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KHPHUII (1oKTOPJIHK JUccCepTALUACH AHHOTALUACH)

Juccepranuss MaB3yCHHMHI J0J3ap0juru Ba 3apypusatu. JKaxoHna,
XO3UPrd KyHJla SpUMYTKa3ruujgap (U3MKACH COXACUHMHI WHTEHCUB paBHIIJIA
PUBOKJIAHUIINIA TOJUKPUCTAUI KPEMHHMM SPUMYTKa3TAWwiapy MYyXUMHU YPUH
srajiaiian. HucbaTan XoM alI€HWMHT ap30HJIMIH Ba paauanvs HypjapH OKAMHIa
YUJIAMIIMJIMTH FOKOpU OYJTraHW Y4YyH JIyHEAA MOJUKPUCTAUI KPEMHHM acocuia
APUMYTKA3THWIM acOo0map, Ky€ll 3JIEMEHTJIapM XamJla HMHTEerpaig cxemasiap
ApaTHIl WHTCHCUB pPHUBOXJIAHMOKAA. [lomukpucTami KpeMHUWHUHT MybalsH
mrapouTiapaa HaMo€H OynyBuM (UMK XyCyCHUATIApHU, YHHUHT XaXKMUAArud
JOHAJOPIUKIIapapo yerapa coxaiapura Oorauk Oynmub, Oy coxana 103 OepyBUH
bu3uK )xapaéHIIapHU TAJIKUK STUII MyXUM Basudanapaan Oupu 0yinmubd KeaMoKa.

MycTaknuuk HWuUIapyua MamilakaTUMU3Ja sipUMyTKazruuiap (usukacu
COXAaCHHU PHUBOXIIAHTUPHUII, XYCYCaH TMOJUKPUCTAIUT KPEMHHUH acocuaa HKOpH
cudar KypcaTkuuapra sra Ba jXKaxOH CTaHAapT Tajabiiapura kaBoO Oepaaurax
Ky€II 2JIEMEHTU €KU SPUMYTKA3TUWIN acO00iap sipaTHill Xamja yJIapHUHT (U3UK
XYCYCUSITIApUHM YpraHuiira amoxujaa dbTuOOp Kaparuingu. by Oopana
MOJIMKPUCTAIII KPEMHHUIM MKKW TyTalll'aH JOHAIOPJIMKIApapo yerapa CoXacHuaaru
bu3uk  kapa€HnapHu  OOIIKApUIL  YCY/UIAQpUHU  YpraHull  Ba  yJapHU
APUMYTKA3THUIM acObobmap Ba Ky€ll 3JeMEHTJIapura Taa0uK OSTHUII acoCHja
COXaHUHT PUBOKJIAHUIIN/IA CE3WIIAPIN HATHKAJapra SpUILIHIMOK/IA.

[lomukpucTamn KpEeMHUN SPUMYTKA3TUWIAPUHHUHT DJIEKTPUK Ba OINTHK
XapaKTEPUCTHKATAPUHHN SXIIWIAI OPKAJId UKTUCOIUN KUXATIAaH HUCOATaH ap30H
Ba TalllKM TabCcHUpJap, XyCyCaH, TeMIlepaTypa, paauaius Hypjapu OKUMHUTa
YUAAMIIM  SIPUMYTKA3rUwid acboOsap Ba KyE€ll dJEMEHTIapu SpaTHIl MYyXUM
axamMusT KacO 3TMOKa. by Oopana makcaaiin WiIMUANA TaAKUKOTIApHH, KyMJIaJIaH,
KyWuJaru MyHaJULIUIapJard WIMUK W3JIAHUILUIAPHA amaira OLIMPUIIl MYXUM
Bazudanapaan Oupu xucoOJaHAAW: MKKH TyTallllaH JOHAIOPJIUKIApapo dYerapa
COXacHl MHUKPOTY3WJIMACH Ba KUPHUIIMAIN XOJIATJIAPUHHM aHUKJIAI; TTOJTMKPUCTAILT
KPEMHHI Xa)KMUH HYKCOHJIApU Ba JOHAIOPJMKIIApapo Yerapa COXaCUHUHT (PU3HK
Ba KUMEBHMI XoccallapuHu xucoOra onud, yJapHUHT OJJIEKTPUK Ba OMNTHK
XapaKTEPUCTUKATAPUHA AHUKJIAIIHUHT 3aMOHABUM YCYJUIAPUHU WIUIA0 YUKHUILI;
EPYFIMK HypJap €KM TeMIlepaTypa Yy3rapuiiu Xapa€¢Huaa TOHAIAOPIIMKIApapo
yerapa coxajard KMpuIIMald XoJjaTiapAa 3JIeKTPOH-KOBaK Ky(OTIUKIAPU XOCHII
OynumM Ba Kyuduiuura OOFJIMK KOHYHUATIAP XaMJa YJApHUHT MOJMKPUCTAILI
KPEMHHI p-N—Ty3WwIManapu 3JeKTpoPu3nK Ba (OTOIIEKTPUK XOccajgapura
TACUPUHU  aHUKJAII;, KYIIMMYa KAPUTWITAH KUPUIIMA  aTOMJIAPUHHUHT
JOHAJIOPJIMKIIapapo Yerapa COXacu MUKPOTY3MJIMacu Ba 3JIEKTPOH XoOccallapura
TABCUPUHU  AHUKJIAII, JIOHAJOPJIMKIApapo dYerapa coxajapugaru QU3HK
xKapaCHIapHu OOIIKAPUI OpKaIM SIHTU TypJard DSHEPTusl Y3rapTUprudiapu
aBJIOJIMHU SpaTUI Ba unuiad yukapumi. KOkopumaa KenTupuiran uiMui TaIKUKOT
WyHanmumuaa OakapwiaéTraH HM3JaHUIUIAD Ma3Kyp JUCCepTaIus MaB3yCHUHHUHT
J0J13apOJIMTUHYA U30XJIalIH.

V36ekucron Pecny6imkacu Ilpesumentuauar 2010 iimn 15 nexabpparu
[IK-1442-con «2011-2015 iimmmapaa VY3Gexucton Pecrny6iamkacd CaHOATHHU
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PUBOKJIAHTUPUILIHUHT yCTYBOp WyHaIWIIApu Tyrpucuaa»ru Kapopu xamza
Ma3kyp  (GaomusTra TerMuumd  OomIKa  MEBEPUM-XYKYKHUH  XyKKaTiaapia
OesruiaHrad Basu(allapHU amaira OlMpuilira ymoly JuccepTaius TaJKUKOTH
MyalsiH J1apakaja Xxu3maT KWJIaIu.

TagKuKOTHHHT pecny0/uKa (paH Ba TEXHOJOTMSIADH PUBOKJIAHHUIIM-
HUHI YCTYBOP HyHaJuNLIapura OOFJIMKJIUIU. Maskyp TaJKUKOT peciyOinka
dan Ba TexHosorusuiap puBoxiIaHuUMHUHT III. «DHepretuka, sHEpropecypc
TEKAMKOPJIUTH, TPAHCIOPT, MalllMHA Ba acO000CO3JIMK, 3aMOHABHI AJIEKTPOHUKA,
MUKPODJIEKTPOHUKA, (POTOHUKA Ba DJIEKTPOH acOOOCO3IUTH PUBOKIAHUIIM»HIUHT
YCTYBOp HYHaJIMIIUTA TOUp OaKapuIIraH.

Juccepranus MaB3ycu Oyiin4a XOpH:KUH HIMHH-TAIKUKOTJIAp mapxnl.
X03Upru KyHJa MXaxXOHHHHI €TaK4d WIMHM MapKasJlapy Ba OJIMHA TablIAM
Myaccacaiapu, xxymianan, Sandia National Laboratories (New Mexico), Tohoku
University (SAnonus), University of Z'ilina (Slovakia), Northeastern University
(China), Wacker Chemie Ba SiTec Applied Ressearch (I'epmanust), OCI (XKanyowii
Kopest), Hemlock Semiconductor Corporation (AKIL), SunEdison inc. (AKL),
University Stuttgart (I'epmanusi), MockBa npaBnar ynuBepcutetu (Poccus),
SApumyTkazruunap ¢usukacu uHCTUTYTH (Poccus)ma ¢dortosHepreTrika Ba
MUKPOSJIEKTPOHUKA YYYH MYyJDKajUIaHTaH [OJUMKPUCTAIT KPEMHUH acocuja
APUMYTKA3TUWIN acbobmap Ba Ky€ml »dJiaeMeHTIapu unuiad yukuil Oyitnda
M3JIaHUIIap 0JIU0 OOPUIIMOKAA.

Kaxon Mukécuaa NONUKPUCTAII KPEMHHMM JOHAIOPJIMKIIapapo uerapa
MUKPOTY3WJIMAaCU Ba KUPHUIIMAIM XOJIATIApUHU aHUKJall OYinuya Oup KaTop
WIMUN  HaTWKajap  OJIMHraH, SKyMJIaJlaH, JIOHAJOpJUKIapapo  yerapa
COXaJapUHUHI aTOMJIap TY3WIHIIM, YMYMHUH COJMIITUPMA KapIIWJIUKHUHT
JIOHAJIOPJIMK Ba JIOHAJOPIUKIApapo Yerapa COJUIITHPMA KapIIUIUTUra OOFITHKINK
KOHYHUSTJIApU, YJIAPHUHT pP—N Ty3wiIManap 3JIeKTpoPu3uk Ba (POTOIIEKTPHUK
xoccanapura Ttabcupu (Tohoku University, Anonms; University Stuttgart,
'epmanust), monuKpUCTaT KpeMmHwuitna naud@ysusi, cerperamusi xapa€Hiapu
aHukianrad (Mwiuil TeXHUKa YHUBEPCUTETH, YKpauHa), IIYHUHTIEK, YIapHUHT
Typiu Moaeraapu unutad yukuirad (General Electric Research Laboratory, New
York, Sandia National Laboratories, AKIII Ba MoJjeky/sip 3JeKTPOHUKA HIMHI-
Tekmpuin HHCTUTYTH Ba « MUKPOH» 3aBosu, Poccus).

ByryHru KyHIa JOHAAOPJIMKIApapo derapajapuHd Ypranum Oyiuya
Hazapuil Ba aMaluid WIMUKA-TAIKUKOT HILIapu oJu0 OOpHIMOKJIA, KyMIa/aH,
KyWujgara  yCTyBOp  HYHAIMIIUIAP,  JAOHAJOPJIMKIApApO  YerapalapuHUHT
TOPU30HTAJ Ba BEPTUKAI Ty3WJaMajapd Ba ylapAa 3aps] KY4ull >kapaéHiapu,
peKOMOMHAIMA MapKa3lapuHu OapTapad KWIMII Ba MOTEHIMAIb TYCHK
OanaHJIMTUHM  aHUKJIAIL,  JIOHAJOpJUKIapapo  yerapaidapuaa  auddysus
xapacHiapu Oyiinya u3IaHuIuIap oaud OOPUIMOK/IA.

1I[HccepTau1/m MaB3ycu Oyinua Xalkapo WIMHH-TaAKMKOTIap mapxu OO030p MeXIyHapOJHBIX HAayYHBIX
HCCIeI0BaHMi Mo TeMe auccepraiuu nposeneH Ha ocuose JK. Annual Review of Materials Science, Vol. 15: 271-
302 August 1985; Lecture on Grain Boundary & Interface Engineering at Department of Materials Engineering,
11Sc, (No.2) (18, November, 2015, Bangalore, India), j._mullerova_s._jur_english.pdf. Ba Gomxka manOamapnan
OJIMHI'aH.

6


http://scitation.aip.org/content/institution/AF0001042
http://scitation.aip.org/content/institution/AF0001042

MyaMMOHMHI YPraHWJITaHJUK Aapamacd. byryHrn xKyHra Kagap HOJIH-
KPUCTAN KPEMHUMUHUHT (DU3UK XyCyCHSTIapH, >KyMJaJaH, JOHAJOpIUKIapapo
yerapa coxajlapd MHUKPOTY3WIMAacH, KHUPHUIIMAIM XOJaTJapH, YJIapHUHT 3apsjl
KYUHII )Kapa€Hura TabCUPUHM YpraHulll, yiap/aH camapaiu (oiaananuin oyiinya
xopwxiuk onumiap P.Pozenxaiiman, K.Xaprpup3 Ba Oomikasap TOMOHHUJIaH
JIOHAJIOpJIMKIIapapo yerapa mukporysuwimacu, B.M. Johnson, W.K. Schubert, V.
Iglesias ToMOHMAAH 3apsiA XOJaTiapy Ba yJIapHU 3aps] TallyBuWjap KyduIlura
tabcupu 3ca Ryousuke Matsubara, Emi Machidanap TomMonuman yprauuiras.
JY.W. Seto, B.A. I'pumuun, B.M. JlroOumckumii, Masaki Takihara, Takuji
Takahashi ToMOHWIaH yTapHUHT SJEKTPUK XOCCAJAPUHH TYITYHTHPHII YIyH
Typau Mojesuiap Takaud KwinHrad. Xo3upra kyaaa Karem Boubaker, Sang Mi
Cho, Kyle Preston, Amal K, K. Ro, O. O. Tiiziin, Karem Boubaker Ba 6omxkanap
TOMOHUJAH SIPUMYTKA3rU4iIu ac0006ap Ba Ky€Il dJIeMEHTIapH caMapaJopiIuruHu
omupuIl OVinYa KEHT KyJiaMm/la u3JIaHuiuiap o OOpuiIMoKaa.

Mamnakatumusaa oaud O0pWIraH TaIKUKOTIApAa MOJUKPUCTAT KPEMHHUM
acocuia OJIMHTaH SApUMYTKa3rMuiud acbobmap Ba Ky€ml  dJeMeHTIapu
camapagopsuruan - ommpuin  (akagemukiaap M.C.CaunoB, P.A.MymMuHOB,
npodeccopnap A.C.Caunos, A.B.Kapumos, P.Y.Anues), p—n Ty3uiamanapHu Ky€mr
Oatapesyapyaa Kyyam Oyinya sKcriepuMeHTan Taakukotiaap (mpod. P.Y.Anues
paxOapnuruja) amaira ONIMPUIITaH Ba YJIAPHUHT OUp HeuTa KOHCTPYKIUsIapu
nnutad yukwirad. byrynrn kynga akagemuk M.C.CaupoB paxOapiuruaa p—
Ty3WiIManap >JeKTpopU3UK Ba (POTOIIEKTPUK XapaKTEpUCTHKaIapu Oyihinya
u3NaHuiiap oaub OopwiMokaa. TaaKUKOT HaTHKalapu acocuia KUPHIIMAaIU
UCCUKJIUK BOJbTauMK 3(PQeKTiap aHUKIAHTaH Ba YJIAPHUHT KiaccuHUKauusacu
TaKJIM( dTUIraH.

FOkopuna kentupuiraniaapaad KeauO YUKATUKHU, TOJIMKPUCTAIUT KPEMHUI
JOHAJOPIUKIIApAPO Yerapa MUKPOTY3UIMACH Ba KUPHUIIMAIN XOJATIapUHU 3apsil
KYUYUII XKapa€HIapura TabCUpH; TEMIIEpATypa Y3rapuily Kapa€Hua KupuIIMain
XoJlaTiapJa dJICKTPOH-KOBAK Ky(QTIMKIApU XOCWJI OVIMINM, YJIapHUHT pP-N —
yTunwiap 3JeKTpodu3uK Ba (OTOIIEKTPUK XOCcallapura TabCUPH; KyIIMMYa
KHUPUTHIITAH KHpHUILIMA aTOMJIAPUHUHT JTOHAJOPIUKIIApapo yerapa
MUKpPOTY3WJIMAacHl Ba 3JIEKTPOH XOccajapura TabCUPH; HOHIM KHUPUTHUIL EKU
AJNIEKTPOH HYypJiap OKUMHU TabCUPUJIA XOCUJ OYITraH peKOMOWHAIMOH HYKCOHJIAp
Xamia KHUPHILIMaId XOJaTiapuaa 3JIEKTPOH-KOBAaK KY(DTIUMKIAPUHUHT XOCHII
OYJUIIY, YIAPHUHT P-n Ty3UIMaiap 3JIeKTPoPU3HK Ba POTOIIEKTPUK XOccalapura
TabCUPUHU AHUKJIAI WYHAIUIIKIA TAAKUKOTIAPHU aMajira OIIMPHUIL A0Jj3ap0 Ba
WIMHUI-aMaJIui axaMHsITra ora.

JAuccepranuss MaB3yCHHMHI JUCCEPTANUA Oa’KapUJIraH OJIMA TabJIUM
Myaccacacd WIMHA-TAAKUKOT HILIapu OwiaaH Oorsmkiauru. Jluccepranus
TaJKUKOTA AHAMKOH JaBJIAaT YHUBEPCUTETH  WIMHU-TAAKUKOT  UIUIApU
pexxacuHuHr [1-18.52-con «Kyé€m snemeHTIapy yuyyH MYIDKaJJIaHTaH KpPeMHUN
IUTACTUHAJIAPY OJIUII TEXHOJOTHSUIAPUHU YpraHuii Ba uiriabd ynkumn (2003-2007
ii.) xamaa ®—2-28-con «JlermpiaHraH KpeMHUH CHPTH Ba Xa)XMHJArd KBaHT
Vmaamiu 3¢ dexTiiap xaMmaa yaapHUHT P—N CTpyKTypallapAaru 3apsj TalryBuuiap
doToreHepanus Ba pexomMOWHaIMs skapaéunapura tascupu» (2012-2016 iiii.)
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JoWKXanapy roupacuaa Oaxapuiras.

TaagKMKOTHUHI MaKcaaM TMOJMKPUCTAIUT KPEMHUN Ba p—N — Ty3uamanap
ANMEKTPOPHU3UK Ba (POTOINEKTPUK XaAPAKTEPUCTUKATAPUHUHT XKMHH HYKCOH Ba
JIOHAJIOPJIMKIIapapo yerapa coxajlapuaaru JoKaulalrad KHpUIIMalld X0JiaTiapura
OOFJIMKJIMK KOHYHUSTIAPUHH aHUKJIAIlIaH noopar.

Taakukor Bazudaapu:

WKKU XWJI KyWHII METOJU Ba KYKYHJIA TEXHOJIOTHUSI METOJU OWJIaH OJIMHTaH
noJu-Si  JIOHAIOPJIMKIIAPAPO Yerapa MUKPOTY3WJIMacH Ba MOP(OIOTHUICHHH
Yprasui, IIYHUHTJIEK, KupulIMaiap cerperauuscu Kapa€Huga
JOHAJIOPJIMKIIapapo 4Yerapa coxalapuja KHPUIIMaid XOJaTiiap Ba HYKCOHJIAp
XOCHJI OYJIMII MEXaHU3MJIAPUHH ONAMHIAIITHPUILL;

T~300+800 K Ttemmneparypa opanukiapuaa JIOHAAOPIUKIApapo derapa
coxajapu MHUKPOTY3WJIMACH, KUPHUIIMAIA XOJIaTJapu XamJia MOJUKPUCTAILI
KPEMHUN XaKMUW HYKCOHJIADUHUHT 3apsi]l KYuull »KapaCHliapura TabCUPUHU
aHUKJIAI;

umkopui Metain (Li, Na, K, Cs) aromnapuHuHr agcopOuus Ba aecoporus
xKapaCHlIapy Xamja YJapHUHT JTOHAJOPJIMKIapapo 4Yerapa MUKpPOTY3WJIMAach Ba
ANIEKTPOH XOCCAIAPUTa TAbCUPUHU YPraHMUILL

T~300+500 K Ttemneparypa opainukiapuia IOHAJAOPJIMKIApapo dyerapa
coxajapujiard HyKCOH Ba KMPUIIIMAJIHN XOJIaTIApPHUHT MOJUKPUCTAT KPEMHHM p—N
yTunuiap 31eKTpodu3rK Ba (POTOIIEKTPUK XOccanapura TabCUPUHN aHUKJIAILL;

snextpon Hyprap (E~1 M»B sueprus Ba D~10" cM™ MUKIOpIIH) OKHMH
TabCUpUJA XOCWI OYIraH peKOMOMHAIMOH HYKCOHJIAPHUHT pP—h Ty3WIMaiap
ANeKTpopu3nK Ba (HOTOAIEKTPUK XapakTepucTtukanapura tabcupuau T~300+500
K temnepatypa opanukiiapaa yprasuiir;

kyummaa (E~30 k9B sneprus Ba D~10" cm? Mukmopin) Hmkopuii Metain
aTOMJIapU KUPUTWIMILK HaTHXKAcuAa XOCHJI OYIraH peKOMOWHAlMOH HYKCOHJIAp
€KM KUPHUIIMAJIA XOJIATJIAPHUHT MOHOKPHUCTAJUT Ba MOJUKPUCTAIUT KPEMHHH p—N
Ty3uIManap 3JeKTPOPU3UK Ba (HOTOIIEKTPUK XapaKTEPUCTUKATIAPUTA TAbCUPUHU
T~300+500 K TemnepaTypa opajiMKJa aHUKJIAILL,

JOHAIOPJIMKJIApApPO Yerapa COoXajard KUpUIIMalIM XOJaTiap, IIYHUHIEK,
YAaQpHUHT p—n Ty3uiaMajgap 2JIEKTpopu3uK Ba (HOTOIIEKTPUK Xoccajapura
TabCUPUHU TAAKUK KUIUITHUHT aHbaHABUW METOMJIAPUHU TAaKOMUJUIAIITUPUII Ba
UIiad YuKUII.

TaakMKOTHUHT O00BbeKTHM cudaTuia TMOJIUKPUCTAT KPEMHUH Ba Y
acocuaru p-n — Ty3uamariap OJMHTaH.

TaaKMKOTHUHT TpeAMeTH JOHAJOPIUKIApApO dYerapa coxajlapuaaru
HYKCOH Ba KHPHUIIMAIM XOJaTjiapJa »JJICKTPOH-KOBAK KYy(DTIUKIapu XOCHII
Ooynmummy, HOTOSIEKTPUK XAPAKTEPUCTUKAIAPHUHT HAMOEH OYIUIT KOHYHUSATIAPH
XHCOOIaHAIH.

TaakuKOTHUHT  ycy/ulapu. TagkukoT Kapa€Huaa  DKCIEPUMEHTAT
(U3UKAHUHT KOMIUIEKCIM MH(GOPMATUB YCYJUIAPU: PEHTTEHCIEKTPal MUKPO30H
TaxJIWJ, 3JIEKTPO(U3HUK Ba (DOTOIEKTPUK XOCCATAPUHMA AHUKJIAI, TEPMUK HIILIOB
Oepulll, TEPMORJIEKTPOH 3MHUCCHUSl Ba JIETUPJALl METOAJApPH, MOHJIM KUPUTHIL,



mubdy3us, dSIEKTPOH Hypiap OKHUMH, KyKYyHJIH TEXHOJIOTHS YyCyJUIapu
KYJUIQaHWJITAH.

TagKUKOTHUHI WJIMMH SHTUIMIH!

JOHAZOPIMK XKMHAA KUPUIIMAJAPHUHT HOTEKHWC TaKCHMJIAHMIIIH,
XycycaH, Xap Oup KupHUIIMalap KOHIICHTPALUSICH JTOHHAJAOPJIUK MapKa3ujaH
cupTra optud OOpHIlHM, TOHATOPIUKIAPAPO Yerapa coxajapuia MUKpOOYIUIHK Ba
OYpTUKIapaaH udopart Faaup-0yIup CUPT XOCHI KWIIMIITN acOCIIaHTaH;

WKKWA TyTalllTaH JOHAJOPJUK KEHIJINTU HAHOMETPJApHU TAIIKWJ KUJIWIIN
Kypcatuiaran OYynu0, Ty30KJIap HOHJIAHUII SHEPTUACH XHCOOUTa TeMIieparypa
V3rapumm xapa¢Huia JOKaJIAITaH Ty30KIap WOHJIAHUIN aHWKJAHTaH, OyHUHT
HaTWXacuaa MoTeHuHan TYycuk Oamanawiuruan ~0,3+0,9 3B opanuknapnaa
Y3rapuiiy Ba 3apsij] TallyBUMIap KOHIIEHTPALUSICUHUHT KaMaluIly KypcaTUiIraH,

JTIOHAJOPJMKIIApApO Yerapa SJIEKTPUK XOCCAIIAPUHM AaHUKJIAIl MMKOHUHU
OepyBYM MKKH TyTallllTaH JOHAJOPIUKHUHT KYI KaTJaMJIM MOJEIHU Ba SKBHUBAJICHT
AIEKTPUK CXEMaCH UIILIA0 YUKUIITaH;

JOHAIOPJIMKJIApApO  dYerapa coxajapuja aicopOomuss Ba  JIecopOIus
XOJIUCAJIAPY aHUKJIAHTaH;

YyKyp CaTXJM KHpUIIMAIM XoJjaTjapaa dJICKTPOH-KOBAK Ky(TIHKIaApH
XOCWJl Oynuiu xucobura OWUp KUHCIM Ba p-N — TY3WIMaIW TMOJUKPUCTAILI
KpEeMHUH Xamaa p-N — Ty3WIMaId MOHOKPHUCTAUT KPEMHHUIJA KHUPHUIIMAIIN
UCCUKJIUK BOJbTAaMK Ba (OTOBOJNBTAUK AP(EKTIAPUHUHT HAMOEH OYiIMII
KOHYHUSITJIApU aHUKJIAHTaH;

JIOHAJOPIMKIIApapo Yerapa coxaaaru p—N — YTUIl MOACIN TaKIu@ STUIITaH.

TagKUKOTHUHT aMaJIMii HATHXKAJIAPH KyHuaruiapaad noopar:

KYKYHJIM YCYJ acocuja Ky€Il 3JIEMEHTH YUyH MYJDKAJIJIAHTaH MOJUKPUCTAILT
KpPEeMHUH TUIACTUHAJIApPU OJMUII TEXHOJIOTHACH HWIUIa0 YUKWIIW. Y acocuja
Kanmuuaurn 250400 mMxMm Ba Yymuamu >150 Munmumerp OYiaraH MOJUKPUCTAILI
KpPEMHUI HaMyHaJlapu OJINHTaH;

MOJMKPUCTAIII ~ KPEMHUW  JOHAJAOpPJIMKIApapo  yerapa  coxacuja
KUPHUIIMATAPHUHT a7IcCOPOITHs Ba eccopOIrs X0oaucanapH, yjaap acocuaa cudatiu
p—n YTUILIAp OJIMIIHUHT TEXHOJOTHUK PEKUMIIAPU aHUKJAHTaH Xamjaa doiizanu
um kodpdunuentu 7% OYnaran Ky€mr dJIeMEHTIapu YYyH MYyJDKaJJIaHTaH p-N
Ty3WJIMAJIapU OJIMHTaH;

MOJMKPUCTAIIT Ba MOHOKPUCTAII KPEMHUN IUIACTUHAJIAPUHUHT TYypJid
KUCMJIapuaa OUp BaKTHUHT y3ujaa TYpJM TUIUIM cOoXaylap Tauépiail MMKOHUHU
6epyBun nudy3roH KypuiiMa UILIa0 YUKWITaH Ba TallépiaHray;

MOJIMKPUCTAIIII Ba MOHOKPHUCTA/UT KPEMHHI IUIaCTUHAJIAPU acOCHAA SIHTU
TypJlard MYKOOWJI SHEprusjiap sipaTUllra MyJDKaJJIAaHTaH KUPHUIIMAIUd HWCCUKIIUK
BOJIbTauK Ba (OTOBOJNBTAUK A((PEKTpiaapu OJMIIHUHT TEXHOJOTHK PEKUMIAPU
U140 YNKUJITaH.

TagkukoT HATHKAJTAPUHUHT UIIOHYJIMJINTH SAPUMY TKA3TUYIN
acOOOJapHUHT XapakTEePUCTUKAJIAPH Ba MapaMeTpJIapuHU TEKIIUPHUIIIA CTaHAApPT
BAd KEHI' KYJUIAHWIAJAWTaH 3aMOHAaBUHA WJIMHH Ba TEXHOJIOTMK METOJIapAaH
doimananunranury  OunaH m3oxJjiaHagu. Hatwka Ba xynocanap (u3MKaBHiA
TacaBBypJiapra acoCaHTaH Ha3apuil Ba OKCIIEPUMEHTANl HaTwKagap OuiaH

9



TaCAUKJIAHTaH.

TaagKUKOT HATHKAJIAPUHMHI WIMMHA Ba aMajiuil axaMMATH. TaIKuKOT
HATWKAJIAPUHUHT WIMHN axaMUATH yJap MOJUKPHUCTANI KPEMHUM AOHATOPIIUK-
Japapo 4erapa MHUKPOTY3WJIMAacH Ba AJIEKTPOH XOJaTiapy Xamjaa aacopOius Ba
JeccopOIusi XOJUCATAPUHUHT HAMOEH OYJIUIIMHU TYIIYHTUPUII WMKOHUHU
oepaau.

TagKUKOT HATWKAJAPUHUHT aMaJIMd  aXaMHUSATH KYKYHJIH TEXHOJOTHS
€pmamua (HOTOY3TapTUPTUWIAP YUYYH MYJDKAIAHTAH TOJMHKPUCTAIUT KPEMHUN
aCOCTH STHTH TypJIardl IpUMYTKa3TUWiIap OJHUII YCyau Xamaa 1uddy3noH Kypuima
W10 YUKUIIIN.

TagKuKOT HATWKAJAPUHUHI KOpuM KwiumHumu: [lomukpucramn
KPEMHHI TOHAJAOPJIHMKIApapo yerapajiapuia MUKpOTY3HIMA, 3apsl XoJaTiaapy, p-n
— YTUIIJIApHU Ba JIEKTPOH Kapa€HIapHU TAIAKUK ATHUII ACOCUAA!

AJIIEKTPOH Ba KOBAK YTKA3yBYAHJIMK XOCHUJ KWJIYBUYM KPEMHHI KpUCTAIIUAA
JETUPIAHYBYM  KUpUIIMalapHu 1uddy3us skapaéHuHM YTKa3ui  Oyiinda
“IInddysnon  Kypuiama” V3bekucton PecryGnukacu MHTeNnekTyan — MYyIK
areHTuIMrMHUHT mxtupora nateHtu (IAP 04767, 23.09.2013) onunran. Wmnuiad
yukuirad au@dy3uoH KypWIMaHUHT KYJUIAHWIUIIN OWp KapaCHHUHT V3uja
KPEMHUW KPUCTAJUIM/Ia U30THUII Ba TYpJIU TUIUIAP OJIUI UMKOHUHU OEp.IH;

Ky€lll HYpPJAHUIIMHWUHT HCCUKJIWK SHEPrUsICHHM DJIEKTp JHEprusira
Y3rapTHPrUY ApaTHII Gyitnya “DHeprus y3rapTupruya” YzbexnucTon PecryGmukacy
WuTenextyan Mynak areHTIUruHuHT uxTtrpora mnateHtu (IAP 04815, 05.12.2013)
OJIMHTaH. Ma3Kyp UXTUPOHMHI KYJUIAHWIHWIIA AaHbAHABUWA  y3rapTUPIU4ra
HucbOaTtan 10% kaTTa TOK OJMII UIMKOHHHH O€praH.

KHUpUIIMAIM  HCCUKJIMK  BOJIbTAaMK Ba  HCCHUKJIHMK  (POTOBOJBTAUK
3¢ pexTIapHUHT HOMOEH OYJIMII MEXaHW3MIIAPU; KYKYHJIM METAJUTyprus acocHja
UIUIa0 YMKWITAH TOJUKPUCTAIUT KpeMHUM onumn texHosorusicu O3—DA-D158
“Kyuumk ymyaMiad HOTEKUC KHPUTMAJId OpPraHMK Ba HOOPraHUK TrpaHyJIallraH
SAPUMYTKA3TU4YJIap ACOCHArd CUCTEMallap/la SHEPTHs Y3rapTUPUIL KapacHuapu’,
OT-®2-002 “Ilonukpucramin, amopd Ba HAHOKPUCTAUT CTUMYJUIAILITaH
HOMYBO3aHATJIM 3apsA]l KY4MIll >Kapa€Hliapyu~ TPaHT JIOMMXAcula IMOJUKPHUCTAILI
KPEMHUN JOHAIOPJIMKIIApapo derapa CoxXacuja KUPHUIIMAIAPHUHT aJcopOIus Ba
neccopOIust xoaucanapy Ba p-N — YTUIIIAP OJUITHUHT TEXHOJIOTHK PEXXUMIIAPUHU
annKnama Kyanasmwmran (Y36exnucron Pecny6nukacu daH Ba TeXHONOTHSIAPHH
PUBOXIIAHTUPUIIHU MyBO(UKIamTupuiml KymutacuHuar 10.10.2016 #unparu
®TK-03-13/677-con  MabiiymOoTHOMacH). WiMuii HATWKAHWUHT KYJUIAHWINIIHA
OpraHMK Ba  HOOPTraHMK TpaHyJUJlalllaH  SPUMYTKA3rU4jap  acoCHUJaru
cucteMaiap/ia SHeprus Y3rapTHpUIl >KapaHiap, MOJUMKpPUCTA, amopd Ba
HAaHOKpHUCTAJJIAp/Aa 3apsii KY4uIl skapa€HIapyuHU aHUKJIalll UMKOHUHU Oeprax.

TagKuKOT HATHKAJTAPUHUHT aNPodALMSCH.

TaakukoT HaTwkamapu 21 xamkapo Ba pecrnyOivka KoH(epeHIusIapuia,
KymianaH, “Xo3uprd 3amMoH (U3MKACHMHHUHT a073ap0o myammonapu” (Tepmes,
2002); “Kpemunii—2003” (Mocksa, 2003); “The 3-Uzbek—Korean International
Symposium on Quantum-Functional Materials and Devices 2004” (Tashkent,
2004); “Poct, cBoiictBa u npumeHenue kpuctamwioB” (Hykyc, 2005; AHAMXKOH,
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2008); “Mabmyn akagemuscuauHr 1000 dmmmurn” (Xusa, 2006); “TIpoGieMbr
aJbTEpHATUBHOM 3HEpreTuku M ’HeprocHadxeHus” (Hamanran, 2007); “®dusuka
Ba (UMK TabJIMMHHUHT 3aMOoHaBuii Myammonapu” (Camapkann, 2009);
“CoBpeMeHHbIe  TIpoOJemMbl  ¢pu3uku  noaynpoBoguukoB”  (Hykyce, 2011);
“@Ou3nkaBui  AIEKTPOHUKAHUHT Jom3ap0d Mmyammonapu” (Tomxkent, 2012);
“Kpemuuii—2014” (Upkytck, 2014); “OyHaaMeHTalbHbIC U NMPUKIAIHBIC BOIIPOCHI
buzukn” (Tomkent, 2014); “SpumyTtkazruunap ¢GU3UKACUHUHT  J10J13ap0
myammodnapu” (Tomkent, 2014); “MukposiaeKTpoHUKa, HaHO3appaiap (u3MKacu
Ba TexHosorusuiapu” (AuguxoH, 2015) maB3ynapujaru pecnyOiauka Ba XalKapo
WIMHi-aMannii KoHepeHIusIapAa Mabpy3a KypuHUIIHaa 0aéH 3TWIraH Xamia
anpoOanusaIaH YTKa3HIraH.

TagKuKOT HATHXKAJTAPUMHUHT YBJOH KWIMHUIIM. J[KccepTanus MaB3ycu
6yiinua xaMu 44 Ta WIMMHA WII UYON OSTWITAH, IIyJapAaH Y30eKHCTOH
PecniyOnukacu Onuit aTTecTanus KOMUCCUSICHHUHT JOKTOPJIMK JUCCEPTALMSIIapU
aCOCHI WJIMMIA HaTWXKaJapUHU YO ATUIII TABCUSI STUITaH WiMHK Hamipiapaa 20 ta
MakoJja, 1 Ta MOHOTpadus HaIIp STUITaH, 2 Ta UXTUPOTa MaTeHT OJIMHTaH.

JluccepTalUsIHUHT Xa:KMHU Ba Ty3wiumu. J[uccepranus kupuil, Oemra
600, XyJioca, doitnananuiran agabuétnap  pyiixarunan udopar.
JluccepTalissTHUHT Xa)KMH 198 OETHHU TallKUI 3TTaH.
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JJACCEPTAIIUSIHUHI ACOCUM MASMYHH

Kupum xucmuaa YTKa3wiraH TaJKUKOTJIAPHUHT  J0J3apOiuru  Ba
3apypUsITH acOCTaHTaH, TAaJKUKOTHUHI Makcaau Ba Basudanapu, OOBEKT Ba
npeaMeTiiapu  TaBcuuiaHraH, — pecnmyOnmka  (paH  Ba  TEXHOJOTHUIAPU
PUBOXJIAHUIIMHUHT  YCTYBOp  WYHaJIMIUIAPUIA  MOCIMIM  KypCaTWITaH,
TaJKUKOTHUHI MJIMUKA SHTWJIMTHM Ba aMaliuid HaTwkajnapu Oa€H KWIMHIAH,
HaTWKAJapHUHT WIMHA Ba amMaluil axaMusaTH o4u0 OepwiraH, TaJKUKOT
HaTWKAJTApUHA aMajUETra »KOpU KWINIL, HALIP 3TUITaH HMIJIap Ba JUCCEpTaLUs
TY3WINIIY OVHNYa MabIyMOTIap KEITUPUIITAH.

HucceprauussHuHr «MyaMMOHMHI X0JIATH Ba MOJH-Si XaMJa YHUHT
XQKMHIATH IOHAJOPJMKJIAPAPO 4YerapajapuHUHr (QYHKIMOHAJ Xapakre-
PUCTHKAJAPUHY SXIIMJIAI TeHAeHIIUAJIApH» J1e¢0 HOMJIaHTaH OupuHYM Oo0OMIa
MYaMMOHHHT XOJIaTH, JOHAJOPJUKIIApapo dYerapa MHUKPOTY3UJIMACH, AJIEKTPOH
XOJIATIIAPH, YIAPHU MOJH-SI AIEKTPOPH3HK Ba ONTHK XOCCAIapUTa TAbCUPUTA OUJI
anabuéT MabIyMOTIApH MIApXHW KeATHpuiarad. byHnail Ty3uiMagapHUHT MHKPO-
AJIEKTPOHMKA Ba  (OTOPHEpPreTHKaAa KYJUIAaHUII  yCyJJIapu, IIYHUHTJEK,
KUPUIIMAJIU UCCUKIUK BOJbTAUK XaMJa (POTOBOJbTAUK 3(DPEKTIApUHUHT Ha3apuid
UIUIaHMajiapu  OyiiMua TaJKUKOT  HaTWKalapu, yjaap acocuja  MaB3y
MYaMMOCUHUHI KyHuwiumy €putud Oepunradn. MaBxyl MabiIyMOTIaQpHUHT
Hazapuid Ba JKCIEPUMEHTAN TaxJIMJIM HaTHXKAchia BasH(alapHUHT KYWUWIAIIN
IaKJUTAHTUPUJITAH.

HucceprauvsiHUHT “AMaJjidii Ba Ha3apuil TaAKMKOT MeToajapu” 1eb
HOMJIAHTaH UKKUHYHM 000uAa KYJUIAaHUJITaH METOIap TaBcuiapu xamaa MOXUSTH
éputriran. TagKUKOT HaMyHanapu cudaTHAa UKKH XM KYHHII® XaMaa KyKyHIH
TexHoJiorusiia onuHran p~1+10 Om-cM, YTKa3yBUAHJIMTH P THIT OYJIraH moju-Si
HaMyHajap TaHjal oJMHraH. Xap Oup HaMyHa WApTJIK HOMJIA0 OJIMH]IM, MacaJlaH,
“Wacker” ¢upmacuna onunran nmonu-Si HamyHa yuyH “Wacker”, kalita Kyduur
yCyJuaa OJIMHraH moiu-Si HamyHa yuyH “KyiimMa” Ba KyKyHJIM TE€XHOJOTHS OHJIaH
ojivHran HamyHa yuyH “KykyHnu” ne® Homuianrad. JloHajmopiukiapapo dyerpa
MUKpPOTY3WJIMACHHU YpraHull Y4YyH PEHTTEH-CIEKTpajl MUKPO30HJ TaXJIWiJIaH
¢oiinananunrad. HamyHamap  snekTpodu3MK — Xoccalapura — Temieparypa
TabCUPUHU TAJKUK KWIHMII YYyH TYpT 30HIIM Ba Bannep—Ilay ycymrapu xampaa
Xomn 3¢dexTn acocuja MOJECPHU3AIMS KWJIMHTAH Taxpuba KypuiMmaliapu Ba
metoanapuaan gorgananmirad. ComumTupMa KapIimiuk (o), 3apsij] TauryBImiIap
XapakaTuyamimra (L) Ba KOHIEHTpanus (N)HUHT TeMmrepaTrypara OOFIHMKIUTH
~300+800 K opanukma temmepaTypa OPTHINM Ba KaMalluIM >xkapaéHuia
Vypranunrad. OJIMHraH HaTWKaJapHU TYIIYHTHUPHUILI YYyH TEPMOIIEKTPOH AIMUCCUS
Mozenu an doiinananmnay. MeToara KHPUTHITaH SHIMTHKIAPAAH OUPH IIYHIAH
nOOpaTKU, TEPMOIJIEKTPOH IMHUCCUS MOJEIN acoCHia 3apsUIApHUHT TY30KJIapaa
VIUTAHUIIM Ba 0307 OVIMIIM »KapaéHujaa Xocus OViayBuM (Jg) TOK y4yH mapTiu

2A6)1ypaxMaHOB B.M., AumnoB T.X., KagsipoB A.JI. Ba 6omk. / 'emuorexnuka., 1992. Ned. — C. 8-14; Cauznos
M.C., Bunsinos P.P., Myxamanues P.D., Uupsa B.I1. // T'enunorexuuka, 1987. Ne 6. — C. 18-20.
3HonmcpI/ICTaan/IqeCKI/Ie moynpoBoaHuKU. Pusndeckue cBoricTBa u npumeHenus: [lep. ¢ anr. // Tlox.pen. Xapoek
I'. -M.: «Mupy, 1989. — C. 344.
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y3rapTupuiuiap KUPUTHIOM Ba 10y [mapT Oyiinua MOAETHHHI UIUIAIIN
kypcatuigu (1-pacm). Macanan, arapja 3apsiUIapHUHT TY30KJapjAa YILUIAHUIIN
03071 Oynmuimmra HucOaTtaH Karra OYyiica, MOTCHUIUAT TYCUK OamaHmauru (O)
OpTaaM Ba 3apA/jiap WKKH TyTalllraH JOHAJOPJIMKIApapo uerapa coxacuiaru
Ty30KJap OYyimad kyuwmin sxapaéHu 103 Oepaau, OyHIa Ty30KjIap TYJIUK YTKa3yB-
yaniuru (Ys) XaMm optaau. by xonarna Jss TOK WyHanMUIIM yuyyH “MaH(uii” nmopa
KyJuiam makcaara MyBopGuK. Arap 3apsaslapHUHT Ty30KJIapAa YIUIAHHUIIU 030]1
Oynumura HUcOaTaH KUYUK OYIica,3apsii Teckapd TOMOHTa XapakaTiaHaaud O@
xamaa Y Kamasiu, OyHna Jg TOKHH “MycOar” uimropara sra Oymamu. Mojenra
KUPUTWITaH Oy Yy3rapuiuiap 3apsii TallyBUWJIAp KYYUII XYCYCHSITH Ba OoIlKa
KMHETUK XapaKTePUCTUKATAPHU TYIIYHTUPUILI UMKOHUHH Oepaju.

1-pacm. [loHagopukiiapapo
yerapa coxa 30HaJjap
AHATPAMMACH Ba YHUHT

.
TMOHATOPIHEIApapo COAAANAITHPUIITAH CXEMACH
yerapa

KupummanapHuar azacopOuuss Ba jaecopOuMs >kapa€Hiapu, YJIapHUHT
JOHAJIOPJIMKIIApapO 4Yerapa MHUKPOTY3WJIMAacH Xamjaa »JJEKTPOH XOoccacura
TabCUPUHU aHUKJIAII YYyH JErupan METOIMHUHT"  STHTH “monudukanua’cu
uniad yukuaau Ba GonpanaHunau. SuHru “momuduxanus’ AacTIIaOKUCHAH
KUpUTUIAETIaH KupuiManap cudaruna Oup katop umkopuid meramn (Li, Na, K,
Cs) rypyxu, yJIapHU JIETUpJIall METOAN cU(aTHIa HOHIN UMIUTAHTALNS, TAAKUKOT
o0bekTH cudatuaa OUp OHKUHCIM Ba p—N  YTHIDIM TOJU-Si  Ty3wiMalap
Ky IUTaHITHIH GrtaH Gapk Kuiaan. MOHIH KHPUTHIIIAH CYHT HaMmyHamapra ~107
Topp Bakyym myxutuaa 300 K man 1000 K raua temmeparypa opJiukiapuia
TepMUK HUILIOB Oepuiau. Wmkopuil MeTann aToMIJIApUHU JOHAJAOPIMKIApapo
yerapa coxajJapd OdJIEKTPOH  XOcCcalapura TabCUPUHM  aHUKJIAUl  y4yH
MMIUIAHTALMATAYa Ba CYHT JISTHPJIAIT METOA EpAaMua ¢ aHUKIAHAN. Y Tdammiap
WOHJIM KUPHUTHINTA4a Ba TEPMHUK HIUIOB OepurmmHUHT 25 K opanuruga onubd
Oopunau. Jlerupmamr METOOUHUHT “MOAUMUKAIINSI’CH aHbAaHABHM METOJIa
KYJUTaHUJIAJUTaH Oup KaTop Mypakkad ompepanusiapHi eHIWUTAIITUPAN, Xap Oup
yiuanuiap xapa¢Huaa JerupiiaHraH KaTiaMHU KeTMa-KeT eMHUPHII Ba CUPTIapHU
CWUIMKJIAI, KUMEBUM eMupyBUMWIapAaH (oigananuaMainau. byHpgan Ttamkapw,
aHbaHABUU TAAKUKOTIApAa JETHpPJaHyBUYM KHpHUIIMaiap KOHLEHTpaUsCUIaH
TalKapu Ky1miaad HaMmyHajnap Tajnad ATuiuO, ynap Xap TOMOHJaMa OWp XMW
Oymumm kepak Oynanu. byHnmaih Tanabuu Oaxapumn MmypakkaOaup. Taxmud
ATWITaH JIETUpJIall METOJAUHUHT MoauduKanuscura Kypa, TAAKUKOT YUyH KYT1a0
HaMyHa Tajad dTUIMaiiv, OJIMHraH OUTTa HATHXKA YpraHuiIa€Trad MOJUKPUCTAIT
MaTepuaiap Y4yH €Tapiy Ba UIIOHWIMIUTH OuiiaH dhapK Kujiaau.

p—n Ty3WwiMa YyKypJWTHHU aHUKJIAIl METOAM WINUIA0 YWUKWIIA Ba
doimananunan. by wMeton wuHOpaku3uia Hypiapu Tabcupuaa (GoTo  3.10.K.

“ToHKMe MONTMKpHCTAIIHYeCKHe U amopduble muéukn: Pusuka u npumenenus. Ilep. ¢ amrm. // Ilox pen.
JI.Kazmepcku. —M.: Mup, 1983. — C. 304.
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y3rapuim TpUHIMIHATAa acociaHTaH. Meton monu-Si HaMmyHajapuaa HucOaTaH
KMUYUK pP—n YTUIUIAD YYKYpPJAUTMHM aHUKJIAIl HMMKOHMHM Oepaau. p—n YTHIl
YyKypJauru JnoHagopaukaa 1+1,5 MKM, ITOHaAOpAMKIapapo 4derapa coxajiapujia
1,5+2 MxM opanukiapuaa OYIuImM aHUKIaH IH.

p—N Ty3unmanap 3JeKTpodu3uk Ba (DOTOIIEKTPUK IMapaMeTPIAPUHUHT
TeMmIiepaTypara OOFJIIMKJIMIMHN TAAKUK KWIUII YUYH SIHTH TaxpuOa KypuiMallapu
Unuiad YMKWIAM Ba MeTomyiapuaad QoinanaHwingd. Y p-n  Ty3WIMaHUHT
oenrunanran A=0,4+1,4 MKM TYJIKMH y3yHJIUKIAa Ba EPYFIUK HYPH JacTacu
muametpun ~10+400 mxm opammkna, temneparypa (300+800 K) y3rapuiu
KapaéHuja EpUTHO TaJKMK KWIMIIrA acOCIAaHTaH. EpyFIMK HypH JacTaCUHHHT
KYJUIAHWIAIOM P—N  TY3WIMaHUHT QJIOXUJa MHKPO COXAJIApUHHU, KYMJIQJaH,
JIOHAJIOPJIMK Ba YErap COXaJIApUHU aJoXuAa-aIoXuaa EpTUIl HMKOHUHU Oepaau.

KykyHnu TtexHonorus €paaMuaa TONH-Si IUIACTUHAIAPU OJIMII  YCYJIH
MIu1ad YMKAIAU. Y Cyll XOM ali€Hy Tal€pall, HAMyHaHU IIpeccliall, KU3IUpuil Ba
CHpTpra HIIUTOB Gepurn KaGu omepanusiapaas uoopar. Ilpeccranran Hamyna 107
Topp BakyyMm meumnaa KpeMHUN SpHIl TeMieparypacuaad knuuk T~1220°C 60+90
MUHYT OpajuKIa KU3IUPUII OWJIaH 3JIEKTPOPU3UK XOoccaldapuHu Oomkapuo,
YTKA3yBYAHJINTH P TUILTH, p~1 OM-CM Ba 3apsix TauryB4miap smam Baktd 7~107 ¢
OyJIraH HaMyHaJIapu OJIUII MYMKHUH. YOy TeXHOJOrus KanuHiauru 250400 Mk,
muametpu 40125 mm, ymyamu >150 MM Oyniran UCTayraH IaKijgard HaMmyHaiap
OJIUIII UIMKOHUHU Oepajiu.

bobaa kentupuiran Hazapuil Ba aMaiuil TaAKUKOT METOJJIApH Ba YJIApHUHT
SAHTM MOJIU(DUKAUUATIAPU JUCCEpPTalUsl OJAWra KyHWiIraH WIMHA MyaMMOJapHU
caMapalid Xaj KWIHII UIMKOHUHH Oepaj.

Huccepranusauar “Typau ycy/uiapaa oJMHTaH MOJIH-SI JOHATOPIHK-
Jlapapo 4erapa coxajlapu MUKPOTY3WJiIMacu Ba Mopdosiorusicu” 1e0 HOMJIaH-
raH y4uHuu 000Maa JOHAJOPIUKIApapo yerapa MUKpOTY3HWIMacH, Mopdosorusacu
Xamjia yJjapra JerHpjaHTaH KUPHUIIMa aTOMJIAPUHUHT TabCUPH, TYUTYHTHPUII
MEXaHU3MU KeNTUpWwiIrad. TaaKUKOT HaTWXalapu KypcaTaauKH, IOHAIOPJIHK
ymaamu 100300 mMxm OYnuO, cupTu Typiau Mypakka® Ty3wiMallapiaH, ShHU
OypTukiaM fagup-Oynup cupT Ba YymyamMu YyHra TeHr <10 MM O¥ynirax
MUKpOOYIUIHKIapaan uoopar. KuMEépuili Taxyimuiiapu JAOHATOPIUK CUPTH, SIHHU
UKKU TYyTallllaH JOHAJIOPJIUK COXa TapKUOW KHUCIOPOIN KOMILUIEKCIIapaaH
nOopaTIMruHu Kypcatau. Kupuiimanap KOHIICHTPAUSICH JOHATOPIUK SIAPOCUIAH
cuptra optud® OopraH Xojja TAaKCUMJIAHTaHM aHMUKJIAHIW. |-kKaaBanjga Typiu
ycyJulapjia OJIMHTaH TMOJu-Sifja KUpuIIMaiap TApKUOWHUHT TaKKOCJIaHTaH
HATWKaJIapy KeNTUPUIITaH.

Kupuinima atommapu TakCMMOTHM acoCHAa JIOHAJAOPJIMKIApapo uerapa
coxajlapujia XOCWJI OYJIyBYM MHUKPOOVIUIMKIAPHU aHUKJIAIl Y4yH TEHIJIama
OJIMHTaH:

100 —y=x 1)

By epna x — MUKpoOYIIIUK, y — aMaJIuil aHUKJIAaHTaH KupuinManap MUkaopu (%).
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1 >xamBan
HamyHanapHuHT KUMEBUH TapKuOU

Hamyna typu Tapkubu Kanunmuru
13 99 S|1 S! CI1 Ca; Fe ~ 76,39 %
Wacker — 2361 % 300 MxMm
e Si, S, Cl, Ca, Fe, Co, Ta ~ 72,58 %
Kyiima Tam— 2742 % 250 MKkM
[13 29 Si’ Sl CI’ Ca’ Fel CO’ Ta ~ 68,25 %
Kykynmm 65K 3175 % 100 MM

Kanpangan kypuHaauku, ypraHuigaétran Oapua HamyHasapaa «x#0», Oy
noJIM-S1 KPUCTAUIAHUIIN Kapa€HUAa MUKPOOYIUIMK XOCHJI OVJIMIIKM acocuia
TYIIYHTHPUIaAH. MabIyMKH®, KPHCTATIAHHII KapaéHHAa KyHMaJarn KHpHIIMa-
nap ¥y3apo TabcupiamiO, Typau KuUMEBUM Oupuxkmanap, Macaiad, SiOy Ba
SiICI(OH) xocun KuWiauImM MYMKHH. YJap KpUCTaJUIAHMII MapKa3WJaH CUpTra
CerperanvsaaHuIl KapaéHuAa MaxCyCc KUPUTWITAH KUPHUIIMalap Xamaa KOJJIHUK
KUpHUIIMalap OunaH KUMEBH OOFIaHUIIIAP XOCHI KHJIUIIH MyMKHH. TabKkuiam
XKOU3KH, Oan3um KuMEBUM Oupukmanap, Macamad, SiO, Ba SiCI(OH)nap
JIOHAJIOPJIUK ~CUpTUTa YUKUO KeTra onmaiiau. SbHU, [AOHATOPIUK CHUPTHU
[IAKJUTAHUIIKA CeTperamus jkapa€Hd XucoOura cupTra 4MKuO KeTa oJMaraf
KUMEBUHN DJIEMEHTIAp JOHAJOPIMKIApapo Yerapa coxaia Typid METAUIH EKH
METaI-OKCUJ] OUpUKMallap XOCWJI KWiaaud. byHmall TyIIyHTUPHUII MEXaHU3MH
JIOHAJIOPJIMK Ba JIOHAJIOPJIMKJIApApO 4Yerapa MHUKPOTY3UJIMajgapu XaKuaaru
3aMOHaBHI Kapaiuiap OwiaH Moc kenaau. HaTwkanapra acocaH MKKHM TyTallllaH
JIOHAJIOPJIUKJIAPHUHT TY3UJIUIIN MOJIETN WIIIA0 YUKWIIU, YHUHT KYPUHHUII
cXeMacu 2-pacMjia KEITUPUJITaH.

by epna 1-coxa nespnau Oapua XapaKTepUCTHKa-

Japy MOHOKPHUCTAJITa XOC OYAraH JOHAIOPJUK SIPOCH. 5
By coxa JerupioBYM 3JEMEHT KOTHIIMacHu cudaruaa 9
noyu-Si oMl Kapa€Huaa Kopuimmara maxcyc (B, Al) 7 )2 o 7
akienTop €éku (P, As, Sb) noHop OuiaH jerupiaHras.

2-coXacu MOHOKPHCTAJIHUHT yerapa coxacu 0yiuo, 5

y siapoaad (Gapkiu paBulga TypJid HyKCOH, TUCTOKAIUS
ékM OOIIKa KPHCTAJLI TTaHKapa Oy3uIrIuIapuIan noopar. 2-pacm. MKKu TyTamrax
2-coxa/la KMpHIIMaiap KOHIICHTPALHUACH JoHamopiuk 1  AOHAAOPIMK Ty3HIHIN
SAIPOCHUJIaH CE3UIIApJIM JlapaXkaia KyTI. Mo

3 Ba 4-coxanap MeTalUld KpHUIIMAJIAp YMKKAH Ba KPEMHHI CHUPTHIIA XOCHJI
Oynran okcuJI  KarTiaamaaH —uOopar  IUIEHKA, IIYHUHTACK, METAJICUMOH
KUpUIIMAJIAp TYIUIAHUIIKM ~ XHcoOWra XocCwi OViraH MeETaJCUMMOH IOMKa
napjaansapjaH uoopar.

5-coxa arpodu KpUCTAJIJIaHUII Kapa€HUIa YETKH F03aCU MypaKKad TUTIAaru
noJiuMep OUPUKMaIap XOCWUJ KWITaH METAVICUMOH €KW KPEMHHUM OKCHJIH

SKpI/ICTaJ'IJII/ISaL[I/IH TOHKHUX IUIeHOK. // AH PY3 UD. — Tamkenr: «®AH», 1970.
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napjaajgap OunaH ypanran OYpTUK ymuamra TeHr MukpoOyuumk. by coxama 4-
COXaJard MeTaJUTH OYPTUKIAPHUHT TyTAIllTaH coXajlapu OYIUIIN MyMKHH.

WNmkopuit MeTaur aTOMJIAPUHUHT acOPOJIaHUIIT Ba JecOpOIaHUII KapacHH
Xamza ylapHU JOHQJOPIMKIApapo dYerapa MUKPOTY3WJIMAcUTa TahCUPUHU HIIK
TaJAKUKOT HATHXKaJlap KEITHPWITaH. 3-pacMJa HaMyHAJIApHUHT COJTATAIITHPUI-
raH CXeMacH TacBUpJaHTaH. TepMUK WIIIOB OepwHIl )apaHIapuaa KApHUIIMaap
JIOHAJOPJUK Ba JOHAJOPJIMKIapapo yerapaiapu OYyinad nuddysusinanud, 3a-
pacmia TacBHUpJIaHTaHeK 4 Ba S-coxamapHU XOocwi Kunaau. Mk O0op KU3uMKapiu
xonuca aHukiIaHaw, Temmeparypa ~800 K raua errynua monm-Si HamyHacu
KU3IUPWITaHAa KUpUIIManap HadakaT TOHOPJIUK XaXMH €EKA JTOHAIOPIUK
yerapayiapu Oyina6d nuddysusutanaaum Oandkd, yjaap CUPT TOMoOHra kyuu0O, 3a-
pacma (6-coxa) KypcaTuiaranaai, ToHaIOpIuKIapapo yerapaaa UIKOPHA MeTasll
aTomiiapu jecopOianaau. by xomuca monu-Si acocuaa cudariau p—n yTUILIAD
xocus Oynumura onud kenaau. TemmepaTypa optu® Oopuiyd OWIIaH HUIIKOPUN
METa/ll aTroMjapu JOHAJAOpJIMKIapapo uerapa OVitnad nuddysusianud, Oup
BAKTHUHT ¥3WJia MKKHU TyTallraH JIOHAJIOPJIMK CUPTIapua ajcopbnanaau (8-coxa,
3b Ba 3c-pacmuiiap).

3.6, |2 ol |B p-mun 3 |B pon-mpouina
[ ] | [ n
| p v \\ P K 898 B P \
5 Xy 2 7 ¥ & I, 2

1 — p tun Si JoHamOpAMIY; 2 — JOHAJOPJIMKIApApO uYerapa coxacu; 3 — HMIIKOpUH MeTaill
aTOMJIapH MOHJIAINTAH X0JaT/]a KUPUTHITaH KaTiaM; 4 — TOHAJAOPIUK Ba 5 — JOHAIOPIHKIAPAPO
yerapajgapu OYyitna® umkopuit meramn aromuapu aup@ys3usiiaHraH Kamiam;,; 6 — HIIKOpUR
MeTall aToMJIapH JiecopOylaHraH KariaM; 7, 8 — WIIKOpWI MeTayul aTomulapu ajacopOiaHraH
KatiaMm; 9 — dochop muddy3us kunmHraH n kKariaam; 10 — goHaIOpIMKIApapo derapanapu
o6yinad gochop nuddysusnanran coxa; A — HaMyHa OpKa €KM OCT KUCMU (IOJJIOXkKKa); B —
HamyHa o cupTu. MIKopHuil MeTayulapHUHT XapakaT HYHalIuIIM Hru4Ka KypcaTkuwiap OuiiaH
OepuiraH.

3'paCM. HOJII/IKpI/[CTaJ'lJI ﬂpHMyTKaZ&FH‘IHI/IHF coaaJaliITUPUWIran cxeMacu

2 KaaBaJ
Numikopuii MeTann aToMaapyu TAKCUMOTH
Hamyna typaapu Li, % Na, % K, % Cs, %
P TUILIN — 2,82 1,77 1,45
p—N yTHmnum — 1,94 1,02 1,05
Kumésui TapKuoO TaxJIWIIapy JIOHATIOPJIUK CUPTJIapH, SIBHU,

JOHAJIOPJIMKIIapapo derapa coxajapuja UIIKOPUN MeTayll aToMjapuiaH udopar
KHUCJIOPOUTH KOMIUIeKCHap OYynummHu Kypcatau (2 sxkamgsain). Wmkopuit mertamn
aTOMJIAQPUHUHT MHUKIOPH JOHAJOPJIUK MapKa3uJaH cupTra opTuO OGopran xoina
TaKCUMJIAHTAHJIUTY aHUKJIAHIN.

Wimkopuii MeTamul aTOMJIAPUHHUHT MOJU-SI MUKPOTY3HJIMACHTa TabCUPUHH
Ypranui yuyyH KyKyHJIM TexHoJorusaan oimamanwnau. Jlactnabku xom amé
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cupatuna xaxmura Te3 AUGQy3USITaAHYBUM HIIKOPHUM MeTalul  aToMiapu
KAPUTWITAH TMONMKU-SI Ba MOHO-SI TaHnmad onuHau. J{OHATOpJIMK CHPTUHUHT
KUMEBUN TapKUOM TaxJIMJUIApU KPUCTAUIAHUIIAA KUPHUIIMAJIAp Cerperamnusicu
XUcoOMra WKKW TyTallraH JaoHajgopiuk coxamapu Na~1,08%, K~0,08%
aTomyIapugaH HMOOopaTMruH Kypcatau. WMmkopuid MeTaur aTtoMiapu HMKKH
TyTalllTaH JOHAJOPIMK COXacCHAa KHCIOpOANW OWpHKMaiap Ba BaKaHIUSIAP
OWaH Typiu KOMIUIEKCIAp XOCWUJ KHiIagu. by KOMIUIEKciIap MKKW TyTallra
JOHAJIOPJIMKIIapapo Yerapa coxa KeHIJIMTMHUHT OPTHILIUTa Ba JTOHAJAOPIUKIAPAPO
yerapa coxajapuja METaUI-OKCHJ Mapianap €KM MeTaUIM Mapjaiap XOCHII
Oynmumura onu® kemaau. Tabuwmit paBuiiga Oy >kapaéH OUp BaKTHUHT Y3uja
JIOHAJIOPJIMKIIApapO Yerapa MUKPOTY3WIMACUHU OyTyHIIal y3rapTupau.

OnuHraH HaTWXajaap WiK 00op OUp JKMHCIIM Ba p—N TY3WJIMAIU MOJIU-Sigaru
JIOHAJIOPJIMKIIapapO uerapa coxXxa MHUKPOTY3WJIMAcH TYIUK KYpPUHUIIM Oyiinya
TacaBBYPJIAPHU XOCHJT KHJIA U,

HuccepranussHuHr  “/loHAIOPJIAUKIAPApPO 4Yerapa coxajapujaa 3apsj
KY4YMII KapaéHu” 1e0 HOMJIAaHTaH TYPTHHYM O00uaa TemmepaTrypa y3rapHIld-
HUHT TOJIU-Si XaXMHJIATH 3apsj KYYUIIUTa TabCUPH, JOHAJIOPIUKIAPAPO derapa
AIIEKPOH XOccajapy, yiaapra UIIKOPUNA METaul aTOMIAPHUHUHT TAabCUPUHUA aMaTui
amMaluii YpraHuiiaa OJMHTaH HaTIKamap kentupuirad. Jlactnad Typnau ycymnapaa
OJIMHTAaH MOJH-SIHUHT AJIekTpodusnuk xoccamapu ~300+800 K temmeparypa
opanurua yprauwiad. TaagkuKoT HaTWKajdapura KypcaTaauki, HaMyHaMmyHasap O

TeMIrepaTypara OOFJIUKINTH OpPTUII Ba 25 pip, b
KaMalMIIl coxanapujaH uoopat (4-pacm). Nt
MacanaH, TemnepaTypa opTuiu Ounan p 207 22 3
optumu “Wacker” nHamynamapuaa 525 K . “ °°° \
tTemriepatyparava, ‘“Kyiima” HamyHamapu- ‘°;° .
na 600 K rava, “Kykynnn”’ma aca 625 K 4] A e ‘g,_ﬁxa"A d
raya Ky3atwiaaau. [loJaukpucraim sipuMm- A: ° ‘*o c
VTkazruwiapjia p JOHAAOPIUK (o) Ba 51 i° 4 b '"‘:f:gc;gz»"d
AOHAAOPIMKIapapo verapa (02) ol ;a&%-f‘i"i:i *AFEXE ,*‘fi-;'}’é """ 5

COJUINTAPMA  KapIIWJIMKIapyd  OWJIAaH 200 300 400 500 600 700T 300
aHuKIaHaau. Temrepatypa opTUIld OWJIaH ’
JOKalIalraH  Ty3oknapaa  3apsmmap 1 -“Wacker”;2 - “kylima”;3 - “KykyHmm’”;
ynutaauimd @ #uar 0,3 5B man 0,9 5B raua 4 - MOHO-SI; 5 - “KyKyHm-UM”
opTUIIMra OJu0 Kenaau, OyHIa O Xam 4-pacm. TypJu ycyaiapaa oJMHIaH
oTaJu Ba HUXOAT 6y )KapaéH p HUHT moJim-Si COMUIITHPMA KapIIWIMKJIapH-
OpTHIHI/IFa 0HH6 KeJIaIu. HUHI TEMIIEpaTypara 60FJ’[I/IKJ’[HFI/I
Temneparypa OpTUIIMHUHT KEHUHTH OOCKHYM[IA XO0JIAaT 3UWINTH Kamaisau, 0y p
HUHT Oapua HamyHanapaa ~703 K Temmeparypagaru MUHUMYMHU Ky3aTHJITYHTa
Kamap Kamaimmura onu0 xkenaaw. llynmait xkunmb, p Kamaiuin coxacu
“Wacker’na 525+703 K, “Kyitma”’na ~600+703 K, “Kykynnu”na sca ~625+703 K
TEeMIIEpaTypa OpAIUKAA Ky3aTHIaIH.
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Nkky TyTamrad JOHAJAOPJIMK TY3WIHII Mojenura acocaH (2-pacm)
HKBUBAJCHT CXe€Ma Takiau(d STWIIU Ba Xap OUp coxalaru p HM aHUKJIAIl y4yH
TEHTJIamMa OJIMH/IHU:

p=(A/T)-exp(B-C-[T*]*/T) )

By epaa A, B Ba C — noumuiinap, T — Temneparypa, 7" — J0HaJOpPIUKIAPAPO
yerapajaru UOHJAIITaH Ty30KJIap KOHIIEHTPALHSICH.

TagkuKOT HaTWXKajmapura KypcaTaauk{d, HWOHJAIITraH Ty30KJap Ba
BaKaHIMSJIAPHUHT SHEPTUSCH OPTHIIA ¢ Ba O, HUHT OPTUIIUTA OJIUO Keaaw,
OyHna Yg xaM opraau. byHmail Xonjga xosaT 3UYIIUTH ~1,6-1013 cm?/>B raua
OpPTUIIA  KypcaTWIraH. ¢ HHUHT  TeMmmeparypara OOFJIMK  y3Trapuilu
JIOHAJIOPJIMKIIapapo 4Yerapa coxajlapuja S>KOWJalraH KUpulIMaiap OWIaH 103
Oepaaura KuMEBHH skapaémiapra OOFaMK dkaH. by kapaén momu-Si karrta
JIOHAJIOPJIMKKAa HUCOATaH KUYMK JOHAJOPJIMKIApAa Ky4wid 03 Oepap dkaH. 4-
pacMIa KENTHPWITaH Ba MOJU-SiAa aHWKJIAHTaH o HUHT TeMIlepaTypa OwiiaH
HOMYTaHOCHO y3rapuiiu ¢ Ba N 1a XxaM Ky3aTUJIaIu.

S-pacMia ¢ Ba N HUHT TeMreparypara OOFJIUKIUTUA KeaTupwirad. Kypunuo
TypuOauku, 6apua ypranunaétran HamyHanapiaa g HUHT 300 K gan ~350 K raua
TeMIrepaTypara GOFIHK y3rapuii MoHO-Si® HaTmkanapy (5-7) GHIaH MOC KelIai,
STbHU 4 TEMIIepaTypa OuiaH TYpFyH KaMasiau.

2 esaBoes) it
16600 16, a)

180 1

o1
104 1

10 1

opa
L w M e =D @y T 500 ki 200 Lo e L] ™ o]

1-“Wacker”; 2 — “Kyima”; 3 — “Kykyunu’’; 4 — MoHO-Si

5-pacm. Typam ycysuiapaa oJMHIaH NOJH-Si 3apsii TYUIyBYRJIAP XapaKaTYaH/IMTH Ba
KOHLEHTPALMSICHHUHT TeMIlepaTypara 00rIuK/IUTH

TemneparypaHuHr KeWWHIHM OOCKMYJIapHaard 4 Ba N HUHT Y3rapuiliu
TymyHapcu3 xapakrtepra sra, 400+700 K opamuruma opTuiiM Ba KaMaWuWIIA
kyzarmiagu. T~703 K nma ~25 K kenrnmkna Oapua HamyHanmapaa g Ba N
KaTTAIMKIAp YH, XaTTO 03 MapTara y3rapaju. g Ba N HUHT OyHAal HOOJaTUi
y3rapuilii MUKpocoxajap/iaH uoopaT IOHAAOPIMKIApapo YerapaHuHr Tabuartura
Ooormuk (2-pacm). Temmeparypa opTumu OwiaH OWp BaKTHUHT  Y3uja

®0Ottaviani G.1., 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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JIOHAJOPJUKIIApapo Yerapajia Ty30Kjiap TYIUIAHWIIM, yiaapAa 3apsj TauryBYuiap
YIIJITAHUIIHM Ba 0301 OYJIMIIN jkapaéHH 103 Oepaau, TY30KIap CAaTXUHUHT SHEPTETUK
CIIEKTPH Yy3rapaju. ¢ Ba N HUHT Y3rapuilyd TeMIleparypa OpPTHINM OWIaH TypJu
SHEPTETUK caTxJIapz[a7 TY30KJ1ap HaMo&H Oymuiura Mmoc kemanu, 300+350 K naru
xonmatu E~0,15 3B Ba E~0,17 3B; ~383+400 K ma E~0,36 B namoén Oymanu;
~400+680 K nma E~ 0,3 3B carxju Ty3okiap naigo Oynaau. by u Ba n cakpad
y3rapuimra oju0 Kelaam.

JloHagopauKIapapo Yerapa MHUKpPOTY3WJIMACH Ba HATWXKAJIAPHU MIIUIAII
kKapaéHuga ToJMM-Sigarn N HU aHUKIAIl yYyH TeHrjama ojuHraH. [lomm-Si
XOKMHJIATAH YMYMHW 3apsj TanryB4riap (N,) KOHIICHTPAMSICH JTOHAIOPIUKIATH
(Ner) XaMaa AOHAAOPIIMKIIApApO Yerapajiard 3apsii TallyBUMIap KOHIICHTPAIHSACH
(Npgp) HimFuHAMCH OMIIaH aHUKIaHAAU. By epaa Npg, UKKUTa TAIIKUI 3TyBYMIapAaH
nbopar: N; — erapiyuya IKOPU dHEPTHsTa sra OViraH, yTKazyBUaHIUK/IA UITITHPOK
9THO, YMyMUM YTKa3yBUaHJIMKKa KyIIMMYa XHcCca KYIITaH 3apsj TallyBUYUIap
KOHIIEHTpALMsICH Xamja N, — JIOHAJAOpJUKIapapo uerapajapujiard HOHJIAIITaH
xojaTiapja YUUIaHTaH 3apsij] TallyBUWJIap KOHIIEHTPALMSCH. N, HOHJIAIITraH
Ty30Ki1ap koHunentpanusicu (N,), normanuir sHeprusicu (E), ¢ Ba xojaT 3UWINTH
(Ny1)ra OOFIMK. Ng HUHT MOHO-SI 3apsj TamryBumjapiap KOHIEHTPAIUACUTA
xocnuruaad gorgananud N, HY Kyhiuaaruda udoganamuMu3 MyMKUH:

- Ny exp(—gEq /KT)-(N,; — N, exp(—gE/KT))exp(—qep/KT)
v Ny exp(—qEq /KT)+(N,; — Ny exp(—qE/KT))exp(-qp/KT)

3)

(3)man kypuHAAMKHM, TEMIlepaTypa TabCUPHIA HOHJAIITAH TY30KJap
KOHIIEHTpAIMsICH Y3rapuinu N, HUHT Y3rapummra oiaud kemaau. 500+700 K na
TypiaM yCy/ulapAa OJIMHTaH moiu-Si HamyHanapuna n=f(7) OOFJIMKIMK Oup-
oupuaan ceswnapau (apx kunaau. XKymnaman, “Wacker” wnamyHamapuga n
oprui Ky3atwica, “Kyhma’ma n y3rapmanan, “KykyHin’ma 3ca KaMaWlWII
Ky3aTuiaagu. AWTHO VYTuiaran noau-Sijgap AOHAIOPJIMK Yiauamu Owiad ¢apk
KWIMIINAAH KyHugarud Xyjocara KeJWIl MYyMKHUH: JOHAJOPIUK YI4aMu KHYHUK
oynranna N, Temmneparypa OwiaH opTtaau, Oy N, HUHT OpTUIIMIa Ba N, HUHT
Kamaiumura onu6 kemanu. Ba muxosar, 7~703 K ma p, N Ba u TapHUHAT cakpad
y3rapuiid — JOHAJAOPJIMKIApapo  yerapa  coxajapd  Ba  JOHAJOPJUKIA
TEPMOJIOHOpJIAp HAMOEH OYIUIIUTa OOFIIHK.

[Tonu-Sira MOHJIM KUPUTHITAH UIIKOPUA METAJJT aTOMJIADUHUHT JOHAI0p-
JUKJIapapo Yyerapa 3JIEKTPOH Xoccajlapura TabCupH Wik 0op ypranwiau. Mmkopuii
Metayuiap optuid @ 0,3 3B nan 0,45 3B ra oprumuru onub kenagu. by optui
WOH HMIUTAHTAIMsS OKapaéHuaa TMOJU-SI  CHUpPTHAArd Ty3WiIMa OY3HJIHIIUTa
OoFMKIUTH KypcaTud Oepuiau. TepMUK WIUIOB HAaTHXKAacUAa Ty30KJap TYJIHIIN
&k Gaprapad OyimmmM OwiaH ¢ Kamaiisgu®. Ym0y TagKHKOT jKapaéHHaa ¢
Varapunm (T<600 K garu I coxa, 6-pacm) kenTupwiraH Myjioxasza OWJIaH MOC

"3acrasHoii A.B., Kopoxp B.M. B3zaumoeiicTBie TUTHA ¢ paguannoHHbIM dedekramu B kpemuun. // OTIL, 1.23, B.
2, ¢. 369-372 (1989).

8T onkue MOJMKpUCTAIUTNYeCKe U aMmopdHbeie TuiEHKM: @usmka u npumenenus. I[lep. ¢ amrn. // Ilom pen.
JI.Kazmepcku. —M.: Mup, 1983. —C. 304.
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kenaau. bupoxk Ttemmeparypa optumm Ownan | coxamaH ¢apkiu paBumiga @
umopacu Yysrapumm ky3atunaau (II Ba III coxamap). p—n Ty3unMa Xocui
OynuIIMHU OaxoJyall y4yH HOHJM KPUTHUILAAH CYHT Ba KEMMH TEPMHK HIILIOB
oepumauHT Xap 25 K ma Hamynanap BAX Ounan Takkocnad 6opwiau. TankukoT
KypcaTaauKku, 3JIEKTPOH-KOBAK YTHUII cM(aTh TEPMUK HUIIUIOB OEpHUIll TeMIiepaTypa-
cura 6ormk. Arap temreparypa <700+800 K gan ommaca, TepMUK HIILJIOB OepHIIT
p—n YTl TYFpUjaml XOCCACHHHUHT CEe3WJIapiH SIXIIMJIAHUIINTA OJMUO Kelasu.
bupok TemnepaTypaHUHT KeHHWHTH OOCKHUYIapua WO XapaKTepUCTUKa EMOHIIA-
mragu. busaunr gukpummsaa, >600 K na ¢ aunr y3rapummu(ll Ba I11 coxa) momnu-Si

® (eh)
08 o LNaKCs
s * e
0.4 \ s T2 - nkarnaneira
o TCTHII T
0
0.4
=
0.8
-1.2 7
1.6 Icoxa| Ilcoxa |III coxa
4
2 T.K

200 400 600 800 1000

6-pacm. Mmkopuii merasui
aTOMJIAPH KMPUTHJITAH MOJIH-Si
JAOHAIOPJIHUKJIAPAPO Yerapa coxacuaaru
NOTEHIHUAJ TYCUK 0aTaHAJIUTHHUHT

TePMHK HILIOB Oepulll TeMIepaTypacura

OOFJIMKJIUTU

CUPTUIATHA JIOHAJAOPIUKIApapo derapa
coXaJlapujia  MIIKOPUM  METAJUTHWHT
JecopOaHUIIN Ba YJIAPHUHT TOHOPIIUK
Tabuatu, sSHHEM N coxa (3a-pacmia
KypcaTtuirasjek, 6-coxa) HaMo€H Oyu-
my OWIaH TYIIyHTHUPWIATU. TepMuK
UIIOB OCPUIIHUHT KEHMHIH OOCKUYJIa-
puga  JOHAAOPJIMKIApapo  dyerapajaa
UIIKOPUM METaJlJT aTOMJIAPU  OPTHUILHU
OwiaH JecopOiiaHraH KatjaM MeTajia-
IIyBM BYXKyJara kemaad, OyHaa ¢
KamaiimMaiinu, Gamku N’ coxaza opramu
(6-pacm, 2-umsuk). Temmeparypa opTH-
IMMHUHT KEHWHTH XOJaTHaa ¢ HUHT
yarapumau 6axonam yuyH (III coxa)
JICTUPJIAIIHUAT SHTH  “‘MoauduKaIus’ -
cunaH Qoinananuiay. Yidamap Hamy-

Ha opKa ToMoHuIa o6 Oopuam (3b Ba 3c-pacmra KapaHr. A — Tarjmk).

7-pacMAa TEpPMHK HIUIOB-
HUHT Typiu TeMIeparypaiapuia
UKKH XWJ HaMyHaJa ¢ HHUHT

y3rapumu TacBupsianraH. KypunuO
TypuOJIUKH, Xap UKKaJa p TUI Ba P—
n  Ty3WIMajad HaMmyHajgapaa @
TeMIiepaTypa OWIaH OpTaau. ¢ HUHT
OpPTHUIIIN JTOHAJOPJIMKIApApO yerapa
coxajapuja WIIKOPUN MeTaap-
HUHT a7icOpOJIaHUIy OWIaH TYIIyH-
tupwiamu (3b Ba 3c-pacm, 8-coxa).
Huddyszus xxapaéHuna 10HATOPIUK-
Japapo uerapa Oyiad ancopOiian-
raH KaTjlaM MeTaJulalllyBU OpTaIH.
2-kanBanyia KypcaTuiarasjiek, Oy
cOoxajla MIIKOpUM METajul aTomia-
pH KOHIIEHTPAIHICH OpTaau Ba Oy ¢
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7-pacM. Mmkopuii MeTas aTomiiapu
KMPUTWITAH M0JH-Si Tar KucMu
JAOHAIOPJIHMKJIAPAPO Yerapa coxacuaaru

MOTEHUHUAJ TYCUK 0aJJaHVIMTUHUHT TEPMHK
HILIOB OepuI TeMnepaTypacura 00FJIMKJINTH



HU oprummra oiau0 kemagu. Hamynamapna ¢ opTuiim HamyHa Typura OOFIUK.
Juddys3ns xapadHuma MIIKOPUH MeTaul p—n Ty3uwaMa N* coXaHu 60cHO YTuim
kepak. by coxana miarapu ¢ocop KUPUTHIATAHIUTH YUYH KHUPUIIMAIN XOJaTiap
MHUKIOpH aHua 1oKopu (3c-pacM, 10-coxa). LLlyHuHT yuyH N* coxajgaH HIIKOpMii
MeTan  AUQQY3USUTAHUIIUTAa  KYIIUM4Ya BakKT, DSHEPrUi €KUM  IOKOPHPOK
TeMreparypa tanad KuiauHaad. TepMuK HIUIOB TEMIEpaTypacu OPTHUIINA OWIIaH ¢
HUHT TYpPFyH XOJaTH JOHAJOPJMKIApApO Yerapa CUpPTIApHUIa KUPUIIMAIAPHUHT
TEHT TAKCUMJIAHTAHJIUTUTa OOFIIUK.

Temneparypa y3rapuild XapacHuOa HWIIKOPUM METAJUIAPHUHT KYKYHJIU
TEXHOJIOTHSI METOJIMJIa OJIMHTAH MOJH-SI TOHAJIOPJIMKIapapo derapa coxajiapuia
3apsA]l TAlyBUWIAP KY4YWIOUIa TabCUPU WIK OOp TaaKUK KWIMHraH (4-pacmra
kapanr: “Kykynmm—MM”). Kypunaguku, Temrmeparypa OpTHINN OWiaH TOJH-SI
XaKMUJa UIIKOPUH METaJll aTOMIIapu Xucobura o TypryH y3rapaau. by umkopuii
METa/ll aToMJjapu TOMOHHUJAH pPEKOMOMHAIMS MapKazjiapuHu Oaprapad
KWIMHUAIIK OujiaH TylmyHTHpuiaau. byHnaH Tamikapu, OW3HMHT (DUKpUMH3YA,
TEMIIEpaTypa OpajuKJIapuJia WIIKOPUN METaul aToMJapu Te3 XapaKaT4aHJIMIU
OWIaH JOHAJOPIUK MUMJIaH JTOHAJIOPIUKIApapo Yerapa coxara, ssbHu JOHAIOPJIUK
CUpTUTa KYYMIIM MYMKHH, TEMIEpaTypa Macailuimm jXapa€HuAa >ca aKCHUHYa,
KaiiTa TOHaJAOPJIMK UYKra Ky4yaa.

HucceprauussHuHr “/loHaiop/IuKIapapo 4yerapa coxajJapuaard HYKCOH
éKM KUpPHIIMAJM XOJATJIAPHMHI P-N  TY3WIMa 3JIeKTpopu3uk Ba
(¢ororsekTpUK Xoccasapura TabcHpu”’ €0 HOMJIaHTaH OemmMH4YM OoOuja
JIOHAJIOPJIMKIIApApO Yerapa COoXaJlapuiard KUpHUIIMaId XoJariaplia 3JIEKTPOH-
KOBaK Xy(PTIMKIAPUHUHT XOCUJ OYJIMIIHU, TOHATIOPJIUKIapapo yerapa coxaiapuia
p—h Ty3uJIMajlapy Hazapuil MOJEIM Ba yjapAa 3aps] KY4dulld KapacHiapw,
TeMIlepaTypa  y3rapuild,  KHpPUIIMAId  XojaTjiap Ba  PEKOMOWHAIUs
MapKa3JIapuHUHT P—N Ty3uManap 3JeKTpodu3uK Ba (HOTOIIEKTPUK XOccajgapura
TabCUPUHHU aMaJIMH TaJKUK KUJTUIIIA OJMHTaH HaTWKanap 0a€H KUITUHTaH.

JloHanopnauknapapo derapa coxacuaa TYFPUAAH-TYFPU p—N Ty3WUJIMa XOCHII
OynuIM aHWKJIaHTaH. 80-pacMaa MOJU-Si p—N TY3WJIMAaHUHT COJIaIallITHPUITaH
cxemacH, 8a-pacMJa JOHAJOPJMKIApapo dYerapa coxacd MOC XOJIJa 30Hajap
auarpaMmacu KeiatupuiaraH. HamyHa Xakmuga 3apsan KY4dild KypcaTKudiap
Onmnan Kypcatunad. Ej, Ba Ej, MOC Xonga p Ba N COXajJapAardn peKOMOMHAIM
MapKa3Jinapuaup, yjiap AOHAJOpPIUKIapapo Yerapa coxaia KyliuMua TYCHKJIapHU
xocun Kunaau. Hlynunraek, 8a-pacmaa p—n yTHIN coxacunaa »koiamraln Eg, Ba
Eqtn, peKkOMOMHANMA MapKa3JapUHUHT DHEPrus OyiudYa TaKCMMOTH KYpPCAaTHIITaH.
Tabkuian >k0u3Ku, OU3 TOMOHUMU3JAH KyHUaaru KOHyHUSITHU KUPUTHIL JIO3UM
AeOTONUIIAN: 3apsi] TallyBUWIAp YIIJIAHUIIN Ba 0301 Oymumy Hadakar Ej, Ba Ej,,
aKIIeTITOP Ba JIOHOP caTxXJapjaa 103 Oepuiiv, 0aaKy 3apsi/] TalTyBUYHIIAp YIIUIAHUIIN
Ba 03011 Oymumm carxjiap OViinad 103 OepuIM XxaM MYMKHUH, SbHU TeMIlepaTypa
OpTUIIM OWJIaH KEJITUPWITAH DHEPTeTUK caTxXjapra MOC SHTH PEeKOMOWHAIIHS
MapKaziapyu KeTMa-KeT mnaijo Oynmamu. 3apsa TanryBuujap BaJICHT 30HAJIaH
VTKa3yBUAHJIMK 30HACHTAa YTHUIJA MaHAa IIy OpAJUKAAard pPEeKOMOWHAIUS
Mapkazjapuja yUUIaHaAud Ba DJHEPreTHMK caTX YTKa3yBYaHJIMK 30HACHUra
TEHIVIAIITYHra Kajaap ynap carxjap Oyiad xetMma-keT Kydanu. Ej, Ba Eg, €xku Ejy
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Ba Ey, catxiap ypracupa 3apsan TallyBuwiap YIUIAHUIIM Ba 0307 OYIMIIM MOC
xonja l-pacMJa KypcaTUIraHuieK, p Ba n coXanapaa Js(p) Ba Jss(n) TOKIAPHUHT, Oy
3ca Jgs HUHT HaMOEH Oymmmura onu6 xenaau. [Tomu-Si remneparypacu 6unan Jgggp,)
Ba Jgs(n) TOKJIAp OpTaau. YMyMuil TOKHU KyHugaruya ugoaanaml MyMKHH:

J :Jpn+~]tot(pn)+~]ss(pn)+~]s(n) (4)

(4) maH KypuHAIUKWA, YMyMHH TOK PEKOMOWHAIIUS MapKaszjiapujaa 3apsi
TallyBYMJIAp YUUIAHWIIM Ba 0307 OynumM >xapa€Huaa naugo OYiyBud (Jsspn),
Jssn)BaJinpn)) TOKIIAp HurMHAMCUra TeHr. Arap Oy Toknap Jp, JaH KU4uk Oyica,
yMyMHu# TOK Jyn OMIlaH, akcMHYa Oyiranga 5ca yMyMHUH TOK Jspn), Js@n), Ba Jingn)
nap OwiaH aHMKJIaHaAW. By KUpUIIManu MCCUKIUK BOJBTaUK A(DPEKTIApHUHT
HaMOEH Oynumura oaud kemuimu MyMkuH. [Tonm-Si p—n coxacu Kusuranga Eku
éputwiranna £, Ba Ej, caTxyjapia XaM DJIEKTPOH-KOBAK Ky(TIMKIAPU XOCHII
Oynanu. p coxamaru Eg, carxmapgas 3apsyuiap o301 Oynranja, yjiap n coxara
Xapakarnanranaa Oymab xomran Eg, carxmap Ej, carxman osox Oyiran
DIEKTpOHNIAp OwnaH Tynaau, Ej, carxjmap aca BaJeHT 30HAJaH YUKKaH 3apsj
TamyBuMiIapiap Ounan tynaau. byHaail xkapa€H p—n Ty3uiMa n cOXacuia xam (3
0epann. Jss(pn), Jsn) Ba Jinpn) TOKIIADHUHT OPTHLIA P—N YTHUII TYFPU TOKK “MycOat”
UIIopa OWIaH OPTUIINTa OJMO Kemaau. AKCHMHYA, JIEKTPOHIIAp p coxara, KoBakjap
N coxara XapakaraaHca Jsspn), Jspn) Ba Jinpn) TOKIap “maHduii” umopa OuiaH
optaau, 0y OunaH Oupra p—n YTUII TYFpU TOKH XaMm “MaHduii” umopa Ousad
optagau. bupuHun xonga p—n YTum ymymui Toku ‘“‘mycOatr” umiopa OuiiaH oprca,
UKKUHYH XO0JIJIa p—N YTUIIl yMYMUM TOKH “MaH(uil” uiiopa Ouian y3rapajiu.

1 — noHamopnuk; 2 — JOHAAOPIHKIAPAPO
yerapa coxacu; 3 — ¢pocdop auddysusianran
N karmiaMm, 4 — JIOHAJOPIMKIAPApO wYerapa
oyitnua gocdop nupdysuscu.

- &

8-pacm. [lonaopankiaapapo yerapa coxajJiapuaaru p-N — Ty3ujMa 30Hajaap
AMArpaMMAacy Ba YHHHT COAJANAIITHPHITAH CXeMacH

9a-pacmaa nonu-Si N'—p Ty3uaMa KOPOHFMJIMK TOKMHUHI TeMIIEpaTypara
Ooormuknurn TacBupnanran. Kypuuu® typubmukm, ~100°C raua TOK TypFryH
opTajy, CYHTpa XyIIu 1y WyHanIuIaa Tok oupaan optud 00pud, YHUHT KMIMaTH
~20°C ra uucOataH YH Mapra OKOPH OPTHINK Ky3aTwiaad. KypuO yruirau
XONATIAPHH Jss(pn), Js(on) Ba Jinpn) TOKIAp “MaH(puil” nimopa OMiaH y3rapuiy OuiaH
TYIIYHTUPHUIT MyMKUH. COBHIN kapa¢HHWIAa TOK Y3TrapHIIM KU3WII KapaCHHWIard
xoslatuad TyonaH dapk kwiaau. Kuszum sxapaéauga E~0,15 3B Ba E~0,17 »B
caTxJiapAa YUUIaHTaH 3apsij TallyBuUWjap TeMmIepaTypa Kamailumm OwiaH
carxjgapian o3ox Oymamm, Oy sca ~50+100 °C opanukaa TOKHHHT cakpad
y3rapuiura ojiu0 Kejaau.
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9-pacm. TaaKHKOT HAMYHAJIAPH KOPOHFYJIMK Ba GOTOTOKHHUHI TeMIlepaTypara
OOFJIMKJIUTH

96-pacMaa momu-Si N'—p — Ty3WaIMa CHPTHAATU TYpAd MHUKPOCOXANAp
Eputnmirangard (pOTOTOKMHUHT TeMmIieparypara OOFIMKJIUTH COJUIITHAPHINIIH
TacBupiaHrad. Kypunanukm, Gapua TemmepaTypa OpIMKIapuaa MoHO-Si n'—p
Ty3uaMa (OTOTOKU Kydcw3 TYpFyH Yy3rapaau. [lomu-Si Ty3wJIMaHUHT KaTTa
nonanopiuru éputwiragaa (o) J=f(T) cormukmuk <100 °C ma MoHO-Si Ky€mr
AJIEMEHTH HaTIKaJlapura Moc Xojjaa MoHOToH Yyi3rapamu. Cyurpa, ~110+160 °C
OpaJIMKAA TOK TECKapu MyHAIMIIA Y3rapaad, TEMIIEPATYPaHUHI KEHUHTH
XoJlaTiapua TOK WYHAIUIIMHKA Y3rapTUpUO TYFpH HyHamummaa OUpJaH OpTaju,
yauHT T~180°C nmarm kuwitmatu ~20°C pgarm kuitmatura HucOatan 10 mapra
KECKMH opTaau. KWuuk AOHaiOpiMK rypyxuaaH uOOpaT MHUKpPOCOXa Ba yiap
ypracunaru JAoHajopiukiapapo uerapanapu Eputwiranga (A) T~80+100 °C
opamukiapaa Tok ~20°C maru KkuitMaTura HucOaTaH 2 MapTa OPTHUILU Ky3aTHIa/Iu.
Cyurpa, ~100°C gan 140°C raua OynaraH opajukiap/a TOKHUHT OUpJaH OpTHO
6opu6, T~160 °C ga Tox ~20°C marm xuiimatura HucOatan 10 maprara opTHIH
Ky3aTuiaau. JloHagopiaukiapapo yerapa coxacu KeHr €ku 3-+4 xaTTa J0HaJA0pIuK-
Jap ypracuaaru MHKpocoxaiapu (¢) jmokan €putuiaranna GOTOTOKHUHT TemIepa-
Typara OOFJIMKJINTUAA KU3UK XOJIaTHU Kypuinnumu3 MyMkuH. Temmneparypa ~100°C
ra eTryH4a TOKHUHT CEKWH opTuiu, cyHrpa, ~105°C na Oupnan optul, KeWuH
TOKHUHT WYHAIUIIN KECKUH Y3rapub kamaiisau. Temneparypa opTUIIN OUsIaH TOK
HyHanNMIIM sSHA JacTiaOKu XoyiaThra KauTaau, YHUHT KuiMmatu TaxmuHad 100°C
na xkuiiMatura spuianan. Cynrpa, remmneparypa 150°C raya Tok KMMaTH CHILITUK
kamaiianu, ~170°C na kaiita Oupman oprtaau. KypuO yruiaran ¢GOTOTOKHUHT
OPTHUIIMHH Jsspn), Js(pn) Ba Jinpn) TOKIAp “MycOatT” umopa Ouian HaMOEH OynMIIMTa
OOFJIMK XOJ/Ja TYWYHTUpWITaH. 3aps] TaulyBUWiIap KYuulId KapaHuia
TYHEIJIAIIyB 103 Oepaau Ba OyHmaii xoiHU 906-pacMja, KUPUIIIMATH HCCHKIMK
¢doToBOIBTANK PHEKTHUHT XOCHIT OYVIHIINAA KYpUIIUMu3 MyMKkuH. by ~100+170
°C opanuknapnaa w3 Oepamau, cynrpa, 0,36 sB caTxjid Ty30KJIapHUHT TabCUPU
Ky4aiin0, nactiad TOK KUWMaTHHUHT KaMaWuIura, cyHrpa TOK HYHaJIUIINHU
y3rapuimra ojmo Keaaan.
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10-pacMaa BIIEKTPOH Hypiap OKUMH TabCUp KWIMHTAH MOHO-SI p—N
Ty3uaMa KOpoHFWIMK TOKHU (1) Ba oToToku (2)HMHT Temmeparypara OOFIHKIATH
kentupwirad. Kypunu6 typubauku, koponruiauk Toku 150°C raua temmepatypa
OwriaH TypryH opTamu, cyHTpa, 80-pacmaa TacBHpJaHTaH, IOKOpUIA TaKIH(}
ATUIITaH MOJeJIa Kypcamiranaai Oupjad OpTUILY Ky3aTHiIaau. XyAad IIyHAan

100 150 200 250
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10-pacM. D1eKTPOH HYpPJIAP OKUMH TALCHP
KHJIMHTaH MOHO-SI p—n Ty3WJIMa
KOPOHFHJIUK TOKH Ba ()OTOTOKHHUHT
TeMIepaTrypara 0OFJTUKJIUTH

XO0JIaT KOPOHFWIMK KYWIAHHIINIA XaM
ky3atwian. HamyHa Eputmiranga (2)
KHpUIIMAI PEKOMOMHAIIMS MapKasia-
puza DJIEKTPOH-KOBAK KYy(TIUKIAPH
Xxocwin Oyiaub, p—n VYTUIT TOKUHUHT
OpTHINHKTa KyImMya xpcca Kymaau. (1)
Ba (2) HM TaKKOC/IaHTaHJa, MacajaH,
~230 °C na ¢otorok ~800 MKA 6YnuO,
STbHU KOPOHFHWJIMK TOKHWTa HUCOaTaH >5
MapTa I0KOpU Kuiimatra spumaau. 10-
pacMIaH KYpUHAJIWKUA, YMYMHH TOK
MOHO-SIHM 3JIEKTPOH Hypjap OKUMHU
OwiaH  HypJaHTUPWITaHAa  XOCHII
OyJraH 4ykKyp peKkoMOWHaIUs MapKasz-
Japuia 3apsj TallyBYWIAp YIUIaHUIIH
Ba 0307 OyauiIM XuUcoOM ra maiiao
OYIyBUH Jss(pn), Js(pn) B Jihpn) TOKIapra

OOFNIMK Ba ynap OunaH anukimanagu. Kusum €ku €épuTmiirad BakTaa dJIEKTPOHIIAp
Oy MapkasnmapJaH p coxa, KOBakjap 3ca n coxa XaKMWTa XapakaTiaHaau. SIbHH,

Jssn)s Jspn) Ba Jinpn) TOKIAp opTanu

HaAMOEH OYiHIumra oamud Kemaiam.

11-pacmaa MOH UMILIAHTALUS OUJIaH 10 - — T 6

Ba
Oynmaau. YHra Moc Xojima p—h YTUII TYFpH
opraau. by kupuIIManyu MCCUKIUK BOJIBTAUK

“maHduii” uImopanyu MyHaIUIIra sra
TOKM XaM MaH(uii uiopa Ousad
Ba (poToBoNIbTaUK IPDHEKTIAPHUHT
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KYIIMMYa WIOKOPUKA METal KUPUTWITaH
MOHO-SI p—n Ty3W/iMa KOPOHFYJIHMK Ba
(OTOTOKHUHT Temreparypara OOFJIUKIN-
ru Kenrtupuirad. KypuHaauku, KOpOHFY-
JUK  TOKH, OupuHYWAaH, ‘“‘MaHpuii”
UIIOpaIy MYHaJuWIIra 3ra, UKKWHYMAH,
YHUHT TeMIiepatypa OuiaH Y3rapuiiu
IOKOpUAa KelaTupwiran mozaen (80-pacm)
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OuiaH MOC KeJaau. EpI/ITI/IJ'IFaHJIa <150°C
na (OTOTOKHUHT TypFyH OPTHUIIHU Ky3aTH-
nagu. CYyHrpa TOK MyHANIMIIMHU Kapama-
KapIyu WIIOpaJid TOMOHTa ¥Y3rapTupuo,

11-pacm. HoH wuMnjaHTanus OWIaH
KYIIMMYa HIIKOPHMH MeTalJl KHPUTHII-
raH MOHO-SI p—n Ty3mjiMa KOPOHFHJIUK
TOKH Ba (pOTOTOKMHMHI TeMmIlepaTypara
OOFJIMKJINTH

opTulI Kamaium omnan anmaiaad. Kopourynuk Toku ~225 °C temneparyparaya

tymumu  E=0,3 »B pexomOunamms

MapKa3MHUHT Taigao Oymumm OuiaH

TYIIYHTUPWIAAW. by MapkasHMHT Te3 XapakaT4aH Kanmuid OwusaH Oaprapad
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KWIMHWIIYA KOPOHFYJIMK TOKMHUHT KamMauummra onub kemamu. by TymryHTHpUII
OoIKa WINKOPUA MeTa/l aToMJapy JICTUPJAHTaH HaMyHajapjaa (OTOTOKHHHT
y3rapuiura Kysuiaca Oymaau. MacanaH, kKanuid yayH TOK Tymuimu ~225°C raya,
ne3nit yayH ~200°C raga. HamyHamap Kusuimmuja peKOMOWHAITUS MapKaszjiapu
Oaprapad OYIUIIM COBHUII KapaéHu1a HUCOATaH KyWIMPOK Ky3aTHUJIa]IH.

lynnait kwimb, Takaug OSTWIraH MoJeIIap MOJU-Si Xamaa ojauit
jerupiam EpaamMuaa FOKOPU KOHICHTPAIUSUTH YyKyp DHEPTeTHK caTxjiap XOCHII
KWIMHIAaH MOHO-SI HaMyHajapuja aMalivid OJIMHIaH HATW)KaJapHU camapain
TYIIYHTUPUII MMKOHMHU Oepamu. ONMHTaH HaTWXKajgap KUPUIIMAIA HCCHUKIUK
BOJIbTaK Ba (POTOBOJBTAMK d(PdekTinap Xocua OYIUIIMHK OOLIKapHIaJuraH
Ty3unMmanap xamaa OyHpail sddektmap acocuma MyKOOWS dHEprus MaHOaizapu
SPATHUII TEXHOJIOTHSIIAPUHN KCHTaUTUPAIH.

XVJIOCA

[TonmukpucTail KpEeMHHI JOHAJOpIUKIApapo 4yerapajapujaard (pusuk
*KapaCHJIapHU, HUCCUKJIUK BOJIbTAUK Ba (POTOBOJBTAKA dSPPEKT XOAMCIAPUHU
TaJKUK KWINII aCOCHIa KyMuAaru Xynocajiap KWIMHIN:

1. Ukku TyTamraH JAOHAJOPJAMKHUHT KYI KaTiaMd MOJIEIN HIILIa0
YUKWAJTaH, KalCuKu, arpodu HYKCOH, JHCIOKalMs Ba OoIlKa Ty3uiMma
Oy3wuiiapu OWiaH ypairaH MOHOKPUCTAJUIU SIAPOCH, IIYHUHTACK, CUPTIapua
TEHI TaKCUMJIaHTaH OYpPTUK KYpPUHMIIKUJATH MHUKPOCOXa Ba  METaJUTU
KOMITOHEHTJIAp Xam/1a OYIITUK/IaH TAlIKWJI TOITaH.

2. JIoHaopIMK Yau4aMy Ba JOHAJAOPIUKIApapo derapajard HyKCOH Xamja
KUpUIIMAIM XoJlarjaapra OOFIMK JIOKa/UlallraH Ty30KJIap HOHJIAHUILIWMHUHT
YMYMHUI TabCUPH XHUCOOMIa COJUINTHPMA KapIIMIUK (p), 3apsi TalryBuuiap
XapakaT4YaHJIUTH (u) Ba KOHLUEHTpauus (N)HUHT TeMreparypa OujiaH HOMyTaHOCHO
Y3rapuiy aHUKJIaHTaH.

3. Jlokamamrad Ty30KJIap XOJaT 3WWIUTH OPTHINM MOTEHIHMAT TYCHUK
OanangumuruauHr () 0,3 5B nan 0,9 5B raua y3rapuiim xamaa p HUHT OPTHUIIINTA,
IIYHUHTEK, aCOCHUU 3apsij] TallyBUIap KOHIEHTPAIMSCUHUHT KaMaluIura ojuo
KEJUIITN aMaJInii Takpubanap acocuia ucOOTIaHTaH.

4. VIkku TyTamral JIOHAJOPJMKHUHT KYI KaTJamJId MOJENIH acoCHja
JIOHAJIOPJIMKIJIapapo dYerpa coxajapu Xamja YHUHT Xap Oup MHKpOcOXaliapu
ANIEKTPUK XOCCACUHU aHUKJIAIl UMKOHUHU OEpYBUM DKBHBAJICHT JJIEKTPUK CXeMa
TakIu( KWIHHTaH.

5. Karop uikopuii Metajuiap agcopOuusi Ba aecopOuust XoAaucalapuHUHT
HaMOEH  OVYnuIn  peXumiiapu,  yJIapHUHT  JIOHQJOPJMKIapapo  uerapa
MUKPOTY3UJIMACH Ba 3JEKTPOH XOcCcalapura TabCUpU aHUKJIaHTaH. TepMUK UIIIOB
Oepuill xapa€HUAa UIIKOPUNA METAJIJI aTOMJIADUHUHT JOHAOPIUKIIapapo yerapaaa
JNECOpONaHMIINA  TIOJMKPUCTAUT ~ KPEMHUW  CHUpPTHUJArd  IONKa  KaTjiaM
YTKa3yBUAHJIUTH XaMJa ¢ UILIOPACH Y3rapHIlNra, NOJUKPUCTAIUT KPEMHHUM Tarjuk
cupturada nudQy3usaHuIIM dca yIapHU WKKA TyTallraH JOHAJIOPJINK CHUPTHIA
azcopOIaHUIIMTa 0JIUO KEJITaIn.
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6. T~300+500 K TtemmepaTypa opanuKia JAOHAJOPJMKIApapo dYerapa
coxajapujiard JIOKaJUlalllraH Ty30KJap HOHJIAHUIIM Kapa€HHAa Ty30KjiIapaa
3apsaqyiap TAIlyBUYMJIAPHUHT YUUIAHWIIM Ba TY30KJap OYiinad kyuuiiu xucobOura
KOPOHFYJIMK TOKM Ba Ky4WIaHWII Y3rapuilld MOHOKPHUCTAJIJI HamyHajap OujaH
Takkocaarasja ¢hapk KUIuIm KypcaTud OepuiraH.

7. Ty3oknapaa 3apsii TalulyBUMJIap YUUIAHWIIM Ba 0307 OYnumu OuiiaH
OOFJIMK KOPOHFYJIUK Ba (DOTOTOKHUHT XOCHJI OYIUIIM Xamja 3apsij TallyBuuiiap
KYUWIIIM MEXAHU3MJIIAPUHU TYIIYHTUPUO OepyBUM JTOHAJOPIUKIApapo derapa
coxXaJlapuJiaru p—n YTUII MOJENU Takiau( dTUITaH.

8. [NonukpucTann xamia MOHOKPHUCTANT KPEMHUN acoCIU p—n Ty3ujIMalap
KU3aupriragaa €ku EpUTWITaHAa YyKyp KHPHUIIMAIW Xalariap HWINTHPOKUIA
AIEKTPOH-KOBAK XY TIUKIAPHU TCHEPAMSICH XKapaCHU OWIaH OOFINK KAPHUIIIMAIA
MCCUKJIMK BOJIbTaWK Ba (hOTOBOJIbTAWK 3P PEeKTiap HAMOEH OYIUIIN KYpCcaTHITaH.

9. Jonamopiukiapapo dYerapa coxajlapujiard KUPHUIIMaId XoJaTJIapHu
TaIKUK KWIKIT METOJIapu MOJAU(PUKALNS KUJTUHTAH: TEPMODJEKTPOH IMHUCCHS
Mojenu EpllaMuia JTOHAJOPIUKIApapo uerapa 3JEKTPOH XOCCAaapUHU TaJIKUK
KWIKIIAA 3aps]l TallyBYMJIApPHUHT TY30KJIapJa YUUIAHWIIA Ba 0301 OYIUIIH
xapaCHuaa maijo 6yiayBun (Js) TOK Ba Ty30KIap TYIHUK YTKa3yBUaHIUTH (Yss)HU
BTUOOPTA OJIMIII JJOZUMIIMTY KYpcaThO OepuiiraH.

10. Tes auddy3usiianyBun dJIEMEHTJIAPHU  KYJUlalll OpKajdud HUIUIa0
YUKWAJITaH JICTUPJIAITHUHT STHTH METOAM p €KU N THI HaMYHaJlapa p—h Ty3uaMaiap
OJIUIII WMKOHWHHM O€pad Ba METOJWKAHU COAMAJIAIITHPUIUIIN XHCOOUTa
TEXHOJIOTHK >KapaéHIapHU OCOHJIAIITUPA/IH.

11. Hamyna cuptu 6yitnad ~10 nan 400 MKkM nuameTpiau Ba OelrujaHraH
TYNKWH Yy3yHIUKAard €pyrIMK HYpUHU CKaHepjam épaamMuaa p—nh Ty3uaMmaiap
AMEKTPOPHU3NK XapaKTEePUCTHKACHHUHT TeMITepaTypara OOFTMKJTUTHHA
AHUKJIAITHUHT SIPUMAaBTOMAT METOM SIPATUJITaH.

12. Ky€m sHeprusicu Ba HCCHUKJIMK SHEPTUSACUHH Y3TapTUpruy Tanépiarn
yU4yH MYIDKaJUIaHTaH OWp BaKTHUHT V3WMJa MOHO Ba MOJMKPUCTAIUT KPEMHUU
IUTATHHAJIADUHUHT TYypJid KUCMIIApUJa TYpJIM TUIDIAD Talépriam WMKOHUHH
6epyBum nudhy3noH KypuiMa uiuiad YUKUITraH.
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BBE/IEHUE (aHHOTALMS AOKTOPCKOM JUCCEPTALMHI)

AKTYyaJIbHOCTb M  BOCTPe0OOBAHHOCTH TeMbl Juccepranum. B
CErOJIHSIIHUN JI€Hb B MHPE MOJIYIPOBOJAHUKOBBIA KPEMHHUEBBIM IMOJIMKPUCTAILI
UTpaeT BAXKHYIO POJIb B MHTEHCUBHOM Pa3BUTUU OTPACIU (U3HKHU TOITYIPOBOJI-
HUKOB. B cCs3M C OTHOCHUTENIBHOW JEHIEBU3HONM M BBICOKOW IPOYHOCTHIO Ha
paaualvOHHbIE HW3JyYEHUS ChIpbS B MHUPE HMHTEHCHUBHO pa3BHUBAETCA CO3JaHUE
MOJIYIIPOBOJHUKOBBIX MPUOOPOB, COJHEUHBIX 3JIEMEHTOB, a TAKXKE€ MHTETPAJIbHBIX
CXEM, OCHOBAHHBIX Ha MOJUKPUCTAUIMYECKOM KpeMHHE. B cBs3M ¢ Tem, 4To
¢u3nyecKkue CBOMCTBA MOJMKPUCTAIIMYECKOTO KPEMHHUS, MPOSBISIONINECS Ha
ONPEJEIEHHBIX YCIOBUAX, 3aBUCIT OT IPAHUYHBIX 00JIaCTEl MEX3EPEHHBIX TPAHMII
B €ro o0beMme, McCciaelNoBaHUS (PU3NYECKUX MPOLIECCOB, MPOUCXOANINX B ITON
o0jacTu, SBISETCS OJHON U3 BAKHEHIIINX 3a1a4 COBPEMEHHON (DU3HUKH.

B mameit pecniy0nuke B TOAbI HE3aBUCUMOCTH YJIEISETCS 0C000€ BHUMAHUE
Ha pa3BUTUE OTpacid (U3MKH MOJYNPOBOJHUKOB, B YACTHOCTH, Ha CO3JaHUE
COJIHEYHBIX JJIEMEHTOB M IOJYNPOBOJHUKOBBIX HPUOOPOB, OCHOBAHHBIX Ha
NOJINKPUCTAJUIMYECKOM KPEMHUE, UMEIOIINX BBICOKOKAYECTBEHHBIE MOKA3aTEIN U
OTBEYAIONIMX HAa TpeOOBaHWS MUPOBBIX CTAaHIAPTOB, a TAKXKE HA HM3YyUYCHUE HUX
¢usnyeckux cBoicTB. B aTON cdepe u3yyeHHMEM CHOCOOOB OCHOBAHHBIX Ha
yIpaBJIeHUH PU3NYECKUMH MPOIECCAMU, TPOUCXOISIIUMH Ha IBYX KOHTAKTUPYIO-
IIMX MEK3EPEHHBIX TPAHUYHBIX Y4YacTKaxX IOJUKPUCTAIUIMYECKOTO KPEMHHUS, a
TAaK)K€ MPUMEHEHWHM UX Ha MOJYNPOBOJHUKOBBIE MPUOOPHI M  COJTHEYHBIE
AIIEMEHTBI, JOCTUTAIOTCS CYIIECTBEHHBIX PE3YJIbTATOB B PA3BUTUHU ITOW OTPACIH.

Co3naHrue CpaBHHUTENBHO JCHIEBBIX C AKOHOMUYECKON TOYKH 3pEHHUSA H
CTOMKMX Ha BHEIIHMX BO3JEHCTBUSA, B YaCTHOCTH Ha TEMIEpaTypbl U Ha
pPaAUAIMOHHBIX M3JyYEHUW, MOJYIMPOBOJHUKOBBIX MPUOOPOB M COJIHEYHBIX
AJIEMEHTOB,  IOCPEICTBOM  YIYUYIIEHUS  JJEKTPUUYECKUX U ONTHYECKHX
XapaKTePUCTUK TMOJUKPUCTATUIMYECKUX KPEMHHUEBBIX IOTYIPOBOJHUKOB, UMEET
BaXHOE 3HadyeHWs. B »aToii cdepe peanmuzanmsi I1EJIEBBIX HCCIEIOBaHUM, B
YaCTHOCTH, HAYYHBIX HMCCJIEAOBAaHUN IO CIEIYIOIIUM HAIPaBICHUAM, SBISETCA
OJIHUM W3 BaXHEHIIMX 3aJay: OIpPEACIICHHE MUKPOCTPYKTYPY M IPUMECHBIE
COCTOSIHUS B 00JIaCTU IBYX KOHTaKTUPYIOLIUX MEX3EPEHHBIX I'paHull; pa3paboTka
COBPEMEHHBIX  METOJOB  OINPEACICHHUS]  DJIEKTPUYECKHMX W ONTHYECKUX
XapaKTePUCTHK MOJUKPUCTAJUIMYECKOTO KPEMHMSI C YYE€TOM €ro OOBbEMHBIX
neexkToB M (UBMYECKHMX U XUMHUYECKHX CBOWCTB B OOJACTH MEK3EPEHHBIX
IPaHUILl, OMNpeAeTeHre OOpa30BaHUs SJIEKTPOHHO-IBIPOYHBIX Map MPUMECHBIX
COCTOSIHUI B OOJJACTH MEXK3EPEHHBIX T'PaHUI] B MPOLECCEe M3MEHEHUS CBETOBBIX
Jy4derd M TEMIypaTypbl U 3aKOHOMEPHOCTEW MX MEPEMEIICHMS, a TaKKe BIUSHUSA
UX Ha d3JeKTpodu3nueckue M (OTOIIEKTPUUYECKUE CBOMCTBA P-N — CTPYKTYpP
NOJIMKPUCTAJUIMYECKOTO  KPEMHHMSI; ONpEAeNICHHE BJIUSHUS  JIOMOJHHUTEIBHO
BBEJICHHBIX MPUMECHBIX aTOMOB Ha MUKPOCTPYKTYPY U 3JEKTPOHHBIE CBOMCTBA B
00JacTh MEX3EPEHHBIX TPaHMI]; CO3JAaHHUE M IMPOU3BOJCTBO HOBOI'O MOKOJCHHS
npeoOpaszoBaresieil JHEPrul METOOM KOHTPOJIUPOBAHUS (PU3UUECKUX MPOILIECCOB
B 00JacTu MEX3epeHHbIX TrpaHull. [lepeuncieHHble BBIIIE HCCIEIOBAHUS
00OCHOBBIBAIOT aKTyaJIbHOCTh BHIOPAHHOM TEMBI JUCTEPTAIUH.
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JlaHHOE AHCCEePTAIMOHHOE MCCIICIOBAHNE B ONPECICHHON CTETICHU CITY)KHUT
BBIMIOJIHEHUIO  3ajay  npeaycMoTpeHHbix B [loctanoBnenun  Ilpesunenta
Pecniyonuku V36ekucran [111-1442 «O npuOpUTETHBIX HAMPABICHUAX PA3BUTHUS
unayctpuu Pecriyonuku Y36ekucran Ha 2011-2015 rr.» ot 15 nexadps 2015 rona,
a TaK»Xe APYTuX HOPMATUBHO-TIPABOBBIX JOKYMEHTaX, IPUHATHIX B TAaHHOH cdepe.

CooTBeTcTBHE  HCCJEJOBAHUSI  NPUOPUTETHBIM  HANPABJIEHUSIM
pa3BuTUs HAaykKu M TexHosioruid PecnyOumku VY30ekucran. [luccepranus
BBITIOJIHGHA B paMKax NPHOPUTETHBIX HAIMpaBICHUN pa3BUTHS HAYKH U
texHonorui Pecnybmuku  V30ekucran lll.  «Dnepretuka, sHepropecypc
cobepexeHne, TPaHCIOPT, MAIIUHO- U MPUOOPOCTPOCHUE; PA3BUTHE COBPEMEHHOMN
AIEKTPOHUKH, MUKPOIJIEKTPOHUKH, (DOTOHUKH, JIEKTPOHHOTO MPUOOPOCTPOCHUS.

OG30p 3apyGesKHBIX HAYYHBIX HCCJIEIOBAHMIA 10 TeMe quccepramuu’. B
HACTOSIIEe BpPEeMsS B BEIYIIUX MHPOBBIX HAYyYHO HCCIENOBATEILCKHUX IIEHTpax,
MHCTUTYTaX M YHUBEpCUTETax, B ToM yucie, Sandia National Laboratories (New
Mexico), Tohoku University (dnonus), University of Z'ilina (Slovakia),
Northeastern University (China), Wacker Chemie u SiTec Applied Ressearch
(I'epmanus), OCI (FOxnas Kopes), Hemlock Semiconductor Corporation (CIIA),
SunEdison inc. (CHIA), University Stuttgart (I'epmanusi), B MockoBcKoM
rocyJapcTBEHHOM YHuBepcutere, B WMHcTUTYyTE (U3MKK MOTYNIPOBOTHUKOB
(Poccust) mpoBoOasITCS M3bICKAHUS O Pa3paOOTKE HOBBIX TEXHOJOTUN MOTyYEHUS
MOJIMKPUCTAIIMICCKOTO KPEMHHMsI, TPEIHA3HAYCHHOTO JIT (OTOPHEPTETUKH U
MHUKPOIJICKTPOHHUKH.

Ha MupoBoM ypoBHE B 00JaCTH M3YUCHHUS MUKPOCTPYKTYPBI U IPUMECHBIX
COCTOSIHUA MEK3EPEHHBIX TPAHUI] B MOJUKPUCTATINICCKOM KPEMHHUH TTOTYUYEHBI
pPSAI HOBBIX HAYYHBIX pE3YyJIbTaTOB, B TOM 4YHCJE, OMPEICICHBI aTOMapHBIC
CTPYKTYpPBI OOJACTH MEK3EPCHHBIX TPAHMI], YCTAHOBJIEHBI 3aKOHOMEPHOCTH
3aBUCUMOCTH CyMMAapHOTO YJI€JIbHOTO COMPOTUBIIEHUS OT YAEIBHOTO COIPOTUBIIC-
HUSL 3€pHA W MEX3EPEHHBIX TPaHUIl, U UX BIUSHUE HA DJIEKTPOPUIUUECKHE U
doTosnexTpudeckue cBoictBa p-N — crpykTyp (Tohoku University, Anonwus,
University Stuttgart, ['epmanusi), u3ydeHsl Oporecchl cerperanuu u audpdy3un B
NOJIMKpUCTATUIMYECKOM KpeMHuH (HauuoHanbHbI TEXHUYECKUN YHUBEPCUTET
VYKpauHbl), a TaKke pa3padoTaHbl pa3Hble MOJICIIN Mek3epeHHbIX rpanull (General
Electric Research Laboratory, New York, Sandia National Laboratories, USA wu
HUU monexynsipaoit anektponuku u 3aBoa « MUKPOH», Poccus).

B Hactosmee BpeMs BEAyTCS TEOPETHUYECCKHE M IKCIICPUMEHTAIBHBIC
HayYHO-UCCIICIOBATEILCKHE PAOOTHI IO U3YUYCHHIO MEK3EPEHHBIX T'PAHUI], B TOM
quclie, 1O CICAYIONIMM TIEPCIICKTUBHBIM HAIPaBICHUSIM KaK HCCIICIOBAHUE
TOPU30HTAIBLHOW ¥ BEPTUKAIBHON CTPYKTYPhI MEX3EPEHHBIX TPaHUI] U MPOIeccam
nepeHoca 3apsjga B HUX, [0 TMACCHBAIlMA PEKOMOWHAIMOHHBIX IICHTPOB U
OTIPEICTICHUIO BBICOTHI MOTEHIIMATLHOTO Oapbepa, no nuddy3noHHBIM MpoIeccam
B MEX3EPEHHBIX TPAHHIIAX.

9O630p MEKIyHAPOIHBIX HAyYHBIX MCCIIEIOBAHHIA 10 TeMe Juccepranuu nposejeH Ha ocuose JK. Annual Review
of Materials Science, Vol. 15: 271-302 August 1985; Lecture on Grain Boundary & Interface Engineering at
Department of Materials Engineering, 11Sc, (No.2) (18, November, 2015, Bangalore, India),
j._mullerova_s._jur_english.pdf. u npyrux ucTouHHKOB.
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CreneHp H3y4YeHHOCTM mnpodJemMbl. B HacTosiiee BpeMs BeIyIIUMH
y4€HBIMU MHpa MPOBEJCHBI UCCIIEIOBAHUS CBOMCTB MOJIM-S1 B TOM YHUCJIE, MUKPO-
CTPYKTYPBbl M TPUMECHBIX COCTOSIHUM MEXK3EPEHHBIX TPAHUIl, U MX BIMUSIHHUS Ha
npolecc nepeHoca 3apsaa. Hanpumep, P.Pozenxalimanom, K.Xaprpus3zom u ap.
UCCJIEIOBAHbBl MHUKPOCTPYKTypa Mex3epeHHbIX rpanuil. B.M. Johnson, W.K.
Schubert, V.Iglesias ucciaegoBaam 3apsaoBble COCTOSHHS, a HMX BJIMSIHUE Ha
nepeHoc HocuTenel 3apsaaa usydeHo Ryousuke Matsubara, Emi Machida. Moaenu
TUTsl OOBSICHEHUS DJIEKTPUUYECKUX CBOUCTB moJu-Si mpemioxuin J.Y.W. Seto, B.A.
I'pumunn, B.M. JIrooumckuii, Masaki Takihara, Takuji Takahashi. B macrosmiee
Bpems Karem Boubaker, Sang Mi Cho, Kyle Preston, K.Amal, K.Ro, O.0.Tiiziin n
JIpyrue MOpOBOJAT  MOJHOMACIITAOHBIE  KCCIENOBAaHUS 1O  YBEJIMYECHUIO
3¢ (PEKTUBHOCTH COJHEYHBIX 3JIEMEHTOB W IOJYIPOBOJIHUKOBBIX MPHUOOPOB Ha
MOJMKPUCTAIIINYECKOU OCHOBE.

VYyensie  Y30ekucrana, B  4acTtHocTH, akajgemMuku  M.C.Caunos,
P.A.Mymunos, npodeccopa A.C. Caunos, A.B. Kapumos, P.Y. AnueB nposenu
UCCJICIOBAHUS TIO MOBBIMICHUIO 3(PGEKTUBHOCTH MOJYIPOBOJHUKOBBIX MPUOOPOB
U COJIHEUHBIX DJIEMEHTOB Ha OCHOBE IMOJMKpUCTAIIMYECKOro kpemHus. Ilox
pykoBoactBoM  akagemuka M.C. CaupoBa  NOpOBEAEHBI  UCCIEAOBAHUSA
EKTPOPU3NYCCKMX U (POTOIICKTPUUCCKUX XApaKTEPUCTUK MOJU-Si  P-N—
CTpyKTyp. B pe3ymbrare  uccienoBaHUW  OOHApY>XEHbl  MPUMECHBIC
TEIUIOBOJIbTanyeckue d(PPexkTel U mpemsiokeHa ux kimaccupukauus. Ilofg
pykoBojicTBOM Tipodeccopa P.Y. AnueBa npoBoasTCs pabOTHI MO UCIOIb30BAHUIO
MOJIUKPUCTAIIIMYECKUX KPEMHHUEBBIX P-N—CTPYKTYp B COJHEUHBIX OaTapesix u
pa3paboTaHO HECKOJIbKO MEPCIEKTUBHBIX KOHCTPYKIIUM.

W3 W3JI0)KEHHOr0 BHIIIE CIEAYEeT, YTO MPOBEACHUE WCCIECIOBAHUN 10
V3YUYCHUIO BIIUSIHUSL MUKPOCTPYKTYPHI M TPUMECHBIX COCTOSIHUN MEK3EpPEHHBIX
IrpaHUl] HAa IMEPEHOC HOCUTENIeW 3apsAa B MOJUKPHUCTANIMYECKOM KPEMHUU,
yCIIOBUM 00pa3oBaHMs SJIEKTPOHHO-IBIPOYHBIX IMap HA MPUMECHBIX COCTOSHUSIX
Opy U3MEHEHHHM TEeMIepaTyphl, M WX BIUSHUA Ha OJJeKTpodusndyeckue
(bOTORIEKTpUUECKUE CBOWMCTBA p-N-Tiepexoja; BIUSHHUE JOMOTHUTEIbHBIX
JETUPYIOIIUX MpUMECEd Ha MHUKPOCTPYKTYPY M DJIEKTPOHHBIE CBOWCTBa
MEX3EPEHHBIX TPaHUIl; 00pa30BaHUE AIEKTPOHHO-IABIPOYHBIX Map Ha MPUMECHBIX
COCTOSIHUSIX WUJTU PEKOMOMHAIIMOHHBIX IIEHTPax, 0Opa30BaHHBIX MPU BO3ICUCTBUU
0o0JIydeHUsl DJEKTPOHAMM WM HWOHHOW UMIUIAHTAIIMM, M WX BIUSHUE Ha
anekTpodusnyeckue U (HOTOIIEKTPUUECKUE CBOMCTBA  p-N-TIEPExXo/oB B
MOJIUKPUCTAIIINYECKUX CTPYKTypaX aKTyallbHO W MMEET HayYHO-TPAKTUUYECKOE
3Ha4YCHUE.

CBsi3b TeMbl JUCCEPTALMU € HAYYHBIMHM MCCJIEOBAHUSIMM HAYYHO-
HCCJIe0BATEIbCKON  OpPraHu3anuu, TIjJe BbINOJHEHA JUCCePTAIMOHHAS
pabora. JluccepTallMOHHOE HCCJICAOBAHME BBIMOJHEHO B  AHIUKAHCKOM
rocyJapCTBEHHOM YHHUBEPCUTETE B paMKax IUIAHOBBIX Oro/pkeTHBIX U x/1 HUOKP,
narpumep, HUP mo mpoekrty: 11-18.52 «Pa3paboTka u OCBOCHHE TEXHOJOTHUHU
MOJTYYeHUS] KPEMHHUEBBIX TUTACTHH ISl COTHEYHBIX 35ieMeHToB» 2003-2007 rr.; -
2-28 «IloBepxHOCTHBIE ¥ OOBEMHBIE KBAaHTOBO-pa3MepHbie d3(PGhEeKThl B
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JISTUPOBAHHOM KPEMHHUH M UX BIUSHUE HA MPOIECCHl TeHEPAlUN-PEKOMOUHAIINH U
pasjiesieHusl HoCUTeseH 3apsia Ha p-N — ctpykrypax» 2012-2016 rr.

LHeabio muccieqoBaHusi  SABISIETCS  ONpPEACNICHUE  3aKOHOMEPHOCTEH
3aBUCUMOCTH 3JIEKTPOPU3HUUECKUX CBOWCTB MOJMKPUCTALIIMYECKOTO KPEMHUS U
(OTORIEKTPUUECKUX XAPAKTEPUCTUK P-N—CTPYKTYp HA UX OCHOBE OT MPUMECHBIX
COCTOSIHUM, JIOKAJIM30BAHHBIX B OO0JIACTH MEXK3EPEHHBIX TPAHUIl U OOBEMHBIX
nedexTax.

B CcOOTBETCTBMM C NOCTAHOBIEHHOM LIEJIBIO HEOOXOAUMO OBLIO PEIIHUTH
CJIeIyIoIue 3a4a4u:

U3yYUTh MUKPOCTPYKTYPY U MOP(HOJIOTHIO MEXK3EPEHHBIX TPaHHMII MMOJHU-SI,
MOJIy4YEHHOTO JBYMSI METOJAMHU JIMThS M METOJOM MOPOIIKOBOW TEXHOJOTHH, a
TaK)K€ BBISICHUTh MEXaHM3MbI 00pa30oBaHusl 1e(EKTOB U MPUMECHBIX COCTOSHUN B
00J1aCTH MEXK3E€PEHHBIX I'PAHULL B IPOLIECCE CErPEralK MPUMECEN;

OTIPEIEUTD BIUSHUE MUKPOCTPYKTYPBI U IPUMECHBIX COCTOSIHHI B 00J1aCTH
MEK3EPEHHBIX TPAHULl U O0OBEMHBIX 1€(EKTOB B MOJU-SI HA MEPEHOC HOCUTENEH
3apsiia B uHTepBatie teMneparyp ~300+800K;

U3YYUTh IPOLIECCHl afcOpOLUU U JecOpOLMU aTOMOB HIEIOYHBIX METAIOB
(L1, Na, K, Cs), u ux BIHUSAHHS HAa MHKPOCTPYKTYpPY U 3JEKTPOHHBIE CBOMCTBA
MEK3EPEHHBIX TPaHUII;

ONPENENNUTh BIUSHUE NPUMECHBIX COCTOSHHA B OOJACTH MEX3E€PEHHBIX
IpaHUll W OOBEMHBIX JAE€PEKTOB B MOJU-SI HA BJIEKTPOPU3HYECKHE U
(oTOdNIEKTpUUECKHE CBOICTBA p-N—CTPYKTYp B HHTEpBaJE TEMIEpaTyp
~300+800K;

UCCJIEIOBATh BIIMSAHHE PEKOMOMHAIMOHHBIX LEHTPOB, OOpPA30BAHHBIX MpU
AJEKTPOHHOM oOnydyeHun (dHeprus, E~1 MbB; no3a, D~10" CM'Z), Ha
aneKTpopu3nyeckue U (HOTOIIEKTPUUECKUE XapaKTEPUCTHKU P-N-CTPYKTYp B
unTepBaie temneparyp ~300+500K;

UCCIIEIOBaTh BJHMSHHE PEKOMOMHAIIMOHHBIX IEHTPOB M TMPUMECHBIX
COCTOSIHMM, OOpa30BaHHBIX B TNPOLIECCE JIETUPOBAHUS ATOMaMU IIEJIIOYHBIX
metamno (sueprus, E~30 oB; moza, D~10" cm®), Ha smekrpodusmueckie u
(OTORNIEKTPUUECKHE XApAaKTEPUCTUKH MOHO-S1 p-N — CTPYKTYp B HUHTEpBaJe
temriepatyp ~300-500K;

pa3paboTath M YCOBEPIIEHCTBOBAaTh W3BECTHBIE METOJIbI HCCIEIOBAHUS
MIPUMECHBIX COCTOSTHUM B 00JIACTU MEK3EPEHHBIX T'PaHULL, a TAKXKE UX BIMSAHUS Ha
anekTpodusnyeckue u (HOTOIIEKTPUUECKHUE CBOMCTBA P-N — CTPYKTYD.

O0BbeKTOM HMCC/IeIOBAHUS SBIIAIOTCA NOJUKPUCTATUIMYECKUN KPEMHUI U P-
N — CTPYKTYpPHI Ha €70 OCHOBE.

IIpenmeroMm  uccaeA0BaHMA  SBISIIOTCA — MpOIecCHl  00pa3oBaHUs
AJIEKTPOHHO-ABIPOYHBIX Map C yYaCTHEM IPUMECHBIX COCTOSHUN U J1e(PEeKTOB B
obnacTu MEK3EpEHHBIX TpaHull, 3aKOHOMEPHOCTHU dbopmupoBaHus
(OTORIEKTPUUECKUX XaPAKTEPUCTHUK.

Meroabl wucciaegopaHusi. B pabore  NpUMEHEHBI  KOMIUIEKCHBIE
MHGOPMATUBHBIE METOJIbI SKCIIEPUMEHTAILHON (PU3UKU: PEHTTC€HOCIIEKTPAIbHBIN
MUKpPO30OHAOBBIA  aHAU3,  JJIEKTpoU3MYEeCKHe U (POTOINEKTPUUECKHE
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WCCJICIOBAHMs, TPEIU3NOHHAsT TEepMOOOpadOTKa, METOJbl TEPMOIJIEKTPOHHOU
SMUCCUM M JIETUPOBAHUS, HWOHHAs WMIUIaHTauus, AUbdy3us, 3SIEKTPOHHOE
o0JydeHue, mprueMbl MOPOLUIKOBON METaLTyprHUu.

HayuyHasi HOBH3HA HCCJIeI0BAHMS 3aKIIIOYAETCS B CIIETYIOIIEM:

000CHOBaHO, YTO O0pa30BaHUE IIEPOXOBATON MOBEPXHOCTH M300MITYIOIIEH
BBICTYIIAMH M MHUKPOITYCTOTaMHU B 00JIACTH MEK3EPEHHBIX TpaHUI] 00YCIOBIEHO
HEPAaBHOMEPHBIM paclpesiefieHue IMpuMeced B o00beMe 3epHa; a HMEHHO,
MOBBIIIEHHEM KOHIIEHTPALUU KaKI0M U3 3TUX IIPUMECEN OT LIEHTPa K Kparo 3epHa.

BBISIBJICHO, YTO INHPUHA OOBEAMHEHHOTO CJIOS JBYX KOHTAKTHUPYIOIIHX
3epeH COCTaBIseT TMOpSAKAa HAHOMETPOB, IJI€ YCTaHOBIEH (DaKT HMOHU3ALUU
JIOKaJIU30BaHHBIX JIOBYIIEK B IIPOLECCE H3MEHEHUS TEMIIEpaTypbl C Y4YETOM
SHEPrUd HOHHM30BAHHBIX JIOBYIIEK, KOTOPbIE MPUBOJAT K HM3MEHEHUIO BBICOTHI
noTeHUuaabHoro Oapbepa B mpeaenax ~0,3+0,9 5B, a Takke K yMEHbBIICHUIO
KOHIIEHTpAI[MU HOCUTENEH 3apsi/ia;

pa3zpaboTaHa MHOTOCJIOWHAsA MOZEJIb CThIKA ABYX KOHTaKTUPYIOLIUX 3€PEH U
SKBUBAJICHTHAS JJIEKTPUUYECKAsl CXEMa IO3BOJISAIOIIAs ONPEACIIUTD dJIEKTPUUECKUE
CBOMCTBA MEK3EPEHHBIX IPaHMII;

OOHapy>KEeHbI SIBJICHUS aJCOPOLMU U J1eCOpOIMHU B 00JACTH MEXK3EPEHHBIX
TpaHMII;

YCTaHOBJICHBI 3aKOHOMEPHOCTH IIPOSIBIICHUS IIPUMECHOTO
TEIJIOBOJBTANYECKOTO U TEIUIO()OTOBOJBTANYECKIO 3(PPEKTOB B OJHOPOJIHOM
MOJIU-S1 U p-N — CTPYKTYpax Ha €ro OCHOBE, a TAKXKE€ B MOHO-S1 € P-N — IEpexoa0M
00yCJIOBJIEHHbIE C OOpa30BAHMEM 3JEKTPOHHO-ABIPOYHBIX MAp C Y4YacTUEM
IIyOOKHUX MPUMECHBIX COCTOSTHUM;

IpeIoKeHa MOJIeNb 00pa3oBaHus p-N — repexo/ia B 00J1aCTh MEX3EPEHHBIX
I'PaHULL.

IIpakTH4yeckue pe3yabTaThl HCCJIEI0OBAHUSA 3aKIFOYAIOTCS B CIEIYIOLIEM:

pa3paboTaHbl TEXHOJIOTMH TMOJIYYEHHs] MOJU-S1 IUIACTUH JUISL COJHEUHBIX
AJIEMEHTOB Ha OCHOBE MOPOUIKOBOW MeTautypruu. [lomyyens! nomau-Si o0pasibl ¢
tonmuHou 250400 MKkM u ¢ pazmepoM >150 mm;

OIpE/IeNICHbl YCIOBUS MPOXOXKJIEHUS JECOpPOLUN U aacopOLMU MPUMECH B
00JacTU MEX3EpEHHBIX T'PAaHUI] U TEXHOJOTMUYECKHUE PEXKHUMBI MOIY4YEHUs p-N —
[IEPEXOJ0B HA OCHOBE YKA3aHHBIX SIBJICHUH, a TAKXKE MOJY4EHO P-N — CTPYKTYp AJIA
JIEMIEBBIX COJIHEUHBbIX 3JIeMeHTOB, KIIJ] KoTophix 03 MpOCBETIECHHUS COCTABISET
~7 %.

pazpaboTanbl W co3faHbl AU(QGy3UOHHAS YCTAHOBKA, ITO3BOJIAIOIIAS
OJTHOBPEMEHHO M3rOTaBIMBAaTh B Pa3jIMUYHBIX YacTIX MOJU-S1 U MOHO-SI IJIACTUH
Pa3HOTHITHOM 00J1acTH;

pa3paboTaHbl  TEXHOJOTHMYECKHE  PEXUMBI  TOIYYEHHs]  IPUMECHBIX
TEMJIOBOJBTANYECKUX U TEIUIO(OTOBOJbTANYECKUX A(DPEKTOB I  CO3MaHUs
HOBBIX QJIBTCPHATUBHBIX HMCTOYHWUKOB JHEPIHMM HA OCHOBE MONH-Si U MOHO-SI
IUTACTHH.

JlocToBepHOCTD pe3yJabTaTroB HCCJIeIOBAHNH MOJATBEPKAACTCS
OPUMEHEHUEM  COBPEMEHHBIX HAYYHBIX W  TEXHOJIOTMUYECKMX  METOJIOB,
CTaHAAPTHBIX W  anmpoOMPOBAHHBIX METOJMK KOHTPOJS MapaMeTpoB H
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XapaKTePUCTHK  TOJYIPOBOJHUKOBBIX MPHOOPOB. Pe3yabTaTbl W BBIBOJBI
HOJATBEPXKIAIOTHCS  Ha  (DU3MYECKUX  TMPEJACTABICHUSAX, OCHOBAHHBIX  Ha
TCOPETUYCCKHUX M SKCIICPUMEHTAIBLHBIX TAHHBIX.

HayyHasi ¥ mpakTH4YecKasi 3HAYMMOCTH Pe3yJIbTATOB HCCJIeT0BAHMSI.
Hay4nast 3Ha4MMOCTh Pe3yJIbTATOB HMCCJICIOBAHUS 3aKIHOYAeTCS B TOM, YTO OHH
TIO3BOJISIFOT OOBSICHUT MUKPOCTPYKTYpa U 3JICKTPOHHBIC COCTOSHUN MEK3CPEHHBIX
IPaHMIl MOJIMKPUCTATUIMYECKOTO KPEMHHUS U MPOSBICHUSX SIBJICHUN aJcopOIMU 1
necopOouu.

[TpakTHdeckast 3HAYUMOCTh PE3YJIbTATOB UCCIICIOBAHUS 3aKITIOYACTCS B TOM,
910 pa3paboranbl qud(Gy3nOHHAS YCTAaHOBKA M METOJIbI ITOJIYICHHS HOBBIX BHIIOB
MOJTYIIPOBOJTHUKOBBIX ~ CTPYKTYp Il (oTompeoOpazoBaTesicii Ha  OCHOBE
MOJIMKPUCTALTMIECKOTO KPEMHHUS C HCITOJIb30BAHUEM ITOPOIIKOBOW TEXHOJIOTHH.

BHenpeHue pe3yJbTaTOB HccieqoBaHusi. Ha ocHOBe pe3yibTaroB

U3YYEHHUS] MHUKPOCTPYKTYPBI, 3apsiIOBBIX COCTOSIHUN, pP-N — TMEpexoJoB U
AJEKTPOHHBIX MPOIECCOB B MEXK3EPECHHBIX T'PAHUIIAX B MOJIUKPUCTALIINYECKOM
KPEMHUHU:

[0 MPOBEACHUIO Mpoliecca AupPy3un JErupyromux IpuUMece B KpUCTAILI
KPEMHUSI OO0pa3yloluX 3JEKTPOHHBIA W ABIPOYHBIA MPOBOAMMOCTH TOJIY4YEH
naTeHT Ha wu3zo0pereHue 1o MHTenekryanbHOM coOcTBeHHOCTH PecnyOnuku
V3oekucran «Juddysnonnas ycranoBka» (Ne IAP 04767, 23.09.2013).
Ucnonb3oBanue pazpadoTanHol MU y3MOHHOM YCTAaHOBKHU MO3BOIUIIO MOJIYYUTh
B €JMHOM TPOIECCE PA3HOTHUITHBIN M U30TUITHBIC TIEPEXO0/IbI B KPUCTAIIIE KPEMHUS,;

M0 CO3/IaHuI0 TIpeoOpazoBaTess TEII0BOM s3Heprun COTHEYHOTO U3ITYYeHUs
B DJJICKTPUUYECKYIO TOJYyYeH MaTeHT Ha wu300peTeHue 1o HHTenekTyanbHOU
co0ctBeHHocT PecnyOnuku Y30ekuctan: «IIpeoOpazoBarens sneprum» (Ne TAP
04855, 05.12.2013). VMcnons3oBanue pa3pabOTaHHOTO MPeoOpa3oBaTelsi SHEPTUU
Ha OCHOBE HEMOHOKPUCTAJUIMYECKOIO KpEeMHHUSI C TJIyOOKHMHU YpOBHSIMHU
no3BossieT nonyduTh Ha 10% Oonbiiuit POTOTOK MO CPaBHEHUIO C WM3BECTHBIM
aHAJIOrOM C MaJIO¥ TOJIIMHOW 6a30BOM 00JaCTH.

[TosryueHHble pe3ynbTaThl MO MEXaHU3MaM IMPOSBIEHUS MPUMECHOIO
TEIJIOBOJITANYECKOTO M TEII0(OTOBOIbTANIECKOT0 3((PEKTOB, KOTOPHIC BIIEPBHIC
oOHapyXeHbl NpPHU HCCIENOBAHUU CTPYKTYp C p-N — MepexoJaMHU Ha OCHOBE
HNOJUKPUCTAJUIMUECKOTO KpPEeMHHMSI M pa3pabdoTaHHAsh METOJUKa MOJIyYeHUs
MOJIMKPUCTAIIIMYECKUX TUIACTHH KPEMHHUSI Ha OCHOBE MOPOIIKOBOW METATypruu
UCI0Nb30BaHbl Ha MpoekTax P3—DA-D158 «lIpouecchl npeodpazoBaHust SHEPTUU
B CHCTEMaX Ha OCHOBE OpPraHMYECKHX W HEOPTaHWYECKUX TPaHyIHPOBAHHBIX
MTOJIYTIPOBOJHUKOB C MPUMECHBIMH HEOJHOPOJHOCTSIMU Majoro pasmepa», OT-—
©2-002 «CTuMyIMpOBaHHBIE HEPABHOBECHBIE IMPOLIECCHI IEpPEHOCa 3apsiaa B
NOJUKpUCTAIIe, aMopde ¥ HAHOKpUCTAIJIE» [UJIsl OMpEeACNCHUs SBICHUS
azcopOuuu M JecopOIMK B 0OJACTH MEX3EPEHHBIX TPaHUIl U TEXHOJIOTUYECKUX
pexxuMoB monydenus P-n — mepexoaoB (CrpaBka PTK-03-13/677 Komwurera mo
KOOPJIMHAIIMA PAa3BUTHS HAyKu U TexHonorud PecmyOnumkum VY30ekucran oOT
10.10.2016). Hcruib30BaHHME HAYYHBIX pE3YJIbTaTOB TO3BOJWIO OIPEIACIUThH
MpOLECChl M3MEHEHUS BSHEPrUM B CHCTEMax Ha OCHOBE OpPraHMYECKHX U
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HEOPraHWYECKUX TPAaHYJIUPOBAHHBIX MOJYINPOBOJHUKOB, a TaKXKe, IPOLECCHI
nepeHoca 3aps/ia B MOJIMKpUCTaIlIe, aMmopde U HaHOKPUCTAILIIE.

AnpoGauus pe3yJbTATOB HCCIeI0BAHMSA. Pe3ynbTaThl HCCIEAOBaHUMA
OBLITBI 0OCYXKJEHBI Ha 21 MEXIYHApPOJIHBIX U PECHYOIMKAHCKUX KOH(PEPEHIIUSIX B
BUJIC JIOKJIAJIOB U MpoLUIH anmnpobanuio. B yactHocTH 1mo Temam: "AKTyaiabHbIE
npobsembl coBpemenoit pusuku" (Tepmes, 2002); «Kpemuunii-2003» (Mockaa,
2003); “The 3-Uzbek-Korean International Symposium on Quantum-Functional
Materials and Devices 2004 (Tashkent, 2004); «Poct, cBOiiCTBa 1 TIPUMEHEHHUE
kpucrtamuioB» (Hykyc, 2005, Annmxan, 2008); «1000 ner akanemun MabmyHay
(XuBa, 2006); «IIpoGnembl anbTepHATUBHOW SHEPTETHKH U HHEPTrOCHAOKECHUSD)
(Hamanran, 2007); «CoBpeMeHHbIe MpoOIeMbl (U3UKH U TPETIOAaBaHUE (HUZUKI)
(Camapxana, 2009); «CoBpemeHHbIE MPOOIEMbl (U3UKH MOIYTPOBOTHUKOB
(Hykyc, 2011); «AktyanbHble mpoOiembl (U3NYECKUN 3IeKTpoHUKW» (2012,
Tamkent), «Kpemumii-2014»  (MUpkyrck, 2014); «DyHmamMeHTadbHbIE U
npukiaaHbie Bonpockl gusukuy (Tamkent, 2014); «AkKTyalbHble MNPOOJIEMbI
¢uszukun  nomynpoBogHukoB» (Tamkent, 2014), «Texnomorus wu (Qusuka
HAHOYACTHUII, MUKPOAJIEKTpOHUKa» (AHauxkaH, 2015).

Ony0auKoBaHHOCTH pe3yabTaToB. [lo Teme muccepranuu onmyOIUKOBaHO
44 nHayunble paboThl, U3 HUX 20 cTaTed B *KypHajgax pPeKOMEHJOBaHHBIX Briciieit
aTTeCTAllMOHHOM Komuccuer Pecnybmuku  V30ekuctaH i myOJguKaIuu
OCHOBHBIX HAYyYHBIX pE€3yJbTaTOB JOKTOPCKUX JauccepTauui, 1 MoHorpadus,
MOJIy4eHO 2 maTeHTa Ha U300pEeTeHUsI.

Crpykrypa m 00bém padorhl. luccepTanns COCTOUT U3 BBEIACHUS, IISITH
IJIaB, 3aKJIIOYEHUS M CIIMCKA MCIOJb30BaHHON JuTeparyphl. TekcT auccepTanuu
cocTOoUT U3 198 MAaIIMHONKMCHBIX CTPAHUIL.
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OCHOBHOE COJAEP XAHUME IMCCEPTALIMHN

Bo BBeaeHum 0OOCHOBaHbI aKTyaJIbHOCTb M BOCTPEOOBAHHOCTb TEMBbI
JUCCEPTALMM, OINPEACIICHA CBSA3b MCCIECIOBAHUNA C OCHOBHBIMU IPUOPUTETHBIMU
HAIPABICHUSIMU PA3BUTHSA HAYKH U TEXHOJOTHH B pecnyOiuKe, MpUBEACHbI 0030p
MEXIYHAPOJHBIX HAyYHBIX HCCIEJAOBAHUA TIO TEME JUCCEpPTallMH, CTEIEHb
M3YYEHHOCTH TPOoOJeMBbl, cHOpMyIHpOBaHbI LIEAb M 3a7a4ud, BBISIBICHBI OOBEKT,
MPEAMET U METOJIbl MCCIIEI0OBAHUS, M3JI0KEHA HAay4Hash HOBU3HA HCCIEIOBaHUS,
000CHOBaHa JIOCTOBEPHOCTh MOJYYEHHBIX PE3yJbTaTOB, PACKPHITA UX TEOPETHYEC-
Kasi U MpaKTHUYECKash 3HAYMMOCTb, MPUBENCHBI KPATKUE CBEACHHS O BHEAPEHUU
pE3yJIbTAaTOB U anpodaru padboThl, a TaKXKe 00 00beMe U CTPYKTYpPE JUCCEPTALIUU.

B nepsoii mmaBe «CocrosiHMe Npo0JjeMbl M TEHACHUHH YJIy4ILIeHHs
(pYyHKIHMOHAJBHBIN XaPAKTEPUCTHK MOJHU-Si U MEK3EPEHHbIX I'PAHUL B €ro
o0beMe» aHANM3UPYETCS COCTOSHHUE MNPOOJEMBbl U TEHACHUUHU YIIyYILEHUS
(YHKIIMOHAIBHBIN XapaKTEPUCTHUK MOJIHU-S1 U MEK3EPEHHBIX TPaHUI] B €70 00bEME
Ha OCHOBE JINTEPATYPHBIX JAHHBIX M0 COCTOSHUIO MTPOOJIEMBI U I€TATbHO OMHUCAHBI
U3BECTHBIE TNIPEJICTABICHUS O MUKPOCTPYKTYPE H JJIEKTPOHHBIX CBOMCTBAx
MEX3EPEHHBIX TpaHUll, UX BIUSHUE HA DHIEKTPOPU3UYECKHE U OINTUYECKUE
cBoiictBa moNHU-Si. OmnucaHbl BapHaHTBl HCIOJIB30BAHUS TaKUX CTPYKTYp B
MUKPO3JIEKTPOHUKE U (POTORHEPreTUKE, a TaKKE pe3ylbTaThl HCCIECIOBAHUN IO
TEOPETUYECKOMY  OOBSCHEHHIO U DKCIEPUMEHTAJIbHOMY  OOHApYKEHHIO
MPUMECHBIX TEIJIOBOJbTAMYECKUX M MPHUMECHBIX TEIIO()OTOBOJIBTANYECKHUX
adpdexktoB. Ha  ocHOoBe  aHamM3a ~ UMEIONIUMXCS  TEOPETHUYECKUX U
HKCIIEPUMEHTAIbHBIX TAHHBIX C(POPMYIMPOBAHA TOCTAHOBKA 33JaUH.

Bo BTOpo#l rinaBe «JKCHEPHMMEHTAJbHbIE W TEOPETHYECKHE M METOAbI
HCCJICIOBAHMS» ONUCAaHbl XapaKTEPUCTHUKM M CYIIHOCTh MCIIOJIb30BAaHHBIX
METOJ0B. B KauecTBe OCHOBHBIX MCXOJHBIX HCCIIEIyEMbIX MaTepUaoB BbIOPaHBI
oOpa3ipl p-TUNA MPOBOAUMOCTH, C P~1Om'cm, TOJlydeHHbIE NByMS METOJaMHU
NUTBS, @ TaKKE METOIOM IOPOIMIKOBOH MeTammyprud. KakmoMy H3 BHIOB
00pa3LoB MPUCBOEHBI YCIOBHBIE HA3BAHUSI, HAIPUMED, IJI1 00Pa3I0B MOJYyUYEHHBIX
u3 ymroro nonu-Si ¢pupmer Wacker — «Wacker»; mns o0pa3ioB U3 BTOPHUYHOTO
JUTOTO TONHU-SI — «IUTOM» ¥ HaKOHel, JUisi 00pa3loB, IOJYYEHHBIX II0
ITOPOIIKOBOM TE€XHOJIOTUU — «IOPOLIKOBBIW». J[JIs1 McciienoBaHusi MUKPOCTPYKTY-
PBI MEK3EPEHHBIX TPAHUL] UCIIOJIB30BAJICS PEHTI€HO-CIEKTPAIIBHBIA MUKPO30H/0-
BbI aHanmu3. i1 OLIGHKM BIMSIHMS TEMIIEpaTypbl Ha 3JIEKTPOPU3NUYECKHUE
CBOWCTBA HCIOJIb30BaH MOJEPHU3UPOBAHHBIN YETHIPEX30HAOBBIN U Ban-nep-Ilay
METOJbl M METOJIMKA, OCHOBaHHbIE Ha 3(dekxre Xomna. V3mepeHus yaenbHOro
conpoTuBieHus (p), MOABMKHOCTH (1) U KOHILIEHTpaUuu (n) HOCUTENeH 3apsna
IPOBOJAMIINCH, KaK Npu noseimieHnH Temrneparypsl ot 300 K go 800 K, Tak u Ha
sTame ee TMOHWKEHUs. Jlias oOOBsCHEeHHs TMONMy4YeHHBIX pe3yJbTaToB Oblia
MCIIOJIb30BaHA MOJIENb TEPMOAIIEKTPOHHOM 3Muccun . [IpuHIMIIManpHas HOBU3HA

10A6I[yanMaHOB B.M., Aumnos T.X., Kageipos A.JL., u np. // Tenuorexuuka, 1992, Ne4. C.8-14; Caunos M.C.,
Bunsmos P.P., Myxamanues P.3D., Uupsa B.I1.//T'ennotexnuka. 1987, Ne 6. C. 18-20.

11H0J‘II/IKpI/ICTaHJ‘H/I‘{€CKI/IC noxynpoBogHuKkH. Pusmueckue coiictBa u npumeHenus: Ilep. C anrn. //Tlox pen.
Xapb6ek I'. M., «Mup». 1989.
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MOJIX0/1a, 3aKII0YAeTCs B y4eTe B paMKaxX MOJEIH TEPMODJICKTPOHHON SMHUCCHH
NPUHIUTHATBHBIX U3MEHEHUH yCIOBUH Ui TOKa (Jss), KOTOPBIE BO3HUKAIOT TPHU
3axBaTe€ M OMHUCCHHU 3apsja Ha JIOBYIIKaX, M paboTa C MOJCIBI0O B JIaHHBIX
ycnoBusx (puc.l). Hampumep, mokazaHo, 4TO KOT/Ia KOJMYECTBO 3aXBaTOB 3apsij
OoJIbIIIe, YeM IMHUCCHS, YBEIHYMBAIOTCS BHICOTHI MMOTEHIMAIBHOTO Oapbepa (J¢), u
3apsi/i IBUTAETCS 10 YPOBHSIM JIOBYIIEK BJIOJIb TPAHUIIBI JBYX KOHTAKTHPYOIIUX
3epeH, TO HJET POCT MOJHOW MPoBOAUMOCTH JIOBYIIEK (Ys). YCIOBHO 0003HAYNM
ATO HAIpaBJICHUE TOKA Jis 3HAKOM «MHHYC». Ecim e dMucCHs mpeBaupyeT Ha
3aXBaTOM, TO 3aps IBHKETCS B TPOTHBOIIOJIOKHOM HampaBleHUH, Y¢ U
O@QIafaoT, a COOTBETCTBYIOIIMN TOK MPU 3TOM MOXKHO OOO3HAYUTH 3HAKOM
«IUTFOC». DTH HOBBIE DJIEMEHTBHI, BHOCHMBIC B MOJEIb, JTAIOT BO3MOXKHOCTH
OOBSICHUTH OCOOCHHOCTH Jpeiida HocuTenel 3apsaa B 00JacTH MEK3EpEHHBIX
TPaHMUII U UX JPYTHe KHHETUIECKNE XapaKTePUCTUKH.

2EPHO
LY

3
Puc.1. 3onnas nuarpamma
MesK3epPeHHBIX IPAHUIl U ero
YIPOIIleHHASl cXeMa

12
Pa3paboTaHo u Mcnoab30BaHa HOBask MOAU(UKALUA METOJA JETUPOBAHUSA

JUTS OTIPEIENICHUs TIpoliecca aJicoOpOIMU M 1eCOPOIMH MPUMECH M UX BIMSIHHE Ha
MUKpPOCTPYKTYPHl ¥ DJJEKTPOHHBIE  CBOMCTBA  MEX3EPEHHBIX  T'PAHMII.
[IpuHIMnUanbHas HOBM3HA DPa3palbOTKH 3aKII0OYAeTCs B MPUMEHEHHH B paMKax
METOa JIETUPOBaHMS Menoi rpynmnbsl mmenovnbix meramioB (Li, Na, K, Cs),
BBIOOpPE B KayeCTBE METOJa JICTUPOBAaHUS HMOHHOW WMIUIAHTALlMM U BBHIOOpE B
Ka4ecTBEe 00bEKTa UCCIICIOBAHUS TUIACTUH MOJHU-SI U CTPYKTYp C P-N—IIepexoiom,
BBIMOJIHEHHBIM Ha 3TUX MiacTuHax. llociae nMmiuaHTanuu oOpaslbl OTXKHUraid B
Bakyyme ~10°Topp B untepsane Temmeparyp ot 300 K go 1000 K. Jlxst onerku
BJIMSTHUSI IEJIOYHBIX METAJJIOB HA AJIEKTPOHHBIE CBOMCTBA MEX3EPEHHBIX T'PAHHUII,
OTIPEIETISIIN (» METOJIOM JIETUPOBAHUA J0 U MOCJEe UMIUIAHTAlMU. A TakKe TMocye
K0 TepMooOpaboTku, mpoBogumMoit ¢ marom 25 K. Moauduxamus merona
JIETUPOBAHMS TO3BOJIMJIA MCKJIIOUMUTH PsIi  TPYAOEMKHX OIepaluii, KOTOphIe
HEOOXOAMMO MPOBOJUTH MPHU MPUMEHEHUU TPATULIUOHHON METOJIMKH, a UMEHHO,
coLUTM(OBAHNE JIETUPOBAHHOTO CJIOSI M TMOJMPOBKY MOBEPXHOCTH U T.1.,
OCYIIECTBIISIEMBIX IOCJIEOBATENBHO TOCTE KaXKAOro akra jerupoBaHus. Kpome
TOTO, TPAAULIMOHHOE UCCIICIOBAaHUE COMPOBOXKIACTCS (PaKTUIECKUM pa3pylIeHUEM
o0pa3lloB U JUIsl €ro OCYIIECTBICHUS Ha MpaKTUKEe Tpedyercs OoJiblioe
KOJIMYECTBO 00PA3IOB, KOTOPHIC TOJDKHBI OBITh UICHTHYHBI BO BCEX OTHOIICHHUSX,
KpOME€ KOHIICHTpAIMH JICTUPYIOUIeH mpuMecHu. BBIMONHUTE 3TH TpeboBaHUs
kpaiine TpynHo. Ilpu uccnepoBanuu oOpaslioB C MPUMEHEHUEM MPEIOKEHHOM
Monu(pUKAIMM METOoAa JIETUPOBaHUS TpeOyeTcs Topa3 o MEHbIee YHUCIIO

Tonkue mommkpucrammueckue u amopdubie mwiéukn: ®usnka u npumenenus. Ilep. C amrn //Ilox pen.
JI.Ka3smepcku. —M.: Mup, 1983 u 1pyrux uCTOYHUKOB.
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oOpasloB, a pe3ylbTaTbl W3MEpPEHUW B JIO00M TOYKE WM MHUKPOOOIACTH
MOBEPXHOCTH €IMHUYHOTO 00pa3iia SBISIFOTCS JJOCTOBEPHBIMU U UICHTUYHBIMHU.

Pa3zpaboTaH 1 UCHOIB30BaH HEPA3PYIIAOIINI METO]T ONPEIeTICHUS TITyOUHBI
3aneraHusi p-N — CTPyKTypbl. B OCHOBY MeToia MoOJIOKEH MPUHIUI HW3MEHEHUS
doto D/IC, npu BO3AEHCTBUM MMITYJIBCHOTO MH(ppaKpacHOTo u3iIydeHus. Meron
MO3BOJISIET ONPENEATh TJIyOUHBI 3a7€TaHusl, B TOM YHCIIE€ CPABHUTEIbHO MEJKUX
p-N — mepexojoB, B oOpasiax mnoiu-Si. OmnpepencHo, 4To TIyOMHA 3ajeraHus
nepexona B 3epHe paBHa 1-1,5 MkM, a B 00JacTH MEX3€pEHHBIX TpaHHI] p-N —
Mepexo/1 JICKHUT B AUara3one rmyouH 1,5-2 MrM.

PazpaboTan u HCMIONB30BaH HOBBIA METOJ H3YYECHHs] TEMIEpaTypHBIX
3aBHCHUMOCTEH 3JEKTPOU3HUECKUX U (POTOIIEKTPUUECKUX IMMapaMeTpoB p-N —
CTPYKTYp, OCHOBaHHBIH Ha WCIHOJIb30BAaHUU TMPEHU3UOHHOTO CKAHUPOBAHHUS
CBETOBOTO Jiyda (30Hma) ¢ 3amgaHHOW mamuHON BOiHBI (A=0,4+1,4 mxm) m C
peryjaupyeMbIiM JguaMeTpoM cBeToBoro mnartHa ~10+400 mMxM, Mo MOBEPXHOCTU
oOpasma mpu 00ecTieUeHHH MPENU3UOHHOTO M3MeHeHus Temiepatypbl (300800
K). IlpumeHeHne cBETOBOro 30HAA MO3BOJMIO JIOKAIBHO OCBELIATh OTHEIbHBIC
MHKpPOOOJACTH Ha MOBEPXHOCTH p-N TONHU-SI CTPYKTYp, B TOM 4YHCIE, Ha
HOBEPXHOCTHU U 00JIACTh MEXK3EPEHHBIX I'PaHUII.

Pa3paboTaHbl HOBBI CHIOCOO MOyYEHUS MOJIM-SI HA OCHOBE TOPOIIKOBOM
TEXHOJIOTHH, KOTOPBI COCTOUT U3 OMEpaIuii: OJATOTOBKU CBHIPBS, TMPECCOBAHUS
3aroTOBOK, CIIeKaHUs U 00paboTKu nmoBepxHOCTH. [Tomu-Si 0Opasiam, crie4eHHbIM
npu T~1220°C B Bakyyme 10° Topp. B Teuerne 6090 MHUH MOXKHO YIIPaBIIEMO
OpUIATh IEKTPOPU3NUECKUE CBOMCTBA, MPUEMIIEMbIE Il U3TOTOBJIEHUS HAa HUX
COJIHEYHBIX AJIEMEHTOB, & UMEHHO, MPOBOAUMOCTh p-Tuma, p~1 OM-cM U Bpems
JKU3HH HOCHTENeH 3apsna 7~10" ¢. DTO TEXHONOrHs [O3BOJSCT MONy4aTh HOMu-Si
TUTACTHHBI JTF0001 Popmbl, TommuHou 250+400 MxM 1 pazmepom >150 mwm.

[IpencraBieHHbIE B TJIaBe TEOPETHUYECKHE U SKCIIEPUMEHTAIBLHBIE METOJIbI
UCCJIEIOBAHMUSI W WX HOBBIE MOJM(HUKAIMHU CO3/1ajJd BO3MOKHOCTH YCIELIHOTO
pEIIeHNs TOCTABIEHHBIX B IUCCEPTALMY HAYUHBIX 3a/a4.

B Ttperbent 1iaBe «MHMKpPOCTPYKTYpa U MOPQOJIOrHsl MeK3epEeHHBbIX
TPaHUIl B TMOJU-Si MOJy4YeHHbIe PA3HBIMH CIOCOOAMH» TIPE/ICTABIICHBI
pe3yNbTaThl HUCCIENOBAHUN MHKPOCTPYKTYPbl M MOP(QOJOTUU MEXK3EPEHHBIX
IpaHull, a TakXe BIMAHHE ATOMOB JIETUPOBAHHBIX MpHUMeced Ha HUXHU JaHbl
MEXaHU3Mbl UX O0O0bsicHeHUs. [lomydyeHHble pe3yJabTaThl MOKAa3bIBAIOT, YTO
MOBEPXHOCTh 3€peH, Hampumep, pasmepoMm ~100+300 MKkM BO Bcex ciyyasx
M300MIIyeT pa3HOOOpa3HbIMU CIIOKHBIMH CTPYKTYpaMu U penbedoM, TO €cCTb,
[IEPOXOBATON MOBEPXHOCTHIO C pa3MepaMHu BBICTYIIOB M MHUKPOITYCTOT <10 MKM.
AHanu3  XMMHYECKOTO COCTaBa IOBEPXHOCTHM  3€peH, T.€.  BEIEeCTBa,
HEMOCPEACTBEHHO HAaXOMALIErocss B 00JacTH MEX3EPEHHBIX T'paHMIl IOKa3al
HaJIMYMUe KHUCIOPOAOCOAEPKAIUX KOMIUIEKCOB. BBISCHEHO, YTO KOHIIEHTpPALMS
npUMecell YBEeJIMYMBAETCS OT SApa 3epHA K Kparo ero moBepxHoctu. B tabmnuie 1
NPECTABIICHBI PE3YJIbTAThl OIICHKH COACPIKaHUS MIPUMECEH B TOJIK-Si pa3IudaHOrO
TE€XHOJIOTUYECKOTO MPOUCXOXKICHHUS.
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[TomyyeHo BbIpaX€HME Uil ONPEAECIEHUS pa3Mepa MHUKPOMYCTOT,
o0pa3yroluxcsi B 0071aCTH MEK3EPEHHBIX T'PaHUI] U CBSI3aHHBIX C KOHLIEHTpaIuen
PUMECHBIX aTOMOB B 3TOH 00JIaCTH:

100 — y = x (1)

31ech, X — MUKpPOITYCTOTa, Y — KOJMYECTBO MPUMECEH, KOTOPbIEC ONPEIETICHBI
AKCTIEpUMEHTANBHO (%0).

tabnuma 1
XuMUYeCKuil cocTaB 00pas3IoB

OOpa3Iibl YCIIOBHO Tun u coxepkanue npuMecei u TomnmuHa

0003HaYCHBI MaKpoJIe(PeKThI obOpasia
Si, S, Cl, Ca, Fe ~ 76,39 %

«Wacker» [TycroTsr 2361 % 300 MKM

LTO Si,S,Cl,Ca, Fe,Co, Ta | ~72,58% 250 K
[TycToThI ~27,42 %

«IIOPOIIKOBBIH S, S, Cl. Ca, Fe, Co, Ta | ~68,25% 100 MM
P ITyctoThl ~31,75 %

W3 Tabmuibl BHIHO, YTO Y BCEX HCCIEAOBAHHBIX 00pas3ioB «x=0», d9TO
00BsICHSETCS1 00Pa30BaHUAMHU MHUKPOITYCTOT B MPOIECCE KPUCTALIM3AIMH TTOJTH-SI
HE3aBHCHMO OT IIPHUMCHEHHOIl TeXHOIOrHH. W3BecTHO™, 4ro B mpormecce
KpUCTAUIU3AllMd B pe3yJibTaTe B3aUMOJCHUCTBHUSL DJIEMEHTapHBIX BEIIECTB,
HaxXOJSIIMXCS B paciuiaBe, OOpa3ylTCid XUMHUYECKHUE COCIUHEHUS, HalpuMmep,
SiOwm SiCI(OH). Onu Moryt 00pa3oBbIBaTh XUMHYECKHE COCAMHCHHS, KaK CO
CIICMAIBHO BBEJCHHBIMU B paciUlaB JICTHUPYIOIMIMMHU, Tak U C (POHOBBIMHU
MPUMECSIMU B TIPOIIECCE UX CETPEralioOHHOIO BBHITECHEHHUS Ha TOBEPXHOCTh W3
LEHTPOB Kpuctaum3anuu. CreayeT OTMETUTh, YTO HEKOTOpPhIE XHUMHUYECKHE
coenunenus, Hanpumep, Si0, u SiCI(OH) He nobuparoTcst 10 TOBEPXHOCTH 3€pHA.
To ecth, mpu (HopMUPOBaHUM TMMOBEPXHOCTU 3€pPEH, B OOJACTH MEXK3EPEHHBIX
rpanuil  o0Opa3yloTcs METaUIMYECKHe WM METaUI-OKCHUJIHBIE IUJICHKH U3
XUMUYECKUX DJIEMEHTOB, MPUCYTCTBYIOIIUX B pAaCIUIaBE€ M BBITECHAEMBIX MpHU
KPUCTAJUIU3AIMU 32 CYET MPOIECCOB Cerperanuu u3 o0beMa Ha TMOBEPXHOCTh
3epeH. [lonyyeHHble TaHHbIE KOPPEIUPYIOT C COBPEMEHHBIMU MTPEACTABICHUSIMU O
KOH(UTYypallul W CTPYKType 3€peH U MEX3EepeHHbIX TIpanuil. Pa3pabortana
CTPYKTypa MOJEIb JIBYX KOHTAKTUPYIOIIUX 3€PEH, Pa3ICICHHBIX MEX3EPEHHBIX
IpaHUI] HAa OCHOBE TIOJYUYEHHBIX PE3yJbTaTOB, MOXHO MPOUJUTIOCTPUPOBATH
CXEMOMH, IPEACTABICHHON Ha PUC.2.

3nec, 1 — saapo 3epHa, TpeACTaBiIseT COOOM  MOHOKPHCTAII,
OpPUCHTUPOBAHHBI OTHOCHUTEJIBHO KOHKPETHOTo (PpoHTAa KpUCTALIM3AIUU.
O6nacte 1 mpakTHYECKH OJHOPOIHO JieTHpoBaHa MelkuMu goHopamu (P, As, Sb)
nn aknentopamu (B, Al), cenuansHO BBOAUMBIMU B PacIUiaB MPH MOTYYCHUH
oJiK-Si B KaY4eCTBE JIMTaTyPBhI.

13KpI/ICTaJ'IJ'II/I3aIII/I$I TOHKHX IIeHOK // AH PY3 UD, uzn. «®AH» PY3, Tamkent, 1970.
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OO6nacth 2 3epHa monu-Si ABISETCS MOTPAHUYIHOM

30HOM MOHOKpHUCTAJUIAa M, B OTJIMYUE OT €ro sjapa, 54
M300MIIyeT POCTOBBIMU JeheKTaMu, TUCIOKALUSAMU U 7 )2 of 7
JIPYTUMU CTPYKTYpPHBIMH HapyuieHusmMu. KoHuentpanus
npuMeceil B TMOrPaHUYHOM 00JacTH 2 3HAYUTEIBHO 5
BBIIIIE, YeM B siipe 1 3epHa.

Ob6unactu 3 u 4 npeacTaBiIsAloT co00 MOBEPXHOC- Puc.2. Moaesb aByX

THBICIUICHKHA M3 OKHCJIOB CaMOI'0 KpEMHHUsS, OKHCJIOB, KOHTAKTHPYIOIIHX 3€PEH
BBITECHEHHBIX Ha TMOBEPXHOCTh METAIUIMYECKUX TPHUMECEH, a TakKe OCTPOBKHU
METaJUTMYECKHX IJICHOK, 00pa30BaBIINECS U3 CKOTUICHUIA MMPUMECel METaJlIoB.

OOmact 5, KOTOpbIE MOKHO OXapaKTepU30BaThb KaK MHUKPOIYCTOTHI,
pacrmpenenieHbl MPUMEPHO PAaBHOMEPHO Ha MOBEPXHOCTH 3€PEH, 332 UCKIIOUCHUEM,
MECT HaxOXKIEHUS TaK Ha3bIBAEMBIX, IMPOBOJSANINX MOCTHUKOB, OOpa30BaHHBIX,
OYEBHUIHO, B TOUYKAX MPSAMBIX KOHTAKTOB METAJUTMYCCKUX UJIM MOTYyMETAUNIMUYECKUX
MOBEPXHOCTHBIX CJI0EB 4, MPUHAJICKAIIUX OTACIbHBIM, KOHTAKTUPYIOIIUM JPYT C
JPYTOM 3€pHAM.

[IpuBeneHsl pe3ybTaThl BIEPBbIE UCCIEIOBAHHBIX MPOIIECCOB aJCOPOIUU U
JIecOpOIMU aTOMOB IIEJIOYHBIX METAJUIOB, U WX BIUSHUA HAa MHUKPOCTPYKTYPY
obOnacTu Mex3epeHHbIX rpanuil. Ha puc. 3 mpencraBieHa ympoleHHas cxema
4acTu 00pasIloB.

3. 6, lB B lB p-n - CHpYKmypa
oo LA, AR n
) B Hi——10— 34 p (o
} / i \ A% 503 ;L P ‘;j
5 AR £ : £ 2
'1a 1 8 1A 2 1 8 fa 2

1 — 3epHa p-tuma; 2 — 00JaCTH MEXK3EPEHHBIX I'PAaHUIl; 3 — MOHHO-MUMIUIAHTUPOBAHHBINA CIIOH
aTOMOB IIEJIOYHBIX MeTaoB; 4 U 5 — MU QPy3nOHHBIN CI0H aTOMOB LIEIOYHBIX METAIJIOB 110
3€pHOM U IO MEX3EPEHHBIX TpaHMIl; 6 — 1eCOpOIMOHHBIN cIoif; 7, 8 — ancopOIMOHHBIN ci1oit; 9
— n auddysuonnslii cnoit (pochop); 10 — muddysus dochopa no Mex3epeHHbIX IpaHull; A —
ThUIbHAs CTOpPOHA (MOJI0XkKa) 00pa3uoB; B — nuueBas cropona obpasua. ToHKMMH cTpenkamu
MO0Ka3aHO HaIlpaBJIeHHE JBM)KEHUS aTOMOB ILEIOYHBIX METAIOB B 00beMe o0pasia.

Puc. 3. Ynpouennasi cxema 4actu o6pa3inoB noyu-Si

B mpouecce TepmMooOpaboTku npumech nuPhyHAUPYET U MO 3€pHAM U T10
MEX3EPEHHBIX TPaHUll, YTO WLITIOCTpUpyeTcs: puc. 3a (obxactu 4 u 5). Brepsoie
O0OHapy>KEHO MHTEPECHOE SIBIICHHE, 3aKJIIOYAIOIIeecss B TOM, YTO MPUMECh MPH
HarpeBe oOpasma noau-Si  AupPyHAMpPYeT HE TONBKO IO 3€pHaM M IO
MEK3EpEHHBIX TPaHUIl, HO OJIHOBPEMEHHO, MPH TOCTUKEHUH TemnepaTypbl ~800 K
MIPOUCXOANT JeCOPOIMS aTOMOB INEJIOYHBIX METANIOB M3 MEXK3EPEHHBIX TPAHUIL,
KaK dTO TMoka3aHo Ha puc. 3a (obOnacte 6). DTOT mpolecc MNPUBOAUT K
00pa3oBaHMIO CBOEOOpPA3HOW p-N — CTPYKTYphl B MPHUIIOBEPXHOCTHOM 00JacTH
nonu-Si. Tlpu jmanbHeiIIeM yBEIMYCHHHM TEMIIEPATypbl aTOMBI  IICIIOYHBIX
METaJUIOB B OCHOBHOM JUG(YHIUPYIOT BAOIb MEXK3EPEHHBIX TPAHUI], WU 3TO
MPUBOJINT K UX CErperaruu B MPUMIOBEPXHOCTHYIO 00JIaCTh MEK3EPEHHBIX TPAHHUII,
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BIUIOTh J0 OOpa30BaHUS METAUIM3UPOBAHHBIX TPOCIOCK, M OJHOBPEMEHHO K
a7IcopOLIMK Ha TOBEPXHOCTH 3epeH (cM. puc. 3b u 3¢ obnacts §).

Ta0muma 2
PacnipeneneHrie aToMOB IICIIOYHBIX METAJIOB
OO0pas31ibl Li, % Na, % K, % Cs, %
[Tognoxka p — Tun He ompep 2,82 1,77 1,45
IToxnoxka n'-p cTpykTypsl | He ompen 1,94 1,02 1,05

AHanM3 XMMUYECKOTO COCTaBa MOBEPXHOCTU 3€pEH, T.€. HEMOCPEACTBEHHO
00JTaCTH MEX3EpPEHHBIX TpaHMI], T[OKa3ajdl HaJIMYUe KHUCIOPOI0COAEPKAIIUX
KOMIUIEKCOB, O0Opa30BaHHBIX AaTOMaMH MIEJIOYHBIX MeETaIoB (Tabmuma 2).
BBIICHEHO, YTO KOHIIEHTPALMs IIEJOYHBIX METAUIOB YBEIMYMBAETCS OT SApa
3€pHa K Kparo €ro NOBEPXHOCTH.

Jlnst uccnenoBaHus BIMSHUS aTOMOB LIEJIOYHBIX METAUIOB HA MHUKPOCTPYK-
Typy moJiu-Si BriepBhIe ObliIa UCIIOIb30BaHa TIOPOIIKOBAs TEXHOJIOTHs. B kauecTBe
HCXOJIHOTO CHIPbS BHIOPAHBI MOJIU- U MOHO-SI, JIETUPOBaHHBIE OBICTPO MU GYHTHU-
PYIOIIMMH aTOMaMH LIEJIOYHBIX METalIoB. AHaIM3 XHMHYECKOTO COCTaBa
NOBEPXHOCTH 3€pPEH NOKAa3aJl, YTO NPU KPUCTAJUIM3ALUN UMEET MECTO Cerperanu-
OHHOE BBITECHEHHUE NMPUMECH K TpaHullaM 3epeH, Hanpumep, Na~1,08%, a K~0,08
%. [IpucyTcTBUE HIENTOYHBIX METAIIOB, HA MEX3EPEHHBIX TPAHUI] BEJET K MOSBIIEC-
HUIO Pa3JINYHBIX KOMIUJIEKCOB THIIA BAKAHCUN M KUCIOPOJOCOACPKAIIMX LEHTPOB
C y4aCTHEM JIaHHOTO IIEJOYHBIX METAIIOB. DTU KOMIUIEKCHI IPUBOJAT K yBEJIHYE-
HUIO IUPUHBI O0CTHEHHOW 00J1acTH BOJIM3U MEX3EPEHHBIX TPAaHUIl U K 00pa3oBa-
HUIO TOHKHX METaJUI-OKCHJIHBIX WJIM METAJUNIMYECKHUX IJIEHOK HEMOCPEICTBEHHO B
00JacTu MEX3epeHHBIX TpaHull. ECTeCTBEHHO, YTO 3TOT MPOLIECC COMPOBOXKIACTCS
KapAUHAIbHBIM H3MEHEHUEM MUKPOCTPYKTYPBI MEK3EPEHHBIX IPAHMII.

[TosyueHHbIE PE3YJIBTATHI MO3BOJIMIM BIEPBBIE IMPEACTABUTH JETAIBHYIO
KapTHHY MHUKPOCTPYKTYPbl OOJIACTH MEXK3EPEHHBIX T'paHUL, KaK B HCXOJHBIX
M30THUITHBIX MOJIU-SI MOJUIOKKAX, TAK U B MOJIU-SI p-N—CTPYKTYpax Ha UX OCHOBE.

B uerBépToii rnaBe «IIpouecc apeiid 3apsina B 00J1aCTH MeK3epEeHHBIX
TPAHML TIPUBEJEHBI PE3YJbTAaThl HKCIEPUMEHTAIBHOTO W3YYEHUS BIIMSHUSA
U3MEHEHHS TeMIIEpaTypbl Ha MEPEHOC 3apsia B 00beMe MOJU-Si, 3JIEKTPOHHBIC
CBOMCTBa MEX3E€PEHHBIX I'PaHUIL], BIMSIHUE aTOMOB IIEJIOYHBIX METAJUIOB HA HUX U
JaHo UX oOcyxaeHune. BHauane ObLM UCCIeI0BaHbI 3JIEKTPO(U3NIECKUE CBOMCTBA
noJM-Si TIOJYYEHHOTO pPa3HBIMH CIIOCOOaMH, NMPH W3MEHEHHU TEMIEpaTyphl B
nntepBasie ~300+800 K. Pe3ynbTarhl WCCIEIOBAHUMN, MOKA3ajld, YTO TEMIIEpA-
TYpHBIE 3aBUCUMOCTH MMEIOT yYacTKH, KaK poCTa, Tak U crnaja p odpasuoB (puc.
4a). Hampumep, pocT o C pOCTOM TemIepaTypbl HaOJomaeTcss Ha oOpasiax
«Wacker» no temneparypel 525 K, y ob6pasnoB «aurtoro» — go 600 K, a y
«mopowkoBoro» — 10 625 K. Tak kak p B MOJIMKPUCTALINYECKUX MTOTYITPOBOIHU-
Kax OINpeeNsieTcsl YIAeIbHbIM CONPOTUBIEHUEM (1) 3€peH U () MEK3EPEHHBIX
IpaHUL. YBEJINYEHUE 3aXBAYEHHOT03aps1/1a Ha JOKAIM30BaHHBIX JOBYIIKAX MEXK3e-
PEHHBIX T'PaHHULl, TPOUCXOMAIIEE C POCTOM TEMIIEPATypbl, IPUBOIUT K yBEJIHYE-
Huto @ ot 0,3 3B 10 0,9 3B, u ipu 5TOM yBeNMUUBAETCS O, U 3TO, B KOHEYHOM
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CYETE MPUBOAMT K poCTy p. JlanpHenmee

YBEJIIMUEHUE TEMIEPATyphbl COMPOBOXKIA- = A/“f

€TCS YMEHBIICHUEM IIJIOTHOCTH COCTOSI- 204 AAZ A3

HUW, 4YTO IPUBOAUT K YMEHBUIICHUIO O e °°°
HAGMIONAIONIEroCs TpH  TeMIeparype | yoR A )
~703 K y Bcex BHIOB 00pasIloB Xapak- ] A,,fb 0‘5\ ° MAA d
TepHOro MuHUMyMma. TakuM o00pa3om, re “oo c
obiacTb majneHus o HaOmomaeTca il 57 A: "4 b ..‘h;:\b‘co/g_s ‘
«Wacker» B 1uamazoHe TemIepaTyp ) a__‘%‘g;‘ii?f:ﬁ:i‘i;ﬁi:x*‘.;,iix%ffé ..... 5

525+703 K, y «mroro» ~600+-703 K, a 'y 200 300 400 500 600 760’1“, x 300
«mmopomkoBoro» ~625+703 K.

[Ipennoxena HKBUBAJICHTHAs
cXeMa U TIOJy4€HO BBIpAKEHUE MJIA
OmpeneneHuss Lo Uil Kaxaod — u3
COCTaBJIIONIMX 00JIaCTe MEK3epPEHHBIX Puc.4. 3apucumocTu ynesnnoro )
i, i ocome Crpyrypioi oz AR PP
JIBYX KOHTAKTUPYIOIIUX 3epeH (puc.2.):

p=(A/T)-exp(B-C-[T*]*/T) (@)

3mech, A, B u C nocrosunsie, T — Temmeparypa, I — KOHIEHTpALMs
MOHU30BAaHHBIX JIOBYIIEK B MEX3E€PEHHBIX I'PaHULL.

[Tony4yeHHbIe pe3ynbTaThl MMOKA3aJId, YTO YBEJIIMYEHUE SHEPIUU MOHH30BaH-
HBIX JIOBYIIIEK WJIM BaKAHCHUI NPUBOIUT K POCTY (@ Uy, T.€. IIPU 3TOM YBEINUUBA-
ercsl Yg. Ilokazano, 4To B 3TOM citydae, MIIOTHOCTh COCTOSTHUM YBEIUYMBAJIACh J10
~1,6-10" cM?/5B. Xox TemrepaTypHOil 3aBHCHMOCTH () CBSI3aH, OYCBHIHO, C
XUMUYECKUMH IPOLECCAMH, IPOUCXOIAIIMMHU C YYaCTHEM MIPUMeECcEl HaXOAIINX -
csi B 00J1aCTH MEK3epeHHBIX TpaHull. OUeBUIHO, YTO TaKKUE MPOLECCHI MPOSBIISIOT-
Csl CUJIbHEE IIPU MEHBIIMX pa3Mepax 3€peH, YeM Ul CIy4aeB KPYITHO3EPHUCTOrO
noiau-Si. OOHapyxeHHOe Ha MOJHU-SI U MPHUBEICHHOE Ha pHC. 4. HEMOHOTOHHOE
TEMIEPAaTypHOE U3MEHEHHE O HAOJII0IaeTCsl TAKXKE U Y 4 U N HOCUTENEH 3apsija.

Ha puc. 5 mpuBeneHsl TeMIiepaTypHblE€ 3aBUCHUMOCTH U4 W N HOCUTEIEH
3apsana. BusnHo, 4To X0 3aBUCUMOCTH LHOCHUTENIEH 3apsa OT TEMIIEpaTyphl y BCeX
UCCIIeIyEMbIX 00pa3IloB MpU M3MEHEHUHU TocienHer B nuamazone ot 300 K mo
~350 K mpumepHO coBmagaer ¢ aaHHeiME (5-7) mis MoHO-Si', T.e. (MOHOTOHHO
MajgaeT ¢ pocToM Temmeparypsl. JlanbHeliee TeMIepaTrypHOe U3MEHEHHE i U N
HOCUTENEeH 3apsja, MMEeT HETPUBUAJIBHBIA XapakTep, HAOMI0MAIOTCAd TUKU U
npoBainsl B auamna3zone 400+700 K. IIpu ~703 K ormeuaercst pe3koe U3MEHEHUE
mupuHor ~25 K y Bcex oOpasuoB, B mpenaeisax KOTOPOro BeJMYMHA N U U
U3MEHATCS B JECATKA U COTHU pa3. Takon HETPUBHUAIBHBINA XapaKTep MOBEICHUSA
NX 4 3aBUCUT OT TPHUPOABI KAKIOM €3 COCTABISIIONIUX MHKpOOOIacTen
Mex3epeHHbIX rpanul] (puc. 2). [Ipu yBenuueHuu TemrepaTypbl OJHOBPEMEHHO

1 — «Wacker»; 2 — «JIutoiiy;
3 — «[TopoikoBsIity; 4 — MOHO-SI;
5 — «ITopomxkoBsrit-11IM»

YOttaviani G.1., 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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UIyT TIPOIecChl 00pa30BaHMs CKOIUICHUHW JIOBYIIEK HAa MEX3EPEHHBIX TPAaHWUII, U
pPEeKOMOMHAIIMM W DMHCCUM HOCUTENCH 3apsiia, MPUBOAAIIUX — K H3MEHEHHUIO
HHEPreTHUECKOrO CIEKTpa YpoBHEH soBymiek. HaOmromaemble TemrmepaTypHBIC
U3MEHEHUST N H 4 COOTBETCTBYIOT TMpOIECCaM TPOSIBICHHUS JIOBYIIEK C
yCpeIHEHHBIMH ypoBHsiMH > ¢ E~0,15 5B u E~0,17 5B mpu 300+350 K, mpu
383+400 K nposisrorcs £~0,36 5B8; a B amama3one temmeparyp ~400+680 K
OTMEUaeTCsl TPOsBICHUE JIOBYIIEK ¢ ypoBHeM FE~0,3 5B, 4To BO BCeX CiIydasx
COTIPOBOXAAETCA CKAaYKOOOpa3HBIMH M3MEHEHUSMHU N M 4 HOCHUTENEH 3apsaa mpu
ITHX TEMIIepaTypax.

i (esBeer) 10
16000 16 e 5 ﬂ) 1
1
1000
0 §
100 1 1
on |
10 1 3
1 T.K
. v v v v . v \ 0 - . - v r \
O 100 200 300 400 &0 &9 M0 $00 200 2300 400 “0 7> 700 e

1 — «Wacker»;2 — «Jlutoiin; 3 — «IloporikoBslIii»; 4 — MOHO-SI

Puc. 5. 3aBucuMocTH NOABMKHOCTH M KOHIIEHTPAIlUM HOCHTEJIeH 3apsia oT TeMIepaTyphbl,
N0JIM-Si MOJIy4eHHOT0 PAa3HBIMU CIIOCO0AMHU

[Ipu pa3zpaboTke pe3yJabTaTOB U MHUKPOCTPYKTYPHI MEK3EPEHHBIX TPAHMUII
MOJYYCHO BBIPAKCHHUE IS ONpeCNCHHs NHOCUTENeH 3apsaa B MOJH-SI.
CymMapHasl KOHIIGHTpAIlMsi HOCHTENeW 3apsga B oObeme monu-Si ()
OTIpeNeNsIeTCsl CYMMOW KOHIIEHTpaIui (Ng) HOCUTENEH 3apsaa B caMuX 3epHax, u
KOHLEHTpauuen (Nygp) HOCUTENEH 3apsiia Ha MEXK3EPEHHBIX IpaHull. Tak Kak Npgp
MPECTaBIACT COOOM CYMEpPIO3UIMIO JIBYX COCTABJISIONIMX; N; — KOHIIEHTpAIUs
HOCHTENIEH 3apsija, KOTOPbIE MPUOOPENTH JOCTATOYHO OOJIBIIYI0 KUHETHYECKYIO
SHEPrui0, YYaCTBYIOT B DJEKTPONPOBOIHOCTH, T.€. AAIOT JOMOJHUTEIBHBIN BKIIA]
B OOIIyI0 AJIEKTPONPOBOAHOCTh, N, — KOHIICHTpAIUsi HOCHUTENEeH 3apsna,
3aXBaYEHHBIX MOHU30BAHHBIMU COCTOSIHUSIMU B 00JIaCTH MEXK3EPEHHBIX TPaHMUIL. N,
cBsi3aHa ¢ kKoHIeHTpanuer (N,) HOHM30BaHHBIX JIOBYIIEK, C SHEPTUEH MOHU3AIUU
(E), @ u ¢ xonnentparueit (Ny;) MIOTHOCTH cocTosiHHS. Tak Kak TEMIEPaTypHOES
HU3MEHEHHE N¢, MBI IPUHSIIA aHAJOTMYHO TAKOBOMY B MOHO-SI, MOYKHO OIHCaTh Ny
CIEAYIOIIUM BBIPAXKEHUEM:

. Ny exp(—qEq /KT)-(N,, — N, exp(—qE/KT))exp(—q¢/KT)
v Ny exp(—qEq /kT)+ (N, — N, exp(—qE/KT))exp(-qe/KT)

(3)

*3acraBuoit A.B., Kopons B.M. B3aumozelicTBue auTHs ¢ paguanoHHbIM Jedekramu B kpemuun // OTII, T. 23,
B. 2, c. 369-372, (1989).
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N3 (3) BUAHO, YTO HM3MEHEHUS MOHU30BAaHHBIX JIOBYIIEK B 00JIACTH
MEX3EPEHHBIX TPaHMIl IPU BO3ACHCTBHE TEMIIEPaTyphl, MPUBOIUT K M3MEHEHUIO
n,. Tak B guamazone temmeparyp 500+700 K 3aBucumoctu n=f(7) y oOpasuos
1oJIM-Si, TOJYYEHHBIX TI0 PA3IMYHBIM TEXHOJIOTHSM, CHIIbHO OTJIMYAIOTCS JIPYT OT
Apyra, a UMeHHO, HalmroAaeTca pocT N y obpasuoB «Wacker», y «autoit» n He
U3MEHACTCS, a4 y «IOPOIIKOBOrO» HabmiogaeTcst yMeHblneHue N. Tak Kak Bce
YIIOMSTHYTBIC BUABI MOMH-SI OTIMYAIOTCS pa3MepaMu 3€PeH, MOXHO 3aKJIIOYUTH,
YTO MPU MEHBIINX pa3Mepax 3epeH N, yBeInuuBaeTcs mpu pocTe TeMIepaTyphl, U
ATO MPUBOJAUT K YBEIMUEHUIO N, U K YMEHbIIeHUo Ny,. Ha koHer, ckaukooOpa3Hoe
U3MeHeHue o, Nu u BOMM3M Temmeparypel 7~703 K cBs3aHO mposiBIeHUEM
TEPMOJIOHOPOB B 3€pHaX U B 00J1aCTU MEK3EPEHHBIX IPaHUII.

BrniepBbie riccnenoBaHo BAMSHHE aTOMOB IIETOYHBIX METAJIOB, BBOJUMBIX B
noiu-Si  pa3HOro THUMA WOHHOM WMIUIAHTAIlMKM, Ha JJCKTPOHHBIC CBOWCTBA
MEX3EpPEHHBIX TPAaHUL. YBEIMYCHHE KOHIICHTPAIMH IIEJIOYHBIX METaIOB
npuBOIUT K pocty ¢, oT 0,3 3B mo 0,45 5B. Iloka3zaHo, 4TO ATOT POCT BBI3BaH
MPOSIBIICHUEM HEYIOPSJOYCHHBIX CTPYKTYP Ha TOBEPXHOCTH IMOJHU-Si, KOTOPHIC
HOSIBJIAIOTCSI HETTOCPEACTBEHHO B IIpOLIeCCe HOHHOW uMIutanTanuu. [lpu 3anomne-

HUU JIOBYIIEK WM WX [acCUBAIlMU B

@ (e PRRpTp  S— pe3yabTare TEPMHUUYECKOTO BO3ICUCTBUS
0.8 cwolt IIMPUHA, TaK HAa3bIBAEMOIO JBOMHOIO
0 ’o: o 16
Sl * CJI0sI, M (» HAYMHAIOT YObIBaTh . B Haiem
ol S
0 Li,Na, K, Cs ciyyaec u3MmeHenuss ¢ (I oGmacte mpu
.P
0,4 T<600K, puc.6) coBmajgaroT € HSTUMHU
08 * MHeHUsIMU. OfHAKO C  yBEJIUYEHUEM
2 g temnepatypbl (I u II oOnactu npu
’ 1l >
» Iofmacrs | ofmers |Motmaces 12000 K) B ommmume or I obnactu
' 1K HaOmrofaeTcss M3MeHeHue 3Haka ./l
B —— - —

onleHKM (akta oOpazoBaHus p-N —
CTPYKTYp B  pe3yjbTaT€  HOHHOMU
Puc. 6. 3aBHcHMOCTL BBICOTHI MNOTEeHUHU- UJMIUIAHTAIIUU IICJIOYHBIX MCTAJIJIOB MBI
aJIbHOTO 0apbepa B 00J1acTH MER3IEPEHHBIX  cO10CTABIISUTH BAX HCCIIeTyeMbIX
rpaHMIl HA NOBEPXHOCTH MOJH-SI OT 06pa3uo13 0 ¥ TocTe HMMIUIAHTAINH, a
TEMICPATYPEI TEPMOOOpABOTIM, ACrHpo- TaK)Ke TOoclie Kaxaoh TepMooOpabOTKH
BAaHHbBIMH aTOMaMH HICJIOYHBIX METAJLJIOB ?

npoBoumoit ¢ marom 25K. [lonydyeHHbIe
pe3yNbTaThl MOKA3aJIH, YTO KAYECTBO JIEKTPOHHO-JIBIPOYHBIX MEPEXOAOB 3aBUCHUT
OT TeMIeparypbl TepMooOpaboTKU. TepmMooOpabOoTKa BBI3BIBAET 3aMETHOE
YJIYUIIEHHE BBIIPSIMIISIFOLIIMX CBOMCTB p-N — IMepexoja, ecim e€ Temueparypa He
npesbimaer <700+800 K. OmHako ¢ AaJbHEWIIMM YBEIMYEHHEM TEMIIEPATypPbl
JMOJIHBIE XapaKTEPUCTUKH yXyaatoTca. MpicuuTaem, 4To u3MeHenue ¢ npu =600
K(II u III o6macTb)oOBsICHICTCS MECOPOIUEH IETOYHBIX METAJUIOB M3 O0JIACTH
MEK3CPEHHBIX TPAaHUI] Ha MOBEPXHOCTh MOJIU-SI U BOSHUKHOBCHHEM, BCJICJICTBHE
UX IOHOPHOM MpPUPOJIbI, p-N—CTPYKTYP, T.€. KBMEHEHHUE ( CBSI3aHO C 00Opa30BaHUEM

200 400 o0 800 1000

Tonkue momukpucrammueckne u amopdusie mwiéHkH: Pusnka u npumenenus. Ilep. C amrn //Ilox pen.
JI.Ka3smepcku. M.: Mup, 1983 u ap. HCTOYHUKOB.
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n* obmactu (kak MoKa3aHO Ha pHC. 3a, obmacTb 6).B mporecce nanpHeimeit
TEpMOOOPaOOTKH YBETUYMBACTCS KOHIIEHTPAIMs aTOMOB IIETOYHBIX METAJUIOB B
MEX3EPEHHBIX TPaHUI] W MPOUCXOIUT METALTU3alUs JAeCOPOUPOBAHHBIX CIIOEB,
TIPU 3TOM @ HE YMEHBIIAETCs, a HA00OPOT YBEIMYUBAETCS B TOH ke N' 00NACTH.
JIJst O1leHKH M3MEHEHUS @ TP JAbHEHUIIIEM yBEIIMUYECHUN TeMIIepaTyphl (001acTh
[I1)6puTa Ucoap30BaHa HOBAsI «MOAU(HUKAIII) METOIa JIETUPOBAHHMSI, U3MEPCHHSI
HPOBOJIMIIA CO CTOPOHBI MOIOKKH (cM. puc. 3b u 3¢, A — moaIokKa 00pasIoB).

Ha puc. 7 nporsuirocTpupoBaHbl 200 400 600 800 1000
U3MCHCHHUS ¢ JIBYX THUIIOB oOpasmoB 0433 ' : ' 0,43
npu pa3IuYHbBIX Temreparypax 043 1 = [ 042
TepMooOpaboTkn. BugHO, dYTO C 0425 - 0,41
YBEJIMYECHHEM TeMIEepaTypbl HaOM0na- 0,42 - 0,4
€TCsl pOCT (@ y 00pa3loB, KaKk p-THUIIA, 0,415 - 0,39
TaKk W 00pasloB, MPEICTABISAIONIMX 0,41 - "} 038
co0oi p-n CTpyKTYypy. PocT @ 00BsAC- 0,405 - - 0,37
HSETCA  TPOSIBJICHHUEM  aicopOluu o4 - L 0,36
IIEJOYHBIX METAJIOB B 00JACTH 395 - [ 0,35
MEXK3EPEHHBIX TPaHull (CM. puc. 3b u 39 034

3¢, obnacts 8). B npouecce nupdysun 200 400 600 800 1000
TIPOUCXOAUT MCTaM3ae  ancop On- Puc. 7. 3aBUCHMOCTEL BBICOTBI MMOTEHITHAJIb-
POBAHHBIX CJIOCB BAOJIbL MEKICPCHHBIX  horg Gaphepa B 061acTH Mek3epeHHBIX
IpaHul, KOHIICHTpanusa ATOMOB  rpaHuIl HA NMOBEPXHOCTH MOMJIOKKH MOJIH-
IICJIOYHBIX METAJUIOB OYEHb CHJIBHO Si 0T TeMmepaTypbl TepMoOOpPadoTKH,
yBeJII/IqI/IBaeTCﬂ, KakK IIOKa3aHoO B JCTrHPOBaAaHHBIMMU aToMaMHu IICJIOYHBIX
Tabnue 2, ¥ 5T0 IPUBOJUT K pocTy ¢. METALI0B
Hab6nrogaembie pa3nuyust XoJia KpUBBIX pocTa ¢ JUTsl pa3HbIX BUIAOB 00pa3IioB (puc.
7a u 76). B npouecce auddy3un LIENOYHBIX METAIIOB JOKHBI IPOMTH B N
obnactb p-n—cTpykTyp. HOo B 3TOi 00JacTH YMCIO NTPUMECHBIX COCTOSTHUM
HaMHOTO BBIIIE, W3-3a HAJIW4Msl B HeH paHee BBeneHHoro ¢ocdopa (cMm. puc. 3¢
o6nacts 10). TTostomy a1 1 Py3HOHHOTO TIPOXOKAEHHS N* 00NACTH IETOYHBIX
METa/NIOB TPeOyeTCs JOMOTHUTEIbHOE BpeMs, HHEprus Wi Oojee BBICOKAs
temriepatypa. Crabunuzamnusi ¢ NpU JajdbHEHIIEM TMOBBIIICHUH TeMIEpaTyphl
TEPMOOOPAOOTKH MOXKET OBITh CBSI3aHa C PABHOBECHBIMHU pacHpeeieHUsIMU
MIPUMECH Ha TIOBEPXHOCTH MEK3EPECHHBIX TPAHUIL.

BriepBrie ncciaen0BaHO BIUSHUC MICIOYHBIX METAIOB HA TIEPEHOC HOCHUTE-
Jiel 3apsaa B 00JIaCTH MEK3EPEHHBIX TPAHUIl P U3MEHEHUH TEMIIEpaTyphl (CM.
puc. 4 «IlopomkoBeiii — I1IM»), mMoJlydeHHOTO MOJK-SI METOZAOM MOPOIITKOBOM
TEXHOJIOTUH. BUAHO, YTO MPHCYTCTBHE aTOMOB IIEIOYHBIX METAIOB B OOBEME
noJu-Si 0 MOHOTOHHO HM3MEHSETCS C POCTOM TemrmepaTrypbl (cMm. puc. 4). 1o
OOBSCHSICTCS TMacCHBAIlUCH PEKOMOWHAIIMOHHBIX IICHTPOB aTOMaMH IIEIOYHBIX
METaIoB. boiee Toro, 1mo HamieMy MHEHHUIO, IICIIOYHBIX METAJIJIOB HACTOJBKO
MOJBW)XHBI, YTO HMX aTOMBl TPH POCTE TEMIIEpaTyphl B paccMaTPHUBAEMOM
TEMITEpaTypHOM JHaNa3oHe MOTYT IEePEXOJIUTh W3 TIIYOMHBI 3€pHa B CTOPOHY
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MEXK3EPEHHBIX T'PAHUI, T.€. JBUTAaThCS K MOBEPXHOCTU 3€PEH, a MPU OCTHIBAHWUHU
oOpasiia IBUraThCsi, HA0OOPOT, OT MEK3EPEHHBIX TPaHUI] BIIIyOb 3€pHa.

B maron rmaBe «BuusiHue ne(peKTOB MM NMPUMECHBIX COCTOSIHUHA B
00J1aCTH MeJK3E€PeHHBbIX TPAaHHUI] HA JJIeKTpopusndeckue U (POTOIICKTPH-
YyecKHe CBOWCTBAa P-N—CTPYKTYpP» TMPHUBEICHBI pPE3yJbTaThl 00pa3oBaHUS
AJIEKTPOHHO-IBIPOYHBIX Tap Ha MPUMECHOE COCTOSTHUU B 00JIACTU MEX3EPEHHBIX
IpaHUll, TEOPETUYECKass MOJICNIb P-N CTPYKTYpP B 0OJACTH MEK3EPEHHBIX TPAHUI] U
MpoLecC IEepeHoca 3apsija Ha HUX, BIUSHUE W3MEHEHHUM TEMIEPaTyphl,
MIPUMECHBIC COCTOSHUS W PEKOMOWHAIIMOHHBIE TIEHTPHI Ha JEKTPOPUZHUCCKUE U
(OTORIEKTPUIECKHE CBOMCTBA P-N CTPYKTYP.

YcraHoBieHbsl 00pa30BaHUs P-N CTPYKTYPbl HENMOCPEICTBEHHO B 00JAaCTH
MeK3epeHHbIX rpanull. Ha puc. 80 mpeacTaBieHa ynpolieHHas cXeMa 4acTH MoJIu-
Si p-n cTpyKTypHl, a Ha pucC. 8a 30HHAS JAWAarpamMma, COOTBETCTBYIOMIAs OOJIACTH
MeX3epeHHbIX Tpanuil. CTpelkamMu T[OKa3aHO JABM)KEHHE 3apsiga B o0beme
obpasua. E,u Ejy B p U n 00IacTAX YpPOBHU SBISIOTCA PEKOMOMHALMOHHBIMU
HEHTpaMH, OOpa3yIoIUMH JOMOJHUTENIbHbIE Oapbepbl HEMOCPEACTBEHHO B
o0nacTu MeX3epeHHbIX Trpanuil. Ha puc. 8a Takxke moka3zaHo pacmpeneiieHue
PEKOMOMHALMOHHBIX LEHTPOB Egp U Eg Haxomsmmuxcs B obiactu p-n mnepexona
no sHeprusaM. Cleayer OTMETUTh CIIEIYIONIYIO, BBISBJICHHYIO HAMH, 3aKOHOMEp-
HOCTB: 3aXBaT U 3MUCCHUS HOCUTEIIEU 3apsla MPOUCXOASAT HE TOJBKO C Y4aCTHUEM
aKUENTOPHBIX M JIOHOPHBLIX YpOBHEW Ejpu Ej,, a MMEET MECTO TaKKe 3aXBaT U
SMHCCHSI HOCUTEIICW 3apsiaa MEKIYy YPOBHSIMH, T.€. IPU POCTE TEMIEPATYpPhI
HaOJI0/IaeTCsl  MOCIEI0BATEIbHOE  TOSIBIICHUE HOBBIX  PEKOMOMHAIIMOHHBIX
LIEHTPOB, COOTBETCTBYIOIIMX OIPEICICHHBIM JSHEPreTUYECKUM ypOoBHAM. [lpu
MEpEX0JIc M3 BAJICHTHOW 30HBI B 30HY MPOBOAUMOCTH HOCHUTEIEH 3apsaa
3aXBaTHIBAIOTCS HA 3TUX MPOMEXKYTOUHBIX PEKOMOMHAIIMOHHBIX IIEHTPaX U TaKuM
o0pa3oM 1O HHM TIOCJIEIOBATEIBHO TEPEIBUTAIOTCS 0 JOCTUKEHUS WMH
SHEPreTUYECKOr0 YPOBHS 30HBI MPOBOJUMOCTU. 3aXBaT M SMUCCHUS HOCUTEIIEH
3apsia NPOMCXOIAIINE MEKIY ypOBHAMU FEjpn Egp, wimm Eimm Eg, npuBomar k
TOSIBIIEHUIO TOKOB, Jss(p) U Jss(n) COOTBETCTBEHHO, B P U N O0JIACTAX U, KaK OBLIO
MOKa3aHO BO BTOPOM riaBe (puc.l), 3T0 COMpOBOXKIAETCS BOSHUKHOBEHHUEM TOKa
Jss. YBenuueHne TeMmmnepaTypsl MOJIH-Si NPUBOIUT K YBEIUYCHUIO TOKOB Jgsp) U
Jss(n)- T10JIHBIN TOK MOKHO IIPEACTaBUTH B BUJIE:

\]=Jpn+\]t0t(pn)+'Jss(pn)+'-]s(n) (4)

U3 (4) BUIHO, YTO TTOJHBINA TOK CKIIAABIBACTCS U3 TOKOB (Jss(on)s Jss(pm Jin(pn))s
CBSI3aHHBIX C TIpoIleCCaMM 3axBaTa W JMHUCCHM HOCHUTENeH 3apsga B
PEKOMOMHALIMOHHBIX LEHTpax. Ecnu 3T TOKM MeHbIIE 4eM J,n, TO HOJIHBIA TOK
onpeznensercs Jyn, a €cau Ha000pOT, TO MOJHBIA TOK ONPENEISAETCs, B OCHOBHOM,
UMH, T.€. TOKAMHU Jsspn), JsemH Jihpn). DTO MOXKET INPHBECTH K IPOSBICHUIO
IPUMECHOTO TETUIOBOIbTandeckoro 3¢ dekta. [Ipu HarpeBe niam OCBEIICHUH TTOJTH -
Si B obmactu p-n mepexona, a Takke Ha E;, u Ej, ypoBHAX oOpa3syrorcs
3IIEKTPOHHO-IBIPOYHBIE Naphl. [Ipu smMuccun 3apsana ¢ ypoBHeM Egy, Haxomsmmxcs
B p 00JacTH, €ClIdi OHM HAIPaBIIIOTCS B CTOPOHY h 00JlacTU, OCBOOOXICHHBIE
ypoBHHU Egyp 3aI10IHSIOTCS 27€KTPOHAMH, BEICBOOOXKIEHHBIMU, B CBOIO OUYEPEIlb, U3
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ypoBHel Ejp, a ypoBHm Ej, 3amonHAroTca HOCHTENEW 3apsnia, BBIXOIAIIUMH H3
BAJICHTHOM 30HbI. AHAJOTMYHBIN IPOIECC NPOUCXOAUT B N 001aCTU P-N CTPYKTYD.
VBenu4eHne TOKOB Jsspn), Jsn)H Jin(pn), TIPUBOJUT K YBEJTMYECHUIO IPIMOIO TOKA p-N
nepexo/ia Co 3HAKOM «IUIIOC» U, HA00OPOT, €CNH, JJIEKTPOHBI HANpPABIAIOTCSA B
00beM p 001acTH, a IBIPKU HANPABIAIOTCA B 00BEM N OOJNACTH, TO TOKH Jgs(pn),
Jsn)# Jin(pn) YBEJTMUHMBAIOTCS CO 3HAKOM «MHHYC», U, COOTBETCTBEHHO, PSAMOM TOK
p-n mepexoja TaKKe YBEIMYMBAETCA CO 3HAKOM «MHHYC». B mepBom ciydae
CYyMMAapHBIH TOK P-N HEpeXofa yBEIMYHMBAECTCS CO 3HAKOM «IUIIOC», 3 BO BTOPOM
Clly4ae CyMMapHbIi TOK p-N IEPEX0/1a U3MEHAETCA CO 3HAKOM «MHHYC.

1 — 3epHa monu-Si; 2 — 00JaCTH MEK3EPEHHBIX
rpanuir; 3 — n qudy3noHHbIH cnoi (dpochop);
4 — nmuddy3us dochopa Mo MeK3EPEHHBIX
TpaHuIl

Puc. 8. 3onnasi xuarpamma p-n cTPYKTYP B 00J1aCTH MeK3ePeHHbIX IPAHHUL H ero
YHPOIIEeHHasl cXeMa

Ha puc. 9a npuBeneHsl TemnepaTypHble 3aBUCUMOCTH TEMHOBOI'O TOKa y
HarpeBaeMbIX U OXJaXIaeMbIX momu-Si N*-p cTpykTyp. BuaHo, uTo Npu Harpese
oOpasna, Tok MOHOTOHHO pacteT A0 ~100°C, a 3arem mpu TOM k€ MOJSIPHOCTH
HAOIIIOTaeTCsl PE3KUil POCT TOKa, KOTOPBIA TOCTHTaeT BEIWYMH, B JCCITKH pa3
npeBbimaronmx ero 3HadeHue npu ~20°C. HabaromaemMoe MOXKeT ObITh 00BSICHEHO
TOSIBJIEHUEM TOKOB Jsspn), Jspm¥ Jinpn) €O 3HAKOM «MuHYC». IIpn ocTeIBaHMH
0o0pa31oB U3MEHEHHE TOKa MPUHILUIINAIBHO OTIMYAETCS OT TAKOBOT'O B IIPOLECCE
pocta TemmepaTypsl. [lpu ocTeiBaHu#E 00pa3ioB MPOUCXOANUT IMUCCHS HOCUTEIEH
3apsma w3 ypoHedr E~0,15 3B u E~0,17 3B, kotopeie ObIM 3aXBadyeHBl TaM B
IpoLEecce HarpeBa, YTO U MPUBOAMUT K CKAYKOOOpPAa3HOMY HM3MEHEHMIO TOKa IpH
~50+100°C.

Ha puc. 90 conocraBiieHbl TeMIIEpaTypHbIE 3aBUCUMOCTH (POTOTOKA, CHSTHIE
TP JIOKATHLHON 3aCBETKE Pa3IMYHBIX MUKPOOOIACTEH MOBEPXHOCTU N’ -p momnu-Si
CTPYKTYp. BuaHO, 94TO BO BCeM MCCIIETOBAaHHOM TEMIIEPATypHOM JAnara3oHe (GoTo-
TOK Yy MOHO-Si N"-p cTpyKTyp c1a60 MOHOTOHHO pacTeT. Tak, KpuBas 3aBUCHMOCTH
J=f(T), oTHOCsmIAasACs K 3acBeTKEe COOCTBEHHO MOBEPXHOCTH OTACIBHBIX KPYITHBIX
3epeH moau-Si cTpyKTyphI (©), Tosbko 10 ~100°C moBTOpsIeT X014 KPUBOM, CHATOM
Ha MOHO-SI COJIHEYHOTO JJEMEHTa, a MOTOM B amamnazone ~110+160°C, umeer
o0JacTh ¢ 0OpaTHBIM HAIlPaBICHUEM TOKa, 3aTE€M TOK BHOBb MCHSICT HalpaBJICHHUE
u pe3ko pacteT, mocturas mnpu 1~180°C 3nauenuit, mpumepno B 10 pa3
IpeBbILIAOMUX CBOIO BennuuHy npu 20°C. 3acBeTka MUKpPOOOIAcTH, COAEpKa-
el ¥ TPYNIy MEIKHX 3€PeH M WX MEXK3EPEHHBIX TpaHHIl (A), COMPOBOXKAACTCS
YBEJIMYEHUEM TOKA B ~2 pa3a B quanazone temmneparyp 80+100°C no cpaBHeHHIO €
ero 3HauenueM npu 20°C, a 3arem mmeer mecto minaro or ~100 mo 140°C,
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MepeXoAlIee B y4aCTOK C PE3KUM IMOABEMOM TOKa, gocturaromero npu 160°C
BEJIMYMHBI, IPEBbIIIAIONIEH ero 3HaueHue pu 20°C nmoutu Ha OPSIO0K.
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Puc. 9. 3aBucuMocTy TEMHOBOI0 TOKA M )OTOTOKA OT TeMIePATypPbIUCCIeAyeMbIX
o0pa3uosB

Haubonee nHTEpecHbIE OCOOCHHOCTH HMMEET TeMIlepaTypHas 3aBUCHUMOCTH
TOKa, CHSTAasl MPH JIOKAJBbHOW 3aCBETKE MHUKPOOOJACTEH, OTHOCSIIMXCS MpEeuMy-
IIECTBEHHO K MEX3EpEeHHbIX IpaHull (0), Hampumep, MeCT CTbiKa 3+4 KpYIHBIX
3eped. Jlo temmeparyp ~100°C naGmromaercs MeUICHHBIM POCT TOKa, 3aTeM
pe3kuii nuk npu ~105°C, 3aTem pe3koe najieHue Toka ¢ IEPEMEHON ero HarpasJe-
Huda. JlanbHeilllee MOBBIIIEHUE TEMIEPaTypbl COMPOBOXKAAECTCS BO3BPATOM K
NpEeKHEMY HAINPaBICHUIO TOKAa U MPUMEPHO K ero 3HadeHuto mnpu 100°C, 3atem
BEJIMYMHA TOKa IUIaBHO Majaer a0 temneparypbl 150°C u BHOBB pE3KO pacTeT,
BTpOE IpeBbllas, Harpumep, pu 170°C, cBoe 3HaueHHE NpU KOMHATHOM TEMIIE-
patype. HabGmogaemoe yBennueHue pOTOTOKAa MOKET OBbITh OOBSICHEHO MPOSBIIC-
HUEM TOKOB Jsspn), Jspm¥ Jinpn), TPOTEKAIOIIUX B HANPABICHUH, 0003HAYEHHOM
HaMU 3HAKOM «IUIIOC». B mponecce mepeHoca HocuTened 3apsiia BEPOSTHO
MIPOUCXOJUT TYHHEJIMPOBAHUE, U 3TO COMPOBOXKIAETCA, WILTIOCTPUPYEMBIM PHUC.
90, mnposiBIEeHWEM MNpPUMECHBIX TeriodoroBoibTanueckux d¢dekra. Ilpu
~100+170°C HaunHaet paboTaTh, a 3aT€M JOMHUHUPOBATH YPOBEHb JoByIIeK 0,36
5B, 4TO NMPUBOAUT CHadalla K YMEHBUICHUIO BEJIMYMHBI, a 3aT€M K HW3MEHEHUIO
HaIIPaBJICHUS TOKA.

Ha pucynke 10 nmpuBeneHsl TeMIiepaTypHbIE 3aBUCUMOCTH TEMHOBOI'O TOKa
1 (HOTOTOKA y HArPEBACMBIX M OXJIKIAEMBIX MOHO-SI p-n CTPYKTYp, HAMEPEHHO
OOJTly4YEHHBIX  3JEKTpOHaMH. BuaHO, 4YTO TEMHOBOW TOK  MOHOTOHHO
yBEJIMYUBAETCS ¢ pocToM Temneparypsl 1o 150°C, u motom HaOIOgAETCs pe3KUi
pocT, KaKk M OXKHIAJOCh COTJIACHO BBINIE  MPEUIOKEHHOM  MOJEINH,
MPOWLITIOCTpUpOBaHHON puc. 80. Takol ke mporiecc HabmomaeTcs W TPHU
M3MEpPEHUN TEMHOBOTO HampsbkeHusa. B ciydae ocsemienus (2) oOpa3oBaHHBIE C
y4acTUEM MPHUMECHBIX PEKOMOMHAIIMOHHBIX IIEHTPOB AJICKTPOHHO-IBIpOUHBIC (EN)
napsel Ja0T JOMOJHUTENbHBIN BKIIAJ B TOK p-n nepexoaa. M3 conocrtaBnenus (1) u
(2) BumHO, uto Hampumep, npu ~230°C, ¢ororok coctaBisier ~800 MKA, T.e.
0oJiee ueM B >5 pa3 MPEBBIIIAET TEMHOBOM TOK.
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Puc. 10. TemneparypHble 3aBHCHMOCTH
TEMHOBOIO TOka M (ororoka 'y
HarpeBaeMbIX M 0XJIa:KIaeMbIX MOHO-SIi p-N
CTPYKTYP, HaMepeHHOo 00, Iy4eHHBIX
3JICKTPOHAMH

N3 puc. 10 BugHO, YTO MOJHBINA TOK
CBsI3aH U omnpezaensercss ToKaMH (Jsspn),
Json) ¥ Jin(pn)), OOYCIOBIECHHBIMH JOMHU-
HUPOBAaHUEM SMUCCUU HOCHUTENEH 3apsi-
Ja HaJ UX 3aXBaTOM, MPOUCXOASIIUMU
Ha  TIYyOOKHX  PEKOMOMHAIIMOHHBIX
LEHTpax, 0Opa30BaHHBIX B IIpoLEcce
AJIEKTPOHHOTO 00 TydeHus MOHO-SI. [Ipu
HarpeBe WJIM OCBEIIEHUU AIIEKTPOHBI
HANPaBIIIOTCA M3 JTHUX IEHTPOB B
o0BeM p obsactd, a ABIPKM B 00BEM N
00JIaCTH, TO €CTb TOKH Jsspn), Jspn) U
Jin(pn) YBEINYHUBAIOTCS U TEKYT B HAIpaB-
J€HUM, TPUHATOM HAMH CO 3HAKOM
«MHHYC», UYTO COOTBETCTBYET IPSIMOTO
TOKY p-n nepexoaa, U oOLuil TOK yBe-
JUYMBAETCA CO 3HAKOM «MHHYC». OTO
IPUBOJUT K MPOSBICHUIO NPUMECHBIX

TEIJIOBOJITANYECKUX M MPUMECHBIX TETIO()OTOBOIbTanUECKUX (P (DEKTOB.

Ha puc. 11 npuBeneHbl TeMIepaTypHbIE€ 3aBUCUMOCTH TEMHOBOTO TOKa M
(GoTOTOKA y HarpeBacMbIX U OXJIaXKIAEMBIX MOHO-SI p-n CTPYKTYp, MOJIBEPIHYTHIX
JTOTIOJTHUTEIIBHOMY JIETUPOBAHUIO MOHHOM HMMIUIAHTAIMU WIEJIOYHBIX METAIUIOB.
BuaHOo, 4TO TEMHOBOM TOK, BO-TIEPBBIX, UMEET HAIIPABJIEHUE, COOTBETCTBYIOIIEE
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Puc. 11. TemnepatrypHbie 3aBHCHMOCTH
TEMHOBOI'0 TOKA U (pOTOTOKA Yy
HArpeBaeMbIX H 0XJIaXKIaeMbIX MOHO-Si p-N
CTPYKTYP, HOABEPIrHYTHIX
JAONOJTHUTEIbHOMY JIeTHPOBAHUIO HOHHOM
HMIIJIAHTAIMH IHICJIOYHBIX METAJJIOB

3HAKy «MHHYC» U, BO-BTOPBIX, €r0
U3MEHEHHUE C TEeMIIEPaTypoOl MPOUCXO-
JTUT COTJIACHO BBIMIC TPEIIOKCHHOU
mozaenu (puc. 80). B ciydae ocaemie-
HUS HAOJIOJAETCS MOHOTOHHBIM POCT
dototoka 1o ~150°C, 3aTeM TOK U3Me-
HSCT CBOE HAIpaBJieHWE C MPOTHBO-
MOJIOKHBIM 3HAKOM, & POCT CMEHSIETCS
najgeHueM. [lageHne TEMHOBOTO TOKa
MPOUCXOANT A0 TemmepaTypsl ~225°C,
OOBSCHSETCSI TPOSIBJICHUEM PEKOMOU-
HalMOHHBIX IIeHTpoB ¢ E=0,3 »5B.
[laccuBamusi ATOro IEHTpPa OOBIYHO
nocturaercss ObicTpo Aub yHIAUPYIO-
IIIUM KaJIMEeM, YTO MPUBOJIUT K YMCHb-
IIICHUI0O TEMHOBOTO TOKa B TaKOM
oOpasiie. 310 00bSICHEHHE, OYEBUIHO,
MPUMEHUMO | JIJII OOBSICHEHUS H3Me-

HeHUH (OTOTOKAa y 0Opa3IoB, JETHPOBAHHBIX W JAPYTMMH aTOMaMH IIEIOYHBIX
MetasuioB. Hanmpumep, nis kanus majenue Toka uaet a0 ~225°C, a juist 11e3us — 70
>200°C. U3 puc. 11 BugHO, 94TO HarpeB 0OPa3IlOB COMPOBOXKIAACTCS MacCUBaIIUEH
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PEKOMOMHAIIMOHHBIX I[EHTPOB, KOTOpas HambOojee CHIBHO HaOIIogaeTcs B
IpoIECCe OCTHIBaHUS 00Pa3IIoB.

Takum oOpazoM, TpemyiokKeHHass MoJeiab A(PEGEKTUBHO OOBICHSIET
HaOJIF0IacMbIe B SKCIIEPUMEHTAX PEe3yJIbTaThl, KacaloIMecs, Kak Moiau-Si, Tak U
00pa3ioB MOHO-Si, B KOTOPBIX HAMEPEHHO CO3JlaHa BBICOKAs KOHIICHTPAIIUS
rTyOOKUX DSHEPreTUYECKHX YPOBHEHW, HE IOCTIKUMAs OOBIMHBIMU TpUEMaMu
nerupoBanus.  [lomydeHHBIE — pe3yibTaThl  PACIIUPSIIOT  TEXHOJIOTUECKHE
BO3MOXXHOCTH TIOJIyUY€HHUSI CTPYKTYP C YIPABISAEMBbIM HPOSBICHHEM MPUMECHBIX
TEIUIOBOJIbTAUYECKUX M TMPUMECHBIX TemopOoTOBOIbTanYeckuX 3(hdexToB u
MPUOJIMKAIOT TPUOOPHOE BOIUIOMICHHUE YIOMSHYTHIX 3(P(HEKTOB.
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3AK/IIOYEHUE

Ha ocHOBe MpOBENEHHBIX HCCIEIOBAHUN (U3NYECKUX TMPOIECCOB Ha
MEXK3CpEHHBIX TpaHMIAX TMOJU-SI W SIBICHUH  TETUIOBOJIBTAWYECKOTO H
doToTemIoBOIETaNnYECKOT0 A(H(PEKTOB CACTIAHBI CICTYIOIINE BIBOIBI:

1. Pa3paboTana MoAe/lb MHOTOCIOMHOTO CTBIKA JBYX KOHTAKTHUPYIOIIUX
3epeH, COIIACHO KOTOPOM KKl M3 HUX COCTOUT W3 MOHOKPHCTAJUIMYECKOTO
A1pa, OKPYXEHHBIH 0O0nacTeio C JAedexTamMu, IUCIOKALIUAMH U JIPYTHMHU
CTPYKTYpHBIMH HApyIICHUSMH, a TaKK€ PaBHOMEPHO pacCHpeCIICHHbIM Ha
TIOBEPXHOCTH OCTPOBKH METATMYECKHX KOMIIOHCHTOB M MHUKPOOOJACTH B BHUJIC
BBICTYIIOB H ITyCTOT.

2. O0Hapy)XeH HEMOHOTOHHBIH XapakTep TEeMIEepaTypHOTO W3MEHEHUSI
yACJIBHOTO COMPOTUBIICHUS (p), TOABMKHOCTHU (i) U KOHIIEHTpaluu (N) HOCUTEIeH
3apsifga, 0OyCIOBICHHBI COBMECTHBIM BIHSHHEM pPa3MEpPOB 3€PCH M MOHHU3AIUU
JIOKQJIM30BAHHBIX JIOBYIIEK, CBSI3aHHBIX C TMPUMECHBIMH COCTOSIHUSIMH WA
nedekTaMu B 00JaCTH MEX3EPEHHBIX T'PAHUL.

3. DKCIIEpUMEHTAIBHO ~ TIOJATBEPXKJAEHO, YTO YBEJIWYEHUE TUIOTHOCTH
JIOKQJIM30BAHHBIX JIOBYIIEK MPHUBOJUT K H3MEHEHHUIO BBICOTHI MOTEHIIMATHHOTO
oapeepa (@) or 0,3 3B mo 0,9 3B u pocry p, a Takke K YMCHBIICHHUIO
KOHIICHTPAI[UH OCHOBHBIX HOCHUTEIIEH.

4. [IpennokeHa SKBUBAJICHTHAs DJIEKTPUYECKAsl CXEMa, IO3BOJISIOLIAs
OTIPECIUTh INEKTPUUECKUE CBOICTBA MEXK3EPEHHBIX TPAHUIl B LEIOM U KaXJO0H
U3 COCTABIIIOMMX €€ MHUKPOOOJIACTel Ha OCHOBE MOJEIM MHOTOCIOWHOTO CTHIKa
IBYX KOHTaKTHUPYIOIINX 3€PEH.

5. YcraHOBNEHBl YCIOBUSL MPOSIBIEHUS a0copOuMU M JAecopOLMH  psiza
[IEIOYHBIX METa/NIOB W WX BIHUSHHE HAa MHUKPOCTPYKTYpPY, M DIEKTPOHHBIC
CBOMCTBA MEX3EPEHHBIX T'PAaHUIl. A UMEHHO — JECOPOIHMs MIEIOYHBIX METAJIOB
MEX3EpPEHHBIX TpaHUI] B Tpolecce TepMOOOpabOTKM MPUBOAUT K H3MEHEHHIO
3HaKa ¢ W TUIMA TPOBOAUMOCTH B BHJE TOHKOTO CJIOSI HAa MOBEPXHOCTH
HNOJUKPUCTAJUIMYECKOTO KpPEeMHHUs, a JAud@y3us MIEIOUYHBIX METAIOB 10
MOBEPXHOCTH TOMJIOKKHA TMOJUKPUCTAUTNIECKOTO KPEMHHS TPUBOAUT K WX
a7IcopOIIMU Ha MTOBEPXHOCTSIX JBYX KOHTAKTHPYIOIIUX 3€PEH.

6. [Tokazano, yto B mHTepBasie Temmnepatyp (~300+800 K) reMHOBO# TOK U
HaNpsHKEHUE U3MEHSIIOTCS [0 CPaBHEHUIO ¢ MOHOKPHUCTAIIMYECKHMMH 00Opa3laMu
CJIOKHBIM 00pa3oM 3a cueT 3axXBaTa HOCUTEJNEH 3apsja Ha JOBYIIKaxX U UX Jpeilda
BJOJIb JIOBYLIEK B IMPOLIECCE MOHU3ALUHU JOKAJIM30BAaHHBIX JIOBYLIEK B 00JIACTH
MEK3EPEHHBIX IPaHuL.

7. IlpennoxkeHa MoAenb p-n mepexoja B 00JIACTH MEX3EPEHHBIX TpaHUIl,
OOBSCHSIONIAS MEXaHU3MBI MIEPEHOCa HOCUTENEH 3apsiia B HUX U (DOPMHUPOBAHHMS
TEMHOBOTO M ()OTOTOKAa OOYCIIOBJICHHBIX 3aXBATOM M AMHUCCHEH HOCUTENEH 3apsiia
Ha JIOBYIIIKAX.

8. [lokazaHo, dYTO TPOSBICHUS MPHUMECHOTO TEIUIOBOJIBTANYECKOTO M
teriodoToBOIbTandeckoro  3¢G@(exKToB Ha p-n CTPYKTypaX Ha OCHOBE
NOJUKPUCTAIUTMYECKOTO ¥ MOHOKPUCTAIUTMUECKOTO KpPEMHHUS TPH HarpeBe W
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OCBEMICHUH OOYCIIOBIICHBI MPOIIECCAMH T€HEPAIUU JIEKTPOHHO-IBIPOYHBIX Tap C
y4acTUeM ITyOOKUX MPUMECHBIX COCTOSIHUU.

9. MoaudunupoBaHbl METOAbl HMCCIEIOBAHUS HPUMECHBIX COCTOSHUN B
00J1aCTH MEX3EpPEHHBIX IPAHMII; TIOKA3aHO, YTO MPH OLIEHKE AJIEKTPOHHBIX CBOWCTB
MEX3EPEHHBIX TpaHUl] C TOMOIIBI0O MOJIETH TEPMOIIEKTPOHHOU IMHUCCHUH
HCOOXOAMMO YYHMTHIBATh IOJIHYIO MPOBOAUMOCTH JIOBYIIEK (Yg) M TOK (Jgs),
KOTOpas BO3HUKAET B MpoIleccax 3axBaTa U SMUCCUU HOCUTENIEH 3apsiia.

10. Pa3pabGoTan HOBBI METOJl JETUPOBAHUSA C HCIOJIH30BAaHHUEM OBICTPO
mubGyHIUPYIOMAUX — SJIEMEHTOB, TMO3BOJSIONMIMA TOJYYUTh P-N CTPYKTYPHI
MapajuieIbHO ¢ P WIM N TUIHBIMH O0pa3laMyd W 3a CUET YMPOIICHHS METOoJa
MOBBICUTHh BOCIIPOU3BOJUMOCTb TEXHOJIOTHUYECKOTO MpoIiecca.

11. Paspaboran METO]I MOJTyaBTOMAaTUYECKOTO ONPEACIICHUS
TEMITEpaTyPHBIX 3aBUCUMOCTEH JIEKTPOPUINIECKUX XAPAKTEPUCTHK P-N CTPYKTYP
C BO3MO>KHOCTBIO CKAaHUPOBAHUSI CBETOBBIM JIy4OM C 3aJaHHOM JJIMHOW BOJIHBI U
muameTpoM oT ~10 10 400 MKM 110 TOBEPXHOCTH 00pasIia.

12. Pa3pabotana b dy3roHHas YCTaHOBKa, MO3BOJISIOIIAs
OJIHOBPEMEHHO  U3rOTaBIMBaTH B  pa3JIMYHBIX  YacTAX  MOHO W
MOJIMKPUCTATUTHYECKUX MJIaCTHH KPEMHHUSI Pa3HOTUITHBIC o0racTH,

IpeIHa3HAaYeHHbIC ISl U3TOTOBJICHUS MpeoOpa3oBaTesield TeIIOBOM M COJIHEUHOM
SHEPIHUil.
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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, Il "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 Zilina (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.lglesias. 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.

YReview 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, 11Sc, (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;

57



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 IAP 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

59



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 Omsm, 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, p, 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, Js, 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

18A6I[yanMaHOB B.M., Auunos T.X., KagsipoB A.JI. Ba Gomik. // I'ennorexnuka., 1992. Ned. — C. 8-14; Caungnos
M.C., Bunsinos P.P., Myxamanues P.D., Uupsa B.IL. // T'enunorexuuka, 1987. Ne 6. — C. 18-20.

Bpolycrystalline conductors. The physical properties and applications: translated from English. // by Harbek G.M.
edition, «Mir». 1989 (in Russian).

61



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, Jss, "minus”. If the emission prevails than the capture then the
charge will be moved on opposite direction, the quantities, Y, and o¢ 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
between grain boundaries region and other their kinetic characteristics.

grained
% K Fig.1. The band diagram and
i I Schematic diagram of between
' = grain boundaries

oundecies

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 ~10° 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, 1=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 6090 minutes we can give
controlled electro physical properties acceptable for designing on them of the solar
elements namely p-type conductivity, o ~1 Om-sm, and life time charge carriers,
7~10® s. this technology allows to obtain polycrystalline Si of any form with
width, 250+400 mkm, and size, >150 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
I.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 pTOV'S'O”a' The impurity type and composition and | The sample
designated X
X macro defects width
polycrystalline samples
Si, S, Cl, Ca, Fe ~ 76,39 %
«Wacker» Emptiness 2361 % 300 mkm
Si, S,Cl, Ca, Fe,Co, Ta | ~7258%
«Casted» Emptiness 2742 % 250 mkm
Si, S,Cl,Ca, Fe,Co, Ta | ~68,25%
«Powder» Emptiness 3175 % 100 mkm
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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, SiO, 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
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 leggier micro regions
with  characteristics degenerative semiconductor or
punctuating and training semimetal.

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

Fig.2. Model two
contacting grains

*Thin 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.

3.6 jB pope |B pope 5 |B p-n - structure
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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 2,82 177 1.45
substrate defined

= - e

The n"-p-type polycrystalline It is not 1.94 1,02 1,05

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 °K, and in "Powder" ones

0 5 251 PP, b
up to a temperature, 625 “K, as the quantity, o
p, In polycrystalline semiconductors is 20 AAZ 3
defined with specific grains resistance of g/"o“-go
between grain boundaries, p, and p,. The ™7 skl N4
increasing of captured charge in the ] Ao TR WL M
localized traps in between grains boundaries ;,fﬁ" qo c
occurring with temperature growth leads to 51 A,:"° 4 b \":f?a ¢, g_g_.,-"
the increasing quantity, ¢ from 0,3 up to 0,9 N Jt;ifi:?‘::ii'.xiii;fixae:’-"xv—.i;ﬁ;x;;gﬁf}:% ..... 5

eV, and wherein the quantity, p,, increases, 200 300 400 500 600 7602 £ B0
which in final leads to the increasing
quantity, p. The future increasing of the 1 corresponds to «Wackery; 2 corresponds
temperature is accompanied by decreasing 20 «Casted»; 3 corresponds fo «Powden;
. . — mono-Si; 5 — corresponds to «Powder

of states density that leads to the decreasing .,
of quantity, p, which occurring on tempera-
ture ~703 °K the characterized minimum on
all samples types. Thus, the drop area of
quantity, o, is occurring for "Wacker" sample in the temperature range 525+703
OK, 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.)

p=(A/T) exp(B-C-[T*]?/T) (2)

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

Fig. 4. The specific resistance
dependence on the temperature
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quantities, @ u ps, i.e. on this process the quantity, Ys, 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, « and n, of charge carriers is observed.

On Figure 5 the temperature dependence of quantities, x and n, are
presented. It is seen from the Figure that quantity, « 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 z drops monotonic
on increasing of temperature. The future temperature changing of quantities, x« 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 x, are changing the
dozen and hundredfold times, is observed. This nontrivial character behavior of
quantities, n and g, depends on nature of each compounds of micro regions of
between grain boundaries (Figure 2).
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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, nand u, correspond to
traps manifestation processes with the averaged levels®, £~0,15 eV and £~0,17 eV
on the temperature range, 300+350 °K by 383+400 °K is manifested £~0,36 eV;

22 Ottaviani G.l., 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.
#7astavnoy 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 £~0,3 eV is
noted. It is seen from all cases that quantities, n and u, of charge carriers on these
temperatures is 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, n,
in same grains and charge carriers concentration in between grain boundaries, Npgp,
is defined. As the quantity n,g, presents superposition of two compounds; n; is the
concentration of charge carriers which enough big Kkinetic 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
lonic 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 n, can be
described as following

- Ny exp(—qEq /KT)-(N,; — N, exp(—qE/KT))exp(-qe/KT)
v Ny exp(—QEgy /KT)+ (N, — N exp(—qE/KT))exp(-q¢/KT)

3)

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 n 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 | on T<600 °K, Figure 6) coincides
with these opinions. However, unlike from region | 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

(Regions Il and I11) is explained with

@ (eV) 2 - n the diffused layer
0.8 o alkaline metals desorption from between
0,4 \Qi LI }' grain boundaries region to polycrystalline
0 “* LiNa K Cs surface and emergency of p-n structure
04 * because of their donor nature, i.e. the
08 3 change of quantity ¢ is connected with
' a formation of n* region (see Figure 2a,
12 oot o - Region 6). In future heat treatment
-6 regions | 15O mref' "™ process the alkaline metals atoms
2 L% (oncentration in between  grain
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Fig. 6. The dependence of potential barrier
height between grain boundaries in poly-Si

boundaries is increasing and metalliza-
tion desorption layers is occurring. Then
the quantity ¢ is increasing in the same n*

surface on heat treatment temperature region. For Changing estimation of quan-

tity ¢ on the future increasing of temperature (Region I11) the new "modification"
leggier method has been used. The measurements were carried out on substrate
side (see Figure 3b and 3c, where A is the samples substrate).
On Figure 7 the changes of 200 400 600
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
quantityep is explained with alkaline
metals adsorption in between grain
boundaries (see Figure 3b and 3c,
Region 8). In diffuse process occurs
adsorbed layers metallization on
between grain boundaries, the alkaline
metals atoms concentration is increasing surface by the heat treatment temperature,
very much as presented 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 Ej, 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 Egy, and Egyp, 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 Ej, and Ej,, 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 Ej, and
Egip OF Einand Eg, lead to appearance of currents Jgp) 1 Jss(n), corresponddingly, in
p and n regions as in second chapter was been shown (Figure 1). It is accompanied
with appearance current Js. The polycrystalline temperature increasing leads to the
growth of currents Js,) and Js(n). the total current can be expressed as

\]=Jpn+\]tot(pn)+Jss(pn)+\]s(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 Jspn),
Jsspn) @nd Jinpny, CONNected with capture and emission processes of charge carriers
In recombination centers, i.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 Jp,,
then the total current is defined by J,,, but it is conversely, then the total current, in
basically, is defined by currents Jspn), Jspn) B Jinpny, 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, £, and Ej, are forming the electron-hole pairs. By
electrons emission with level Ey, being in p region the released levels E, are filled
by electrons disengaged in its turn from levels E;p, 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 Jsspn), Jspn) and Jineny, 1€ad 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 Jsspn), Jsn)
and Jinpn 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 Jsn), Jspn) and Jinpny With sign "minus™. In cooling of samples
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 (o); 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.
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Fig. 9. The dependencies a dark and photocurrent on temperature of investigated samples

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 Jsspn), Jsny and Jinpn),  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.
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Fig. 10. The temperature dependences of

dark current and photocurrent in heated and

cooled mono-Si p-n structures intentionally
irradiated by electrons

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.
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 Jsspn), Jsepny and
Jien), conditioned with dominated
charge carriers emission on theirs
capture occurring in deep recombine-
tion centers formed in mono crystalline

electronic irradiation. On heating or lighting process the electrons from these
centers to p volume region are directed, i.e. currents Jgspn), Jsn)y and Jingny 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.
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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
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
the monotonic growth of photocurrent
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-

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.

3.1t 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 Jss, 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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