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Juccepranusi MaB3yCMHMHI [J0J3apOjauru Ba 3apypusaT. JKaxoHna,
XO3UPrH KyHZa ApUMYTKa3ruuiap (U3MKACH COXACHMHUHI HMHTEHCUB paBHIIIA
PUBOXJIAHUIIMIA TOJUKPUCTAIT KPEMHUN SPUMYTKA3TUWIAPU MYXUMH YPUH
sraymaiau. HucOatan XoM alIeHUHT ap30HJIMIU Ba pajualusl Hypjlapy OKUMHUTa
YUIAMIIWINTH FOKOpY OYIITaHW ydyH IyHEIAa TOJIHKPHUCTAII KPEMHHUHA acocCHaa
APUMYTKA3rUWiIM acOobnap, KyCll »>JIeMEHTIapu XamJa HWHTerpan cxemasap
SApaTUIl WHTEHCUB pPUBOXJIAHMOKIA. [lonukpucTamn KpEeMHMWHMHI MybalsH
HiapouTiiapAa HaMOCH OYnyBuUM (UMK XyCyCHSTIIApH, YHUHT XaKMHJArd
JTOHAIOPJIMKIIApapo 4erapa coxamapura Oorimk OynmO, Oy coxama 103 OepyBun
bu3HK KapaCHIApHU TAJIKUK dTHII MyXUM Bazudanapaan oupu 0yn1ub keamMoka.

MycTakWUIMK Huiapyuga MamilakaTUMU3a SIpUMYyTKasruwiap (Qu3nkacu
COXAaCHHHM DPHUBOXKJIAHTUPHUIL, XyCyCaH IOJUKPUCTAIII KPEMHHMH acoCHIa HOKOPH
cudar kypcarkuwiapra sra Ba >KaxOH CTaHAapT Tanalnapura »aBoO OepaauraH
KyCII AJIEMEHTH €KH SPUMYTKA3ruuian acOoOmap sipaTuIil Xxamza yIapHUHT (DU3UK
XyCyCUSTJIapUHM ~ YpraHuimra ajoxyaa dbTHOOp Kaparuinau. by Oopana
NOJIMKPUCTAJIJI KPEMHMIM MKKHM TyTallraH JOHAJAOPJIMKIApAapO yerapa CoXacuaaru
¢u3uk  ckapacHiapHU ~ OOMIKAapUIl  YCyJUIapMHM  YpraHudil  Ba  yJIapHU
APUMYTKA3rUuiIM acbobmap Ba KyCIl 3JeMeHTiapura TaAOWK OSTHUII acOCHAA
COXaHMHI PUBOKJIAHUIIN/IA CE3UIIapIn HaTKajlapra 3puIInIMOKAA.

[lonmukpucramn KpeMHHM SPUMYTKA3TUWIAPUHUHT JJIEKTPUK Ba ONTHUK
XapaKTepUCTUKATAPUHHU SIXIIUJIAIl OPKAJIM UKTUCOIUMN KUXATJaH HUCOaTaH ap30H
Ba TallKU TabCUpJIAp, XyCyCaH, TeMIeparypa, paaudauvs Hyplaapud OKUMHUTIa
YUAaMId  SPUMYTKa3TUWwin acOobiap Ba Kyell 3JeMEHTIapu SpaTUIl MYyXHUM
axamuAaT kacO stMokaa. by 6opana mMakcaanum WiIMHMHA TaaJKUKOTIApHH, XKyMJia/laH,
Kyujard MyHaJIULIUIApJAard WIMHUN W3JaHULUIADHU aMalila OLIUPUIL MYyXUM
Bazu(anapran Oupu XHcOONaHAJAM: WKKH TyTallllaH IOHAJOPIUKIApapo derapa
COXacCH MHUKPOTY3WJIMAacCH Ba KHPUIIMAIU XOJIATIIADUHU aHUKJIALI; MOJIUKPUCTAILI
KPEMHUI XaXKMHI HYKCOHJIApU Ba JOHAJOPJIMKIIapapo 4erapa COXACHUHUHI (U3HUK
Ba KUMCBHUM XOCCaJlapuHM XucoOra oiaud, YJTapHUHT DJIEKTPUK Ba ONTHK
XapaKTEepPUCTUKATAPUHNA AHMUKJIAIIHUHT 3aMOHABHI yCY/UIADUHU HIIA0 YUKHILL
CPYHJIMK HypJIap €KUM TeMIlepaTypa Vy3rapuild >KapacHuAa JOHAAOPIUKIApapo
yerapa coxajard KUpUIIMalu XojamiapAa 3JEKTPOH-KOBAK KYy(PTIMKIapU XOCHI
OyauImM Ba Ky4uiidra OOFIMK KOHYHHUATIAP XaMmJla YJIAPHUHT MOJUKPUCTAII
KPEMHHUI p-n—Ty3wiIMajgapu dSIeKTpopu3uKk Ba (POTOINEKTPUK XOccajapura
Ta@bCUPUHU  AHUKJAII; KylIuMYa KUPUTWITaH KHUPHUIIMA  aTOMJIAPUHUHL
JOHAIOPJIMKIJIAPAPO Yerapa COXacu MHUKPOTY3WJIMAacH Ba IEKTPOH XOoccajlapura
TabCUPUHU  aHUKJANI; JOHAJOPJIMKIApapo uerapa coxalapujard (Qu3uk
XKapacHJIapHU OOLIKApUII OPKajdu SHIW TypAard OHHEPrus Y3rapTUpruuwiiapu
aBJIOAMHU sipaTuil Ba uiuiad yukapuml. KOxopuaa kenTupuirad WIMHA TaJKUKOT
HyHanmumuaa OakapuiiaeTraH H3JaHMIUIAP MAas3Kyp AMCCEpTals MaB3yCHUHHHT
J0JI3apOJTUTUHU U30XJIaN/IH.

V36ekucTon Pecnyonukacu IIpesunentununr 2010 #iun 15 nekabpaaru
TIK—1442-con «2011-2015 jimmnapna Y36exnucton Pecry6nukacy caHoaTHHY



PUBOXKJIAHTUPUIITHUHT YCTYBOp HyHanumapu tTyrpucuaantu Kapopu xamaa
Ma3Kyp QaonusTra Teruiumm OOoIIKa MebEPUN-XYKYKHIA XyXoKaTiapaa
OenrunaHrad BazuQaiapHu amalra OMIMPUINTa YOy AUCCepTaus TaIKUKOTH
MyaisiH Japakaja Xu3mar KUiaiu.

TaaKUKOTHUHT pecny0uKa ¢gaH Ba TEXHOJIOTUSIIAPU PUBOKIAHUIIN
HHMHI YCTYBOP HyHAJIMILIAPUTA OOFJIUKIUTU. Ma3Kyp TaJKUKOT peciyoauka
¢daHn Ba TexHoorusuiap puBoxiaHuuHuHr 11, « 9HepreTuka, sHEpropecypc
TEKAMKOPIIUTH, TPAHCIIOPT, MAIIMHA Ba aCO00CO3MIMK, 3aMOHABUI JIEKTPOHHKA,
MUKPOAJIEKTPOHUKA, (POTOHMKA Ba AIIEKTPOH acO00CO3IUTH PUBOKIIAHUIIIM»YHUHT
YCTYBOp MyHanuiura 1oup Oakapuiras.

Jlnccepranus MaB3ycH 0yiiM4a XOpPMKMil MIMHHA-TAaIKHKOT/IAp mapxu'.
XO03Upru KyHJa JKaXOHHUHI €Takyd WIMHUKA MapKa3jlapd Ba OJUWA TabJIuM
Myaccacanapu, xxymiagad, Sandia National Laboratories (New Mexico), Tohoku
University (Snonwust), University of Z'ilina (Slovakia), Northeastern University
(China), Wacker Chemie Ba SiTec Applied Ressearch (I'epmanust), OCI (Kanyouit
Kopest), Hemlock Semiconductor Corporation (AKII), SunEdison inc. (AKII),
University Stuttgart (I'epmanus), Mocka nmasmatr yHuBepcutetu (Poccus),
Apumytkazruunap ¢usukacu wuHcTUTYTH (Poccusi)ma ¢dotosHepreTrika Ba
MUKPOAJIEKTPOHUKA YYYH MYJDKaJUIAaHTaH TOJUKPUCTAII KPEMHUW acocuja
ApPUMYTKa3rUuaM acOobmap Ba Kyell »3JIeMEHTIapyd MHILa0d 4YuKHID Oyiinya
U3JaHUIIIap 0u0 OOpUIMOKAA.

KaxoH MuKEcHIa TMOIUKPUCTANT KPEMHUM JIOHAJOPJIMKIApapo uerapa
MUKpPOTY3WJIMACH Ba KHUPUIIMAIW XOJAaTJIapUHM aHUKIAIl Oyiinuya Oup Karop
WIMHA ~ HaTWKalap  OJWHTaH, >JKymJIagaH, JOHAJOpJMKIapapo  uerapa
COXaJIApUHUHT aToMyiap TY3WIHIIHA, YMYMHH COJUINTUPMA KAPIIMIMKHUHT
JIOHAJIOPJIMK Ba JOHAIOPIUKIApApO derapa COMUIITHPMA KaPIIHIUTUTa OOFITUKIIUK
KOHYHUSITJIApU, YJIApPHUHT pP—Nh Ty3WIMajgap dJIEKTpoPu3uk Ba (POTOIIEKTPUK
xoccanapura Tabcupu (Tohoku University, SAnonusi; University Stuttgart,
['epmanusi), mOMUMKpUCTANT KpeMHUHAa AuQQy3us, cerperanus xapacHIapu
aHukaHral (MwuMii TeXHUKa YHUBEPCUTETH, YKpauHa), IIYHUHTACK, YIapHUHT
Typau moaemnapu unuiad yukuiran (General Electric Research Laboratory, New
York, Sandia National Laboratories, AKILl Ba Mosnekynsip 37€KTpOHUKA UMUK
tekmpul nHCTUTYTH Ba « MUKPOH» 3aBoau, Poccus).

Byrynru xyHaa [OOHaAOpIMKIApapo UerapajapuHu YpraHum Oyitnda
Hazapuil Ba amajauil WIMHK-TAJIKUKOT HIUIaApH OJHO OOpHIMOKIA, KyMJjasaH,
KyHugaru  ycTyBop — WYHanuuuwiap, JOHAJIOPJIMKIApapo  4YerapajapuHUHT
TOPU30HTANl Ba BEPTUKAN Ty3WIMalapd Ba yiapia 3apsal Kydull jkapacHIapw,
pekoMOWHanusg MapkaziapuHu Oaprapad KWIMII Ba TOTCHIMAIb TYCHK
OalaHIMTUHU ~ aHWKJAll,  JOHAJOpJIWKIapapo  uerapaiapuna  auddysus
KapacHJapu Oyinda u3jiaHuIiap oiud OOpHIMOKIA.

!Muccepranms Map3ycu Gyiinua Xaakapo WIMHI-TaIKMKOTIAp mapxu O630p MeKIyHAPOIHBIX HAYUHBIX
UCCIIEI0BaHMIA TIO TeMe JAucceprauuy mposeneH Ha ocHoBe JK. Annual Review of Materials Science, Vol. 15: 271-
302 August 1985; Lecture on Grain Boundary & Interface Engineering at Department of Materials Engineering,
IISc, (No.2) (18, November, 2015, Bangalore, India), j. mullerova s. jur_english.pdf. Ba Gomika man6anapaan
OJINHTaH.



MyaMMOHUHI YPraHWIraHJIMK Japaskacu. byTryHru KyHra Kajaap IOJIu
KPUCTANT KPEMHUNUHUHT (PU3UK XyCYCHUATIApH, >KyMIaJaH, JOHATOPIUKIApapo
yerapa coxajapd MUKPOTY3WIMAacH, KHUPHUILIMAIHA XOJIATIapH, YJIapHUHT 3apsij
KYUHII J)Kapa¢HUTa TabCUPUHU YPraHUIl, yiapaaH camapaiu doigaranumn oyinda
xopmxiauk onumiap P.Posenxaiiman, K.Xaprpup3 Ba Oomikagap TOMOHMIAH
JOHAJOpIMKIapapo 4derapa MUKpoTy3uiMacu, B.M. Johnson, W.K. Schubert, V.
Iglesias ToMoHMIaH 3apsii XoJaTjiapy Ba YJIApHU 3apsij TallyBUMIap KY4HIIWATA
Tabcupu 3ca Ryousuke Matsubara, Emi Machidanap TomMoHugaH YypraHuiras.
J.Y.W. Seto, B.A. I'punuun, B.M. Jlrobumckuit, Masaki Takihara, Takuji Takahashi
TOMOHHUJAH YJIApPHUHT 3JEKTPUK XOCCAIIAPUHM TYUIYHTUPHUII YYyH  Typiu
MoJleJuTap Takiaug KUJIMHTaH. Xosupru Kynnaa Karem Boubaker, Sang Mi Cho,
Kyle Preston, Amal K, K. Ro, O. O. Tiiziin, Karem Boubaker Ba 6Gomkamap
TOMOHHUJIAH SPUMYTKA3ruwid ac6obiap Ba Kye€ll 3JIEMEHTIapH camapaJopiuruHu
olIMpHI OYiNYa KeHT KyiaM/a U3JaHuIIIap oaud OOprUiIMOK/Ia.

Mamnakatumusaa onu0d OOpWIraH TaAKUKOTIapAa MOJUKPUCTAIT KPEeMHUI
acocujia OJIMHTaH SIPUMYTKA3ruwid acObobmap Ba  Kyeml  dlIEMEHTIapH
camapanopsuruan  omupuin  (akagemukinap M.C.CaugoB, P.A.MyMuHOB,
npodeccopnap A.C.Cannos, A.B.Kapumos, P.Y.AnueB), p—n Ty3unmManapHu KyeIn
Oarapesnapuna Kyywiam Oyinda skcnepuMeHTan Taakukoriaap (mpod. P.V.Anues
paxOapnurujga) amaira ONIMPWITaH Ba YJIapHUHT OMp HEYTa KOHCTPYKUHUSIIAPU
unuiad yukwirad. byrynru kyHpa akagemuk M.C.CaujoB paxOapiuruaa p—n
Ty3WJIManap OSIeKTpopu3uk Ba (HOTOIEKTPUK XapaKTepHCTUKaIapu Oyitnda
u3NaHunuiap onubd OopwiMoKaa. TaAKWKOT HaTHXKalapu acoCHlia KUPHUIIMAaJH
UCCUKJIUK BOJIbTauK J(d(exTiap aHWKIAHTaH Ba YJIAPHUHT KJIACCU(PUKALUICH
TaKJIU(Q STUIITaH.

IOxkopuna kenTupwiranigapial KeauO YMKAIUKH, MOJUKPUCTAT KPeMHUMN
JOHAIOPJIMKIIAPAPO Yerapa MUKPOTY3WIMACH Ba KUPHUIIMAIW XOJATIAPUHU 3apsi]
KYUUII >KapacHIapura TabCUpPH; TEMIIepaTypa Y3TapHIlH >KapacHUIa KUPUIIMaIU
XoJariaap/ia d3JEKTPOH-KOBAaK JKYQTIMKIApU XOCHJI OYIWIIM, YJIapHUHT p-h —
yTunuiap 53aeKTpopu3uK Ba (POTORIEKTPUK XOccajlapura TabCUPH; KylIMMYa
KUPUTWITaH KUpUIIIMA aTOMJIAPUHHUHT JIOHAIOPJIMKIIApapo yerapa
MUKPOTY3HJIMACH Ba OJJIEKTPOH XOcCcajapura TabCUPH; HOHIW KUPUTHIL CKHU
ANIEKTPOH HYpJIAp OKMUMH TabCUPHUAA XOCHJI OVJIraH peKOMOMHAIIMOH HYKCOHJIAp
XamJa KHUPHUIIMaJM XOJATIapuJa 3JIEKTPOH-KOBAK KY(PTIUKIAPUHUHT XOCHJII
OYuIIH, yJIapHUHT p-n Ty3uaMaiap 3MeKTpodu3uK Ba (OTOIIEKTPUK XOccalapura
TabCUPUHU aHUKJIANl WYHAIUIIUAA TAJAKUKOTJIAPHU amajra OIIMPHUIN J0ii3ap0 Ba
WIMHM-aMaJIni aXaMUATra ora.

JAuccepranusi MaB3yCHHHUHI JUCCEPTANMS 0aKapu/raH OJHI TabJIUM
Myaccacacu WJIMHA-TAIKMKOT HIUIApH OwiaH Ooraukauru. Jluccepranus
TaJIKUKOTH  AHIWXKOH  JaBiaT YHUBEPCUTETH  WIMHUN-TAJIKUKOT  HILUIApU
pexacuuHr 11-18.52-con «Kyem sneMeHTNapy y4yH MyJDKaJJIaHTaH KPEMHUUN
MJIACTUHAJIAPU OJIMII TEXHOJOTHsUIAPUHY YpraHuil Ba uniad yukuun (2003-2007
ni.) xamga ®—-2-28-coH «JlermpnaHran KpeMHH CUPTH Ba XaXMHUAAru KBaHT
Yymuamnu 3¢dexTiaap xamaa yaIapHUHT p—h CTPyKTypajliapiard 3apsjl TalryBUYuiiap
doTorenepaiusi Ba peKOMOMHAIIMS kapacHaapura Tabcupm» (2012-2016 i



JourXxanapy noupacuaa 0axxapuiras.

TaAKMKOTHUHI MAaKCaAH TMOJUKPUCTAUI KPEMHUN Ba p—h — Ty3uiIMaliap
ANEeKTPO(PHU3UK Ba (POTOAIEKTPUK XAPAKTEPUCTUKAIAPUHUHT XKMUNW HYKCOH Ba
JIOHAIOPJIMKIIApApO Yerapa coxalapuJard JoKaulalirad KUpUIIMaiy XoJaTiiapura
OOFMMKJINK KOHYHUSTIAPUHUA aHUKJIAIIIaH HOOpar.

TaagkukoTt Ba3udanapu:

UKKU XWUJT KyHUII METOAM Ba KYKYHJIM TEXHOJOTHUS METOAW OWJIaH OJIMHTaH
nojiu-S1  JJOHAOPJIMKIIApAapo uerapa MHUKPOTY3WJIMacu Ba MOP(OIOTUACUHU
ypranui, IIYHHUHIJIEK, KHpHUILIMajap cerperauusacu xKapacHuaa
JOHAIOPJIMKIIApApPO dYerapa coxajapuaa KHUPUIIMaid XOoJamiap Ba HYKCOHJIAp
XOCHJI OYJIHII MEXaHU3MJIAPUHU OUTUHIIAIITUPHIII;

T~300-800 K Temneparypa opalukiIapuia [IOHAJOPIUKIAPAPO uerapa
coxXajlapy MHKPOTY3UJIMAacH, KHUPHUIIMAIM XOJaTapyd XamJla MOJUKPUCTAILIT
KPEMHUI XaXKMUH HYKCOHJIADMHUHT 3apsii Ky4dull >KapacHJapura TabCUPUHU
AHUKJIAIT;

umkopuii metami (Li, Na, K, Cs) aromnapuHuHr ajgcopOius Ba aecoporus
XKapacHJIapy xamja YJIapHUHT JOHAJIOPJUKIIapapo 4Yerapa MHKPOTY3WJIMacu Ba
ANIEKTPOH XOCcallapura TAbCUPUHU YPraHull;

T~300+500 K Ttemneparypa opalukjiapuia JOHAIOPJIMKIApApO derapa
coxXajlapuaru HyKCOH Ba KHUPUIIMAIH XOJATJaPHUHT NOJUKPUCTAIII KPEMHUI p—n
yTuiiap 3meKTpo@u3uK Ba (POTOAIEKTPUK XOccaJapura TabCUPUHU aHUKJIALL;

anextpor Hypnap (E~1 MbdB smeprus Ba D~10" cM™? MuUKIOpIH) OKHMH
TabCUpUAA XOCHJI OViIraH peKOMOMHAIIMOH HYKCOHJIAPHUHT pP—N Ty3WIMalap
ANeKTpo(pHu3uK Ba (POTOIEKTPUK XapakTepucTtukanapura tabcupunu T~300+500
K Temnieparypa opanukiiapaa yprasuii,

kymumua (E~30 k3B sHeprus Ba D~10" cM? Muknopiu) Hikopuii MeTasm
aTomJIapy KUPUTWIMIIN HaTWXKacuAa XOCWJ OYiraH peKoMOMHALMOH HYKCOHJIAp
CKA KHUPUILIMAIU XOJaTJapHUHT MOHOKPUCTAIIJ Ba MOJUKPUCTAII KPEMHHUH p—n
Ty3uaManap 3JeKTpOPU3HK Ba (POTOAIEKTPUK XapaKTEPUCTUKAJIApUra TabCUPUHU
T~300+500 K Temneparypa opajivkaa aHUKJIAILL,

JOHAJOPIUKIIApApO Yerapa coxajlard KHUPHUIIMAJIM XoJariap, LIYHUHTACK,
VIQPHUHT p-n  Ty3WwIMalap odiekTpodu3uk Ba (HOTOIIEKTPUK Xoccadapura
TabCUPUHU TAJKUK KWIMIIHUHT aHbaHABUW METOUIAPUHU TAKOMHWJLJIAIITHPHUIL Ba
UIUTa0 YUKHIIL.

TagKHKOTHUHT 00beKTH cu(aTuIa NOJTUKPUCTAIII KPEMHUHN Ba Y
acocuJary p-n — Ty3WIMaJlap OJMHIaH.

TagKUKOTHUHI TpeAMeTH JOHAJOPIUKIApAPO dYerapa coxajlapuaaru
HYKCOH Ba KHUpPHIIMAJIM XOJaTiapAa 3JEKTPOH-KOBAaK KY(DTIMKIApH XOCHI
Oynuiy, (HOTOAIEKTPUK XaPAKTEPUCTHUKATAPHUHT HAMOCH OYIUII KOHYHHSTIApU
XHUCOOJIaHAIH.

TagKUKOTHUHI  ycyJuiapu. TagkWKOT — KapacHUAA  HKCIEPUMEHTal
(U3UKAHUHT KOMILJIEKCIN MH(GOPMATUB YCYJUIapU: PEHTICHCHEKTPal MUKPO30HT
TaxJIMJI, 3JMEKTPOPU3UK Ba (POTOAIEKTPHUK XOCCATIAPUHU AHUKJIAI, TEPMHUK HILIOB
OepHuill, TEPMOIIEKTPOH SMHUCCHS Ba JIETHPJIAI METOAJIAPH, MOHIN KUPUTHIL,
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i dy3us, SIEKTPOH HypJlap OKUMHU, KyKYHJIM TEXHOJIOTHS yCyulapu
KYJUIQAHWJITaH.

TagKUKOTHUHT WJIMHUI SIHTUJINTH:

JOHAJOPIUK  XAXKMHUJA  KUPUIIMAJapHUHT  HOTEKUC TaKCHUMJIAHMIIIH,
XycycaH, Xap Oup KupHIIMajgap KOHIICHTPAIMSICH JOHHAJAOPJIMK MapKa3ujaH
cuptra optud Oopully, JOHAIOPIUKIIAPAPO Yerapa coxaiapujia MUKpOOYIIUIMK Ba
OYpTUKIapaaH nbopar Faaup-Oyaup CUPT XOCUI KUIIMIIN aCOCIIaHTaH;

UKKU TyTallraH OHAJOPJIIMK KEHIJIUTH HAHOMETPJIAPHU TAIKWI KWJIHUIIA
Kypcatwiran Oyiau0O, Ty30KjIap HWOHJIAHWINI SHEPTUSICH XHUCOOWra Temreparypa
y3rapuiiy >kapa¢Hujia JIOKaJUIAlraH Ty30KJjap MOHJIAHUINW aHUKJAHTaH, OyHUHT
HaTWXKacuja TmMoTeHIuman Tycuk Oamanguwmuruan ~0,3+0,9 »B opanukiapaa
Y3rapuiiy Ba 3apsij] TallyBUWIAp KOHIEHTPALIUSICUHUHT KaMalMIlIKi KYpCcaTUIraH,

JOHAIOPJIMKIIApAPO 4Yerapa HJIEKTPUK XOCCaJapUHH aHUKJIAll WMKOHUHHU
OepyBUM WKKHU TyTalllTaH JOHAJOPIUKHUHT Ky KATIAMIIA MOJEIHU Ba YKBUBAJICHT
ANEKTPUK CXEMAaCH UILTad YUKUIITaH;

JIOHAIOPJIMKIIApApo yerapa coxajiapuia aacopOius Ba aecoponus
XOJucaJapy aHUKJIaHTaH;

YyKyp CaTXJIdi KHUpPHIIMalu XoJjariapja »JJIEKTPOH-KOBaK Ky(QTIHKIapU
XOCWI Oynuimu xucobura OUp >KUHCIM Ba p-n — TY3WIMaIW MOJUKPUCTAII
KpEMHUI XamJa p-n — Ty3WJIMajdd MOHOKPHUCTAI KpPEMHHUIJIa KHPUIIMAIU
UCCUKJIMK BOJIbTaMK Ba (OTOBOJbTAUK dA(PGEKTIapUHUHT HAMOCH Oy Il
KOHYHHUSITIIApY aHUKJIAHTaH;

JIOHAJIOPJIMKIIApapo vYerapa coxaaaru p—n — YTHUII MOJENN TaKIu( STHITaH.

TagKUKOTHUHT aMaJuii HATHKAJAPH KyHugaruiapaad uoopar: KyKyHIu

yCyJI acocujia Ky€eul 3JIEMEHTH YUyH MYJDKaJUIaHTaH MOJTUKPUCTAII
KPEMHUN T[JIAaCTUHAJAPU OJMII TEXHOJOTUSCH W0 YUKUIAM. Y acocuaa
Kamuuura 250+400 mxm Ba ymuamu >150 munumerp OYnaraH MOTUKPUCTAILT
KpEMHUI HaMyHaJlapy OJIMHTaH;

NOJIMKPUCTAIIT ~ KPEMHUW  JOHAIOpAWKIapapo  dYerapa  coxacuja
KUPUIIIMAJTApHUHT acopOIus Ba geccopOLus XoaucaiapH, yiaap acocuaa cudariu
p—n YTUIUIAp ONHMIIHUHT TEXHOJOTHK PEeXUMIIApH aHMKJIAHTaH Xamjaa (oimganu
i kodpduuuentu 7% OYnraH Kyeul sIeMEHTIapy y4yH MYIDKajUlaHraH p—n
Ty3uJIMaliapy OJIMHTaH;

NOJIMKPUCTAIIZT Ba MOHOKPHUCTAUI KPEMHUW IUIACTUHAJIAPUHUHT TYpPIH
KUCMIIapuaa OWp BaKTHUHT Y3uja Typiu TUIUIM coxajap Talepiail MMKOHUHU
oepyBun nuddy3noH KypriMa Uiiad YUKWITaH Ba TalSpIIaHTaH;

NOJIMKPUCTAIIJT Ba MOHOKPHUCTANI KPEMHHUU IUIACTHHAJIAPU ACOCHJA SHIU
TypJaru MYKOOWJI SHEpTusuiap spaTUIlra MyJDKaJUIaHTaH KUPUIIMAIUd HUCCUKIIHK
BOJIbTaK Ba (OTOBOJBTAMK A(DPEKTpiapy OIUIIHUHT TEXHOJOTHMK DPEKUMIIApU
unuiad YUKUITraH.

TaagkukoT HATHKAJAPUHUHT HITOHYJINJIUTH SPUMYTKA3THIITN
acOOOIapHUHT XapaKTepUCTUKAIApU Ba MapaMeTpiIapuHH TEKIIMPHUIIAA CTaHIAPT
Ba KEHI KYJUIAaHWJIAQJuUraH 3aMOHAaBUM WJIMHUIA Ba TEXHOJOTHK METOIapJaH



doitmananunrannury  OunaH u3oxjaHaau. Harwka Ba Xxynocanap ¢u3MKaBUi
TacaBBypJiapra acocjaHTaH Ha3apuil Ba SKCIIEPUMEHTAII HaTIKaIap Onian

TaCIUKJIAHTaH.

TagKUKOT HATHIKAJAPUHUHT MJIMHMHA BAa aMaJIMid axaMusaTH. TaaKukoT
HATUKAJTAPUHUHT UJIMHAM aXaMUSITU yJiap MOJIUKPUCTAILT KPEMHUN TOHAJOPIUK
Japapo yerapa MUKPOTY3WJIMACH Ba AJIEKTPOH XOoJaTiapHu XaMm/ia aficopOIus Ba
neccopOLus XOAUCATIAPUHUHT HAMOCH OVIIMIIMHY TYIIYHTUPUIIT UMKOHUHU
oepasu.

TaaKUKOT HATWKATAPUHUHT aMadud axaMUusITH KYKYHJIM TEXHOJOTHS
epaamuga (HOTOY3rapTUPTrUWIap YUyH MYJDKUIAHTaH MOJUKPUCTAIT KPEMHHMA
acCOCJIM STHTHM TypJard sipuMyTKa3ruwiap OJIMII YCyau Xamaa IudQy3uoH Kypuima
ANU1a0 YUKWIIH.

TaaKMKOT HATHKAJTAPUHUHT KOPU KuJauHumm: [Tomkpucrann
KPEMHHUI TOHAJAOPJIMKIApapo yerapajiapuia MUKpOTY3HIMa, 3aps]l XolariapH, p-n
— YTUIIUTApU Ba 3JIEKTPOH KapacHJIApHU TAAKUK 3THUII ACOCUA!

AJNIEKTPOH Ba KOBAK YTKA3YBUAHJIMK XOCWJ KWJIYBUYM KPEMHUU KPUCTAILINA
JeTupiaHyBUM  KapummanapHu auddy3us skapa¢HMHM — YTKazum — Oyiinua
“Iudpdysnon  kypuima” V3bexuctoH PecryOmukach VHTeIeKTyal —MYIJIK
areHTIUTHHUHT uxtupora nareHtu ([AP 04767, 23.09.2013) onunran. Mmuiad
yuKuiarad AuG@y3uoH KypUIMAHUHT KYJUIAHWIMIIM Oup KapaCHHUHT Y3uaa
KPEeMHUHN KpUCTAUIMIA U30TUIT Ba TypJId TUILIAP OJIMIII UMKOHUHU Oep.iu;

KyClll HYpPJIAQHUIIMHUHT UCCHUKJIMK DJHEPTHSCUHU DJJIEKTP DSHEprusra
Y3rapTUpriy SpaTHII Oyiiuua “DHeprus y3rapruprud” Y36exncToH Pecry6inkacy
Nurtenextyan mynk areHTIMTMHUHT uxtupora mareHtu (IAP 04815, 05.12.2013)
OJIMHTaH. Ma3Kyp UXTHPOHHUHI KYJUIAaHWIHMIIA aHbaHABUH  y3rapTUpruyra
HucOaran 10% kaTTa TOK OJIUIII UMKOHUHU OEpraH.

KUPUIIIMAJIM  HUCCUKJIUK  BOJIBTAaMK  Ba  MCCHUKJIMK  (DOTOBOJIBTAUK
3pdeKTIapHUHT HOMOCH OVIJIMII MEXaHU3MIIApH; KYKYHJIM METaJulyprusi acocujia
UNUIa0 YUKWITAH TMOJHUKPUCTAUT KpeMHHM onuin TexHojoruscu O3—DA-D158
“Kuyuk ymyaMiad HOTEKUC KUPUTMAIM OPTraHUK Ba HOOPTraHUK TpaHyJIalraH
SIPUMYTKA3TU4YIap acoCUAaru cucTtemanap/ia SHEprusi y3rapTUpHIN >KapacHiiapu’,
OT-®2-002 “Tlomukpucramn, amopd Ba HAHOKPUCTAUT CTHUMYJUIAIITAaH
HOMYBO3aHATIM 3apsll Ky4Yulll >KapacHJIapu~ TPaHT JIOMMXACHUIla TMOJIMKPUCTAILIT
KPEMHHUI JOHAJOPIUKIApapo yerapa coxacuja KUpUIIMaJapHUHT aacopOLus Ba
JeccopOIHs XoAucalapy Ba p-h — YTUIIUIAP ONUITHUHT TEXHOJOTUK PEKUMIIAPUHU
AQHMKJIAIJIa KYJUIAHWJITaH (3736eKI/ICT0H Pecniy6rnukacu dan Ba TEXHONOTHUSIAPHU
PUBOXJIAHTUPUIIHN  MyBodukmamtupuil  kymuracuHuar 10.10.2016 #unparu
®TK-03-13/677-con mabiymoTHOMacHu). WMiMuil HaTWXaHMHT KYJUIAaHWIMILA
OpraHMK Ba  HOOPraHUK TpaHyUIAlITaH  SPUMYTKa3ruwiap  acoCUJaru
cucTeMajap/ia SHEpPrus Y3rapTUpHUIN >KapacHIApH, MOJIUKPUCTAL, amopd Ba
HAHOKPHUCTAJUIApa 3apsij] KYUHIIl KapacHIapUHU aHUKJIAll UMKOHUHU OepraH.

TagKUKOT HATHKAJTAPUHUHT ANPOOAIUACH.

TaakukoT HarTwkamapu 21 xankapo Ba pecnyOinka KoHpepeHuusapuaa,
KymiaaaH, “Xo3Uprua 3aMoH (PU3MKACHHUHT nom3apd myammonapu” (Tepmes,



2002); “Kpemumnii—2003” (Mocka, 2003); “The 3-Uzbek—Korean International
Symposium on Quantum-Functional Materials and Devices 2004” (Tashkent,
2004); “Pocr, cBoiicTBa u mpuMenenue kpuctramion” (Hykyc, 2005; AnauxoH,
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2008); “Mabmyn akagemusiciaudr 1000 wmurn” (Xupa, 2006); “ITpobGiaembl
aJbTEpPHATUBHON 3HEPreTuku u sHeprocHaOxkenus” (Hamanran, 2007); “®usuka
Ba (u3uk TaBIMMHUHT 3aMoHaBuii Mmyammonapu” (Camapkana, 2009);
“CoBpemeHHble  TpoOieMbl  ¢u3uku  nonynpoBoaHukoB”  (Hykyc, 2011);
“@u3nKaBUid  ANEKTPOHUKAHUHT nom3apd myammonapu”  (Tomkent, 2012);
“Kpemunii—2014" (Mpkytck, 2014); “D@yHnaMeHTaIbHbIE U IPUKIIAJHBIE BOIIPOCHI
busukn”  (Tomkent, 2014); “SpumyTkazruunap GUUKACUHUHT  J0N3ap0
myammosiapu” (TomkeHnt, 2014); “MukposieKTpoHUKa, HaHO3appaiap (puznkacu
Ba TexHojorusuiapu” (AunuwxkoH, 2015) maB3ynapujgard pecrnyOiinka Ba XaJlKapo
WIMHR-amManuii KoH(epeHusIapaa Mabpy3a KypuHUITHAA OacH STHITAH Xamjza
anpoOanusaaH YTKa3uiraH.

TagKMKOT HATHKAJAPUHUHT 3BJOH KUJIMHMIIK. J[rccepraunus MaB3ycu
6yitnua sxkamu 44 Ta WIMMHA WD YOI OTHITAH, IIylIapaaH Y30eKHCTOH
Pecnybonukacu Onuii arrectanusi KOMUCCUSACHHUHT JOKTOPJIMK JHCCEpTaLUsIapu
acoCHUM MIMHUI HaTWKAJAPUHU YOI ATHUII TaBCUS ATUJTaH WiMui Hampaapaa 20 ta
Makoia, 1 Ta MoHorpadus Halp STUITaH, 2 Ta UXTUPOTa MATEHT OJUHTaH.

JuccepTaliusiIHUHT Xa:KMM Ba Ty3wiaumu. [uccepramus kupwui, Oemira
000, xysnoca, ¢oligananunaran agabuetnap pyixaruaan udopar. JuccepraiussHuHT
Xaxmu 198 OeTHM TaIIKWI DTraH.
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JTACCEPTAIIUSAHUHT ACOCUI MA3ZMYHHU

Kupnm xucmuga yTKaswirad TaAKMKOTIAPDHUHT — JIOJ3apOMrd  Ba
3apypuUsTH acOCJIaHTaH, TAaJKUKOTHUHI Makcaaud Ba Basudanapu, OObEKT Ba
npenMeriapu  TaBcudaHraH, — pecnyonuka  (paH  Ba  TEXHOJIOTHsUIapU
PUBOXJIAQHUIIMHUHT  YCTyBOp  WYHAJIMIUIApUTAa  MOCJIMIM  KypCaTWiraH,
TQAKAKOTHUHT WJIMUN SIHTWINTM Ba aMaluid HaTWxkamapu OacH KWIMHTaH,
HATIDKAJIAPHUHT WJIMHA Ba aMajauil axamMusTd ouuOd OepwiiraH, TagKUKOT
HATWKAJAPUHU aMaueTra OpUW KWJIWIL, HAIlp STWIraH WMIUIap Ba AUCCEpPTaLUs
TY3WIUIIH OYViinya MabllyMOTIap KEITUPHUIITaH.

HuccepraiusHuHr « MyaMMOHMHT X0J1aTH Ba MOJIHM-Si XaM/Ia YHUHT
XA:KMUIATH JJOHAOPJINKIAPAPO YerapajJapuHUHT QyHKINOHAJ XapaKTe
PMCTHKAJAPUHY SIXIIWJIAII TeHIeHIUsAIapu» 1¢0 HoMIaHraH OupuHYN 000HIa
MYaMMOHHMHT XOJIATH, JOHAJOPIUKIAPAPO YETapa MUKPOTY3UIMACH, AIEKTPOH
XOJaTiapy, yIapHH MOIH-Si AIEKTPOPHU3MK Ba ONTHK XOCCATApUTa TAbCUPUTA OUJ]
anabueT MabIyMOTIIApH MIApXU KeATUPWITaH. byHaii Ty3uamMalapHUHT MUKPO
AIIEKTPOHUKA Ba (POTOIHEPreTUKAA KYIUIAHUII yCYIIapH, IITyYHUHTICK,
KUPUIIMAJIU UCCUKIUK BOJBTAUK Xamaa (OTOBOJIbTAUK 3(PPEKTIapUHUHT HAa3apuid
uluUiaHManapu oyitnya TagkMKOT HaTHXXKalapH, yjiap acocuaa MaB3y
MYaMMOCHHUHT KYWHIUIIN ¢puUTHO Oepuiirad. Mapxya MabIyMOTIaApHUHT



Ha3apui Ba SKCIIEPUMEHTAJT TaXJIMJIM HaTHXKacuaa BazudariapHUHT KYHWIHIIN
HIaKJUTAHTUPUIITAH.

JluccepTraliussHUHT “AMaJiiii Ba Ha3apuid TaaKUKOT MeToajapu” el
HOMJIaHTaH MKKUHYU 000u/a KyJUIaHWIraH MEeToIjIap TaBCU(Iapu XaMmaa MOXHUITH
éputunrad. TagkuKOT HaMyHanapu cudaruaa MKKH XU KyHuIrxamaa KyKyHIH
TexHoJyiorusia onuHrad P~1-+10 Om:cMm, YTKa3yBYaHIUTH P TUI OYITaH MOJIH-Si
HaMyHajap TaHigad ojivHraH. Xap Oup HamyHa MIApTIM HOMJIA0 OJIMHAM, MacajaH,
“Wacker” ¢dupmacuaa onuHran noju-Si HamyHa yuyH ‘“Wacker”, kaiita KyHuIn
yCYJHJla OJIMHTaH Moiu-Si HamyHa yuyH “KyliMa” Ba KyKyHJIM TE€XHOJIOTHSI OujiaH
onuHraH HamyHa yuyH “Kykynnu” ne6 Hommnanras. JloHagopiukiapapo uerpa
MUKPOTY3WJIMACUHU YPraHulll Y4YyH PEHTTCH-CHEKTpPal MHUKPO30H[ TaXJWUJIAaH
doitmananunran. HamyHnanap  aiekTpodu3MK — Xoccajlapura  TemIieparypa
TabCUPUHU TAJIKUK KWIHMII YYyH TYpT 30HIM Ba Bangep—Ilay ycymnapu xampaa
Xomn 3¢ddextn acocuaa MoAepHU3ANMS KWIMHTAH TaXpuba KypuiMmalapu Ba
Metognapuan ¢oigananwirad. Conuimurupma Kapmwink (P), 3apsi TalryBYHIap
xapakaryanauru (M) Ba KOHIEHTpauus (n)HUHT TeMieparypara OOFJIUKJIUTH
~300+800 K opanukaa TemmnepaTrypa OpPTHIIM Ba KaMaWMIIM >KapacHUIA
ypranunrad. OJIMHraH HaTWXKaJapHU TYLIYHTUPHUII YYyH TEPMOAJIEKTPOH 3MHUCCHS
Mozenmi naH Qoiinanasumd. MeToara KUpUTHITAH SHIMIMKIAPAAH OUpH IIyHAAH
uOOpaTKH, TEPMOIJIEKTPOH SMUCCHS MOJEIHM acOCHIa 3apsAUIapHUHT Ty30KJapia
YIUIAHUIIY Ba 030]1 OYIUIIN skapacHu1a XoCcu1 0yyBun (J,) TOK y4yH IIapTiIu

2A6nypaxmanos b.M., Aumnos T.X., Kaasipos A.JI. Ba Gomk. / Tenuotexuuka., 1992. Ned. — C. 8—14; Caumos M.C.,
Bunsnos P.P., Myxamazues P.3., Unpsa B.I1. // Tennorexuuka, 1987. Ne 6. — C. 18-20. *Tlonukpucramimueckue

nonynpoBonHukH. Pusnyeckre cBoricTBa u npuMeHenust: [lep. ¢ anmn. // [Ton.pen. Xapbek I'. —M.: «Mup», 1989. —
C. 344.
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y3rapTupunuiap KUPUTWIAW Ba 1[Iy MmapT OYyiAWdYa MOMETHUHT —WIUIAIIA
kypcaruiau (1-pacm). Macanan, arapja 3apsi/UIapHUHT Ty30Kjapa YIUIaHUIIH
o301 OYynuiwra HucOaraH Karrta OYyica, MOTEHHHMAn TYCHK Oamanmiurd (OQ)
opTamy Ba 3apsAyiap MKKH TyTalllaH JOHAJOPIMKIApapo dYerapa COXacHJard
Ty30KJap OYyimad kyuuri skapac¢Hu 103 6epaau, OyHma Ty30KIap TYIUK YTKa3yB
yannuru (Y,) xam opraau. by xomaraa J, Tok WyHanumm yuyH “manduit” umopa
KyJutam makcanara MyBoh(uK. Arap 3apsTlapHUHT Ty30KjIapia YIUIAHHWIIA 0301
Oynuimura HucOaTaH KWYMK O¥yjca,3apsa TeCKapd TOMOHTa XapakariaaHagd O¢
xamaa Y, kamasnu, OyHna J,, TokHM “MycOar”’ umopara sra Oymaau. Mopenra
KUPUTWITaH Oy y3rapunuiap 3apsj TallyBuUMiap KY4YuIl XyCyCHSITU Ba OoIlKa
nowanopme IMKOHMHU Oepajiy.

1-pacm. [lonagopiunkiaapapo
yerapa coxa 30HaJjiap
AUArPaMMAacH Ba YHHHT
COMIAAIITHPUITAH CXeMaCH

Kupummanapauar azacopOuusi Ba JecopOmus >kapacHIapH, YIapHUHT



JOHAJOPIUKIApApO 4Yerapa MHUKPOTY3WJIMAacu XaMJa »dJIEKTPOH XOccacura
TACHUPUHM AHUKIAII y4yH JIETHpIANl METOAWHHUHI 'SHIU ““MOMM(pUKAIMSL’CH
unuiad yukwian Ba doimananunagu. Auru “mommdukanusa’ gactiabKucHaaH
KHUPUTUJIACTIaH KUpHIIMaiap cudaruaa oup karop uimkopuid meramn (Li, Na, K,
Cs) rypyxu, yJlIapHU JETHpian MeToau cudarraa MOHIU UMIUIAHTAINS, TaTKHKOT
o0bexkTH cudarugaa OWp KUHCIM Ba PN YTUIDKM TOAU-S1  Ty3WiIMasap
Ky IIaHUIHIN 6umad Gapk Kunaan. MOHIN KUPUTHIIIAH cyHT HaMmyHamapra ~107°
Topp Bakyym myxutruga 300 K man 1000 K raua temmeparypa opiMKiIapuaa
TePMUK HNUIOB Oepuiau. Mmkopuit MeTaisn aTOMJIApUHU JTOHAJTOPIUKIApapo
yerapa COXaJapu BJEKTPOH  Xoccajlapura TabCUPUHU  AHUKIAIL  yYYyH
MMIIAHTALUATAYA BA CYHT JIETHpIIALI METOMH ¢pAaMuia ¢ aHMKIaHIW. Y Tdamap
VMOHJIM KHUPUTHUILITa4a Ba TepMUK HIUIoB OepumiHuHr 25 K opamuruaa onubd
Ooopunau. Jlerumpnam METONMHUHT “MofuduKanus’Cl aHbaHABUU METOAAA
KYJUTaHWJIaIUradn Oup Karop Mypakkal ompepanusiapHy €HIJUTAIITHPIH, Xap Oup
yiuanuiap skapa¢Huia JeTUpJIaHTaH KATIIaMHU KeTMa-KeT €MHPUIN Ba CHUPTIAPHU
CWJUIMKJIAI, KUMCBUW eMHupyBUMiIapAaH GoinanaHwiMaiian. byHaan Tamikapw,
aHbaHaBUU TAJAKUKOTIApAA JIETHPJaHYBUM KHUPHUIIMaNap KOHLEHTPALUSICUAAH
Talmkapyu Kymiad HaMmyHajmap Tanad 3Twiu0, ymap Xap TOMOHJIaMa OWp XWII
Oymumm kepak Oynmaau. byHnmaih TtamaOuu Oaxkapuim MmypakkaOaup. Takmud
STWITAH JIETUpJanl METOJUHUHT MoaudUKanuscura Kypa, TaAKUKOT Y4yH KY1uiad
HaMyHa Tajad >TUJIMalu, OJIMHraH OMTTa HaTHXKa YpraHWIacTraH MOJUKPUCTAILI
Marepuaiap yayH eTapid Ba HIIOHWIMINTH OuiaH (papk KUiaau.
p— Ty3uJIMa YyKYypJIMTUHU aHUKJIAIl METOIY UIIa0 YMKUJIAN Ba

doitnananunau. by Mmeron nadpakuzun Hypiaapu Tabcupuaa GoTo 3.10.K.

*Tonkue MOMMKpUCTAILTHYECKHE M aMop(HbIe mIeHKN: Du3nka u npuMenenus. [ep. ¢ anrn. // Tlox pex.
JI.Ka3mepcku. —M.: Mup, 1983. — C. 304.
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y3rapuild MPUHIUNKATA acociaHrad. Metoj monu-Si HaMmyHajlapuaa HucOaTaH
KMYUK p—n YTUILIAD YYKYpJWTHHU aHUKJIAl HMMKOHMHU Oepajau. p—n YTull
YyKypAauru AoHajgopivkaa 1+1,5 MKM, AOHAZOpIMKIApapo dYerapa coxajlapuja
1,5+2 MxM opanukiapuia OyIuiy aHUKIJIAHIU.

p—n  Ty3wiManap SJeKTpoPHU3MK Ba (POTOINEKTPUK MapaMeTpIapUHUHT
TeMIieparypara OOFJUKJIWTUHU TAJIKUK KWIHII Y4yH SHTH TaXpuOa KypuiMaiapu
unuiad 4YUMKWIAA Ba MeEToIapuaad  (GoujgamaHuwigd. Y p-n  Ty3WIMaHUHT
oenrmnanran A=0,4+1,4 MKM TYJIKHH Y3YHIMKIAa Ba EpYFIMK HYpPH JacTacu
nuametpuHu ~10+400 mxm opanukna, temmneparypa (300+800 K) ¥y3rapuiu
KapaéHKUAa epUTHO TaJKMK KWIMIIIA acoClIaHraH. EPyFIMK HYpU JaCTaCUHHHT
KYJUIAHWIMIIM p—h TY3WIMaHUHT aJoXUJa MHUKPO COXaJlapUHHU, >KyMIIaJiaH,
JIOHAIOPJIMK Ba Yerap COXaJlapuHH aJIOXH/1a-aJOXU1a CPTUIL UMKOHUHU Oepau.

KykyHiu TexHonorus €paaMu/ia nojau-Si MIacTUHAJIapH OJIMII yCYIH Kuuiad
YUKWIAK. YCyJd XOM all€HW Talepriail, HaMyHaHU [peccliaill, KU3OUpUIl Ba
CHPTpra MIIOB GepHIn kabu omeparmsuiapiaan noopar. Ilpeccnanran Hamyna 107
Topp BakyyMm mieunga KpeMHHH dpuill TeMieparypacuaad knauk T~1220°C 60+90
MUHYT OpajuKIa KHU3IUPUII OWiaH DSJEKTPOPU3UK XOCCAIApUHHU OOIIKapuo,



YTKa3yBUaHINTH p THIUTH, P~1 OM'CM Ba 3apsj TallyBYMIAp AIIam BakTé T~107c
OyraH HaMyHaJlapu OJIUII MYMKHUH. YOy TexHomorust Kauuiauru 250+400 Mk,
muametpu 40+125 mm, ymyamu 2150 MM OynraH ucTairaH MIAKJIJAard HaMmyHaiap
OJTUIII UMKOHWHY Oepajiu.

bob6na kentupuiran Hazapuil Ba aMajaui TaJKMKOT METOJIapy Ba YJIAPHUHT
SHTU MOIU(UKAIUATIAPH JUCCEepTalUsS OJAUra KYWWITaH WIMHA MyaMMOJIApHU
caMapaiu Xaj KAJIUII UMKOHUHH Oepaiy.

HMuccepranusHuar “Typam ycyajiapaa OJHHIAH TMOJH-SI TOHAJOPJIHK
Japapo uerapa coxajapu MHKPOTy3WwiMacu Ba mopdosoruscu” 1ed HOMIaH
raH yuynH4Yd 000uIa JOHAAOPIUKIApapo Yerapa MUKPOTY3UIMACH, MOP(HOIOTHsICH
Xamjia ylapra JerupjaHraH KUpHIIMa aTOMJIAPUHUHT TabCUPH, TYUIYHTHPHII
MEXaHU3MHU KeNTUpwiraH. TaJKUKOT HaTWKajgapu KypcaTajukd, TOHAJO0PIIUK
ymayamu 100+300 MM OYnmmuO, cUpTH Typid Mypakkald Ty3wiIMaiaplaH, SbHU
Oyprukiu fFaaup-Oyaup cupT Ba Yymyamu yHra TeHr <10 wmkMm O¥ynran
MUKpOOYIIIHKIapaan uoopar. KuMeBuil taxiusuiapyu JOHAIOPIUK CHPTH, S’BHU
UKKW TyTallllaH JOHAJOPJIMK COXa TApKUOM KHUCIOPOAJIU KOMILIEKCIIapAaH
noopaTuruau Kypcarau. Kupuiimanap KOHIEHTPALMICH TOHAAOPIHK SIAPOCUIAH
cuprra optud OopraH Xojja TaKCUMJIAHTaHU aHUKJIAHIW. l-)KamBainja TypiH
yCylJlapia OJIMHTaH TMOJNM-Sila  KUpHUIIMalap TapKUOWMHUHT TaKKOCJIAHTaH
HaTWOKaJIapy KEJITUPUIITaH.

Kupuinima aromnapu TaKCMMOTH acoCHAa JIOHAJOPJIMKIapapo derapa
coxajapuia XOCWJI OYIyBYM MHKPOOYIUIMKIAPHU AaHMUKJIAIl Y4YyH TEHIVIaMa
OJIMHTaH:

100 -y =x (1)

By epna x — MUKpOOYIIITUK, y — aMalliii aHUKJIaHTaH KupHUIIMaiap MUKIopu (%).
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1 >xagBan
HamyHamapHUHT KUMEBUN TapKHOU
Hamyna typu Tapkubu Kanunnuru
“Wacker” Si, S, Cl, Ca, Fe ~ 76,39 % 300 MxMm
(71101218 ~23,61 %
“Kyitma” Si, S, Cl, Ca, Fe, Co, Ta ~ 72,58 % 250 MKkM
OYIILITHK ~27,42 %
“Kykynnmu” Si, S, Cl, Ca, Fe, Co, Ta ~ 68,25 % 100 MkM
OYIIIITHK ~31,75 %

Kansanman kypuHaIuKu, YpraHwiaetraHn Oapuya HamyHanmapaa «x#0», Oy




noJiu-S1 KPUCTAJUIAHUIIM >KapacHUJa MHUKPOOVIUIMK XOCWUJ OYIUIM acocuia
TYIIHTUPUIAAH. MablyMKH®, KPHCTAIAHUII KapadHUAA KyHMagard KMpHIIMa
Jap y3apo Tabcupiamubd, Typad KUMEBUW OupukMmanap, macanan, SiO, Ba
SiCI(OH) xocun KWIMIIM MYMKHH. YIap KpUCTAJJIAHUII MapKasuJiaH CHUpTra
cerperalysjiaHdIl >KapacHH/la MaxcyC KUPUTHITaH KUPHIIMAJap Xxamia KOJJHK
KUpUIIMaiap OuiiaH KUMEBHM OOFJIAHUIIUIAP XOCHJ KWJIMIIA MYMKWH. TabKuaman
JKOM3KH, ©0ab3u KUMEBUM Oupukmanap, wMacamtad, SiO, Ba SiCI(OH)map
JOHAIOPJIUK ~CUpTUra 4YWKUO KeTa onMaau. SbHU, JOHAAOPIUK CHUPTH
HIAKJUTAHUIINJIA Cerperanus >KapacHW XucoOura cHUpTra 4YMKUO KeTa oJIMaraH
KHUMEBUI 3JIEMEHTIAp JAOHAIOpPIUKIApapo dYerapa coxaaa TYpJiad METaUIM €KU
METaJUT-OKCUJT OMpHKManap XOCWJI Kwiaad. byHgall TyIIyHTHUPHII MEXaHU3MH
JOHAIOPJIUK ~Ba JIOHAJOPJUKIApapo Yerapa MUKPOTY3WIMAllapu XaKuJaaru
3aMOHaBUU Kapanuiap OuiiaH Moc kenaaud. HaTwkanapra acocaH MKKW TyTalllraH
JOHATOPIUKIAPHUHT TY3WJIUIIM MOJCIA WINUIA0 YWUKWIAH, YHUHT KYPHHHII
cxemacu 2-pacMmjia KeITUPHUITaH.
By epna 1-coxa aesipiu O0apua XxapaKTepuCTHKA

Japy MOHOKPHUCTAJITAa XOC OYNTaH JOHATOPIHK SAPOCH.  — —
By coxa serupioBuu 31eMeHT KoTUIIMacu cudaruaa ::%J\:f/ff fff;‘_'_
TOJT-S1 OJIMII KapacHuaa Kopuimara maxcyc (B, Al) ] R 2 \ / i“;l/ i
axrenrop ¢ku (P, As, Sb) moHOp OWIaH JIerHpiIaHTraH. B ,ﬁi AR
2-coxacy MOHOKPHUCTAITHUHT Yerapa coxacu oynub, —— :{}f”f_ 5 '“::ﬂ,:-:
y siapoaH (hapKiId PaBHIIA TyPIN HYKCOH, IUCIOKAIMs — —
¢KH1 OOIIKa KPUCTAILT MTaHKapa napaxaaa Kyl.
Oy3uIuILIapuIaH noopar. 2-coxaaa 2-pacm. UKKH TyTamiran J0HaI0P/INK
KHpHUIIMajap KOHIIEHTPAIUsICH Ty3u/uur Moae

JTOHAJOPIUK 1 sIpocUiaH ce3uiapian

3 Ba 4-coxajiap METaJId KPUIIMAJIAp YUKKAH Ba KPEMHUN CUPTUIA XOCHII
OynaraH oOKCHJ KaTiaMJaH uOopar IUICHKA, IIYHUHTACK, METALICHMOH
KUpUIIMaap TYIJIAHUIIM ~ XHcOOWUra XOCWJI OynraH MeETaJCHMOH  IOTMKa
napjaanapaaH uoopar.

5-coxa arpodu KpUCTAJUTAHUIII )KapacHUAa YeTKHU F03aCH MypaKkKad THUIIaru
noJimMep OMpUKMaiap XOCUJI KWJITaH METAJNICUMOH €KM KPEMHUM OKCUIJIH

SKpI/ICTaJIJII/BaL[I/I}I ToHKUX IeHoK. // AH PY3 3. — Tamkent: « PAH», 1970.
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napaanap OuiaH ypanran OVpTHK yirdamra TeHT MUKpoOYyuK. by coxana 4-
coxajiaru MeTauii OYPTUKIIAPHUHT TyTallITaH coXaxapu OYIUIN MyMKUH.
Nkopuit MmeTaun aToMJIapUHUHT aIcOpOIaHuII Ba 1eCOPOIaHUII )KapaeHu Xama
yJapHU JOHAJOPIUKIIApapo Yerapa MUKPOTY3UIMACHTa TACUPUHH HIIK TaIKUKOT
HaTKajgap KeATHPUITaH. 3-pacM/ia HaMyHaJlapHUHT COANATIAIITUPIII TaH CXeMacu
TacBHUpJIaHTaH. TepMUK UIIOB OSPHUII KapacHIapUIa KHPUIIMAIAp JTOHATOPIUK
Ba JIOHAJIOpAUKIIapapo yerapanapu 0Vitnad nuddysusianuod, 3a pacmaa
TacBUpJIaHTaHeK 4 Ba S-coxanapHu Xocui Kuiaau. Mk 0op Ku3uKapiu Xoauca
aHukJsianau, temneparypa ~800 K raua erryHua nosu-Si HAMyHacu



KU3AMPUIITaHIa KUpUIIMaiap HadakaT JOHOPJIMK XaKMH €KU JIOHAIOPITUK
yerapanapu 0yinad nuddysusuiananau 6aiaku, yaap CUpT TOMOHTa KyuuO, 3a
pacmaa (6-coxa) KypcaTwiraijiai, TOHaJOPIUKIapapo Yerapaia UIKOpHUil MeTasl
aromiapu necopbianaau. by xoauca monu-Si acocuaa cudamii p—n yTUIILIAP
xocw Oynuiura oau6 kenanu. Temneparypa opTuO 60puIy OuiiaH UITKOPHIA
MeTaJIJT aTOMJIapU IOHAJTOPIUKIapapo yerapa 0Vinad auddysusaanud, oup
BaKTHUHT y31J1a UKKH TyTallllaH JIOHAJOPJIUK CUpTIapua aacopomananu (8-coxa,
3b Ba 3c-pacmmap).

IH P = 3 ll'- = mun

IB P = MIVIILIMA

Ia

1 — p tun Si goHamopnMru; 2 — AOHANOPIMKIAPAPO Yerapa coxacu; 3 — MIIKOPUI MeTasl
aToMJIapy MOHJIAIITaH XO0JaT/a KUPUTWITaH Kariaam; 4 — TOHaJopiMK Ba 5 — JOHAJ0PIUKIApapo
yerapajapu Oyina® wmmkopuil meramun atomiapu auddysusuianran kariam; 6 — HIIKOpUHN
METaJUl aToMJIapH JAecopOllaHTaH Kamiam; 7, 8§ — WIIKOpPUH MeTayl aToMJIapH aJcopOiaHraH
KamiaMm; 9 — dochop muddys3us kuimHraH n kKamiam; 10 — HOHamOpIWKIApapo derapanapu
6yinad pochop nuddysusanran coxa; A — HaMmyHa OpKa €K1 OCT KUCMHU (ToAsIoxkKa); B —
HaMyHa oJil CUpTH. MIKopuii MeTa/uTapHUHT XapakaT HYHaJIWI HTHYKa KypcaTkuaiap OuaH
Oepuuiras.

3-pacm. IloaMKpUCTAIT SPUMYTKA3THYHUHT COAAAIAITHPHJITAH CXeMacu

2 KaaBaAJI
MmKopuil MeTaju1 aTOMJIapU TAKCUMOTH
Hawmyna typnapu Li, % Na, % K, % Cs, %
P TUILIH - 2,82 1,77 1,45
p—h yTUILIN - 1,94 1,02 1,05
KumeBuii  Tapku®  Taxiawuiapy  JOHAAOPJIMK  CHPTIApU,  SIbHM,

JOHAJOPJMKIIapapo dYerapa coxajapuja HIIKOPUM MeTaul atomiapuiaH uoopar
KUCIIOPOJIA KOMIUIEKCIIap OymumuHu kypcarau (2 skansan). Mmkopuit mMerann
aTOMJIApUHUHI MUKJIOpPY JOHAJOPJIMK MapKa3HuJaH cuprra optuO OopraH xosja
TaKCHUMJIAHTaHJINTY aHUKJIAH/IH.

Nmkopuii MeTa1 aTOMJIIApUHUHT [IOJIU-S1 MUKPOTY3HWJIMACHUTa TAbCUPUHU
ypraiuin yuyH KyKyHJIM TeXHoiorusaan poiaananmnau. Jlactnadku xom ame
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cuparnga Xaxkmura Te3 AUGPy3UATAHYBUM HUIIKOPUNM METaJT  aroMjapu
KHUPUTWITAaH MOJU-S1 Ba MOHO-S1 TaHmad onuHAH. J(OHAgOpAMK CUPTUHUHT
KUMEBUN TapKUOW TaxJIMJUIApU KPUCTAIJIAHUIIAA KUPUIIIMAJAp CeTperamusicu
XUcoOura WKKW TyTamrad AoHajopiauk coxaimapu Na~1,08%, K~0,08%
aToMJlapuJiaH  UOOpaTinuruH kypcarau. Wimkopuid MeTaul aromyiapu  HMKKH
TyTallllTaH JOHAJOPJIMK COXacHJa KHUCJIOPOIIM OUpHKMajiap Ba BaKaHUUsJIAP



OWwlaH Typiu KOMIUIEKCIIap XOCWJI Kuilaau. By KOMIUIEKCIap HMKKM TyTallraH
JOHAJOPIUKIIAPAPO Yerapa coXa KEHIVIMTUHUHI OPTHUILINTa Ba JOHAJAOPIUKIApaApO
yerapa coxajapuja METaUI-OKCHUJl Napaajiap €KUM MeTaUId Mapjaiap XOCHI
Oynmummra onu6® kemamu. Tabumii paumima Oy >kapaéH Oup BaKTHHHT Y3uja
JIOHAIOPJIMKIIAPAPO Yerapa MUKPOTY3UIMACHHU OyTYHJIal y3rapTupaiu.

OnuHran HaTwxajap Wik 00op OUp KUHCIHM Ba p—N TY3WIMAaJM MOJIU-Sijiaru
JTOHAJOPIUKIIApApO Yerapa coxa MHKPOTY3WIMAcu TYJIUK KYpUHHUIIM Oyiinua
TacaBBYpPJIAPHU XOCUJT KWJIQIH.

JucceprauussHuHT “/loHagOopJaAMKIapapo Yerapa coxajapuaa 3apsj
KY4YMII sKapae¢Hu” 1e0 HOMJIAHTaH TYPTUHYM O00uIa TeMneparypa Y3rapuiim
HUHT TTOJIM-S1 XaXXKMUJIATu 3apsii KYUUIIIUTa TabCUPH, IOHATOPIUKIapapo yerapa
AJIEKPOH XOCcalapH, yjiapra UIIKOPUNA METall aTOMJIIAPUHUHT TAhCUPUHU aMaJiuil
aMaJuil YpraHulia OJIMHTaH HaTKaiap kentupwirad. Jlactnabd typnu ycyminapaa
OJIMHTaH MOJU-SIHUHT 3eKkTpodusuk xoccanapu ~300+800 K temmneparypa
opanuruaa ypraHwiad. TaJIKUKOT HaTHKaJIapura Kypcaraauku, HaMyHaMyHaiap P

TeMIreparypara OOFJIUKJIUTH OPTHUII Ba 15 o, 5

KaMaluI coxaiapuiadn uoopar (4-pacm). a_-’“.#
Macanan, Temneparypa OpTUIIM OuIan P =" 842 \3
opruuu “Wacker” nHamynanapuzua 525 K| n : : o
Temneparyparada, “Kyiima” HamyHanapu Sl e .
na 600 K rava, “Kykynnu’na aca 625 K 10 4 p A ’ o, aE® d
raua Ky3aruiaan. [lomukpucram spum 5e ey © p
yTKazruwiapaa P 1oHaAopiuK (P;) Ba o v . 4 b o3 2 -+
JIOHAIOPIIMKIIapapo yerapa (P,) o] SwtBEL X 2 5o oW il
COJIMIITHPMA KapIIWIAKIapy OUIaH el A L) F
aHuKJaHaau. Temnepartypa opTUIIM OUiIaH

JoKaJaliral  Ty30KjJapaa  3apsiap 1 - “Wacker”;2 - “kyima”;3 - “KyKyHIH”;
yuutanumm ¢ suar 0,3 5B gan 0,9 5B 4 - Mono-Si; 5 - “kykyrm-MM”
rada OpTHIIUIA OJ'II/I6 KeJ1aau, 6YHI[a p2 4-paCM, Typ,]]]/[ ycyJJ1apaa OJIMHIaH
XaM OTaau Ba HUXOAT 6y KapacH P HUHT MOJIM-Si COTMIITHPMA KaPIIMIHKJIAPH
OpTI/IHII/IFa OHI/I6 Kenaau. HUHT TEMIeparypara 60FJ’IHKHHFI/I

TemnepaTypa OPTUIIMHUHT KEHMMHTM OOCKWYMA XOJaT 3UYIUTH KaMausau, Oy P
HUHT Oapua HamyHanapiaa ~703 K temneparypanard MUHUMYyMHU Ky3aTHUITYHTa
Kajgap kKamauummra onu6 kemaaw. IllyHpmaid xkunub, P KaMalMIn CcOXacH
“Wacker”’nma 525+703 K, “Ky#ima’ma ~600+703 K, “Kykynnn’na sca ~625+703 K
TeMIIEpaTypa OpajiuKa Ky3aTHIaau.
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Nkku TyTamrad JOHAIOPAMK TY3WIMII MoJenura acocaH (2-pacm)

HKBUBAJICHT CXeMa Takiu( STUIAM Ba xXap OMp coxajaru P HU aHUKJIANl YYyH
TEHIJIaMa OJIMHIU:

/17/@



By epna A, B Ba C — noumuiinap, T — remneparypa, T — I0HaJOpIMKIAPAPO
yerapajarv MOHJIAITaH Ty30KJap KOHIEHTPALUSICH.

TankukoT  HaTWXKamapura KypcaTaauku, HOHJAIITaH Ty30KJIap Ba
BaKaHIMsJIADHUHT SHEPrusiCH OpTHINK ¢ Ba O, HUHI OpPTHUINMra OIMO Kejaiu,
oyuna Y, xam opraau. ByHmail xonjga XoJjaT 3UWINTH ~1,6-1013 cM?/5B raua
OpTHIIK  Kypcarwirad. ¢  HHHr  Temmeparypara  OOFJIHMK  Y3TapHIIH
JOHAIOPJIMKIIApAapO derapa coxajapuja >KOWJalraH KuhpuliManap OWIaH 103
Oepanura KuUMEBUM KapacHiapra OOfiIuMK »5kaH. by apa¢H mnonu-Si Kkarra
JIOHAIOPJIMKKAa HUcOAaTaH KUYHMK JOHAJOPIUKIApAa Kywid 03 Oepap dKaH. 4-
pacmaa KEeNTUPWUITaH Ba MONU-Sifa aHUKJIAHTaH P HHUHT TeMmIeparypa Owuiax
HOMYTAHOCHO Y3rapHilii 4 Ba 1 J1a XaM Ky3aTHIJIa/Iu.

S5-pacMaa x4 Ba n HUHT TeMIiieparypara OOFMUKIUTK Kenatupuirad. Kypuuuo
TypuOauku, 6apua ypranunactran HamyHanapaa P HuHr 300 K gan ~350 K raua
TeMIepaTypara GOFJINK y3rapuinu MoHO-Si’Hatmxkanapu (5-7) 6umaH Moc Kenanw,
SbHU M TEeMIeparypa OujiaH TYpFyH KaMasiiy.

Bk e B oornd i

LY

- - v - - - . L v v v v v ]
6 66 300 BEh  and M6 e TR e MG g ME 0 W W @A

1 — “Wacker”; 2 — “Kyiima”; 3 — “Kykynnu’’; 4 — MmoHO-Si

5-pacm. Typiu ycyiapaa oJMHTaH noJiM-Si 3apsii TYIIYBYHJIAP XapaKaTYaHJIUTH Ba
KOHIEHTPANMSICHHUHT TeMIieparypara GOFJIMKJIUra

TemnepaTypaHuHr KEHWWHTH OOCKMYJIapHWIard g Ba 7 HUHT Y3rapuiim
TylryHapcu3 xapakrtepra sra, 400+700 K opanuruma opTuiid Ba KamalulIn
ky3aruinaau. T~703 K pma ~25 K keHmmwmkiga Oapua HaMmyHalapaa u Ba n
KaTTaJIUKIap YH, XaTTO 03 Maprara y3rapaju. 4 Ba n HUHT OyHJail HOOJaTUM
y3rapuiiyd MUKpOCOXajapAaH MOOopar JOHAJOpiIuKIapapo YerapaHuHr TaOuaTtura
oormuk (2-pacm). Temmnieparypa optuiu OuiaH Oup BaKTHUHT Y3u1a

SOttaviani G.I., Reggiani C., Canali F. Nava and A.A. Quaranta. // Phys. Rev. B12, 8 (1975) 3315-3322. Logan R.A.
and A.J. Peters. // J. Appl Phys. 31. 1 (1960) 122-124. MorinF. J. andJ. P. Maita. // Phys. Rev. 96. 1 (1954) 28-35.
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JTOHAJOPIUKIIApApO dYerapaja Ty30KiIap TYIJIAHWIIH, yilapja 3apsj TallyBUUIIap
YIUIAHUIIY Ba 03071 OYJIUIIM *KapacHU 103 Oepaau, Ty30KIap CATXUHUHT SHEPIeTHK
CHEKTpU Yy3rapaad. 4 Ba n HUHT Y3TapuIlld TEMIIepaTypa OPTHUINN OWJIaH TypJu
SHEPreTUK CaTXJIapIIa7Ty30KJIap HaMOCH Oymumura Moc kenaau, 300+350 K nmaru
xonmatu E~0,15 3B Ba E~0,17 3B; ~383+400 K na E~0,36 3B namo¢H O0Vnanu;



~400+680 K nma E~ 0,3 3B carxju Ty3okmnap maitno 6ynaau. By u Ba n cakpab
y3rapuiimra oju0 Kejau.

JloHaiopauKiiapapo derapa MHKPOTY3WJIMacd Ba HATWKaJapHU HWIUIALI
KapaCHuJa NONU-Sigard n HU aHUKJIAIl Y4YyH TeHriama onudrad. [lomum-Si
XOKMHIard yMYMUW 3apsii TamryBuUWiap (#,) KOHLEHTPALUUICH JOHAIOPIUKIArd
(n.,) xamaa IOHAJOPIMKIAPApO uYerapajard 3apsj TallyBYMJIap KOHIIEHTPALUSICH
(Mpgp) HMFMHIMCH OMIIAH aHUKIaHAIU. By epaa np,, HKKMTa TAIIKWI STyBYMIapIaH
ubopar: n; — eTapiiviya IOKOPU dHEprusira sra OyiraH, YTKa3yBYaHJIUKIA UIITHPOK
THO, YMyMHUH YTKa3yBUYAHJIMKKA KYIIMMYa XHUCCa KYIITaH 3apsij TalryBUuUiiap
KOHLICHTPALMACH XamJa #, — JOHAJOpJIUKIapapo dYerapajapuaard HOHJIAIlraH
XoJaTiap/ia YUIUIaHTaH 3aps]l TallyBUMJIap KOHUEHTPAUUSACH. 7, HOHJAIIraH
Ty30KJIap KoHIeHTpanuscu (IN,), nonaanuim sHeprusicu (£), ¢ Ba XoaT 3UUINru
(N,;)ra OOFIUK. n, HUHT MOHO-S1 3apsii TallyBYWJapiiap KOHIEHTpAIMSICUTa
xocnuruaad Qoiiananub #, H1 Kyuaarnya udoaanaimMu3 MyMKUH:

exp(/) (exp(/) )exp(/)
NGE KT NN gE kT q kT
¢
vgvo
1
Vg
n yo
= (3) exp(/) (exp(/) )exp(/)
"¢
NgE kT NN gE kT q kT
—_— + _—— —

1

(3)man KypuHAIUKHU, TEeMIeparypa TabCUpUJlAa HOHJAIITaH TYy30Kjap
KOHLIGHTPAIMACH Y3rapuilu #, HUHT y3rapumura onu6 kemagu. 500+700 K na
Typiud ycyjulap/la OJWHTaH Moau-Si HamyHanapuaa n=f(7) OOFIUKIUK OUp
oupunan ceswrapiu Gapk kuiaau. XKymnanan, “Wacker” HamyHanapuaa n OpTUIITN
Ky3arwica, “KyimMa’na n y3rapmaiian, “KykyHin’na sca KamaluIl —Ky3aTWJIaIu.
AWTHO yTUiaraH NOodAM-Sinap JOHANOPAMK Yiadyamu OwiaH (apk  KWIMIIUIAAH
KyHuaaru xyjaocara KeluIl MyMKHH: JOHAJOpJMK ymdamMu Ku4yuk Oynranaa N,
Temmneparypa OuiaH optaau, Oy 7, HUHT OPTHUIINTa Ba 1, HUHT KaMaWWIIura oiaud
kenaau. Ba nuxost, 7~703 K ma p, n Ba u JapHUHT cakpad y3rapuiu
JOHAIOPJIMKIIApApO Yerapa coxajapH Ba JOHAJOPJIMKIA TEPMOAOHOPJIAp HAMOCH
oynumra OOFJIUK.

[Tonu-Sira MOHIM KUPUTHITAH UITKOPHUM METaJlT aTOMJIAPUHHUHT JJOHAIOP
JUKJIapapo Yyerapa 3JeKTPOH Xoccajapura TabCupu Wik 6op ypranwiau. Mkopuit
metaitap oprumiu ¢ 0,3 3B nan 0,45 5B ra oprummru onub kenaau. by oprui
VMOH UMITJIAaHTAIIM JKapacHH 1a OJIU-S1 CUPTHAATH Ty3uiama Oy3WIHNIIUTa
OOFUKIIUTH KypcaTtub 6epuian. TepMHUK UIIOB HATHKAcHAa Ty30KJIap TYIUIIH



¢ku Gaprapad 6y 6unan ¢ kamaiisu®. Yoy TagKuKoT xkapacHuaa ¢
Yarapumm (T<600 K naru I coxa, 6-pacm) KenTupuiran Mysioxasa Ouian Moc

3acraBHoit A.B., Kopons B.M. B3aumoseiicTBre TUTHS ¢ pagualiMoHHbIM aedektamu B kpemunn. // OTII, 1.23, B.
2, c¢.369-372 (1989).

$Tonkue nonukpucraamyeckue n amopdubie mieHkn: ®usuka u npumenenus. Iep. ¢ anr. // Iox pex.
JI.Kazmepcku. —M.: Mup, 1983. —C. 304.
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kenaau. bupok Temmeparypa optuinn Owian | coxamaH ¢apkiau pasuiiga @
umopacu  y3rapumn Kysatunagu (I Ba III coxamap). p—n Ty3wiMa XOcCHI
OynmuIIMHU Oaxoiaml y4yH HMOHJIM KPUTHILJAH CYHT Ba KEHMH TEPMHK HIILJIOB
oepumauHT Xap 25 K na mamynamap BAX Ownan Ttakkocnad 6opunau. TagkukoT
KypcaTaJuKu, 3JIEKTPOH-KOBAK YTHIII cU(aT TEPMUK UIUIOB OEpHILl TeMIlepaTypa

cura 6orauk. Arap temneparypa <700+800 K nan ommMaca, TepMHUK UIIJIOB OCpHUII
p—N YTUII TYFPUIIAII XOCCACUHUHT CE3WIapIu SXIIUIAHUIIUTA OJIU0 Keau.
Bbupok TemneparypaHuHr KeHUHIY OOCKUUJIapHia AUO XapaKTepUCTHKA €MOHIa
miaau. busnuar pukpummzya, >600 K na ¢ wunr y3rapumm(Il Ba 111 coxa) momu-Si
CUPTUJIATU JTOHAOPIUKIIApapo yerapa

@ (el] o

0.8 , LNaKGs coxajapuaa UIIKOPUN METaJUTHUHT
0.4 ““--.L‘ PN T JeCcOpOaHUIIN Ba YIAPHUHT JTOHOPIUK
a hd TETHEN B Tabuary, SbHU n' coxa (3a-pacma
o4 KypcaTHIraujiek, 6-coxa) HaMmO¢H Oyiu
. ’ iy OumaH TymyHTUpuiaau. Tepmuk
" UIIOB OEpUIIHUHT KEUUHTU OOCKUYIa

12 -
iy T R F— puia I0HaZI0PIMKIApapo Herapaja
"M T K UIITKOPHI METalT aTOMJIapU OPTHILN

-1 OwnaH aecopOiaHTaH KarjaaM MeTasuia
200 400 600 BOD 1000
IIyBH BYXYy/ra kenaau, oyHua ¢

6-pacm. Mmkopuii MeTaswn (6-pacm, 2-un3uk). Temneparypa optu

aTOMJIApM KHPUTHJITAH M0JH-Si IIMHUHT KeHUHTH Xonaruaa ¢ HuHr
JIOHA/IOPJIMK/IAPAapo Yerapa coxacuaaru  y3rapumunu 6axonam yayH (I coxa)
NOTeHINAJ TYCHK 0aJaHIJIUTHHUHT JIETHPIIALIHAHT SHIH “MoxubUKarms’” -

TePMHUK WILJIOB OepHII TeMIlepaTypacura
OOFJIMKJIUTHU

Kamaiimaiu, 6amku 7' coxanaa opTraau
Ha opKa ToMoHHIa onb 6opunan (3b Ba 3c-pacmra Kapasr. A — Tariuk).
7-pacMaa TEpMHK HIILIOB

cunaH oitnananwiay. Yiayanuiap Hamy

20ik S0 G L 104k

HUHT TYPITH TEMIIEPaTyPATAPH/IA 6,435 4~ - 043
MKKW XU HaMyHaJia ¢ HUHT 043 S | 0,42
Y3rapuily TaCBHPJIAHIaH. 0,425 i e
Kypunu6 042 el Y
TypUOIAVKH, Xap UKKajga p TAM D415 S
Ba p— 041 S N
n Ty3WIMalId HamyHanapaa ¢ 0,405 [
Temieparypa ounan opraau. ¢ M4 ;; 036
HIHT 0,395 e [0S
1k T T T .34

e Ealll L HiHl TEHHE



OPTHUILHU JTOHAJOPIUKIAPAPO Yerapa
coxajiapuia UIIKOPUN METaJUIap
HUHT aJcOpOIaHUIIN OMIIaH TYUIyH
tupunanu (3b Ba 3c-pacm, 8-coxa).
Huddy3us xxapa¢Hua 10HATOPIUK
Japapo uerapa 0yiinad agcopOiaan KHPUTWITAaH HOJIH-Si Tar KHCMH
rad Kariam MeTaﬂHaIHYBH OpTaI[I/I. L[OHﬂ}lOpJIHj(J’IﬂpﬂpO qyerapa coxacuaaru
2o Speanuraion 6y | 1T o sy e
coXaJa UIIKOPUI METaJLT aTOMJIA Py P —
KOHIICHTPAIUSICH OpTaau Ba Oy ¢

7-pacm. MiKopuii MeTa/ll1 aTOMJIApH
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HU opTuinura oaud kemamu. HamyHamapaa ¢ opTuind HamyHa Typura OOFIIHK.
Jud@ysus xapaCHUIA MIIKOPMH METAaal p—N Ty3WJIMa 7 COXaHH 6OCHO YTui
kepak. by coxana mnrapu ¢oc@op KUPUTHITAHIUTH YUYH KUPHUILIMAIW XOJaTiap
Mukaopu anda rokopu (3c-pacm, 10-coxa). lllyHuHr yuyH n' coxamaH UIIKOPUM
MeTaut AuQy3usiiaHuIINra KymMya BakT, SHEPTUsl €KU IOKOPUPOK TemrepaTypa
Tanad KuinHaad. TepMUK WIUIOB TEMIIEPAaTypacH OPTHUINU OWiaH ¢ HUHT TypryH
XO0JIaTU  JTOHAJOPJUKIApapo Yerapa cUpTiIapuia KUPUIIMaJapHUHT TEHT
TaKCUMJIAHTAQHJIATUTa OOFJIHK.

Temneparypa Vy3rapuiiy >XKapacHuJa HWIIKOPUI METAJUIAPHUHT KyKYHJIU
TEXHOJIOTUS METOAWJA OJMHTAaH MONHU-Si JTOHAJAOPIUKIApapo derapa coxajiapuia
3aps]l TallyBUMJIAp KYUYUIIUTA TabCUPU WIK OOp TanKUK KuiuHraH (4-pacmra
Kapadr: “Kykynnu—MM”). Kypunaauku, Temneparypa OpTHIIM OWJIaH MOIu-Si
XaKMHUa MIIKOPUI METaJlJT aTOMJIapu XMcoOura P TypryH y3rapanu. by umikopuii
METaJJ ~aroMjiapd TOMOHMJAH pEKOMOWHAIMs MapkaszjapuHu  Oaprapad
KWIMHAINKA OWiIaH TYyIIyHTHpuUiaau. byHman Ttamkapw, OW3HUHT (UKpUMH3YA,
TeMIeparypa OpalMKIapuia HWIIKOPUM METalJl aromiapu Te3 XapaKaT4aHJIUTH
OwslaH TOHAJAOPJIMK WYUAAH JOHAIOPIMKIIApapo verapa coxara, ssbHUu JOHAJAO0PIIUK
CHUpTUIa KY4YWIIM MYMKHH, TeMIIepaTypa MacaldIlM >XKapacHUZa 3Ca aKCHHYa,
KaiTa TOHAJAOPJIMK NYUTa Kydaau.

JuccepranusHuHr “JlOHAAOPIMKIIAPApPO Yerapa coxajJapuJard HYKCOH
¢KM KHPHMIIMAJM XOJATJIAPDHUHI P—-N  TY3WIMa JJIEeKTPOPH3UK Ba
(oTOoIEKTPUK Xoccajapura TabcUpPU” €0 HomJaHraH OemmHud OoOuAa
JIOHAIOPJIMKIIApApO Yerapa coxajlapuiard KUpHIIMaIW XoJaTiaapia AJIeKTPOH
KOBaK >Xy(PTIUKIApUHUHT XOCUJ OYJIHIIM, JOHAJOPIUKIApApO yerapa coxajiapuia
p—h Ty3uiIMallapy Ha3zapuil MOJENM Ba yiapAa 3apsal Ky4yulld KapacHJapw,
TeMIiepaTypa  y3rapuilyd,  KUpHUIIMald  XoJamiap  Ba  pEeKOMOWHAIUs
MapKas3JIapUHUHT P—N Ty3WIMajap 31eKTpoPU3UK Ba (POTOIIEKTPUK XOccanapura
TabCUPUHU aMaJINil TaJAKUK KWIMIL/IA OJIMHIaH HaTHKajaap OACH KUJIMHIaH.

JloHaopnukiapapo 4yerapa coxacujaa TYFPUIAH-TYFPU p—n Ty3WJIMa XOCHII
OynuIM aHWKJIaHraH. 80-pacMaa Moyu-Si p—n TY3WIMAHUHT COIJAalITUPUIITaH
cxeMacu, 8a-pacmja JOHAJOPJIMKIApapo 4Yerapa coXacu MOC XOJJa 30Hajap
quarpaMMmacu kentupwiran. HamyHa Xaxkmupma 3apsa Ky4ulld KypcaTKuuiap



Ounan Kypcarunad. E;,, Ba E;, MOC X0/lJa p Ba N coxalapaard pPeKoMOWHAIUs
MapKasJlapuaup, yjiap JOHAJOPIMKIAPApO 4Yerapa coxajla KylIMM4a TYCUKJIapHU
xocun Kunaad. Hlynunrnek, 8a-pacMaa p—n yTuin coxacunia skoinamran E,, Ba
E,, pEeKOMOWHAIMA MapKasJapuHHUHI SHEprus OyiHuva TaKCHMOTH KYpCATHIITaH.
Tabkuian Kou3ku, OU3 TOMOHUMU3JIAH KyWHIard KOHYHUSTHU KUPUTHII JO3UM
AeOTOMUIIN: 3apsA] TAIlyBYWIAp YIUIAHUINM Ba 0301 Oynuinu Hadakar £, Ba £,
aKLEeNnTop Ba JOHOP caTxJjap/a 103 OepuIy, Oanku 3apsij TallyBYMIap yIUTAaHUIIN
Ba 0307 Oynumm carxjap Oyinal 103 Oepuid XamM MYMKHUH, STbHH TeMIlepaTypa
OpTHILIM OWJIaH KEJNTUPWITaH HHEPreTHK carxJjiapra MOC SHI'M pEeKOMOMHAIUs
MapKasjlapy KeTMa-KeT Maijo Oynanu. 3apsig TaulyBUMiap BajJeHT 30HAJaH
YTKa3yBUaHJIMK 30HAcHMTa VTHUIIJA MaHa [Iy OpajuKIarn peKoMOWHAIUs
Mapkasjapyia yOUIaHaAud Ba DJHEPreTMK CcaTX YTKa3yBYaHJIMK 30HAcHra
TEHIVIAIITYHIa Kajap yjap carxjap 0yinab ketma-ker kydanu. £, Ba £, ¢ku E,,
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Ba E,, carxjap ypracuaa 3apsj TallyBYMiap YUUIaHWIIA Ba 030 OYIMIIA MOC
xoina l-pacMaa xypcaTuiranuiek, p Ba n coxanapaa Jy, ) Ba J ) TOKIApHUHT, Oy
5ca J, HUHT HaMO€H Oynummra onu0 kenaau. Ilonu-Si Temneparypacu Ounan J g,
Ba J,) TOKJIAp OpTaay. YMyMHI TOKHHM Kyhiuaarnda udoaanans MyMKHH:

J=J, pn +Jtot(pn) +JS +JS( n) (4)

s(pn)
(4) nmaH XypuUHAAMKWA, YMYMHI TOK pPEKOMOMHAIMS MapKaszjapuaa 3apsji
TallyBYMIap YIUIAHUIIM Ba 03071 OYIMIIM >KapacHuIa Naumo OYmyBuM (Jg),
JssonyBaS yppn)) TOKIAP MUFUHAMCHIA TEHI. Arap Oy Tokiap J,, JAaH Ku4uk Oyica,
yMyMHuii TOK J,,, OMjlaH, akcuH4a Oyaranga 3ca yMyMHA TOK Jyg,n)s Jpms BA i) 1AP
OwiaH aHWKJIaHaAW. By KHpUIIMaIN UCCUKIUK BOJbTauK 3P (EKTIapHUHT HAMOCH
Oynummra onau0 kenumu MyMKuH. [lonmu-Si p—n  coxacu Ku3urasHjga cCkKu
cputmiranna K, Ba E; carxjapaa XaMm SJI€KTPOH-KOBaK JKY(PTIMKIAPH XOCHII
Oymamu. p coxamaru E,, caTxjuapian sapsaiap o304 Oyinraniga, ymap n coxara
Xapakamianranga Oyma0 xomran FE,,, carxmap £, carxgan o3ox  Oyinran
SIEKTPOHIap Ounan Tymamw, E,;, carxjap 5ca BaJeHT 30HAJaH YUKKAH 3apsj
TanryBumiaapiaap Owian tynanu. byHnai xapacH p—n Ty3wiMa n coxXacuaa XaM 13
Oepanu. Jim)s Jspm) Ba Jyjgp) TOKITAPHUHT OPTUILK P—N YTHLI TYFPHU TOKH “MycOar”
uropa OujaH OpTHIINATA OMUO Kenaau. AKCUHYA, SJIEKTPOHIIAp P coxXara, KOBaKjiap
n coxara Xapaxkamiauca Jy,,, Jypm Ba Jy g, TOKIAp “MaH(puii” uimopa OwiaH
opramu, Oy OunaH Oupra p—n YTUII TYFPU TOKKM XaM ‘“‘MaHGuil” uiropa OuiiaH
opragu. bupuHum xonaa p—n YTl yMyMH TOKH ‘“MycOar” uinopa OujaH oprea,
UKKHHYY X0J/1a p—N YTUII YMYMUN TOKH “‘MaHduii” uopa Ouian y3rapaiu.

1 — noHaopauK; 2 — NOHAJOPIAUKIAPAPO

yerapa coxacu; 3 — ¢pocdop nudpdy3usnanran

n Kamiam; 4 — JOHAI0PIMKIIApapo yerapa
oyiinua pocdop auddysusicu.
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8-pacm. [lonaopaukiiapapo yerapa coxajapuaara p-n — Ty3WjiMa 30Hajap
AMArpaMMAacH Ba YHHHT CONAJAIITHPHIITAH CXeMACH

9a-pacmza monu-Si n'—p Ty3uIMa KOPOHFMIIMK TOKMHMHI TeMIIEparypara
OOFMMKIUTH TacBupianraH. Kypuuuo® typubauku, ~100°C raua TOK TYpFyH
opTajy, CYHrpa XyQau 11y WYHAIUIIIAa TOK OupiaH opTud 60pud, YHUHT KUMaTH
~20°C ra HmcOaraH yH Mapra IOKOpU OpTHINU Ky3arwianu. KypuO yruiran
XONATIAPHHU J () Jspm) BA Sy TOKIIAP “MaHMI” MIIOPA OMIIAH Y3rapuinyu OMjIaH
TyIIYHTUpHUII MYMKHH. COBMIN apacHWJa TOK y3rapvily KHA3WII KapacHUIAru
xonatuaan Tyoman dapk kuwiaan. Kwsum sxapacamma E~0,15 3B Ba E~0,17 3B
carxjlapia yIUIaHTaH 3apsij TallyBUYWJIap TeMIeparypa KaMmauumu Owuiad
carxjapAadH o3ox Oymamu, Oy aca ~50+100 °C opaiumkaa TOKHUHI cakpad
y3rapuiura oo Keiau.
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9-pacMm. TaAKUKOT HAMYHAJIAPH KOPOHFYJIHMK Ba (JOTOTOKMHUHT TeMIlepaTypara
OOFJIMKJIUTH

96-pacMaa moam-Si n'—p — Ty3WIMa CHPTHAATH TYpIH MHKPOCOXAIap
cputwiranaaru (OTOTOKMHUHT TeMIeparypara OOFIUKIUTH COJUIITHPUIUIITN
TacBupnanrad. KypuHamuku, Oapua Temmeparypa OpIMKIapuga MOHO-Si n'—p
Ty3uiama (GOTOTOKM Kydcu3 TypryH Vi3rapaau. [lonmu-Si Ty3uiamaHUHT KaTTa
noHagopnuru eputwiranaa (o) J=f(T) oormukauk <100 °C ma mMoHO-Si Kyér
3JIEMEHTH HaTIJKajlapura MOC X0jjJa MOHOTOH Yy3rapaau. Cyurpa, ~110+160 °C
OpAJIMKAA TOK TECKApH WyHAIMIIAA y3rapaad, TEMIIEPATypPAHUHI KEUMHIH
XOoJaTiaapyuaa TOK MYHAIUINIWHU Y3rapTUpuO TYFpu WyHanumuaa OupjaH opTaju,
yauHr T~180°C marm kmiimatn ~20°C pgarm Kuiimarura HucOatan 10 mapra
KeCKUH opTaau. Kuduk noHamopiuvk rypyxujgaH uOopaT MHUKpPOCOXa Ba yiap
ypracumaru JoHaJOpiMKIapapo uerapanapu eputwiranga (A) T~80+100 °C
opanukapaa Tok ~20°C garu KuiiMaTura HucOaTaH 2 MapTa OPTHIIU Ky3aTHJIa/Iu.
Cyurpa, ~100°C gan 140°C raua OyiraH opajukjiapia TOKHHHI OUpJaH OpTHO
oopub, T~160 °C nma Toxk ~20°C nmaru Kuiimarura HucOaran 10 Maprara OpTHIIH



Ky3arwiaan. JJoHanopiukiapapo derapa coxacu KeHI €Kd 3+4 KaTTa JI0HaJIOPJIUK
Jap ypracugaru MuKpocoxaitapu (0) jokan eputwirasjaa (pOTOTOKHUHI TeMIiepa
Typara OOFJIMKJIUTHIA KH3HK XOJaTHH KypUIIMMu3 MyMKuH. Temmeparypa ~100°C
ra erryH4a TOKHHUHI CEKMH OpTHINH, cyHrpa, ~105°C ma Oupman opTuO, KeWHH
TOKHUHT WYHAJIMIINA KECKUH Y3rapu0 kamaiisau. TemrepaTypa opTHUILU OWJIaH TOK
AYHaIUIIM sSHA JAcTiIaOKW XoJlaTMra KaWTaau, YHHHT KuiimMath TaxmuHan 100°C
na kuiimarura spumnanu. CyHrpa, temmeparypa 150°C raua Tok KMMaTH CHUILTUK
kamaitsinn, ~170°C na kadita Oupman oprtaau. Kypu0O VTuiaran (HOTOTOKHHHT
OPTHIIUHU Jys0)5 Jyom) BA Sy TOKITAP “MycOaT” UIOpa OMJIaH HAMOEH OYiMIIMIa
OOFNIMK XOJia TYUIYHTUPWITaH. 3apsj TaulyBuUMjap KY4YUIIM IKapacHUAa
TyHeJJTallyB 103 Oepaau Ba OyHAall xonHUM 906-pacMmia, KHUPUIIMAIUd HCCUKIUK
¢doroBoabTauK 3PPEKTHUHT XOCKI Oynummaa kypummmu3 MymkuH. by ~100+170
°C opanuknapaa 13 Oepaam, cyurpa, 0,36 5B carxjiu Ty30KJIapHUHT TabCHPH
Ky4yaiinO, nacTiad TOK KHHMMATHHUHI KaMaWWIIWra, CYHrpa TOK WYHAIHIIMHU
y3rapuiiura oju0 KeJjau.
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10-pacMaa 37€KTPOH Hypjiap OKUMHU TabCHp KWIMHTaH MOHO-S1 p—n

Ty3uiaMa KOPOHFWIMK TOKHU (1) Ba GoTOTOKM (2)HUHT Temmeparypara OOFIUKIUTH

kentupuiarad. Kypunuod typubnuku, kopounruiuk Toku 150°C raya temmeparypa

OwiaH TypFyH OpTajau, CyHIrpa, 80-pacmjia TacBHUpJaHraH, IOKOpUAa TakiIud
STWITaH MOJIETIa Kypcawiranaai Oupaa OpTUILY Ky3aTHiaau. XyJau IIyHIan

. a - - - - X0JIAT KOPOHFWJIMK KyWIaHUIIHAA XaM

M : ' T E e ky3aruiau. Hamyna éputmnranna (2)
o F o KUPUIIMaJIU peKOMOMHAIMS MapKasia
-20 - -11H) puaa JICKTPOH-KOBAK )qu)TJII/IKJIapI/I
Y = xocui1 6yau0, p—n YTUII TOKUHUHT
o | _aw  OPTHUINWTa Kymumua xucca Kymamau. (1)
A - L a0 Ba (2) HM TaKKOCJAHTaH/a, MacaJiaH,
i L am ~230 °C na ¢ororok ~800 MKA 01O,
120 | L om0 SHHU KOPOHFUIIMK TOKUTa HUCOaTaH >5
. L o0 MapTa IOKopH Kuiimarra spumany. 10-
160 - - pacMaH KYpUHAAUKU, YMyMUN TOK
50 - MOHO-S1HU 3JIEKTPOH HYpJIap OKUMH

OWIaH HypJIaHTUPUITAHA X0 CHIT
10-pacM. DJIeKTPOH HypJIap OKHMH TabCHP JIapU/a 3aps/l TALIYBUWIADP YILIAHUIIN
KHJIMHTaH MOHO-Si p—n Ty3uima Ba 03071 OYVIUIITN XUCOOM Ta Mmaiao

KOPOHFHJIMK TOKH Ba ()OTOTOKHHUHT 6%
JyBYH J, Json) BA Sy om) TOKIIAPTA
TeMImeparypara OOFJIMKJIUTH Yy ss(pn)> s(pr) thipn) p

OynraH 4yKyp peKoMOWHAIIMS MapKa3

OOFJIMK Ba ynap OwiaH aHuKIaHaau. Kusuin €ku epuTWIraH BakTaa JIEKTPOHIIAP
Oy MapkasyiapiaH p coxa, KOBAaKJap 3ca N COXa XaKMHra XapakarTiaHaau. SIbHH,
Sssonp» Jspmy Ba Jyppny TOKIAp OpTagM Ba “MaH(uii” wuinoOpamy HyHamumra sra
Oynmagu. YHra Moc Xoijaa p—n YTUII TYFpU TOKM XaM MaH(uil umopa OwiaH
opraau. By KupuiiMamu HCCHKJIWK BOJIBTaUK Ba (POTOBOJILTaWK A(h(eKTiapHUHT



HaAMOCH OVIHIIMTa 010 Keaaau.

I ™ 58 HE I1E 140 170 TS IMF T

11-pacMaa MOH UMILTAHTAIUA R R .
s B il

Oouman "
KYIIMMYa UIIKOPUKA METAJLT - il ‘:;
KHUPUTHIITAH -
MOHO-S1 p—h Ty3uUJiMa KOPOHFYJIUK Ba ™ ™
(OTOTOKHUHT TeMIleparypara am E -
OOFJITMKTH " e S
ru kentupuiarad. Kypunaaukw, A S S S s

KOPOHFY

JMK TOKH, OMpUHYUAAH, “MaHbuU”

WILIOpay WyHAIUIITa 3ra, UKKUHYU/IaH,

YHUHT TeMIeparypa OWiaH y3rapuiim

IOKOpHIa KeATUPUITraH Mojien (80-pacm)

Ouaan Moc kenaau. Eputuinranaa KYIINMYa HINKOPHA MeTaJllI KHPHTHII

<150°C 1a QOTOTOKHHMHI TYPFyH raH MOHO-Si p—N Ty3W/JIMa KOPOHFHJIMK
o TOKH Ba (D)OTOTOKMHHMHI TeMIlepaTrypara

opTUIlHX Ky3aTu Jaau. CYHrpa Tok

"o OOFJIMKJINTH

UYHANMIIMHYA KapaMma Kapiliy UIopanu

TOMOHTA Y3rapTupuo,

11-pacm. Mo uMmIanTanus OnJia
OpTHINI Kamaiinin Owminan anMamanad. Kopounryauk Toku ~225 °C temmeparyparaua
tymumu  E=0,3 5B pexoMOuHanus MapKasuHUHT TMaiao Oyiaumm OusaH
TYyIIYHTHUpHIaaU. By Mapka3HHHT Te3 XxapakaryaH Kaiuil Omiad 6aprapad
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KWIMHUIIKA KOPOHFYJIUK TOKMHUHT KaMaiuiura onu0 kenamu. by TymryHTHpUII
OOIIKAa WIIKOPUI MeTayl aromyiapu JieTUpjaHraH HamyHanapia (OTOTOKHUHT
y3rapuiiura Kyyaaca Oymaau. MacajiaH, Kaaui yuyH Tok Ty ~225°C raua,
nesnid yayn ~200°C raua. HamyHanap Kusummaa peKOMOWHAIUMS MapKasliapH
Oaprapad OYIUIITN COBHII KapacHUIa HUCOATaH KYyWINPOK Ky3aTHJIa Iu.

Myngait kb, Takaud H>TwiraH Mojeiap Moiau-Si XamJa Ofauid
Jerupianm epaamMuaa IKOPH KOHIEHTPALUSAIN YyKyp JHEPreTHK caTxjap XOCHII
KWIMHIAaH MOHO-S1 HaMyHajapuJa aMajuil OJMHIaH HaTWXKaJlapHU caMapajiu
TYIIYHTUPHUII WMKOHMHHM Oepanu. OIMHraH HaTWwKajiap KUPUIIMAId HCCHKIUK
BOJIbTaWK Ba (OTOBOJBTAMK d(Pdexmiap Xocua OYIUIIUHU OOIIKAPUIAIUTaH
Ty3wIMaliap Xamaa OyHpaail sddextiap acocuaa MyKOOWIT 3HEprusi MaHOamapu
SIPATHUII TEXHOJOTHSUTAPUHN KCHTalTHPaIH.



XVJIOCA

[Tonmukpucrann KpeMHHUI OHAAOPIAUKIApapo dYerapaiapuaard (HUsmk
KapacHJIApHU, HUCCUKIUK BOJIBTAaUK Ba (POTOBOJIBTAKM dS(PPEKT XomuciapuHu
TaJKUK KWJIMII aCOCUA KyWHaaru xyaocaaap KUIMHIN:

1. Wkkm TyTamradn [IOHAJAOPJMKHUHT KYI Kamiamjd MOJETU UILIa0
YUKWITAH, KaWCUKW, arpodu HYKCOH, JUCIOKanus Ba OomKa Ty3wiMa
Oy3ununuiapu OWiiaH ypairaH MOHOKPUCTAJUTH SIPOCH, IIYHUHTICK, CUpPTIapuaa
TEHI TaKCUMJIaHTaH OYpPTUK KYpPUHMIIUJIATK MHUKPOCOXa Ba  METaJUIH
KOMITOHEHTJIap Xxama OVIUIMKAAH TallKuil TONTaH.

2. JloHagopaMK ya4amMu Ba JOHAJIOPJIMKIApapo derapajard HyKCOH Xamja
KUpUIIMAIN  XoJjaTiapra OOFIMK JIOKa/UTAITaH TY30KJIap HOHJAHUITUHUHT
YMYMH TabCUPU XHCOOUTA COJNIMINTHPMA KapIIWIUK (p), 3apsii TallryBYHIIap
XapakaTyaHaury (¢) Ba KOHUEHTpaUus (7)HUHT TeMIiepaTypa OujiaH HOMyTaHOCUO
Y3rapyIly aHUKJIAHTaH.

3. JlokayumamraH Ty30KJap XOJIaT 3WWIMIM OPTUIIM INOTEHUUAT TYCHUK
oanangumuruauHr (¢) 0,3 3B man 0,9 5B raua y3rapuinm xama p HUHT OPTHUIIINUTA,
IIYHUHTZIEK, aCOCUM 3apsii TallyBWJIap KOHLUEHTPAUMSACUHUHI KaMalMIIUra Ojauo
KeJIMIIY aMaJIui Taxkpubdanap acocuaa UCOOTIaHTaH.

4. Wxxu TyTalraH JIOHAJOPJIMKHUHT Ky KaTJIaMJIM MOJEIH acoCHuja
JTOHAIOPJIMKJIApApPO dYerpa coXalapu XamJla yHUHT Xap Oup MHKpocoxajiapu
AIIEKTPUK XOCCACHHM AHUKJIAlll UMKOHWHU OEpyBYM SKBUBAJIEHT JJIEKTPUK CXeMa
TaKJIU(} KAJTUHTaH.

5. Karop umkopwuii Metayuiap afacopOIus Ba AeCOpOIUs XOMUCATAPUHUHT
HAMOCH  OynmuIn  peXumiapw,  YIapHUHT  JOHAJOPJIMKIApapo  yerapa
MUKPOTY3WIMACH Ba 3JIEKTPOH XOCcallapura TabCUPH aHUKJIAaHTaH. TepMUK HIILIIOB
Oepull skapacHHIa UIIKOPUA METaul aTOMJIAPUHUHT JOHA0pIUKIapapo yerapaia
necopOnaHuIIM  TOJUKPUCTAII ~ KPEMHHUW  CUPTHJArd  [ONKa  Kariam
YTKa3yBUAHJIUTH XaMmJa ¢ WIIOpAcH Y3rapHIlNra, MOJIUKPUCTAIUT KPEMHHUM TaruK
cuprurada au(y3usIaHUIIN dca yJIapHU UKKA TyTallraH JOHAJAOPJIHMK CHUPTHIA
ancopOaHuIMra oub Keyraau.
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6. T~300+500 K Ttemmeparypa opaJuKAa JOHAJOPJIMKIAPAPO derapa
coxajapujard JOKaJUlallllaH Ty30Kjlap WOHJIAHUIIM >Kapa¢HuAa Ty30KJaapiaa
3apsulap TallyBYWJIAPHUHI YIUIAHUIIM Ba Ty30KJap OYinad kyuuimm xucoOura
KOPOHFYJIMK TOKM Ba KyWIAHHWII Y3Tapuilldi MOHOKPHCTAUI HaMyHauap OwWiaH
TaKKocharanaa (papk KAaumm Kypcarud Oepuiras.

7. Ty3oxmapaa 3apsi TallyBUWJap YIUIAHWUINM Ba 03074 OYaumm OwiaH
OOFJIMK KOPOHFYJIUK Ba (POTOTOKHUHI XOCWJ OYJIMIIM Xamja 3apsij TallyBUHIIap
KYUHUIIA MEXaHU3MJIAPUHU TYIIYHTUPHO OepyBUM TOHAIOPIMKIApapo uerapa
coxajapuiard p—n YTUII MOJEIHN TaKIu( STUIraH.

8. Ilomukpucraim xamaa MOHOKPUCTAILT KPEMHUAM acOCIM P—N Ty3WiIManap
KU3IUMpWITaHaa €KW CpUTWITaHJa YyKyp KUPHUIIMaIM Xajlariap HIITHPOKUIA



AIIEKTPOH-KOBAK XKY(PTIUKIAPU TeHEPALUICH >KapacHU OWiaH OOFJIMK KUPHUIIMAIH
HCCUKJIUK BOJIBTAUK Ba (POTOBONIBTANK d(PdeKTiaap HaMOSH OYIHIIM KYpCcaTUITraH.

9. JloHagmopiuknapapo 4Yerapa CoOXaJapuaard KUPUIIMAIM XOJIATIApHU
TAIKUK KWIAII METOAJapu MoAu(UKalWs KWIMHTAH: TEPMOJICKTPOH SMUCCHS
MOJENIM €pllaMuaa JOHAAOPIUKIApapo dYerapa 3JIEKTPOH XOCCAIAPUHU TaJKUK
KWIMIIAA 3aps] TallyBYWJIAPHUHT Ty30KjIapJa VYIUIAHWIIM Ba 0301 OYIuIIu
XKapacHuaa manao OymyBun (J,) TOK Ba Ty30Kjap TYIUK YTKazyBYaHmuru (Y )Hu
BTUOOPTa OJIUII JIOZUMIIUTH KYpcaTud OepuiiraH.

10. Te3z muddys3usnaHyBud OdIEMEHTIApPHH KyJUlall OpKadd HILIa0
YUKWITaH JIETUPJIANTHUHT SHTH METOIU P €KW N THUIl HaMyHajap/a p—n Ty3uiMaiap
OJIMIII MMKOHMHM OepAu Ba METOAUMKAHU COAJANAIITHUPUIMIIN  XHCOOUTa
TEXHOJIOTUK JKapacHIapHU OCOHIAIITUPAH.

11. Hamyna cuptu 6yitnad ~10 gan 400 mMxkMm nuameTpinu Ba OeirujiaHraH
TYJIKUH Y3YHJIMKIArd €pyFIMK HYPUHU CKaHEpiiall €plaMujia p—n Ty3uiMayiap
AIEKTPODU3UK XapaKTEPUCTUKACUHUHT TeMmreparypara OOFJIMKIUTUHU
AHUKJIALTHUHT IPUMaBTOMAT METOAM SIPATUJITAH.

12. Kyeur sHeprusici Ba HUCCUKJIUK DHEPTUACUHU Y3rapTUpruy Tanepiialil
y4yH MyJDKallJaHraH Oup BaKTHHHT Yy3uJa MOHO Ba MOJUKPUCTAT KPEMHHN
IUTATUHAJIADUHUHT Typiu KUCMJapuaa TYpJiad TUIUIAp Talepiam WMKOHWHU
oepyBun quddy3uoH KypuiiMa UIiad YHKUITaH.
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BBEJIEHUE (anHOTAUMSA TOKTOPCKOI JUCCEPTALIMHN)

AKTyaJIbHOCTb W  BOCTPe0OOBAHHOCTH TeMbl jJuccepranuu. B
CETOJHAIIHUN JEHb B MHUPE MOIYNPOBOJHUKOBBI KPEMHHUEBBIA MOJIUKPUCTAIIT
UTpaeT BaXKHYIO POJb B MHTCHCHUBHOM Pa3BUTHU OTPACIU (U3HKHU TOITYIIPOBO/L
HUKOB. B cs3W C OTHOCUTENBbHOW JEHIEBU3HOW W BBICOKOM MPOYHOCTHIO Ha



paavalMOHHbIE M3JIYYEHUS ChIPbSi B MUPE HHTEHCHBHO pa3BUBACTCA CO3/IaHHE
MOJIYTIPOBOJHUKOBBIX MPUOOPOB, COTHEYHBIX AJIEMEHTOB, a TaK)KE MHTETPaJIbHBIX
CXEM, OCHOBAaHHBIX Ha MOJIMKPUCTAJUIMYECKOM KpEeMHHE. B CBs3u C Tem, 4TO
dbu3nUecKre CBOMCTBA MOJUKPUCTALIMYECKOTO KPEMHUS, MPOSBISIOMUECS Ha
OTIPEJICTICHHBIX YCIOBUSX, 3aBUCAT OT IPAHUYHBIX 00JIACTEH MEXK3EPEHHBIX TPaHUI]
B ero oObeMe, HcCleqoBaHUS (PU3MUECKUX MPOIECCOB, MPOUCXOASAIIUX B ITOMU
oOnacTtu, SBISIETCS] OHOM M3 BAXKHEHUIIINX 3a/1a4 COBPEMEHHON (PU3UKH.

B nameii pecniyOnuke B rofbl HE3aBUCUMOCTH yAEISETCsl 0c000€ BHUMAaHUE
Ha pa3BUTHE OTpaciu (U3UKUA TOJYNPOBOJAHHMKOB, B YAaCTHOCTH, HAa CO3JJaHUE
COJIHEYHBIX JJEMEHTOB U TOJYNPOBOJAHHUKOBBIX MPUOOPOB, OCHOBAaHHBIX Ha
MOJMKPUCTAINIMYECKOM KPEMHHE, UMEIOIUX BBICOKOKAYECTBEHHBIE MOKA3aTEIN U
OTBEUAIOIIUX HAa TPEOOBAaHMSI MHUPOBBIX CTAHJAAPTOB, a TAKXKE HA HM3YyUYCHHUE HX
¢busnueckux cBoMcTB. B 31O cdepe u3ydeHnem CrnocoOOB OCHOBAaHHBIX Ha
yIPaBJICHUH (PU3MUECKUMU MPOIECCAMU, MPOUCXOIAIIMMU Ha JIByX KOHTAKTHPYIO
IIUX MEXK3EPEHHBIX TPAHUYHBIX Y4YacTKaxX MOJUKPUCTAUIMYECKOTO KPEMHHUS, a
TaKkke TMPUMEHEHWH WX Ha TMOJYINPOBOJHUKOBBIE TMPUOOPHI W COJHEYHBIC
AIIEMEHTHI, TIOCTUTAKOTCS CYLIECTBEHHBIX PE3YJIbTAaTOB B PA3BUTHUU 3TON OTPACIIH.

Co3nanue CpaBHHUTEIBHO [ICIIEBBIX C HSKOHOMHYECKONM TOYKH 3PEHUS U
CTOMKMX Ha BHEIIHUX BO3JCHCTBUS, B YAaCTHOCTH Ha TeMIepaTypbl U Ha
paaualMOHHBIX M3JyYEHUH, TMOJYNPOBOAHUKOBBIX MPUOOPOB U  COJIHEUHBIX
AIIEMEHTOB,  TOCPEJICTBOM  YAYYIICHUS  BJIEKTPUUYECKHMX UM ONTHUYECKHUX
XapaKTEPUCTUK TOJUKPUCTAITIMYECKUX KPEMHHUEBBIX IOJIYHIPOBOJHUKOB, HMEET
BaXHOE 3HaueHus. B »aToil cdepe peanuzamms 1eNeBBIX HCCICIOBAHUM, B
YaCTHOCTH, HAYYHBIX HCCIIEIOBAHUNM IO CICAYIOIIMM HAMPABICHUSIM, SIBIISIETCS
OJIHUM W3 BaXXHEHUIIUX 3a7ady: OMNpPEACICHUE MHUKPOCTPYKTYPY M NPHUMECHBIC
COCTOSIHMSI B 00JIACTH JBYX KOHTAKTHUPYIOIIMX MEXK3EPEHHBIX I'PAHMII; pa3padoTKa
COBPEMEHHBIX  METOAOB  OMNPENCIICHUS  DJIEKTPUUECKUX U ONTHUYECKUX
XapaKTEPUCTUK TMOJUKPUCTALINYECCKOTO KPEMHHS C YYeTOM €ro OOBEMHBIX
nepexkToB M (U3MYCCKUX M XHUMHYCCKHUX CBOMCTB B OOJIACTH MEK3CPEHHBIX
TPaHUIl, OIpeAesieHHe O0O0pa30BaHUS AIIEKTPOHHO-JIBIPOYHBIX TMap MPUMECHBIX
COCTOSTHUM B 0O0JaCTH MEXK3EPEHHBIX TPaHUI] B MPOILIECCE M3MEHEHHUS CBETOBBIX
Jy4erd W TeMIypaTrypbl U 3aKOHOMEPHOCTEM MX MEPEMENICHHS, a TAKKE BIUSIHUSA
uX Ha snekTpodusndeckre u (POTOAICKTPUUECKHUE CBOWCTBA pP-N — CTPYKTYP
MOJIMKPUCTAINIMYECKOTO  KPEMHHUSI;  ONPEACIICHUE BIMSHUA  JOMOJHUTEIBHO
BBEJICHHBIX MPHUMECHBIX aTOMOB Ha MHUKPOCTPYKTYPY M DJIEKTPOHHBIC CBONCTBA B
0071aCTU MEXK3EPEHHBIX TPaHUll, CO3JaHHE€ W TPOU3BOACTBO HOBOTO IMOKOJICHUS
npeoOpa3oBaTesieil YHEPTUd METOAOM KOHTPOJUPOBAHHS (PU3MUECKUX IMPOIIECCOB
B o0iactu MexX3epeHHbIX TpaHull. [lepeynciieHHbIe BBIIIE HCCICIOBAHUS
000CHOBBIBAIOT AKTYJIbHOCTh BHIOPAHHOW TEMbI JUCTEPTALIUH.
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JlaHHO€ HccepTallMOHHOE UCCIIEIOBAaHUE B ONPEICTICHHON CTEIEHH CITY>KHUT
BBITIOJTHEHUIO 3aJ1a4 nperycMoTpeHHbIX B [locranoBnenuu [Ipe3unenra
Pecny6nuku V36ekucran [111-1442 «O npuopuTeTHBIX HAIPABICHUSIX PA3BUTHS
uHayctpun Pecnyonuku Yz0ekucran Ha 2011-2015 rry» ot 15 nexabpst 2015 rona,
a TaKk)Xe IPyruX HOPMATUBHO-IIPABOBBIX JOKYMEHTAX, IPUHATHIX B JAaHHOU cdepe.



CooTBeTCTBHE  MCCJENOBAHWSI  NPUOPUTETHLIM  HANPABJIEHUAM
Pa3BUTHA HAYKM M TexHoJoruii PecmyOnmku Y30ekucran. [luccepramnus
BBITIOJTHEHA B paMKaX MPUOPUTETHBIX HAIIPABICHUHN Pa3BUTHS HAYKW U TEXHOJIOTHI
PecniyOnuku  V30ekucran III.  «DHepretuka, sHepropecypc coepexeHue,
TPaHCIOPT, MAILIMHO- U TPUOOPOCTPOCHUE; PA3BUTUE COBPEMEHHOM 3JIEKTPOHUKH,
MUKPOIJICKTPOHUKH, (POTOHUKH, HIIEKTPOHHOTO MPUOOPOCTPOCHHUS .

00630p 3apy0e:KHBIX HAYUHBIX HCCJCI0BAHUI MO TeMe auccepranum . B
HACTOSIIIIEE BpeMsl B BEAYIIMX MHPOBBIX HAydHO HCCIEAOBATENbCKUX IIEHTpax,
MHCTUTYyTaX W YHUBEpPCHUTETax, B ToM umcie, Sandia National Laboratories (New
Mexico), Tohoku University (SAmonusi), University of Z'ilina (Slovakia),
Northeastern University (China), Wacker Chemie u SiTec Applied Ressearch
(I'epmanus), OCI (FOxnas Kopest), Hemlock Semiconductor Corporation (CIIA),
SunEdison inc. (CILHA), University Stuttgart (I'epmanusi), B MOCKOBCKOM
rOCyJapCTBEHHOM yHHBepcuTeTe, B WHCTUTYTe (GUBMKH MOIYIPOBOIHUKOB
(Poccust) mpoBomATCS W3BICKaHHS TIO0 Pa3pabOTKEe HOBBIX TEXHOJOTHH TMOTyYCHUS
MNOJTUKPUCTAITUIECKOTO KpPEMHUS, MPEeIHA3HAYeHHOTO s (OTOIHEPTETUKH U
MUKPO3JIEKTPOHUKH.

Ha mupoBoM ypoBHE B 001aCTH M3y4EeHHS] MUKPOCTPYKTYPBI M MPUMECHBIX
COCTOSIHUM MEX3EpPEHHBIX TPAHUIl B MOJIUKPUCTAIUIMYECKOM KPEMHHUU TMOIYUYECHBI
P HOBBIX HAy4HBIX pE3yJbTaTOB, B TOM 4HCIE, OIpeNeieHbl aTOMapHbBIE
CTPYKTYpPHl OONaCTH MEXK3EPEeHHBIX TPaHHUIl, YCTAaHOBJIEHBI 3aKOHOMEPHOCTHU
3aBUCHUMOCTH CYMMapHOTO yAEIbHOTO CONMPOTHUBIICHUS OT YACIBHOTO CONPOTHBRIIE
HUS 3€pHA W MEX3EPCHHBIX TPAHUIl, U UX BIUSHHUE HA IICKTPOPU3UUECKUE U
dboTosnekTpuueckre cBoictBa p-n — cTpykTyp (Tohoku University, Snonus,
University Stuttgart, ['epmanusi), u3ydeHsl mpouecchl cerperauuu U aupdysun B
MOJIMKPUCTATHYCCKOM KpemMHuU (HarumoHanbHBIA TEXHUYECKUN yHUBEPCUTET
VYkpauHsl), a Takke pa3padoTaHbl pa3Hble MOJIENN MeX3epeHHbIX Tpanull (General
Electric Research Laboratory, New York, Sandia National Laboratories, USA u
HUU monexynspHoii anektponuku u 3asoa « MUKPOH», Poccus).

B mnactosmiee Bpems BeAyTCS TEOPETHUECKHE U IKCIIEPUMEHTATbHbBIC
HAyYHO-HUCCIIEOBATEILCKHE PAOOTHI MO M3YYCHHUIO MEX3EPEHHBIX T'PAHUI], B TOM
qHclie, MO CJCAYIOIIUM TICPCIIEKTUBHBIM HANpPaBICHUSAM KaK HCCIICIOBaHHEC
TOPU30HTAILHOW M BEPTUKAIBLHON CTPYKTYpPhI MEK3EPEHHBIX TPAHUI] U TPOIleccaM
nepeHoca 3apsijia B HHUX, [0 TACCHBAIMM PEKOMOMHAIIMOHHBIX IIEHTPOB U
OTIPEICTICHUIO BBICOTHI MOTEHIIMATLHOTO Oapbepa, 1o AudGy3nOHHBIM Tpolieccam
B MEK3EPEHHBIX TPAaHUIIAX.

°0630p MeXTyHAPOIHBIX HAYUHBIX HCCIIEOBAHHIA IO TeMe JMCCEpTaIiy IpoBeaeH Ha ocHoBe JK. Annual Review of
Materials Science, Vol. 15: 271-302 August 1985; Lecture on Grain Boundary & Interface Engineering at
Department of Materials Engineering, IISc, (No.2) (18, November, 2015, Bangalore, India),
j._mullerova_s. jur english.pdf. u gpyrux uCTOUHMKOB.
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Crenens wu3y4eHHOCTH mnpodJembl. B Hacrosmee Bpems BeAyIMMH
YYCHBIMH MHpa MPOBEJAEHBI UCCIEAOBAHUS CBOMCTB MOJHM-S1 B TOM YHCIIE, MUKPO
CTPYKTYpPbl M INPUMECHBIX COCTOSHHUM MEX3EPEHHBIX T'PAaHHI, U UX BIUSAHHS Ha
npouecc rnepenoca 3apsana. Hanpumep, P.Po3zenxaitmanom, K.Xaprpuszom u p.



UCCJIEIOBaHbl MHUKPOCTPYKTypa Mex3epeHHbIX rpanuil. B.M. Johnson, W.K.
Schubert, V.Iglesias wuccnemoBanu 3apsa0BbIe COCTOSHMS, a WX BIUSHHUE Ha
NepeHoc HocuTenen 3apsaa uzydeno Ryousuke Matsubara, Emi Machida. Mogenu
JUISL OOBSICHEHHUS AJICKTPUYECKUX CBOMCTB monu-Si npemtoxuin J.Y.W. Seto, B.A.
I'pugunn, B.M. Jlrobumckuii, Masaki Takihara, Takuji Takahashi. B nHacrtosmee
Bpems Karem Boubaker, Sang Mi Cho, Kyle Preston, K.Amal, K.Ro, O.0.Tiiziin n
JIpyrue  TPOBOASIT  MOJHOMACHITAOHBIE  HUCCIEAOBAHUS 1O  YBEJIWYCHUIO
3(h(HEKTUBHOCTH COJTHEYHBIX 3JIEMEHTOB W TMOJYIMPOBOAHUKOBBIX MPUOOPOB Ha
MOJIMKPUCTAIIITUYECKON OCHOBE.

Vuyennie  Y30exkucrana, B  yacTtHoctH, akagemMuku  M.C.Caunjgos,
P.A.Mymunos, npodeccopa A.C. Camnos, A.B. Kapumos, P.V. AnueB nposenu
WCCJICIOBAHUS 10 TTOBBIMICHUIO 3(P(EKTUBHOCTH TIOTYTPOBOTHUKOBBIX PUOOPOB U
COJIHEYHBIX D3JIEMEHTOB Ha OCHOBE MOJHUKpUCTaUIMYecKoro KpemHus. Ilof
pykoBoactBoM  akamemuka M.C. CaumgoBa  mpoOBeINEHBI  MCCIEIOBaHUS
ANEKTPOPU3NYECKUX U  (POTOINEKTPUUYECKUX XAPAKTEPUCTHK MONH-Si  p-n—
CTpyKTyp. B pesymbrate  ucciemoBaHMA  OOHApPYXXEHBI  TPUMECHBIC
TersioBoapTandeckue dpPextel u mpemiokeHa ux kinaccudukanua. I[log
pykoBozacTBoM Tipodeccopa P.Y. AnueBa mpoBoasTcs pabOThI O MCHOIB30BAHUIO
MOJIMKPUCTAINIMYECKUX KPEMHHUEBBIX P-N—CTPYKTYp B COJIHEUHBIX Oarapesx u
pa3paboTaHO HECKOJIBKO MEPCTIEKTUBHBIX KOHCTPYKITHH.

N3 U3710KEHHOro BBINIE CJIEAYET, 4YTO NPOBEIECHUE HCCIEAOBAHUA TI0
U3YUYCHUIO BIMSHUS MHUKPOCTPYKTYPbl U MPUMECHBIX COCTOSHUN MEX3EPEHHBIX
TpaHUIl Ha TMEPEHOC HOCHUTENeH 3apsjga B MOJUKPUCTAUIMYECKOM KpPEMHUU,
yCJIOBHA 00pa3oBaHMs 3JICKTPOHHO-IBIPOYHBIX IMAp HAa MPUMECHBIX COCTOSHUSIX
Opyu W3MCHEHHH TEeMIEparypbl, W WX BIUSHUS Ha DSIEKTPOPU3UYECKUE U
(bOTOANEKTPUUECKUE CBOMCTBA  p-n—Iepexojia; BIUSHHE  JOMOTHUTEIbHBIX
JETUPYIOIIMX TMPUMECe Ha MHUKPOCTPYKTYpPY U DJIEKTPOHHBIE CBOMCTBA
MEK3EpPEHHBIX TPaHUIl; 00pa30BaHUE AJIEKTPOHHO-JBIPOYHBIX Map HA MPUMECHBIX
COCTOSIHUSIX WJIM PEKOMOWHAIIMOHHBIX IEHTPax, 00pa30BaHHBIX MPHU BO3JACHCTBUU
o0iyueHus DdJEKTPOHAMHU WJIM HWOHHOW WMIUIAHTAIlMM, W WX BIUSHUE Ha
anekTpopusnyeckne U (HOTOIIEKTPUYECKUE CBOWCTBA  P-N—TIEPEXOJOB B
MOJIMKPUCTAINIMYECKUX CTPYKTypaxX akTyaJlbHO W HMEET HayYHO-MPAKTHYECKOE
3HAuYCHHUE.

CBsi3b TEMBbI IUCCEPTANUM ¢ HAYYHBIMH UCCJIETOBAHUAMHU HAYYHO
HCCJIeI0BATEIbCKOM OPraHu3alum, I1e BbINOJHEHA IUcCepTalMOHHAs
padora. /[uccepTalimoHHOE UCCIEAOBAHUE BBIMIOJHEHO B AHANKAHCKOM
TOCYJIapCTBEHHOM YHUBEPCUTETE B paMKax IIaHOBBIX OromKkeTHBIX U X/1 HUOKP,
nanpumep, HUP no mpoexry: [1-18.52 «Pa3paboTka u ocBoOeHHE TEXHOIOTUU
MOJTY4YECHHUS KPEMHHUEBBIX MJIACTUH JISI COJIHEUHBIX 371eMeHTOB» 2003-2007 rT.; ©
2-28 «IloBepxHOCTHBIE U OOBEMHBIE KBAHTOBO-pa3MepHbIE 3(D(PEKTHI B
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ANEKTPOPU3NUECKUX CBONCTB MOJUKPUCTAIIINYECKOTO KPEMHUS U
(OTOANEKTPUUECKUX XaPAKTEPUCTUK P-N—CTPYKTYP HA KX OCHOBE OT MPUMECHBIX
COCTOSTHUH, TOKAJIM30BaHHBIX B 001aCTH MEXK3EPEHHBIX TPAHUI] U 00BEMHBIX
nedekrax.

B cooTBeTcTBUM € TOCTAHOBIECHHOM 11€J1bI0 HEOOXOIUMO OBLIO PEIIUTh
CJIeIyIOIre 3a]a4m:

U3yUYUTh MUKPOCTPYKTYPY U MOP(OJIOTHIO MEK3EPEHHBIX TPaHUL] MOIH-S1,
MOJIyYEHHOTO JBYMsI METOAAMHU JINThSI © METOAOM MOPOUIKOBOM TEXHOJIOTUH, a
TaK)K€ BBISICHUTh MEXaHU3Mbl 00pa30BaHUsl 1e()EKTOB U MPUMECHBIX COCTOSHUHN B
o0acTu MeX3EpEHHbBIX IPAHMUIL B ITPOLIECCE CErPEralu MPUMECei;

ONPENEIUTh BIUSIHUE MUKPOCTPYKTYPBI U MPUMECHBIX COCTOSTHUN B 00JaCTH
MEX3EPEHHBIX TPAHUI] U OOBEMHBIX JI€(EKTOB B MOJU-S1 HA MEPEHOC HOCUTEIEH
3apsiia B untepBasie remneparyp ~300+800K;

U3yUYUTh MPOIECCHl aACOPOLMU U OeCOPOIUMU aTOMOB IIEIOYHBIX METAJIOB
(Li, Na, K, Cs), u ux BIMSHUS Ha MUKPOCTPYKTYPY M DJIEKTPOHHBIE CBOMCTBa
MEX3EpEHHBIX TPaHUL;

OMPENEIUTh BIUSIHUE IPUMECHBIX COCTOSIHUI B 00JIACTH MEK3EPEHHBIX
IpaHull ¥ 00beMHBIX Je(EKTOB B MOIHU-S1 HA ANIEKTPOPU3NIECKUEC U
(doTo3IEeKTpHUUECKUE CBOWCTBA P-N—CTPYKTYP B HHTEPBAJIE TEMIIEPATyp
~300+800K;

UCCIIEZIOBATh BIUSHUE PEKOMOMHAIIMOHHBIX IIEHTPOB, OOpa30BaHHBIX MpPH
JMEKTpOHHOM oOmydenun (3Heprus, E~1 MbdB; moza, D~10"” cm?), mHa
anekTpopusndeckne U (OTOIEKTPUUECKUE XAPAKTEPUCTUKUA P-N-CTPYKTYp B
untepaiie remneparyp ~300+500K;

UCCIIEJIOBATh  BIMSHUE PEKOMOMHAIMOHHBIX LIEHTPOB U MPUMECHBIX
COCTOSIHMM, OOpa3oBaHHBIX B TIPOLIECCE JIETUPOBAHUS aTOMaMM HICJIOYHBIX
metaiioB (dHeprus, E~30 3B; nosa, D~10" cm?), Ha AIIEKTPpODHU3NIECKHUE U
(OTOANEKTPUUECKHUE XapaKTEPUCTUKU MOHO-SI p-n — CTPYKTYp B HHTEpBaJe
temneparyp ~300+500K;

pa3paboTarb W YCOBEPIICHCTBOBaTh W3BECTHBIE METOABI HCCICIOBAHUS
IPUMECHBIX COCTOSTHUI B 00JIACTU MEK3EPEHHBIX I'PaHMIL, a TAK)KE WX BIUSHUS Ha
anekTpodusznyeckre u GoToIEKTPUIECKUE CBOMCTBA P-N — CTPYKTYP.

O0beKTOM HMccJIe0BAHMS SABIIIOTCS NOJUKPUCTAIUINYECKUN KPEMHUN U P
N — CTPYKTYPBI Ha €r0 OCHOBE.

IIpenmerom  HccieqoBaHusi  SIBISIIOTCS  IpOLECCHl  0Opa30BaHUS
AIIEKTPOHHO-IBIPOYHBIX TIAP C y4acTHEM NPUMECHBIX COCTOSIHUN U J1Ie(EeKTOB B
obnacTtu MEX3EpEHHbIX I'paHuIl, 3aKOHOMEPHOCTH dbopMupoBaHus
(OTONEKTPUIECKUX XapAKTEPUCTHK.

Metoabpl  ucciaenoBaHus. B pabore npuMEHEHbI ~ KOMILUIEKCHBIC
UH(GOpPMATUBHBIE METOABl SKCIEPUMEHTAIbHON (DM3UKHU: PEHTTEHOCIEKTPaIbHBIN
MUKPO30HIOBBIM aHAIIN3, 3JEKTPOPU3NUECKUE U (OTOITEKTPUIECCKUE
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o0yuyeHure, MpUeMbl MOPOIIKOBON METaTyPrUu.

Hayynasi HOBH3HA HCCJIeIOBAHMS 3aKJIIOYAETCA B CIEAYIONIEM:
000CHOBaHO, 4TO 0Opa30BaHUE IEPOXOBATOM MOBEPXHOCTU N300MITYIOMIEH
BBICTYIIaMH 1 MUKPOITYCTOTaMH B 00JIACTH MEX3EPEHHBIX TPaHUI] 00yCIOBICHO
HEpaBHOMEPHBIM paclipesie]ieHle npumeceil B 00beme 3epHa; a UMEHHO,
MOBBIIICHUEM KOHIEHTPAIMU KaXKI0M U3 3TUX MPUMECEH OT IIEHTpa K Kparo 3epHa.
BBISIBJIEHO, YTO IIMPUHA OOBEIMHEHHOTO CJI0S IByX KOHTAKTUPYIOIINX 3€pEH
COCTABJIACT MOPSAIKAa HAHOMETPOB, TJ€ YCTAaHOBIIEH (haKT HOHHU3AIIH
JIOKaJIM30BaHHBIX JIOBYLIEK B IIPOLIECCE U3MEHEHUS TEMIIEPATYPHI C YUETOM
SHEPTrUH UOHU30BAHHBIX JIOBYIIIEK, KOTOPbIE MPUBOAST K U3BMEHEHHUIO BBICOTHI
NOTEHLMAIBHOTO Oapbepa B npeaenax ~0,3+0,9 3B, a Takxke K yMEHbIICHUIO
KOHIIEHTPALIMU HOCUTEIIEH 3apsia;

pa3paboTaHa MHOTOCJIOMHAs MOJENb CThIKAa JBYX KOHTAKTHPYIOLIUX 3€PEH U
HKBUBAJICHTHAS JEKTPUYECKAsl CXeMa IMO3BOJISIONIAsl OMPENEIUTh EKTPUUECKUE
CBOMCTBA MEX3EPEHHBIX IPAHHLI;

0oOHapy>KeHBbI SIBJICHUS aJCOPOIUU U 1eCOPOIMU B 00JIACTH MEK3EPEHHBIX
TPaHMILI;

YCTAaHOBJIEHBI 3AKOHOMEPHOCTH MPOSIBICHUS IPUMECHOTO
TEIJIOBOJIBTANYECKOTO U TEIJI0OPOTOBOJIBTANYECKIO 3(PPEKTOB B OTHOPOIHOM
NoJIM-S1 U p-n — CTPYKTYpax Ha €ro OCHOBE, a TAK)KE€ B MOHO-S1 € P-n — MEPEX0I0M
00yCIIOBJIEHHBIE C 00Pa30BAHUEM JIEKTPOHHO-IBIPOYHBIX Map C yYaCTHEM
[TyOOKHX MPUMECHBIX COCTOSIHUIA;

IpeIoKeHa MOJIENIb 00pa30BaHus pP-n — Iepexosia B 001acTi MeXK3EPEHHBIX
I'paHHUIL.

IIpakTH4yeckne pe3yabTaThbl HCCIAEI0BAHMSA 3aKIIIOYAIOTCS B CIEIYIOLIEM:
pa3paboTaHbl TEXHOJIIOTUH MTOTyUEHHUS OMU-S1 TUIACTHUH AJIs1 COTHEUHBIX
3JIEMEHTOB Ha OCHOBE MOPOIIKOBOM MeTaiutypruu. [lomyuens! monu-Si oOpasisl ¢
tomuuHou 250+400 MKkM u ¢ pazmepoM >150 mm;

OTpe/ieNieHbl YCIOBUS MPOXOXKACHUS JecOopOLrU U aJcopOIUN NpUMECH B
007aCT MEX3E€pPEHHBIX TPAHUI] U TEXHOJIOTMYECKHE PEKHUMbI MOITYYEHHUS p-n —
NIEPEXOJI0B HA OCHOBE YKa3aHHBIX SIBJICHHH, & TAKXKE MOIYYEHO P-N — CTPYKTYP IS
JIENIeBBIX CONMHEUHbIX 37eMeHTOB, KIIJ[ xoTopbix 6e3 MpoCBETICHUS COCTAaBISET
~7 %.

paspaboranbl u co3daHbl  Aub@dy3MOHHAS YCTaHOBKA, IMO3BOJISIONIAS
OJIHOBPEMEHHO HM3TOTABJIMBATh B PA3JIMUHBIX YACTSIX MOJU-S1 U MOHO-S1 TUIACTUH
Pa3HOTHITHOM 00J1aCTH;

pa3paboTaHbl  TEXHOJIOTMYECKHE  PEXHMBl  MOMYyYEHHUS  MPUMECHBIX
TEIJIOBOJBTAMYECKUX U  TEIIO(POTOBOJNIBTAUYECKUX HPGPEKTOB s CO3AaHUS
HOBBIX aJIFTEPHATUBHBIX MCTOYHUKOB HSHEPrUM HA OCHOBE MOIU-S1 U MOHO-SI
IJIACTHH.

JlocTOBepHOCTH pe3yJibTaToB HCCJIeI0BAHUI MOJITBEPKAAETCS
NPUMEHEHUEM  COBPEMEHHBIX  HAy4YHBIX M  TEXHOJOTMYECKHMX  METOJOB,
CTaHJAPTHBIX U apOOUPOBAHHBIX METOIUK KOHTPOJIS MapaMeTPOB U
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MOJATBEPKAAIOTHCS  HA  (U3MYECKUX  NPEJCTABICHUAX, OCHOBAaHHBIX Ha
TEOPETUUECKUX U IKCIIEPUMEHTAIbHBIX JAHHBIX.

Hayynass W npakTnyeckass 3HAYMMOCTH Pe3yJIbTATOB HCCJIe0OBAHUS.
HayuyHass 3HauMMOCTh PE3yJbTAaTOB HMCCIEIOBAaHUS 3aKIIIOYAETCS B TOM, YTO OHHU
MO3BOJISIIOT OOBSICHUT MUKPOCTPYKTYpa U 3JIEKTPOHHBIE COCTOSTHUM MEX3EPEHHBIX
I'PaHUIl MOJUKPUCTAINYECKOTO KPEMHUSI U TPOSIBICHUSX SBJICHUM aacopOluu U
JIeCOpOIUH.

[IpakTuueckasi 3HAYMMOCTh PE3YJABTATOB MCCIEAOBAHUS 3aKII0YACTCS B TOM,
4yTO0 paszpaboranbl 1uddy3noHHasT YCTaHOBKA W METObI MOJYyUYEHHUsI HOBBIX BHUJOB
MOJIYIPOBOJAHUKOBBIX ~ CTPYKTYp Uil ¢oTrompeoOpa3zoBaTesieii Ha  OCHOBE
MOJIMKPUCTAIIINYECKOTO KPEMHUS C UCIIOJIb30BAHUEM MOPOIIKOBON TEXHOJIOTUU.

BHenpenne pe3yabTaroB ucciaenoBaHus. Ha ocHOBe pe3ynbTaroB
U3YUYEHUS] MHUKPOCTPYKTYpPBI, 3apsSOBBIX COCTOSHHM, pP-n  — MEPEXOA0B H
AJIEKTPOHHBIX MPOLECCOB B MEX3EPEHHBIX T'PAHULAX B IOJIMKPUCTATINYECKOM
KPEMHHUH:

0 MPOBEACHUIO Tpolecca MUPPy3un JETUPYOMUX NpUMEced B KPUCTaII
KpPEMHHUSI 00pa3yroIIMX 3JIEKTPOHHBIA M JBIPOYHBIM MPOBOAMMOCTH TMOJIyYEH
naTeHT Ha wu3zoOpereHue no MHTenekryanbHON coOcTBeHHOCTH PecmyOnuku
V30ekucran «Juddysmonnas ycranoskay (Ne IAP 04767, 23.09.2013).
Hcnons3oBanue pazpadotanHoi nud@y3MOHHOM YCTAaHOBKHM TMO3BOJIMIIO MOTYUYUTh
B €JMHOM IPOIIECCE PA3HOTUIIHBIM U U30TUITHBIE IEPEXObI B KPUCTAIIE KPEMHUS;

[0 CO3/IaHMIO ITpeoOpa3zoBaTessl TeroBoM sHeprur CONHEYHOrO U3ITy4YEeHUS
B DJIEKTPUYECKYIO IIOJyuYe€H DIaTeHT Ha wu3o0pereHue no HHrenexTyanbHOU
cooctBeHHocTH Pecnyonmuku Y3oekucran: «IIpeoOGpazoBarens sneprum» (Ne [AP
04855, 05.12.2013). Hcnonb3oBanue pa3paboOTaHHOrO MpeoOpa3oBaTeis YHEPruu
HA OCHOBE HEMOHOKPHUCTANIMYECKOTO KpPEMHHUS C TIYOOKMMH YpPOBHSIMHU
no3BoyisieT moiayuuTh Ha 10% OonbmMil (POTOTOK MO CPaBHEHUIO C HU3BECTHHIM
aHaJIOrOM C MaJIOW TOJIIIIMHON 0a30BOM 00JIaCTH.

[Tony4yeHHsie pe3yiabTaTbl [0 MEXaHU3MaM IMPOSIBICHHUS] TMPUMECHOTO
TEIUIOBOJIETAUYECKOTO M TEeTIO(POTOBOIBTANYECKOTO 3(h(PEKTOB, KOTOPHIE BIEPBHIC
oOHapyXeHbl TIPU HCCIENOBAaHUU CTPYKTYp C p-n — MepexofJamMH Ha OCHOBE
MOJIMKPUCTAINTMYECKOTO KPEeMHUSI W pa3paboTaHHasT METOJWKA TOJyYEHHUs
NOJIMKPUCTAINIMYECKUX TUIACTUH KPEMHHUS HAa OCHOBE MOPOLIKOBOM METAJTypruu
UCTIOb30BaHbl Ha poekTax P3—-DA-D158 «IIpomeccs mpeoOpa3zoBaHus IHEPTUU
B CHUCTEMax HAa OCHOBE OpPraHMYECKHMX WM HEOPraHMYECKUX TIPaHyJINPOBAHHBIX
MOJIYIIPOBOJAHUKOB C MPUMECHBIMH HEOAHOPOIHOCTSIMU MaJloro pasmepa», OT—
©2-002 «CTuMyIMpOBaHHBIE HEPABHOBECHBIE IMPOLECCHI NEPEHOCA 3apsia B
NOJMUKpUCTAIIE, aMopde U HAHOKPUCTAIUIE» JUIS OIpENeICHHs  SBICHHUS
aacopOLUMu U JecopOuuu B OOJACTH MEXK3EPEHHBIX T'PAHUI] U TEXHOJOTUYECKUX
pexuMoB nonydeHusi p-n — nepexogos (CrnpaBka ®TK-03-13/677 Komurera mo
KOODJAMHALIMM Pa3BUTUS HAyKW W TexHoiorui PecmyOnmuku VY30ekucrtan ot
10.10.2016). Hcnnp3oBaHWE HAyYHBIX pPE3YJAbTAaTOB IMO3BOJIWIO ONPEIETUTH
IPOLIECCHI N3MEHEHUS PHEPTUU B CHCTEMAX HA OCHOBE OPraHUYECKHUX U
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HEOPTraHWYECKUX IPAHYIUPOBAHHBIX MOIYITPOBOIHUKOB, a TAKXKE, MPOIIECCHI
nepeHoca 3apsja B NoJUKpUcCTallie, amopde U HaHOKpUCTaJlIe. Anpodanus
pe3yJIbTATOB UCCAeN0BAHUA. Pe3ynbTarhl Ucciaea0oBaHUN ObUIbI 00CYXeHbI Ha 21
MEXIYHAPOIHBIX U PECIyOTUKAHCKUX KOH(EPEHIUSIX B BUJE IOKJIAJA0B U MPOILIN
anmpoOarnuto. B yactHocTu 1o Temam: "AKTyallbHble TIPOOJIEMbl COBPEMEHOM
busuku" (Tepmes, 2002); «Kpemuuii-2003» (Mocksa, 2003); “The
3-Uzbek-Korean International Symposium on Quantum-Functional Materials and
Devices 2004 (Tashkent, 2004); «PocT, cBoiiCTBa U IPUMEHEHUE KPHUCTAIIOB)»
(Hykyc, 2005, Aunmxkan, 2008); «1000 net akanemun MabmyHna» (Xusa, 2000);
«[IpoGneMb! aIbTEpHATUBHOM SHEPTEeTUKU U dHeprocHabkeHus» (HamanraH,
2007); «CoBpeMeHHBIE TPOOIeMbl PU3UKH U TIPETIOIaBaHNe (HU3HKUY
(Camapxkang, 2009); «CoBpeMeHHbIe TPOOIEMbI (DU3UKH TTOTYTTPOBOTHUKOBY
(Hykyc, 2011); «Axrtyanbnbie mpoOieMbl Gu3ndeckuii 31eKTpoHuKmn» (2012,
Tamkenr); «Kpemunii-2014» (Upkytck, 2014); «DyHaameHTaIbHbIE U
npukiagaeie Bonpockl pusnukm» (Tamkent, 2014); «AxTyaabHbie TPOOIEMBI
¢busuku nmomynpoBogHukoBy (Tamkent, 2014), « TexHonorus u ¢pusnka
HAHOYACTHIl, MUKPOXJIEKTpOHMKa» (AnauxkaH, 2015).

Ony01mKkoBaHHOCTHL pe3yiabTaroB. [lo Teme nucceprauuu omyOIMKOBaHO
44 nayunbie pa0OoThl, U3 HUX 20 cTaTeil B *KypHajlax peKOMEHJOBaHHBIX Briciei
arTecTallMOHHOW Komuccued PecnyOmukm — Y30ekuctan s MyOnuKauuu
OCHOBHBIX HAyuYHBIX pe3yJbTaTOB JOKTOPCKUX Jucceprauuii, 1 MoHorpadus,
MOJIy4€HO 2 MaTeHTa Ha U300peTeHUSI.

Crpykrypa un 00b€M padoThl. [{uccepraius COCTOUT U3 BBEJCHUS, MISATU
I71aB, 3aKJIIOUEHUS U CIHCKA MCIIONB30BAHHOM INTEPaTyphl. TEKCT quccepTanun
cocToUT U3 198 MalIMHOMMCHBIX CTPAHUII.
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OCHOBHOE COJEPKAHME JUCCEPTALIMU

Bo BBegeHmu 00OCHOBaHBI aKTyaJbHOCTh M BOCTPEOOBAHHOCTH TEMBI
JUCCepTalliy, OIpeesieHa CBsI3b HCCIEAOBAHUI C OCHOBHBIMU MPUOPHUTETHBHIMU
HANpPaBJICHUSIMU Pa3BUTHs HAyKH M TEXHOJIOTHI B peciyOiauke, MpUuBeAeHbl 0030p
MEXAYHAPOJIHBIX HAy4YHbIX MCCJIEIOBAHUNA 10 TEME JUCCEepPTalUHU, CTENEHb
U3YyYEHHOCTH TNpoOieMbl, chOpMYyIHpPOBaHbl LENb U 3aJaud, BBISBICHBI OOBEKT,
npeAMET U METOAbl HCCIEIOBAHMS, W3JIOKEHA HAy4yHas HOBM3HA HMCCJIEAOBaHUSA,
000CHOBaHa JOCTOBEPHOCTh MOJYYEHHBIX PE3YJIbTAaTOB, PACKPHITA UX TEOPETUUYEC
Kasg MU MpaKkTh4YecKas 3HaYMMOCTb, MPUBEICHbI KPAaTKUE CBEICHUS O BHEIPEHUU
PEe3yJbTaToOB U arpobanuu padoThl, a TAKXkKe 00 00bEME U CTPYKTYpe TUCCEPTAIUH.

B nepBoii maBe «CocTrosiHMe MNPOOIeMbl M TEHACHUMH YJIyYIIeHUS
(PYHKUMOHAJILHBIN XapaKTePUCTUK MOJIU-Si M MeK3epeHHbIX I'PaHUIl B €ro
o0beMe» AaHAIU3UPYETCS COCTOSTHUE TPOONEeMbl M TEHACHLUHMH YIYyYIICHHS
(YHKIMOHATBHBIA XapaKTEPUCTHUK MONIU-S1 U MEX3EPEHHBIX TPAHHULL B €r0 00beMe
Ha OCHOBE JIMTEPATYPHBIX AAHHBIX IO COCTOSHUIO MPOOJIEMBI U I€TAIBHO OMUCAHBI
U3BECTHBIE TIPEJICTABICHUS O MHKPOCTPYKTYpE U 3JIEKTPOHHBIX CBOMCTBAaX
MEX3EpEHHbIX TpaHull, MX BIUAHHE HA O3JIEKTPOPU3UUYECKHE U ONTHYECKUE
cBoiicTBa moyK-Si. OmnucaHbl BapUAHTHl MCIOJB30BAHMSI TaKUX CTPYKTYp B
MUKPO3JIEKTPOHUKE U (POTOPHEPIeTUKE, a TaKKe Pe3ylbTaTbl MCCIEIOBAHUNA I10
TEOPETUYECKOMY  OOBSCHEHMIO U DKCHEPUMEHTAJIbHOMY  OOHAPYXEHUIO
NPUMECHBIX TEIUIOBOJIBTAMUECKUX UM TMPUMECHBIX TEMI0(POTOBOIBTANYECKUX
sbpdexkroB. Ha  ocHOBe  aHaiM3a ~ HMMEIOIIUXCS  TEOPETHUECKUX |
IKCIEPUMEHTAJIbHBIX TaHHBIX C(HOPMYTUPOBAaHA TOCTAHOBKA 3a/1a4H.

Bo BTOpoil maBe «IJKCHEPHUMEHTAJbHbIC U TeOpPeTHYeCKHe W MeTOAbI
HCCJIEIOBAHUS) OINKMCAHbl XapaKTEPUCTUKH U CYUIHOCTh MCIOJb30BAHHBIX
MEeTOJI0B. B KauecTBE OCHOBHBIX MCXOJHBIX HCCIEIYEMBIX MaTepHUaiOB BbIOpaHbI
o0Opasipl p-TUMa MPOBOAUMOCTH, C P~1Om'cm, TOMy4YeHHBIE ABYMSI METOJaMHU
MUTBA', a TaKkKe METOJIOM IOPOIIKOBOW MeTalTyprud. KaxmoMmy U3 BHIOB
00pa310B MPUCBOCHBI YCIOBHbIE HA3BaHUS, HAIPUMED, Il 0OPA3LOB IMOITYYECHHBIX
u3 nutoro monu-Si upmbl Wacker — «Wacker»; mns o0pa3iioB w3 BTOPUYHOTO
JUTOTO TONU-S1 — <«JIMTOM» W HAaKOHEL, JJs o0pa3loB, MOJIYYEHHBIX [0
MIOPOIIKOBOM TEXHOJIOTMU — «IIOPOILIKOBBIM». /[ MCClnenoBaHUs MUKPOCTPYKTY
PBI MEXK3EPEHHBIX I'PAHUIL] HCIIOIB30BAJICS PEHTTEHO-CIEKTPATbHBI MUKPO30HI0
BbI aHanu3. JIns OUEHKH BIUSHUA TEMIleparypbl Ha 3JIEKTPOPU3NYECKUE
CBOMCTBA HMCHOJIb30BaH MOJICPHU3MPOBAHHBIN YETHIPEX30HA0BbIN U Ban-gep-Ilay
METO/bl M METOJIMKa, OCHOBaHHbIE Ha 3(dekre Xosta. M3MmepeHus yaeabHOro
conpoTuBieHus: (P), MOABMMKHOCTH (L) M KOHIIEHTpauuu (n) HOCUTENEH 3apsiia
MPOBOJIMIINCH, Kak Npu noBbimieHnd temneparypsl oT 300 K no 800 K, tak u Ha
sTane ee TMoHwkKeHus. s O0OBSCHEHMS] TOMYYEHHBIX pe3yJIbTaToB Oblia
HCIOJIB30BaHA MOJIETh TEPMODIEKTPOHHOM dvuccun' . [IpuHINMIATBHAS HOBH3HA

10A6£lyanMaHOB B.M., Auunos T.X., KageipoB A.JL., u ap. // Tennorexuuka, 1992, Ne4. C.8-14; Caumos M.C.,
Bunsnos P.P.,, Myxamanues P.O., Yupsa B.I1./Tenmuorexuuka. 1987, Ne 6. C. 18-20.

"TMomnkpucranmdeckne momynposonaukn. dusndeckue cBoiictsa u npumeHenns: Iep. C anr. //Tlox pen. XapOek
I M., «Mup». 1989.
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MOJIX0/Ia, 3aKJII0YAETCS B y4eTe€ B paMKax MOJACIH TEPMOIICKTPOHHOU SMUCCUU
NPUHLIUNHUATBHBIX U3MEHEHHUN YCIOBUHU s TOKa (J), KOTOPbIE BO3HHUKAIOT IPU
3aXBareé W OMHCCHM 3apsijia Ha JIOBYIIKaX, W pabdoTa C MOJCIbI0 B JTaHHBIX
ycnoBusx (puc.l). Hampumep, mokazaHo, 4TO KOTJa KOJMYECTBO 3aXBaTOB 3apsijl
OoJIbIIIe, YEM 3MHUCCHS, YBEIUUHNBAIOTCS BBHICOTHI MOTEHIIMAIBHOTO Oaphepa (0¢), u
3apsii JBUTAETCS MO YPOBHSIM JIOBYIICK BIOJIb IPAHUIIBI ABYX KOHTAKTHUPYIOIIUX
3€peH, TO UJET POCT MOJHON MPOBOAUMOCTH JOBYIIEK (V). YcIoBHO 0003HAYNM
ATO HAIpaBIIEHUE TOKa J 3HAKOM «MHUHYC». Ecim e sMuccHs npeBaiupyeT Hal
3aXBaToOM, TO 3apsj] JBHXKETCS B MPOTUBOMOJOXKHOM HalpaBleHUH, Y, U
O¢manaroT, a COOTBETCTBYIOIIMH TOK MPHU 3TOM MOXKHO OOO3HAYUTh 3HAKOM
«IUTEOC». DTH HOBBIE JJIEMEHTHI, BHOCHUMBIE B MOJEIb, JalOT BO3MOXKHOCTh

L. : IEPHO
Ve =y THKH.

Puc.1. 3onnas nnarpamma
MesK3epeHHBbIX TPAHUIL M ero
YIPOIIEHHAs cXeMa

Pa3paboTaHo M HCIONB30BAHA HOBAsS MOAMMHKAINS METONA JTETHPOBAHMS
JUISL OIpEeJIesIeHHs Tpoliecca ajcopOLUuu U AeCOpOLMH MPUMECH U UX BIMSHUE Ha
MUKPOCTPYKTYPbl M DJIGKTPOHHBIE  CBOMCTBA  MEX3EpPEHHBIX  T'PaHULL.
[IpyHIMNUanbHass HOBU3HA pa3pa0OTKU 3aKJIIOYAaeTCsl B MPUMEHEHUU B paMKax
METOa JIeTMpOBaHUA Iesnol rpynmsl menouHsix metamwioB (Li, Na, K, Cs),
BbIOOpPE B KauecTBE METOAA JIETUPOBAHUS HMOHHOM HMMIUIAHTAallMK M BbIOOpE B
KaueCcTBE 0OBEKTa MCCIIEIOBaHUS IUIACTUH MOJIU-S1 U CTPYKTYpP C p-n—TIEPEXOI0OM,
BBINIOJIHEHHBIM Ha 3THX IUacTuHax. [lociae mMmmnanTauuu oOpasubl OTXKUrajiud B
Bakyyme ~I0°Topp B nnTepBane temmneparyp ot 300 K mo 1000 K. Jlns orenku
BJIMSIHUS IIEJIOYHBIX METAJUIOB HA 3JIEKTPOHHBIE CBOMCTBA MEX3EPEHHBIX I'PaHULI,
ornpezensuid ¢ METOOM JISTUPOBAHUS 70 M MOC/IE UMIUIAHTAIIMUA. A TaKXKe MOCie
KaXJI0M TepMooOpadoTku, mpoBoguMoir c¢ maroM 25 K. Moaudukaius merona
JIETUPOBAaHUS TO3BOJIMJIA HCKIIOUUTH PSIi  TPYIOEMKHX OMepaluii, KOTOpbIe
HEOOXOAMMO TMPOBOAUTH MPU MPUMEHEHUH TPAAUIIMOHHOW METOIMKH, a UMEHHO,
COLUTM(OBAHNUE JIETUPOBAHHOTO CJIOSI M TOJUPOBKY IOBEPXHOCTH U T.n.,
OCYILECTBIIIEMBIX IOCJIEIOBATENIBHO IIOCIE Ka)XAOro akra JieruposaHus. Kpome
TOT0, TPAJAUIIMOHHOE MCCIIEIOBAHUE COMPOBOKIAETCS (PAKTUUECKUM pa3pylIeHUEM
o0pa3lioB M ISl €ro OCYILIECTBICHHUS Ha NpakTUKe Tpedyercs Ooblioe
KOJIMYECTBO 00pa3LioB, KOTOPBIE JOJKHBI OBITh MJCHTHUYHBI BO BCEX OTHOILCHUSX,
KpOME€ KOHILIEHTpalMM JIETHpYIOIIed mnpuMecH. BbIMoOMHUTE 3TH TpeOoBaHUS
Kpaiine TpyaHo. IIpu uccrnenoBanuum oOpasloB ¢ NMPUMEHEHHEM MPEaIoKEHHON
MOU(HUKAITMY METO/a JIETUPOBAHUS TPEOYETCs TOpa3a0 MEHBIIEE YHCIIO

">ToHKHe MoNMKpUCTAILTHYECKHE ¥ aMopdHbIe mIeHKK: Dusnka u npumenenns. [lep. C anm. //ITox pex.
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37
00pa3IoB, a pe3yJIbTaTbl U3BMEPEHUH B 000N TOUKE I MUKPOOOIACTH
MOBEPXHOCTU EAMHUYHOTO 00pasiia sSBISIOTCSA JOCTOBEPHBIMU M UJICHTUYHBIMHU.
Pa3paboraH u ucnonb30BaH Hepa3zpyLIAOIMi METO/] ONIpeIeIeHUs [ITyOUHBI
3aJIeraHus p-n — CTPYKTYpbl. B 0OCHOBY MeTo/1a MOJIOXKEH MPUHIUIT U3MEHEHUS
¢doto I/C, npu BO3AEHCTBUN UMITYJIbCHOTO HH(pAaKpacHOTO u3ydyeHus. Meron
MO3BOJISICT ONPEAETAThH TIIyOUHBI 3aJI€TaHusl, B TOM YHCJIE CPABHUTEIBHO MEIKUX
p-n — mepexoa0B, B o0pasiax noiau-Si. OnpeneneHo, yTo rTyOnHA 3a1eraHus
nepexojia B 3epHe paBHa 1-1,5 MKkM, a B 001aCTH MEK3€pEHHBIX T'PAaHHUIL P-N —
Nepexo/1 JISKUT B Juanazone rmyouH 1,5-2 MxM.

Pa3paGotan u UCHONB30BaH HOBBIM METOJ HU3YYEHHS TeMIEpaTypHbIX
3aBUCHUMOCTEN 3JEKTPOPU3NUECKUX MU (POTOINEKTPUUECKUX MapaMeTpoB p-n —
CTPYKTYp, OCHOBAaHHBI Ha MCIOJB30BAHUM MPEIU3UOHHOTO CKaHUPOBAHUS
CBETOBOrO Jiyda (30HAa) C 3aJaHHOW JIMHON BoNHBI (A=0,4+1,4 mxm) U c
peryimpyeMbiM auamMeTpoM cBetoBoro mnstHa ~10+400 MKM, IO NOBEPXHOCTH
oOpasma mpu 00ecTeueHUH MPEIU3UOHHOTO W3MeHeHus: Temmeparypsl (300+800
K). IlpumeHeHue CBETOBOrO 30HJA MO3BOJIMJIO JIOKAJIBHO OCBEUIaTh OT/AEIIBHBIE
MUKpPOOOJIaCTH Ha TMOBEPXHOCTH pP-n TOJMU-SI CTPYKTYp, B TOM 4YHCIE, Ha
MOBEPXHOCTU U 007aCTh MEK3EPEHHBIX TPAHMUII.

Pa3paboranbl HOBBIM CIIOCOO MOJIy4EHHs MOJNHU-S1 HA OCHOBE MOPOLIKOBOM
TE€XHOJIOTUH, KOTOPBIA COCTOMT M3 ONEPALMil: MOATOTOBKH ChIPbs, MPECCOBAHUS
3aroToBOK, ClieKaHUsi U 00paboTKu moBepxHocTH. [lomu-Si o6pasiam, crieueHHbIM
npu T~1220°C B Bakyyme 10 Topp. B Teuenue 60+90 MHH MOXKHO YIPaBIAEMO
OpUAATh 3JEKTPOPU3NUECKUE CBOMCTBA, MpUEMJIEMbIE JJIsi U3TOTOBJICHHUS Ha HHUX
COJIHEYHBIX 3JIEMEHTOB, @ UMEHHO, MPOBOAUMOCTh p-TumNa, P~1 OmM'cM u Bpems
KM3HM HocHTenei 3apana T~107c. DTo TeXHONOTHs MO3BOJISET MOMydaTh MOMH-Si
IUTACTUHBI 10001 popmpbl, TonuHoM 250400 MxM 1 pazmMepoM 2150 mm.

[IpencraBneHHble B INIABE TEOPETUUYECKHE U AKCIEPUMEHTAIbHBIE METOJIbI
UCCJIEIOBaHUS M MX HOBBbIE MOAM(DUKAINMA CO3AAIM BO3MOXHOCTH YCHEIIHOTO
pelIeHus! TOCTABJIEHHBIX B IUCCEPTALIMU HAYYHBIX 3a/1a4.

B Tperbeli miaBe «MHUKPOCTPYKTYpa M MOPQOJIOrHsi MeK3epPeHHbIX
rPAaHMLl B MOJM-Si TMOJY4YEeHHbIe Pa3HbIMM CHOCO0AMHU» TPEICTABICHBI
pe3yabTaThl UCCIENOBAaHUN MHUKPOCTPYKTYpPbl U MOPQOJIOTHU MEK3EPEHHBIX
IpaHUll, a TaKXe BIUSHUE ATOMOB JIETMPOBAHHBIX NPHUMECEH Ha HHUXU JAHBI
MEXaHU3Mbl UX O0ObsicHeHHs. [lomydyeHHbIE pe3ynbTaThl IOKA3bIBAIOT, YTO
MOBEPXHOCTh 3€peH, Hampumep, pazmepom ~100+300 MKM BO Bcex clydasx
U300MIIyeT pPa3HOOOpa3HBIMU CIIOKHBIMU CTPYKTYpaMH M penbedoM, TO €cTb,
[IEpPOXOBATOM MOBEPXHOCTHIO C pa3MepaMu BBICTYNOB U MHUKPOMYCTOT <10 MKM.
AHanmuM3  XMMHMYECKOTO  COCTaBa  IIOBEPXHOCTHM  3€peH, T.€.  BEIIECTBa,
HEMOCPEICTBEHHO HAXOAAIIErocss B OONACTH MEX3EPEHHBIX TI'PaHHUIl MOKa3aj
HaJU4Me KHUCIOPOAOCOAEPKANUX KOMILJIEKCOB. BBIICHEHO, YTO KOHIIEHTPALUS
npuUMecel yBeMYMBaeTCa OT si[pa 3epHa K Kparo ero rnoBepxHocTu. B tabmuie 1
IIPE/ICTABIICHBI PE3YIbTAaThl OLIEHKUA COAEPKAHUS MPUMECEH B MOIU-Si pa3InyHOIO
TEXHOJOTMYECKOTO IPOUCX0XKICHHUS.
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[lomydyeHo  BbIpaxkeHHE Il ONpEAENIEHUs pa3Mepa  MHUKPOIYCTOT,
00pa3ylonmxcst B 00JaCTU MEX3EPEHHBIX TPAHUIl U CBSI3aHHBIX C KOHIICHTpaIuen
IPUMECHBIX aTOMOB B 3TO 00JIaCTH:

100 —y=x(1)

3nech, X — MUKPOITYCTOTa, ) — KOTUYECTBO PUMECEH, KOTOPBIE OTPEIEICHBI
AKCTIEpUMEHTANIBHO (%5).

tabiauia 1
XuMHIeCKU cocTaB 00pa3iioB

OO0pa3ibl yCI0BHO Tum u cogepxanue npumecei Tonmmna

0003HauEHbI U MakpoAe(heKThI obOpazia

«Wacker» Si, S, Cl, Ca, Fe ~ 76,39 % 300 MKkM
[TycToThl ~23,61 %

«JTUTONY Si, S, Cl, Ca, Fe, Co, Ta | ~72,58% 250 MKM
[Iycrotsl ~27,42 %

«TIOPOIITKOBBII Si, S, Cl, Ca, Fe, Co, Ta ~ 68,25 % 100 MxMm
[TycToTh! ~31,75 %

N3 tabnuupl BUIHO, YTO Y BCEX MCCIEAOBAHHBIX 00pa3loB «x#(0», 4TO
00BsCHSETCSI 00pa30BaHUSIMH MHUKPOMYCTOT B IIPOIIECCE KPUCTAIUIM3ALMH TTOTH-S1
HE3aBUCUMO OT TPHMEHEHHOH TexHonornd. M3BecTHO'>, 4YTo B TpoIecce
KpUCTAJUTM3allMd B pE3yJIbTaTe B3aUMOJICHCTBHS  3JIEMEHTApPHBIX BEIICCTB,
HAXONAIIUXCS B paciiiaBe, oOpa3yloTCs XUMHUYECKHE COCIWHCHHUS, HAIpUMep,
SiO,u SiCI(OH). Onm moryT o0pa3oBbIBaTh XMMHYECKHE COCIUHEHHS, KaK CO
CHEeIUaIbHO BBEACHHBIMH B paciulaB JICTUPYIOIIMMHU, TaKk U C (HOHOBBIMU
MPUMECSIMA B TIPOIIECCE HMX CETPEerallMOHHOTO BBITECHEHHS Ha TMOBEPXHOCThH W3
IEHTPOB KpucTtaum3anuu. Creayer OTMETHUTh, YTO HEKOTOPhIE XHWMHYECKHUE
coenuuenusi, Hanpumep, SiO, u SiCI(OH) ne nobuparorcs 10 MOBEPXHOCTH 3€pHA.
To ecth, pu GHOPMHPOBAHWU TMOBEPXHOCTH 3€pPEH, B OO0JACTH MEK3EPECHHBIX
rpaHdIl O0pa3yroTCsd METAIUIMYECKUE WM METaUI-OKCUJIHBIE IUJICHKH U3
XUMHUUYECKUX 3JEMEHTOB, NPHUCYTCTBYIOIIMX B pacIulaBe M BBITECHSIEMBIX IIPHU
KPUCTAJUIM3AlMM 32 CUET IMPOIECCOB Cerperaiuu M3 o0beMa Ha IMOBEPXHOCTh
3epeH. [lomydeHHbIE TaHHBIE KOPPETUPYIOT C COBPEMEHHBIMU MPEICTABICHUSIMH O
KOHQUTYpaIlluu ¥ CTPYKTYpPE 3€peH W MEX3EpEeHHbIX rpaHull. Paspaborana
CTPYKTYypa MOJCNb JIByX KOHTAaKTUPYIOIIUX 3€PEH, Pa3ACICHHBIX MEK3EPECHHBIX
TPaHMI] HAa OCHOBE IIOJIYYCHHBIX pE3yJIbTaTOB, MOXXHO TMPOHJUTFOCTPHPOBATH
CXEMOW, MPEICTABIECHHON Ha PUC.2.



3nmecb, 1 — sapo  3epHA, TPEACTaBIseT CcOOOH  MOHOKPHCTAILI,
OpUEHTUPOBAHHBIM  OTHOCHUTENBHO KOHKPETHOTO (pPOHTAa KPUCTAJUIM3ALIUU.
OGnacth 1 mpakTHYECKH OJHOPOJHO JerupoBaHa Menkumu noHopamu (P, As, Sb)
w aknentopamu (B, Al), cnenuanbHO BBOAUMBIMHU B pacIljiaB MPH MOTYYEHUN
MoJIu-S1 B KAUY€CTBE JIUTATyPHhl.

13KpI/ICTaJ'IJ'II/ISaLlI/IH ToHKMX IIeHOK // AH PY3 UD, uzn. « ®DAH» PY3, Tamkent, 1970.
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Ob6nactp 2 3epHa Noau-S1 ABISETCS MOBEPXHOC THHICIUIEHKU U3 OKHUCIIOB
MOTPAHUYHON 30HOM MOHOKpPHCTAJIA U, CAMOTO erMHI/IH, OKHCJIOB,
B OTJIMYME OT €ro sijipa, U300MIyeT =

POCTOBBIMU JiepeKTamMu, TUCTOKAITUSIMHU —_”‘“H“w
\f\\ ;r

|'|'|

A JPYTUMH CTPYKTYPHBIMU

HapyumeHusiMU. KoHeHTpanus

MpUMECeH B MOTPAaHUYHON 0071acTH 2 E_

3HAUUTEIBHO BBIIIE, YEM B siape | ——= "-‘:
3epHa. Puc.2. Moaeab 1ByX KOHTAKTHPYIOUIHAX

. 3epeH
O6actu 3 1 4 IpeACTaBISIIOT COO0M P

|'|r

BBITCCHCHHBIX Ha MMOBEPXHOCTh METAJUTMUECKHUX IIPUMECECH, a TAK)Ke OCTPOBKHU
METaJUTMICCKUX IUICHOK, 00pa30BaBIINECs U3 CKOTUICHUH IIPUMEeCe MeTaJlIoB.
OO6nacTH 5, KOTOpPBIE MOYKHO OXapaKTepHU30BaTh KaK MUKPOITYCTOTBI,
pacmpeesieHbl IPUMEPHO PaBHOMEPHO Ha MOBEPXHOCTH 3€PEH, 33 NCKITFOUCHUEM,
MECT HaXOXJICHHS TaK Ha3bIBaEMBbIX, IIPOBOISAIINX MOCTHKOB, 00pa30BaHHbIX,
OYCBHUHO, B TOYKAX MPSIMBIX KOHTAKTOB METAJUTMUCCKUX MM IMOJTYMETATHYCCKUX
MIOBEPXHOCTHBIX CJI0EB 4, MPUHAICKAIINAX OTACITbHBIM, KOHTAKTHPYOIIUM JPYT C
JPYTOM 3€pHaM.

[TpuBeneHbI pe3yabTaThl BIIEPBBIC MCCIICIOBAHHBIX MPOIICCCOB aACOPOIUH U
JCCOpPOIMK aTOMOB IIEJIOYHBIX META/UIOB, M HMX BIIMSHUS HAa MHKPOCTPYKTYPY
o0acTh MeEX3epeHHBIX rpaHui. Ha puc. 3 mpeacTaBieHa yHpOIICHHAs cxeMa
4acTHu 00pa3IioB.

A

1 — 3epHa p-tuma; 2 — 00IaCTH MEX3EPEHHBIX TPAHUI; 3 — MOHHO-UMIUIAHTHPOBAHHBINA CIIOM
aTOMOB IIEJIOYHBIX MeTaioB; 4 U 5 — nudy3UOHHBIN CJIOM aTOMOB ILEJIOYHBIX METAJIJIOB IO
3epHOM U 10 MEX3EPEHHBIX I'PaHUIl; 6 — 1ecCOPOLUOHHBIN cIoif; 7, 8 — aAcOpOLMOHHBIN cIoif; 9
— n nuddy3uonsslii cnoi (pocdop); 10 — muddysus docdopa mo Mex3epeHHBIX TpaHUl]; A —
TBUIbHASI CTOpPOHA (MOAJIOKKa) oOpa3noB; B — nmuiieBast ctopoHa obpasma. TOHKUMHU CTpelTKaMu
MOKa3aHO HAIIPaBJICHHUE JABMXKEHHS aTOMOB ILEJIOYHBIX METAJJIOB B 00beMe o0pasia.

Puc. 3. Ynpoumennas cxema 4yactu 00pa3uoB noJjan-Si

B nponecce TepmooOpaboTku npuMech AUGPYHIUPYET U MO 3€pHAM M TI0
MEX3EPEHHBIX T'PaHMI], YTO WJLTIOCTpHUpyeTcs puc. 3a (obmactu 4 u 5). BriepBoie



0OHapy)XEHO HHTEPECHOE SBJICHME, 3aKJIOYarolleecs B TOM, YTO MPUMECH IpPU
HarpeBe oOpasua mnonau-Si auddyHAMpyeT HE TOJMBKO IO 3€pHaM U IO
MEK3EPEHHBIX IPaHUL, HO OIHOBPEMEHHO, IIPU NOCTHKEeHUM TeMneparypsl ~800 K
IPOUCXOJUT JAECOpPOLMs aTOMOB IIETOYHBIX METAJIOB M3 MEX3EPEHHBIX I'PaHULL,
KaKk 3TO I[I0Ka3aHoO Ha puc. 3a (obmactb 6). DTOT mpouecc MNPUBOIUT K
00pa3oBaHMUIO CBOEOOpPA3HOW p-n — CTPYKTYpPhl B MPUIIOBEPXHOCTHOM 00JaCTH
nonu-Si. Ilpu npanpHeWleM yBEIMYEHHHM TEMIEPATypbl aTOMbI IIEJIOYHBIX
METAJJIOB B OCHOBHOM JU(PPYHAUPYIOT BIOJIb MEXK3EPEHHBIX TPAaHUI, U 3TO
IPUBOJAMT K UX CErperaluu B NPUIIOBEPXHOCTHYIO 00JIaCTh MEXK3EPEHHBIX IPAHULL,
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BILIOTH 10 00pa30BaHMs METAJUTM3UPOBAHHBIX IIPOCIOCK, M OJTHOBPEMEHHO K
aJIcopOIMy Ha OBEPXHOCTH 3epeH (cM. puc. 3b u 3¢ obmacte 8). Tabmura 2

PacnpeienieHre aTOMOB IIEJIOYHBIX METAJUIOB
O6pa3mpl Li, % Na, % K, % Cs, %
[Tommoxka p — Tum He ompen 2,82 1,77 1,45
[Monnoxka n'-p crpykrypsl | He onpen 1,94 1,02 1,05

AHanmm3 XMMHYECKOr0 COCTaBa IMOBEPXHOCTH 3€PEH, T.€. HEMOCPEICTBEHHO
o0acTh MEX3EPEeHHbIX TpaHUI], [OKa3aJl HaJU4he KHUCIOPOI0COAEPKAIINX
KOMILIEKCOB, OOpa30BaHHBIX AaTOMAaMH IIEJOYHBIX MeTauioB (Tabmuma 2).
BbISICHEHO, YTO KOHUEHTpalusl LIEJIOYHBIX METaJUIOB YBEJIMYMBAETCS OT SApa
3€pHa K Kparo €ro NOBEPXHOCTH.

JIist iicclienoBaHuUs BIUSHUS aTOMOB LIEJIOYHBIX METAJUIOB HA MUKPOCTPYK
Typy NOJu-S1 BliepBbie OblJIa MCIOIB30BaHa MOPOIIKOBasi TEXHOJIoTUsA. B kauecTse
MCXOJTHOTO CBhIPbs BHIOpaHbI MOJIU- U MOHO-S1, IETUPOBaHHbIE OBICTPO NUPPYHIN
PYIOIIMMU aTOMaMU IIEJIOYHBIX METAIOB. AHAJIM3 XUMUYECKOTO COCTaBa
NOBEPXHOCTHU 3€PEH MMOKa3all, YTO MPU KPUCTAJUIM3ALNN UMEET MECTO Cerperauu
OHHOE BBITECHEHUE MTPUMECH K I'paHullaM 3epeH, Hanpumep, Na~1,08%, a K~0,08
%. [IpucyTcTBUE 1IETOUYHBIX METAIUIOB, HA MEX3EPEHHBIX IPAHUI] BEET K MOSBIIE
HUIO Pa3JINYHBIX KOMIUIEKCOB THUIIA BAKAHCUIN U KUCIOPOAOCOACPKAUIUX LIEHTPOB
C Y4aCTHEM JAHHOTO IIEJOYHBIX METAIJIOB. DTU KOMIUIEKCHI IPUBOJAT K YBEIUYE
HUIO IIUPUHBI 00€THEHHON 001aCTH BOJIU3HM MEK3EPEHHBIX TPAHUIL U K 00pa3oBa
HUIO TOHKUX METaJUI-OKCUIHBIX UM METAJUIMUYECKUX TUIEHOK HEMOCPEICTBEHHO B
001acTH MeX3epEHHBIX I'paHull. ECTeCTBEHHO, YTO 3TOT MPOLIECC COMPOBOKIAETCS
KapJAMHAIbHBIM U3MEHEHUEM MUKPOCTPYKTYPbI MEXK3EPEHHBIX IPAHHII.

[Tony4yeHHble pe3yapTaTbl NO3BOJIMJIN BIEPBBIE IPEACTABUTH JIETAIBHYIO
KapTUHY MHUKPOCTPYKTYpPhI OO0JIaCTU MEX3EPEHHbIX T'paHUl], KaK B HCXOAHBIX
M30TUITHBIX MOJIU-S1 MOAJIOKKAX, TaK U B MOJIU-S1 P-N—CTPYKTYypax Ha UX OCHOBE.

B uerBeproit miaBe «Ilpoumecc apeiidg 3apsiza B 00/1aCTH MeK3e€peHHbIX
rPaHUI» TIPUBEICHBI PE3yIbTaThl SKCIEPUMEHTAIBHOIO W3YyUYECHUS! BIIUSHHUS
U3MEHEHHSI TeMIepaTypbl Ha TMEPEHOC 3apsiga B 0o0beMe MOJu-Si, AJIEKTPOHHBIE




CBOMCTBa MEK3EPEHHBIX T'PAHMUII, BIUSHHE aTOMOB IIEJIOYHBIX METAJIJIOB Ha HUX U
JIaHo uX oOcyxaeHre. BHauane ObLIN MCCIIeI0BaHbI AJIEKTPOYU3NUESCKUE CBOMCTBA
NOJIN-S1 TMOJYYEHHOTO Pa3HBIMU CHOCO0aMu, MPU H3MEHEHUU TeMIIepaTyphl B
untepBaie ~300+-800 K. Pesynbprarsl ncciaeaoBaHMii, MOKa3ajad, 4TO TeMIIEpa
TypHBIE 3aBHCHMOCTH MMEIOT YYacTKH, KaK pOCTa, TaK W cmaj P oOpas3moB (puc.
4a). Hampumep, pocT P € poCTOM TeMIiepaTypbl HaOmromaeTcss Ha oOpasmax
«Wacker» nmo temmneparypsl 525 K, y o6paszuoB «mtoro» — g0 600 K, a y
«mopomkoBoro» — A0 625 K. Tak kak P B HOJTUKPUCTAIIMIECKUX MTOTYTTPOBOAHU
KaxX ONpEeIIsIeTCs YAEIbHBIM COMIPOTUBIIEHUEM (P;) 3€peH U (P,) MEK3EPEHHBIX
rpaHull. YBEIWUYEHUE 3aXBAaUCHHOT03aps/1a Ha JIOKAIIM30BAHHBIX JIOBYIIIKAX MEXK3€
PEHHBIX TPAHMUII, POUCXOAIIEE C POCTOM TEMIIEPATYPhI, TPUBOIAUT K yBEIHYE

a0 ¢ ot 0,3 5B 10 0,9 5B, ¥ Ipy 5TOM YBEIMYUBAETCS P,, H 9TO, B KOHEYHOM
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cyeTe IPUBOIUT K pocTty P. lansHeunmee
YBEJIMYECHHUE TEMIIEPATypPhl COMPOBOXKIA
€TCSl yMEHBIIEHUEM TUIOTHOCTH COCTOS
HUH, 4TO IPUBOJUT K YMEHBIIICHUIO P
HaAOJTIOAIOIETOCS MTPU TEMIIEpaType
~703 K y Bcex BU0B 00pa3iioB xapak A
TEPHOTr0 MUHUMYMAa. Takum 00pazom,
o0yacTh MmajieHust P HaOIFomaeTcs I
«Wacker» B muamnazoHe TeMIieparyp
525+703 K, y «muroro» ~600+703 K, ay
«mnopourkoBoro» ~625+703 K. I «Wackem: 2 — «JTHToii»:

Ipennoxena SKBUBAICHTHAA 3 — «ITopomkoBbIii»; 4 — MOHO-SI;

CXeMa U TIOJYYCHO BBIPAKCHHE IS 5 — «IlopomkoBbii-1I[M»
ompeneneHuss P A0 KOKIOW U3
COCTABJISIIOIIUX 00JIacTel MEK3EePEHHBIX
TPaHMI], HA OCHOBE CTPYKTYpPHOUH MOJeNIU
JIBYX KOHTaKTUPYIOIIMX 3epeH (puc.2.):

Puc.4. 3aBucumMocTH y1eJJbHOT0
CONPOTHUBJIEHUS OT TeMIIEPATYPbI,OJU-Si
MOJIy4€eHHOr0 Pa3HbIMHU CIOC00aMHu

2)

3nech, A, B u C mocrosunsie, T — remMneparypa, I — KOHIEHTpaIus
MOHU30BaHHBIX JOBYLIEK B MEK3E€PEHHBIX I'PAHHII.

[Tonmy4yeHHbIEe pe3ysbTaThl MOKA3aJIH, YTO YBEIUUEHUE SHEPIUU HOHU30BaH HBIX
JIOBYIIIEK WJIM BAKAHCHUI TPUBOIHUT K POCTY ¢ HP,, T.€. IPH ITOM YBEJIHUYHBA CTCS
Y,,. IlokazaHo, 4To B 3TOM cily4ae, INIOTHOCTh COCTOSIHUM YBEJIMYUBAJIACh 10
~1,6:10" cMm?/3B. Xox TeMIepaTypHOii 3aBUCUMOCTH () CBSI3aH, OYEBUJIHO, C
XUMHUYECKUMU IPOLIECCAMU, TPOUCXOAIIUMHU C YYaCTHEM IPUMECEN HAXOAAIIUX
csl B 00J1aCTH MEX3EepEHHbIX rpaHull. O4eBUAHO, YTO TaKHE MPOLECCHl IPOSBISIOT
Csl CUJIbHEE IIPU MEHBIIMX pa3Mepax 3€peH, YeM ISl CIIy4aeB KPYMHO3EPHUCTOIO
nonn-Si. OOHapyKEHHOE Ha MOJIU-S1 U IPUBEICHHOE Ha PUC. 4. HEMOHOTOHHOE
TEMIIepaTypHOE U3MEHEHNE P HAOMI0AAETCS TAK)KE Uy 4 U 1 HOCUTENEH 3apsa.



Ha puc. 5 npuBeneHsl TeMneparypHbIE 3aBUCUMOCTH 4 W 7 HOCUTEIEH
3apsana. BugHo, 4To X0/ 3aBUCHMOCTH JHOCHUTENIEH 3aps/ia OT TEMIIEPATyphl Y BCEX
uccienyeMbIX 00pa3loB NMpu M3MEHeHuu nocienHed B auanazoHe or 300 K mo
~350 K mpuMepHO COBIAnaeT ¢ JaHHBIMHU (5-7) u1s MoHO-Si'?, T.e. UMOHOTOHHO
najgaeT ¢ pocToM Temmeparypbl. JlanbHeiliee TeMrnepaTypHOe U3MEHEHUE [ U N
HOCHUTEJCH 3apsija, MMeeT HETPUBUAIBHBIN XapakTep, HAONIOMAIOTCS MHKA U
npoBaibsl B auanazone 400+700 K. IIpu ~703 K ormeuaeTcs pe3koe U3MEHEHHUE
mmpunon ~25 K y Bcex o0pas3ioB, B mpeaenax KOTOPOro BelW4YWHA 7 U |
U3MEHATCS B JIECATKM M COTHM pa3. Takol HETPHWBHUAJIBHBINA XapakTep IMOBEICHUS
nu | 3aBUCUT OT TMPUPOALI KaXAOW M3 COCTABISAIOIMIUX MHUKPOOOIacTein
MeK3epeHHbIX rpanull (puc. 2). [Ipu yBenndeHnu teMneparypbl OTHOBPEMEHHO

“Ottaviani G.I., Reggiani C., Canali F. Nava and A.A. Quaranta // Phys. Rev. B12, 8 (1975) 3315-3322. Logan R.A.
and A.J. Peters // J. Appl Phys. 31. 1 (1960) 122-124.MorinF. J. andJ. P. Maita // Phys. Rev. 96. 1 (1954) 28-35.
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UAYT OpoLecchl 00pa30oBaHUsl CKOIUIEHWH JOBYLIEK HAa MEK3EPEHHBIX T'PaHULl, U
pEeKOMOMHALIMM M 3MHUCCUM HOCHUTENEH 3apsaa, NPUBOIAIMX — K W3MEHEHHIO
HHEPreTUYECKOro CIEeKTpa YpoBHEH JjoBymiek. Habmiomaemble TemmeparypHbIe
U3MEHEHHUSI 7 W M COOTBETCTBYIOT IIpoIl€ccaM MPOSIBICHUS JIOBYIIEK C
yCpeqHEeHHBIME ypoBHAMHU' - ¢ E~0,15 2B u E~0,17 5B npu 300+350 K, mpn
383+400 K mpossustorcs E£E~0,36 5B; a B nuana3zone temmeparyp ~400+680 K
OTMEYAETCSl MPOSBICHUE JIOBYLIEK ¢ ypoBHEM £~0,3 5B, 4yTo BO BCEX Clydasx
COTIPOBOXK/IAETCA CKAUKOOOPa3HbIMU M3MEHEHUSIMU 1 M 4 HOCHUTENIeH 3apsijia Mpu
ATUX TEMIIEpaTypax.

A

1 — «Wacker»;2 — «JIutoit»; 3 — «ITopomkoBbliii»; 4 — MOHO-Si

Puc. 5. 3aBUCMMOCTH MOABHKHOCTH U KOHLEHTPAIMN HOCHTeJIell 3apsiia 0T TeMIlepaTyphl,
M0JIM-Si MOJy4eHHOT0 PAa3HBIMH CIIOCO0aMu

[Ipu pa3paboTke pe3yabTaTOB U MUKPOCTPYKTYPHI MEXK3EPEHHBIX TPaHUIL
NOJyYeHO BBIpAXEHHE JUIS ONpEACNCHUsT HMHOCUTENEeW 3apsna B IMOJIU-Si.
CymmapHasi KOHIEHTpalusi HOcHUTelled 3apsga B oObeme monu-Si o (n,)
OTIpeIeTSIeTCS CyMMOM KOHIIGHTpAIui (7,,) HOCUTENEH 3apsia B cCaMHUX 3epHax, U
KOHIIEHTPALMEH (71,,) HOCUTENEH 3apsa Ha MEXK3EPEHHBIX TPaHuLl. Tak KaK 71,



MpEeACTaBIsACT COOON CYyNEepHO3UIIMIO JIBYX COCTABISIONIUX; 7; — KOHIIEHTPAIIUS
HOCHUTENEH 3apsia, KOTOpble MPUOOpPENTU JOCTATOYHO OOJIBIIYI0 KHHETUYECKYIO
SHEPrUI0, YYaCTBYIOT B AJIEKTPONPOBOJHOCTH, T.€. JAIOT JOMOJIHUTEIbHBIN BKIa] B
OOIIlyI0  DIIEKTPOMPOBOAHOCTh, M, — KOHIEHTpAIlUsi HOCUTENEH 3apsna,
3aXBaYCHHBIX MOHU30BAHHBIMU COCTOSITHUSIMU B 00JIACTH MEK3EPEHHBIX TPAHUIL. 1,
CBSI3aHA C KOHIEHTpanuen (N,) HOHU30BaHHBIX JIOBYIIEK, C SHEPTUEH MOHU3AIUU
(E), ¢ u ¢ xonnenrpamueii (V,;) IUIOTHOCTH COCTOSIHMS. Tak Kak TeMIIepaTypHOe
WU3MEHEHHE /1, Mbl IPUHSIN aHAJIOTUYHO TAaKOBOMY B MOHO-Si, MOXXHO OTHCATh 71,
CJIEQYIOIINM BBIPAXKECHUEM:
exp(/) (exp(/))exp(/)
NgE KT NN gE kT q kT

= (3) exp(/) (exp(/) )exp(/)

NgEkTNN gE kT q kT
— + _———

'33acraBroit A.B., Kopons B.M. B3aumoneiicTBie IUTHS ¢ pagMaluoHHbIM Aedekramu B kpemunu / OTIL, T. 23, B.
2,¢.369-372, (1989).
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N3 (3) BumHO, YTO W3MEHEHUS HWOHU30BAHHBIX JIOBYIIEK B OONaCcTH
MEX3EpPEHHbIX TPaHUI] IPU BO3JIEHCTBUE TEMIIEPATypbl, MPUBOJUT K U3MEHEHUIO
n,. Tak B muanazone temmneparyp 500+700 K 3aBucumoctu n=f(7T) y o0pa3uoB
NOJHU-S1, MOTYYEHHBIX MO Pa3INYHbIM TEXHOJOTHUSAM, CHJIBHO OTIMYAIOTCS APYT OT
JIpyra, a UMEHHO, HabOIromaeTcss pocT n 'y obpasnoB «Wackery, y «uToit» n He
U3MEHSETCS, a Yy «IOPOIIKOBOTO» HAOMIOJaeTcsi yMeHbllleHHue 7. Tak Kak Bce
YHOMSIHYTbIE BUABI MOJU-S1 OTIMYAIOTCA pa3MepamMH 3€peH, MOXKHO 3aKJIIOUUTh,
YTO MIPU MEHBIIUX pa3Mepax 3epeH N, yBEeIUYUBACTCS MPHU POCTE TeMIepaTypsl, U
9TO MPUBOIUT K YBEIWYECHHIO 7, U K YMEHBIICHUIO 7,. Ha KoHel, ckaukooOpa3Hoe
U3MEeHEeHue P, nu u BOmm3um Temneparypsl 7~703 K cBA3aHO MNpOSIBICHUEM
TEPMOIOHOPOB B 3€pPHAX M B 00JIACTH MEK3EPEHHBIX TPaHUII.

BriepBbie nccnenoBaHo BIMSHHUE aTOMOB IIEIOYHBIX METAIIOB, BBOIUMBIX B
nonau-Si pa3HOro THUMA HWOHHOM HWMIUIAHTAIlMM, Ha OJJIEKTPOHHBIE CBOMCTBA
MEX3EpPEHHbIX TPAaHUL. YBEJIWYEHHE KOHIIEHTPALMU IIEJIOYHBIX METaJJIOB
npuBoaut K pocty ¢, or 0,3 3B no 0,45 3B. IlokazaHo, 4TO 3TOT POCT BBI3BaH
NPOSIBJICHUEM HEYMOPSAI0YCHHBIX CTPYKTYp Ha TIOBEPXHOCTH TONHU-Si, KOTOpHIE
TOSABIISIFOTCS HEMTOCPEICTBEHHO B Mpoliecce HOHHOW nMIutanTauuu. [Ipu 3amonne



HUU JIOBYIIEK WM UX NMACCUBAILINH B

pe3yJsbTaTe TEPMUYECKOTO BO3ACHCTBUS

HIMPHUHA, TaK HA3bIBAEMOTO JIBOMHOTO

ciost, ¥ ¢ HauMHAOT yObIBaTh °. B Hamem

ciydae m3menenus ¢ (I obmacts mpu

T<600K, puc.6) coBnaaaror ¢ STUMH

A MHeHUsIMH. OJTHAKO C YBEJIMYECHUEM

temrepatypsl (II u Il obnactu npu

T>600 K) B omiuuue ot I oGnactu

HaOMroaeTcs u3MeHeHune 3uaka §.J{ms

o1leHKH (hakTa oOpa3oBaHUs p-n —

CTPYKTYp B pe3yJibTaTe MOHHOU

Puc. 6. 3aBHCHMOCTB BBICOTBI IOTEHIIH COITOCTAaBIISIA BAX HCCIIETYyEMBbIX
aJIbHOT0 0apbepa B 00/1aCTH MesK3ePeHHbIX o6pa3u013 0 W TOCe WMIUIAHTAINH, a
TPaHHI HA NIOBEPXHOCTH M0.H-Si 0T TaKKE MOCIE KaXI0i TepMOooOpabOTKH,

TEMIIEPA bl TEPMOOOPAOOTKH, JIETUPO o
patyp P P ’ P npoBoauMoi ¢ marom 25K. ITomydyeHnbie
BaHHBIMH aTOMaMHU ICJIOYHBIX METAJJIOB

UMIUIAaHTAMK LIEJOYHBIX METAJUIOB MBI
pe3yJbTaThl MOKa3ajd, YTO KauyeCTBO JJIEKTPOHHO-IBIPOYHBIX MEPEXOJ0B 3aBUCUT
OT TeMmepaTypsl TepMooOpaboTku. TepmooOpaboTKa BBI3BIBAET 3aMETHOE
yAy4IlleHuEe BBIMPSAMIISIONIMX CBOMCTB p-n — MEpPEXoja, €cliu e¢ TeMmreparypa He
npesbimaer <700+800 K. OpHako ¢ JanpHEWIIMM YBEJIWYEHUEM TEMIIEPATyphl
JIMO/THBIC XapaKTePUCTUKU YXyAMAKTCS. MpIcuuTaem, uto u3Menenue ¢ mpu >600
K{I u I obnacTts)oObsCHSAETCS MeCOpPOMMEl IMEeTOYHBIX METAUIOB M3 00JacTh
MEX3EpPEHHBIX I'PaHUIl Ha MOBEPXHOCTH IMOJIM-S1 U BO3SHUKHOBEHUEM, BCIIECIACTBHUE
UX JIOHOPHOW TPUPOJIBI, P-N—CTPYKTYP, T.€. U3MeHEeHUe ¢ CBSI3aHO ¢ 00pa3oBaHUEM

“Tonkue momukpucTammUeckue n aMopHbie mieHkn: dusuka u npumenenus. Iep. C ann. //Ilox pen.
JI.Ka3zmepcku. M.: Mup, 1983 u ap. HICTOUHUKOB.

44
n'obnacTu (Kak IIOKa3aHO HA pHC. 3a, obmacte 6).B mpouecce anbHelInen
TEPMOOOPAOOTKN YBEIMYMBACTCS KOHIIEHTPAIMS aTOMOB IIEIOYHBIX METAJIOB B
MEX3EPECHHBIX TPAHMI] W MPOUCXOAUT METAJUTU3AIUs JCCOPOMPOBAHHBIX CIIOEB,
npu 5ToM ¢ He yMEHBINAETCs, a HA0OOPOT YBEIMYMBAETCA B TOH Ke 71 00JIacTH.
Jlns olleHKH M3MeHeHusT ¢ Ipu JanbHEHIIeM yBEIHUYEHUH TeMIeparypsl (001acTh
[IT)6puTa McTOoMB30BaHA HOBas «MOAM(UKAIUS) METONA JICTUPOBAHUS, U3MEPEHUS
MIPOBOJIUIIA CO CTOPOHBI MOJIOKKHU (cM. puc. 3b u 3¢, A — moaoxkka o0pasIoB).

Ha puc. 7

MPOUJLTIOCTPUPOBAHBI
U3MEHEHUsI ¢ TBYX THITOB
00pasIoB
IIPY Pa3JIMYHBIX TEMIIepaTypax
TepmMooOpaboTku. Buano, 4rto ¢
YBEIMYCHUEM TEMIIEPaTypPhl A
HalJro1a
ercs poct ¢ y 00pasioB, Kak



p-THIIa,
TaK U 00pa3IoB, MPEACTABIISIONTNX
co0oii p-n cTpykTypy. PocT ¢ 00bsic
HSIETCS IPOSIBJICHUEM aJICOPOIINH
IIEJIOYHBIX METAJIJIOB B 00JIaCTH
MEXK3EpEHHBIX TpaHuIl (cM. puc. 3b u
3¢, obnacts 8). B npouecce nuddysuu
MPOUCXOUT METAJUTH3AIMS aIcOpOn
POBAaHHBIX CJIOEB BJIOJIb MEK3EPECHHBIX

Puc. 7. 3aBHCHMOCTH BBICOTHI IOTEHIIHAJID
HOTro 0apbepa B 00J1aCTH MeK3epPeHHbIX

I'paHuL, KOHICHTPAIA aTOMOB rPaHMI] HA IOBEPXHOCTH MOMJIOKKH Mo Si
HICJIOYHBIX METAJJIOB OU€Hb CUJIIBHO 0T TeMIlepaTypbl TEPMOOOPADOTKH,
YBEJIMYMBACTCs, KaK IIOKAa3aHO B JEripoBaHHBIMHA aTOMaMHU HIECJT0YHBIX

TabswuIe 2, ¥ 3TO MPUBOAUT K pocTy . METAITOB

Habmromaemple pasnuyust XoJa KPUBBIX pocTa ¢ Tt pa3HbIX BHIOB 00pasiioB (puc.
7a u 76). B mpouecce auddy3uy LIENTOYHBIX METAJLUIOB JOIKHBI IPOHTH B 71
obmacte p-n—CcTpykTyp. HO B 3TOM 00MacTH YHCIO TPUMECHBIX COCTOSHHUMN
HAMHOTO BBIIIE, W3-3a HAJIMYUs B HEH paHee BBeneHHOro ¢ocdopa (cMm. puc. 3c
o6nacts 10). ITosTomy st quPy3MOHHOrO NPOXOKICHUSA 7 OOIACTH IIETOYHBIX
METaJUIOB TpeOyeTcs IOMOTHUTEIBHOE BpEMs, DHEPIrHs WM Oojiee BBICOKAS
temreparypa. Crabunmsanuss ¢ Tpu JAadbHEUIIEM MOBBIIICHHH TEMIIEPaTyphl
TEpMOOOPAOOTKH MOXKET OBITh CBSI3aHA C PABHOBECHBIMH pPacHpeeiIeHUSIMU
MPUMECH Ha MTOBEPXHOCTU MEK3EPEHHBIX TPAHHUIL.

BrnepBrie ucciaenoBaHo BIMSHUE IIETOYHBIX METAJJIOB HA MEPEHOC HOCUTE
Jeit 3apsaa B 00JacTH MEK3EPEHHBIX TPAHUII MPU U3MEHEHUU TEMITepaTyphl (CM.
puc. 4 «llopomkoBerii — I[[M»), momydeHHOTO TOMU-Si METOAOM MOPOIITKOBON
TEXHOJOTUU. BHIHO, 4TO MPHCYTCTBHE aTOMOB IIEJIOYHBIX METAJUIOB B O0bEMe
noJiu-Si 0 MOHOTOHHO HW3MEHSIETCS C POCTOM Temmeparypbl (cMm. puc. 4). D10
OOBSCHSACTCS TMacCHBAIMEH pPEKOMOMHAIMOHHBIX IIEHTPOB aTOMaMH IIEJIOYHBIX
MeTayuioB. bornee Toro, mo HamieMy MHEHHUIO, MIEIOYHBIX METAJUIOB HACTOJIBKO
MOJIBIKHBI, YTO WX arOMbl TPU POCTE TEMIEpaTypbl B paccMaTpUBAEMOM
TEMIIepaTypHOM JIMara30He MOTYT MEPEXOUTh U3 IITyOUHBI 3€pHA B CTOPOHY
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MEX3EPEHHBIX I'PaHull, T.€. IBUTaThCs K IOBEPXHOCTH 3€PEH, a IIPU OCTHIBAHUU
oOpasia BUraTbcs, HA00OPOT, OT MEK3EPEHHBIX I'PaHHUIl BIIIyOb 3epHa. B msiToit
mase «BiansiHue nedekToB MM IPUMECHBIX COCTOSSHHH B 00J1aCTH
MEK3ePEeHHBIX IPAHMIl HA YJIeKTpo(pu3ndecKue u GoTodIeKTpH YecKue
CBOMCTBA P-N—CTPYKTYP» IIPUBEAEHBI pe3yJbTaThl 00pa30BaHus
AIIEKTPOHHO-ABIPOYHBIX NP HA MPUMECHOE COCTOSIHUU B 00JACTH MEXK3EPEHHBIX
TpaHull, TEOPETUYECKas MOJIETb P-N CTPYKTYP B 001aCTH MEK3EPEHHBIX TPAHUIL U
IIpoLIECC MEPEHOCA 3apsiia Ha HUX, BIMSHUE U3MEHEHHI TeMIIEpaTyphl,
IPUMECHBIE COCTOSIHUS U pEKOMOMHAIIMOHHBIE LIEHTPBI Ha 3JEKTPO(PU3NIECKUE U
(OTORNEKTPUYECKHE CBOMCTBA P-N CTPYKTYP.

VYcraHoBieHBl 00pa3oBaHUsl p-N CTPYKTYpPhl HEMOCPEACTBEHHO B O0JIACTH



MeX3epeHHbIX TpaHull. Ha puc. 86 mpeacrasieHa ynpolieHHas cXxeMa 4acTy MOoJu
Si p-n cTpyKTyphl, a Ha puc. 8a 30HHAs JUarpaMma, COOTBETCTBYIOIIAs OOJACTH
MeX3epeHHbIX rpanull. CrTpelkamMu TOKa3aHO [IB)KEHUE 3apsija B 00beme
obpasua. E,u E, B p u n 001aCTAX ypOBHU SBIAIOTCS PEKOMOMHALMOHHBIMH
IIEHTpaMHu, OOpa3yIIKUMH JOMOTHUTEIbHBIC Oapbepbl HETMOCPEJICTBEHHO B
obOnacTu Mex3epeHHbIX rpanull. Ha puc. 8a Takxke mokasaHo pacmpenescHue
PEKOMOMHAIIMOHHBIX UEHTPOB £y, Uy, HAXOIAIIMXCA B 00JIACTH P-N IIEPEXoa 110
sHeprusiM. CleayeT OTMETUTh CIEAYIOINIYIO, BHISIBICHHYIO HAMU, 3aKOHOMEP

HOCTB: 3aXBaT UM ADMHUCCHUSA HOCHUTEIIECH 3apsaa MPOUCXOASAT HE TOJBKO C YYACTHEM
aKIENTOPHBIX M JIOHOPHBIX ypoBHEH E, U E;,, a HMCET MECTO TAKKE 3axBaT W
SMHCCHSI HOCHUTENEH 3apsija MEXIy YPOBHSIMH, T.€. NPU POCTE TEMIEPaATypbl
HAOMIOAeTCs  TOCJENOBAaTEIbHOE  TMOSBJIEHWE HOBBIX  PEKOMOMHAIIMOHHBIX
LEHTPOB, COOTBETCTBYIOUIMX OIPEACICHHBIM JHEPreTUYECKUM YypoBHAM. llpu
NEPEXOE U3 BAJEHTHOM 30HBI B 30HY IPOBOAMMOCTM HOCHUTENEH 3apsaa
3aXBaTHIBAIOTCS HA ATUX MPOMEKYTOYHBIX PEKOMOWHAITMOHHBIX IEHTPAX M TaKUM
oOpa3oM 10 HUM TMOCIEAOBATEIBHO TMEPEABUTAIOTCA JO JOCTIKEHUS UMU
DHEPreTUYECKOTO YPOBHS 30HBI MPOBOAMMOCTH. 3aXBaT W 3MUCCHUS HOCHUTENEHN
3apsfa IPOUCXOIAIINE MEXKAy ypoBHsmu E,u E,, wm E,u E,, TPpUBOIAT K
IOABIICHUIO TOKOB, Jy ) ¥ Ji ;) COOTBETCTBEHHO, B P M N 00IACTAX M, KaK OBLIO
MOKa3aHO BO BTOpOM miaBe (puc.l), 3T0 COMpOBOXKAAETCS BOSHUKHOBEHHUEM TOKa
Jis- YBEIMYEHHME TEMIIEPAaTyphl MONU-Si IPUBOAUT K YBEJIHYEHUIO TOKOB Ji ) U

Jss(n)- IIOJTHBIA TOK MOKHO TIPEJICTABUTD B BUJIE:

JZJPn +J, tot(pn) +JS +JS (n) (4)

s(pn)

W3 (4) BMAHO, YTO MOJHBIA TOK CKIAABIBAETCA U3 TOKOB (Jisim)s Josom™ Jinom))»
CBSI3aHHBIX C TMpolleccCaMM 3axBaTa W DJMHUCCUM HOCHUTENEeH 3apsjga B
PEKOMOMHALIMOHHBIX LEHTpaX. Eciu 3Tu TOKM MeHbLIe 4eM J,,, TO MOJIHBIA TOK

onpenensiercs J,,, a €ciu Ha000pOT, TO MOJIHBIA TOK ONPEAEIAETCS, B OCHOBHOM,

pns
MU, T.€. TOKaMU Ji, Jipml Ty OTO MOKET NPHUBECTU K IPOABIECHUIO
NPUMECHOTO TEIUIOBOJIbTandeckoro 3gdexra. [lpu HarpeBe Wam OCBEIICHUHU TOIU
Si B obmactu p-n mepexoma, a Takke Ha LK, u Ej, ypoBHAX 00pasyroTcs
SJIEKTPOHHO-IBIPOYHBIE Maphl. 1Ipu smMuccuu 3apsaaa ¢ ypoBHEM L, HAXOIAIMXCS
B p 007acTH, €Ciau OHM HAIMpPABISIIOTCS B CTOPOHY N 00JacTH, OCBOOOXKICHHBIC

YPOBHHU Egtp 3aIIOJIHAIOTCS SJICKTPOHAMM, BI)ICBO60)KI[€HHI)IMI/I, B CBOIO O4YCPCOb, U3
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ypoBHEU E,;,, a ypOoBHU E;, 3amOJHSIOTCS HOCHUTEICH 3apsja, BBIXOMALIUMH W3
BaJICHTHOM 30HBI. AHAJIOTMYHBIM MPOIIECC MPOUCXOAUT B N O0JIACTH P-N CTPYKTYP.
VYBEIUUCHUE TOKOB Jg ()5 S5 Jyppn)» IPUBOAUT K YBEIMUYCHUIO TPSIMOTO TOKA p-N
mepexoia Co 3HAKOM «IUTIOC» U, HA00OpPOT, €CJIM, SJIEKTPOHBI HAIpPaBJISIOTCS B
00beM p 007acTH, a OBIPKM HAIpPaBIAIOTCA B 00beM N 001aCTH, TO TOKH Jy ),
s Jingpn) YBETHIUBAIOTCS CO 3HAKOM «MHHYC», H, COOTBETCTBEHHO, IIPSMOM TOK
p-n Mmepexola TaKXKe YBEIWYMBAETCS CO 3HAKOM «MHHYC». B mepBoM cityuae
CYMMAapHBIM TOK P-N MEPEXO/la YBEIMYMBACTCSA CO 3HAKOM «IUIIOC», & BO BTOPOM

ClIy4dac CYMMapHBIﬁ TOK p-n IIEpexoaa N3MCHACTCA CO 3HAKOM «MHUHYC».



1 — 3epHa nonu-Si; 2 — 00IaCTH MEK3EPEHHBIX
rpanuil; 3 —n quddy3nonusi cioi (hochop);
4 — muddysus pocdopa 1Mo MexK3EpPEHHBIX

ﬁ TPAHUI]

Puc. 8. 3onnas xuarpaMmma p-n CTPyKTYp B 00/1aCTH MeK3epPeHHbIX IPAHMI U €10
YIPOILIEHHAsl cXeMa

Ha puc. 9a npuBeneHsl TemmnepaTypHble 3aBUCUMOCTH TEMHOBOIO TOKa Yy
HATPEBAEMBIX M OXJAXJAeMBIX IOJU-Si n'-p cTpykTyp. BuaHO, 4TO npy Harpese
oOpasiia, TOK MOHOTOHHO pacteT A0 ~100°C, a 3areM IpH TOH e MOJAPHOCTH
HaOMIOAeTCsl PE3KUM POCT TOKA, KOTOPHIA JOCTUTaeT BEJIUYMH, B JIECSATKU pa3
npeBbimaromux ero 3Hadenue mnpu ~20°C. HabmonaemMoe MOXET ObITh OOBSICHEHO
HOSIBICHUEM  TOKOB  Jy)s Jspom¥ Jippny CO 3HAKOM «MHHYC». IIpu OCThIBaHHH
00pa3ioB M3MEHEHUE TOKA MPUHIUIIMAIBLHO OTIMYAETCS OT TAKOBOTO B MPOIECCE
pocta Temrieparypsl. [Ipu ocThiBaHUK 00pa3OB MPOUCXOAUT IMUCCUS HOCUTENEH
3apsiga u3 ypoBHed E~0,15 3B u E~0,17 3B, koTopbie ObUIM 3aXBau€Hbl TaM B
MpOIIECCe HAarpeBa, YTO M MPUBOJUT K CKAYKOOOPA3HOMY HM3MEHEHHIO TOKa MpHU
~50+100°C.

Ha puc. 96 conocraBiensl TeMneparypHble 3aBUCUMOCTH (DOTOTOKA, CHSIThIE IMPHU

JIOKAIIbHOM 3aCBETKE PA3IMYHBIX MUKPOOOIACTEH MOBEPXHOCTU N -p MOJHU-Si

CTpyKTyp. BuaHO, 4TO BO BCeM MCCIe0BAaHHOM TEMIIEpaTypHOM JuamnazoHe (Hoto
TOK y MOHO-Si ' -p CTPYKTYp ¢1a00 MOHOTOHHO pacTeT. Tak, KpuBas 3aBUCHUMOCTH
J=f(T), oTHOCSILasICs K 3aCBETKE COOCTBEHHO MOBEPXHOCTH OTAEIbHBIX KPYITHBIX
3epeH MOH-Si CTPYKTYPHI (), Tosbko 10 ~100°C MoBTOPSET X0 KPUBOM, CHITOMN

Ha MOHO-S1 COJTHEYHOr0 dJIEMEHTA, a ToToM B auamnasone ~110+160°C, umeer

0071acTh C OOpaTHBIM HAIIPABJICHHEM TOKA, 3aT€M TOK BHOBb MEHSET HalpaBIICHUE

U pe3ko pacrer, gocturas npu T~180°C 3nauenuii, mpumepuo B 10 pa3

NpEeBBIIAIONIMX CBOO BennmuuHy nipu 20°C. 3acBeTka MUKPOOOIACTH, COACPKA

e W TPYIIy MEJIKUX 3epeH M WX MeX3epeHHBIX rpanuil (A), conmpoBoKaacTcs

yBEIMYCHHEM TOKa B ~2 pasa B auamnazone temmeparyp 80+100°C mo cpaBHEHHIO ¢
ero 3nauenuem mpu 20°C, a 3atem umeeT Mecto miaro ot ~100 mxo 140°C,
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Hepexo/IsIIee B y4aCTOK ¢ PE3KHM MOIBLEMOM TOKa, JocTHraromiero npu 160°C
BEJIMYMHBI, IPEeBbIIaroIIei ero 3HaueHue mpu 20°C modty Ha MOPSIOK.



A

Puc. 9. 3aBucuMoCcTH TEMHOBOI0 TOKA U (JOTOTOKA OT TeMIepPaTypPbIUCCIeTyeMbIX
o0pa3uoB

Haubonee narepecHbie 0COOEHHOCTH UMEET TeMIIepaTypHasi 3aBUCUMOCTD
TOKa, CHATAs MIPH JIOKAJIbHOM 3aCBETKE MUKPOOOIACTEH, OTHOCSIINXCS ITPEUMY
IIECTBEHHO K MEK3EpEeHHBIX TpaHull (¢), Hanpumep, MecT CThIKa 3+4 KPyIHbIX
3epeH. [lo remmneparyp ~100°C HabOnromaeTcss MEIJICHHBIA POCT TOKA, 3aTEM
peskuii muk mpu ~105°C, 3aTeM pe3Koe maaeHne ToKa ¢ IEPEMEHOM ero HapaBiie
Hud. [{anpHeilliee NOBbIIEHUE TEMIIEPATYPBI COMTPOBOXKIAETCS BO3BPATOM K
NpeXHEMY HAIPaBJICHHUIO TOKA U IPUMEPHO K ero 3HaueHuro npu 100°C, 3atem
BEJIMYMHA TOKA TJIaBHO majaeTt 0 TeMieparypbl 150°C 1 BHOBB pE3KO pacTer,
BTpOE MpeBbiiias, Harpumep, npu 170°C, cBoe 3HaYeHHE P KOMHATHOM TEMIIe
parype. Habmomaemoe yBenudeHnue GoToToka MOXKET ObITh 00BSICHEHO TIPOSIBIIE
HUEM TOKOB Jy,)5 Jypm¥ ooy TPOTEKAOLINX B HANIPABJICHUH, 0003HAYEHHOM
HaMU 3HaKOM «ILTIOCY. B mponecce nepenoca Hocutenel 3apsaa BEpOITHO
IPOUCXOAUT TYHHEIUPOBAHUE, U ITO CONPOBOXKAAETCS, HWILTIOCTPUPYEMBIM PHC.
90, mposiBIeHHEM MPUMECHBIX TeTuiodoToBoIbTandecKux ¢ dekra. [Ipu
~100+170°C naunHaeT paboTaTh, a 3aTEM JOMUHUPOBATH YPOBEHB JIOBYIICK 0,36
5B, 4TO MPUBOAUT CHauajia K YMEHBIIICHUIO BEJTMYUHBI, a 3aTeM K U3MEHEHUIO
HaIpaBJICHUS TOKA.

Ha pucynke 10 nmpuBeneHsl TemMneparypHbIE 3aBUCUMOCTH TEMHOBOTO TOKa
U (OTOTOKA y HArpeBAEMbIX U OXJAXKJIAEMbIX MOHO-S1 p-n CTPYKTYp, HAMEPEHHO
00JTy4eHHBIX IeKTpOHaMH. BUIHO, YTO TEMHOBOM TOK MOHOTOHHO YBEJIMYUBAETCS
¢ pocrom Temmeparypbl g0 150°C, u moTomM HaOMOmaeTcs pe3KUd pPOCT, Kak U
0’KMJAJI0Ch COITIACHO BBIIIE MPEMNIOKEHHON MOJIENH, MPOMILTIOCTPUPOBAHHOM pHC.
86. Takoi1 sxe mporiecc HaOMIOAACTCS U IPU U3MEPEHUHM TEMHOBOTO HarpsikeHus. B
ciyyae  ocemieHus  (2)  oOpa3oBaHHbIE € y4acTHEM  MPUMECHBIX
PEKOMOMHALIMOHHBIX ~ LEHTPOB  3JEKTPOHHO-AbIpouHbie (eh) napel  JaroT
JIOTIOJIHUTENIBHBIN BKJIAJ B TOK p-n nepexona. M3 conocrasnenus (1) u (2) BuaHo,
yto Hampumep, npu ~230°C, pororok coctaBiseT ~800 MKA, T.e. Oosee ueMm B >5
pa3 MpeBbIIIaeT TEMHOBOU TOK.
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A

Puc. 10. TemmneparypHble 3aBHCHMOCTH
TEMHOBOI0 TOKa H  (oToTOKa Yy
HArpeBaeMbIX M OXJIAXKAaeMbIX MOHO-SI p-n
CTPYKTYP, HaMepeHHO 00/ 1y4eHHBIX
3J1eKTPOHAMH

N3 puc. 10 BuAHO, YTO MOJIHBIA TOK

CBsI3aH M oIlpezaensercss Tokamu (J;

s(pn)»

), OOYCIIOBJICHHBIMHU JOMHU
Js(pn) 12 ‘]th(pn)

HUPOBAaHUEM SMHMCCUU HOCHUTENIEH 3aps
Ja HaJl WX 3aXBaTOM, MPOUCXOASIINMHU
HA  TIyOOKUX  PEKOMOWHAIIMOHHBIX
IIEHTpax, OOpa30BaHHBIX B IMpoIlecce
ANIEKTPOHHOTO 00ydeHuss MoHO-Si. [lpu
HarpeBe WM OCBEIICHUU DJICKTPOHBI
HANPABJISIIOTCS W3 OJTUX IIEHTPOB B
obbeM p obnacTu, a JIBIPKH B 00bEM n
001aCTH, TO €CThb TOKH Jis1)5 s om) B Jipom)
YBEIMYHMBAIOTCI W TEKyT B Hampas
JICHUHW, TPUHATOM HAMU CO 3HAKOM
«MHHYC», YTO COOTBETCTBYET MPSIMOTO
TOKY p-n mepexoja, U 00Iuii TOK yBe

JUYHUBACTCS CO 3HAKOM «MUHYC». ITO

IPUBOIUT K MPOSIBIICHUIO TTPUMECHBIX

TETUIOBOJIBTAUYECKUX U IPUMECHBIX TertodoToBosibTanueckux 3dexron. Ha puc.
11 npuBeneHbI TEMIIEPATyPHbIE 3aBUCUMOCTH TEMHOBOTO TOKA U (DOTOTOKA Yy
HarpeBaeMbIX U OXJIAXKIAEMbIX MOHO-S1 p-n CTPYKTY]P, MOABEPTHYTHIX
JOTIOJIHUTEIIbHOMY JIETUPOBAHUIO MOHHOW UMITJIAHTAIIMYU HIEJIOYHBIX METAJIIOB.
BuaHo, 4To TEMHOBOM TOK, BO-IIEPBBIX, UMEET HAMPABICHUE, COOTBETCTBYIOIIEE

A

3HAKy «MHHYC» U, BO-BTOPBIX, €TO
U3MEHEHHUE C TEMIIEPaTypoi MPOUCXO
JIUT COTJIACHO BBIIIE TPEIOKEHHOM
mozenu (puc. 80). B cimydae ocsere
HUS HaOII01aeTCst MOHOTOHHBIN POCT
dototoka 10 ~150°C, 3aTem TOK u3mMe
HSIET CBOE HAIPaBIIEHUE C POTHUBO
TIOJIOKHBIM 3HAKOM, & POCT CMEHSETCS
nagenueM. [lagenne TeMHOBOTO TOKa
TIPOUCXOMUT JI0 TeMmepatypbl ~225°C,
OOBSACHSETCS MPOSBICHUEM PEKOMOU
HalMOHHBIX LeHTpoB ¢ E=0,3 3B.



TEMHOBOI0 TOKA U ()OTOTOKA Y
HArpeBaeMbIX M 0XJIa:KIaeMbIX MOHO-Si p-n
CTPYKTYP, MOABEPTrHYTHIX
AOMOJTHUTEIbHOMY JIETHPOBAHHUIO HOHHOM
UMILIAHTAIUN 1IEeJOYHbIX METAJJIOB

A [TaccuBarus 3TOro 1IEHTpa OOBIYHO
nocturaercs opicTpo AubQyHIupyIO
IIUM KaJIMEM, YTO MPUBOIUT K YMEHb
IIEHUIO TEMHOBOTO TOKA B TAKOM
obpa3iie. 910 00BICHEHHE, OUCBUIHO,
MIPUMEHUMO U JJIsI OOBSICHEHUS U3ME
Puc. 11. TemneparypHble 3aBHCHMOCTH

HEeHUU (POTOTOKa y O0Opa3IoB, JETMPOBAHHBIX U JIPYTUMHU aTroMaMu MICJIOYHBIX

MeTautoB. Hanmpumep, /Ut kaaus majaeHue Toka uaeT 1o ~225°C, a 11 uesus — 10

>200°C. U3 puc. 11 BugHO, 94TO HarpeB o0Opa3IioB COMPOBOXKIACTCS TTACCHUBAIUCH
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PEKOMOMHALIMOHHBIX LIEHTPOB, KOTOPasi Hanbosee CUIIbHO HAOM0AaeTCs B
nporecce OCThIBaHUs 00pa3IoB.

Takum  oOpa3zoMm, TpenyoKeHHas Mojeinb dA(PPEKTUBHO  OOBICHSIET
HaOII0aeMble B AKCIEPUMEHTAX Pe3yibTaThl, KAacaloOIIMECcs, KakK IMOJIU-S1, TaK U
0o0pa3lioB MOHO-Si, B KOTOPBIX HAMEPEHHO CO3/1aHa BBICOKAs KOHIIEHTpAIUs
ITyOOKMX SHEPreTUYECKUX YPOBHEH, HE MOCTHXKHMAas OOBIYHBIMU MpPUEMaMU
aerupoBaHus.  llomydeHHble — pe3ynbTaTbl  PACIIMPSIOT  TEXHOJOTHECKHE
BO3MOYKHOCTH IOJIyYEHUS CTPYKTYp C YIPaBISIEMbIM IPOSBICHUEM MPUMECHBIX
TEIJIOBOJBTAMYECKUX W MPUMECHBIX TemnopoToBoNbTanyeckux 3¢pdexToB u
PUOTKAIOT TPHOOPHOE BOILIONICHHUE YITOMSHYTHIX 3P (EKTOB.
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3AKJIIOYEHUE

Ha ocHOBe mpOBEOEHHBIX WCCICIOBAHUM (U3MUECKUX TMPOIECCOB Ha
MEX3EPEeHHbIX TpaHUIaX TMOoJU-S1 ¢  SBJICHUW  TEIJIOBOJBTAMYECKOTO U
(b OoTOTEII0BOIBTanYECKOTO A(DPEKTOB ClIeNIaHbl CASAYIOIINE BHIBOIBI:

1. Pa3pabGorana Momenh MHOTOCIOWHOTO CTHIKA JBYX KOHTAKTHPYIOIIHX
3epeH, COMTACHO KOTOPOWM KaXKABbIH M3 HUX COCTOUT M3 MOHOKPHUCTAJUIMYECKOTO
a7pa, OKPY>KEHHBIH O0O0NacThl0 C JAePEeKTaMH, JUCTOKAIUAMH € JAPYyTUMH
CTPYKTYpHBIMH HapyUICHUSMH, a TaKkKe paBHOMEPHO paclpeneicHHbI Ha
MOBEPXHOCTH OCTPOBKH METATMYECKUX KOMIIOHCHTOB M MHKpPOOOJACTH B BHUIE



BBICTYIIOB U ITyCTOT.

2. OOHapyXeH HEMOHOTOHHBIN XapakTep TEMIIEPaTypHOTrO U3MEHEHUS
yIEIBLHOTO COMPOTUBIEHUS (p), MOABUKHOCTH (1) U KOHIIEHTpAUUU (1) HOCUTEIIEeH
3apsiza, OOyCIIOBICHHBI COBMECTHBIM BIHMSHHEM pPa3MEpOB 3€peH W HOHHU3ALUU
JIOKQJIM30BAaHHBIX JIOBYIIEK, CBSI3aHHBIX C MPUMECHBIMU COCTOSHUSAMH WJTU
nedexTaMu B 00J1aCTH MEXK3EPEHHBIX TPaHUIL.

3. DOKCHnepuMEHTaJIbHO TMOJTBEPKACHO, UTO YBEIMYEHHE IUIOTHOCTH
JIOKQTM30BAaHHBIX JIOBYIIEK MPUBOAUT K M3MEHCHHIO BBICOTHI TMOTCHIIMAIBHOTO
oapeepa (¢) or 0,3 3B mo 0,9 3B m pocry p, a TakkKe K YMEHBIICHHUIO
KOHIICHTPAIIMK OCHOBHBIX HOCHUTEIICH.

4. IlpennmokeHa 5SKBUBAJCHTHAs OJJIEKTPUYECKAs CXEMa, ITO3BOJISIONIAS
OTIPEIICTUTh JJICKTPUICCKUE CBOHMCTBA MEK3CPCHHBIX T'PAaHUI] B ICJIOM M Ka)IOU
U3 COCTABIAIOIINX €¢ MHUKPOOOIAcTel Ha OCHOBE MOJEIM MHOTOCIOWHOTO CTBHIKA
JIByX KOHTaKTUPYIOIINX 3€PEH.

5. YcraHOBIEHBI YCIOBUSA NPOSBICHHUS abcopOuMu U JecopOuuu psaa
HICJIOYHBIX METANIOB W WX BIMSHUE Ha MHUKPOCTPYKTYPY, U 3JIEKTPOHHbBIC
CBOMCTBAa MEXK3EPEHHBIX TPaHUIl. A MMEHHO — JeCOpONHs MIEITOYHBIX METAJIOB
MEX3EPEHHBIX TPAHUI[ B TPOIECCe TEPMOOOPAOOTKM MPUBOAUT K W3MECHECHHIO
3Haka ¢ W THIA TPOBOAMMOCTH B BHAE TOHKOIO CJIOS Ha IOBEPXHOCTH
MOJIMKPUCTAIITUYECKOTO KpeMHus, a Auddy3us MIETOYHbIX METaUIOB 0
MOBEPXHOCTH TOJIOKKH TMOJTMKPUCTAJUTMUCCKOTO KPEMHHUS TPHBOIUT K HX
a7copOIMU Ha TIOBEPXHOCTSX JIBYX KOHTAKTHPYIOIITUX 3EPEH.

6. Ilokazano, uro B untepBaiie tremneparyp (~300+800 K) tremHOBOI1 TOK U
HANPsDKCHUE W3MEHSIIOTCS 10 CPaBHEHUIO ¢ MOHOKPHUCTAUNIMYECKUMHU OOpa3liaMu
CJIIOHBIM 00pa3oM 3a CYET 3aXBaTa HOCUTENEH 3apsia Ha JIOBYIIKax U UX Apeinda
BIOJIb JIOBYIIEK B MPOIIECCE HMOHU3AIMHU JIOKAJTM30BAHHBIX JIOBYIIEK B OONIACTH
MEX3EPCHHBIX TPaHUII.

7. llpennoxkeHa Mojeiab p-n IMepexoja B 00JACTH MEXK3EPEHHBIX T'paHUII,
00BSICHAIONIAST MEXaHU3Mbl TIEpeHOCa HOCHUTENEH 3apsia B HUX U (POPMUPOBAHUS
TEMHOBOTO U (DOTOTOKA OOYCIIOBJIEHHBIX 3aXBaTOM M SMUCCHEHW HOCUTENEH 3apsia
Ha JIOBYIITKaX.

8. ITlokazaHo, 4YTO TMPOSBIEHUS TMPUMECHOTO TEIUIOBOJBTAMYECKOTO |
TerI0QoToBONbTanYeckoro  3¢h(EeKToB HAa p-n CTPYKTypax Ha  OCHOBE
MOJIMKPUCTAIITUYECKOTO ¥ MOHOKPUCTAJTMYECKOTO KPEMHHUS TIPU HarpeBe u
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OCBEIIIEHUHU 00YCJIOBJICHBI MPOIECCAMU TeHEPAIlUU AJIEKTPOHHO-IBIPOYHBIX Tap C
Y49aCTHEM TIIYOOKUX MPUMECHBIX COCTOSTHUM.

9. MoanunupoBaHbl METOIBI HCCICIOBAHUS MPUMECHBIX COCTOSHHM B
0071aCTH MEK3EPEHHBIX TPAHUI: MOKA3aHO, YTO MPU OLICHKE JIEKTPOHHBIX CBOMCTB
MEXK3EpPEHHBIX TpaHUIl C TIOMOIIBI0O MOJEIU TEPMOIICKTPOHHOM HSMHUCCUU
HEOOXOMMMO YYHUTHIBATh TOJHYIO MPOBOAMMOCTH JoBymiek (V) u TOokK (Jy,),
KOTOpasi BO3HUKAET B MPOLECCAX 3aXBaTa U IMUCCUU HOCUTENEH 3apsiaa.

10. Pa3zpaboraH HOBBIM METOJl JIETUPOBAHMS C HMCIOJIB30BAHHEM OBICTPO
muhQyHAUPYIOMUX  SJIEMEHTOB, TMO3BOJSIONIMNA  TMONYYUTh P-N CTPYKTYPHI



napajyieJbHO C p WIM N TUIMHBIMA O0pa3laMyd W 3a CYET YIPOIICHHS METoja
MOBBICUTH BOCIIPOMU3BOAUMOCTD TEXHOJIOTMYECKOTO IpoIiecca.

11. PazpaboTan MeTO/1 1OJIyaBTOMaTHYECKOTO OMPEIENICHUs TeMIIepaTypPHBIX
3aBUCUMOCTEH  INEKTPOPU3NYECKUX  XAPAKTEPUCTUK P-N  CTPYKTYP c
BO3MOYKHOCTBbIO CKaHMPOBAHHUSI CBETOBBIM JIy4OM C 3aJaHHOM JUIMHON BOJIHBI U
nuameTpoM oT ~10 1o 400 MKM 110 TOBEPXHOCTH 00pa3Iia.

12. Pa3paborana nud@y3rnoHHast ycCTaHOBKA, TO3BOJISIONIAS OJHOBPEMEHHO
W3rOTaBIMBATh B PA3IMYHBIX YACTAX MOHO M  MMOJUKPUCTAUIMYECKUX IJIACTUH
KpEMHHUSI Pa3HOTHUIIHBIE 00IacTH, NpeAHa3HAYEHHbIC 711 W3TOTOBJICHUS
npeoOpa3oBaTelieil TeII0BOM U COTHEYHON SHEPruil.
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INTRODUCTION (annotation of the thesis)

The actuality and necessity of the thesis theme. At present in the world on
the semiconductor physics intensive developing branch the polycrystalline silicon
semiconductors lead the important role. Because of the raw materials are relatively
cheaper and stronger than other ones to the irradiation rays flow in the world
semiconductor instruments based on polycrystalline silicon, solar elements and
also integral micro schemes design is being developed intensively. As the physical
properties revealed in concrete conditions of the polycrystalline silicon depends on
its between grain boundaries regions volume, the profound of the physical
processes occurring in this region is being one of the important tasks.

In our country in the years of independence an attention to study the
developing semiconductor physics branch, namely, solar elements and
semiconductor instruments creation, which have a quality index and meet to
international standards requirements, have been drawn. In this field the essential
results on studying methods of the controlling physical processes of the
polycrystalline silicon in the two contacting grain boundaries region and also based
on applying them to the solar elements are being reached.

Creation of the semiconductor instruments and solar elements, which are
relatively cheaper and stronger to outside affects including the stable to the
temperature and irradiation rays beam by improving the electrical and optical
characteristics of polycrystalline silicon semiconductors, is a important task. In this
field to realize the objective scientific investigations, including in the following
directions are one of the important problems: definition the microstructure of the
two contacting between grain boundaries region and impurity states; designation of
modern methods for definition of their electrical and optical characteristics with
taking into account the physical and chemical properties of volume defects and
between grain boundaries regions of polycrystalline silicon; definition the related
laws which the electron-hole pairs formation and transition in impurity states on
between grain boundaries region when light rays or temperature changing process
and their affect to electrical and photoelectrical properties of polycrystalline silicon
p-n structures; definition of affect to between grain boundaries region impurity
atoms microstructure and electronic properties; creation and production of new



type energy transformations via controlling physical processes in between grain
boundaries regions. The investigations mentioned above explain actuality of the
present thesis topic.

The present thesis investigations are the works to realize in Decision
"PQ-1442" of President of Uzbekistan Republic "On the priory directions of
development of Republic of Uzbekistan industry in 2011-2015", and other legal
and regulatory documents connected with this decision.

The conformity of investigation to priority directions of Republic of
Uzbekistan science and technologies development. The thesis is made in the
framework of priory directions of Republic of Uzbekistan science and technologies
development, III "Energetics, energy and resource saving, transport, engineering,
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instrumentation, development of modern electronics, microelectronics, fotonics,
electronic instrumentation".

Review of international scientific investigations on thesis topics'’. At
present in the leading world scientific centers, institutes and universities including
Sandia National Laboratories (New Mexico), Tohoku University (Japan),
University of Z"ilina (Slovakia), Northeastern University (China), Wacker Chemie
u SiTec Applied Research (Germany), OCI (Sought Korea), Hemlock
Semiconductor Corporation (USA), Sun Edison inc. (USA), University Stuttgart
(Germany), Moscow State University, Institute of semiconductor physics (Russia)
are conducted investigations on the development new technologies for obtaining
polycrystalline Si designed for photo energetics and microenergetics.

In the world level in region of microstructure and impurity states of grain
boundaries in polycrystalline Si studying the several new scientific results were
obtained. In particularly atomic structures of grain boundaries are defined, the
development of summing resistivity on the resistivity of grains and grain
boundaries laws and theirs effect to the electro physical and photoelectrical
properties of p-n structures were established (Tohoku University, Japan, University
Stuttgart, Germany), the segregation and diffusion processes in polycrystalline Si
were studied (Ukraine National Techniques University), and the different models
of the grain boundaries were designed (General Electric Research Laboratory, New
York, Sandia National Laboratories, USA and Institute of Scientific Investigations
of Molecular Electronics and plant «Mikron», Russia).

At present the theoretical and experimental scientific investigations on the
studying grain boundaries including these perspective directions as investigation of
horizontal and vertical structures of the grain boundaries and processes in them
charge transition researches on the recombination centers passivity and defining of
the potential barrier height, diffusing processes in the grain boundaries are carrying
out.

The investigations degree of the problem. At present by world leading
scientists investigations of properties of polycrystalline Si including microstructure
and impurity states of the grain boundaries, their effect to the charge transition
process have been carried. For example, the microstructure of the grain boundaries



have been investigated by R.Rozenhayman, K,Hargrivz. The charging states have
been studied by B.M. Johnson, W.K. Schubert, V.Iglesias. Their effect to the
charge transition have been investigated by Ryousuke Matsubara, Emi Machida.
The models for explaining of the electrical properties of poly-Si have been
suggested by J.Y.W. Seto, V.A.Greedchin, B.M. Lyubimskiy, Masaki Takihara,
Takuji Takahashi. Karem Boubaker, Sang Mi Cho, Kyle Preston, K.Amal, K.Ro,
0.0.Tiiziin and other scientists the full scale investigations on increasing solar
elements effectively and semiconductor instruments basing on the polycrystalline
are carrying out.

"Review of international scientific investigations on thesis topics is made by papers: Annual Review of Materials
Science, Vol. 15: 271-302 August 1985; Lecture on Grain Boundary & Interface Engineering at Department of
Materials Engineering, IISc, (No.2) (18, November, 2015, Bangalore, India), j. mullerova_s. jur english.pdf. and in
other refs.
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The scientists from Uzbekistan, for example, M.S. Saidov, R.A. Muminov,
A.S. Saidov, A.V. Karimov, P.U. Aliyev have carried out the investigations on
increasing of the effectiveness of the semiconductor instruments and solar
elements based on polycrystalline Si.

The investigations on the electro physical and photoelectrical characteristics
of polycrystalline Si p-n structure have been carrying out by leading collaboration
of M.S. Saidov. As the result of these investigations the impurity heating volt
effects have been found and their classification have been suggested. Collaboration
of R.U. Aliyev investigate using polycrystalline Si p-n structure in solar batteries
and designed the several perspective constructions.

It follows from the mentioned above that investigations on studying effects
of microstructure and impurity states grain boundaries to the charge transition in
polycrystalline Si, electron-hole pairs formation conditions in the impurity states
by temperature changes and their effect to the electric physical and photoelectrical
properties of p-n transition; effect of additional leggier impurities to microstructure
and electronically properties of grain boundaries; electron-hole pairs formation in
impurity states or recombination centers formed by electrons irradiation effect or
ionic implantations and their effect to the electrically physical and photoelectrical
properties of p-n transitions in polycrystalline structures are actual and have
scientific practical meaning.

Relation of thesis topics with scientific investigations of scientific
investigation organization where the thesis has been made. The thesis
investigations have been made in Andijan State University in framework of the
planned budget and economic treaty "NIOR", for example, the scientific
investigation work on project, P-18.52 "Development and implementation of
technology for obtaining Si plates for Solar elements", 2003-2007 years; F-2-28
"Surface and volume quantum dimension effects in leggier Si and their effect to
generation recombination processes and separation of charge carriers in p-n
structures", 2012-2016 years.

The purpose of the investigations is laws establishing of dependence of the
electrical physical properties of polycrystalline Si and photoelectrical



characteristics of p-n structures based on impurity states localized in grain
boundaries region and volume defects.

In accordance with choosing purpose we were must solve these problems: to
study of microstructure and morphology grain boundaries polycrystalline Si
obtained by two molding methods and powder technology method and also to
figure out the mechanisms of defects formation and impurity states in grain
boundaries region in the impurity segregation process;

to define microstructure and impurity states effect in grain boundaries region
and volume defects in poly-Si to charge transition in the temperature range,
~300+800 °K;

to study adsorption and desorption processes of alkaline metals, (Li, Na, K,
Cs), and their effect to the microstructure and electronic properties impurity
boundaries;
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to define impurity stated effect in grain boundaries region and volume

defects in polycrystalline Si to electrical physical and photoelectrical properties of
p-n structures in the temperature range, ~300+500 °K;

to investigate of recombination centers effect formed by electronic
irradiation (the energy, E~1 MeV; the dose, D~10""cm™), to electrical physical and
photoelectrical characteristics of p-n structures in the temperature range,
~300+500 °K;

to investigate of recombination centers and impurity states effect formed by
leggier atoms process of alkaline metals (the energy, E~30 eV; the dose, D~10"
cm™), to electrical physical and photoelectrical characteristics of mono crystalline
Si p-n structures in the temperature range, ~300+500 °K;

to work out the new and modernize known methods of studying of impurity
states in grain boundaries region and also their effect to the electrical physical and
photoelectrical properties p-n structures in wide range of variation of experiment
conditions.

The objects of investigations are polycrystalline Si and p-n structure, based
on it.

The subjects of investigations are the processes formation of electronic
hole pairs with impurity states and defects in grain boundaries region, pattern
formation of photoelectrical characteristics.

The investigations methods. We use the complex informative methods of
experimental physics: X-ray spectral micro zoned analysis, electrical physical and
photoelectrical investigations, precision thermo curing, thermo electronic emission
and leggier methods, ion implantation, diffusion, electronic irradiation, powder
metallurgy techniques.

The scientific novelty of investigations is following:

it has been found that rough surface formation of boundaries abundant
overhangs and micro cavities in grain boundaries region is caused with uneven
distribution of impurity in volume of the grain, namely with concentrate increase



of each of their impurities from center up grain boundary;

it has been revealed that width of united layers of two contacting grains,
where the ionization fact of localized traps in temperature changing process with
taking account of ionized traps energy that leads to change potential barrier height
in range of ~0,3+0,9 eV and to decrease charge carrier density, is about nanometer;

the multilayered interface model of two contacting grains and equivalent
electric scheme which allows to define the electrical properties of grain boundaries
has been constructed;

the adsorption and desorption phenomena in grain boundaries region have
been founded;

the impurity thermal-voltaic and thermal-photovoltaic effects occurring
regularity in homogeneous polycrystalline Si and p-n structures, on its base and
also in mono crystalline Si with p-n transition conducted with formation of
electron-hole pairs when deep impure states participate, has been installed;

the model of formation of p-n transition in grain boundaries region.
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The practical results of investigations are following:

The obtaining of polycrystalline Si plates technologies for solar elements
based powder metallurgy has been designed. Samples of polycrystalline Si with
width 250400 mkm and size >150 mm have been obtained;

The adsorption and desorption passing conditions of impurity in grain
boundaries region and technological regimes for obtaining p-n transitions based on
mentioned phenomena have been defined, and also p-n structures for cheap solar
elements, which coefficient of useful effect without clearance is ~7 %, has been
obtained.

The diffusion setting, which allows to construct at the same time in the
different parts of polycrystalline Si and mono crystalline Si plates in diverse
regions, has been designed and constructed.

The technological regimes for obtaining impurity thermal-voltaic and
thermal-photovoltaic effects for construction the new alternative energy sources
based polycrystalline Si and mono crystalline Si plates have been designed.

The authenticity of investigations results is confirmed by using modern
scientific and technological methods, standard and approved control methods of
parameters and characteristics of semiconducting instruments. The results and
conclusion are based in the physical reviews based on the theoretical and
experimental data.

The scientific and practical significance of investigations results. The
scientific significance of investigations results in that they allow to explain the
microstructure and the electronic state in the grain boundaries of polycrystalline Si
and manifestation of adsorption and desorption effects. The practical significance
of investigations results in designing of diffusion construction and new
semiconducting structures for photo converter based on polycrystalline Si with
using powder technology.

The introduction of investigations results. Based on the results of



electronic processes studying in grain boundaries of polycrystalline Si: The patent
for invention of Republic of Uzbekistan, "The diffusion setting" on the diffusion
conduct process of leggier impurities to Si crystal forming electronic and hole
conductivity, has been obtained (Ne TAP 04767, 23.09.2013). Using designed
diffusion setting gave us to obtain the polytypic and isotopic transitions in the Si
crystal in the one process instead of three processes in its famous analog.

The patent for invention of Republic of Uzbekistan, "The energy converter"
on the construct of heat energy converter of solar irradiation to the electrical one,
has been obtained (Ne IAP 04855, 05.12.2013). Using designed energy converter
based non mono crystalline Si with deep levels allows us to obtain photocurrent
more to 10 % in comparison with known analog with small width of base region.

Mechanisms manifestation of impurity thermal-voltaic and thermal-photo voltaic
effects had been detected first in investigations structures with p-n transitions
based polycrystalline Si; the designed technology for obtaining polycrystalline Si
based powder metallurgy had been used by performance grant theme, "The energy
transformation processes in the systems based organic and
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nonorganic granulated semiconductors with small size impurity inhomogeneity",
grant theme, "Stimulated non equilibrium processes of charge transition in
polycrystalline, amorphous and nano crystalline". Using scientific results allowed
the identification the energy transformation processes in the systems based organic
and nonorganic granulated semiconductors, processes of charge transition in
polycrystalline, amorphous and nano crystalline (Reference from coordination of
science development and technologies Committee of Republic of Uzbekistan,
FTK-03-13/677, 10.10.2016.).

Approbation of the thesis results. The investigation results have been
approved in the works of 21 international and Republic conferences as talks,
including "The actual problems of modern physics (Termez, 2002); "Silicon-2003"
(Moscow, 2003) "The 3-Uzbek-Korean International Symposium on Quantum
Functional Materials and Devices 2004" (Tashkent, 2004); "Growth, properties and
application of crystals" (Nukus, 2005, Andijan, 2008); "1000 years of Ma'mun
Academy" (Khiva, 2006); "The problems of alternative energetic and energy
saving" (Namangan, 2007); "The modern problems of Physics and teaching
Physics" (Samarkand, 2009); "Modern problems of semiconductor physics"
(Nukus, 2011); "The actual problems of electronic physics" (Tashkent, 2012);
"Silicon-2014" (Irkutsk, 2014); "The fundamental and applied problems of
physics" (Tashkent, 2014); "The actual problems of semiconductor physics"
(Tashkent, 2014); "The technology and nano particle physics, microelectronics"
(Andijan, 2015).

Publication of the results of investigations. On the thesis topics have been
published 44 scientific papers. The 20 from ones have been published in the
journals suggested by Uzbekistan Republics High Attestation Commission for
publication of main scientific results of thesis, 1 monograph, 2 patents of invention
have been announced.

The structure and volume of the thesis. The thesis contains introduction, 5



chapters, conclusion, and the bibliography. The text of the thesis has been wrote in
198 pages.
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THE MAIN CONTENT OF THE THESIS

In Introduction the relevance of the thesis topics is justified, the
communication of investigations with main priory directions of science and
technology development in Uzbekistan is defined; the review of world scientific
investigations on the thesis topics and the problem investigations degree are given;
the research goal and task are formulated; the object, topics, and the methods of
investigations are identified; the scientific novelty of investigations is stated; the
accuracy of obtained results is proved; the theoretical and practical importance
theirs are revealed; the brief intelligence on the results application and
appreciation, and also on thesis volume and structure is given.

In the first chapter the present problem and trend of improvement of
polycrystalline Si constructing technology of semiconducting structures based
on the literature data of present problem are analyzed and the known states of
microstructure and electronic properties of grain boundaries, their effect to the
electro physical and optical properties of polycrystalline Si are described in detail.

The variants using polycrystalline structures in microelectronics and photo
energetic and also investigations results on the theoretical explanation and
experimental detection of impurity thermal-voltaic and thermal-photovoltaic
effects are described. Basing on the analysis of having theoretical and experimental
data the problem is formulated.

In the second chapter named "the experimental and theoretical
investigations methods" the characteristics and essence of using methods are
described. As the main input investigations materials the samples conductivity of
p-type, with p~1 Om-sm, obtained by two casting methods'® and also powder
metallurgy method, are choose. To each of tip of the samples the conditioned
names are given. For example, for samples obtained from casting polycrystalline of
the Wacker firm is "Wacker", for the samples obtained from second casting



polycrystalline is "Casted", and finally for samples obtained by powder technology
is "Powder". For investigating microstructure of grain boundaries the X-spectral
micro zone analysis is used. For estimating temperature affect to electro physical
properties the modernized four zone and Van-der-Pau methods, and one based on
the Hole effect, are used. Measurements of specific resistance, p, mobility, u, and
charge transition concentration, n, are conducted on increasing of temperature from
300 up to 800 "K, and also on the its decreasing step, i.e. in process cool down with
known velocity. For explaining obtain results the heat electron emission model has
been used”. The principal novelty of the approach is in framework of the heat
electron emission model of principal changes of conditions for current, J,, which
are arisen by capture and emission of charge carriers in traps, and work with model
in given conditions (Fig.1.). For example, it is shown that when the quantity of
charge carriers is more than emission, the potential barrier heights, d¢, is will be

"®A6mypaxmanos b.M., Aunnos T.X., Kageipos A.J1. Ba Gomk. // Tennorexnuka., 1992. Ned. — C. 8-14; Canunon
M.C., Bussinos P.P., Myxamaues P.9., Unpsa B.I1. // Tennorexnnka, 1987. Ne 6. — C. 18-20. Polycrystalline
conductors. The physical properties and applications: translated from English. // by Harbek G.M. edition, «Mir».
1989 (in Russian).
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increased, and the charge on the trap levels by two contacted grains will be moved,
the traps total conductivity will be increased. Let we chose conditionally the
current direction, J, "minus". If the emission prevails than the capture then the
charge will be moved on opposite direction, the quantities, Y, and 08¢ will be
decreased, and the corresponding current can be sign "plus". These new elements
included to the model give possibility to explain the charge carriers drift features in

ir kinetic characteristics.

Fig.1. The band diagram and
Schematic diagram of between
grain boundaries

The new modification the leggier method®® for defining impurity adsorption
and desorption process and their effect to the microstructure and electron
properties of between grain boundaries has been designed and used. The principal
novelty of the design is on application of the total group of alkaline metals, Li, Na,
K, Cs, in the framework of the leggier method, in choosing as object leggier
method of ionic implantation and in choosing as investigation object of the
polycrystalline plates and structures with p-n transition executed on these plates.
After that the ionic implantation samples with ~/0° Torr have been annealed in
vacuum in the range of temperature from 300 °K up to 1000 °K. For estimating
alkaline metals affect to the electronic properties between grain boundaries the
quantity, ¢, had been defined by leggier method before and after ionic implantation
and also after each curing with of 25 °K step. The leggier method modification
allows to delete the several Labor intensive operations which were need to spend
on the traditional methodic application, namely polishing together leggier layer and



surface polish and i.e. implemented successively after of each leggier act. It should
be noted that the traditional investigation is accompanied with factice destruction
of the samples and for its implementation on practice the many samples, which
must been identical in every way besides leggier impurity concentration, are need.
The performance of these conditions are difficult.

If we investigate the samples with application the concerning suggested ours
modification leggier method then far small quantity of samples are required. On
the measurement results in any point or micro region of surface only sample they
are reliable and identical. The nondestructive method for defining occurrence depth
height of p-n structure has been designed and used. On base of this method the
photo electromotive force change principle has been putted. The method allows to
define depth height including comparison small p-n transitions in polycrystalline
samples. It has been defined that the transition depth height in corn equals to 1-1,5
mkm, and p-n transition in between of grain boundaries region lies in height range,
1,5-2 mkm.

**Thin polycrystalline and amorphous films: Physics and Applications. Translated from English. /L. Kazmersky
edition. —M.: Mir, 1983 and from other references (in Russian).
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The new investigation method of temperature addiction of electro physical
and photoelectrical parameters of p-n structures based on using precision scanning
of light ray (probe) with given wave length, A=0,4+1,4 mkm, and with regulating
diameter of light spot, ~10+400 mkm, on the sample surface when precision
changing of temperature, 300+800 °K, has been designed and used. Application of
the light probe have been allowed to light locally the parting micro regions on
surface of polycrystalline p-n structures including on the surface and between grain
boundaries.

The new method to obtain polycrystalline, based powder technology which
consists from operations: raw material preparation, extrusion billets, caking and
design of surface, has been designed. To polycrystalline samples caking by
temperature, T~1220°C, in vacuum, 10 Torr., during 60+90 minutes we can give
controlled electro physical properties acceptable for designing on them of the solar
elements namely p-type conductivity, p ~1 Om-sm, and life time charge carriers,
T~107s. this technology allows to obtain polycrystalline Si of any form with width,
250+400 mkm, and size, 2150 mm. The presented in the chapter the theoretical
and experimental investigations methods and their new modifications have been
constructed the possibility of successfully solution of supplied in the thesis
scientific problems.

In the third chapter ("The microstructure and morphology between grain
boundaries in polycrystalline obtained with different methods") the
investigation results of microstructure and morphology between grain boundaries
and also leggier impurity atoms affect on them have been presented and
mechanisms for their explaining have been given. The obtained results show that
the corns surface with size ~100+300 mkm abounds an all cases with different
complicated structures and relief, i.e. rough surface with protrusion and micro



voids size < 10 mkm. The analysis of the chemical composition of grains surface
1.e. the substance which located directly in the between grain boundaries region
showed existence of oxygenated complexes. It has been found that the impurity
concentration increases from corn kernel to its surface boundary. In Table 1 the
estimation results of the impurity composition in polycrystalline with different
technologic origin are presented.

Table 1
The chemical composition of the samples
The provisional The impurity type and composition The
designated and macro defects sample
polycrystalline samples width
«Wacker» Si, S, Cl, Ca, Fe ~ 76,39 % 300 mkm
Emptiness ~23,61 %
«Casted» Si, S, Cl, Ca, Fe, Co, Ta | ~72,58% 250 mkm
Emptiness ~27,42 %
«Powder» Si, S, Cl, Ca, Fe, Co, Ta ~ 68,25 % 100 mkm
Emptiness ~31,75 %
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The expression for defining the size micro emptiness formed in between
grain boundaries region and connected with impurity atoms concentration in this
region has been obtained:

100 -y =x. (1)

Here x is the micro emptiness, y is the impurity quantity which defining
experimentally on per cent.

It is seen from the Table that on the all studied samples with x#0 which is
explained with micro emptiness formation in polycrystalline crystallization process
independently on used technology. It is known?' that in crystallization process of
elementary substances interactions result which are in melting state the chemical
compounds, for example, SiO, and SiCI(OH), will been formed. They can will
form the chemical compounds with the special input to melting leggier, and also
with the phone impurity in their segregation crowding out process to the surface
from crystallization center. It should be noted that some chemical compounds, for
example, Si0O, and SiCI(OH), do not get the corn surface. That is by forming corn
surface in between grain boundaries region of metal and metal oxidic films from
the chemical elements having in melt and displaced by crystallization due
segregation process from volume to grain surface have been formed. The obtained
data correlates modern presentation configuration about of grain configuration and
structure and between grain boundaries. The model structure of two contacting



grains divided between grain boundaries based obtained results can be illustrated
be scheme presented on Fig.2.

In Fig.2. 1 — corresponds to polycrystalline grain corn which is mono crystal
oriented to on crystallization front dealing with in obtaining polycrystalline. The
region 1 leggier practically homogeneously with small donors (P, As, Sb), and
acceptors (B, Al), special input to melt on obtaining poly-Si as a ligature.

The region 2 polycrystalline grain is the mono
crystal border area, and unlike from the corn abounds
with
defects increasing, dislocations, and other structure A
infringements is conditioned by process of their
crowding
out to periphery in the crystallization acts. Impurities
concentration in the border area 2 much higher than in
grain corn 1 up to forming strong training semimetal.
leggier micro regions with
characteristics degenerative
semiconductor or punctuating and

Fig.2. Model two contacting grains

The regions 3 and 4 present the surfaces films from oxides itself Si, oxides,
oversetting to metal impurity surface and also islands metal films formed from
congestion of metal impurity.

The regions 5, which can be characterized as micro emptiness have been
distributed approximately uniformly on the grain boundaries with the exception
location of conducting bridges formed obviously in the points of direct contact of

*IThin films crystallization //Republic of Uzbekistan Academy of Sciences, «<FAN», Tashkent, 1970 (in Russian).
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metal and semimetal surfaces of layers 4 belonging to separate contacting together
grains.

The results adsorption and desorption processes of alkaline metals atoms
studied first and their affect to microstructure between grain boundaries region are
given. If Figure 3. the simplified scheme of samples parts is presented. In curing
process the impurity defunds on grains and also between grain boundaries that is
seen from the Fig. 3a (regions 4 and 5). The interesting effect, consisting that the
impurity by curing polycrystalline sample defunds not only by grains and between
grain boundaries, but also at the same time by temperature ~800 °K the alkaline
metals atoms desorption from between grain boundaries takes place as is seen from
the Fig. 3a, founded first (Region 6). This process leads to the formation of
peculiar p-n structure in polycrystalline surface region. With a further increase the
temperature the alkaline metals atoms basically defund by between grain
boundaries and this leads to their segregation to the under surface region of
between grain boundaries up to metallic interlayer formation and at the same time
to adsorption in grains surface (see Fig. 3b, Region 8). The chemical composition



analysis of grains surface i.e. directly between grains boundaries region availability
of oxygenated complexes formed alkaline metals atoms (Table 2) has been shown.

A

1 is the p-type grain; 2 are the between grain boundaries regions; 3 is the ionic implanted layer of
alkaline metals atoms; 4 and 5 is the diffused layer alkaline metals atoms; 6 is the desorption
layer; 7, 8 are the adsorption layers; 9 is the diffuse layer n (phosphorus); 10 is the phosphorus
diffuse on between grains boundaries; A is the rear side of sample; B is the face side of sample.
The thin arrow shows the motion direction of alkaline metals atoms in the sample.

Fig. 3. The simplified scheme of poly-Si

Table 2.
The alkaline metals atoms distribution
The samples Li, % Na, % K, % Cs, %
The p-type polycrystalline It is not 2,82 1,77 1,45
substrate defined
The n"-p-type It is not 1,94 1,02 1,05
polycrystalline substrate defined

For affect investigation of alkaline metals atoms to the polycrystalline
microstructure the first the powder technology had been used. As the starting
material the polycrystalline and mono crystalline leggier fast alkaline metals
defund atoms have been chosen. The analysis of chemical composition of grains
surface showed that by crystallization process we deal with the segregation
crowding out of impurity to the grains boundaries, for example, Na~1,08%, and
K~0,08 %. The presence of the alkaline metals leads to appearance of the different
complexes of vacancies type and oxygenated centers with participation given
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alkaline metals. These complexes lead to increasing width of depleted region
around between grains boundaries and to formation of thin metal-oxide or metal
films directly in the between grains boundaries region. Naturally, this process is
accompanied with cardinal changes of between grains boundaries microstructure.

The obtained results allow to present first the detail picture of between
grains boundaries region micro structure as in origin isotype polycrystalline
substrates, and as in polycrystalline p-n structures on ones base.

In the forth chapter ("The drifting process in the between grains
boundaries region") the experimentally studied results of the temperature change
affect to the charge transition in the polycrystalline volume, the electronic
properties of between grains boundaries, alkaline atoms affect to them have been
presented and has been given theirs discussion. The first the polycrystalline electro
physical properties with the different methods in range of temperature ~300+800



'K have been studied. The investigation results shown that the temperature
dependences have as growing, and as declining regions of the parameter, p, of
samples (Figure 4a.). For example, the growth of p on temperature observing in
"Wacker" samples up to a temperature, 525 °K, and in "Casted" samples up to a
temperature, 600 9K, and in "Powder" ones

up to a temperature, 625 °K, as the quantity,

P, in polycrystalline semiconductors is

defined with specific grains resistance of

between grain boundaries, p; and P,. The

increasing of captured charge in the A

localized traps in between grains boundaries

occurring with temperature growth leads to

the increasing quantity, ¢ from 0,3 up to 0,9

eV, and wherein the quantity, p,, increases,

which in final leads to the increasing

quantity, p. The future increasing of theof

temperature is accompanied by 1 corresponds to «Wacker»; 2 corresponds
decreasing of states density that leads to to «Casted?>; 3 corresponds to «Powder»; 4
the decreasing of quantity, p, which ;;;S ?)nO_Sl; 3 — corresponds o «Powder
occurring on tempera

ture ~703 °K the characterized minimum Fig. 4. The specific resistance

on all samples types. Thus, the drop area dependence on the temperature

quantity, p, is occurring for "Wacker" sample in the temperature range 525+703
9K, for "Casted" sample, ~600+703 °K, for "Powder" sample ~625+703 °K. The
equivalent scheme has been suggested and expression for definition quantity, p,
for each compound between grain boundaries regions based on structure model of
two contacting grains has been obtained (Figure 2.)

/11/@

Here the parameters A, B and C are constants, T is the temperature, 7"is the
ionized traps concentration in between grains boundaries. The obtained results
showed that the ionized traps energy or vacancies increasing leads to increasing
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quantities, ¢ u P,, i.c. on this process the quantity, Y, will be increasing, too. It
has been shown that in this case the states density increased up to ~1,6:10"* sm?*/eV.
The behavior of potential barrier height temperature dependence related of course,
with the chemical processes occurring with impurity participation located in
between grain boundaries region. Obviously, these processes stronger on less
grains sizes than for cases coarsegrained polycrystalline, are manifested. The
detected in polycrystalline and presented on Figure 4 non monotonic change of
quantity, p , also in quantities, u and n, of charge carriers is observed.

On Figure 5 the temperature dependence of quantities, ¢ and n, are
presented. It is seen from the Figure that quantity, M, on all studied samples



depends on temperature by range from 300 °K up to ~350 K approximately
corresponds with data for mono (5-7) crystalline?, i.e. quantity 4 drops monotonic
on increasing of temperature. The future temperature changing of quantities, ¢ and
n, has nontrivial character, the peak and failure in range of 400+700 K are
observed. On value of the temperature ~703 °K in all samples the sharp change
with width ~25 °K in range of which the quantities, n and , are changing the
dozen and hundredfold times, is observed. This nontrivial character behavior of
quantities, n and M, depends on nature of each compounds of micro regions of
between grain boundaries (Figure 2).

A

1 corresponds to «Wackery»; 2 — «Crack»; 3 — «Powder»; 4 — MoHO-Si.

Fig. 5. The dependencies mobility and charge carrier concentration on temperature poly-Si
received in different ways

If we increase the temperature then at the same time the formation processes
of traps congestions in between grain boundaries, recombination and emission of
charge carriers leading to energetic spectrum changing of traps levels, are
occurring. The observing temperature changes of quantities, » and u, correspond to
traps manifestation processes with the averaged levels®, E~0,15 eV and E~0,17 eV
on the temperature range, 300+350 °K by 383+400 K is manifested £~0,36 eV;

22 Ottaviani G.I., Reggiani C., Canali F. Nava and A.A. Quaranta //Phys. Rev. B12, 8 (1975) 3315-3322. Logan
R.A. and A.J. Peters // J. Appl Phys. 31. 1 (1960) 122-124. Morin F. J. and J. P. Maita // Phys. Rev. 96. 1 (1954)
28-35. 23Zastavnoy A.V., Korol' V.M. The Lithium interaction with radiation defects in Si // FTP, v. 23, n. 2, p.
369-372, (1989) (in Russian).
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and in temperature range ~400+680 °K traps occurring with level £E~0,3 eV is
noted. It is seen from all cases that quantities, n and u, of charge carriers on these
temperatures 1s accompanied intermittent changes ones. On results and between
grain boundaries microstructure designing the expression for defining charge
carriers in polycrystalline, n, has been obtained. The sum concentration of charge
carriers in polycrystalline volume, n,, as sum of charge carriers concentration, 7,,,
in same grains and charge carriers concentration in between grain boundaries, 7,4,
is defined. As the quantity n,,, presents superposition of two compounds; n, is the
concentration of charge carriers which enough big kinetic energy had bought, in
electric conductivity are participated, i.e. the additional contribution to the total



electro conductivity, n, is the charge carriers concentration captured by ionized
states in between grains boundaries region. Here quantity n, is connected with
ionic traps concentration, N,, ionization energy, E, ¢ and state density
concentration, N,;. As the temperature changing of quantity n, we accepted
analogically in mono crystalline, then using this expression the quantity », can be
described as following

exp(/) (exp(/) )exp(/)
NgE KT NN gE kT q kT
(0
ngo
1
vg
n yo
= (3)exp(/) (exp(/))exp(/)
"¢
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— + — — —
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It is seen from this expression that by temperature affecting the ionized traps
change in between grain boundaries leads to the change of quantity n,. As the
dependence on polycrystalline samples n=f(T) in the temperature range 500+700
K obtained by different technologies differ considerable from each other, namely,
in "Wacker" samples increasing the quantity » is occurring, and in "Crack" ones is
not changing, and in "Powder" samples, conversely, n is decreasing. As grains
sizes in all mentioned above differ with polycrystalline types we can conclude that
on less grains sizes the quantity N, increases on temperature. This leads to the
increasing the quantity n, and decreasing one n,. Finally, the intermittent change
the quantities, p, n and u, around temperature 7~703 °K is connected with
occurring heat donors in grains and between grains boundaries region.

The first alkaline metals atoms affect to electronic properties of between
grain boundaries including to polycrystalline of different types of the ionic
implantation has been studied. The alkaline metals concentration increasing leads
to the growth of quantity ¢, from 0.3 up to 0.45 eV. It has been shown that this
trend with occurring disordered structures on polycrystalline surface which appears
directly in ionic implantation is summoned. By traps filling or their passivity in
width heat affect result called double layer and the quantity ¢ begins to decrease®*.
In our case the changes of quantity ¢ (Region I on T<600 °K, Figure 6) coincides
with these opinions. However, unlike from region I with temperature increasing
(regions II and III on temperature T > 600 "K) changes sign of parameter ¢. For
estimation of p-n structures occurring fact in ionic implantation result of alkaline

*The thin polycrystalline and amorphous films: Physics and applications. Translated from English /L. Kazmerskiy



edition. Moscow: Mir, 1983 and other references (in Russian).
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metals we compared the Volt-Ampere Characteristics of studied samples before
and after ionic implantation and also after of each heat treatment conducted with
step of temperature 25 “K. The obtained results showed that electron hole transition
quality depends on the heat treatment temperature. The heat treatment causes the
noticeable improvement straightening properties of p-n transition if its temperature
is <700-800 °K. However, with future increasing of temperature the diode
characteristics is worsening. In our opinion the change of quantity ¢ on T>600 °K

A

Fig. 6. The dependence of potential barrier
height between grain boundaries in poly-Si
surface on heat treatment temperature

tion desorption layers is occurring. Then

(Regions II and III) is explained with

alkaline metals desorption from between
grain boundaries region to polycrystalline
surface and emergency of p-n structure

because of their donor nature, i.e. the

change of quantity ¢ is connected with

formation of n"region (see Figure 2a,
Region 6). In future heat treatment
process the alkaline metals atoms
concentration in between grain

boundaries is increasing and metalliza
the quantity ¢ is increasing in the same n"
region. For changing estimation of quan

tity ¢ on the future increasing of temperature (Region III) the new "modification"
leggier method has been used. The measurements were carried out on substrate
side (see Figure 3b and 3¢, where A is the samples substrate).

On Figure 7 the changes of
quantity ¢ of two samples types on
different temperatures of heat
treatment
is illustrated. It is seen from the
Figure
that with increasing temperature the
growth of quantity ¢ as on p-type
samples, and as ones presenting p-n
structure, is occurring. The growth
the
quantity@ is explained with alkaline
metals adsorption in between grain
boundaries (see Figure 3b and 3c,

Region 8). In diffuse process occurs

adsorbed layers metallization

between grain boundaries, the alkaline
metals atoms concentration is increasing

very much as presented

A

Fig. 7. The dependence potential barrier
height in the region between grain
boundaries of poly-Si on the substrate
surface by the heat treatment temperature,

doped with alkali metal atoms



in Table 2, and it leads to growth of quantity ¢. The observed differences of curves
for quantity ¢ depend on different types of samples (see Figure 7a and 7b). In
diffusion process the alkaline metals must been transferred to n'region of p-n
structure. But in this region the number of impurity states much higher because of
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presence in its including earlier phosphorus (see Figure 3c, Region 10). Therefore
for diffusion transition n'region of alkaline metals additional time, energy or more
high temperature are required. The stabilization of quantity ¢ on the future
increasing of temperature of heat treatment can be connected with impurity
equilibrium distribution on between grain boundaries surface.

The first alkaline metals affect to charge carriers transition in between grain
boundaries on temperature changing has been studied (see Figure 4a "Powder"
alkaline metals). It is seen from the Figure that alkaline metals atoms presence in
polycrystalline volume with the temperature growth is changing monotonic
(Fig.4a). It with recombination centers passivity by alkaline metals atoms can be
explained. Besides, in our opinion, the alkaline metals are so mobile that their
atoms on temperature increasing in studied range of temperature can be transfer
from grain depth to between grain boundaries side, i.e. to move to grain surface,
and when sample cooling down to move conversely from between grain
boundaries to grain depth.

In the fifth chapter ("The defects and impurity states affect in between
grain boundaries region to electro physical and photoelectric properties of p-n
structures") the results of electron-hole pairs formation to impurity states in
between grain boundaries, the theoretical model of p-n structures in between grain
boundaries region, and also charge carriers process in them, the temperature
changing affect, impurity states and recombination centers in electro physical and
photoelectric properties p-n structures, are given. The p-n structures formations
directly in between grain boundaries region have been found. In Fig.8a the
simplified scheme of polycrystalline part of p-n structure is presented. The Figure
8b shows the zoned diagram corresponding between grain boundaries region. The
arrows illustrate the charge motion in sample volume. Here E;, and E,, are the
recombination centers levels in p-n regions forming the additional barriers directly
in between grain boundaries region. Besides, in Figure 8b also recombination
centers distribution E,, and E,, being p-n region on energies is shown. It should
be noted the identify ourselves patterns: the charge carriers capture and emissions
take place not only with participation acceptor and donor levels E;, and E;, and
also occurs between levels, i.e. on temperature growth is occurring consistent
appearance the new recombination centers corresponding to the concrete energetic
levels is occurring. By transition from valence zone to conductivity one of charge
carriers in these intermediate recombination centers are captured and in this way
by theirs intermediate are removing up to reach the conductivity zone energetic
level. The charge carriers capture and emission occurring between levels E;, and
E,, or E;, and E,, lead to appearance of currents J,,, u J,), corresponddingly, in p

gtp gt
and n regions as in second chapter was been shown (Figure 1). It is accompanied



with appearance current J,. The polycrystalline temperature increasing leads to the
growth of currents J,,, and J,,. the total current can be expressed as

J:Jpn +Jtot(pn) +Jss(pn) +Js(n) (4)
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1 — poly-Si grains; 2 — between grain boundaries

regions; 3 — diffusion layer (phosphorous); 4 — the

phosphorous diffuse on between grain boundaries;
Fig. 8. The band diagram of p-n - structures in the region between the grain
boundaries and his simplified diagram
It is seen from this expression that the total current the sum of currents J ),
JSssmy and Sy, connected with capture and emission processes of charge carriers

in recombination centers, 1.e. in levels conducted or special including deep leggier
or residual impurities transitory to between grain boundaries from the starting
material or as we had been showed first defects present in between grain
boundaries region if grains size is inconsiderable. If these currents are less than J,,
then the total current is defined by .J,,, but it is conversely, then the total current, in
basically, is defined by currents J,), Jipm ¥ Jupm» connected with levels
mentioned above or impurity states. This can leads to occurring of the impurity
thermal voltaic effect. By heating or lighting of polycrystalline in p-n transition
region and also in levels, E;, and E,, are forming the electron-hole pairs. By
electrons emission with level E,,, being in p region the released levels E,,, are filled
by electrons disengaged in its turn from levels E;, if they are moved to side of n
region, and levels E;, are filled by charge carriers leaved from valence zone. The
analogically process takes place in p region of p-n structure. The increasing
currents Jy ), Sy and Jy, ., lead to growth p-n transition direct current with sign
"plus", and conversely if electrons will be moved to p region volume and at the
same time holes will be moved to n region volume, then the currents J,,), J;,, and
Jmpny Will be increased with sign "minus", and simultaneously, the direct current
p-n transition will be increased with sign "minus". In the first case the total current
of p-n transition increased with sign "plus", and in the second case it changes with
sign "minus".

In the Figure 9a the temperature dependences of the dark current in heated
and cooled polycrystalline are given n'-p structures are presented. It is seen from
the Figure that in heating of the sample the current increases monotonic up to
~100°C, then on the same signs sharp increasing current is occurring which the
quantities dozens of times more than its value on ~20°C. It can be explained by

occurring currents J; s a0d Sy, With sign "minus". In cooling of samples

s(pn)»



process the current change is different principally from ones in heating temperature
process. On cooling samples process charge carriers emission from levels E~0,15
eV and E~0,17 eV, which was captured there in heating process, is occurring. It
leads to intermittent change of current on ~50-100°C.

In Figure 9b the photocurrent temperature dependences shouted by local
brightening of different micro regions of polycrystalline structures n'-p surface
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were matched. It is seen from the Figure that in all studied temperature range the
photocurrent in mono crystalline n"-p structures is increasing monotonic weakly.
As the dependence curve J=f(T), corresponds to brightening own surface of
different polycrystalline structure large grains (©); Only in case when up to
~100°C the trend of a curve shot in mono crystalline solar elements and then in
range ~110+160°C, the region has the opposite direction of the current after one
changes direction and is rising sharply T~180°C up to values approximately in ten
times more than own value on 20°C. The micro region brightening containing the
group of small grains and their between grain boundaries (A) with increasing
current in ~2 times on range of temperature 80+100°C is accompanied in
comparison of its value on 20°C, and then we deal with plateau in range of up
~100 to 140°C, transmitted to area with a sharp rise of current which reaches on
160°C the value more own one on 20°C about to an order.

A

Fig. 9.
The dependencies a dark and photocurrent on temperature of investigated samp%es

The most interesting features is in the current temperature dependence which
shots on local micro region brightening corresponding predominantly to between
grain boundaries (0), for example, in joint spaces of the 3+4 big grains. The slow
increasing current occurs up to temperature ~100°C, then sharps squeak on
~105°C, after that the current is slowing slump with changing its direction. The
future temperature increasing when returns to the former direction of current about
its value on 100°C, is accompanied, then the current value drops up smoothly to
temperature 150°C and sharps squeak again exceeds three times than own value in
room temperature, for example, on 170°C. The photocurrent increasing with
occurring currents Ji ), Jipm and Jy ), flowing direction of sign "plus" can be
explained. In charge carriers transition process is occurring, probably, with the
tunneling and occurring impurity thermal-photovoltaic effect it is accompanied, as
in Figure 9b is illustrated. On range of temperature ~100+170°C the traps level



0,36 eV is beginning to work, then to dominate which leads to the first to decrease
and after to change of current direction.

In Figure 10 the temperature dependences of the dark current and
photocurrent in heated and cooled mono crystalline p-n structures intentionally
irradiated by electrons are presented. It is seen from the Figure that dark current is
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increasing monotonic with temperature growing up to 150°C, and then a sharp
increases as expected according to suggested above model illustrated in Figure 8b.
The same process is occurring also
when dark voltage is measuring. In
lighting case (2) the electron-hole pairs
formed with participation impurity
recombination centers give an addition
nal contribution to the p-n transition.
A From comparison of (1) and (2) is seen
that, for example, on ~230°C the
photocurrent equals to ~800 mkA, i.e.
more in >5 times exceeds than the dark
current. It is seen from Figure 10 that
the total current connected and is
defined with currents J,,), Jy;,, and
Fig. 10. The temperature dependences of  charge carriers emission on theirs
dark current and photocurrent in heated and capture occurring in deep recombine

cooled mono-Si p-n structures intentionally iy centers formed in mono crystalline
irradiated by electrons

Jinpn)» conditioned with dominated

(p

electronic irradiation. On heating or lighting process the electrons from these

centers to p volume region are directed, i.e. currents Jy ), Jpn and Jy,, are

increased and directed to sign "minus", which corresponds straight current p-n

transition and the total current is increased with sign "minus", too. This event leads
to the impurity thermal-voltaic and impurity thermal-photovoltaic effects.

In the Figure 11 the

temperature dependences of dark

current and photocurrent in heated and

cooled mono crystalline p-n structures

subjected to additional alkaline metals

ionic implantation leggier. It is seen

A from the Figure that the dark current,

the first, has direction corresponding

sign "minus", and the second, its

change on the temperature is

occurring according suggested above

model (Figure 8b). in the lighting case



dark current and photocurrent in heated and
cooled mono-Si p-n structures subjected to
additional alkaline metals ionic implantation
leggier
the monotonic growth of photocurrent
A up to ~150°C is occurring, then
current changes direction with opposi
te sign, and the growth is replaced
with dropping. The dark current decre

Fig. 11. The temperature dependences of
asing occurring up to ~225°C which is explained by displaying of recombination
centers with E=0,3 eV. The this center passivity with speedily defunding Kailua,
usually, is reached, which leads to the dark current decreasing in such sample. This
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explanation, obviously, can be applied for explaining photocurrent changes in the
samples leggier by other alkaline metals atoms too. For example, for Kailua the
current decreases up to ~225°C, and for Cesium — up to >200°C. It is seen from
The Figure 11 that heat of the samples is accompanied by recombination centers
passive which in samples cooling process is occurring strongly.

Thus, the suggested model explains effectively the observable experimental
results touching as polycrystalline and as mono crystalline samples in which high
concentration deep energetic levels, that by usual leggier methods is not feasible, is
deliberately created. The obtained results expand the technological possibilities of
structure obtaining with controlled expression of impurity thermal-voltaic and
impurity thermal-photovoltaic effects and bring the instrument embodiment
mentioned above effects.

CONCLUSION

Based on the carried out physical processes investigations in polycrystalline
Si between grain boundaries and thermal-voltaic and thermal-photovoltaic effects
phenomena we can make the following conclusion:

1. The many layers junction of two contacting grains model whereby each of
grains consists from mono crystalline corn surrounded with defects region,
dislocations and other structure violations and also uniformly distributed on island
surface of metallic components and micro region in the form of protrusions and
hollows has been designed.

2. The non monotonic character of specific resistivity, p, mobility, u,
concentration, n, temperature change of charge carriers conditioned by combined
affecting grains and ionized localized traps connected with impurity states or
defects in between grain boundaries, has been found.

3. It has been confirmed experimentally that localized traps density
increasing leads to change of potential barrier height, ¢, from 0,3 up to 0,9 eV and



to growth of the quantity, p, and also to decreasing of the basic carriers
concentration.

4. The equivalent electrical scheme allowing to define the between grain
boundaries electrical properties in totally and each of theirs micro regions
components based many layers junction of two contacting grains model have been
proposed.

5. The adsorption and desorption manifestation conditions of the several
alkaline metals and their affect to micro structure and between grain boundaries
electronic properties have been installed. Namely, the between grain boundaries
alkaline metals desorption in curing process leads to change of sign ¢ and
conductivity type as thin layer on polycrystalline Si surface, and the alkaline
metals diffuse by polycrystalline Si substrate surface leads to their adsorption on
surfaces of two contacting grains.

6. It has been shown that in range of temperature ~300+800 °K the dark
current and voltage are changing on comparison of mono crystalline samples
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complex manner because of charge carriers capture in traps and their drift by traps
in localized traps ionization process in between grain boundaries region. 7. The p-n
transition model in between grain boundaries which explains charge carriers
transition mechanisms in them and dark current and photocurrent formation
conditioned with charge carriers capture and emission in traps has been proposed.

8. It has been shown that impurity thermal-voltaic and thermal-photovoltaic
effects manifestation in p-n structures on base polycrystalline and mono crystalline
Si on heating and lighting are conditioned by electron-hole pairs generation
processes with participation deep impurity states.

9. The investigation methods of impurity states in between grain boundaries
region have been modified. It has been shown that by electronic properties
estimation of between grain boundaries applying the heat emission model it must
be taken into account the traps total conductivity Y, and current ./, which arises in
the charge carriers capturing and emission processes.

10. It has been shown that the designed new leggier method with using swift
defunding elements allows us to obtain p-n structure at the same time as with p and
n types samples, and as with simplification of the method to increase
reproducibility of technological process.

11. It has been created the method for semiautomatic definition the
temperature dependences of p-n structures electric physical characteristics with
scanning possibility with light ray with given wave length and diameter from ~10
up to 400 mkm on sample surface.

12. The diffusion setting allowing simultaneously to make the different
regions designed for construction heat and solar energies converters in the different
parts of mono and polycrystalline Si plates has been designed.
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