPUHHU TYIIYHTUPUILNTa HMKOH
oepaau.

TaaKUKOTHUHT aMaluii aXaMHsITH IIyH/IaH HOOpATKU, UIILIA0 YUKUIITAH SIHTU
KOHTaKT Ty3wiMa &paamMuaa KyEenl 3JeMEHTIApUHA COIIAPOK TEXHOJOTHS OWIaH
Joituxanail UMKOHUHH Oepajiu.

TagKMKOT HATHKAJIAPUHUHI  KOpUM  KwinHMmM. Haxoymuamu
KOMITOHEHT/Iap ¢EpaaMuga KpeMHHi Ky€ml (OTOIEeMEHTIApUHUHT camapa-
JOpJWrMuHA Ba KadonaTiv UIUIall MYJIJATHHU OIIMPUII MEXaHU3MJIApUHU
Hazapuil unuiad YUKUII HATHXKACHUIA:

JOMMHI MaHkapa opacujard gpapk, MEXaHUK KyWIaHMIILIAp Ba TeMIieparypa
pexkuMHU OuiaH OOFJMK OYJraH TarjiMK YCTHIAa HAaHOTY3WIMAJIAPHUHT ¥3-Y3UHU
TAlIKWUIAIITAPUII [IAPT-IIAPOUTIIAPU SIHTH TypAard KyE€ll >SJIEMEHTIAPUHHUHT
AIEKP-ONTUK XapaKTEPUCTHUKAJIApPU XYCYCHUSTIAPUHU AaHUKJIANIJAa WIUIATHITaH
(Kapnerru Memnonu yauBepcuteTuHUHT 2017 ¥Wun 10 urommarm MabiayMoT-
HoMmacH). Mnmuii HatwkanaH ¢(oHAalaHUuIl SPUMYTKA3TUWIM Tarjuk CHpPTUIA
HAHOKOIUIAMAJIIAPHA YCTUPUII [IAPOUTIAPUHU ONTHUMAJUIAIITUPULL WMKOHUHU
Oepras;

HaHO-TETEPOTY3WIMAJIAPHUHT MIAKJJIAHUII >KapaéHjiapu, yiapJard >SJeKTp
KYWIAaHTaHJIWK Ba moTeHnuamHu makmiagumm OTM-®2-62 «Kpucramapaa
KUPUIIMA-HYKCOH TypJard MHUKpPO- Ba HAHOOMPUKMAJIAPHU XOCHJI OVIMII
MEXaHM3MJIapU Ba YJAPHUHT KEHT (PYHKIMOHAT WMKOHMSTIM KYI KaTJIamMIH
Ty3uJlMajlap SpaTUIard VpHU» TpaHTAa HAHOTY3UWJIMAJIAPHUHT  KPUTHK
yIyaMIApUHKM aHUKIAIga Kyamanuwiran (Y36ekucton PecryGmukacu ®an Ba
texHonorusap areHTMruauar 21.07.2017 #ungarm ®TA-02-11/375-pakamnum
MabJIyMOTHOMACH). Nnvui HATWXKaJaH doitmananuin MUKPO- Ba
HAHOTY3WJIMAJIapJard ONTHK Ba DJJEKTPOMU3UK TapaMeTpiapHH aHUKJIAII
METOIMKACUHU MIAKJUTAHTUPHUIIT UMKOHUHU OepraH.

TagKMKOT HATWKAJAPUHUHI anpodamusicu. Jluccepranuss WIMMHUAHT
acocwii HaTwXalapu 6 Ta Xankapo Ba 9 Ta pecmyOnmMKa MUKECHUAATA WIMHUMN-
aMaJiiii aH)KyMaHJIapJia MyXxokaMaJiaH YTKa3uIraH.

TagKUKOT HATHXKAJAPUMHMHI IbJIOH KUWIMHIraHjauru. {ucceprauusi maB-
3ycu OYyitnya sxamu 14 ta mamuit um Ba 1 Ta MoHOrpadus 4on 3TUIITaH, HIyJapiaH
V36ekucron PecnyOnukacu Ounuii  arrectanusi KOMHUCCHSICUHUHT JIOKTOPJIUK
JUCCepTalMsUIapu  aCOCUM WIIMHUN HaTHXKaJdapyuHU YOI DTHUIN TaBCUS JTHJITaH
WIMUN Hamipiaapaa 14 ta MakoJia Halp STHIIN.

JAvcceprauMsIHUHI TY3WJIMIIM Ba Xa)KMH. /luccepranus KUpUII, TYypTTa
0600, xymoca Ba doigamanuwiarad amabuérmap  pyiixaruman — uOopar.
HuccepranusuuHr Matiu 119 6etna kenTupumiras.



JIACCEPTAIIUSIHUHI ACOCUM MASMYHH

Kupum xucmuia yTkazuirad TaJKUKOTIAPHUHT J1013apOJIUTH Ba 3apypHUsITH
acocllaHraH, TaJKUKOTHHHI Makcaau Ba Baszudanapu, 0ObEKT Ba MpeaMmeTiapu
TaBCU(IIaHTaH, pecyOIrKa (paH Ba TEXHOJIOTHUSIIApPU PUBOXITAHUIIIMHUHT YCTYBOP
UYHAIUMIUIApUra MOCIWTU KYpCaTWITaH, TAAKUKOTHUHT WJIMHUN SHTWINTH Ba
amManuil HaTwxkantapu Oa€H KWIMHTaH, HATHXKAJIAPHUHT WIMUNA Ba aMmaiui
axamMusaTH ouud OepuiiraH, TaJAKUKOT HATKAJApPUHU aMalIUETra KOPUW KUJIMIIL,
HaIIp ATWITaH HIUIAp Ba JUCCEpTAlUs TY3WIMIIN OYHNYa MabIyMOTIap Kei-
THUPWITaH.

JluccepTaurstHUHT «Kyém 3JIEMEHTJIapH caMapaJopJIUIruHU
OLIMPHUIITHUHT 3AMOHABHMI X0J1aTH BAa TeHJACHUUSJIAPUHA TAXJIMJI KWINID> 1€0
HOMJIaHTaH OupuHYM OoOuja KeATHpUiraH afgabuériap acocuaa Kyeul
SHEPreTUKacu COXACHJAard MyaMMO Ba TE€HJECHUHUsJIAP YpraHuO YUKWIrad. Yoy
0001a Ky€lml 53JIeMEHTVIApUHUHI CaMapaJopiIurura TabCUp KWIYBYM OMMILIAP
Yyprauunub, Ky€m sieMeHTiIapu 3()QPEKTUBINIMHU OIIMPHUII Ba TaHHAPXUHU
TYIIAPUIITA KAPATUITaH TAAKUKOTJIAp HIapXU KEJITUPUIITaH.

JuccepTauMsiHUHT  «SIHrM  KOHTAKT TYy3W/IMaHH MOUIa0 4YMKHII Ba
Ha3apuil TAAKUK 3THID> 10 HOMJIAHTaH UKKMHYM 000MAa HAaHOKHpUTMallapiaH
¢oiinananuO, sTHTM KOHTAKT Ty3WJMa spaTUII UMKOHUATIAPU YpraHUuO® YMKUITaH.
Ym0y SHIM KOHTakT Ty3WiIMa aHbaHaBUM P-n YTUILIAp Ba reTepoyTHULUIAPAAH
TyOnaH ¢apk Kuiaad. MablyMKHd, aHbaHaBUM p-n YTUID HMKKA XM
VTKa3yBUAHIIMKKA 3ra OyjaraH spuMyTKasruwiap opacuaard koHtaktaup. Iy
MaTepuaslapHUHT Oup-Oupura Tteru0® TypraH coxacuga Depmu carxjgapuHu
TEHIJIAIyBUTa OJMO KelaJuraH TEepMOJUMHAMUK JKapa€H BYXyIra Kelaju.
Hartwmxana, yerapana Ky4iId 3JIEKTp MaiioHTa 3ra OyiraH XaXMHil 3apsij] coxacu
xocu1 O0Vnaau Ba ymly coxa p-n YTuill 1e6 HoMIaHaIu.

3amMoHaBuM (OTOANEMEHTIAPHUHT MII NPUHLUIN SPUMYTKA3THUIU  p-N
yTHUIIra acocjaHraH. MasKyp yTuilra sKMH coXaJa IOTWITaH EPYFIMK HYpHU
AJIEKTPOH-KOBAK JKYQTIUTMHU XOCHJ KWJIAaIW, p-Nn YTUIIHUHT 3JIEKTPOCTATHK
MaioHN ymlOy OKyQTIMKHM axpaTuO 0opagu Ba MOC 3JIEKTpojjiapra
WYHAITUPAIH.

KpeMmuuitnu ¢QorosneMeHTIapHUHT caMapaJOpIUTUHHA YerapajioBUd HMKKUTa
acocuii OMHWJI MaBXyJ. bupMHUKMCH, KDEMHUMHHUHT TabKHUKJIAHTAH COXa KEHIJIUIH
(xona xapopatuga Eg=1,125B), Oynaan kn4uk sHeprusnu (hOTOHJIAP DIEKTPOH-
KOBAaK KY(QTIUIMHA XOCWJI KuiMaiau. WKKUHYM OMHUJ — BJIEKTPOH-KOBaK
KyPTIUTH PEKOMOMHAIIUSICUHUHT KPEMHUNIIN aCOC TO3AJIUTUTa OOFJIMKIUTH. Xap
KaHnai neddexrnap, KupuManap, AUCIOKALMUIAp, YerapaBWil coxajap Ba
Oomikanap pexoMOMHAUMUIM skapa¢HnapHu Kydautupaau. Ly ca®abnu rokopu
caMapa OJIMII y4yH FOKOpH TO3JIMKIArd KpeMHuijaH Qoimananuianu, OyHaal
KpeMHUIl HUCOAaTaH KMMMAT Ba ymoOy XoJjaT «KyEUl 3HEprHsiCH» TaHHAPXWHUHT
ommuiura cabad 6ymaam.

Huccepranusina ymly HMKKATAa YerapajioBUYd OMWJIHHMHT  TabCHUPUHU
Kamaitupuira &paam  OepyBYM HUMKOHHUSTIAD TAAKUK KWIMHTaH. YOy



M3JIAHUIIUIAp KPEMHMI acocujla HaHO Ba MAaKPOKOMIIOHEHTIIAp XYCYCHUSATIApUHU
y3uaa MykaccamIIalITUPTraH Ty3WIMaHU UILIa0 YMKUIITa UMKOH OepaH.

Hapxu MoHOKpUCTaIT KpeMHUWJIAH aH4ya ap30oH Oyiaran  Tabuumi
Oupukmanapra 00M HOKPUCTAT KPEMHUN CUPTUra HAHOTY3WJIMAJApHU YTKA3UII
HATWKacUJa SIHTM KOHTAaKT Ty3WJIMa SpaTUIl MYMKUHJIMTU KypcaTu® Oepuirad
(1-pacM). V3-Y3MHM IAKIAHTUPHIN >KapaéHM HATIKACHIA MaTepuan CHUpTHA
TapTUOJIW >KOUJIAIITaH, TEHT YiiyaMiap/iard HaHOTY3UJIMaJapHUHT XOCUIT OYIIUIIN
Ba OYHHMHT y4YyH 3apyp Oyiran 0ab3u mapT-IIapouTiap Kypcatub OepuiraH, Oy
HATIDKAIAP SKCIIEPUMEHT OWIAH MOC Tymamd . XOCHI OY/IraH HOHOTY3WIMAanap
IOKOPY KPUCTALIUK XaMmia OWp KUHCIIHM HAeall KBAaHT HYKTa XyCyCHSTIIapura 3ra
Ooynmanm.

K - Nnvuit  MopeumamiTupuimn - Makcaauaa
S S B ® qyKyp Ba ca3 OHEPrusld  KUPHIIMa
bi aTOMJIQpHU  TEKUC  TaKCUMJIAHTaH  J1e0
@ @ xucobnanaay. HaHoTy3wiManapHUHT CUPT
°® °® °® KOHLIEHTPaLUsACH KHYUK SHEPTUSIN
KHpUTMAaJap ATOMJIAPHUHT CUPT

® ® ® KOHIIEHTPALUSICUTa TEHT KWJINO TaHJIaHa/Iu.
Hanory3unma acoc cuptu  Ouiad
1-pacm. KOHTaKTra Kejranjaa ymoy MaTepuaulapHUHT
Kpemuuii cuprura éTKM3uJIran ®epmu caTXJIApUHU TEHIJIAIITUPUILTA OJIHO
HaHOTY3H/IMAT1ap KeJIyBUU TEPMOJIUHAMUK xKapacH

OouutaHaau. AWUTHO YTUII JO3MMKH, HAHOKMPUTMAHUHI SHEPreTUK caTxjapu
JMCKPET, aTomJiapra yxmiam Oyiaau, KPEMHHUIIM acoc 3ca KaTTHK >KHUCMIa XOC
30HAaBUH Ty3WJIMara ira.

JIOHOp Ba aKUENTOPIM KUPUIIMAIap aTOMJIAPUHUHT KOHLICHTPALUATIAPU TEHT
Oynrannuru cababmm kpeMHuHUHT DepMu caTXu Kapuid MaH dTHITaH CAaTXHUHT
ypTacua xounamran 0yiau.

MyHau aiTu® YTUI JTO3WMKH, MaxCyc JerupjamaciaH XaM KpeMHHUH acoc
TapkuOuga XOHa TeMreparypacuua QaoJualiaurad KUpUIIMagap MaBxKyl
oynmanu.

HAHO KPEMHWIA HAHO KPEMHWIA

30HA NPOBOAUMOCTH \ JOHA NPOBOLMMOCTH

— YPOBEHD HEPMM E— YPOBEHb GEPMA

o BANEHTHAA 30HA *® BANEHTHAR 30HA

a) KOHTaKTHUHT MIaKJUTAHUIII KapaéHU 0) [llakimaHran KOHTaKT

2-paCM. HaHOKI/IpI/IIHMa-TaFJ'II/IK KOHTAKTHHHUHI INAKJ/IJIAHUIIIN

1Aﬂ(1)ép013 XKMU., Jlenenmos H.H. TeTepocTpyKTypbl ¢ KBAaHTOBBEIMH TOYKaMU: IOJyYEHHE CBOMCTBa, ja3epbl // dusmka u
TEXHHKa MOIyNpoBogHUKOB. —JI. 1998. - T. 32. - Ne 4, c. 385-410.
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HaHoTy3mnma OwiaH KpEMHMIUIM acoc ypracujaru TEepMOJAMHAMUK
MyBO3aHATJAlllyB, alHU Iy TEPMHUK HOHJAINraH 3JIEKTPOHJAp XucoOura pyi
Oepanu (2-a pacm). Hanory3unmanap monajacu myHAall TaHJIaHAIUKW, ylapaaru
OMpPUHYM TYJIMaraH 30Ha YyKypJIMTd KPEMHUIAAru 3JIEKTPOHHUHT YUKHUII UIIH]IaH
karta OyicuH. byHpail sHepreTuk KoHpUrypauus HaTHXKacuaa KpEeMHUNJAru
daonnamrad >JeKTPOHJIAPHU HAHOTY3WJIMara OKMO YTHUIII MMKOHUSITH TYFHUJIAIU
(2- 6 pacm). FOxopuaaru xapaéH HaTHKAcHIA SHI'M KOHTAKT Ty3WJIMaaa XaKMUH
3apsA]l COXaCHHU IAKJUIAHUPYBYM 3apsUIaHraH aTOMIIAp 3aHKUPHU XOCUJI OYaau.

SIHIM KOHTAKT TY3WIMAaHUHT HOEO Xoccallapu:

- Xxap OuTTa HAHOTY3WJIMA OPTHUA XAKMHUU 3apsA] COXAaCUHU XOCHIJ KIITYBUH
3apsAJUIaHTaH aToMJIap 3aHXKUPU BYXKy/ra Keaaau;

- X@KMUHU 3aps]l COXacH aHbaHABUU p-n YTUIIIHUKWATA HUCOATaH aH4Ya KaTTa
0yu0, Kapuitdb OyTYH IOTUIIUII COXACHUHU KamMpad oiaiu;

-  EpyFIMK Xa@KMUH 3aps] cOXacuJa KpPEeMHUMH WYHMAa  FOTHIAJH,
HaHOKHMpUIIMaJap LIy COXaHU BYKyAra Keauiura cadbadbuu 6ynanu;

- EpYFIIUK TabCUPHUA BYXKYATa KEJITaH 3JIEKTPOH-KOBAK Ky PTIUKIAP XAKMUN
3apsj coxacuja naijo oyiaranu cabalmiu, ynap MailioH TOMOHHAAH JappoB Oup-
OupuaaH axxpaTuiaau, yimoly XoiaT peKoMOMHALUS KapaCHIapUHUHT CyCaluIInra
0110 Kenaau;

- 4yKyp PHEPIreTUK CaTXJu KupuTtManap 3pQexTuB IOTUINLI CIEKTPUHHU y3yH
TYJIKUH Y3YHJIUTH TOMOH KEHTaUTUPHILTa UMKOH Oepajiu.

JluccepTalusIHUHT  «SIHI'M  KOHTAKT TY3WJIMAHMHI  acoCHil  mapa-
METPJAPUHU AHMKJAID» J1e0 HOMJIAHYBYM YYMHUM OO0OHMIAa SHTM KOHTAKT
TY3WJIMAHUHT XQKMUN 3apsii COXACHMHHUHI Y3YHJIUTH, Y3Ura XOC 3JIEKTPOCTATHK
MaiJIOH XYCyCHUSITIapH, YHHUHI TOTEHUMAId Ba KyWIAHTAaHJIWTH KaOu acocuil
napameTpJiapy aHUKJIaHTaH.

SIHTM  KOHTaKT TY3WIMaHUHT y3yHJIWTM HMKKHTa TapameTp OwiaH
OenruiaHaau: HAHOTY3WIMAHHHT OJIGKTP CHUFUMH Ba KHYUK KHPHUIIMAaiap
opacujar ypraua macoda.

HaHOTy3WJIMaHUHT 3JIEKTp CHFMUMH YHHUHI YJI4aMHIa Ba JIUAJIEKTPUK
CHUHIIMPYBUYAHJIUTHTA TYFpu nponopuuoHan C~¢gR, mury cababman rokopu

IUAJIEKTPUK ~ XyCycusiTiapra Jra  MaTepuajjiap,  MacallaH,  KYpFOIIWH
XaJKOreHuIapuan GoiialaHuIl TaBCUSl JTWIAAU (KYpPFOLUMH CEJeHUIU Ba
KYPFOIIMH CYIb(UINHUHT JUAIEKTPUK CHUHTIUPYBUAHIUKIAPH MOC XOJAA Eppse=
250 Ba €pps= 175 ra TeHr).

Hanory3uiMaHuHT MUHUMaJI yilYaMd YHUHI DHEPreTUK IOTEHUHAI ypacuaa
xed OyMaca OUTTa SHEPTeTUK caTX OVIIMIN MIapTHIaH aHUKJIaHAIH.

Ymby mapt 6akapuiauinm y9yH KpeMHUN OwiaH chepuk KBAaHT HYKTaJard
KeHTTUTH Ryin OYnran TyFpu TYpTOypUaKiiv KBaHT ypajaa d7aeKTpoH (M, adhdexTrn
Maccanu) yuyyH OupuHun carx AE;, ymOy momnmamap sHeprusiapu opacuaaru
y3unil AEc 1aH KHYuK OYIHIIN JI03UM:

AE. = AE, = ﬁz-(” )2 (1)

2 'mg
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baxomam yuyn AEc kwitmatuau 0,3+0,5 »B ne6 oncak, l-udonaman
HAHOKJIACTEPHUHI MUHUMAaN ymdamMu 3 +~ 5 HM JaH KUYHK OYJIMAacIHurd JIO3UM
AKAHJIUTH KeTTNO YMKaIH.

HaHOKMpUTMaHWUHT SHT KaTTa yiI4aMd SHEPreTUK CATXJTAPHUHT HCCHKJIHMK
keHraviumu (KT ra OofJIMK) OWiIaH PHEPTreTHK carxJjap opacuaaru macodajaH
KAYUK OYIUINM KEepakiIWTH IapTUIaH aHWKIaHaad. AKC XOJAa SJIEKTPOHIap
IOKOPH DJHEPreTHK caTxjapra YyTuOd keragwiaap. YmlOy mapT KyWuaarmda
ndoaaranamu:

KT < 25 )

3

Oy epma E; Ba E, mMoc Xonma HaHOKJAacTeplIaru OXUPTH TYJiAraH Ba OMpUHYN
TYIMaraH carxjiap sHeprusuiapu. Hanoknacrepaunr 3¢ dekTuB maccacacura kapad
xuco0aann6 anukiIaHran yimuamu 20+35 HM KarTtanuruaa oynaau.

Jlemak, peay, y3-y3uJaH IIAKIUIAHYBYM HAHOTY3WJIMAJIAPHUHT YIY4aMmiiapy
(3+5)am < R < (20+35)uM opanuruaa Oynaau

Hanozappauanapau cepuk makinga 3KaHIUTMHA HHOOATTa 010, MapHUHT
ANEKTp curuMu (popmynacuaan doiganancak:

C =4mey R (3)

HucOuit  nuonexTpuk cunraupyBdannurd 175 < e < 250 Ba  ymuamu
3uM < R < 35 HM 6yaran ceprK HAHOKIACTEPHHHI DJIEKTP CHFMMH KyHHIard
opanukaa oynaau.

6-1077@<=C= 100-10"" @,

Kpemuuii acocian HaHokiacTepra oKuO YTraH 3apsji MUKJAOPUHU KyWHJaru
MyHOCa0aTaH aHUKJIalll MyMKHH:

q=C-Agp (4)

Oy epna Ag HaHOKIAacTEp Ba acoc MaTepHaad OpacHIard MOTCHIHAIap (QapkH.
Oxub yTran 3apsa MHUKIOpUHHM Oaxonam Makcaauna Ag = 0,5B nebd oncak,
KyHuara KuiiMatiap Keau0 YuKaau:

6-107YKn < g < 100- 107 Kn

Kpemunmii acocnan HaHOKIacTepra OKHO VTraH OJJICKTPOHJAPHUHT COHU
KyWuJarnya aHuKJIaHaau:

N=1 (5)

=]

Oy epaa e - DJIEKTPOH 3apsnu. Ym0y MyHocabaTiapaaH HaHo3appadara YTuO
KeTraH 3JICKTPOHJIap COHUHU 0axoJlaiMu3:

102 < N < 103
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TepMoanHaMUK MyBO3aHAT XOJIATH YPHATHIWIIKM OKHOAaTHIa acociaH Xap
Oup HaHOKMpHUTMara OWp Heya 103 DJIEKTPOH OKUO YTaau, OyHHHT HaTHXKacHIa
3apsi/IaHTaH JIOHOP aTOMJIAPUHUHT Y3YH 3aHKUPH XOCWI OYylaav, aiHW Iy
aToMJIap XaKMHUHU 3apsiji COXaCUHU XOCUIT KHJIauap.

Ogata KPeMHUIIArH KOIMK caé3 KMPUIIMANap KOHIEHTpausich np=10"%
10" cm® Vmby arommap opacumars ypraua macoda OGHp MHKpOH aTpoduna
Ooynmanu:

b=3n,~10"°+ 10" m (6)

SHTH KOHTAKT Ty3WJIMaJard XaXMUH 3apsj COXaCUHUHT OYyinama Yiadamiapu
Oup Heva YH MUKPOHHU TAITKUII KUJIQIH:

d=N-b~10= 100 MKM (7)

Ymly KaTTauK aHbaHaBUW P-n YTUHUIApAArH XaXKMUW 3aps] COXacHAaH
aHya KaTTa 0yiIuo, Kyhuaaru ap3ajuIuKiapra ara:

- ymly Macodaga Ky€ll HYpJaHMIIM CHEKTPUHHUHI Kapuild xammacu
FOTWIA]IH;

-  (QOoTOH IOTHAMIIM  HATWXKAacHAAa XOCWJI OYiraH  3JIEKTPOH-KOBaK
Ky(QTaukiIapyu XaXMHHM 3apsii coxacula BYXKyAra kenuO mry 3aXOTUEK, MaloH
TOMOHUJAH OJJEKTPOH Ba KOBAaKKA QKpPAaTWIAAM XaMJa MOC DJIEKTpOJJjiapra
Wynantupunaan. by pekoMOMHaUMsUM >kapaCHIApHUHT cajlOuil TabCUPUHU
Oaprapad sTUIIra UMKOH Oepajiu.

SIHTM  KOHTaKT TY3WIMAHUHI KYWIAHTAHJIWIHA Iapajulesl  3apsAJIaHraH
TEKHUCIIMKJIAp XaKWJAru TacaBBypJap acocuja aHukKJaHrad. KyHpamanr kecumuaa
OyHU ¥3apo mapasuien TeKUC 3apsiAJIaHTaH TEeKUCIUKIIAp KeTMa-KEeTIUTu cudaTuia
TacBupyiaca Oymanu, Oy epna b — 3apsjyaHrad atomjap opacujard yprada
maco(a, d — 3apsanaHrad aTomiiap TU3UMHU TabCUPUAA IAKJUTAHTaH XaXMUH 3apsiz
coxacH (3-pacm).

DnekTpocTaTUK MainoH Kywianrawauruau E(x) aHuknam yayn [ayce
Teopemacuian doimananaMnu3. XaKMUANW 3apsij coXacu OUp KaTop 3aps/jiaHTaH
TEKUCIHUKIAp KeTMa-KeTIUruaan wuoopar nae0 Kapamagu. Hanokxupurmanap
YKOMIIaITaH CUPT 3apsij] 3UWINTU G N, Xap OUp KEWHMHTH CUPTHUHT 3apsij] 3UUINIU
o' 6ynamy.

EpuTunyBun cupT ycTura YpHAIIraH HaHOTY3WIMa acoc uuupaH N Ta
AJIEKTPOH OJITaHU Typaiiau, Oy CUpTIAry 3apsij 3UWINTH

Oy = = e"Nn2/® 8)

VOHJIAIITaH JTOHOPJIAP TOMOHUJAH XOCWJI KUJIMHTaH CUPTJIAPHUHT 3apsij] 3UUJIUTU
KYWHMIarura TeHr:

13



+ -
- _ e o -+ 4 ‘."3
g = 2 e n , (9)

N

v

3-0 pacMaa 3apsilaHTaH CUPTJIAp VYpTacujia dJIEKTPOCTATHK MaiIoH
MIAKKJIAHUII CXEMACH KypCaTUJITaH.

N Ba d nmapam wmabaym ned xuco0mab, [aycc Teopemacu acocuma
ANIEKTPOCTATUK MaWgoH KywiaHranauru Ex(x) Hu Xap Oup TeKHCIuKIapapo
dazomarm KoopauHarara OOFJIMK MyHocaOaTWHM aHUWKIaiMu3. by MyHocabat
KYWHMJIard KypUHUIITA Ora:

Ec) =— (¥)- O - [x0) (10)
ke’
Oy epnay = :?, K = 4;5&, €0 — AUDJIETPUK JOUMHM, Esj — Ba €y - MOC XOJ1a

KpEeMHUH Ba HAHOKHUPUTMAHUHT JUAJICKTPUK CHHIJIMPYBUAHIUTH, [Xi] —X-
KOOpJMHATaHUHT OyTyH KucMu 0yu0 b-k ra terr (0 <k <N).

cy, 6 o6 ¢ o g=et g=et
PR > > > ot
| ; ES /\| Ez L E q=€‘+
: L L L : ( I f ! J EIJ=0
<« ‘\ @"
E=0 E+0| E+#0| E#0 | E#0 | _ E=0 —_—
>« = S S <
k=0 k=1 k=2 k=3 k=4 J=Nb (1)

a) Xap 6up k-cuprmap (0 <k < 3) opacuma  ©0) Xap Oup HaHOTy3MIMa OpPTH/IA XOCHI OYIIyBUN
JJIEKTPOCTATUK MaUJOHHUHT IIAKJIJIAHUIIT WTHACHUMOH XaXXMHH 3apsJi COXacu
cxemacu (N=4 6ynranna)

3-pacm. XaxkMuii 3apsii COXaCHHUHT HIAKJIJIAHUIIN

Yoy MyHocabaT KyHuaard uerapaBUil mapTjiap acocuja CyINepIrio3uIus
IIPUHIMIIA €pAaMuIa OJIMHIaH:

coxa 6ommaa (x=0) — Ey(x=0) = Ey = - y'N/b,
coxa oxupunaa (x =xy =d) — Ey(X =xn=d) =0.

.

E;, = 5~ DJIEKTPOCTaTUK MalJIOHHUHI MaKCUMaJl KNMMAaTH.

DJIIEKTPOCTATUK MaiJIoH KywiaHrawimru Ey(x) Hu koopauHaTara OOFJIaHUIIN
Ba KYyWJIAHTaHJUK Ky4 YA3UKJIAPUHUHT MIAKJIN 4-pacMjia TaCBUPJIAHTaH.
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a) DIIEKTPOCTaTUK MalJJ0H 6) DIEKTPOCTATHK MalifIoH Ky
KyWIAHTaHJIUTUHUHT S'I3l"apI/II_HI/I YUBUKIIAPUHUHI KYHJaJIaHT' KECUMHA

4-paCM. SIHTM KOHTAaKT Ty3WJjMaaary 3JIeKTPOCTaAaTUK MalJI0H

Tanmanran mMojienb acocuaa XaKMHM 3apsij] cOXacHIard Ky4yJlaHTaHJIMKHUHT
y3rapuiiiy Xakuja KyHujaard XyJIocalapHyu KWIHII MyMKHH:

- Xap OUp TEKUCIIMK OpacuJiard MailJIoH KyWIaHTaHJIUTH Y3rapMacaup;

- MalJIOH KyWIaHTaHJIUTU KPEeMHHH acoc WYugaH HAHOTY3WJIMa TOMOH
WyHaIraH,

-Ex(X) MaiiioH nuckpeT, Xap Oup SHIM TEKUCIMKIAp OpacHJaru coxara
yrranma MaiaoH y/b kuitmarra cakpa® ¥y3rapaau Ba reTepOYTHIIHHUHT OXHUPHIA
HOJITa TEHT OYIa/iu.

SIlHTM  KOHTaKT TY3WJIMAHUHI XaXMHUM 3apsA]l COXacHuaa MOTEHIHUAI
takcumiianuiy Ilyaccon Tenrnamacu €paamuia aHukiIaHaau. YOy coxa TEKHC
3apsA/JIaHTaH Tepajuiell TEKUCIUKIAp Maxmyacw el Kapanmaau. TeKUCIUKIap
opacujgar (¢azofa dSIEKTPOCTATHK TOTCHIMAT (O (X) HHU aHUKJIAl Y4yH
kywrtanranauk Ey(x) ndomacuam X nan x (0 <k <N) raua derapaia uHTerpasuai
Kepak:

E() = — "% e ¢p(9) = — [} Ex(x)dx 1D

[ToTeHmanay aHWKIAMI KapaéTraH MOJCTHUHT XyCYCHUSATIApUAAH Kenuo
YUK

XOKMHUH 3aps] COXACHHHUHT Oommmaa, EpuTWIaéTraH CHUPTAA TOTCHIHAI
0x(x=0) Makcuman KuiimMatra sra, s’bHU Y3UHUHT TEPMOJMHAMHUK KUHUMATH @) Ta,
XKMHH 3apsi] COXaCUHUHT oxupua Xx= d Oyiranaa mOoTeHIUAal HOJITa TEHT.

Ymby derapaBuil mapriapjaH Keaud YMKHO XaKMHA 3aps]l COXacUIarw
MOTEHITUATHUHT Y3UTa XOC XYCYyCHUSITIApY aHUKJIaHA TN

-k — rexucnuknapapo ¢azomaru moTeHIKA:

0(x) = pa= (/D) (N+1-K) x| (12)

-k — Tekucnuk yerapacumaru noreHuan O, =g (x=k-b):
0= 0o~y ok (N +1—10)i = go- yk-(k+1)-(3-N+2-2:k)/6 (13)
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- EpUTUIAETTaH CUPT IIOTCHIUAIIY :
@o=y"N-(N+1)-(N+2)/6 (14)

ByTyH coxa 0yina0d moTeHuHan y3rapuily KBaJpaT KOHyHUSATHTra yxmacajia,
KeTMa-KeT JKoWnamran Kk Ta 3apsjiaHraH TEKHCIWKIApIard MOTCHIIMaTHIUHT
KoopAuHaTara OOFTUKIUTY YU3UKIUAND.

JucceprauysitHUHT  «SIHIM  KOHTAKT  TY3WJMaaaru  (POToOBOJBTHK
y3rapTUpuil Ba 3apsi/i TALLYBYWJIAP TPAHCIIOPTUHM YpraHum 1e0 HOMJIaHTaH
TYpTUHYM O00MJa 4YyKyp apajammMaid Xojamiap Kypud uyukwirad. Yykyp
apanammMaiap kouuertpaumsicn 10°°-10%! em™ (99,9%) 6ynranza, ymap opacuiaru
macoda 1+10am Oynanu. S-pacmaa MaH 3TUITaH 30HAJArd 3JIEKTPOH XOJaTiapu
TacBUpJaHTaH (Jokan Xojamiap mTpuxiadran), F — ®epmu carxu. YUykyp
apajialiMa XoJiaTiapy ak[enTop Ba JIOHOP TaOMATiAM OYIMIIM MYMKHH. AMMO
SUWIMKHUHT TaKCUMIAHUIIHMIATH QUIyKTyarusuiap, OUTTa TypJaarun KupuTMaiap
KOMIIEHCAllMsUTaHMal  KoJiraHjaurura cabad  Oynmagu.  MacanaH,  JIOHOp
apananMaJapHUHT OUp KUCMH KOMITEHCAIMsIIaHMAali KOJTaH OYIUITN MyMKHH.

£ E E 4
conduction band conduction band conduction band
~ F > F 27 F
valence band N(E) valence band N(E) valence band N(E)

S-pacM. DJIEKTPOH X0J1aTJap 3UYJIUTHHUHT JHeprus 0yilia0, TabKUKJIAHTaH 30HA1a
TAKCMMJIAHHUIIIHN.

Harmxkana TapKUKIaHTaH coXaaa OMp KaTop 4yKyp JOHOp carxJjap BYXKyJra
KeJaJu, YyJapHU aKTUBJIAIITUPUII YYyH KpeMHUM ¢yHIaMEHTal IOTWIUIIN
SHEPrusiCUJIaH KaMpoK OViraH sHeprust kepak OViaau. bomikaya kunu6 aiftranaa,
YyKyp apajaniMaiap MaBXyIJWTd SHICU KOHTaKT Ty3wiMaaa d(PpGeKTUB I0THIUIILI
CIICKTPH KeHralHIIUra UMKOH Oepa/iy.

DOTOH TOMOHHUAH apajaliMa aTOMHIaH YUFOTHIITAH 3JIEKTPOH, 3apsi/iJIaHraH
caé€3 IOHOp apajiammMaiap XOCUJ KUJITaH Y3YyH 3apsjIaHraH 3aHKUPHUHT MalJI0HU
TabCUpUJA DJIGKTPOJ TOMOHMIa KyHaTaau. Byxyara Kkeiarad KOBaKHUHT
TPAHCTIOPTH apaialMaJapHUHT OyHal KOHIICHTPAIMSICUTa XOC OYJIraH KaTJIamiin
VTKa3yBUaHIWK xucobura pyil Oepamu. Takmud »>Twimaérran MOJSTHUHT
DKCIIEPUMEHTAN TACAUKIIAPU XaM 60p2. Kyn apanammany kpeMHUN CUPTUHH KyAa

“Lloit B. Crnocob6 M3roTOBICHHMS IyYKOBOTO IEPEX0Ja, IY4KOBBI MPeoGpas’oBaTeNh dICKTPOMATHHTHOIO
naiyuerns/ NeWO 2011/040838 A2. [lareHT BO BCEMHPHOH OpraHu3aliy MHTEIJIEKTyalbHONH coOcTBeHHOCTH. 07.
04.2011
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Kyn Oymakmapra 6ynu0® amanra omupuirad (OTORIEMEHTHUHT caMapalopiuru
MOHOKpPHCTAJIJI aHajlorjapra HucbaTaH sIXIIM KypcaTkuuiapra ara, 6-pacm.

6-pacMHuHT |- y9acTkacuga KaTJaamiIH
g Mhmhie® 00000 YTKa3yBUYaHJIUKKA X0C  OormaHMII
0 \ Ky3aTuiaau, rpa¢ukauHr Il yuactkacuma
; 2 | ca pe3oHaHCra Xoc OynraH  ycum
] lf \/\\ Ky3atuinaau. Katmamnmm ytumra xKymmmua
! paBuIIIA TYHHEIIb VTl XaMm
NN LY\ y y
7 1\ 1| KYIIWJATaHUJa PE30HAaHC comaup Oymaau.
2 ok —
. )f i_ %C_,L::Lr*.r___f Ymby Ttaxpuba uyKyp apanammanap
- A, MEM | .
o v : " -1 aAKTUBALMSICU épmamuaa ¢ dexTun
et FOTHJTAIIT CHEKTPUHU KEHTaUTHUPHUILI

2,5 1.24 0.83 06 E.sB 0,25
MYMKHWHJIMTMHHA KypcCaTaau.

1- monOKpHCTaNT KpEeMHMItIN
p P [lly 600m1a SHTM KOHTAKT TYy3WJIMa

doTorIeMeHT A, 2- FIKCIIEPUMEHTAT

acocupgaru KYGHI IIaHCJIMHUHT
dboTod7EMEHTIA. .
" (GOTORIEKTPUK TMapaMeTpiiapy aHUKJIAHTaH
6-pacM. @OTOTOKHHUHT TYIIAETraH . o
TYJKHH Y3YHJIUTH (AHEPrusicu) OujiaH KpeMHNH cHpTHTa yTKa3I/IJII‘. ?IH
OOFJIMKJIUTHU HaHOTYy3HWJIMaJlap/J1aH I/I60paT KyclI

AIEMEHTH MOJeNu Kenatupwirad. Kyém
MaHeau Tajnad STUNAETraH JJIEKTp MapameTpiiapra Kapald y3apo KeTMa-KeT Ba
rapasuiell yJaaHraH Ky€m AIeMEHTIAPUHUHT MaKMYaCHIHD.

Hanoymuamiau p-n YTUIITHUHT ONTUMAJ NapaMeTpiIapuHU MUKIOpUNA Oaxosarl
yU4yH KyHWaard OeNTWiIaluiapHu KUPUTAMH3:  lg— (OTOTOK, ¢)o— KOHTAKT
noteHuuamuiap gapku Ba Po(Po = lo'¢o) — WILIA0 YUKMIAETraH KyBBaT. YIIOY
napameTpiap SpUMYTKAa3TH4IN aCOC Ba HAHOKJIACTEP MapaMeTpiapura OOFuK.

Kyém snementu cuptununr to3acu S (S = kil), y3ynwnuru K Ba xenrmuru |,
HAHOTY3WJIMaJIap opacuaaru yprada macoda b, HaHoyT9aMIIM p-n YTUIIUIAP COHU
v =k-I/b%.

vV Ta TNapajuied YJaHraH «HAHOYJYaMJIM p-n  YTULIUIAPHUHTY» YMYMHU
(hOTOTOKHU:

i = vig = (kI/b%)i, (15)
UIuU1ad YNKUITYyBYM KyBBaT KyHUaarura TeHr:
D = ips = vigwo = (K-1/b?) 0o io = (K1/b%)Po. =vPs (16)

Kyém nanenununr ro3acu S (S = K-L), y3ymmuru K Ba kenrmuru L, @g—
YUKW KyWIaHWIH, | — TOK Ky4H.

Kyém manenu Oyiinab kerma-ker pasuiiga K/K mona Kyé€rr sieMeHTIapu
yJIaHTaH, YJIAPHUHT YMYMUH KydJIaHUIIIN:

b, = ¢0'K/k, (17)

KEeHIJUry Oyitnda Oy KatopJap rnapaieln yJaHraH YMyMUN TOKH:
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| =i-L/L. (18)
Kyéur manenmHuHT yMyMH# KyBBaTH KyWHaarnda aHUKJIaHa Id:

P = 1-®y = po-(KIK)i-(L/1) = po-(KIK)-(k-1b2) i (LN) = por(K-L)? =P (19)

17-19 ¢opmynanap ky€m mnaHend >(PQPEKTUB HILIAIIA YYyH ONTHUMAI
napaMeTpiiapHH  aHMKJIAIra WMKOH Oepanu. byHpman Ttamkapu — ynap
«HAHOYIYAMIIM p-n  YTHIUIAPHUHTY Ky€Il HYpPJIAHUIIMHU DJEKTp DSHEprusra
YTKa3uIIgara MyxuM poJIiHU KypcaTtub Oepasu.

XVYJIOCA

HaHoTy3unmaBuil KOMIIOHEHTIM Ky€Il »3JIeMEHTIapu caMapaJopiuruHu
OLIMPHUII MEXaHW3MIIAPMHU TAIAKHUK KWJIUII HATWKacujga KyHuaaru xyJocaiap
KWIAH]IU:

1. HanoknacrepnapHu y3-Y3MHU TAIKWIIAIITUPUII (PyHIAMEHTaNl TaMONUIH
acocuja KOTE€peHT, TEKHC TaKCUMJIaHraH Ba OuUp XWI  yia4amjaard
HaHOKJIACTEPJIApHU KPEMHUI acoCra KOMJIAIITUPUIL UMKOHHUITH 04O OepuiraH.

2. KoHTakTra KHpHUIIyBYH MOJJajap opacuia TEPMOJUHAMHUK MYyBO3aHAT
VpHaTWIMIIM HaTWXKacujaa ca€3 apajamma SJIEKTPOHJIAPUHH  KPEMHUIIN
TarJIMKJIaH HaHO3appavara OKuO yTuim acociad OepuiiraH.

3. Oxub YTyBUM DSJEKTPOHJIAD MHUKIOPHUHHHI MOJJara Ba HaHO3appaya
yiuaMura OOFIMKIUTY aHUKJTaHTaH.

4. Hanokisiactepra oKuO KHUPYBYM 3JIEKTPOHJIAP COHM Ba KPEMHHUH acocniaru
XaKMUHN 3apsii COXaCUHUHT Y3YHJIUTH Opacuiarv OOFJIaHUII TOMUIITaH.

S. DHepreTuk XoJaTiap XaKuJaru TacaBBypJap acocua
HaHOTY3WIMAJIAPHUHT MaKCUMaJl Ba MUHUMAJ yirdamiapu KypcaTuo Oepuiiras.

6. SlHTM KOHTAaKT TY3WJIMaHUHT aHBAHABHHI P-N YTUIUIApAAH MPUHIIUTHAI
dbapkJii TOMOHJIapU KYpcaTWINO, XyCyCaH SIHTM Ty3WJIMajla aXXpaTyBuM MalJI0H
TarJIMK CUPTUJAaH OOLUTAaHUO MYKapura HyHaJraHIUIY TOMHUIITaH.

7. Epyrnuxsu >Q(peKTHB I0THINLI CIIEKTPUHU KEHIaTUPHILIA YyKYp CaTXJIU
apaJialiMajJapHUHT POJIU KYpCaTUIITaH.

8. Kpemuuii tarnmuknmarum nedexTiap Ba 4YyKyp apajaniMajlapHUHT, MaH
STWITAaH 30HAa KEHTJIMTUHU KaMaWTHPUIIN XUCOOWTa, FOTHWIMIMHUHT 3S((EeKTuB
CIIEKTPUHU KEHTaUTUPHUILJIATH POJIU KYypCaTUJIITaH.

9. SHru KOHTAaKT Ty3WwiMara acocjaHraH Ky€ll I[IaHeJu Ba OJATUH
MOHOKpPUCTAJZT ~ Ky€ll  MNaHEJUIADUHWUHUHT  CaMapaJopiurd  MHUKIOpPUU
COJIMIUTUPUIITAH.

10. Hazapuii wunuiad 4YMKWIraH SHIM  KOHTAKT TYy3WIMa, MOJEP-
HU3ALMSUIAHTAaH ~ TEXHUK  KpeMHWiinaH, ¢doimanu v KodppuuueHtu
MOHOKPUCTAJUIAAH KOJIMIIMANAWIAH ap30H KyE€ll DJIIEMEHTJIApUHU  SIPATHIL
UMKOHMSTH KYpCaTUIITaH.
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BBeaenue (anHOTALMA AUCcepTalMU J0KTOpa pustocoduu (PhD)

AKTYaJIbHOCTh M BOCTPEOOBAHHOCTb TeMbI JUccepTaluu. B coBpeMeHHOM
MHUpPE B UHTEHCUBHO Pa3BUBAIOLIEMCS HAIPABIECHUH BO30OHOBIISIEMBIX HUCTOYHUKOB
SHEPruM OJHOW M3 BaXHBIX MPOOJEM SBISETCS MOBbIMIEHHE 3()()EKTUBHOCTU
npeoOpa3oBaHusl COJHEYHOM SHEpPruu, IMOUCK HOBBIX MaTepHalioB U Oojee
IOPOCTBIX B M3IOTOBJIEHHWU U JACLIEBBIX KOHCTPYKLHN, KOTOpBIE MO3BOJIUIN OBl
HOBBICUTh A(P(EKTUBHOCTh MPEOOPA30BAHUS COJHEUHOTO HU3Iy4yeHus. B 3tom
aCIEKTE paCIIMPEHHE KJIAcCa COJIHEYHBIX 3JIEMEHTOB OCHOBAaHHBIX HAa HOBBIX
¢u3nYecKuX MPUHIUIAX U MEXaHW3MaX (PYHKIMOHUPOBAHUS SBIACTCS OAHOU W3
BAKHEMIINX 3a7a4.

B nHacrosee Bpemsi pa3paboTKa JTOMOJHUTEIbHBIX MEXaHU3MOB IOBBIIICHUS
3 (PEKTUBHOCTA COJHEUHBIX (POTOIIEMEHTOB HWMEET BaXKHOE 3HAYCHUE B
MpeoO0pa30BaHUM COJIHEYHOW »HHEpruv. B 3TOM acnekre NpHUBIEYEHUE HOBBIX
MeXaHU3MOB (hopMupoBaHus (POTOTOKa, orpeaeseHne HakTopoB 00eCeUunBaOLINX
rapaHTUPOBAHHBIA CPOK CIYXObl M CHIJKEHUE CEOECTOMMOCTH HCIOJIb3YEMbIX
MaTEpUAJIOB; ONPEACICHUE IPAHNYHBIX Pa3MEPOB HAHOKOMITOHEHT JIJISl ITPOSIBIICHUS
KBaHTOBO pa3MepHbIX 3((HEKTOB; BHIICHEHHE YCIOBUN CAaMOOPIaHW30BaHHOIO POCTa
HAaHOCTPYKTYp Ha IIOBEPXHOCTM  IIOJJIOKKH;  MCCIEAOBAHHE  MEXaHU3Ma
BO3HUKHOBEHHSI MHOYKECTBA JIOKAJIbHBIX I'E€TEPONEPEXOJ0B C HAHOCTPYKTYPHBIMU
KOMIIOHEHTaMH{; IIOMCK MEXaHW3MOB DACIIMPEHHs]  CIEKTpa  IOIJIOIICHUS
COJTHEYHOT'O U3TYUYEHHS CTPYKTYPhl C HAHOKOMIIOHEHTAMH.

[lo Crparerun pAeicTBUi 1O JanbHelieMmy pa3BuTHio PecrmyOnnku
V30ekuctan obOpaiaercs 0co00€ BHUMaHUE BONPOCAM CO3JaHUS MEXaHU3MOB
MIPUMEHEHUs B MPAKTUKY JOCTMKEHUN HayKd M MHHOBaUMU. B Tom uucie ompe-
JIeJIeHHe BO3MOXKHOCTEW YIpaBJEHUS 3JIEKTPOHHBIMU MpOILlECCaMU, IMPOUCXOJS-
IIMMU B HAHOKOMIIO3UTHBIX CTPYKTYpax CUMTAETCS OJUM M3 BaXKHbBIX 3a7a4. B ron
HNOJJEPKKW MHOBALMOHHBIX MJIEH M TEXHOJOTWH, aKTUBHOIO MpearpUHUMATENs
HOJHATHE HAa COBPEMEHHBIN YPOBEHb MOJYyUYEHHBIX HAYYHBIX PE3YyIbTaTOB JOCTOMH
ocoboro BHUMaHus. B Hameit PecrnyOnvke BHUMaHUE YYEHBIX OOpalieHoO B
OOJBIIIEl  CTEMEHW HCCICJOBAHUI0O KOMOMHHPOBAHHBIX  (OTOIIEKTPUUECKUX
Oarapeil, B KOTOpPbIX HapsAgy C NpeoOpa3oBaHUEM COJIHEYHOM OSHEPruu
MIPEAyCMaTpPUBAETCA HCIIOIb30BAHHUE BBIAEISEMOro Teria. B 3ToM HampaBieHun
BeayTCsl paboOThl MO pa3padOTKe HOBBIX KOHCTPYKIHH (HOTOIHEPTETHIECKUX
YCTAaHOBOK, JIOCTUTHYTBI OIpEJCICHHbIE YCIEXH B MOBBIMICEHUH KO3PPUIMEHTa
coOupanus Hocutenen (GoTorpeoOpa3oBaTeIbHBIX CTPYKTYpaxX 3a CUET BBEICHMUS
HAHOBKJIFOUECHUW B aKTUBHYIO 30HY COJTHEYHOTO 3JIEMEHTA.

JlaHHO€ nuccepTalMOHHOE MCCIIEOBAaHUE B OIMPEACIICHHON CTENEHU CIY>KUT
BBINIOJIHEHHUIO 3a/iay, npeaycMoTpeHHbix B [loctanonenun Ilpesunenta Pecny0-
muku Y30ekuctan No-YI1-4947 «O mepax no panpHeiment peanuzanuu CtpaTeruu
nercTBuil 1o pasBuTusasM Pecryonmuku Y36ekucrtan B 2017-2021 romax» ot
7 despans 2017 roga u Ne-I111-1442 «O npuOpUTETHBIX HANpPaBICHUSIX Pa3BUTHS
unayctpun PecyOnuku Y36ekuctan Ha 2011-2015 rr.» ot 15 nexabps 2010 roxa
n Ne-III1-2789 «O Mepax mo JanpHEHIIEMY COBEPLIEHCTBOBAHUIO JIESTEIBHOCTH
AxkanemMun HayK, OpraHu3anuii, ympaBlieHUs W (UHAHCHUPOBAHUS Hay4dHO-
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HCCIIEIOBATEeNbCKOM earerabHocTu» oT 17 depans 2017 roaa, a Takke B IpyrHX
HOPMATHUBHO-TIPABOBBIX JJOKYMEHTaX, IPUHATHIX B JAaHHOH cdepe.

CooTBercTBHE HCCIEA0BAHUSA NPUOPUTETHBIM HANIPABJEHUSAM PA3BUTHA
HAYKH M TEXHOJIOrWil pecnyOaukH. J(UCcCepTalMOHHOE  UCCIENOBAaHUE
BBIIIOJTHEHO B COOTBETCTBUU C NMPUOPUTETHBIMU HAMPABICHUSMH PA3BUTHUS HAYKH
u TtexHojorni Pecnybmuku V36ekuctan — [III1-4: «Pa3Butne wmeTo/10B
UCIOJIb30BAaHUSI BO30OHOBIISIEMBIX UCTOYHUKOB SHEPTUH, CO3/IaHUE TEXHOJIOTHM U
YCTPOMCTB HA OCHOBE HAHOTEXHOJOTHH, (POTOHMKH W JPYIHX TMEpPEAOBbIX
texHosornin» u [IOU-3: «Teopust U METOABl MCHOJIB30BAHUS BO30OHOBISEMBIX
HMCTOYHHKOB YHEPTUN.

CreneHb u3y4YeHHOCTH mpoOJiemMbl. Ha ceromHAIHUN J1€Hb PpPa3BUTHIO
METOJOB reHepanuu (OTOTOKAa OIpeACNICHHbIM Bk BHechu yudeHnble u3z CIHIA
M.C.Beard ¢ xomneramu, a Taxxe B.Kimumos, B.A.I'yceB u3 Poccuu, kotopsie Ha
AKCIIEPUMEHTE PEATU30BAIA MYJBTUIKCUTOHHYIO T€HEpALMI0 HOCUTENICH. YUEHBIE
U3 WHCTUTYTa HAHOTEXHOJOTMH mpu TeXacCKOM TEXHOJIOIMYECKOM WHCTUTYTE:
A.3axunoB, HO.KonwoxoB, WN.BypMHUCTpOB W [pyrue NpPOBOISAT MCCIEIOBAHUS
HarpaBJIeHHbIE Ha pa3pabOTKy BbICOKO3()()EKTUBHOTO yCTPONCTBA ITPeoOpa3zoBaHUs
Pa3IMYHBIX CIEKTPAIBHBIX JIHANla30HOB COJHEYHOTO CBETa, C HCIIOJIb30BAaHUEM
OpPraHMYECKUX IUICHOK, MOKPBITBIX JJIEKTPOAAMU U3 YIJIEPOIAHBIX HAHOTPYOOK C
BBICOKOW  IOJBMJKHOCTBEO HOCHTENEH 3apsiia W TEXHOJOIMM HHTErpalyn
METAJIOPTraHUYECKHUX MEPOBCKUTOB B HOBYIO KACKaIHYIO (TaHIAEMHYIO) CTPYKTYDY.

Crartuctuueckass Teopus BO3HUKHOBEHHMS SABJICHHUS MYJbTUIKCUTOHHOM
reHepanuu pa3paboTaHa HaIUM  COOTEYECTBEHHUKOM b.OKCEeHTraHaJIepoM.
Yuénsie Jloc AnamoBCcKko# HanuoHaibHOW aboparopun R.Schaller, M.Sykora,
J.Pietryga, B.KnumoB u ap. co3nanu HOBoOe NOKoJIeHHEe poTonpeoOpa3zoBareseil Ha
OCHOBE MYJbTUAKCUTOHHOM T€Hepaluu. JTa rpynna YYEHbIX aKTUBHO paboTaeT
HaJl CO3JaHueM CcojHeuHbIX J3neMeHToB ¢ KIIJI mnpeBpimarommM MHOTHE
COBPEMEHHBIC aHAJOTH Ha OCHOBE MYJIbTUIKCUTOHHON reHeparuu (MOI).
Bonbuioli wHTEpec BBI3BIBAIOT ucchaeqoBaHus HayuHo mkosnbsl M.C.baxa-
JUPXaHOBA, KOTOPBIE CO3JAJIM TEXHOJOTHMIO IIOJNYYEHUS W  YIPABICHUSA
HAHOKJIACTEpaMH, C TOMOIIBIO pa3pabOTaHHOTO HOBOTO crocoba auddy3un
nepexonHblx MeTauioB. OHHM Takke BeAyT paboThl HalpaBlIEHHBIE Ha
uccienoBaHus (HOTOANEKTPUUYECKUX SIBJICHUM B KPEMHUU C MHOT03apsIHBIMU
HAaHOKJIACTEPAMM.

CBsi3b IMCCEPTAIMOHHOIO HCCJIEJI0OBAHHMA ¢ IUIAHAMH  HAYYHO-
HCCJIeI0BATEIBCKUX Pa00T HAYYHO-UCCJIEI0BATEIbCKOr0 Y4Ype:KIeHus, Iae
BBINIOJIHEHA JuccepTanuA. JluccepTalmOHHOE HWCCIEAOBAaHUE BBIMOJHEHO B
paMkax miaHa ['ocygapcTBEHHOM MpOrpaMMbl HAYYHO HMCCIIEIOBATEIbCKUX PadbOT
PY3 mo Ttemam: Ne A4-009 «Pa3paboTka Hay4HbIX OCHOB TOBBIIIEHUS
s dextuBHOCTH CcomHEUHBIX (GoTodnemMeHTOB (CDD) ¢ HAHOCTPYKTYpHBIMU
komroHeHTamm» (2012-2014), mpoekta A-4-001 «Pa3paboTka TexHOJIOTUU
CO3/IaHUS COJHEYHBIX AJIEMEHTOB C 3((EKTHUBHBIMU MapaMeTpaMyd Ha OCHOBE
HOBBIX KOHTAaKTHBIX CTpyKTyp» (2015-2017), a Ttakxke mnpoekta PoHza
rpaxnaanckux wuccnenoBanuit u pasputus CIHA (U.S. Civilian Researh &
Development Foundation) CRDF FSAX-14-60115-0 Ha Temy «XapakTepuCTHKa U
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ONTHMM3aLMs KOHTAKTHBIX CJIOEB B COJIHEUHBIX 3iemeHTax» (11 ampens 2014 —
10 ampens 2016).

Heabo mnccaenoBaHusi sBISETCS pa3paboTKa MEXaHM3MOB IOBBILICHMS
3¢ (HEKTUBHOCTH M HAJIEKHOU pabOThl KPEMHHUEBBIX COJHEYHBIX 3JIEMEHTOB C
HaHOCTPYKTYPHBIMU KOMIIOHEHTaMH.

3agaum uccJie10BaHNA:

ornpenaeneHue (HakTopoB 00ECIEUNBAIOLINX TAPAHTUPOBAHHBIN CPOK CITYKOBI
U CHIDKEHHE ce0eCTOMMOCTH MCTIONb3yEeMbIX MaTepUasoB;

OTpe/ieNieHUEe TPAHUYHBIX Pa3MEPOB HAHOKOMIIOHEHTOB [JIsl TPOSIBICHUS
KBaHTOBO pa3MepHBIX 3PPEKTOB;

BBISICHEHHE YCJIOBHM CaMOOPraHM30BAHHOTO pPOCTAa HAHOCTPYKTYp Ha
MOBEPXHOCTH TOJJIOKKH;

WCCIIEIOBAaHNE  MEXaHW3Ma BO3HMKHOBEHHMS  MHOXECTBA  JIOKAJbHBIX
reTeponepexo0B ¢ HAHOCTPYKTYPHBIMU KOMIIOHEHTaMHU;

NOUCK MEXaHU3MOB pACHIMPEHUS CIEKTpa IOTJIOMIEHUS COJIHEYHOI'O
U3TY4YEHUS CTPYKTYPbl C HAHOKOMIIOHEHTaMHU.

O0bexkTOM HcCJIeOBAHMSA SBIISIOTCS CTPYKTYpBI COJIHEYHBIX
(OTOR]IEMEHTOB C HAHOBKJIIOUEHUSIMH.

IIpenmeroM mccae0BaHHUsl  SIBISIIOTCS  MEXaHU3MBl  (DOPMHPOBAHMUS
doToToKa U (hr3HUECKUEe MPOLIECCHl IPU TeHEPAIH 3JIEKTPOHHO-ABIPOYHBIX Hap B
COJTHEYHBIX JIEMEHTaX C HAHOCTPYKTYPHBIMU KOMIIOHEHTaMHU.

Metoab! uccsiegoBanus. [[is perieHns mocTaBIeHHBIX 3a/1a4 B paboTe ObLIH
WCIIONIb30BaHbl ~ MaTEeMaTHYECKUEe  METOABl  TEOPETHYECKHMX  pacuyeToB U
MOJICTTUPOBAHUS HHEPTEeTHUECKUX u ANEKTPOHHBIX TIPOIIECCOB B
MOJTYTIPOBOTHUKOBBIX (poTompeoOpa3zoBaTeNbHBIX CTPYKTYpax, B TOM YHCIE C
HAHOBKJTFOUCHHUSIMH.

HayuHasi HOBH3HA MCC/IeI0BAHUS 3aKII0YAETCS B CICTYIOIIEM:

OTNpe/eNieHbl  XapaKTEpUCTUUYECKHE CBOMCTBA KPEMHHEBOM  IMOJIOKKH
JaroIIMe BO3MOXKHOCTh pealu3aliy MpeaoKEeHHOro MeXxaHu3Ma (popMHUpOBaHUS
KOHTaKTHOW CTPYKTYpPbl C HAHOKOMIIOHEHTaMH;

olpeseNieHbl MaKCHUMaJlbHble M MHMHHMAajbHblE pa3Mepbl HAaHOKOMIIOHEHTA,
OOyCJIOBJIICHHBIX ~ JHEPreTHUECKUMU  XapaKTePUCTHUKAMU  KOHTAKTHPYIOIIMX
MaTepUasoB;

oTpesieNieH MeXaHnu3M (POPMHUPOBAHUS T€TEPOIIePEX0/1a, KOTOPBIA BKIIOYAET B
ce0s mepexo (HaHOpa3MepHas XaJIKOTeHHIHAs TOYKa — MOJI0XKKa), 00pa3yronuii
OTHOMEpPHOE  WTJI000pa3HOe  CHelu(pHUYecKoe  DIEKTPOCTATUYECKOE  TIOoJie
oOecrneunBaroniee pasnenacHue GoToBO30YKACHHBIX JIEKTPOHHO-IBIPOYHBIX Tap;

Ha OCHOBE pa3pabOTaHHONW MOJENTH TOKa3aHO, YTO HEKOHTPOIUPYEMBIC
JaCTUYHO KOMIICHCHPOBAHHBIC TIIyOOKHE MPUMECH, UMEIOIIMECS B KPEMHHEBOMN
MOJJIOKKE, TNPUBOAIT K PACHIMPEHUI0 CHEKTpa 3(PPEKTUBHOTO MOTJIOIIECHUS
COJTHEYHOTO M3IY4YEeHHsI B IJTMHHOBOJIHOBYIO 00J1aCTh.

IIpakTHYecKkue pe3yabTaThl HCCIEI0BAHUS 3aKIIIOYAIOTCS B CIEAYIOLIEM:

YCIIOBUS CO3/IaHUS OJTHOPA3MEPHBIX HAHOBKIIOUEHUH € TITyOOKUMHU YPOBHIMHU
U UX PaBHOMEpPHOE paCHpeleseHHe TMO3BOJIAT pacIIUpUTh Ko3(pPuImMeHt
MOTJIOUICHHSI CTPYKTYD;
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MpeJIoKEeHHas: HOBast KOHTAKTHAsl CTPYKTYpa MOKET ObITh UCIOIb30BaHa MPU
IPOU3BOJCTBE KPEMHHUEBBIX (DOTOIIEMEHTOB C HAHOBKIIIOUEHUSIMHU.

JIOCTOBEPHOCTH Pe3yJIbTATOB MCCJEI0BAHUI U BBIBOJIOB OCHOBBIBACTCS HA
(u3nYeCKUX TPEACTABICHUAX, TEOPETUUYECKUX W HKCHEPUMEHTAIbHBIX JIaHHBIX,
NOATBEPKAEHHBIX ~ IPUMEHEHUEM  COBPEMEHHBIX  HAy4HBIX  METOJOB W
pe3ynbTaTamMu JIpPYrMX aBTOPOB, a TakKe€ HMX COOTBETCTBHUEM COBPEMEHHBIM
HOHATUAM (PU3UKU M TEXHUKHU TOJTYITPOBOJHUKOB.

HayuyHnasi u npakTHyeckasi 3HAYMMOCTb Pe3yJIbTATOB HCCJIeI0BAHMS.

Hay4dHast 3HaUMMOCTh PE3YJIbTATOB MCCIEAOBAHMI 3aKIIOYAETC B TOM, YTO
OHU TIO3BOJIAIOT OOBSCHUTH HOBbIE MeEXaHM3MbI (OpMUpOBaHHA (HOTOTOKA B
COJIHEYHBIX AJIEMEHTAaX.

[IpakTryeckass HEHHOCTh PabOThI COCTOUT B TOM, YTO pa3padOTaHHAs MOJIEIb
HOBOI KOHTAaKTHOM CTPYKTYPbI MOKET OBbITh UCIOJIb30BaHA MTPU KOHCTPYUPOBAHUU
COJIHEYHBIX AJIEMEHTOB C 00Jiee MPOCTON TEXHOJIOTHEH.

Buenapenne pe3yabTaToB HMCCaeAOBaHUsl. Pe3ynbraThl  MCClEIOBaHHAN
HOJyYEeHHbIE B JIUCCEPTAllMM IO TEOPETUYECKOW pa3paboTKe MEXaHU3MOB
HOBBIIIEHUS 3(PPEKTUBHOCTH KPEMHHUEBBIX COJIHEYHBIX 3JIEMEHTOB Ha OCHOBE
OPUMEHEHUS B HUX HAHOPA3MEPHBIX KOMIIOHEHTOB UCIIOJIb30BAHBI:

Ui U3y4eHUs (UBNYECKUX U IJIEKTPOONTHUYECKUX  XAPAKTEPUCTUK
HaHOTPYOOK, a TaKXXe ONPEJEJICHUsI CBOMCTB HOBOTO THUIA IOJYIPOBOAHUKOBBIX
KOHTaKTHBIX CTPYKTYp MpPH BBINOJIHEHUM MCCIECIOBAaHUN HAIpPaBJICHHBIX Ha
CO3J]aH1E MPO3PAYHBIX TOKOCHEMHBIX MOKPHITUH HAa OCHOBE HaHOTPYOOK (CrpaBka
yHuBepcuteta Kapuerru Memnonu ot 10 utons 2017 ropa); ucnonb3oBaHUE
MOJIYYEHHBIX HAYYHBIX PE3yJbTaTOB MO3BOJWJIO ONTHMU3UPOBATH YCIOBUS POCTa
HAaHOMOKPBITUN HA TOBEPXHOCTH MOJTYNPOBOAHUKOBOM MOJJIOKKH;

npu BBITIOJIHEHUH byHAaMEHTaIBHOTO MIPOEKTa: «MexaHu3Mbl
BO3HUKHOBEHUS  NPUMECHO-IEe(P(EKTHBIX ~MHUKPO- U  HAHOCOEJAWHEHUH B
KpUCTAJUIaX M HUX POJb B CO3JAaHUU IIUPOKO(DYHKIMOHAIBHBIX, MHOTOCIONHBIX
ctpykrypy OTM-®2-62 (CmnpaBka ®OTA-02-11/375 AredtctBa Hayku WU
texHosoruii PecnyOnuku Y36exkucran ot 21 wurons 2017 roma), ucmoiab30BaHUE
Hay4YHBIX PE3yJbTaTOB IO3BOJMIO OOBSICHUTH YCIOBUS BO3HUKHOBEHHUS HaHO-
reTepOCTPYKTYpP, BbIOpATh METOMABI OIpeNeeHHs] HAMPsLKEHHOCTH M MOTEHIMaIa
ANEKTPUYECKOr0 MOJS B HUX, & TAKXKE METOAUKY OIPEIECICHHS ONTUYECKUX M
ANEKTPOPHU3NYECKUX TAPAMETPOB B MUKPO- U HAHOBKJIFOUCHUSX.

AnpobGanusi  pe3yabTaToB  HccjaenoBaHusi. OCHOBHBIE  pE3yJIbTaThl
JUCCEPTALIMOHHON PAaOOThI JTOJIOKEHBI U OOCYXKIEHbl Ha 6 MEXIyHAPOAHBIX M
9 pecnyOJIMKaHCKUX HAYYHO-TPAKTUYECKUX KOH(PEPEHITUSX.

Iyoankanmuu pe3yabTaToB HcciaeaoBanus. I[lo Teme aucceprauuu
onmyOnuKOBaHO 15 Hay4yHBIX TpyIdoB, M3 HuUX | MoHorpadus um 14 crateit B
KypHajax, peKOMEH/IOBaHHbIX BrIciiei aTTecTarimoHHoN komuccueit PecryOnmmku
V30ekucrtan s MyOJUKAaMKM — OCHOBHBIX HAay4HbIX  pE3yJIbTaTOB
JTUCCEPTAIMOHHBIX PadoT.

Crpykrypa m 00bém auccepraumu. J(uccepranus COCTOMT M3 BBEIECHUSA,
YEeThIPEX TIJ1aB, 3aKJIIOYEHHsS M CIHCKA MCIOJb30BAHHOW JMUTEpAaTyphl. TekcT
JUccepTanuy u3nokeH Ha 119 crpanunax.
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OCHOBHOE COIEP KAHUE IUCCEPTALINU

Bo BBemeHuMm 0O0OCHOBaHbI aKTyaJbHOCTh W BOCTPEOOBAHHOCTH TEMBbI
auccepTanuu, copMyIUpOBaHbI 11€JIb U 3a/layd, BBISBICHBI OOBEKT, MpPEeIMET U
METObI UCCIIEIOBAHMS, ONPEIAEIEHO COOTBETCTBUE UCCIEAOBAHUS TPUOPUTETHBIM
HalpaBJICHUSAM pPAa3BUTUS HAyKM M TexHojoruii B PecmyOnmke VY36ekucraH,
U3JI0O)KEHa HayyHas HOBHM3HA HCCJIEAOBaHMS, OOOCHOBaHa JOCTOBEPHOCTD
NOJIYYEHHBIX pE3YyJIbTAaTOB, PACKPbITA UX TEOpPETUYECKass M MpPAKTUYECKas
3HQYMMOCTb, TNPHUBEIACHBI KpaTKHE CBEACHUS O BHEAPECHUM peE3yJbTaTOB U
arpoOaruu paboThl, a TAKXKE O CTPYKTYpPE TUCCEPTALUU.

B mnepBon 1i1aBe «AHAJU3 COBPEMEHHOIO0 COCTOSIHMS M TEHACHLMM
NOBbIIICHUS!  J3PPEKTUBHOCTH  COJHEYHBIX  JJIEMEHTOB»  IIPUBEIICHBI
JUTEPATypHbIE TaHHBIE MO0 COBPEMEHHOMY COCTOSIHUIO COJIHEUHOW JHEPIrETHKH,
paccMOTPEHBI OCHOBHBIE MPOOJIEMBI U TEHICHIIUU Pa3BUTHUS ATOM oTpaciu. B atoi
IJIaB€ TaKXKe paccMaTpUBaIOTCA (akTopel BiMsOUME Ha 3()PEKTUBHOCTD
COJIHEYHBIX AJIEMEHTOB M IMPOBOAMUTCA 0030p MCCIENOBAHUI HAINpPaBICHHBIX Ha
yBesnyeHue 3QpPEeKTUBHOCTU U YCIIEBIECHUE COTHEUHBIX JIEMEHTOB.

Bo BTopoii riiaBe «Pa3padoTka M TeopeTHYeCKOe HCCJIeJ0BAHNE CBONCTB
HOBOM KOHTAKTHOHN CTPYKTYPbI» UCCIEAYIOTCA BO3MOKHOCTH CO3JaHUs HOBOU
KOHTAKTHOM  CTPYKTYpbl C  MCIIOJIB30BAHUEM  HAHOBKJIIOYEHHM, KOTOpas
IPUHLUNAAIBHO OTINYAETCA OT TPAAULMOHHBIX P-N IEPEXOI0B U I€TEPOCTPYKTYP.
Kak n3BeCTHO TpagUIMOHHBIN p-n MEPEXO] — ITO MOJE, CO3AABAEMOE HA TPaHULIE
KOHTaKTa JBYX THUIOB IMOJYIPOBOJHUKOB. B 001acTH CONMPUKOCHOBEHUS 3THX
MaTEpUAIOB  BO3HHUKAET TEPMOJAMHAMHYECKHMU MPOLECC, MNPUBOIAIIANA K
BbIpaBHUBaHHIO uX YypoBHed @Depmu. Ha rpanune oOpasyrorcs aBa cios
co3gatomux  objacTb  mpocTtpaHcTBeHHoro 3apsina  (OII3) ¢ cunbHbIM
ANEKTPOCTATUYECKUM KOHTAKTHBIM I1OJIEM, KOTOPOE M HA3bIBAETCS P-N MEPEXOA0M.

[Ipunnun  paboOThl  COBpEMEHHBIX  (POTORNIEMEHTOB  OazWpyeTcss Ha
HOJyIPOBOJHUKOBOM p-n  mepexone. Ilpum mornomenun cBerta B 00sacTu
OPWIETAIOLIEH K pP-N NEPEXOAY POXKAACTCSA DIJIEKTPOHHO-IBIpOYHAas Imapa. B
pe3yabpTare B p-n NEPEXOAC 3apsAlbl PA3EiAIOTCAd M HAYUHAKOT JBWXKECHHUE K
COOTBETCTBYIOIIUM JJIEKTPOAAM.

[Ipy »5>TOM CylIeCTBYIOT JBa TJIaBHBIX (akTOopa OTrpaHMYMBAIOLIUX
3¢ (PEeKTUBHOCTL  (POTOBOIHTAMYECKOTO  MpeoOpa3oBaHUS B KPEMHHEBBIX
¢dotosnementax. IlepBblii — 3TO MmMpHUHA 3ampelIEéHHONM 30HBI KpeMHUs (Ipu
KoMHaTHOM Temneparype Eg=1,125B), koropasg orpaHM4YMBaeT NOIJIOLICHUE
(GOTOHOB C MEHbILIEH SHEPruei, XOTS U COCTABISET CYIIECTBEHHYIO YacTh
Zaria3oHa COJIHEUHOTO U3Ty4CHHUS.

Bropoii ¢pakTop — MHTEHCHBHAsI PEKOMOUHAIMS 3JIEKTPOHHO-IABIPOYHOMN Maphl
Ha MOBEPXHOCTU U B 00JIACTU MOTJIOUIEHUS! CYHIECTBEHHO 3aBUCUT OT YHMCTOTHI
KPEMHUEBOM MOAN0KKH. JIt0Oble AeeKThl, MpUMecH, TUCIOKAINH, TPaHUIbI 3EpeH
U Jpyrye BeayT K YMEHBUICHHUIO 3TON JAJIMHBI U YBEIMYNBAIOT PEKOMOUHAIIMOHHbBIE
IIPOLIECCHI.

IlooToMy B OCHOBHOM IIPUMEHSETCS KPEMHUM BBICOKOM YHUCTOTBI M
KPUCTAILTMYHOCTH, YTO YBEIMYHUBAECT CEOECTOMMOCTH COJHEYHBIX 3JIEMEHTOB U
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LIEHY Ha «COJIHEUHYIO YHEPTHUIO».

B nuccepranmu mpoBeieHbl HCCIENOBAaHUS TO3BOJISIIONIME HAWTH YCIOBUS,
3HAUUTETFHO OCNAOJAIONINE 3TH JiBa orpaHrueHus. OHU MO3BOJWIN pa3paboTaTh
HA OCHOBE KPEMHHUSI KOHTAKTHYIO CTPYKTYPY, COUETAIOIIYIO B c€0€e 0JTHOBPEMEHHO
HAHO- M MAaKpPOKOMIOHEHTHI. [IpelnnokeHo co3JaHue HOBOM KOHTAKTHOM
CTPYKTYPBI Ha OCHOBE MOJIJIOKKH,

N 1 ﬁ - - COCTOSIIEH n3 JIEIIEBOTO KpPEMHUSA
¥ «METAILUTYPTUYECKO» YUCTOTHI, KOTOPBIA IO
bi @ @ LICHOBBIM XAPAKTEPUCTUKAM Ha JIBa MOPAJIKA
HIDKE MOHOKPUCTAJUIMYECKOTO, a TaKke

@ (& @ HAHOBKJIFOYCHUN  HAHECEHHBIX HA 3Ty
nomnoxky (puc. 1). B paGorax' mokasama

@ @ @ TEXHOJIOTHYECKasi BO3MOKHOCTb CO3/JaHMs Ha
MOBEPXHOCTH  ITIOJUTIOKKHA  KOTEPEHTHBIX,

Puc. 1. VIIOPSIAOYEHHBIX W PABHOMEPHO paclpeine-

HanoBkirouenusi cpopmMupoBaHHbIe

: JIEHHBIX HaHOC KT 6J1ar011a S1
HA KPEMHHUEBOU IMOIJIOKKE TPYKLYP p

dbynnamentaibHoMy 3 dexty camoopra-
HU3AIMK TOJTYIPOBOJHUKOBBIX CHUCTEM. D(PQeKT caMoopraHu3alMu CO3/aeT Ha
IIOBEPXHOCTU KPEMHUEBOU MOJIOKKH HAHOTETEPOCTPYKTYPHI, KAXKAast U3 KOTOPBIX
IPEICTaBIACT COOOM CIOXKHYIO CHUCTEMY, COCTOSIIYIO M3 HAaHOKJIACTEpa B BUJC
KBAHTOBOM TOYKH (p-00JIaCTh HOBOM KOHTAKTHOM CTPYKTYphI), U JIOCTATOYHO
MPOTSHKEHHOM MOJOXKUTENBHO 3apsikKeHHOM n-o0sactu. [Ipy 3TOM HaHOBKIIIOUEHHE
WJIA HAHOKJIACTEp pAacCMATpUBACTCS KaK WJI€AIbHAS KBAHTOBAs TOYKA C BBICOKHUM
KPHUCTAJUIMYECKUM COBEPLIEHCTBOM U BBICOKON OJTHOPOJHOCTBIO IO Pa3MeEpPaM.

Pa3pabarbiBaeMass MoOJenb NPEANONAraeT pPaBHOMEPHOE paclpeesieHue
ne(deKToB, aTOMOB TJIYOOKHMX MNpUMECei, a TakKe€ OCTATOYHBIX aTOMOB MEJKHX
npumeceil. [loBepXHOCTHAs TMJIOTHOCTh HAHOBKIIOYEHHH TOIOMpaeTCcss paBHOU
MTOBEPXHOCTHOM IIJIOTHOCTHA aTOMOB MEJIKUX ITPUMECEH.

[Ipy BO3HMKHOBEHMH KOHTAKTA MEX]Y HAHOBKJIIOUYEHUEM U IOBEPXHOCTHIO
MOJUIOKKHA, B CHIJIy BCTYHAaeT TEPMOJMHAMHUYECKHM MPOLECC, NMPUBOIIIIMN K
BbIpAaBHUBAHUIO ypoBHeH DepMu KOHTaKTHpyromuXx MarepuanoB. Heobxomumo
OTMETHTh, YTO HAHOBKIIIOYCHHUS HMEIOT IUCKPETHBIM, aTOMOIMOMOOHBIA CHEKTp
JHEPreTUYECKUX YPOBHEU, KPATHOCTH BBIPOKICHUS KOTOPBIX MPONOPLUOHAIBHO
KOJIMYECTBY COCTABJISAIOIIMX €0 aTOMOB, TOTJA KaK KPEMHHUEBAS MOJJI0KKA UMEET
30HHYIO CTPYKTYpPY CBOMCTBEHHYIO TBEPAOMY TENY.

Ypoenp @epMu mpeaIara€éMoro KpEeMHHMSI HAXOAUTCA NPAKTUYECKH B
CEpEAMHE 3alpelIEHHON 30HBI, BCJIEICTBUE TOIO, YTO IIPUMECHBIE LIEHTPHI
pacrosiararorcsi paBHOMEPHO M KOJIMYECTBO IPUMECEN aKUENTOPHOU MPUPOIbI
IIPUMEPHO PABHO KOJUYECTBY MPUMECEN TOHOPHOM Hpuponbl. DiyKTyalluu B UX
KOHLEHTPAIMAX MOTYT NPUBECTU K CMEUICHUIO YpPOBHSI DepMHU OT CepeHHbI
3aMpeIEHHON 30HbI.

1Anq)ép013 K.M., JlenennioB H.H.u ap. I'erepocTpyKTyphl ¢ KBAHTOBBIMHM TOYKaMHM: MOJTy4YE€HHUE CBOMCTBa, Ja3epsl //
®uzuka 1 TexHuKa noixynposoaHukoB. —JI. 1998. - T. 32. - Ne 4, c. 385-410.
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OOpatuMm Takke BHHMaHUE HA TO, YTO B KPEMHHEBOH MOJIOKKE naxe 0e3
CHEUMAIbHOIO JIETUPOBAHUS €CTh HEKOTOPOE KOJMYECTBO  «OCTATOYHBIX»
IpUMecell PHEPreTUUECKUE COCTOSHUS KOTOPBIX 3aJIEral0T HE INIyOOKO OT 30HBI
IPOBOJAUMOCTH (MJIM BaJIEHTHOM 30HbI) U KOTOPbIE aKTUBUPYIOTCS TP KOMHATHOMN
TEeMIIepaType, T.€. MEIKHE IIPUMECH.

B Buae mnpumMepa paccMOTpuUM Ciiy4yad, KOIJa KOHLEHTpalus MEJIKHUX
JOHOPHBIX INpuMeceil mpeobnanaer. [Ipy xomMHaTHON TemmepaType OHM OyayT
VOHU3UPOBAHBI.

IIpy  KOHTakTe  HAHOBKJIIOYEHHS C  KPEMHHEBOM  IOJJIOXKKOM,
TEPMOJMHAMHUYECKOE  BBIPABHUBAHUE IPOMCXOIUT 332 CUET TEPMHUYECKH
AKTUBHPOBAHHBIX JIEKTPOHOB.

Marepnan HaHOOOBEKTOB HAHECEHHBIX HAa IOBEPXHOCTh  MOMJIOXKKHU
moaA0UpaeTcss TAKUM 00pa3oM, YTOOBI IHEpreTudecKas IiyOnHa 3ajeraHusi nepBoi
HE3aI0JIHEHHOW 30HBI OblIa O0JIbIIE, YEM CPOACTBO AIEKTPOHA B KPEMHUU.

Takas sHepreTnyeckas KoHQUrypalus NPUBOAUT K TEPMOAMHAMUYECKOMY
IIPOLIECCY, KOTOpPBIM 3a CYET IIEepeTEeKaHus TEPMHUUYECKA aKTUBUPOBAHHBIX
JJIEKTPOHOB MEJKHMX IIPUMECEW B HAHOBKIIOUYEHHUE NPUBOAUT K BBIPABHUBAHUIO
ypoBHeil depmu B Hux (puc. 2). B pesynbrare maHHOro mnporiecca BO3HUKAET
esas Lernovka U3 3apsHKEHHBIX aTOMOB MENIKMX MpUMECceH, KoTopas GopMUpyeT
00JacTh MPOCTPAHCTBEHHOT'O 3apsi/ia B HOBOM KOHTAKTHOM CTPYKTYpE.

HAHO KPEMHUWIA HAHO KPEMHWIA

\ IOHA NPOBOAMMOCTH

30HA MPOBOMMOCTI

-0 =@ =9 =80

e —— YPOBEHb GEPMU YPOBEHb HEPMM

@ BANEHTHAA 30HA

BANEHTHAA 30HA

a) [Ipouecc popMupoBaHHsI KOHTAKTa 6) CpopMupoBaHHBIM KOHTAKT

Puc. 2. (I)OpMI/IpOBaHI/[e KOHTAKTA HAHOBKJIIOYCHUC-ITOAJ0KKA

VYHuKaJIbHbIE 0COOEHHOCTH HOBOW KOHTAKTHOU CTPYKTYPHI:

3a KaXJblM HAHOBKJIIOUCHHEM BO3HHMKACT JJIMHHAS IIEMOYKA 3apsKCHHBIX
JIOHOPOB, KOTOPBIE CO3AI0T 001aCTh MPOCTPAHCTBEHHOTO 3aps/ia;

JUIMHA 00JIaCTH TMPOCTPAHCTBEHHOTO 3apsiia MOXET OBbITh 3HAUYMUTENIbHEE
0O0JIbIIIC YeM y TPAJAUIIMOHHBIX P-n MEepexoa0B (Kak 3TO OyAeT MOKa3aHO B TPEThen
IJ1aBe), MPaKTUYECKU Ha BCEH JJIMHE MPOHUKHOBEHUS COJIHEUHOTO U3TyUCHHUS;

MOTJIONIEHWE  COJIHEUHOTO0  HM3JIyYeHUs]  MPOUCXOJUT B 00JIacTH
MIPOCTPAHCTBEHHOTO 3apsjia, B KPEMHUEBOU MOJIOKKE, HAHOBKIIOUEHHUS CITy>KaT
JUIIB U1 co3aanus cneruduaeckoit OI13;

ANIEKTPOHHO-ABIPOYHBIE TIAphl, BO3HUKIIKE TPHU TOTJIONICHUH CBETA,
He3aMeIJIUTENbHO pazaessitores noj aeicteuem OII3, B KOTOPOM MPOUCXOAUT UX
pOXKJIeHWe, IaHHBIM (aKTOp 3HAYUTENBHO OCIA0IsIeT poJib PEKOMOWHAIIWH,
KOTOpasi UTPaeT HEraTUBHYIO POJIb B TPAJIUIIMOHHBIX COJIHEUHBIX JJIEMEHTAX;
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00JIbIIOE KOJTMYECTBO TIyOOKHUX MpUMeced MaéT BO3ZMOXKHOCTh PACIIMPEHUS
crekTpa 3(pPEeKTUBHOrO MOIJIOMIEHUSI B JUIMHHOBOJIHOBYIO 00JacTh (IIOKa3aHO B
4eTBEPTOH TI1aBe).

B Tpetbeli rnmaBe «OmnpeneseHue OCHOBHBIX IapaMeTPOB HOBOW
KOHTAKTHOH CTPYKTYPbI» H3Yy4alOTCsl Takue MapaMmeTpbl Kak JJIMHA o01acTu
IPOCTPAHCTBEHHOIO0  3apsja, CHeHU(PHUUEecCKoe  BIEKTPOCTATUUECKOE  II0JIe
KOHTAaKTHOM CTPYKTYPBI, TOTEHIMAJ U HAIIPSKEHHOCTH 3TOTO OJIA.

JUimaa OII3 HOBOM KOHTAKTHOM CTPYKTYpbl OIpENENSIeTCs IBYyMS
[MapaMeTpaMM:  DJIEKTPUYECKOM EMKOCTBIO HAHOBKIIOYEHHS W CPEAHUM
PACCTOSIHUEM MEXIY MENKUMH JTOHOPHBIMHU IPUMECAMH.

DONeKTpOEMKOCTh HAHOBKIIIOUEHHSI MPONOPLHMOHAIBHA €ro pasMmepy H
OTHOCUTENBHON JHAJIEKTPUYECKON mNpoHunaemMoctu C~&£R, mo 3TOM mNpHUYMHE

MpEeAJIaraeTcsl HUCIOJb30BaHUE HAHOYACTUIl M3 Marepuaiga ¢  OOJbIION
JUDJIEKTPUYECKON IIPOHULAEMOCTBIO, HAIPUMEP U3 XAJIbKOI'C€HUIOB CBHUHIIA.
Hanpumep, ans cenenuna u cyibduia CBUHLA OTHOCUTENbHAS TUAJIEKTpUYECKas
MIPOHUIIAEMOCTh paBHA COOTBETCTBEHHO €ppse=250 U €pps=175.Takke onpeneneHsl
TPaHUIBI Pa3MEPOB HAHOBKJIOUCHHHA. MUHHMaIbHO BO3MOXKHBIA pazMep (Rpin)
JUIsl pEANIbHBIX, CAMOIPOU3BOJILHO BO3HUKAIOIIKUX HAHOCTPYKTYP OIPENEIAETC U3
YCIIOBUS TOSIBJIIEHUS Ui 3JIEKTPOHA B €€ MOTEHIMAIBbHON siME€ XOTA Obl OJHOTO
JUCKPETHOTO SHEPreTUYecKoro ypoBHs. B cepuyeckoil KBaHTOBOM TOUKE Takoe
BO3MOXHO B TOM CIlIy4ae, €CIM BEIMYMHA pa3pblBa 30HBI IMPOBOAMMOCTH AEc
MEXKJy KPEMHHEM M MaTEpUajIOM HAHOBKIIOUEHMS MNPEBBIMIAECT BeMWunHy AE;—
MEPBOr0 AHEPreTUYECKOr0 YpOBHS dJieKTpoHa (¢ 3(PdeKTUBHONW Maccod mg) B
KBAaHTOBOM sIME MPAMOYTOIbHON POPMBI IUPUHOUN R pin:

h 2 T 2
AE. > AE, = (%) (1)
2-mg Rmin

Ecnu npu onenke Ry, Benmuunny AE¢ npunars B untepBane 0,3+0,5 3B, To
MOJIYYUM, YTO MUHHMAaJIbHOE 3HAUEHHE AUaMeTpa HaHOKJacTepa He JIOHKHO OBITh
MEHBIIIE 3 ~ 5 HM.

[IpenenbHbIE MaKCUMaNbHBIA pa3Mep HaHOKJIAcTepa (UM HAHOBKIIIOUCHUS)
OTpeNIeNIIeTCS M3 YCJIOBHUSL COIMOCTAaBUMOCTH TEIUIOBOTO pa3dpoca HSHEpPruu
(BemumuuHa ~ KT) ¢ SJHEPreTUUEeCKUM PACCTOSTHUEM MEXIY YPOBHSAMHU, IPU KOTOPOM
PE3KO BO3pACTAET HEXKENIAaTeIbHAs 3aCEIICHHOCTh BHICOKUX YpoBHEH. [loaToMy niis
KBAaHTOBOM TOYKH YCIIOBUE TMPEHEOPEKEHUS 3aCEICHHOCTHIO BBICOKOJICKAIIUX
ypOBHEN MOHO MPEJICTABUTH B BUJIE:

E, - E

kT < zTﬂ )

raeE; u E; — sHeprum mepBoro u BTOPOTO YpPOBHEW Pa3MEpPHOrO KBAHTOBAHUSA

COOTBETCTBEHHO. PacueTHas BeJIMYMHA MaKCHMaJIbHO BO3MOXXHOIO pa3zMepa

HAHOKJIACTEpa B 3aBUCMMOCTU OT 3HaueHUsA d(PPEeKTUBHONW Macchl KojebieTcs B
uHreppaiue 2035 am.
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Takum oOpa3oM, s pealbHBIX, CaMOIPOU3BOJILHO  BO3HUKAIOIIMX
HAHOCTPYKTYp ycioBust: (3 +5)umM =< R = (20 35)HMm.
DneKkTpudecKasi EMKOCTD I1apa:

C = 4meyeR (3)
Ilpu mapamMeTrpax OTHOCHTEIBHOW JTUIJICKTPHUUECKOW IMPOHHMIIAEMOCTH
175 < ¢ < 250,u pazMepa HaHOKIacTepa 3HM < R < 35 um.Bennunna

ANEKTPOEMKOCTH CPEpUUECKOro HaHOKIIacTepa
6-1077d<=C=100-107",
KonuyectBo 3apsina TmepeTekaromero Hu3 KPEMHUEBOM TMOMJIOKKU B
HaHOBKJIFOUCHHE MOKHO OMPEACTUTh U3 COOTHOIICHUS:

q=C-A¢ (4)

rae A@pa3HOCTh NOTEHIIMAIOB MEXAY HAaHOKJIACTEPOM M MOJJIOKKON. Eciin B3sATh
orieHouHoe 3HaueHue A@ = 0,5 B, To komudecTBo 3apsaa:

6-107Yd <q <100-107 YD,

KonuyecTBoO 35IEKTPOHOB MEPEHECHINX 3TOT 3apsii U3 KPEMHHUEBOM MOMI0KKU
B HAHOBKJIFOUEHHE MOKHO OIPEACIIUTH KaK:

N=" ()

(=3
rac e — 3ap>m BHCKT];)OHa. I/I3 9TOI'O COOTHOIIICHU A HOquaeTCSIZ
102 < N < 10°.

B nponecce ycTaHOBIEHUS TEPMOJANHAMHYECKOTO PABHOBECHS M3 MOJIOKKHU
B HAHOBKJIIOUEHUE INEPETEKAIOT HECKOJIBKO COTEH DJIEKTPOHOB, IIPH ITOM OIOJISs
JOBOJIbHO JUIMHHYIO LIETIOYKY JIOHOPOB OCTaTOYHBIX IPUMECEH, KOTOphIE B
COBOKYITHOCTH CO3JAI0T 00JIaCTh IPOCTPAHCTBEHHOIO 3aps/a.

B KpeMHHMH «METaJTypru4eckoil» YHCTOTHl KOHIIEHTPALUs OCTaTOYHBIX
MEJIKHX MPHMECeH MOKeT KoIeOaThes B IIMPOKHX mpemenax np=10"%-10" cm™.
Cpennee paccTostHUE b MeEXIy MEIKMMU NPUMECHBIMU IIEHTPaMHU COCTaBJISET
MOPsIIKA OJJTHOTO MUKPOHA!

b=3{np,~10°=107"mb=3ny,~10°+10" ™ (6)

[IpononbHas anuHa d oOJacTM MNPOCTPAHCTBEHHOTO 3apsiia il HOBOM
KOHTaKTHOW CTPYKTYpPhI OyI€T COCTaBISATh HECKOJIBKO AECITKOB MUKPOH:

d=N-b~10+ 100 MEM (7)

Ot10 cymectBeHHO mpeBbimaeT O3 TpaAuMOHHBIX p-n MEPEXOJOB U UMEET
PAI IPEUMYLIECTB:

Ha TaKOM PACCTOSHHMM IOTJIOIIAETCS MPAKTUYECKU BECH CIIEKTP COJIHEYHOIO
W3JIy4YEHUS,
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POXKIIEHWE  DJIGKTPOHHO-IBIPOYHBIX  Tap  MPOUCXOAUT B 00JacTH
IPOCTPAHCTBEHHOI'O 3apsjia, IMOJe KOTOPOro IMPUBOJIUT K HE3aMEIJIUTEILHOMY
Pa3ICIICHUIO JJICKTPOHHO-JIBIPOYHBIX IMap W HMX TPAHCIOPTY K TOKOCHEMHBIM
JEKTpoAaM. OTO TaKXKe CYIIECTBEHHO CHIDKAeT HEraTUBHOE  BJIMSHUC
PEKOMOMHAITMOHHBIX TIPOIIECCOB M HEOOXOJMMOCTh HCIOJB30BAaHUS KPEMHUS
BBICOKOW YHCTOTHI.

Hanpsok€HHOCTD 3JIEKTPOCTaTUUECKOTO MOJII HOBOM KOHTAaKTHOM CTPYKTYPBI
ompenereHa Ha OCHOBAaHWM TMPEACTABICHUS O TapaICIbHBIX 3apsDKCHHBIX
IJIOCKOCTAX (pHC. 3).

JIJIT HaXOKJICHUST BEKTOpa HANPSOKEHHOCTH 3JIeKTpocTaThaeckoro moist E(x),
HCHoJIb3yeM TeopeMy ['aycca.

[Ipeamomnaraercsi, 9TO0 KaXXJ0€ MEXIUIOCKOCTHOE MPOCTPAHCTBO 3aKITFOYCHO
MEXIy PaBHOMEPHO 3apsSHKEHHBIMH U OCCKOHEYHBIMHU TIOCKOCTSIMU C IIOTHOCTHIO
3apsza 1o 6y, b0 6.

[ToBepxHOCTHAsA MIOTHOCTH 3apsifa oN ocBemieHHoi moBepxHocTH ¢ KT (c
3aXBa4YCHHBIMHU OTPHUIIATCILHBIMU 3JICKTpOHaMHU Ne”)

_ Ne”T .. 2/3
Oy=—=¢ Nn, (8)
a IUIOTHOCTBD 3apsijia MOBEPXHOCTEH ¢ HOHU3UPOBAHHBIMU JOHOPAMHU PaBHA:
+
— 2 _ atp??
0= =emn, 9)

Ha pucynke 3 nmokaszana cxema (popMUPOBaHUS 3JIEKTPOCTATUUECKOTO TOJIS B
POCTPAHCTBE MEK]TY TIIOCKOCTSIMH.

q=de
6y © o6 o G g=et
> > > > E, q7e+ g=et
+ « €« > - 7 E, v E,=0
¢ “—>—|> O |
) - —
E=0 E+#0| E#0| E#0 | EZ0 E=0 b
e & = - <
k=0 k=1 k=2 k=3 k=4 @=Nb (4b)
b
a) Cxema (mns ciiyqassN=4) hopMUpOBaHUS 0) Urnoob6paszuoe mone OI13 o6pasyemoe
ANEKTPOCTATHYECKOTO TTOJIS 3a KaKJIbIM HAaHOBKJIIOUCHHEM

B Kax1oM k-tom (0 < k < 3)
MEKIUIOCKOCTHOM TPOCTPAHCTRBE.

Puc. 3. ®opmupoBanue 00,1aCTH NPOCTPAHCTBEHHOT0 3apsiia

CoBokynHOocTh N+1  mapamnenpHbIX, PABHOMEPHO  3apsSOKEHHBIX H
PACIIOJIOKEHHBIX Ha PaBHBIX PACCTOSHUAX TJIOCKOCTEH HYMEpPYIOTCs HMHACKCOM k
or 0 no N. Hampumep, k = 0 — 3Ta HavajJbHas TJIOCKOCTh, Ha KOTOPOH
pacCIoJoKEeHbl HAHO BKIIIOUEHHUsSI (C IUIOTHOCTHIO 3apsana o). Ha Bcex apyrux
miockocTsx k mpuaumaet 3Hadenus 1; 2; 3; ... N (a TUIOTHOCTH 3apsiga OJMHAKOBA
¥ paBHa ' = €*/b?).
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[Ipeanonaras N u d w3HayaabHO W3BECTHBIMH, COTJAcCHO Teopeme ['aycca
HaiiieM KOOPMHATHYIO 3aBUCIMOCTh HANPSHKEHHOCTH AJIEKTPOCTATUYECKOTO TIOJIS
Ex(X) B kaxx10M 13 k MEXIIIOCKOCTHOM MIPOCTPAHCTBE 00JIaCTH 00BEMHOIO 3apsijia
COJIHEYHBIX AJIEMEHTOB C HAHO Pa3MEpPHBIMH reTeporepexoiaMu. ITa 3aBUCUMOCTh
UMEET BUI:

E=— (Y)W — [x) (10)
demacet 1

rn¢c y=—"-H,K= , & — JUOJICKTpHUYCCKasd IIOCTOSAHHAA, €si H
ggi'b 4T,

ENCOOTBETCTBCHHO JHMAJICKTPUYECKHE TPOHUIIAEMOCTH KPEMHHUS W Marepuala
HAHOBKJIIOUEHHUs, [Xx] — Iemas dYacTh X-KOOpAMHATHI W paBHa b’k (rme k
m3mensiercs 0 < k < N).

CooTHoIIIeHNE TTOTYYeHO Ha OCHOBE MPHUHITUIIA CYTICPIIO3HIINH TIOJICH U TIPH
CIENYIONUX TPAaHWUYHBIX YCIOBHSAX [UJI  OTIAEIBHOTO HAHO Pa3MEpPHOTO
reTeporepexoaa:

B KoHIIe (X =xy=d) — Exy(X =Xy=d) =0
B Havase (x= 0) — Eq(x=0) = E¢= - y-N/b.

— };.N
Eﬂ, = T — MAaKCUMAJIbHOC 3HAUYCHUC 3JICKTPOCTATUYICCKOI'O I10JIA.

PacuétHass koopaMHATHasT 3aBUCUMOCTb HAIPSHDKEHHOCTH  BJIEKTPOCTa-
tudeckoro nouist Ey(x) OII3 u Bua CUIIOBBIX JIMHUM MPUBEJICHBI HA PUCYHKE 4.

E(x) ,’,, ':\\‘///; S\\ /:::\
) =M\ \\ I/":\
Lo e g R
\\ ‘S‘I,,‘\\ '&II‘\\\"///
AN ’//\\,_ o’ FiN d
) =-<\ - ';< S
-\ /,- \\ / - S A
H’-\\\’///-\\\ ,,,_';
SRS
“fh\\\n,l'/(%?n\\\\ul s;&\\\\\
\‘ ”I/I”H”\/’I/J \H' iyl
\ In W
\\ ‘71 \\\’g ‘77 \\‘ 't
d‘, \\_z, \\_a/
- L -

a) XOJ] HaIIPSKEHHOCTH NIEKTPOCTATUYECKOTO 0) morepevHbIi MPOGUIb CUITOBBIX THHHIMA
OJIst JIEKTPOCTATHIECKOTO OIS

\

Puc. 4. JaekTpocTarnyeckoe 1moJie B HOBOil KOHTAKTHOM CTPYKTYype

B cootBeTcTBUM ¢ MPUHATON MOJEIBIO, MOKHO ClI€NIaTh CIEAYIOIINE BHIBOJIBI
0 XapakTepe H3MEHEHMS HaIpsSKEHHOCTHU 3JeKkTpocratnueckoro moist Ey(x) B
obmacTu 00BEMHOTO 3apsifia COJIHEYHBIX DJJEMEHTOB C HaHOPa3MEPHBIMH
reTeponepexoaamu:

noine Ey(X) MeXny KaKIbIMHU IUIOCKOCTSIMHU pPaBHOMEpPHAs M IOCTOSHHAs
BEJINYMHA,

noe Ey(x) Besme orpumartenpbHas (M3 TIYOMHBI  HaHOPA3MEPHOTO
reTeponepexoja HarpapjieHa K TOBEPXHOCTH MOIJI0KKH);

nosie Ey(x) uMeeT NUCKPETHYIO CTPYKTYpY M MpH MEPEXOoje Ha O4YeperHOe
MEXIUIOCKOCTHOE MPOCTPAHCTBO CKAUYKOM HM3MeEHsieTcsi (yBenuuuBaercs) Ha y/b,
JIOCTUTAsl HYJISI B KOHIIE HAHOPA3MEPHOI'O FeTeporepexoia.
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Omnpenenenue pacrpeneieHus MOTEHIMala B 00JIACTH MPOCTPAHCTBEHHOTO
3apsjia HOBOM KOHTaKTHOM CTPYKTYPHI.

Pemas ypaBHenue [lyaccoHa, BIYMCIISIETCS] TOTEHIIMAI AJIEKTPOCTATUYECKOTO
nosist HKC.

Oo6nacty npoctpanctBenHoro 3apsga HKC paccmarpuBaercs kak cuctema
napajyieibHBIX — 3apSOKEHHBIX UM OJHOPOAHBIX  IulockocTed.  [loTeHnman
ANEKTPOCTATUYECKOTO MO Pi(X) B KOKIOM MEXIIIIOCKOCTHOM TpocTtpancTse OI13
ot X110 X (0 < k < N) onpenensercs narerpupoBanueM E(X):

Ex(x) = — “2% aubogi(x) = — [, E()dx (1)

I'pannunbie ycnoBust 1 noteHumana OII3 cinegyer u3  cneuuduxum
paccMaTpuBaeMON MOJENH:

B Hayase OII3 y ocBemnjaemoii moBepxHocTH @ (x=0) MakcUMallbHa U paBHA,
TEPMOAUHAMHYECKOMY 3HAUYCHHIO,

B koHIle OI13 npu x= d norenuuan pasex =0.

HNcxonss w3 3TUX TpaHUYHBIX YCIOBHM, OMNPEAENSIOTCS TpU Napamerpa
noteHuuana OII3:

MOTEHIINAJI B Mpeesiax kK-Toro MexIioCKOCTHOTO IMTPOCTPAHCTBRA:

P(X) = i1~ (7/6) (N+1-K) [xd (12)

noreHman Q=@ (x=k-b) — Ha rpanune K-TOro MEXIIOCKOCTHOTO
IPOCTPAHCTBA:

0= 0o~ y2E (N +1—10)i = go- yk-(k+1)-(3-N+2-2:k)/6 (13)

ITOTEHIHUAIT (g Y TOBEPXHOCTH:
@o=y"N-(N+1)-(N+2)/6 (14)

Opnako Hamuuve K TOCIEIOBATENbHO PACIOJNIOKEHHBIX —3apsDKEHHBIX
MJIOCKOCTEH MpOSBIsETCA crenuduyeckum o0pa3oM: 3aBUCUMOCTh KOHTaKTHOM
PA3HOCTHU MOTEHIUAJTIOB ((X) OT KOOPAUHATHI B MEXKIUIOCKOCTHBIX MPOCTPAHCTBAX
— JIMHEWHAs, a He KBaAPaTUYHas KaK B CTAHIAPTHBIX P-N MEpexo/iax.

B uerBépToii rnaBe «MexaHu3Mbl (POTOBOJIBTAMYECKOI0 NPeodpasoBaHus
U TPAHCIOPTA TOKOHOCHTEJEd B HOBOM KOHTAKTHOW CTPYKType»
paccMaTpuBaeTcsi poiib  [NIYOOKMX TPUMECHBIX CcOCTOsSHUM. B kpemHun
MeTauryprudeckoi 4uctoThl (99,9%) rae KoHIEHTpamus TIIyOOKUX MpuMecei
nocturaer 107107 cm®, cpennee paccrosHue Mexay Humu mopsika 1-10 am. Ha
PUCYHKE 5 TIOKa3aHbl BO3MOXKHBIE pa3jIMYHblE HEMOHOTOHHBIE (POPMBI
3aBUCHUMOCTH IUIOTHOCTH 3JIEKTPOHHBIX cocTosiHuid N(E) ot sueprum E B
3aMpEeIIEHHON 30HE (JOKAJIM30BAaHHBIE COCTOSIHUS 3aIITPUXOBaHbI);F —ypoBeHb
depmu BAOJB 3aMPEIICHHON 30HbI (IITPUXOBAs! JINHUSA).

['myOokue npuMecHbIE COCTOSIHUSI MOTYT OBbITh Kak akIEeNTOPHOW, Tak U
JTOHOpHOM mpupoibl. OnHAKO (IYKTYalluHd B TUIOTHOCTH PaclpeAesIeHUs] IPUBOIST
K HECKOMITIEHCUPOBAHHOCTHY OJIHOTO BHJIA TPUMECEM.
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E E E
conduction band conduction band conduction band
o F >~ F g F
valence band N(E) valence band N(E) valence band N(E)

Puc. 5. 3aBUCHMOCTH IVIOTHOCTH IJIEKTPOHHBIX COCTOSIHMI OT 3HEPTUM B 3aMpeleHHOo
30He

B pe3ynbrare o06pasyercs psia riTyOOKHX TOHOPHBIX YPOBHEH B 3alpeIEHHOM
30HE, JUISl AaKTUBAIlMM KOTOPBIX TpeOyeTcs HHEpPrusi MEHbIIE DHEPruu
byHIaMEHTAJIBHOTO  TOTJIOIICHUS KpeMHus. JlpyrumMu cloBamu, HaJIU4He
OOJIBIIIOTO KOJIMYECTBA TNIYOOKHX MPUMECEH, CBOMCTBEHHBIX KPEMHUIO METAJLIyp-
TUYECKOW YHCTOTHI, JCIAeT BO3MOXXHBIM pAaCIIMpEeHHE crekTpa 3¢h(QEKTHBHOTO
IOTJIOIIECHUS B  HOBOM  KOHTaKTHOM

tJ, mA / sm2
CTPYKTYpE.
j Bo30yxaéHubiii GOTOHOM MPUMECHBIN
. -2 | AJIEKTPOH TPaHCTIOPTUPYETCS Ha
5 [! “'\\ COOTBETCTBYIOIIUN TOKOCHEMHBIN IEKTPO/T
; TN UTJIO00pPa3HBIM  DJIEKTPUYECKUM  TTOJIEM
LN 1N II ] c(OPMUPOBAHHBIM MEIKHUMH TPHUMECIMHU,
, | AN SHEPreTUYECKUH HAKJIOH 30H BO3HUKAET
o )m 1\ - & 2’“’ ’.“‘;'“_i BCIICJICTBUE PA3HOCTH IIOTEHIMAJIOB Ha
T MIOBEPXHOCTH M B TIyOWHE KPEMHHEBOU
2,5 1.24 0,83 06 g ,g 02
, IO I0KKH.
1 — B MOHOKPHCTAIIMYECKOM KPEMHHH, Tpancnopr 00pa3oBaBLIEHCs IBIPKH

2-B SKCIICPUMECHTAJIBHOM COJIHECYHOM s
P S eMerLre IIPOMCXOAUT B pPE3yJIbTaTe€ MPBDKKOBOU

Puc. 6. 3aBucumMocTh OTOTOKA OT MPOBOAMMOCTH, XapaKkTePHOU JUIs TaKou
JAJIMHBI BOJIHBI (JHEPIrUN) NMA/Ia0Iero IINIOTHOCTHU COCTOAHHUU IIPUMCCCH.
M3JIy4eHHUsl. IIpennaraemas MOJEIb UMEET

AKCIIEPUMEHTAJIbHBIE TP ITOCHUIKH.
Crnextp 3(pPeKTUBHOrO MOTJIOMIEHUS] IKCIEPUMEHTAIBHOTO 00pa3lia COJHEYHOTO
AJIEMEHTA, BBINOJHEHHOIO HAa TEXHMYECKOM KpPEMHUM C HCIIOJIb30BaHUEM
TOKOCBEMHBIX IIWH, NEIAIINX IMOBEPXHOCTh 3JIEMEHTA HAa MHUKPOCKOIHMYECKHE
IUTOLIAAKH, CYIIECTBEHHO MPEBBIIIAET MOHOKPUCTANIMYECKHE aHAIoTH (puc. 6).
Ha yuactke I pucynka 6 HaOmogaeTcs 3aBHCHUMOCTh XapaKTepHas s
NPBIKKOBOM MPOBOJUMOCTH, ydacTok Il aToro rpadguka umeeT xapakTepHbIN IS
pe3oHaHca NMK. Pe30HaHC MOXET HUMETb MECTO, KOIJa JOINOJIHUTEIBHO K
IPBDKKOBOM ~ MPOBOJUMOCTH  A00aBisieTcss  TyHHENbHas  MPOBOAMMOCTD,
BO3HUKAIOWIAsA IPU PABEHCTBE JHEPrMM B HAYAIBHOM M KOHEYHOM COCTOSHHH.

“Lloit B. Crnocob6 M3roTOBICHHMS IyYKOBOTO IEPEX0Ja, IY4KOBBI MPeoGpas’oBaTeNh dICKTPOMATHHTHOIO
naiyuerns/ NeWO 2011/040838 A2. [lareHT BO BCEMHPHOH OpraHu3aliy MHTEIJIEKTyalbHONH coOcTBeHHOCTH. 07.
04.2011
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JlaHHBIN SKCIEPUMEHT CBHJICTEIbCTBYET O BO3MOXHOCTH PACHIMPEHHUS CIEKTpa
3G (GEKTUBHOTO TOTJIOMICHUS (OTOIEMEHTAa 3a CUET aKTHUBAlMU TIyOOKHX
IPUMECEH, EeCTECTBEHHO NPUCYTCTBYIOIIUX B OOJBIIMX KOHIECHTPAIMSIX B
TEXHUYECKOM KPEMHUH.

B sTOli TnaBe Takke MPEUIOKEH MAKET COJIHEYHOTO 3JIEMEHTa, KOTOPBIN
HpPEACTaBIsCT COOOH MHOXKECTBO W30JMPOBAHHBIX M MApalICIbHO COCTUHCHHBIX
MEXTy COOOI0 OTACIBHBIX «HAHOPAa3MEPHBIX P-N MEPEX0I0B)» (HAHOBKIIIOUCHHUH Ha
MOBEPXHOCTH KPEMHHs), CO3JaHHBIX Ha OCBEHIAEMOW MMOBEPXHOCTH TMOJIOKKU
COJTHEYHOT'O dJIeMeHTa. B cBOIO ouepelb, COTHEUHAs MaHEeNb — ATO JICKTPUIeCKast
Hernb ¢ TPeOyeMBIMU JJICKTPUUSCKUMU TapaMeTpaMH, COCTOSIIAs W3 MHOTHUX
COJIHEYHBIX 3JICMEHTOB, COCIUHECHHBIX YAaCTUYHO MApPAUICTbHO, YACTUYHO
nocienoBarenbHo. Takas CTpYKTypa COJIHEYHOH MaHe n oOecrednBaeT Hanboee
ONTHUMAJIbHBIA MOAOOpP mapamMeTpoB U Haubonee HPGEKTUBHBIA pexXUM €€
(YHKIIMOHUPOBAHUSI.

BBenem 0003HaueHHS I KOJTMYSCTBEHHOM OICHKH HanOoJiee ONTUMAIbHBIX
apaMeTpOB OJJHOTO HAHOPA3MEPHOTO p-n mepexoza: l,— POTOTOK, ¢o- KOHTAKTHASI
pPa3HOCTh MOTEHHUAIOB H Po (Po = lo'@o) — BbIpabaThIBacMasi MOIIHOCTh. DTH
rapaMeTphl 3aBHCAT, KOHEYHO, OT MApaMEeTPOB MOJIYIPOBOJIHUKA U, IPEIKJIE BCETO,
IMOBEPXHOCTHO# KOHIIEHTPAIMH OCTATOYHBIX IprMeceii b2,

CostHEUHBIH 3JIEMEHT OyaeT ompeiensaThcs cBoer miomaapo S (S=k-),
wmHoit K 1 mmpuroit | (puc.10 6), a Takke umcnom v =k1/b°— mapamtensHo
COC/IMHCHHBIX «HAHOPA3MEPHBIX P-N MEPEXOIOBY.

[TapasienbHO COCTUHEHHBIE V — «HAHOPa3MEpPHBIC P-N TIEPEXOAb» Ha OJHOM
COJIHEYHOM DJIEMEHTE JJAI0T BMECTE CyMMapHbIil (POTOTOK:

i = vio = (k10?0 (15)
a BBIpa6aTBIBaCMaH Cy'MMapHaH MOIIHOCTBb paBHa:
D = igo = vio'po = (K1) 0oio = (kDD o =vPo  (16)

AHAJIOTMYHO AJI COJIHEYHOM maHenu BBeaeM miomanb S (S = K-L), mmay K
u mupuny L (puc.14 a). Kpome Ttoro, oboznaunm uepe3 @D, — BBIXOAHOE
HanpsHKeHUE U | — TOK COTHEUHOH TTaHEIH.

Bioyib AMHBI COJTHEYHOM MaHEe W IMocieaoBaTebHO coenuueHsl B psia K/K
IITYK COJTHEYHBIX 3JIEMCHTOB C CyMMAapHBIM HaIPsSHKCHUEM

D, = po-KI/K (17)

a BJOJIb IIMPUHBI COJHEYHOM NaHEIW 3TU PAObl COCAUHEHBI MAPATUIENTBHO C
CyMMapHbIM (DOTOTOKOM

| =i-L/I (18)

[lonHass MOINHOCTH 3JEKTpO3HEpruu P, BbpIpaOaThIBa€MOl COJIHEYHOU
[aHeJbto, OyJeT paBHa:

P = 1-®, = 9o (KIK)i(L/l) = 0o (KIK)-(k-/b?) i (L/1) = por(K-L)ID*= P (19)
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@opmyner  17-19  obecreunBaroT moAOOp Hamboyiee  ONTUMATBHBIX
napaMeTpPOB COJTHEYHOH MaHEeH C IEJIbI0 HaX0XACHU YP(EKTUBHOTO pexnmMa e
¢yHKIIMOHUpOBaHUsA. Kpome TOro, OHM NEMOHCTPUPYIOT OMPEACISIONIYI0 POJIb
«HAHOPA3MEPHBIX P-N MEPEXOJ0B» B MpoIecce MpeoOpa3oBaHus B IEKTPHUIECTBO
COJTHEYHOTO M3JTYUCHHSI.

3AK/IIOYEHUE

Ilo pesynbpraTam wHcciaeqoBaHUM, NPOBEACHHBIX IO Teme: «McciaenoBanue
MEXaHU3MOB  TOBBIIICHUS  A(G(EKTUBHOCTH  COJIHEYHBIX  DJIEMEHTOB  C
HaHOCTPYKTYPHBIMH KOMIIOHEHTaMW» IIPEICTABIIEHBI CIIETYIOIINE BbIBOJIBI:

1. TlomydyeHO aHAIUTUYECKOE BBIPAXKEHUE JUISl OINPEIACICHUS IIUPHUHBI
0o0JJaCTH  MPOCTPAHCTBEHHOTO  3apsja B  CTPYKType  «MAaKpOIOIJIOKKA-
HAaHOYACTHLIAY.

2. lloka3zaHo, 4To TriayOMHA 3ajJeraHus MPUIIOBEPXHOCTHON 00JacTu
IPOCTPAHCTBEHHOTO 3apsiia MMEET JIMHEHHYI0 3aBHCHUMOCTh OT KOHLEHTpPALHH
OCTAaTOYHBIX NPHUMECE B KPEMHUEBOM TNOMJIOXKKE M  JIHUIJIEKTPUYECKOU
IPOHMLIAEMOCTH BELIECTBA HAHOYACTHUIIBI.

3. HccnenoBaHbl mpeuMylIecTBa JJIMHHOM MPUIIOBEPXHOCTHON 00JacTH
IPOCTPAHCTBEHHOTO 3apsijia B mpouecce GOTOBOIBTANYECKOr0 NMpeoOpa3oBaHUs U
OTIIMYMUA €€ OT KJIAaCCHUYECKOro P-N mepexoja. B yacTHOCTH, paznensroliee moJe
HOBOM KOHTAKTHOM CTPYKTYpbl HA4YMHAETCS C IIOBEPXHOCTU NOMJIOXKKH H
MPOCTUPAETCS BIIIyOb HA HECKOJIBKO JECSITKOB MUKPOH.

4. IToka3zaHo, 4YTO B pa3padOTAHHON KOHTAKTHOM CTPYKTYpe MPaKTUYECKU BCE
MOTJIOIIEHHE CBETA W POXKACHUE BJIECKTPOHHO-IBIPOYHBIX Map MIPOUCXOIUT B
00JIaCTU TMPOCTPAHCTBEHHOIO 3apsifa, 4YTO MNPUBOAUT K MOMEHTAIBHOMY UX
paszeneHuo U TpaHcnopty. JlaHHbI (DakTOp CHHUMAaeT CTporue TpeOOBAHMS K
YUCTOTE M KPUCTAUNIMYHOCTH MaTepHalia MOJJIOKKH, a TaKkKe JAaET BO3MOKHOCTh
UCIIOJI30BaTh B KAayeCTBE IOJIOKKH, MaTepuall, B KOTOPOM HOCHUTEIH HMEIOT
Majioe BpeMs KU3HU U COOTBETCTBEHHO My JJIMHY CBOOOHOTO Mpooera.

5. Ha ocHOBe TepMOJIMHAaMHYECKUX IPEACTABICHUI, B YACTHOCTU BIIMSHHUS
TEIUIOBOM DSHEPrUM HA «PA3MBITHE» DSHEPreTUYECKUM YPOBHEHM, IOKa3aHa
BO3MOXHOCTh ONpPENEJIECHUS MaKCUMaJIbHOIO pa3Mepa HAHOYACTUL, HCXOAS W3
KPUTEPHUSI COXPAHEHMS KBa3UIMCKPETHOCTU MX IHEPreTUYECKHX ypoBHEH. Takxke
IIPOBE/ICHA YMCIIEHHAs OLICHKAa MAaKCUMAJIBHOI'O pa3Mepa HAHOYACTHIIBI.

6. [Ipennoxken MeTon onpeaeaeH!s MUHUMAIbHOTO pa3Mepa HaHOYACTHUILIbI B
Mo/ieNIn OECKOHEUHO TTyOOKOH MOTEHIMANbHOU SIMBI, U3 YCIIOBUSI HAJUYMS XOTS
Obl OJHOTO KBAa3WJUCKPETHOTO YPOBHS B 00JIaCTH pa3pbiBa MEXKIY 30HOMU
POBOJUMOCTH MOJIOKKH U MOCJIEIHET0 3all0JIHEHHOTO YPOBHS HAHOYACTHIIBI.

7. Ha ocHoBammu TeopeMbl ['aycca g 3JIEKTPOCTATHYECKOTO TIOJSA, C
UCIIOJIb30BAHUEM TPAHUYHBIX YCJIOBHM, MOJY4YEHBbl AHAIUTUYECKHE BbIPAKECHHUS
JUISI KOOPJAMHATHOM 3aBUCHMOCTH BEKTOPA HAMNPSKEHHOCTH AJIEKTPOCTATUYECKOTO
nojis W JJid TOTEHLWajga B O0JIacTH MPOCTPAHCTBEHHOTO  3apsAga HOBOM
KOHTaKTHOM CTpyKTypbl. ['padumyecku mpeacTaBieHbl UX CHEHUPUUIECKOE
KOOPJIMHATHOE PACIPEEIICHHE.
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8. [TokazaHa poJb CTPYKTYPHBIX J€(EKTOB U ITyOOKHX MPUMECHBIX LIEHTPOB
KPEMHHUEBOW MOJIJIOKKH B PACIIUPEHUU CIEKTpa 3G(HEKTUBHOTO MOTJIOUICHUS, 3a
CYET MPUMECHOTO MOTJIOMIEHUSI U YMEHBIICHHS IIMPUHBI 3alIPEIIEHHON 30HBI. UTO
IpUBOAUT K 3(DPEKTUBHOMY MOTJIOMIEHUIO (DOTOHOB C SHEPTUEH MEHbIIE YHEPTUU
(GbyHIaMEHTAILHOTO MOTJIOIIEHUS] KPEMHHUSI.

9. IlpoBeAEH YUCICHHBIM, CPABHUTEJBHBIA aHAIW3 COJHEYHOW MAHEIH U3
AJIEMEHTOB HAa OCHOBE HOBOW KOHTAKTHOM CTPYKTYPBI U MMAHENIH U3 TPAJIULIMOHHBIX
MOHOKPHUCTAJUINYECKUX COJTHEYHBIX 3JIEMEHTOB.

10. Teopetnyecku pa3paboTaHHAs MOJEIb HOBOM KOHTAKTHON CTPYKTYpPHI
ITIOKA3bIBAET BO3MOXKHOCTH HCIIOJIB30BaHUsA [JEMIEBOr0, MOJIECPHU3UPOBAHHOIO
TEXHUYECKOTO KPEMHHUS Ul CO3JAaHHSl COJIHEYHBIX JJEMEHTOB, HWMEIOIIMNX
KO3(PUIIMEHT  MOJE3HOro  JEHCTBUA  CPaBHUMBIA C  aHaJIOramMu W3
MOHOKPHCTAJUINYECKOTO KPEMHHUS.

36



SCIENTIFIC COUNCIL DSe.27.06.2017.FM/T.34.01 ON AWARD OF
SCIENTIFIC DEGREE OF DOCTOR OF SCIENCES AT THE PHYSICAL
AND TECHNICAL INSTITUTE, INSTITUTE OF ION-PLASMA AND
LASER TECHNOLOGIES, SAMARKAND STATE UNIVERSITY

PHYSICAL AND TECHNICAL INSTITUTE

DJALALOV TEMUR ASFANDIYAROVICH

THEORETICAL DEVELOPMENT OF MECHANISMS FOR
INCREASING THE EFFICIENCY OF SOLAR PHOTOCELLS WITH
NANOSTRUCTURAL COMPONENTS

01.04.10- Physics of semiconductors

ABSTRACT OF THE DISSERTATION OF THE DOCTOR OF PHILOSOPHY (PhD)
ON PHYSICAL AND MATHEMATICAL SCIENCES

TASHKENT-2018



The theme of the dissertation of doctor of philosophy (PhD) on physical and mathematical
sciences was registered by the Supreme Attestation Commission of the Cabinet of Ministers of the
Republic of Uzbekistan under No. B2017.2.PhD/FM45.

The dissertation has been prepared at Physical-technical Institute.

Abstract of the dissertation is posted in three (uzbek, russian, english (resume)) languages on the
website of the Scientific Council at fti.uz and on the website of «ZiyoNet» information-educational portal
at www.ziyonet.uz.

Scientific supervisor: Imamov Erkin Zunnunovich
Doctor of Physical and Mathematical Sciences, Professor

Official opponents: Mamadalimov Abdugafur Tishabaevich
Doctor of Physical and Mathematical Sciences, Professor

Rasulov Rustam Yavkachovich
Doctor of Physical and Mathematical Sciences,Professor

Leading organization: Namangan State University

Dissertation defence will be held on «_ » 2018, at __ at the meeting of the
Scientific Council number Dsc.27.06.2017.FM/T.34.01at the Physical - technical Institute, Institute of
lon-Plasma and Laser Technologies, Samarkand State University (Address: 2B Bodomzoryuli str.,
100084 Tashkent. Tel./Fax: (+99871) 235-42-91, e-mail: info.fti@uzsci.net).

The dissertation can be looked through in the Information Resource Centre of the Physical and
Technical Institute (registered under No 4). Address: 2B Bodomzoryuli str., 100084 Tashkent.
Tel.: (+99871) 235-42-91.

The abstract of dissertation was distributed on «__ » 2018
(Registry record No 4 dated «___ » 2018)

S. A. Bakhramov
Chairman of scientific council on award
of scientific  degrees, D.F.-M.S,,
academician

A. V. Karimov
Scientific secretary of scientific council
on award of scientific degrees,
D.F.-M.S., professor

l. G. Atabaev
Chairman of scientific Seminar under
Scientific Council on award of scientific
degrees, D.F.-M.S., professor


http://www.ziyonet.uz/
mailto:nauka@nuu.uz

INTRODUCTION (annotationof the PhD dissertation)

The aim of the research work is theoretical development of mechanisms for
increasing the efficiency of silicon solar photocells, increasing their guaranteed du-
rability and reducing their cost significantly by using nanoscale components.

The object of the research work are solar photocells structures with
nanoinclusions.

Scientific novelty of the research work:

the characteristic properties of a silicon substrate enabling the realization of
the proposed mechanism for the formation of a contact structure with
nanocomponents were determined,

the conditions were clarified for the self-organization of nanostructures on the
surface determined by the difference of constant lattices between the substrate and
nanoinclusions that arise by mechanical tension and temperature regime;

the maximum and minimum sizes of nanocomponents were determined,
which are conditioned by the energy characteristics of contacting materials;

a mechanism was identified for the formation of a heterojunction, which
includes a transition, a nanoscale chalcogenide point-a substrate forming a one-
dimensional needle-shaped specific electrostatic field that ensures the separation of
photoexcited electron-hole pairs;

on the basis of the developed model it was shown that uncontrolled partially-
compensated deep impurities that are available in the silicon substrate lead to an
expansion of the spectrum of effective absorption of solar radiation into the long-
wave region;

It is shown that the depth of occurrence of the near-surface region of space
charge has a linear dependence on the concentration of residual impurities in the
silicon substrate and the dielectric constant of the nanoparticle matter.

the advantages of a long near-surface of space charge region during the
photovoltaic transformation and its difference from the classical p-n junction are
investigated. In particular, the separating field of a new contact structure begins
from the surface of the substrate and extends deep into several tens of microns.

it is shown that in the developed contact structure, practically all the
absorption of light and the production of electron-hole pairs occur in the space
charge region, which leads to their instantaneous separation and transport. This
factor removes strict requirements to the purity and crystallinity of the substrate
material, and also makes it possible to use as a substrate a material in which
carriers have a short lifetime and, correspondingly, a short mean free path.

Implementation of the research results. The obtained research results on
the theoretical development of mechanisms for increasing the efficiency of silicon
solar cells based on the use of nanoscale components in them were used:

on study the physical and electrooptical characteristics of nanotubes, as well
as to determine the features of a new type of semiconductor contact structures
when carrying out researches aimed at creating transparent current collector
coatings based on nanotubes (Certificate of the University of Carnegie Melloni of
July 10, 2017).
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the obtained scientific results allowed to optimize the growth conditions of
nanocoatings on the surface of a semiconductor substrate, on the implementation
of the fundamental project: OTM-F2-62 (Certificate FTA-02-11/375 of the Agency
of Science and Technology of the Republic of Uzbekistan of July 21, 2017).

the use of the scientific results made it possible to explain the conditions for
the appearance of nano-heterostructures, to choose the methods for determining the
tension and potential of the electric field in them, as well as the method for
determining optical and electrophysical parameters in micro- and nanoinclusions.

The structure and volume of the dissertation. The dissertation consist of an
introduction, four chapters, a conclusion and a list of references. The text of the
thesis is outline on 119 pages.
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