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1. BBenenne

B nacTosieM 0630pe paccMOTpeHbl pabOTHI IO PA3BUTHEO
9JIEKTPOHUKHN HA OCHOBE KapOWaa KpemMHHUsI, 3HAUUTETbHAS
YacTh KOTOPBIX ObLIA BHIMOJHEHA B DU3HKO-TEXHHYECKOM
uHctutyTe (OTU) um. A.®. Uodde. B pasnene 2 maéres
KpaTKui aHaim3 3jekTpodusnueckux cBoucTB SiC u apyrux
IIIPOKO30HHBIX MOJYIPOBOJHUKOB C TOUYKH 3PEHHS CO3/a-
HUSI pa3JIMYHBIX TUIIOB MpuOOpoB. B pasaere 3 onucanbl Me-
TOJIbI BEIPAIIUBAHUS 00BEMHBIX KPUCTAJIIOB KapOm1a KpeM-
HUS BBICOKOTO KauecTBa AMaMeTPpOM puMepHO 110 0,1 M, kak
YUCTBIX, TAaK U JIETUPOBAHHBIX MPUMECSIMU U OOOTAIEHHBIX
COOCTBEHHBIMH H30TONaMHU. [IpoAeMOHCTPUPOBAHEI BO3-
MOXHOCTH KOHTPOJIMPYEMOTO POCTa PA3IUYHBIX MOJIUTH-
moB kapbuna kpemuus. [lokazaHo, 4YTO HpH JIaTepaTbHOM
pa3paliuBaHUM 3aTPABKH MOXXHO JTOCTHYb CYIIIECTBEHHOTO
CHIDKCHUS TUIOTHOCTH TOPYKOBBIX JTUCITIOKATIHIMA.

B pasnese 4 mpuBeeHbI SKCIIEPUMEHTAJIbHBIE TaHHBIE 11O
pa3paboTKe W HCCIICTOBAHUIO BBICOKOBOJBLTHBIX (1—3 kB)
4H-SiC-11o10B 11151 CHIIOBON M KOPOTKOUMITYJTbCHOM 3JIeKT-
ponuku. [Toka3zaHo, YTO CHJIOBBIE AMOIBI C HHTETPUPOBAH-
HOU IOTTKH-(p—n)-cTpykTypoit (Junction Barrier Schottky
— JBS) coueraroT Majble BpeMeHa 0OpaTHOTO BOCCTAHOB-
JICHUS U MaJible IOTepU MpPH MEPEeKIFoYeHusx. buictpoBoc-
CTaHABJIMBAIOIINECS JIABUHHBIE P — N- 1O bl UMEIOT BpeMEHa
00paTHOTO BOCCTAHOBJICHUSI, CPABHIMBIE C TAKOBBIMU JBS-
JINOMIOB, M CIIOCOOHBI PACCEMBAThH B PEXUME JIABUHHBIX HM-
yJIbCOB TOKA JHEPTHIO B Heckojbko [k cm—2. 4H-SiC-
JUOMHBIE Pa3MBIKaTEIN TOKa — ApeiloBble TUOABI C pe3-
KM BOCCTAHOBJICHEM — T€HEPHPYIOT BBICOKOBOJILTHBIE
AMITYJIbCHI ¢ (POHTOM HapacTaHus B CyOHAHOCEKYHIHOM
JMara3oHe BPeMEeHH.
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Pa3zgen 5 mocBsiEH M3yYEHUIO C TOMOIIBIO AHAJIUTUYE-
CKUX MOJIeJIEH ¥ YUCIEHHOTO MOIEIMPOBAHMS B pAMKaX OpH-
rUHAJIBHOM nporpamMmel "MccnenoBanne" OCHOBHBIX IIPO-
[IECCOB, MPOTEKAIOIINX B CHJIOBBIX OHITOJISIPHBIX MpHOOpax
Ha ocHoBe 4H-SiC: Tupucropax, OUMOISIPHBIX TPAH3UCTOPAX
n mnonax. Kpome Toro, paccMOTpeHs! sIBJIEHUS, 001ue s
BCeX OMIOJIIPHBIX MPUOOPOB HA OCHOBE KapOWaa KPEeMHHUSI:
3JIEKTPOHHO-ABIPOYHOE paccesHue, mpoodeMa 3pPpexTus-
HOTO SMHTTepa U GyHIaMeHTAIbHbIE (GU3NIECKHE OT pAHUYE-
HHSI Ha TIpeJiesibHOe OJIOKMpYeMoe HAIPSDKEHUE M Mpeaeiib-
HbIC MJIOTHOCTH TOKA. YHHUKaJIbHble KBAaHTOBBIE CBOICTBa
LEHTPOB OKPACKH B KapOuae KpeMHHs MO3BOJMIN YTBEp-
JIUTh HOBYIO POJIb KapOM1a KpEMHHUS KaK TMOKON U MPaKTHY-
HOM T1aTGOPMBI TSI pa3pabOTKU COBPEMEHHBIX KBAHTOBBIX
TexHOoJIOTHI. LIEHTPBI OKpacku aTOMapHBIX Pa3MepoOB B
00bEMHOM U HaHOKpHucTaumueckoM SiC sBIISIFOTCS TEp-
CHEKTUBHBIMHU CUCTEMAMHU AJISl CIIUHTPOHUKU, (HOTOHUKH,
COBMECTUMOU C MOJOCOU MPO3PAYHOCTH BOJOKOHHOU OI-
THKH U )XUBBIX CUCTEM, KBAHTOBOI 00pabOTKH HHPOpMALIUU
7 30HJIUPOBAHMSI B YCIIOBHSIX OKPYXKAIOIIEH cpelibl. Bo3Moxk-
HOCTH BBICOKOTEMIIEPATYPHBIX ONTHYECKUX CIHMHOBBIX Ma-
HUITYJISIIMA KaK Ha CIIMHOBBIX aHCAMOJISIX, TAK U Ha OJUHOY-
HBIX CIIMHAX OTKPBUIA HOBYIO 3Py B MPUMEHEHUN CIMHOBBIX
SIBJICHUI KaK B (yHIAMEHTAJIbHOW HayKe, TAK U B MPUKIAI-
HBIX UCCIICTOBAHUSIX.

B pasznmene 6 paccMoTpeHa TEXHOJIOTHS TOJIYYSHHS Tpa-
(heHOBBIX TIEHOK METOJIOM TEPMOJIECTPYKIIMU MIOBEPXHOCTH
SiC-moHokpuctaioB. [TokazaHo, 4To Takue MIEHKU 00J1a-
JTAIOT XOPOILUM CTPYKTYPHBIM COBEPIIIEHCTBOM U OHU MOTYT
OBITH UCIIOJIB30BAHBI JJIS1 CO3AAHMS CBEPXUYBCTBUTEIbHBIX
ra30BBIX CEHCOPOB U OMOCEHCOPOB.

B 3axirrouennn (paszges 7) MpencTaBieHbl OCHOBHEIC pe-
3YJIbTATHI M IEPCTIEKTUBBI pa3BUTHS SiC-2JIEKTPOHUKH.

2. DaekTpodu3uyecKne CBOCTBA
Kapouaa KpeMHus

CoBpeMeHHas! IUBUIN3ALUS HYXAaeTcs BO Beg OoJiee apdek-
TUBHBIX UCTOYHMKAX JHEPIUU, YTOOBI MOAJEPKUBATHL IPO-
rpecc B oOiiecTBe. ATOMHASI 3HEPrust U Mpeodpa3zoBaHue
COJIHEYHOW paauMaluu ¢ UCHOJb30BAHHEM HAa3eMHBIX U
OpOUTANBLHBIX TPeoOpa3oBaTelieil, BEpOSITHO, CTAHYT OCHOB-
HBIMH HCTOYHUKAMU dHepruum B Oymymem. CoBpeMeHHAs
CHJIOBAsI 3JIEKTPOHUKA, OCHOBAHHAs HA KPEMHHEBBIX IPUOO-
pax, MOCTENEHHO NepecTaéT YAOBIETBOPATh HAPACTAIOLINM
TpeOOBaHMUSIM K (YHKIMOHATLHBIM BO3MOXKHOCTSIM, Macce,
00BEMY, pecypcy paboThl 1 HAAEKHOCTH IPeoOpa3oBaTelib-
HbIX ycTpoucTB. [TonynpoBomHuKM C OGOJBLIONH 3HEpruen
cBsi3u, Takue kak aiamas, GaN u SiC, TpaaMIHMOHHO pac-
CMATPHUBAIOTCSl KaK BO3MOXHAsl 3aMEHa KPEMHHMsS B HPO-
M3BOJICTBE MOIIHBIX MTOJIYIPOBOJHUKOBLIX TPUOOPOB.
HocTtuxeHnus B 00JIaCTH TEXHOJIOTHH 3a mocieanue 10—
15 net mo3BoJsmim pa3paborats ycrpoiicTBa Ha ocHOBe SiC,
B KOTOPBIX OBLIM PEaIM30BAHbI OXHUJAAEMbIe BBHICOKHE BO3-
MoxHOCTH SiC B OTHOIIICHUH MOIIHOCTH TEPEKIIIOUCHUS U
BBICOKUX pabounx Temmnepatyp. SiC IUPOKO UCTIOJIb3YETCS B
ONTOZJICKTPOHUKE B KAYECTBE MOJIOKEK JJIsI CBETOIUOIO0B C
M3JIyYCHUEM B BHIIMMOM JHMANa30He CBETA, & TaKXKe IS U3-
TOTOBJICHUS! MOIIHBIX CHJIOBBIX JHOJIOB M TPaH3UCTOPOB,
CHOCOOHBIX PaboTaTh B CJIOXHBIX YCIOBUSX — MPH MOBBI-
LIEHHBIX TeMIepaTypax, BO3JAEHCTBUU IpOHHUKAIOLIEH pa-
ALY, 2JIEKTPUYECKUX U MarHUTHBIX MoJieid. B mocnennee
BpeMs CephE3HOE BHUMAHHE yIESIeTCs ePCIeKTUBAM MIPH-
menenust SiC J1st Co3JaHusT KBAHTOBBIX yCUJIMTENeH (Mase-

poB). Bosbiolt nHTEpEeC MPEACTABIISIOT TAKXKE UCTOUYHUKU
OMHOYHBIX (OTOHOB Ha BakaHcHsiXx KpeMHus B SiC, QyHK-
[IMOHMPYIOIIKE MPY KOMHATHON TemMIepaType B HHppakpac-
HoMm (MK) nuama3oHe, 4TO BaXXHO C TOYKU 3PEHUS MEIH-
UHCKUX TPUMEHEHUH.

B HacTosem 0630pe paccMOTpeHbl HanboJiee epCIek-
TUBHBIE, IO MHEHUIO aBTOPOB, HAIPABJIEHUS! COBPEMEHHOMN
SiC-anekTponuku. OTMETHM, YTO B PA3BUTHE MHOTHUX U3 HUX
3HAYUTENbHBIA, & HHOTJA U OUPEACIISIONINN BKJIA BHECIH
corpyauuka ®TU nm. A.D. Uodde.

2.1. VicTtopusi pa3BUTHS TEXHOJIOTHH MOJTyY€eHHUS

KapOuJaa KpeMHHsI M IPHOOPOB HA ero OCHOBE

XuMHieckoe COeqVHEHHe KPEMHHsS C YIJIEpOJIOM BIIEPBBIC
oTkpsll B 1824 r. Bapuenmnyc. B 1849 r. ato coenunenne
nonyunsn enpe (C.M. Despretz) nyTéM BOCCTaHOBJICHHS
kpeMmHe3éma yriepoaom. HeszaBucumo xpuctaiisl SiC
ObLH 0OHapyxeHbl MyaccanoMm (H. Moissan) npu uccieio-
BaHMHM METEOPUTOB B KaHbOHE [IbsBosia (Diablo Canyon) B
Apuzonckoil nyctsiae. B 1905 r. 3ToT MuHepas mojaydyus
Ha3BaHME [0 UMEHH €ro oTKpbiBaTeast — "Myaccanut". B
HACTOSIIIIee BpeMsl TaKOe Ha3BaHUE UCIIOJIb3yeTCs AJIsI FoBe-
JIMPHBIX W3JIeJuil U3 Kapbuaa kpemHusi. B xoHne XX B.
AYEeCOH MPEemJIOKMUI U 3aMATEHTOBAJ METOI IPOMBIII-
nennoro noiaydyenus SiC [1]. BelpalieHHBIE 3TUM METO-
JIOM KPUCTAJUJIbI SIBJISUTUCH CHJIBHO JISTHPOBAHHBIMU (J10
102! cMm3), He 06amaNM TOMMTHUIHON OTHOPOIHOCTBHIO H
nMenH HeGobIue pasMephl, 10 x 10 x 3 mm? [2].

ITpu uccienoBanum noao6HBIX 00pasnos I'.[Ix. Paynn B
1907 r. HaOMrOA)I CBEUCHME, CBSA3AHHOE C MPOXOXKICHHEM
9JIEKTPHUIECKOTO TOKa uepe3 kpuctasui [3]. Bonee mogpooHOE
HCCIICIOBAHUE 3JICKTPOJTFOMUHECIICHIINN KapOuaa KpeMHUs
nposén O.B. Jloces B 1923 -1940 rr. [4]. JloceB ycTaHOBUI,
4TO OJIMH U3 TUNOB CBEYCHHUSI CBSI3AH C HAJMYUEM 0CO00T0
"akTUBHOrO cj10s" Ha MOBEPXHOCTH KpucTaiuia. Ilo3aHee
OH TI0KAa3aJ, YTO ITOT CJIOW UMEET JIEKTPOHHYIO IPOBO-
IUMOCTh, a 00bEM 00pasiia — AbIpovHyro. JIoceB Takke
OOHAPYKUJI CYIIECTBOBAHUE CBSI3U MEX/IY BBIMPSIMIICHUEM
U aJeKkTpotomuHecnennueid. Takum oOpaszom, ABa Bax-
HEHUIINX AJ151 TOJIYIPOBOJIHUKOBOM 2JIEKTPOHUKH SIBJICHHUS:
9JIEKTPOJIIOMUHECIIEHIIASI W BBIIPSIMUTEIbHBIE CBOHCTBA
P—N-CTPYKTYp — BHEPBbIe ObLIM OTKPBITHI HA KPHUCTAJI-
sgax SiC. OgHako B TO BpeMs 3JIEKTPOHHAS MPOMBIIIIICH-
HOCTb OCHOBBIBAJIACH HA 3JIEKTPOBAKYYMHBIX JIAMIIAX U 3TU
OTKPBITHS, K COXKAJICHUIO, OCTAJINCH HE3aMEUEHHBIMHU.

Kak n3BecTHO, MPOMBIIUICHHBI HHTEPEC K MOTYIIPOBOI-
HUKaM BO3HHK mocyie oOHapyxenusi B. Iloxyim B 1949 T.
TpaH3ucTOpHOTO 3hdekTa Ha kpuctauiax Ge. [IpumepHo B
TO e Bpems rosutanackuid ¢pusuk Jlemu (J. Lely) mpemnoxmn
HOBBII MeTO/1 BoIpaluBanus kpuctasuios SiC [5], BKOTOpoM
BBIpAIMBAHNE MOHOKPHUCTAJIJIOB OCYILIECTBIISIETCS CyOIMa-
[IMOHHBIM IyTEM B pe3ysibTaTe neperoHku SiC uepe3 mapo-
ByIO ¢asy u3 Oojee ropsumx obiacteit B 6oJiee XOJOTHBIE.
Ileperonka BeAETCs B MHEPTHOM cpenie (aproHe) npu Temie-
patypax 2500—2650°C. DTUM METOJIOM MOXHO BbIpAIIH-
BATL KPHUCTAJIBI IUIOMIAALI0 10 4 cM? ¢ KOHIEHTpaluen
HexomreHcHpoBaHHo# mpumecr 1016 —101 ecm~3. K mefo-
CTATKaM TaHHOTO METOJIa MOXHO OTHECTH BBICOKHE TEMIIe-
paTyphl pocTa, HEYMPABIISEMOCTh MPOIIECCOB 3aPOXKICHUS U
pocTa KpHUCTaJLIOB.

B nepBoit nosioBune 1950-X rogoB HavyagUCh MOMCKH
TOJIYIIPOBOTHUKOBBIX MAaTEPHUAJIOB, CIIOCOOHBIX PabOTATh
mpu 0oJiee BBICOKHX TEMIIEPATYpPax OKPYXKAIoIIeH Cpembl,
yeM Ge. [ToaTomy B30pbI MHOTHX HCCIeoBaTeseid oOpa-
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TUJIMCh K KPEMHHUIO M KapObunay kpeMHusi. B mocienyromue
10— 15 ner ObLIO BBIMOJHEHO MHOTO PabOT MO HCCIIEAO-
BaHuto cBoiicTB SiC M pa3paboTke MOJIyPOBOJTHUKOBBIX
MPHOOPOB HA €TI0 OCHOBE.

Opnnako k Havyasty 1970-X TOIOB MPOMBIIIJICHHBIH HHTE-
pec x kapOuay kpemHHsl cHOBa yrac. O4eBHJIHO, 3TO ObLIO
BBI3BAHO HECOTIOCTABUMOCTBIO YCHEXOB B pa3BUTHUU Si- U
GaAs-texHojoruit o cpaBHenuto ¢ SiC-texHooruend. 3Ha-
YATEJIbHBIE TEXHOJOTHIECKHE TPYTHOCTH IPH BHIPAIIIMBAHUN
KapOujga KpeMHHUs M CO3JIaHUU MPUOOPOB HAa €ro OCHOBE
MPUBOJIUIA K TOMY, YTO MapaMeTphl 3TUX NPUOOPOB OBLIN
JaJIeKu OT TeopeTuiecku oxxuaaeMbix. [Tocienyromiue 15 et
n3yvenue cBoictB SiC mpoa0JIKaIOCh HECKOJIBKUMU HCCJIe-
JIOBATEJILCKIMU TPYIIaMH, OOJIBIMUHCTBO U3 KOTOPBIX Ha-
xonunocs B CCCP.

B 1970 r. a1st BIpalluBaHuUs SNUTAKCHAJIBLHBIX €J10€B SiC
BOTU um. A.®. Nodde ObL1 ipeiitoxkeH cyOIMManuoHHbINA
"conpgeuu-meTon" [6]. CyTh 3TOro MeToda 3aKjroyYajiach B
TOM, 4TO IPOIECC BHIPAIIMBAHUS OCYILECTBIISIICS IPU COIH-
JKEHUH UCTOYHHKA MAPOB U MOJIIOKKH. DTHTAKCHS IIPOBOIH-
JIaCh B YCJIOBHSIX BaKyyMa, YTO IMO3BOJIMIIO CHU3HUTH TEMIIE-
patypy nporuecca 10 1810—1910°C.

B konne 1970-x TomoB ObUI Takke MPEIJIOKEH METO]
BbIpaluBanus 00bEMHBIX kpuctasuios SiC [7] — moaudu-
IUPOBAHHBIA MeTO[ Jlesn. DTOT MeTOT OCHOBAH Ha KOH/IEH-
canyy mapa Ha MOHOKPHUCTAJUINIECKYIO TTOITTOKKY. [Tpotece
pocTta mpoBOaUTCS IpH TeMuepaTtypax okoJio 2000 °C. qua-
METP BBIPAILMBAEMOIO CJIUTKA OIPEAEIIIeTCSl pa3MepaMu
MOJI0KKH (B HacTosIee Bpems 10 150 mm) [8].

Hutepec k kapOumy KpemMHHsI KaK K MEPCIEKTUBHOMY
MaTepHaty sl TOJYIPOBOTHIUKOBOW 3JIEKTPOHHKA BHOBB
BepHyJics mocyie pazpabotku C. Hummmno (S. Nishino) mero-
na razorpancrnoptHoii (Chemical Vapor Deposition, CVD)
snutakcuu TWiIeHOK 3C-SiC Ha KpeMHUEBBIX MOJJIOKKaX [9].
Hcnonb3oBaHue CTaHOAPTHOTO TEXHOJIOTMYECKOTO 000py-
JIOBAHUS W TOIJIOXKEK OOJBINON TUIOMAAN OTKPHIBATIO BO3-
MOJHOCTH [IJ151 OBICTPOT0 KOMMEPUECKOT'0 BHEIPEHHUSI TIOJTY-
YEHHBIX PEe3yJbTaTOB. BCkOpe HAa OCHOBE MOIOOHBIX MIIEHOK
ObLIM CO3/1aHbI MOJIEBbIE TPAH3UCTOPHI HECKOJBKUX TUIOB
[10]. Bt moapoOHO UCCIIeTOBAHBI AJIEKTPOPU3NIECKUe
cBoiicTBa 3Toro matepuaina [11]. Ognako mapaMeTpsl TAKUX
npuOOPOB, KaK M KAYeCTBO CAMHX IUIEHOK, OCTABAJIMCH HE
BIIOJIHE ya0OBJIeTBOpHUTENbHBIMU. Kpome Toro, 3C-SiC siBiist-
€TCsl CAMBIM Y3KO30HHBIM U3 MOJIMTHUIIOB KapOuga KpeMHUS
(mmpuHa 3anpelénHoi 308kl E; = 2,4 3B) u ¢ To4ku 3peHus
MAaKCHUMAaJIbHBIX pabouux TeMIepaTyp HE3HAYUTEIBHO IIpe-
BocxomuT GaP. Ilostomy Bckope Ttem xe meromom CVD
6puTn mostyuensl Wik 6H-SiC Ha ocHOBe mojmoxek 6H-
SiC [12], 4yTo MO3BOJINIIO CO3JaTh HA OCHOBE KapOuIa Kpem-
HHUSl TIOJYIPOBOJHHMKOBBIE NPUOOPHI IPAKTUYECKH BCEX
THIIOB: CBETOJIMO/IbI B CUHEW 00JIACTH CIEKTPA, YIbTpaduo-
sietoBbie (V@) npuémuuku, quoabl HIOTTKH, BEIIPSIMUTEb-
HbIe TUOJBI, TOJIEBbIE TPAH3UCTOPHI, OUIOJISIPHbIE TPAaH3H-
CTOpBI, TUPUCTOPHI [13].

2.2. IMapametpsl SiC, BaxkHbIe MJIS DJIEKTPOHHKH

B coBpemMeHHOI MOJIYNPOBOAHUKOBON (U3UKE CYIIECTBYET
JIBA OYECHBb OBICTPO PA3BUBAIOIINXCS HATIPABIICHUS: 1) M3Me-
HEHNE CBOHCTB MaTeprajla HMOCPEICTBOM HM3MEHECHHUS Ieo-
METPHYECKHX Pa3MEpOB CTPYKTYP, T.e. (PU3MKa HAHOCTPYK-
Typ; 2) pa3paboTka U U3yYeHUE HOBBIX MTOJIYIPOBOJHUKOBBIX
martepruaioB. Baxnas paboTa BO BTOPOM HANpaBJICHUU
CBs3aHA C M3YYE€HHEM IIMPOKO30HHBIX MOJIYIPOBOJIHUKOB.
Bo3MOXHOCTH IIMPOKO30HHBIX MAaTEPHAIOB ISl CO3MAHNUS

Taémma 1. XapakTepHCTHKN HEKOTOPBIX IOJIYIPOBOJHHUKOBLIX MaTe-
puajoB

XapaxTepucruka Si | GaAs |[4H-SiC| GaN | Anmma3s
E,, 5B 1,12 | 1,43 | 3,26 | 3,39 | 545
IIpsimast ctpykTypa 30H + +

Kpurnueckas Hanpsok€HHOCTh | 0,3 0,6 3 >3 10

10151 mpo6ost, MB e~

TennonpoBOIHOCTS, 1,5 0,46 4.9 1,3 11
Brem ' K!

TToABIXHOCTB 2JIEKTPOHOB, 1500 | 8500 800 1250 | 2200
cm? B! ¢!

Hanuuue coOcTBeHHOI + + + - -
OJIIOKKHI

Temmnepatypa Hedas Tp, K 650 | 350 1200 | 600 1850
CKOpOCTBb HACBILIECHUS, 1 1 2 2.5 2,7
107 emc!

JuasexkTpudeckast 1,7 | 12,9 10 10 5,7

IIOCTOsIHHAA &

MOJIYIPOBOJHAKOBBIX MPUOOPOB ObUIH MPOaHATIN3UPOBAHBI
naBHO [14-16]. Bonpmas, yem y Si m GaAs, mmpuHa
3anpeméHHoN 30HbI JAET IMIMPOKO30HHBIM MaTepHaiaM
cJeqyrolue IpeuMyILecTBa:

e OoJstblasi paboyasi TeMIepaTypa;

® BO3BMOXXHOCTb CO3[IaHHUSI HA OCHOBE 9THUX MAaTEpUATIOB
YCTPOMCTB C BHIVUMBIM JIMANA30HOM, CBETOM3JIYYAIOIIUX
YCTPOMCTB;

® BBICOKHE KPUTUYCCKHUE 10 1po6ost (E;);

® BHICOKAsI paauallMOHHAs! CTOMKOCTbD.

B Tabnune 1 mpeacTaBiIeHbl OCHOBHBIC XapaKTEPUCTHKHU
HEKOTOPBIX MTOJIYIPOBOJHUKOBEIX MATEPHAJIOB, B YACTHOCTH
Temrepatypa debast Tp. U3BecTHO, yTO T ONpeacisieTcs B
TEpPMHMHAX MaKCHMasbHOH sHeprum ¢oHoHa Epy, cymiect-
BYIOIIETO B JAHHOM MaTepuale,

Epn
Tr = =2
D kB7

rae kg — nocrosinHas bonbnmana. [To Mepe npeBbiieHus
TeMmnepaTypoil 3HaueHust Tp KoJiebaHusl PEeLIETKH CTaHO-
BSTCSI HEYNIPYTMMH, YTO MPUBOAUT K pacmajay MaTepuaja.
Jns pa3JuvHBIX MOJYNPOBOTHUKOB 3TOT PACIAA MOXKET
MIPOUCXOJAUTH BCJIEACTBUE POCTA JAUCIOKAINN, PA3JI0XKEHUS
OMHAPHBIX COeIMHEHMI U T.11. TakuM o6pa3om, 3HadeHue Tp
MO>HO paccMaTpUBaTh KaK XapaKTePUCTUKY BEPXHETO TEM-
HepaTypHOro Ipefena s paboThl yCTPOMUCTB HAa OCHOBE
manHoro matepuana. Cieayet oTMeTuTsh, uto Ip GaN
Huke, 4eM y SiC. CylecTByeT Takxke IeJIbIid KJIacc IMHUPOKO-
nosiocHbIx mMatepuanioB (II-VI), mus kotopeix Tp nmaxe
Huke, yeM y GaN. D10 06cTOosATeIbCTBO OOBSICHSIET TOT
(bakT, yTO O CUX MOP HE yIABAJIOCH U3TOTOBUTH BBICOKO-
MOIIHBIX BBICOKOTEMIIEPATYPHBIX YCTPOMCTB HA OCHOBE
coemuuenwuii 11— VI, HecMOoTps Ha ux OoJiee IMUPOKYIO 3HEP-
TeTHYECKYIO I11eJIb. B Tabmuie 1 Takxke yka3aHo, sIBISIETCS JIX
JTaHHBIN MaTepHuaJl MOJYNPOBOIHIUKOM C IIPSIMOU UITU HETIPsi-
MOI CTPYKTYPOIii 3alpelIEHHOM 30HBI U TPUCYTCTBYET (+)
HUJIH OTCYTCTBYET (—) MOIJIOKKa OOJIBIIOrO AMAMETPA,
cocTosas u3 camMord mMartepuaia. IlepBolii GpakTOp BO
MHOT'OM OIIpeesisieT BO3MOXHOCTh UCIOJIb30BAHUS MaTe-
puaJia IIst ONMTO3JIEKTPOHHBIX YCTPOUCTB. BTopoii haxTop
ompeessieT MePCHeKTUBbI MPUMEHEHUS] HaAyYHBIX PE3YyJib-
TaTOB B IPOMBIIIEHHOM IIPOU3BOJICTBE.

Kax BugHO 13 Tabj. 1, MpakTUYECKU MO BCEM PACCMOT-
PEHHBIM KPUTEPHUSIM KapOua KpeMHUS MPEBOCXOIUT KJIACCH-
YecKHe MOJIyIIPOBOTHUKOBBIE MaTepraibl: Si u GaAs. MHaTe-
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PECHO CPaBHUTH €ro C IPYTUMH LIMPOKO30HHBIMHI MaTepHa-
JIaMH.

ITo psay mapametrpos SiC ycrymaer GaN. Hampumep,
HU3Kasl BEPOSITHOCTD U3JIyYaTeIbHOW PEKOMOMHANNY (KaK B
HEnpsIMO30HHOM ToJtynpoBoaauke). Onnako gt GaN noka
OTCYTCTBYIOT COOCTBEHHBIE MOJJIOKKHU, a it AIN cobct-
BEHHbIC MOJJIOXKHM OYEHb MaJbl 1O pa3MepaM U KpaifHe
noporu. BeipammuBanue GaN mpoBOaUTCS TOCPEACTBOM Te-
TEPOIMUTAKCHH C HWCIOJB30BAHUEM TMOJIOKEK U3 APYTruX
matepuasioB (SiC, canpup). ITO TPUBOIUT K OUYCHb BBICO-
KOW TJIOTHOCTH JMCJIOKAIMNA B BBIPAIMBAEMBIX TLIEHKAX
(> 107 em™2). Oucnokamuu B GaN pacroJjiararorcs repreH-
JIUKYJISIPHO TOBEPXHOCTH PACTYILETO CJIOsI U coOMparoTcs B
KJIacTepbl. B pesynbTaTe pacTymuil coif IMeeT SUYEHCTYIO
(3epHUCTYIO) CTPYKTYPY, UYTO YBEJINYUBAET TOKU YTEUKH
P —N-CTPYKTYP U CO BpeMEHEM BBI3BIBACT UX JETpaIalluIo.

B nesom, SiC — GoJiee mepcreKTUBHBI MaTepualt s
CO3/IaHKSI MOIIHBIX MPUOOPOB 10 cpaBHeHuto ¢ GaN u npy-
rumu HuTpuaamu (I11—N). [TpuHIUIUIaIbHO HEAOCTHKUMOE
(13-32 60JIBIION BEPOSITHOCTU U3JIyYaTEJIbHOW peKkoMOuHa-
nuu) OOJIbIIIOE BpeMsl XU3HM HocuTeled 3apsiima B GaN
OTPAaHUYUBACT NPUMEHEHHUE MOCJEIHEro ISl CO3daHus Ou-
MOJISIPHBIX TPUOOPOB. B yHUIIOIAPHBIX MPpUOOpaX HU3KAS
TEIUIONPOBOIHOCTH M MEHbIIAs TeMrepaTypa Jlebas cHika-
FOT MaKCHMAaJIbHYIO PACCENBAEMYIO MOIIHOCTD. [10 ocTaitb-
HBIM 3JIEKTPOPHU3NYECKUM MapaMeTpaM (CKOPOCTh HACHIIIe-
HUSI HOCHUTEJIEH, 1moJie mpo0os, MOABMXHOCTb) OOBEMHBIN
GaN Taxxe HE MMEET CYyLIECTBEHHBIX IPEUMYILIECTB HaJ
kapouagom kpeMuus. Tem He MeHee, BO3MOXHO, 4To GaN-
nuonpl HIoTTKkM BBHAY WX 3HAYMTEIHHO OOJiee HU3KOM
cebecTonMOCTH OyIyT KOHKYPEHTOCIOCOOHBIME ¢ SiC-muo-
namu lotTku npu Hanpspkerusix go 1000 B [17].

OpHako co3gaHme rerepornepexonoB B cucreMe GaN-—
AlGaN 1no3B0OJIMJIO NOJYYUTh CTPYKTYPHI C ABYMEPHBIM
3JIEKTPOHHBIM Ta30M, 00JIaIAFOIIUM CYIIEeCTBEHHO 00JIb-
el TTOBMKHOCTBIO HocuTeseil. Takue CTpyKTypbl MOTYT
UCIIOJIb30BATRLCS ISl CO3aHHSI TPAH3UCTOPOB C BBICOKOM
noaswkHocThto (High Electron Mobility Transistor —
HEMT), napaMeTpbl KOTOPBIX MPEBOCXOMAT MapaMeTpbl
MOJIEBBIX TPAH3UCTOPOB Ha ocHOoBe oOBEMHOro SiC. BHe
KOHKYPEHIINH KaK 110 mapaMeTpaM, TaK U 0 MAaKCUMaJIbHbIM
pabounM TemmepaTypaMm Haxomutcs anmas. Ho moka He
yIaércs MOJIyINTh MOHOKPHCTAJUIMYECKHE CIIOW ajiMasa C
MOMOIIbIO T€TEPOIMUTAKCUU, & COOCTBEHHbIE MOJIOXKHU
UMEIOT HEOOJIBIIYIO MJIOIMIA/Ib U SIBJISIFOTCS JOBOJIBHO 10PO-
rocrosuMu. Kpome Toro, miis anmasa CylecTBYIOT OTIpe-
JIeIEHHBIE CIIOKHOCTH C MOJIYYEHUEM P —N-CTPYKTYP.

Taxum 06pa3oM, MOXKHO CHOPMYJIUPOBATH OKOHYATEIIb-
HBI BBIBOJ: B HACTOSIIEE BpeMs ISl CO3/JaHMS CHJIOBBIX
nipuoopoB SiC sBJISETCS CaMbIM MEPCIEKTUBHBIM MaTepua-
JIOM cpeau HauboJiee pa3paboTaHHBIX U Haubosiee pa3pado-
TAHHBIM CPEJIU CAMBIX IEPCIIEKTHBHBIX.

3. BoipanmBanne 00bEMHBIX KPHCTAJLIIOB
Kapouaa KpeMHus

JIJ1s OJTydYeHusT TIOJTYIIPOBOIHUKOBBIX MPUOOPOB TpeOyeTCst
pelIeHue psAla TEXHOJOTUIECKUX 3a/1a4, CBSI3aHHBIX C MOJIY-
YCHHEM OOBEMHBIX KPUCTAJIJIOB BBICOKOTO CTPYKTYPHOTO
cosepieHcTsa [18]. Heo6xommuMo BeIpalinBaTh BHICOKOKaYe-
CTBEHHbIC KPUCTAJLIBI C HU3KUM YPOBHEM (DOHOBBIX MPUME-
Ceif, IMETh BO3MOKHOCTD yIPABJIATh H30TOIMHBIM COCTABOM
KpHCTAJIjIa, MoJIydaTh TpebyeMblit mouTui. s mpou3BO/I-
cTBa MPUOOPOB KEJATEIbHO UMETh KPYIHBIC KPUCTAJLIBI

ITommoxka

)

TTiracTuHA-UCTOYHUK

BHerHuit BICTOUHUKR'

Puc. 1. [IpuHnunuanbHas cxeMa CoHABHY-siueKH. B j1eBoii vacTu pucyHka
MO0Ka3aHO PACIpEJIEJICHUE TEMIIEPATYPhl BOJIb OCH HaIPEBATEISL.

(pa3mepoMm He meHee 150 MM), HA KOTOPBIX MOKHO CO3[Ia-
BaTh 3MUTAKCUATIbHBIE CTPYKTYPBI B COBPEMEHHBIX PEaKTO-
pax.

ITpouecc pocra o06bEMHBIX KpucTasioB SiC ocyie-
CTBJISIETCS B OCHOBHOM IMOCPEACTBOM (U3UUECKOTO Tepe-
HOCa MapoB CyOJMMHPYIOIIETOCS MCTOYHUKA 4Yepe3 Mmapo-
ByI0 (pa3y (Physical Vapor Transport, PVT). Kommepueckue
kpuctasuisl npousBoasarcs B CIIA, Snonun, 'epmanun u
JIPYTUX CTpaHax, HO HauboJIbIIero ycnexa gobunack pupma
Cree Inc. (CIIA). B nocneanue roasl 3Toi Gpupmoit 6bL1H
BhIpamieHs! kpuctasuibl SiC nommtunos 4H u 6H quameTpom
1o 150 mMm. 3a mociieHIE TOABI MPAKTUYECKH YIAJIOCh pe-
AT TPOOJIEMY MAKPOTIOP (MUKPOMANTIOB), PE3KO CHU3UTH
IJIOTHOCTh TOPYKOBLIX AuciIokanmii (1o 10% cm~2 [19]).

MHTeHcuBHO BenyTcs paboTHI O BLIPAILMBAHUIO MOJTY-
m3osmpyromux kpuctayuioB SiC. IMpemyiokeHo HECKOJIbKO
METOJIOB UX BBIPAIIMBAHUS, CBS3aHHBIX C BBEJICHINEM B KPH-
crasn npumeceit (V, Co) mwim coOCTBEeHHBIX Te(eKToB, cO3-
JAIOIIMX B 3alpelIEHHON 30He Ti1yOoKkue ypoBHH aMdoTep-
Ho# nipuposl [20]. TIpu 3TOM CyIIEeCTBEHHBIN MPOTpEcC J0-
CTUTHYT B BBIPAIIMBAHUU YHCTBIX KPHUCTAJJIOB C HU3KHM
ypoBHeM (oHOBLIX mpuMeceil (Menee 106 cm~3), Takux kax
a3oT u 6op [21].

B ®TU um. A.®. Nodde paboThl 1O BBIpAIIMBAHUIO
noJIynpoBoAHUKOBOTO SiC METO10M (PU3UUECKOTO MapOBOTO
tpancnopta (PVT) Benyrcs ¢ cepenuubl 1960-x rogos. B
1970 r. 6BLT IpeaJIoKeH CyOTMMAaMOHHBIHA CITOCO0 BBIpAIIIH-
BaHUs KPUCTAJUIOB W JMUTAKCHANBHBIX clo€B SiC, HbIHE
U3BECTHBIN Kak "cyGuManmonublii conasuy-meroa" (Subli-
mation Sandwich Method, SSM) [22], B koTOpOM CyOIMMHE-
Pyl UCTOYHMK W 3aTpaBKa, pa3/Ae/IEHHbIE 3a30POM,
MOMEIIAIOTCS B TeMIepaTypHoe noste (puc. 1). JI7s mosblie-
Hus 3pdexTuBHOCTH MacconepeHoca U YMEHBIIEHUS IOTEPh
MapoB UCTOYHHKA 3a30P MEXKJy MCTOYHHUKOM U 3aTPaBKOM
YCTaHABJIMBAJICS JOCTATOYHO Y3KUM, He Oojee 0,2 oT pas-
MEpOB UCTOYHHKA.

Vka3aHHBII METO/ O3BOJISLT BHIPALIMBATD KaK MUTaK-
cuaJIbHBIE CJIOH, Tak U 00BEéMHBIe Kpuctayuibl SiC [23], a
TaKXe Apyrue MoIynpoBOJHAKOBEIE MATEPUAIIbI, HATPEMED
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GaN [24] u AIN [25]. B nanpHeiiiieM HamMu ObLIO TpeE-
JIOXKEHO UCIOJIb30BaTh A1 BhipanmBanus SiC KOHTeHHEePbI
He u3 rpaduTa, a U3 TaHTajia [26], B KOTOPBIX yaaéTcs Ha-
MHOTO yBeJIMYUTh 3(P(PEKTUBHOCTH MACCOINEPEHOCA, MOBBI-
CHTH YUCTOTY BBIPAIUBACMBIX KPUCTAJJIOB U YMCHBIIUTH
MOTEPHU UCHAPSIEMOT0 UCTOYHHKA.

HecomueHnHbIM TocTOMHCTBOM SSM SIBJISIETCS BO3MOX-
HOCTb BBIPAIIMBATH KPUCTAJIJIBI BHICOKOTO KAauecTBa B IIIH-
pokom nuamna3one temnepatyp (mis SiC — 1600—2600 °C)
MPU Pa3IMYHBIX JABJICHUSAX HHEPTHOTO T'a3a WM B BAKyyMe,
a TakKe MPH HAJIWYUU PA3IUYHBIX JIETHPYIOIIUX TPUMECEH.
DTO MO3BOJISET OMPENEIATh ONTUMAJIBLHBIC YCJIOBHS IS
pOCTa KaYeCTBEHHBIX KPHUCTAJJIOB, YIPABJIATH MPUMECHBIM
COCTaBOM, OTKJIOHEHHEM OT CTEXHOMETPHIECKOTO COCTaBa U
MOJIUTUNIU3MOM. JleTajbHbIi aHAJIM3 3aBUCUMOCTU CKOPO-
ctu kpuctaumsanuu SiC oT TeMnepaTypsl, epenaga TeM-
nepaTyphl, NaBJICHUS MUHEPTHOTO Ta3a, PACCTOSHUS MEXIY
WCTOYHUKOM U 3aTPaBKOW NMPHU CPABHEHUH TEOPETUUYECKUX
pPe3yIbTATOB C AKCIEPUMEHTAIBLHBIMU TPOBEIEH B paboTax
[27, 28].

3.1. BoipanmBanne kpuctamioB SiC U HX XapakTepH3anust
BreipamuBanue kpuctaiioB SiC mpoBOAWIJIOCH B Mevax
conpoTuieHus. [Monukpucraninyeckue uctounuku SiC
CHHTE3WPOBAJIUCH U3 MOJYIMPOBOJHUKOBOTO KPEMHHS U
CHEKTPAJBHO YUCTOrO yriepoaa. PoctoBas kamepa mpomy-
BaJlaCh MHEPTHBIM razoM, cojepxamum H,, ¢ meibro
YMEHBIICHUS HAMIPSDKEHUN, OOYCIIOBJICHHBIX MEXaHHYECKOU
00paboTKOM MOBEPXHOCTH 3aTPABKH.

BHemHmii BUT yCTAHOBKH 1151 CYOJIMMAIIMOHHOTO BbIpa-
muBanus kpuctajioB SiC u AIN auamerpom g0 6 AFOUMOB

Puc. 2. YcraHoBka [uisl BeIpaluBanusi kpuctayuioB SiC quaMeTpoM 10
6 TI0MMOB.

Puc. 3. ®ororpaduu miuactunsl SiC noiuruna 6H, (a) JerupoBaHHOTO
MpHMEChIO a30Ta, u (0) 6e3 nmpumeceit. uamerp miactun 100 mm. Kak
BHIHO, HEJITHPOBAHHAs ITACTHHA HPAKTUYECKH He HMMeEET OKPACKH
(4TOOBI TOAYEPKHYTH 3TO, Ha OECUBETHYIO IJIACTHHY CIIENMAJIbHO HaHe-
CEHBI YEPHBIE 3HAKN).
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Puc. 4. (B usere onnaiin.) Konnentpauus GpoHOBBIX IpuMeceil B HeJleru-
poBaHHbIX KpucTayiax SiC.

IpUBEIEH HA pHC. 2. YCTaHOBKA 000PYI0BaHa COBPEMEHHOMN
BAKYYMHOW CHCTEMON C TypOOMOJIEKYJISIPHBIM HACOCOM,
aBTOMATHU3UPOBAHHON CHCTEMON KOHTPOJISI 32 MPOILECCOM
BBIDAINMBAHUS KPHUCTAJUIOB WM YNPABJICHUS MM, a TaKXke
CHCTEMOH pa3JebHON MOJa4Yl OCHOBHOTO ra3a M JTOTOJHH-
TEJIbHOT'O I'a3a HEMOCPEICTBEHHO B 00BEM POCTOBOM STUEHKH.
Ha pucynke 3 mpeacraBiieHbI BhIpallleHHbIE HA 3TON ycTa-
HoBKke kpuctaibl SiC momutuna 6H muamerpom 100 mm.
ITocie BeIpamBaHmus KpHUCTAJIa TPOBOASATCS €ro Mexa-
HIYeckass oOpaboTka W pe3ka Ha miuacTuHbL [loisryuae-
Mble KpucTaJUIbl SiC SBISUTUCh MPAKTHYECKU OECIIBETHBI-
mu (puc. 30), 4TO CBHJIETEJILCTBOBAJIO O UX BBICOKOW YHUC-
TOTe. Y]eNbHOE CONPOTHUBIJIEHHE YUCTHIX KPUCTAJUIOB IIpe-
BbImano 10° Om cM.

Konmenrpanuro nprmMeceii U3MepsUTd METOJAOM Macc-
crekTpockonun BTOpuuHBIX HoHOB (MCBU) (Secondary
Ionization Mass Spectrometry, SIMS). Pe3ynbTaTsl nu3mepe-
HUSl KOHLIEHTPAIIMUM OCHOBHBIX IpHUMecel MpeAcTaBIeHbl Ha
puc. 4. B cnenuanbHO HEJIETUPOBAHHBIX O0Opa3ax KOHIICHT-
pamua 6opa m a3oTa HaxomuTcs Ha yposme 10'¢ cm3, a
koHnenTpanus Al — na yposme 101 cm 3.

Ha pucynke 5 npeacraBiieHa KapTa paclpeiesIeHus! y e/ b
HOT'O COTIPOTHUBJIEHUS B HEJIETMPOBAaHHBIX 00pa3uax SiC nosm-
tuna 6H. OTMeTuM, 4TO BBICOKOE COMPOTHBJICHHE B 3THX
o0pa3smax JOCTUrHYyTO Oe3 BBeACHUs mpuMeceid uim aedek-
TOB, CO3/IAFOIINX TJIyOOKHE YPOBHU B 3aNPEIIEHHON 30HE.
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Puc. 5. (B usere omnnaiin.) Kapra pacnpezesieHusi 3HAYCHUI yHeIb-

HOTO COIPOTHBJICHHS IIACTUHBI KapOuAa KpeMHHs, CpefHee 3HAUCHHE
5,4 x 10° Om cMm.

3.1.1. BeipammBaHue KpPHCTA/UIOB C ONpeJeIEHHBIM H30TOI-
HBIM COCTABOM. BhIpalnBaHHe KPUCTAILIOB KapOuaa Kpem-
HUSI C M3MEHEHHBIM M30TOIHBIM COCTABOM MPOBOJIUIIOCH C
HCIIONIb30BAHMEM H30Toma 28Si: mpuMeHsuICS IpeaBapH-
TEJILHO TMOATOTOBJICHHBI KPEMHUI B BHIC MEJKHX KYCKOB
(1-3 MM) ¢ u3oTOmHBLIM coctaBoM 99,999 % 28Si. Msoron
88i apnsieTca cTabumbHLIM. CHHTE3 MCTOYHMKA [JIsi BBIPA-
IIUBAHUS KPUCTAJIIOB KapOWIa KpeMHUs ¢ U3MEHEHHBIM
M30TOMHBIM COCTABOM OCYIIECTBJISJICS AHAJOTUYHBIM
00pa3oM, Kak M ISl KCTOYHUKA C MIPUPOTHBIM COIEpKa-
HUEeM U30TOomOB. /[0 Hayasia CHHTE3a TUTE/b U BHYTPCH-
Hsisl apMaTypa Hedn 00e3rakMBaroTCs MPH TeMIepaType
2200°C u Bakyyme 107> Topp B Teuenue 3 4 B yCTAaHOBKE
PE3UCTUBHOTO HATPEBA, TOCIE Yero THUreIb 3arpykaeTcs
CMECBIO MOPOIIKOB yrieposia u kpemuus (2Si) B crexunomer-
PHYECKOM COOTHOIIICHUH. [IpOBOANTCS IpOIecC U3rOTOBJIE-
HUS IOPOIIKA KapOuaa KpeMHuUs. B kadecTBe 3aTpaBOYHOTO
KPUCTAJUIa MCHOJIb30BaIM IJIACTHHY KapOuma KpemHUs
opuenTaruu (0001) guamerpomM okoJio 15 MM monmTHIIA
6H. IMocne BbIpammBaHUs KpHUCTAJUIA KapOUga KpeMHHS
288iC mpoBOIMIN MeXaHHYECKYI0 00pabOTKY U Pe3Ky KpH-
cTajuia Ha iacTuHbl. KOHIeHTpaIuio npuMecei ¥ H30TOIM-
HBIH cocTaB u3Mmepsinu metonoM MCBU. Pesynbrathr
HU3MEPEHHIl KOHIICHTPAIIMU OCHOBHBIX IIPUMECEH TPUBEICHBI
Ha puc. 6. VI3 mpencTaBIeHHBIX TaHHBIX BUIHO, YTO COJEP-
*kaHue m3oTona 2Si Haxomurces Ha ypoBHe 99,799 %, B TO
BpeMsi KaK MPHUPOJHOE COMCPKAHUE ITOTO U30TONA OKOJO
92,255 %. Taxxe HEOOXOAUMO OTMETHThH HU3KYIO KOHIICHT-
pamuio amomunud, 1,6 x 104 em™3, B BeIpamennom kpu-
craye. CTOJIb HU3KYIO KOHIIGHTPAIMIO MOXHO OOBSICHUTH
BBICOKOKAYECTBEHHON OYHMCTKOW MaHHOTO H30TOMHOTO
KPEMHUS Ha CTANH ra30-IeHTPUQPYKHOTO pa3Ie/ICHHUS.

Wccnenys nzotonHo-oboraméunbie kKpuctaibl SiC,
yIaJOCh YCTAHOBUTH TOHKYIO CTPYKTYpPY LEHTPa BaKaHCHU
kpemHus [19].

3.1.2. BoipanmBanne kpucta/iioB SiC pa3/iM4HbIX MOJMTHIIOB.
PazpaboTaHHas METOAMKA MO3BOJISIIA OJIYYaTh BHICOKOYHU-
crbie kpucTasuibl SiC pa3IMyHBIX MOJIMTHUIIOB, B TOM YHUCJIC
4H [29], 6H u 15R [30]. Ha Takux xpucTaiigax uccieaoBaiach
CTPYKTYpa BAaKaHCHOHHBIX NMEHTPOB, MPEICTABIISIIOIINX

[Al] = 1,6 x 10"
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Puc. 6. (B uBete omaiin.) Konmnenrpanuu npumeceit B kpucrasuie SiC,
obGoraménnom nzoronoM 23Si, onpenenénnsie MerogoM MCBU.

UHTEpeC st co3AaHust 3 PEeK TUBHBIX HCTOYHUKOB OJUHOY-
HBIX BaKaHCHUI.

BreipamuBanue kpuctayuia SiC onpeneséHHOro MOoJu-
THIIAa TPOU3BOAMIIOCH PA3JINYHBIMH CLIOCOOAMMU:

1) Ha 3aTpaBKe HYXHOrO MojHTHIA. Hampumep, Kpu-
crajuibl monuTuna 4H BbIpammBaMch Ha 3aTpaBKax TOTO
ke nosituna. JJisi moBbIILIEHNS BOCIPOU3BOIUMOCTH MOJIH-
THNA UCTOJIB30BAJIMCh TaK HA3bIBA€MbIE 3aTPABKU CO CMe-
méHHoI ockro (off-axis) ¢ yrjioM OTKJIOHEHHUs OT 0a3aJIbHOU
rpanu 4—8°;

2) Ha 3aTpaBKax MPOU3BOJIBHOTO MOJMTHIA, HO POCT
KpHUCTaJIa MPOXOIU B YCIOBUSX, CIOCOOCTBYIOIIMX 00pa-
30BaHMIO TOTO MJIM MHOTO mosmTuna. Hamu Gplia ycranos-
JIeHa KOPPEeJISLHS MeXAY CTPYKTYPOU OJUTHUIA U OTKJIOHE-
HHEM OT CTEeXHOMETPHH, COTJIACHO KOTOPOH KyOwmdeckue
nosutunsl (3C, 8H, 21R) o6pa3yrorcs npu OTHOCUTEIBHOM
U30BITKE KPEMHHUS, a BEPOSITHOCThL OOPa30BaHUs T'eKCaro-
HaJIbHBIX MOJUTHIIOB (4H, 27R) BbIllIE TP OTHOCUTEJILHOM
n30bITKE yriepoaa [31].

Brino Takke moxa3aHo, YTO poMOO3IpHUYECKUE TTOJIH-
THITBI O0JIee cTabuiIbHBI IpH pocTe B HanpasyieHnn [0001]S1,
yem B Hampasienuu [0001]C. Dtu u npyrue HaOIOACHUS
MIO3BOJIMJIM KOHTPOJIUPYEMO BBIPALMBATL HEKOTOPbIE Pejl-
KM€ TIOJIUTHUINBI Ha MOJJIOKKAX U3 PACIPOCTPAHEHHBIX MOJIH-
Tunos (puc. 7).

3.2. YMeHbLIeHHE COAeP:KaHus CTPYKTYPHBIX JedeKToB

B BbIPalllMBaeMOM KpHCTAaJllIe

M3mMepenne MI0THOCTH MHUKPOIOP U AMCIOKALMA B BbIpa-
LIEHHBIX KPHUCTAJIIaX MPOBOIUIIOCH ONTHYECKUM METOOM,
MO pe3yiabTaTaM ONTUYECKOTO TPaBJICHUS B pacIliaBe
meénoun KOH. M3mepennst mokazanu, 4To CpemHsisl TIOT-
HOCTh MHUKPOTIOP B BbIpallleHHbIX kKpucTasuiax SiC He mpe-
BBIIIAET 3 CM 2, a INIOTHOCTH JUCIIOKAILM BAPBUPYETCS OT
103 em~2 10 10% em 2,

Hamu nokazaHo, 4TO IVIOTHOCTb JUCJIOKAIUMi B BbIpa-
meHHbIX KpucTtauiax SiC MOXeT OBITh CYIIEeCTBEHHO CHU-
’keHa. Hampumep, NJIOTHOCTh IMCJIOKALMNA CYIIECTBEHHO
YMEHBIIIAJIACh NPU JIATEPAIBHOM pa3palliBaHUU 3aTPaBKU
kpuctayuia [32—34]. DpdexT yMeHbIIeHUs TIOTHOCTH JTUC-
JIOKAIWA B pa3paliuBaeMoi O00JIACTH KPUCTAJLIA JIEMOH-
crpupyetrcs Ha puc. §. TEMHBIN HBET B MEHTPe KpHCTAJLIa
00YCJIOBJIEH BBICOKOW IJIOTHOCTBIO Auciokanmii. Ha mepu-
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Puc. 7. (B uBere onaiin.) JlromuHecnupyroime kpuctauibl SiC pa3MyHbIX MOJIMTUIIOB, BRIpAllleHHbIE Ha 3aTpaBkax noymruna 6H-SiC. Kpucrasist

JIESTUPOBAHLI IIPU POCTE IIPUMECSMHU a30Ta U rajijius.

Puc. 8. (a) Kpucrasui, moyiy4eHHbI METOIOM JIaTepaJIbHOIO pa3palinBa-
Husi. (0) Bripe3aHHast U3 HEro IUIACTUHA, MOJBEPrHYTAsi TPABJICHUIO B
pacrutaBe KOH n71st iekoprpoBaHisi TOPYKOBBIX AUCIOKAIHIA.

(epuitHON YACTH MJIACTHHBI BUIHBI JIMIIL OTAEIbHbBIE SIMKH
TpaBJICHNsI, 00YCIIOBJICHHBIE AUCIOKAIMSIMH. [1T0THOCTB Jvc-
JIOKAIH# B 3TOM 001acTH He nipeBbiriaeT 10 cM 2, T.e. HA /1Ba-
TPU MOPsKA HIXKE, YeM B ICHTPE KpUCTaJLIA.

B pabotax [35, 36] npeasioxen npyroi cnocod noJryyeHus
MAaJIOIUCIOKAITMOHHBIX KpucTayioB SiC — ¢ UCIoJIb30Ba-
HUEM CIIENMAJIbHBIX 3aTPABOK ¢ MPOUINPOBAHHOI TOBEPX-
HOCTBIO (puc. 9).

OTMeTHM, YTO IUTOTHOCTD SIMOK TPABJICHUS B BBIPAIIICH-
HOM CJI0€ HaJl IUTOLIAAKOM Me3acTPyKTyphl CYILLIECTBEHHO HE
u3meHsieTcsl. JlaHHbIA (PAKT MOXXHO OOBSICHUTH TEM, UYTO
JUCJIOKALIMH, MMEIOLINeCsl B 3aTPABOYHOM KpHCTaJle, B
OCHOBHOM PACIPOCTPAHSIFOTCS B pacTyIuii cioi. B oOia-
CTH KpHCTaJlJIa HaJ KaHaBKOH (puc. 96) MIOTHOCTH SIMOK
TpaBJICHHS 3HAYNTEJILHO MEHBIIIe (Ha IBa TIOPsIKa U OoJree),
4eM B OCHOBHOIl MaTpule KpucTajuia. Pe3koe CHIDKeHHE
MJIOTHOCTH JUCJIOKALUI TpU CBOOOTHOM JIaTepaJIbHOM Pas3-
palIBAaHIH MOXHO OOBSICHUTb OTCYTCTBHEM KOHIIEHTPATO-
pPOB HampsHKEHHI (CTYNEHe#H pocTa, CKOIIEHUH TpuMeceit),
KOTOpBIE CO3JTAIOT MPEISTCTBUS IS TIEPEMEIICHUs CJIOsI, U

CPAaBHHUTEILHO BBICOKOW JHEprHeldl Mepero3anus ITUCIIOKa-
LUH.

CrenyeT OTMETUTh NIPAKTUYECKU I1OJIHOE OTCYTCTBHE Ha
paspalyBaeMbIX YYacTKax IHOBEPXHOCTH MHKpomop. M3-
BECTHO, YTO BO3HUKHOBeHUE MUKpOTIOp B SiC MHUITUUPYETCS
B OCHOBHOM BHHTOBBIMH JTUCJIOKAIUSIMHI C OOJIBIIIAM BEKTO-
pom Broprepca, nosiBjieHrue KOTOPBIX IIPU CBOOOTHOM pa3pa-
LIMBAaHUM MaJIOBEPOSITHO. BO3MOXKHBI peakluy CAUSHUS U
AHHUTWISIUY AUCIOKAIMOHHBIX MUKPOIIOP, IPUBOISLIME K
TIOHIDKEHUIO Cpe/IHEN TIJIOTHOCTH UX pachpeiesieHus. SmMka
TpaBJieHHs pa3zMepom Gosiee 15 MKM COOTBETCTBYET MHUKPO-
mope, a ¢ pa3MepoM MeHee 15 MKM — THUCIIOKaInH.

Hcnonb3yst TaHHbIE 0 U3MEHEHUU TUIOTHOCTH JTUCIIOKA-
U OpU SMUTAKCHAJIBLHOM POCTE Ha ME3acCTPYKTypax, Mbl
MIPOBEJM UIMTEIbHBIA MpoLecc pocTa ISl U3y4eHHs] BO3-
MOJKHOCTH YJIyUIIICHHS] KauecTBa OOBEMHOTO KpHCTAJUIa, a
AMEHHO, TMPOJOJDKUTEIHHOCTh POCTOBOrO Tpolecca Oblia
yBennyeHa A0 10 4 mpu CKOpOCTH HOPMAJBHOTO poCTa
okoJio 100 Mxm u~!.

Pesynbrathel mpeacraBieHbl Ha puc. 9. OTu€TimBoO
BUHO, YTO CKOIICHUS SIMOK TPABJICHUSI HOBTOPSIFOT PACIO-
JIOKEHNE W TPAHUIBI IUTOIMIAI0K Me3aCTPYKTYPBI 10 Havala
poctoBoro mpornecca. [ITOTHOCTh SIMOK HAJl TUIOIIAKAMHU
COOTBETCTBYET HAYAJbHON IJIOTHOCTU B 3aTPABOYHOM KpH-
cramne, okono 5 x 10* cM 2. Mex Ly miomaaKaMy HabJIo-
JTaeTCsl 3HAUYUTEILHOE CHIDKEHHE (Ha JIBA MOPSIKA) TIIOTHO-
cTu sMOK TpaBiieHus. Kak BumHO m3 puc. 9B, MIOTHOCTH
JUCJIOKANUI HA/T KAHABKAMMU IPU MOJIHOM HX 3apalliBaHUN
HE paBHA HYJIIO. BEpOSTHBIM HCTOYHUKOM TeHEPAIH HOBBIX
JUCJIOKALUI MOT'YT OBITh MEXaHUYECKUE HAIIPSDKEHHU S, KOTO-
pble BO3HMKJIM B 3aTPABOYHOM KPHUCTAJLIE IPHU U3TOTOBJIE-
HUH ME3aCTPYKTYPHI.

[Mony4yeHHBIe HAMH PE3YJAbTATHI MO3BOJISIOT CAEJIATh
CJIEITYIOIINE BBIBOIBI.

500 MKM

Puc. 9. TToBepXHOCTB 3aTPaBKU C Me3aCTPYKTypaMH B OTPaXXEHHOM CBeTe 10 HavaJja (a) u o okoH4yaHuu (6) pocToBoro nponecca Ha (0001) Si-rpann u
(B) mocienyromero TpasieHus B paciiaBe KOH. Temnepatypa pocra T = 2050 °C, Bpemst pocta 1 4 (6) u 10 u (B). JIMHUSIME OTMEYEHBI I'PAHUIIBI
IJIOIIA0K Me3acTpyKTyp. CHUMOK cliefial Ha MEKpockone HoMapckoro B pesxxuMe CKpPEIeHHBIX MOJIIPU3aTOPOB.
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1. ITnotHOCTH AUCTOKaNUH B ci1051X SiC, BhIpAILIEHHBIX HA
BBICTYIAIOUINX IJIOMIAIKAX P OTCYTCTBHU CTYIIEHEH HOP-
MaJIbHOTO POCTa, HUXKE, YeM Ha OOBIYHON HEMPO(PHIMpOBaH-
HOW MOBEPXHOCTH. DTO, OYEBUIHO, CBSI3AHO C OTCYTCTBHEM
Ha TOBEPXHOCTH CTYIEHEH pocTa, KOTOPBIE SBISFOTCS KOH-
LHEHTPATOpaMH HANPSDKEHUsl, CHOCOOCTBYIOIIMMH TIe€Hepa-
LUH TUCTIOKALUH.

2. B mpenenax BBICTYHAIOIIEH IUIOMIAIKA COXPAHSIETCS
BBICOKAsl BEPOSITHOCTH HACJIEOBAHMS YK€ HWMEIOIINXCS B
HOJIJIOKKE TOPYKOBBIX JAUCIOKAIHH.

3. IIpu cBOOOIHOM JaTEPaJbHOM pa3palluBaHUU IIO-
BEPXHOCTHU BBICTYNAIOILIEH TIJIOLIAIKN HAOIIOAETCSl pe3Koe
YMEHBIIEHUE IJIOTHOCTH TOPYKOBBIX TUCIOKALIUH.

Takxum o6pazoM, B HACTOSIIEM 0030pe ONMUCAHBI Pealb-
HBIE BO3MOXHOCTH CYIIECTBEHHOTO YIIyYITIEHHsI KadecTBa
KpHCTaJUIa. Y MEHBIIICHHE IUIOTHOCTH IUCIIOKAIINI IPOMCXO-
JUT TPU JIaTEPATIbHOM pa3pallliBaHUKM KPUCTAJIA UM BbI-
cTynaromux GparMeHTOB IOBEPXHOCTHU B YCIOBUSX, IPH KO-
TOPBIX MPAKTHYECKH HE HACJICIYIOTCS MMEIOIIHECs] B KpH-
CTajule TOPYKOBBIE Muciaokanuu. IToHMKeHHas! IIOTHOCTH
JICTIOKANMIl COXpaHsieTCsl B Ipolecce TIMTEIBHOTO POCTa
KpUcTasa.

4. Pa3paGoTKu 1 HCCJIeT0BAHUS
BBICOKOBOJIbTHBIX CHJIOBBIX
1 UMIYJIbCHBIX 10/10B HA ocHoBe 4H-SiC

B Onuxkaimme roabl CiIeAyeT OXHUIATh paCHIUPEHUS
00JIacTH MpUMEHEHUsI TPUOOPOB HA OCHOBE MAaTEPHAJIOB
¢ OOJBINONW IMUPUHON 3ampeméHHON 30HBI, B MEPBYIO
ouepens Ha ocHoBe 4H-SiC [37]. BeicokoBoibTHBIE 4H-
SiC-muonbt m 4H-SiC-TpaH3UCTOPHI KJIFOYEBOTO THIIA TIEP-
CIEKTUBHBI JJIs1 CO3JaHUSI MaJIOrabapUTHBIX CUJIOBBIX IIpe-
obpa3zoBarteJieil MPOKON HOMEHKJIATYPbI, pabOTAFOIIUX C
BBICOKOW IIOTHOCTBbIO MOIIHOCTH Ojiaromapsi BBICOKOH
JacTOTe MPeoOpa3oBaHUM, BHICOKOM MOMYCTUMOR pabdoueit
TeMIiepaType U yIpougHHO! cucremMe oxjaxaeHus. Boico-
KOBOJIbTHBIE UMMYJibcHble 4H-SiC-muonnl qoKHBI OBITH
BOCTPeOOBaHBI B HOBBIX CUCTEMAX CBS3H U nepefadu uHpop-
Manuu (MMIYJIbCHOE CBEPXIIMPOKOIOJOCHOE Pajauo), B
CBEPXIIMPOKOMOJIOCHBIX PAAMOJIOKATOPaX, B CHUCTEMax
UMILYJIbCHOM SHEPreTHKHU.

4.1. Cuaosbie quoan! lotTku

¢ MHTErpHPOBAHHOI MIOTTKH-(P —N)-CTPYKTYPOii

Huonel Mottku (JII) Ha ocHoBe 4H-SiC yxe mocTeneHHo
BBITECHSIIOT BBICOKOBOJIbTHBIE OBICTPOBOCCTAHABIINBAIO-
mumecst nuoabl (BB/l) Ha ocHOBe kpemHus. [ 1aBHBIN HemO-
cTaToK KpeMHUEeBbIX BB/l cOCTOUT B TOM, YTO OHM pabOTAIOT
C MHXEKUUEHl HEOCHOBHBIX HOCHUTEJIEH, a HAKOIIEHUE He-
OCHOBHBIX HOCUTEJICH B IPpUOOpE OTpaHUYMBAET €ro ObICTPO-
JIeiCTBUE TIPH MEepeKIIOYeHUN. B CcyIecTBYIOIMX KpEMHHE-
BoIx I, X0Tst OHM U paboTarOT 0€3 MHKEKIUU U OBICTPO
MEePEKJIFOYAIOTCS, 0OpaTHOE HANpsDKeHHe, KOTOPOe OHU
crocoOHbI OJtoKMpoBath, He mpesbiaeT 200 B. B 4H-SiC
1oJjie JIABUHHOTO Mpo0Os Ha MOPSAAOK OOJbIlE, YeM B
KpEeMHHUU. DTO MO3BOJISIET JOCTUYb OOJIBIIOTO OOPATHOTO
HAIpPSDKEHUS TIPU OTHOCHTENILHO BHICOKOM YPOBHE JIETUPO-
BaHHs OJIOKMpYIOIIel 0a3bl, a BRICOKAN YPOBEHb JIETHPOBa-
HUSl B CBOIO Ovepeb 00ecrneunBaeT OTHOCUTEIBHO HEOOJIb-
1110€ COIIPOTUBJIEHHE B IPSIMOM Hanpasyienuu. Ha pucynke 10
4H-SiC-IIII cpaBHMBAOTCS ¢ KPEMHHEBBIMU M apCEHU/-
raJUIMEeBbIMU OUOJAMH IO OJOKHPYIOIIEH CIIOCOOHOCTH U
MPSIMOMY COTIPOTHBIICHHIO.
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Puc. 10. (B usere onunaiin.) Cpasuenue 11 na ocuose Si, GaAs u 4H-SiC
1o OJIOKMPYIOLIEH COCOOHOCTH M MPSMOMY CONPOTHBIICHUIO; FON —
YJIeJIbHOE COIPOTHUBJICHHUE B OTKPBITOM COCTOSHHU.

Eciam conmpoTuBIIeHNE OTPAHUYUTH CBEPXY BEJIMIMHON
10 MOM cM?, TO A8 KPEeMHHEBLIX U apPCEHH-TaJLTHEBBIX
JIUOMIOB NpeebHbIM OyAeT oOpaTHOE HANPSDKEHUE OKOJIO
200 B, B To Bpems kak 4H-SiC-/I1II ctocoOHBI 6J1I0KMpPOBATH
HaIpsDKEHNE B HECKOJIbKO KMJIOBOJIBT. [1pu 9TOM mocienHme
MOTYT paboTaTh NMPH MOBBIICHHBIX TEMIIEPATYPAX U BbLIEP-
KHUBATh OOJIBIIIHE TEIJIOBBIE HATPY3KH Oy1arofapst OOJIbIIM
IIUPHHE 3aNpel€HHON 30HbI 1 TerutonpoBogHocTr 4H-SiC.

Hust mpakTuueckoit peanuzanuu goctouHctB 4H-SiC B
nuonax IIoTTkn HaMM OBLIM PELIEHBI CIEAYIOIUE 3aAUH:
1) pa3paboTana Mojesb AJs pacyéTa BBICOTHI Oapbepa
MMorTkn Ha peanpHOi moBepxHocTu SiC [38]; 2) paspa-
6oTaHbl MeTOMBI (HOPMUPOBAHMS CTAOWIBHBIX KOHTAKTOB
IMoTTKM ¢ perynupyemMbIM 1O BbicoTe Oapbepom [39—41];
3) pazpaboTaHa IJIaHApHAS OXpPAHHAS CUCTEMa JJIsl yCTpa-
HEHHUSl TIPEXKIACBPEMEHHOIO KpaeBoro mpobosi [42-44];
4) ycTaHOBJIEHBI (PU3MUECKIE MEXAHU3MBI yTEUeK IMPH 00pat-
HOM HampspkeHun [45—47]; 5) pazpaboTaHa HHTErpUPOBaH-
Hasi WOTTKU-(p—n)-cTpykrypa (Junction Barrier Schottky,
JBS) mi1s yacTuyHOrO MOAABIICHUS] TOKOB yTeuku [48, 49].

4.1.1. BeicoTa 0apsepa IllloTTkn Ha peanbHOIi MOBepXHOCTH
SiC (monemmpoBanmne). Kak m3BecTHO, BhIcOTa Oapbepa
IMMoTTKM B KOHTAKTaxX METaJLI— MOJIyIPOBOJHUK, KaK Ipa-
BUJIO, CJ1a00 3aBUCUT OT MPUPOIBLI MeTajlla: U3rub Hepre-
TUYECKUX 30H Yy HMOBEPXHOCTH HOJYHPOBOJHHMKA OIpeje-
JISIETCSl HE CTOJIBKO Pa3HOCTBIO pabOT BBIXOJA MeTallla U
TOJIyIPOBOJIHUAKA, CKOJIBKO 3aps/IOM, KOTOPBI 3aXBaThI-
BaeTCs 3JIEKTPOHHBIMH COCTOSIHHMSIMH Ha HWHTepdelice Me-
Tajn—nonynpoBoguuk [50]. IIpu 3ToM BaxHyH poOJIb
UrpaeT TOHKas AMIJIEKTpUYECKasl MPOCIoiika, oTaesstonas
METaJul OT MOJIYIPOBOJHUKA (TAKOH MPOCIOUKOW MOXKET
OBITH €CTECTBEHHBII OKCHJ HAa TOBEPXHOCTU TOJIYIMPOBOI-
HUKA). BaXXHOCTh KOHEUHOW BEJIMYMHBI 3a30pa COCTOHUT B
TOM, UYTO, €CJIM €r0 IIUPUHA CTPEMUTCS K HYJIIO, TO METaJLI
OyJeT MOJHOCTBIO 3KPAHUPOBATH MOBEPXHOCTHBIN 3apsl U
BBICOTA Oapbepa OyneT OmpenesiiThCs Pa3sHOCThIO padoT
BBIXO/a MeTaJlJla W MOJYIPOBOJHMKA, T.€. HE OyneT 3aBHU-
CeTh OT HAJMYUS MOBEPXHOCTHBIX cOCTOSIHUU. OOBIYHO
CUUTAETCS, YTO JIOBYIIKYU 3aXBATa JIOKAJIU30BAHBI B IJIOCKO-
CTH, pa3geIsIollell TU3JIeKTPUK U NOJIynpoBoJHUK. OHAKO
€CJIU IPEANOJIOXUTD, YTO TOHKAS IPOCIIONKA MIPEACTABIISET
co6oii ecrecTBeHHbINM okcua, To "crporas' nokanuzanus
JIOBYIIIEK B IUIOCKOCTHU paszfeia, Mo-BUIAUMOMY, Hepeallb-
Ha. Tak, Hanmpumep, B clIydyae TEPMHYECKU OKUCJIEHHOIO
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Puc. 11. PaBHOBecHast sHepreTuueckas auarpaMma KOHTaKTa MeTaJll—
OKCH/1— ITOJIYIPOBOJIHUK C OTHOPOJIHBIM MPOCTPAHCTBEHHBIM pacipese-
JICHUEM JIOBYIIIEK B IPOMEXYTOUYHOM JIU3JIEKTPUYECKOM CJIOE.

KpEeMHHS HaOJIFOIat0T JOBOJIBHO MPOTSKEHHBIN citoil SiOy
(IO HECKOJIBKUX JIECSITKOB AHT'CTPEM BIITyOb OT MOBEPXHOCTH
KpeMHHs), B KOTOpoM "nedexthl okuciaenus" (Tak Ha3bIBae-
Mble P,-IIEHTPBI) U BHOCSAT ONPEIeISIFOIIMIA BKJIaJ B TUIOT-
HOCTbh cocTosiHuit Ha uHTepdeiice Si0,/Si [51].

B Hameii pabote [52] paccunTaHbl 3aBUCKMOCTH BBICOTHI
OGapbepa @y, 0T paboOTHI BhIXOAA MeTaiL1a Py 17151 KOHTAKTOB
MloTTkM Ha OCHOBe kapbuaa kpemuus. [Ipenmosarajiocs,
YTO Ha peasibHOM moBepxHOCTH SiC MMeeTcs CII0i eCTeCTBEH-
HOT'O OKCHJIA, TOJIIKMHA KOTOPOrO MOXKET BAPbUPOBATLCS B
npeneiaax 6—20 A, a JIOBYIIKA B HEM pacrpeeeHbl OJIHO-
ponHo. Takxe OBLIO MPUHATO JOMYIIEHHE O TOM, YTO Ha-
HEeCeHHe MeTaJlIa He BbI3bIBAET MOSIBJICHHSI TOTOJTHUTEIbHBIX
JIoByIIeK Ha mHTep(deiice. DTO 03HAUAET, UTO BJIASHUE Me-
TaJUIa CBOJIUTCS JIUIIIB K Iepepacpe/ieICHHIO MTOTEHINAIA B
CTPYKTYpE 3a Cu€T 3apsia, HaBeAEHHOTO Ha €ro MOBEPXHO-
ctu. Hakownern, cuuTtanoch, YTO MPOMEXYTOUYHBII CJION TyH-
HEJIbHO PO3payeH JJIsl 9JIEKTPOHOB, TAK UTO JIOBYILLIKH JIETKO
0OMEHUBAKOTCS JIEKTPOHAMH C METAJIJIOM. DHEPTreTUYeCKast
IarpaMMa KOHTaKTa MeTalljia ¢ MOJIYIIPOBOJHUKOM N-TUMA
¢ y4€TOM MPHUHSATHIX JOMYIIEHUH nmoka3zaHa Ha puc. 11 (s
ciayyast @y, — x =0, rae y — 3JIEKTPOHHOE CPOACTBO MOJIY-
MPOBOTHUKA).

B cootBercTBuu ¢ mokazanHO# Ha puc. 11 mmarpammon
BbicoTa 0apbepa loTTKM onpeaessieTcs Cey oM 00pa3oM:

AE‘Fv
P, = |lﬁ5| + q )

(4.1)

rje Y, — BeJIM4MHA U3ruba 30H B HOJYNpoBoaHNKe, AER, —
oJioxeHue ypoBHst DepMHu B 3JIeKTPOHEHTpaIbHON 00J1aCTH
MOJIYIPOBOJHAKA OTHOCUTEIHHO JHA 30HBI TPOBOTUMOCTH.
3amava ompesesIeHus I/, pelanach HHTEer PHPOBaHAEM
ypasHeHus [lyaccoHa, KOTOpOE ISl MPUITOBEPXHOCTHOM 00J1a-
CTH TpocTpaHcTBeHHOro 3apsaa (OI13) B mosiynpoBoHUKE U
JUJ1S1 IPOMEXXYTOYHOTO CJIOS pa30MBaeTCs Ha 1BA YPABHEHUS:

d*y gN

W——TS, 0<X<W, (42)
2 Eps—qi(x)

%(Zx):fij D(E)dE, —3<x<0,
dx 805 0 (43)

rae Y(x) — MOTeHIMAJ, OTCUMTHIBAEMBIA OT MOTEHIMAIIA
HEUTpaJIbHOW 00J1aCTH, ¢ — 3apsiJI 3JIEKTPOHA, W — TOJIIUHA
npurnosepxHocTtHoi OI13 B momynmpoBoIHUKE, & — TADIIEKT-
pHuyecKasi IpOHUIIAEMOCTD MOJIYIIPOBOIHUKA, &) — AUIJICKT-
pHUecKasi MPOHUIAEMOCTh MPOMEXKYTOUYHOTO ci1os1, D (E) —
9HEPreTUYECKOe pacipeesieHue MIOTHOCTH MOBEPXHOCTHBIX
COCTOSIHUHM B 3ampelI¢HHON 30HE MOJyNPOBOJHUKA, Fry —
mojoxeHue ypoBHs depMu Ha TMOBEPXHOCTH MOJIYIPOBO-
HUKa OTHOCHUTEJILHO MOTOJIKA BaJICHTHOM 30HBI. [ paHUYHBIE
ycsoBus s ypaBuenuii (4.2) u (4.3) crenyrotue: y(w) = 0,
Y(=0) = =(Pm — 1)

Ha npaktuke 3aaya periaigach ¢ HCIOJb30BAaHIUEM KOM-
OmHanuy YucIeHHBIX MeToa0B. [Ipumensiics meton Pynre —
KytThl pemienust nuddepeHnmanbHbIX ypaBHEHU BTOPOTO
nopsiaka: y” = F(x,y,y’). CorjlacHO 3TOMy MeTO/ay Heob-
XOJMMO 3a7aTh HavyajbHble 3HAYCHUS (QYHKIUH Vo U €€
IPOM3BOJHON ) B TOUKE X = Xo. B pacMaTpuBacMoOM CiIy-
uae xo =0, y(0) =y, a yj(0) = —E(-0), roe E(-0) —
9JIEKTPUYECKOE T0JIe, MPEeTepIIeBAIOIee PA3PBIB B ILIOCKO-
CTH pa3jienia AMAJIEKTPHK —nosynpoBoauuk. [loxe E(—0)
MOXET OBITB JIETKO BBIPAXXEHO Yepe3 MOTSHINAI Y/ C YIETOM
CJIEIYIOIUX COOTHOLLICHUH:

, E(—0) =X E(+0). (4.4)

&

—lﬁs ) E(+O) =

gNw? 2y
T 2e w

Taxum 006pa3oM, HHTETpupoBaHue ypaBHeHus [Iyaccona
JUISL IPOMEKYTOYHOT'O CJIOS CBSI3AHO € 3aJaHUEM BEJIMYUHBI
Y. Mocnennss monbupanachk Tak, YTOOBI IPU MHTETPHPO-
BaHUU ypaBHeHHs (4.3) B mpemenax oTr x =0 go x = —J
pellieHne Ha KOHIE HHTEPBaJla MHTET pPUPOBAHUS MIPUXOIHIIO
K 3HaYeHUI0 Y (—0) = —(Py, — x). 15 9TOrO CHAYaA BBIOH-
paJicsi COOTBETCTBYIOIIMI HHTEPBAJ MOUCKA, a MOAOODP 3HA-
YeHHUSI Y/, TPUHAIJIEIKAIIETO MHTEPBAJLYy IIOUCKA, TPOBOIMIICS
MeT010M "MOJIOBUHHOTO JeIeHUs oTpe3ka".

Ipu pacuérax 3aBucumocteit Pp(Py) pacnpeneseHue
AKIENTOPHBIX COCTOSIHUI 110 YHEPTHUSM OBbLIO MPHUHSITO B
BHUJIC TAyCCOBA MUKA C MAKCHMYMOM DPACIpeIe/ICHUS B BEPX-
Hell mostoBuHe 3anpeméHHon 30HbI SiC Ha 1,2 5B Huke qHA
30HBI IPOBOAUMOCTH [53]:

(£ - qu
D(E) =Dpexp |——— . 4.5
(E) tm p{ 2(AE)2 (4.5)
MapameTpsl pacmpeneneHus Dy, =3 x 1013 3B~ cm™? u

AE = 0,14 3B BbIOMpanuch 3 TeX COOOpaXeHUH, YTOOBI
BEJINYMHA WHTETPATbHON IUIOTHOCTH THX JIOBYIIIEK COCTAB-
nsuta 0k0J10 2 X 1012 eM—2, a camu cocTosTHUS ObLTH GIM3KU K
MoOHOJHepreTnueckuMm. Ha pucynke 12 moka3aHbl pe3yJib-
TAThl pacu€ToB 3aBUCHUMOCTEH P, (Py,) MO MPEATOKEHHON
MOJie/d. BbUIM OPUHSATHI CICAYIOUINE BEJIMYUHBI TOJIIMH
3asopa: 6 = 6 A (xpuBas /) u & =20 A (xpuas 2). Ha Tom
K€ PUCYHKE MPUBEICHBI BHIOOPOYHBIEC IKCIEPUMEHTAIBHBIC
JIaHHBIE U3 PaboT, B KOTOPBIX MPUHUMAIIUACH CIICNUAAILHBIC
MepBI JJIs y1aJIeHUsI ECTECTBEHHOTO OKcua [54], a Takxe u3
paboT, B KOTOPBIX Nepe]T HAHECEHUEM MeTasuia oopasisl SiC
TOJIBEPTaJIMCh BHICOKOTEMIIEPATYPHOMY OTXKUTY [55].

Kak u cenoBaio oxumath, B ciaydae o = 6 A pacuérHas
3aBUCUMOCTD @y (Pry) Okazanach 6osiee KPYTOii 110 cpaBHe-
HUIO C 3aBUCUMOCTBIO B ciiydyae 0 = 20 A. KavyecTBEeHHO 3TOT
3P PEKT 0OBSICHIETCS IKPAHUPYIOLIUM BO3/ICHCTBUEM METAJI-
na. Kak BUIHO, 3KCIEpUMEHTAIbHBIC TaHHbBIC (IOKa3aHHbIC
KpYyXXKaMH Ha puc. 12) XOpOIIO OMUCHIBAIOTCS PACCUUTAH-
HBIMU 3aBHCUMOCTsIMH. [1pr1 3TOM BBEIOpaHHBIE IPH pacuéTax
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Puc. 12. 3aBuCHMOCTB BBICOTHI Oapbepa P, cHOpPMHPOBAHHOTO Ha
peanbHoit moBepxHocTH SiC, 0T paboThl BbIxoa MeTaiia @p,. TommuHa
JIUBJICKTPUYECKOT0 3a30pa: 0 = 6 A (kpuBast /) u 0 = 20 A (xpuBas 2).

3HAYECHUs] TOJIIUHBI CJIOSI €CTECTBEHHOTO OKCHJA BIIOJIHE
peaJIbHBI 110 YCIIOBUSM IPUTOTOBIICHUS CTPYKTYP.

4.1.2. ®opmupoBanne cTadnabHbIX KOHTAKTOB IloTTKNM.
OnHo#t u3 npobiyieM B TexHoJoTUU KOHTakTOB IloTTkKHM
SIBJISIETCSI BOCIPOU3BOAMMOCTD U CTAOUIILHOCTh UX CBOWCTB.
Jus craOuiau3anyy CBONCTB MIOTTKH-KOHTAKTOB Mpe/Jia-
raroT pa3/InuHble BApUAHTHI IPEABAPUTEIBHON TOATOTOBKU
MOBEPXHOCTH NIE€PE] HAHECEHHEM METAJLIA, & TAKXXE OBICTPYIO
TepmoobOpaboTky (Rapid Thermal Annealing, RTA) Hane-
CEHHBIX OapbepHBIX KOHTAKTOB B BAaKyymMe HJIM MHEPTHOU
cpene.

B nammmx pa6orax kontakTsl oty (W, Cr, Ni, Mo, Ti)
(hOPMUPOBAUCH € TIOMOLIBIO JIEKTPOHHO-IYYEBOI'O HAIBI-
JICHHS METAJJIOB B BBLICOKOM BaKyyMe (TOJILIMHA CII0SI MeTaJ-
ja okoJsio 100 uM). HemocpencTBeHHO mepes HANbLICHHEM
MPOBOJIUIIOCH TPABJICHHE €CTECTBEHHOTO OKCHA C TOMOIIIBIO
noHHo (Ar™) mymku. BeicoTa 6apbepa BapbHPOBAIACH LIS
pasHeix MertayuioB ot 1 3B mo 1,3 3B, a koaddumuent
HJIeaJIbHOCTH M3MeHsiicsi B npenenax 1,04—1,06. B pabore
[41] 6bL10 UccnenoBano Biausinue RTA-oTxura B Bakyyme (B
tTeyeHue 2 MuH npu temuepatype 600—800°C) na pazdpoc
anekTpuueckux napamerpoB 4H-SiC-6aprepos IloTTkH.
(Heonnopoanoctb KOHTaKTOB IIIOTTKM OOBIYHO IPUBOIUT K
pa3dpocy majeHusl HaAIpsDKEHUs! IpU HEKOTOPoH duKcHupo-

BAHHOM BeJMYMHE NPSMOro TOKa.) V3MeHeHHe BeIMYMHBI
pazdpoca majeHnsl HAPSDKEHUSI B pe3yJIbTaTe OTXKHUTa MO-
JKET CIYXKHUTh KPUTEPUEM YIIyUIICHHS/yXyALLICHAS] OJHOPO-
HOCTH TPaHUIIBI pa3/iesia, a K3MEHEHUe CpeHel CTaTHCTHYe-
CKO¥l BeJIMYUHBI MACHUS] HATPSDKEHUST — MEPON M3MEHEHUST
BBICOTHI Oapbepa.

Ha pucynxke 13 moka3zaHbl pe3yJbTaThl U3MEPEHUN naje-
HUs HanpspkeHus (mpu npsimoM Toke 100 HA) nis W-, Mo-,
Cr- u Ni-xoHTakTOB (110 50 IITYK B KaXXA0U TpyIIe), Kak He
TMOIBEPTHYTHIX TepMO00OpaboTke (puc. 13a), Tak 1 OTOXOKEH-
HbIX nipu temnepatype 700°C (puc. 136). Bonbsdpamossie,
XPOMOBBIE U MOJIMOACHOBBIE KOHTAKTHI KAYECTBEHHO IOKa-
3aJ1M OAMHAKOBOE MOBEACHHE: TIOCIIe OTKUTA CPETHSSI BBICOTA
OGapbepa yObIBajIa, a OMHOPOIHOCTH CTPYKTYPbI KOHTAKTOB
CYIIECTBEHHO YJIydIIaiach (OCOOCHHO B MOJHOIEHOBBIX
KOHTaKTax). B To ke Bpems HUKeJIeBble KOHTAKTBI TIOKA3aJIH
IPOTUBOIIOJIOKHYIO TEHACHIMIO: CPeAHsIsl BICOTa Oapbepa
YBEJIMYMBAJIACH, & OJHOPOJAHOCTh CTPYKTYPBI KOHTAKTA Cy-
IIECTBEHHO YXYyAIIATIACh.

Kak MbI mojiaraem, B ciryyae BoJb(pamMa, XpoMa U Mo-
JmOneHa HaOJroaeMble YMEHbIIIEHHE BBICOTHI Oapbepa U
yJIy4llIeHHe OAHOPOJIHOCTH KOHTAKTOB OOYCJIOBJIEHBI TOMO-
reHu3alnreil TpaHumpl pasjena U MoaudHuKanuend MmoBepx-
HOCTHBIX COCTOSIHUU (3aMETHOM XMMHUYECKON pPEaKIMu Me-
TaJIJIOB ¢ KapOuaoM kKpeMHus B pe3yibrate RTA-oTxura
mpu Temnepatype 700 °C emé He mpoucxoaut [56]). B cimyuae
HUKEJIsI XAMHYeCKasi peaknus ¢ o0pa3oBaHUEM CHIIHIUIA
nukens (NiySi) npu temmepatype 700 °C mpoTekaer yxe
JIOCTaTOYHO MHTEHCUBHO [57], YTO NPUBOJMUT K yBeJIHYe-
HUIO CpeiHe#l BBICOTHI Oapbepa. OmHaKo U1 00pa3oBaHus
CIJIONIHOTO CUIUIUIA (M, COOTBETCTBEHHO, MOBBIIICHUS
CTENEHH OJHOPOJHOCTH CTPYKTYPhI KOHTAKTOB) HEOOXO-
IUMBI 00Jiee BBICOKUE TeMIepaTypbl U/Uiau OOJbINas -
TeJHHOCTh OTXKUTA.

4.1.3. IInanapuas oxpannasi cucrema. [ yMeHbIIeHUS
KOHIEHTPAIUN KPAeBOTO 3JIEKTPHUYECKOro IMOJsl B TIaHAp-
HBIX BBICOKOBOJIbTHBIX 4H-SiC-nipubopax 4acTo npuMeHs 0T
"maasaromue” oxpaHHbIE KOJIbIA, (POPMHUPYEMBIE JIOKAJIb-
HOW MOHHOM MMILJIaHTAIMe! akIenTopoB. B Hammx paborax
111 (POPMUPOBAHUST OXPAHHBIX KOJIEIl MbI HCIOJIb30BAIH
MOHHYIO UMIUIaHTanmio O6opa. [Ipu TepMHYecKOM OTXHUTe
cioés 4H-SiC, uMILTaHTHPOBAHHBIX HOPOM MTPH KOMHATHON
TeMIepaType, IPOUCXOIUT 3aMeTHas audQy3noHHas pas-
rOHKa BHEIPEHHBIX MMIUJIAHTAIIMEH aTOMOB BCJICICTBHE
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Puc. 13. HopMupoBaHHbIe THCTOIPaMMBI paciipe/iesieHust HeoopaboTaHHbIX (a) u TepMmoobpabdoTanubix mpu 700 °C (6) 4H-SiC-6aprepos llloTTku o

BEJIMYMHE MaCHUST HATPSDKEHUSI, U3MEPEHHOT0 IpH npsiMoM Toke 100 HA.
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Puc. 14. DnexrposromunecitieHnus (EL) Ha kparo 0XpaHHOTO p—n-miepe-
XOZa B peXXUME POOOsL.

HepaBHOBecHOU nudpdy3un, CTUMYIUPOBAHHOW paama-
NWOHHBIMU HapylIeHUsIMH. B pe3yibTaTte riryouHa mM-
IJIAHTUPOBAHHBIX 60poM p—n-niepexo10B B 4H-SiC cye-
CTBEHHO MPEBOCXOIUT IJIyOUHY, HA KOTOPYIO MPOHUKAIOT
HOHBI BO BpeMs MMIIJIAHTAOMU. DTO OOCTOSITEIbLCTBO
WUTPAET MOJIOKUTEJIBHYIO POJIb IpU (HOpMUPOBAHUU AUD-
(y3MOHHBIX OXPaHHBIX P-KOJIEI: UMILTaHTanus 60pa, a He
AJIFOMUHUS YIOPOIIAET 3aJavyy MOBBIINICHUS HAMPSKCHUS
npobosi.

B paborax [42, 43] MBI ucciieoBasy Npo0Ooii MIaHAPHBIX
4H-SiC-p—n-nepexonoB, GOPMHUPYEMBIX C IIOMOIIBIO JIO-
KaJIbHON MMIUIAHTAIIMA UOHOB Oopa c¢ sHeprueir 350 ka3B.
Bbu10 mokasaHo, uTo 6Jarogaps HepaBHOBECHOM audy3uun
6opa BO BpeMsl MOCTUMILIAHTAIMOHHOTO OTXKHra TiIyOuHA
3aJieraHusi p—n-nepexojaa Jocturaer 1,7 MKM, 4TO pUOIH-
3UTEILHO HAa | MKM OOJIbllIe JUIMHBI TpoOera HOHOB Gopa ¢
sneprueit 350 3B B 4H-SiC. MaxcumanbHOe oOpaTHOE
HaIpsDKEHNE P—N-TIepeX0J0B ObUIO OTPAHUYEHO KPAeBbIM
JIABUHHBIM MPOOOEM B IWJIMHAPUYECKON YacTH p—n-Tiepe-
X0Ja, TIe KOHLEHTPUPYETCs 3JIeKTpUuueckoe mnojie. B sTom
MecCTe B peXuMe MpoOos HaOJIroa1ach UHTEHCUBHAS JJICKT-
posromuHecteHys (puc. 14). Beauunna npoOUBHOTO HATIPS-
skeHust, okosio 900 B, oxa3zanock 6u3K0i# K pacuéTHOMY Ha-
MPSDKEHUIO TPOOOos TIAHAPHOTO Tepexoa ¢ "mpokoaoToi"
6azoit [58]. Pacuérnas BenmumHa coctaBiser 990 B mpu
KOHLIEHTpAIUK mpuMeceil B n-cioe 2 x 1015 cm™3, Tommune
n-ciost 12 MKkM u paanyce KpuBu3HBI iepexoaa 1,7 mxm. B To
K€ BpEeMsl pacu€THOE HaIpsDKeHHe MpoOos MIocKomapal-
JeNBHOTO p—n-mepexoa (Vppp) € TAKIMH Xe ITapaMeTpaMu
SMUTAKCHAIBHOTO CJIosl cocTaBisieT okoio 2500 B. To ecthb
HANpPsDKEHUE TPOOOS B IPUHLUIIE MOXKET ObITh YBEJIMUCHO 11O
MeHbIIIel Mepe em€ B aBa pasa. s gaapHeRIero noBbl-
IIEHUs] HAMpPsDKEHHUsI PoOOsi HaMU TMPUMEHSIACh CUCTeMa
"mraBaronux" OXpaHHbBIX KOJIEIL.

B cucreme ¢ "mnaBarommmu" oXpaHHBEIMHA KOJIbLAME 3a-
30pbl MEXKIY OCHOBHBIM MEPEXOIOM M MEPBBIM KOJIBIIOM, a
TaKXKEe MEXIY KOJIbIIAMH TOJ0UPAIOTCA TaKUM 00pazoMm,
4TOOBI 00JIACTU MPOCTPAHCTBEHHOT'O 3apsijia OCHOBHOTO U
MJIABAOIIUX TEPEXOJIOB CMBIKANCh IO Mepe YBEJTHYCHUS
HampspkeHusl Ha aHogie. B pesyibpraTte Tommuna OI13 minas-
HO YMECHBINIAETCS 3a KpaeM aHoOJa, YTO CHOCOOCTBYET BBI-
PABHUBAHUIO PACHPECSICHUS IEKTPUUECKOIO MOJIsl B 3TOI
o6iactu (puc. 15).

B npocreiiniem BapuaHTe MoA00pOM YMCIIa KOJICI U 3a-
30POB MEXIy HAMH MOXHO JOOWUTBCS pean3aliid TaKou

3 2 1 0

nt

Puc. 15. MurocTpanuust Koxuenun "miaBaromux" oxpaHHbIX KoJer: () —
OCHOBHOM IUIaHAPHBIA p —n-nepexo, I —3 — "miaBaronme" Kobia.

pt-kosbIO

Puc. 16. 'eoMeTpust OXpaHHBIX KOJIEIL.

CUTYyalluh, B KOTOPOUN MpoOoil OyaeT MpOMCXOIUTh HE Ha
Kpae OCHOBHOI'O IIEpEXo0/1a, a Ha Kpae MOCIeAHEro Kojibla. B
JTOU CUTYAIUH MOTEHIMAJ aHOJIa (OTHOCUTEIBHO 3a3eMJIEH-
HOTO KaToJa-NOAJIOKKH) Ipu 1mpoboe Vpa > Vr, = Vieyl,
TAe n — YHACIO KOJel, Vg, — MOTEHIHAJ IOCIECTHETO
KOJIBIA, Vpeyi — HampsbkeHHe Nmpo0osl MIaHAPHOTO Tepe-
X0Jla B OTCYTCTBUE OXPAHBI.

3a30p d Mexy KOJIbIIaMU BBIOMPAKOT TaK, YTOOBI MpHU
HyJeBOM HamnpspkeHud Ha anone OI13 ocHoBHOTO U T1aBaro-
[IUX TE€PEXOJ0B HAXOAWJIUCh "Ha Tpanu" cMbikanusi. B
HaIlleM cllyvae BeJIMYMHA d BBIOMPAJIACh HECKOJIBKO 0OJIb-
mmieit, ueM 2(rg — rj), Te ro — paauyc KpuBu3Hel kpas OI13
IpH HYJIEBOM CMELIECHNH, a Ij — PaJlyc KPUBU3HBI METaJI-
JIMYECKOM rpaHullbl p—n-niepexoa (puc. 16).

Jns IMIMHIPIYECKOTO Tepexo1a ry MOXeT OBITh pac-
CUUTAH U3 TPAHCICHACHTHOTO YpaBHEeHUs [59]

22
gN (1 =g | 5. T
Vi — I
bi 28( 2 +r0nr]~ ’

(4.6)
rae Vp — KOHTakTHas pa3HOCTh MOTEHIHMAIOB p—n-
nepexoia, ¢ — 3JEMEHTapHBIN 3apsia, N — KOHIEHTpa-
nusi TOHOPOB B 0Oase, ¢ — AMAJIEKTPUUECKAS IPOHMIA-
eMocTh moaynposoanuka. Ilonmaras r;~ 1,7 MKM u
N=2x10"% cm™3, moaydum ry=2,8 mMxkMm. OTcrona
d =22 MKM.

Yuc1o KoJIelr T0JIKHO BRIOUPATHCS TAKUM, YTOOBI IIOTEH-
IMaJl aHO/IA TIPH YCIOBUM Vg, = Vpey HE MIPEBBIIIAI HATIPSI-
KeHHUs Mpobosl IJIocKkomapasuleIbHOro mepexona Vpp,. B
pabore [60] 118 IIaHAPHOro p—n-nepexona ¢ oauumM "mia-
BaroIuM'" OXPaHHBIM KOJIBIIOM IOJYYEHbI AHAJIMTUYECKUE
BBIPAXEHMsI ISl 3aBUCHMOCTH MTOTEHIHAIA KOJbla VR OT
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Puc. 17. 3aBucumocTy noteHnuana (1 —4) mocjiegHero KoJblia oT MOTeH-
[Majia aHoAa, PACCUMTAHHBIE COOTBETCTBEHHO ISl YUCIIa KOJIEI OT OJJHO-
rO JI0 YeTBIPEX.

norennuaia anoma Va. Just crpykrypsl ¢ "mpokosioroit"
6a30li 3Ta 3aBUCUIMOCTH UMEET BUJT

w
VR == VA (m) -V VPT VRT7 (4'7)
NW? N(kd)?
Vpr = IIT , Vrr= % ; (4.8)
) 1/2
_ ] a _(L.n
= (1 + d) In <1 + r_,.) (2 + d) 49)

3necy W — rtonmuHa 6asbl, Vpr — HaNpspDKeHHE MpoKoJja
6asbl, VrT — Hanpsbkenue "cMbikanus". B ciiydae HeCKOJIb-
KHX KOJIeIl MOTeHIMAJ MOCIEAHEro Kojbla (Mpu 3aJaHHOM
AHOJHOM TIOTEHIIHAJIE) MOXET ObITh PACCUMTAH CIIETYIOIIM
obpa3zoMm. BHauane mo mpuBen€HHBIM BbIle Gopmyaam
PACCUMTBIBAETCSl TOTEHIMAJ MEPBOrO KOJbIA. 3aTeM Mep-
BO€ KOJIbIIO pacCMaTpUBAETCs KakK "oCHOBHOI epexoa' u 1mo
TeM e (HOpMyJIaM PACCUMTBIBAECTCS] MOTEHIMAT BTOPOTO
xoipna. W Tak manee 4o mMOCTIEOHETO KOJbIA. 3aTeM Ipo-
HeTypa TOBTOPSIETCS [IJIsl CIICYIOIIETO 3HAUSHUS aHOTHOTO
noreHnyaia. TakuM cnoco60M MOXKHO MOCTPOUTH 3aBUCH-
MocTH VR, (VA) IpU pa3HbIX 3HAYCHUSIX N.

Ha pucynke 17 nokasansl fuis cayuas N = 2 x 101% em~3,
W =12mxkM u7r; = 1,7 MKM pacCUMTaHHBIE HAMH 3aBUCAMO-
cti VR, (VA): 4MCII0 KOJIEL 72 BAPBUPOBAJIOCH OT 1 110 4, 3a30p
d = 2,5 mxm. Kak BUIIHO, pe3yJIbTaThbl pacuéra MpeacKasbl-
BAIOT, 4TO NPH Vpeyi = 900 B 0AHO KOJIBLIO HOJKHO YBEJIH-
4MBATh HampspkeHue mpobdost 1o 1070 B, nBa kosbia — 10
1270 B, tpu xonbra — a0 1490 B u, HakoHell, YeTbIpE KOJIb-
na — go 1750 B.

Oxcnepumentanbable 4H-SiC-p—n-cTpyKTYpBI H3rOTO-
BJISTUCH HA OCHOBE 3MUTAKCHAJILHOTO MaTepHaia: KOHICHT-
pamus noHOPoB B n-cioe N =2 x 10'° cM™3, Tonmmua
n-cyost d = 12 mxMm. OCHOBHO# TIepexo/1 U KoJibIia popMupo-
BaJIUCh OJTHOBpEeMEHHO. Yucio kosien, ObLIO BBIOPAHO paB-
HbIM 4eThIpéM. TexHojormueckas IMHUpPUHA MAcKH d* IS
UMIUIAHTAIMY, obecrevnBaromas 3a30p d = 2,5 MkM, ObLia
BbIOpaHa paBHOU 6 MKM (cM. puc. 16) ¢ y4éToM TOro, 4yTo
nuddy3roHHass pasroHka 60pa IpU OTKUTE UMIUIAHTUPO-
BAHHOTO CJIOSI IPOUCXOIUT HE TOJIBKO B BEPTUKAJIBLHOM, HO U
B JIaTepaJIbHOM HamIpaBiIeHUsAX (KaK MBI ITOJlaraem, Ha pac-
crosuue okono 1,7 mxm). Monsr !'B BEenpsmmcs B n-ciioit

JIByMs T03aMU C Pa3HO# sHeprueil (Mpyu KOMHATHON TeMIIe-
patype): 1) 1o3a 6 x 10'3 cm~2 mpm sreprum 350 k3B; 2) 1032
3 x 1013 em2 mpu sueprum 200 k3B. TlocTUMIIAHTAIIHOH-
HBIA OTXUT poBoamIcs Tipu Temrepatype 1500 °C B aTmo-
chepe aprona B Teuenme 60 mMuH. KOHTakTamu k KaTosmy
(MOIJTOXKKA) M AHOMY CJIYXHJIM HHUKEIb U THUTAH COOTBET-
crBeHHO. [Ipo6oli HaumHAICS TPU HANPSKEHUH OKOJIO
1800 B (TecToBBIe mepexoabl Oe3 OXpaHbl MOKA3BIBAIMA Ha-
npsbkeHne mpo6ost okono 900 B) m mocturain, takum obpa-
30M, 72 % OT pacy€THOro HAMPSKEHUS MPOOOS IIOCKO-
napasuieJbHOrO p—N-Mepexoia ¢ TAKUMHU Ke MapaMeTpamMu
SMUTAKCHAJILHOTO CIIOSI.

OrnucaHHbIid yIPOMIEHHBIN MOIXO0 K MPOCKTUPOBAHUIO
KOJIETI He SIBIISIETCS, CTPOTO TOBOPSI, ONTUMAJIBHBIM C TOUKH
3pEHUs! TOCTIKEHUSI BOMOKHOTO MaKCUMAaJIBHOTO HATIPSIKe-
HUS MPo00st (B MPUBEIEHHBIX BBIIIE PACCYKACHUSIX MPOOOI
octaéres KpaeBbIM). OUeBUAHO, YTO ISl AaJIbHEHILETo MOo-
BBIIICHHS] HAMPSDKEHUS] MPo00si HEOOXOANMMO YBEJINYUBATH
YHCIIO KOJIEI, & TAKXKe MOA0UPATh MEPEMEHHOE PACCTOSHIE
MEXIy HIMH.

4.1.4. Toxn yreukn. OGpaTHBIN TOK B BLICOKOBOJIbTHBIX 4H-
SiC-AII nepenko mposiBisieT "u30bITOYHBIA" XapakTep.
N30bITOYHbIE TOKH YTEUKH MOTYT OBITh BBI3BAHBI CAMBIMHU
pa3sHBIMH TPUYMHAMU: nedexTaMu B MOJYIPOBOJTHHKE,
HEOTHOPOJHOCTSIMU PAacIpeesIeHAs BBICOTHI Oapbepa Mo
IJTONIA M KOHTAKTa, KOHCTPYKTUBHBIMU OCOOCHHOCTSIMHU
JUO/I0B, MPUBOJSALIMMHA K NPEXKIEBPEMEHHOMY KPaeBOMY
npoboro, u np. B pabore [47] npuBoasTcs pe3yJbTaThl
CTATHCTUYECKUX 3aMEPOB TOKOB YTEUKH B KOMMEPUYECKUX
muonueix yunax CPW3-1700S010, paccuntaHHBIX HA 00paT-
Hoe Hamnpspkenue 1700 B u mpsimoii Tox 10 A. C menbro
JMIOCTUKCHHS] CTATUCTUYECKON 3HAYMMOCTH OBLIA MPOBe-
JIeHbl M3MEPEHUs] Ha JOCTATOYHO OOJIBIIIOM KOJHMYECTBE
yunoB — 147 mTyk. 3aMepbl TOKA YTEYKH MPOBOIUIUCH IIPU
(uxcupoBanHOM 00paTHOM Hanpspkenun 1400 B u xomHaT-
HO# TemmepaTtype. Ha pucynke 18 moxa3aHbl pe3yIbTaThl
KJIaCCH(DUKAIIUY YUTIOB MO BEJUYMHAM TOKA YTCUKH.
Pazbpoc okazancs 3HaunTeIbHBIM — OT 10 HA 10 6 MKA
(OYTH TpHU NOPSAAKA BEJIMIMHBI). TOJIBKO OAHO 3TO 0OCTOS-
TEJILCTBO YK€ TOBOPUT B ITOJIB3Y Ae(heKTHOM MPUPOIbI TOKOB
yTeuku. PaHee B HECKOJLKHX pabOTax BBIIBHUTAJIOCH IPE-
MOJIOKEeHNe 00 Yy4acTHH B MPOTEKAaHUU OOPATHOTO TOKa
NPOHUKAIOUIUX AUCIOKanuid (cMm., Hampumep, [61, 62]),

[1<30HA

r C_130-100 HA
1100300 HA
3001000 HA
I 1 -3 MKA
> 3 MxA

18,49%

21,23% 15,07%

7,53%

24,66% 13,01%

Puc. 18. CratucTuyeckue JaHHBIC MO KJIACCU(PUKALUY JUOJHBIX YUIIOB
CPW3-1700S010 mo rpymnmaM cOIJIACHO TOKY YTEUKH NpPH OOpaTHOM
Hanpspkenuu 1400 B (temnepatypa KOMHATHAs).
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IJIOTHOCTh KOTOPBIX B KOMMEPYECKOM 3MHTAKCHATBHOM
MaTepHaye MOKa eIé BeIWKa, BIJIOTh g0 ~ 10% cm2.
BnostHe BeposATHO, 4TO HaOMIOMaEMBIN OOPATHBIN TOK MPO-
TeKaeT B MECTaX BBIXOJA JUCIOKANUN HAa MOBEPXHOCTH
MOJIYyIIPOBOTHUKA.

MexaHU3M yTEUKHU C yIacTHEM AMCIOKAIMN MPEIIOKEH
Hamu B pabore [45]. CoriacHO 3TOW Mojiesin 0OpaTHBIN TOK
MPOTEKAET IO MEXaHN3MY TOKOB, OTPAHWIEHHBIX TPOCTPAH-
ctBeHHBIM 3apsiaoM (TOTII3), 3a cU€T MOHOTIOISIPHON MHXKEK-
MM 3JICKTPOHOB M3 TOYCYHBIX 00JIACTEH, HAXOMSIINXCS B
npenesax koutakra lloTTku (Tam, Te IPOHUKAIOIIHE qHC-
JIOKAIIMKM BBIXOASAT Ha MOBepXHOCTh), B O3 mosynpoBo-
HHKa. B MecTax BhIXOJa AMCIOKAIMA Ha TTOBEPXHOCTD dHEP-
TeTHYECKUI Oapbep ISl AIEKTPOHOB, MOKMIAFOIINX METAJLI,
MOXET OBITh MOHIKEH W OTOABUHYT OT TIOBEPXHOCTH MOJIY-
MIPOBOJHUKA B IIIyOb ero 00BhEMa Ha HEKOTOPOE PACCTOSTHHE.
Kaxk cnenctBue, B MPHUIOBEPXHOCTHOH 00JIACTH TOJYIPO-
BOJHUKA OOpa3yeTcs TOoueuHbI "pesepByap' 3J€KTPOHOB.
[MpunoxeHne OTPUIATEIBHOTO MOTEHIHATA K METaJLTy
BBI3BIBAET MOHOIOJISIPHYEO HMHXEKIUIO JJIEKTPOHOB W3
Takoro HaHoMacmTabHoro pesepsyapa B OI13 morynpoBon-
HUKAa U poTeKaHue Toka 1o mexanusmy TOII3. OueBuaHo,
YTO IPU TAKOM MEXaHU3ME IPOTeKaHUsl 00PaTHOTO TOKA BUI
BOJIbT-aMIIEPHBIX XapakTepucTuk (BAX) MoXkeT CIIONKHBIM
00pa3oM 3aBHCETH OT TOTO, CKOJIBKO AMCIOKAIMN U KAKOTO
THIIA HAXOJUTCS B Tpeieiax IIonaau MOTTKH-o01acteil. B
9TOM CJlyyae 3HAYUTEJIbHBIN pa3dpoc TOoKa YTEUKH IO
BEJINYHMHE B MCCJICTOBAHHBIX YUIIAX CTAHOBUTCS IIOHSTHBIM.

4.1.5. VinterpupoBannasi moTTKU-(p—n)-cTpykrypa. Cospe-
mennble JIIII Ha ocHoBe 4H-SiC KOHCTPYKTHBHO TpeCTa-
BJISIFOT COOOI UHTET PUPOBAHHBIE MOTTKU-(P — N)-CTPYKTYPhI
(Junction Barrier Schottky, JBS), B KOTOpBIX IIOTTKHU-
0o0J1acT TepPeMeXaroTCsl ¢ JOKAIbHBIMA HUMIUIAHTHPOBAH-
HbIMH p-o0Jactsimu (puc. 19, 20). B npsiMoM HanpaBjieHUU
TOK MPOTEKAET Uepe3 IMOTTKU-O0JACTH, TAK YTO CONMPOTH-
BJIGHHE TAKOT'O IMOa B OTKPBITOM COCTOSIHUYU OIIPEIeIISeTCS
XapakTEepUCTUKAMHU IIOTTKU-KOHTAKTa. B To xe Bpems 3a30p
MEXIy p-00JacTAMH HEJIaloT TaKUM Y3KUM, YTOOBI NpHU
BKJIFOUYEHUH Juoja B oOpaTtHoM Hampasienuu OII3 ot
COCeHUX P—N-TIEPEXOJ0B CMBIKAJINCh IMPU HEKOTOPOM
HamnpsbkeHnH. B pesyiabpTate cucremMa p-o0JacTeil JeCTBYeT
KakK 3KpaHUPYIOIIas CeTKa: CUJIOBbIC JIMHUH TOJISI YACTUYHO
3aMBIKAIOTCS HE Ha IIIOTTKU-MeTaJljle, a Ha p-obsactsx. bia-
roaaps 3¢deKTy 3KpaHUPOBaHUS 00J1aCTh MAKCUMAJILHOTO
moJst B quone ¢ JBS-cTtpykTypoit HaxoauTcs, B OTIMYUE OT
TakoBoii B 00bryHOM JIIII, HE B IMJIOCKOCTH pa3/iesia MeTaJLI —
TIOJIYTIPOBO/IHUK, & HECKOJIBKO OTOJABUHYTA OT MIOBEPXHOCTHU
B TJIyOb 00BEMA, UTO CIOCOOCTBYET YMEHBIIICHUIO 00OpaT-
HOT'O TOKA /10 3HAYEHU, XapaKTEePHbIX JIsSl P —N-Ilepexoaa.
B JBS-cTpykType TOKH yTEUKH, 4yBCTBUTEIIbHBIC K BEJIU-
YHHE TIOBEPXHOCTHOTO TIOJIsl, YMEHBIIAIOTCS. (DTO OTHOCHT-

AHOT a AHOZT 6
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Puc. 19. Konuenmwust JBS-crpyktypsl: (a) npsimoe u (6) o6paTHOE cMe-
LICHHSI.
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Paccrostaue, MkM

Puc. 20. Diekrpudeckoe nosie E B 6aze SBD (Schottky Barrier Diode)
u JBS-mwoma (tonmmHa n-6a3el 10 MKM, ypOBEHb JIETHPOBAHHS
2 x 10" em~3, manpskenue 500 B).

Puc. 21. (a) CxemaTtuueckoe nonepeynoe ceuenne 4H-SiC-JBS-auoma: 1 —
MOJIOKKA N-TUMA MPOBOAUMOCTH, 2 — OydepHbId INMUTAKCHATbHBII
n-cioii, 3 — 06a30BbIi JMUTAKCHAILHBIA n-cioi, 4 — "mraBaromue"
OXpaHHBIE P-KOJIbIIA, 5 — JOKaJbHBIE p-o061acTH JBS-cTpykTypsL, 6 —
OKCHJI, 7 — MeTaJUI INOTTKA-KOHTAKTA (aHOT), 8§ — MeTaJul OMHYECKOTO
KOHTaKTa (katona), 9 — maccuBupyroiiee nokpsitue. (6) dororpadus
KOPILYCUPOBAHHBIX JIMOJI0B.

Cs ¥ K TEPMO3MUCCHOHHOMY TOKY 3JIEKTPOHOB U3 MeTaJljia
B IOJIYIPOBOAHUK, BesnduHa koToporo B JIIII Ha ocHoBe
4H-SiC cuiibHO 3aBUCHUT OT MOBEPXHOCTHOTO moJis [46].) B
Hammx paboTax p-o6iactu B JBS-cTpykType H3roTOBJISLIUCH
C IOMOIIBIO HepaBHOBeCHOM Muddy3un dopa U3 UMILIAHTH-
POBAaHHOT'O HMCTOYHUKA OJHOBPEMEHHO C (POPMHPOBAHUEM
oxpaHHBIX Kojen. Ha pucyHke 2la mokaszaHa (uHanbHas
cXeMa KOHCTPYKIMU AMOAHOIO YMIIA, a Ha puc. 216 npuse-
neHa ¢poTorpadust KOpIHyCUpPOBAHHBIX TUOIOB.

B pa6oTe [47] MbI uccienoBaiu 3¢pGHEeKTUBHOCTD UCIOTb-
30BaHus JBS-CTpyKTYp C IIe/IbIO TTOIaBJICHUS TOKOB YTEUKH.
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& 0 Puc. 23. 3aBUCHMOCTH HOPMHPOBAHHOTO TOKA yTeukn [* /1§y, n HOpMHE-
g POBAHHOTO CONPOTUBJICHUS TECTOBBIX NJUOAOB B OTKPBITOM COCTOSITHUHA
X 40 L R/Rspp OT HOPMHPOBAHHOI IJIOIIA 1M IIOTTKH-001acTeil S/ Sspp -
B JBS1
e 20 L 6 MKM
g IIOTTKU-00acTell (urcto reomMerpuyieckuii 3dpdexr). Kax
7 0 L BUJHO, NMPHU YMEHBIIEHUH 3a30pa MEXIY P-KOJIbLAMH TOK
107! 10° 10" yTeuku yOBIBAET OBICTpEE, YEM MOXKHO OBLIO ObI OXKHUAATDH B

Tok yreukn, MKA

Puc. 22. I'ucTorpamMMBl pacipeieNieHusi TECTOBBIX JHOA0B MO BEINYHHE
TOKAa yTeuKky npu oopaTHoM Hanpsbkeruu 2100 B (temnepaTypa KoMHAT-
Has).

st aTOoro OBUIH CIENMATBHO U3TOTOBJIEHBI BHICOKOBOJIBT-
Hele TectoBble [, xak ¢ uHTerpupoBannoit JBS-ctpykry-
po#t, Tak u 6e3 neé¢ (SBD). I ¢ JBS-cTpyktypoit umenun
pa3HbIe 3a30pbl MEX/Y JIOKAJIbHBIMU P-00JIaCTSIMU — OT 6
110 10 MxM.

BoJBIIMHCTBO M3rOTOBJIEHHBIX AU00B (BKJItoUasi SBD)
OJi0KupoBaJio oOpaTHoe Hampspkenue Oosiee 2000 B. s
CPaBHEHHUSl YPOBHSI yTE€UeK B JIMOJAaX Pa3HON TOIOJIOTUU
ObLIM U3MEPEHBI OOpaTHbIE TOKH NpH HanpsbkeHuu 2100 B B
420 nuonHbIX cTpykTypax (mo 105 mITyK IHOI0B KaXA0ro
THIIA).

Ha pucynke 22 moka3zaHbI pe3yJbTaThl 3aMEPOB B BUIE
TUCTOTPAMM PaCHpPEIesICHUs YUCJIa JUOJIOB MO BEJIUYNHAM
Toka yreukn. Kakx BuUIHO, pa30poc Mo TOKY YTEUKH IJIsl
JIUOMIOB KaX/I0r'0 THUIA AOBOJIBHO BEJIMK, YTO yKa3bIBAeT Ha
nedexTHyrO npupoay yreuek. Hambosiee BeposiTHOE 3HaUe-
HUE TOKa yTeuku [* cocraBiseT okoyio 3 MKA mis SBD,
0,5 MxA nusg JBS3-gumomos, 0,3 MxA nias JBS2-nmmomos u
0,1 mMxA mus JBS1-muonmos. Kax BuaHo, /* MOHOTOHHO
yowiBaet B psay SBD—-JBS3-JBS2-JBS1, 1.e. npu ymeHb-
IIEHUH CyMMAapHOM IJIONIAU IIOTTKU-00JIacTeld B TMOAAX.
BaxkxHo OTMETUTB, YTO MOKA3aHHBIE HA PUC. 22 TUCTOT PAMMBI
YACTHYHO TEPEKPBIBAIOTCSI MEX Ay COOOH BCIIEICTBUE 3HAYH-
TEILHOTO Pa30poca TOKA YTEUKH IO BEJIMYMHE (HAIPHUMED,
17 JBS2-muonoB (u3 105) umenn yTeuky Bblile, yem [* s
JBS3-muonoB). Takum 06pa3oM, TOBOPsl O CHIDKEHUU TOKOB
YTEUKU MPU YMEHBIIIEHUH 3a30pa MEX Iy p-KoJibiiamu B JBS-
CTPYKTYype, HEOOXOUMO TOITYEPKHYTb, YTO peub HUAET 00
YCPEeTHEHHBIX CTATUCTUYECKAX JAHHBIX.

Ha pucynxe 23 noka3aHa 3aBUCUMOCTb HOPMUPOBAHHOT O
TOKa yTeuku [ * / I§gp OT HOPMUPOBAHHOM IJIOLIAAM IO TTKHU-
obnacreit S/Sspp (Ssep = 4,9 x 107% cm?). Ha sTom xe
pUCyHKEe KpUBOM / mokazaHa oXuaaeMasi 3aBUCUMOCTD JIJIs
ciaydas, B KOTOPOM TOJAaBJIEHHE YTEUeK OIpenessiiioch
OBl MCKITIOYUTEITLHO YMEHBIIIEHHeM CYMMAapHOMW IIJIONIA N

ciydae 4ucTo reoMmerpuueckoro sddexra. CoBepliieHHO
OYEBUIHO, YTO KPOME IOCJIEJHErO CYIIECTBEHHYIO POJIb B
JACTUIHOM TOJIABJICHHU TOKOB YTEUKH UTpaeT 3hheKT sKpa-
HAPOBAHUS dJIeKTpudeckoro mojiss B JBS-ctpyktype: yem
MEHBIIE 3a30p MEXAy P-KOJbLAMH, TEM CHUJIbHEE OH IpPO-
SIBJISIETCSI.

Crenyer, OAHAKO, YYUTBHIBATH, YTO YMEHBIIICHHE CyM-
MapHOH IJIOIIAIN MOTTKU-00IaCTed JOJDKHO IPUBOANUTH K
BO3PACTAHUIO CONPOTHUBJICHUSI TMOJIOB B MPSMOM HAIpaB-
snennn. Ha pucynke 23 mpuBe/ieHa 3aBUCHMOCTh HOPMHUPO-
BAHHOTO CONPOTHBJICHUSI JUOIOB B OTKPBITOM COCTOSIHUU
(R/Rspp) OT HOPMHPOBAHHOI ILTOMIAAN MIOTTKH-00IacTei
S/Sspp. Ha ToM e pucyHke KprBoii 2 HokazaHa oxxugaeMast
3aBUCAMOCTb [IJISI CITy4asi, B KOTOPOM YBEJIMYEHHE COTPOTH-
BJIEHUSI ONPEIEISAIOCH Obl YUCTO TeoMeTpuideckuM 3(pdek-
toMm. Kax BunHo, B cityuae JBS3- u JBS2-nuoioB yBennueHue
CONPOTUBJICHUSI B CAMOM [IeJIe ONpPEe/eIsieTCsl TeoMeTprye-
ckuM 3pdexkTom. Omnako s JBS1-quon0B yBeanueHue co-
MPOTHUBJICHUS YK€ HAMHOTO BBIIIe OXumaeMoro. OObscHs-
ercs 310 TeM, 4To B JBS1-mmomax moTTku-ob61acTH oTCe-
KaroTcsl 00JIACTMU IPOCTPAHCTBEHHOT O 3apsia UMIUIAHTH-
pOBaHHBIX p—n-niepexoa0B. Takum ob6pazom, JBS-cTpykTy-
pa, popmupyemas B 4H-SiC-I1II ¢ nOMOIIbI0 UMILTAHTAIIAN
6opa, criocobcTBYeT 3PPEKTUBHOMY CHUKCHUIO TOKOB yTE-
KH: TIPU ONTUMAJILHOM 3a30pe MEXIY JIOKAJILHBIMU P-00-
JactsaMu (8 MKM) YpOBEHb yTE€UEK CHIDKAETCS MOYTH B
10 pas.

4.1.6. BoicokoBoabtubie (3300 B) JBS-amoast na ocHoBe
4H-SiC. B pa6oTe [49] Hamu ObLn U3roTOBJIEHBI JBS-noast
Ha ocHoBe 4H-SiC ¢ MakcuMaJIbHBIM OOpaTHBIM HaIlpsKe-
areM 3300 B. PabGouas mmomane 1uoaoB (IUIOMIaAbr aHOMI-
HOTO KOHTAKTa) cocTaBisana 1,44 mm>. B mmamazone TOkoB
ot 107! 10 1,5 A mpsimas BAX ommchkIBanach Mo Mojean
TEPMOJJIEKTPOHHON dMuccuu: BeicoTa Oapwepa LloTTkm
@, = 1,16 3B, daxrop unmeanpuoctu n = 1,01. Juddepen-
HAJTLHOE COMPOTHBJICHUE TUOIOB B OTKPBITOM COCTOSTHHU
Ry =22 Om (puc. 24) omnpeneisijioch CONPOTUBIICHUEM
OJIOKUPYIOIIEH 3MUTAKCHAJIbHON n-0a3bl (KOHIEHTpAIUSs
npumeceit N= 9x 104 cm—3, Tommmaa n-ciost d = 34 MKM).
B oOpaTHOM HampaBJIeHUM TUOJbI OJIOKMPOBAJIN HATIPSIKE-
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Puc. 24. mnynbcHas npsmas BAX 3300-sosibTHOrO JBS-nmona B ot-
KPBITOM COCTOSIHHH.

N PSR R —— +..,_..-.f.‘...,.,l
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Puc. 25. BAX, 3anucannasi ¢ KkpaHa BBICOKOBOJBTHOTO XapaKTEepPHO-
rpada.

HUe BesmunHOU 1o MeHbIned mepe 3300 B (puc. 25) (upum
o6pataoMm HanpsbkeHuu 3300 B Tok yreuku npu KOMHaATHOU
TeMIIEpaType COCTABIISLT OKOJIO 1 MKA).

Ha pucynke 26 moka3aHbl TUINMYHbIE XapPaKTEPUCTUKU
00paTHOTO BOCCTAHOBIICHHSI, N3MEPEHHBIE TP MEPEKITIOUe-
HUM AUOJ0B ¢ mpsimMoro Toka (I — 0,4 A, 2 — 1,2 A) Ha
obpatHoe Hanpspxkenue 500 B.

Kax ammintyna, Tak u yObIBaHME OOpATHOTO TOKa CO
BPEMEHEM COBEPILUCHHO HE 3aBHCAT OT BEJIMYMHBI TOKa B
MPSIMOM HAINPABJICHUU. DTO HEMOCPEICTBEHHO CBHUIETEINb-
CTBYET O TOM, 4YTO OOPATHBIA TOK — YHCTO EMKOCTHBIMA.
Awmrumtyna oopatHoro Toka 0,6 A, IINTETBHOCTD €T0 MPOo-
Tekaaust At = 20 HC. 3apsam oOpaTHOTO BOCCTAHOBJICHUS,
oIpeaeIsieMblii Kak

At
O = J I dt, (4.10)

0

coctaBisieT okojo 5 HKia. C npyroit cToponsl, 3apsin
OCHOBHBIX HOCHTEJIEH (3JIEKTPOHOB), BHIHOCHMBIA U3 06a30-
BOIl 00JaCTH TOCJIe MPUJIOKEHHUST 0OPATHOIO HANPSIKCHUS
Vr, MOXKHO PaCCUYUTATD CICIYIOLIMM 00pa3oM:

On = Sv/2¢geNV;.
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(4.11)

Puc. 26. TunuuHbie XapaKTEPUCTHKH 0OPATHOTO BOCCTAHOBJICHHUSI, 3aIIU-
CaHHbIE C 9KpaHa ocuuuiorpada mpu MepexIFYeHUH THO0I0B ¢ IPSIMOTO
Toka (I — 0,4 A, 2— 1,2 A) Ha o6patnoe Hanpspkenue 500 B. Maciitad
no Toky (ock opamHat) — 0,4 A Ha OAHO JeJieHue, MO BpeMeHH (OCh
abcrucc) — 10 HC HA OTHO JC/ICHKE.

IMpu V; = 500 B paccuutanusblii o ¢popmyse (4.11) 3apsin
On = 5,1 aKu mpaxtruecku coBnamaeTt ¢ 3apsaoM Q.

4.2. BpICTPOBOCCTAHABIMBAIOLINECS JABHHHbBIE JTHO/IbI

B cuitoBoii 371eKTpOHUKE BOCTPeOOBAHBI IMO/IbI, CIIOCOOHBIE
K paboTe B peKuMe KOHTPOJIMPYEMOTO JJABUHHOTO MPOOOS.
Taxue oAbl HEOOXOIUMBI [IJIs IMITYJIbCHBIX ITpeoOpa3oBa-
TeJiell C MOBBINICHHBIMU TPeOOBAaHUSIMHU K HAIEXHOCTH.
JIaBUHHBIE TUOIBI MOTYT MPUMEHSITHCS B KAUYECTBE OBICTPO-
JIEHCTBYIOIIUX OTrPAaHUYUTEICH UMITYJIbCHBIX MEepeHATIPSIKe-
HU, BO3HUKAIOLINX, HATIPUMED, B CXeMaxX ¢ MHAYKTUBHOM
HATrPY3KOM, a TaK)K€ B KAUYECTBE OTPAHUUUTEJIEH CBEPXBBICO-
kouactotHo# (CBY) MmomHOCTH.

Heo6xomuMo OT/IeIbHO OTMETHTH MPUMEHEHHE JIaBUH-
HBIX JIMOJOB JIJISl U3TOTOBJICHUS] BLICOKOBOJIBTHBIX CTOJIOOB.
JIaBUHHBIE TUOIbI, COEIUHEHHBIE IOCIEI0BATEIBHO B CTOJIO,
MO3BOJIIOT O0Jiee PABHOMEPHO PACIPEEISITh HAPSKEHIE
MEXAy OOpaTHOCMEHIEHHBIMU OHOJAMH M TE€M CaMbIM
MPEeIOTBpAIATh BBIXOJ BCEl JIMHEWKH U3 CTPOSI B Cllydae
NepeHanpsDKEHASI Ha OJTHOM UJIM OJTHOBPEMEHHO Ha HECKOJIb-
KX nuonax. JJist BceX IEepeyrcIeHHBIX BbIIE NPUMEHEHUN
JKeJaTeJIbHO, YTOOBI M0, paboTaroIuil B JABUHHOM pe-
’)kuMe, 00J1a/1aJ1 CHOCOOHOCTBIO PACCEUBATH OOJIBIITYIO MOIII-
HOCTb.

Hamu uccnenoBana [63, 64] pabora 4H-SiC-quomoB ¢
p—N-NepexoIoM B peXHME JaBUHHOTO Mpobosi. Ompene-
JICHBI TaKKe apaMeTpPhbl, KaK JJABUHHOE CONIPOTUBIIEHUE TUO-
JIOB, HACBIIICHHAS] CKOPOCTh Apeli(da 3JIeKTPOHOB B OJIOKH-
pyroleit n-6a3e Mpu BBICOKUX MOJISIX, TEMIIEPATYPHBIN KO3 (]-
(unmeHT HAPSDKEHHS MTPOOOSL.

B pabote [65] mpoaeMOHCTpUPOBAHBI BHICOKOBOJIbTHBIE
ObIcTpoBOCCTaHABNMBarOIMeCs JaBuHHBIE quoabl (BBJI/)
Ha ocHoBe 4H-SiC, umeroniye ObICTpOICHCTBHE, CPABHUMOE
¢ TakoBbIM mnpombiinieHHbIX 4H-SiC-muonor MotTku, u
CIOCOOHBIE PACCEMBATH B PEXMME OJMHOYHBIX JIABUHHBIX
UMITYJILCOB 3HEpruto o 2,9 JIx cM 2. JTMoIbl M3TOTOBIIS-
Jiuch Ha ocHoBe komMmepueckux 4H-SiC-mmactun n-tuna c
SMUTAKCHATBHBIMU P- U N-cI0siMU. [TocTpOCTOBAST TEXHOJIO-
T'USl I3TOTOBJICHUS] AUOJOB BKJIFOUAET B ceOsl:

1) popmupoBaHuEe OMHUYECKUX KOHTAKTOB K BEPXHEMY
SMHUTAKCHAILHOMY P-CJIOKO H K N-TIOJIJIOKKE;
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Puc. 27. 4H-SiC-BBJI/l, cMOHTHPOBAHHBIH B MaJIOMOIIHOM MeTaJUIo-
CTEKJISIHHOM KOPIIyCe C IOMOLIbIO NAiKKM CBUHIIOBO-OJIOBSIHHBIM IIPH-
noem. [nomanas anona 1 mm?.

—4 1 1
-20 0 20 40

Bpewms, He

Puc. 29. Tunmunele xapaktepuctukn OB HeoGiyu€HHBIX (KpuBast /) u
001yu€HHBIX (KpHuBas 2) AUOJIOB MPH UX NMEPEKIIOUYESHUH C IPSIMOTO TOKA
3 A Ha obpatHoe HanpsbkeHue 500 B.

2) popmMupoBaHUE OXpPAHHOH CHCTeMBbI Ha nepudepuun
AQHOJHBIX KOHTAKTOB /IS MIPEIOTBPALIECHUS TPEXKIEBPEMEH-
HOT'0 KpaeBoro mpobos;

3) pe3Ky IIACTUHBI C AUOTHBIMH CTPYKTYPAMH HA YHIIbI;

4) oOJyueHre YUIOB BBICOKOIHEPTETHYHBIMU TPOTOHA-
MM Ha YHuUKanIbHOM Hayunoi ycranoske (YHY) "Lluxio-
Tpor ®TU" nis yMeHbleHHs 3apsga 0OpaTHOrO BOCCTa-
HoBJieHUs1 Aro10B. (4H-SiC-muoasl ciocoOHBI OJIOKUPOBATH
GoJbIIIOe 0OPATHOE HANPSDKEHUE NMPH CPABHUTEIBHO BBICO-
KOM YpOBHE JIeTHpoBaHUsl 06a3bl. D10 mo3Bossier 4H-SiC-
nmonaM ¢ p—n-iepexogoM 3ddexTuBHO paboTaTh U 6e3
MOJYJISIIAY IPOBOJAUMOCTH OJI0KUpyrollel 0a3bl HHXKEKTH-
POBAaHHBIMH HOCHTEISIMH. B 3TOM cityyae [Jis MOBBILICHUS
OBICTPOJICUCTBUS JUOJIOB IEJIECOOOPA3HO MOAABISATh HH-
JKEKIMI0 HEOCHOBHBIX HOCUTENIeH, HapuMep, TPOTOHHBIM
ob6y4enuem [66]);

5) HanauBaHUE YUIIOB B METAJUIO-CTEKJISIHHBIA KOPIIYC,
pacnaiiky IpOBOJIOYHBIX BBIBOJIOB U 3aJIMBKY KOPIIyca CHUJIU-
KOHOBBIM rejieM (puc. 27).

Ha pucynke 28a noka3ana tunuunas npsimasi BAX auo-
noB (npu Tokax mo 10 A), 3ammcaHHasi ¢ TOMOIIBIO M-
poBoro xapaktepuorpada JI2-100 (3amuch mpoBOaAMIIACH B
peXuUMe OIHOKPATHOIO 3allycKka pa3BEPTKU IO HaIpsDKe-
HHUIO). B mpsIMOM HampaBlieHUU HANpSDKEHUE OTKPLIBAHUS
nuonoB okoio 2,8 B. (OTa BenmunHa NpuOIM3UTEIHLHO PABHA

Hor bt esdsstabidsttinyy

SYETRITSITITY RRTRYRYI™

R G

Puc. 28. Ilpsmas (a) u obpatnas (6) BAX marorosnennsix 4H-SiC-
BBJI. Macita6: Ha puc. a no HanpspkeHuto — | B Ha oHO neseHue,
1o TOKy — | A Ha oHO JiesieHue, Ha puc. 6 o HanpsokeHuro — 200 B Ha
onHO jaenieHue, o Toky — 0,2 MA Ha oxHo nesienue. [liomans p—n-
nepexona 1 mm?. Temnepatypa KOMHATHAS.

KOHTaKTHOU pa3HocTu moreHnuasioB 4H-SiC-p—n-nepe-
xoxaa.) JuddepeHnnanbHoe CONPOTUBIIEHUE OUONOB B OT-
KpbITOM cocTosiHnu okojo 0,3 Om. Ha pucynke 286 moka-
3aHa Tunu4YHas oopatHas BAX nuomnos (pu Tokax 10 2 MA),
3ampcaHHas ¢ MOMOIIbI0 Xapaktepuorpada JI12-100. Kax
BHJIHO, pe3KHil mpoOOoil MHOA0B B OOPATHOM HANpPABJICHUU
HacTynaeT npu HanpsbkeHuu 1560 B.

Ha pucynke 29 moka3aHbl TUIHYHBIE XaPAKTEPHUCTUKU
obpatHoro BocctanoBieHus (OB) HeoOTyu€HHBIX (KpHBas /)
7 O0JIy4€HHBIX (KpHuBasi 2) IUOAOB IPH UX HMEPEKITFOYECHUHN C
npsiMoro Toka 3 A Ha obOpatHoe Hampsbkerue 500 B.
(CxopocTb nepekyIroYeHusl ToKa ¢ HpsIMOro Ha OOpaTHBII
300 A mkc™!.) 3apsasr OB HeoOIyuSHHBIX U OOTYYEHHBIX
muonoB 63 u 20 HKi coorBercTBeHHO. [locie oOiyueHus
JIAOJIbI COXpaHsu "MATKuUiA" XxapakTep BOCCTAHOBJIEHUS —
9TO CBUAETEIBCTBYET O TOM, YTO OOJIyYeHHE HPHUBOJIUT
IJIaBHBIM 00pa3oM K CHUDKEHMIO K0o3(duimenTa MHKXEKIIMU
p—n-niepexoja [67]. Bpemena OB HeoOryu€HHBIX 1 00TyuEH-
HBbIX O10a0B 35 1 20 HC COOTBETCTBEHHO. TakuM obOpazom,
MPOTOHHOE 00 TyueHue sABIsieTCS 3P(PEKTUBHBIM UHCTPYMEH-
TOM JUISI KOPPEKINH THHAMPYECKIX XapAKTePUCTHK BBICOKO-
BostbTHBIX 4H-SiC-p —n-anomos.

Ha pucynke 30 moka3aHbl UCHBITAHUSI M3TOTOBJIEHHBIX
4H-SiC-BBJI/I Ha otka3 npu paboTe B UMIYJILCHOM JIABHH-
HOM pexume. VlcnbITaHns IPOBOIIINACH C TIOMOIIBIO JJIEKT-
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Puc. 30. OcuiiorpaMmbl TOKa U HANIpsDKeHUs!, i3MepeHHble B cxeme UIS.
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PHUYECKOU CXEeMBI, IOJIyYUBILIEH Ha3BaHue ""pa30IIOKUPOBAH-
HOT'O MH/YKTUBHOTO HepekitoueHus" (B aHIJIOS3bIMHON JIH-
tepatype — Unclamped Inductive Switching, UIS) [68]. Jus
HCTIBITAHUI OB U3TOTOBJICHBI IUOBI C MAJIOH TLJTOIIAIBIO
(4,9 x 1072 mm? npn amamerpe aHoma 250 MKM), IS TOTO
4TOOBI YBEJIMYUTH MJIOTHOCTHh MOITHOCTH.

Ha pucynke 30a nukoBbIi J1aBUHHBIA TOK 3,5 A (TW10T-
HOCTh Toka 71 A MM 2), MaKCHUMalbHOE 0OpaTHOE HATPS-
sxxerane 1700 B. IToxazanusie Ha puc. 30a oCHMILIOrpaMMBI
CBUJICTEIILCTBYIOT 00 OOpaTHMOM XapakTepe JIABUHHOTO
npo6ost (BAX nuona, npusenénHas Ha puc. 300, mocie npo-
MyCKaHMS JIABUHHOTO HMITyJIbca He nerpaaupoaia). Ha
pucynke 300 NMKOBBIN JaBUHHBIN TOK (3,7 A) HECKOJBKO
6oubine, yeM Ha puc. 30a. [Tpu 3TOM B MOMEHT, OJIM3KMIA K
MOMEHTY OKOHYAHUS JIABHHHOTO HMITYJIbCa, HAaOIIromaeTcs
pe3Kuil BCIUIECK TOKA MPU YMEHBIICHUW HATPSIKCHUS 10
HYJISl, 4YTO CBHUIETEJBCTBYET O KaTacTPOPUUECKOM OTKa3e
nuona (HabmromeHust 3a BAX mocie nmponyckaHus JIaBUH-
HOTO UMIIYJIbCA MOATBEPIIIN, YTO MIPOU3OIILIA TOTePs OJI0-
KHpYIoIIel criocoOHocTr muona). JIaBuHHASI SHEPTHus, pac-
cunTaHHas u3 3aBucuMoctedl I(¢) u V/(f), moka3aHHBIX Ha
puc. 30a, cocTaBisieT Eyy max = 1,4 MJIx (2,9 Dx cM2).

Kak MbI mojlaraeM, kaTacTpouuecKuii 0TKa3 11o/1a mpo-
WCXOJIUJI BCJIEJICTBUE JIEKTPOTEIIOBOTO Mpobos. (OObIYHO
3JIEKTPOTEIIOBOM TIpo0OOIi TUOJ0B B OOpaTHOM HATIpaBJie-
HUM HAYUHAETCS C 0OPaTUMOTO JIABUHHOTO MPOOOsI, pa3Bu-
THE KOTOPOTO MO Mepe YBEJIMUYCHUS HAMPSOIKEHUS U TOKa
IPUBOIUT B KOHIIE KOHIIOB K HEOOPATUMOMY TEIIOBOMY
npo0oI0 U K AECTPYKLUUU AMOJA BCJIEACTBHE HAPYILICHHS
OanaHca BBIIEISEMON W OTBOAMMOI B AMOAE MOIIHOCTH.)
YuclieHHOE MOJENMPOBAHUE HECTAIIMOHAPHOTO TEIJIOBOTO
mporecca B JUOJIE B OMHUCAHHOM BBIIIE PEKUME UMITYIHCHBIX
UCTIBITAHUIA MMOKA3aJ10, YTO JIOKAJbHAs TEMIIEpaTypa B cepe-
nuHe 6a30Boi o6actu Auoaa nocturaet 6osee 1100 K.

Boo0biiie ToBopsi, paboTOCIIOCOOHOCTh TOJIYIPOBOTHUKO-
BBIX JIMO/IOB C P —N-TIEPEXOIOM TP HArpeBaHUM umeeT (QyH-
JAMEHTAJIbHOE OTpaHWYeHUE, CBI3aHHOE C BO3PACTAHUEM KOH-
NEHTPAIMU COOCTBEHHBIX HOCHTEJICH TMPH MOBBIIICHUN TEMIIC-
patypbl. Kputnueckoil sBisieTcst TemnepaTypa, Ipu KOTOPOi
KOHIEHTpAIMsT COOCTBEHHBIX HOCHUTEJIEH B MOJIYIPOBOIHHUKE
CTAHOBHTCSI CPABHUMOI C KOHLUECHTPAIMEH JIETUPYIOIIX TPH-
Meceil B 06a3oBbIx obsactsx mumoma. B 4H-SiC ¢ mmpuHOM
3ampeéHHoil 3086l 3,24 3B koHIEHTparmmsi coOCTBEHHBIX
HOcuTeJIed IpU KOMHATHON TeMIIepaType Ype3BblYaiiHO Ma-
Jla — TIO Pa3HBIM OlleHKaM oHa coctapiseT 1078 —1077 cm~3.
B BbicokoBosIbTHBIX 4H-SiC-mmomax ypoBeHb JIETMPOBAHUS
6a10KupyromIei 6a3pl HaxomuTes B mpeaenax 101° — 1010 cm3.
KoHreHTpanms cOOCTBEHHBIX HOCUTEJIEH TOCTUTaeT TAKUX Be-
JIMYWH TIPU HarpeBe 10 TeMIrepaTypbl okojio 1350 K.

Kak Mbl mosraraem, B m3rotoBiieHHbBIX Hamu 4H-SiC-
BBJIJI peanu3yercst uMEHHO Takoe (pyHIaMEHTaJIbHOE Orpa-
HUYEHHE HA BEJIMYMHY MAaKCUMAIIbHOM paccenBaeMoOil SHEpruu
JIABUHHOTO WMIYyJbca. Ba)kHO OTMETHTBH TO, YTO H3TOTO-
ByienHble Hamu 4H-SiC-BBJI/] He ycTynaroT mo ObICTpOIeH-
ctButo nnpomsiiuieHHbIM 4H-SiC-auonam lottku (Tabur. 2).
IIpu sTOM IMONBI C P—N-EPEXOJAOM OXHAAEMO HMEIOT
CYIIIECTBEHHO MEHbIIIUE TONPOoOoitHbIe yTeuku. M X0Ts Takue
4H-SiC-BBJI[ ycrynator muomam IloTTkM moO BemmM4YMHE
OpsSIMOTO TAJEHUsS] HAMPSDKEHWUS, OHU MOTYT HAWTH CBOIO
HUIITY B TIEPEYHCIICHHBIX BBIIIE 001aCTSIX.

4.3. CyOHaHOCeKYHIHbIE THOIHbIE Pa3MbIKATE/H TOKA
IToynpoBOHUKOBBIE MPUOOPHI, CIIOCOOHBIE KOMMYTHPO-
BaTh OOJIbIINE JIEKTPHYSCKUE MOIHOCTH B MHUKPO-, HAHO-

3*

Tadommna 2. CpaBuenne npomsbiuieHHbIX 4H-SiC-guogo IMoTTkm
CPW4-1200-S005B u wusrortossiennbix 4H-SiC-BBJIJI no asnexktpuuec-
KHM IapamMeTpam Mpu KOMHATHON TeMIepaType

IMapamerp 0O603Ha- | CPW4-1200-S005B | 4H-SiC-BBJI[
YeHue
Inowmwaaes aHoaa S 1,54 vMm? 1 M2
MakcumabHOe V Rmax 1200 B 1200 B
MOCTOSIHHOE 00paT-
HOE HaIpsKEHUE
TIpsimoe mageHune Ve 1,8 B 45B
HATPSDKEHHS (Ir=3AMM2) | (I =3AMM?)
OO6paTHBIii TOK Ir 100 MKA MM 2 0,01 MKA MM 2
(Vr = 1200 B) (Vr = 1200 B)
3apsn OB On 18 uKn mm—2 20 K1 MM~
(Ir=3AmMMm2, | (I =3AMM 2,
Vr = 800 B, Vr = 500 B,
dr/de = dr/de =
=200 Awmkc') | =300A mkc )
EmxocTs npu my te- Cy 167 n® mm~2 180 nd mm 2
BOM CMeEIICHHH
JlaBunHas oHEPTUs | Euy max — 2,9 Tk cM~2

U MHUKOCEKYHAHOM [Hamna3oHaX BPEMEHH, TpeOyloTcs B
CHCTEMAax UMITYJIBCHOTO NMUTAHUS MOIIHBIX JIA3€POB, PEHT-
TEHOBCKHX TPYOOK W YCKOPHUTEJNIeH 3apspKEHHBIX YacTHII, B
pPaJIMOHABUTALMOHHBIX U JIOKAIIMOHHBIX CUCTEMAaX, B CUCTE-
Max perucTpanuu OBICTPBIX HMPOIECCOB, B yCTpoOMcTBax
HAMITYJIbCHOW 3JIEKTPOPA3PSITHON OYMCTKU Ta30BBIX BBIXJIO-
IIOB ABTOMOOMJIEH ¥ XUMHYECKUX IPOU3BOJICTB, B CHCTEMAaX
MIATAHUSI ¥ KOHTPOJIS PEXXUMOB paboTHI mpeoOpa3zoBaTeseit
JUIS. MATAHUSI Ta30HePTENEePEroHHbIX HACOCOB W T.1. st
MOIIIHOW MMITYJIbCHON SHEPreTUKU OOJIBIION MHTEPEC Mpe/-
CTABJISIIOT UMITYJIbCHBIE CUCTEMBI C MHIYKTHUBHBIM HAKOILJIe-
HUEM BHEPTUM U NOCJIEAYIOLIEH mnepenavyed 3HEPruud B
HArpy3Ky C IIOMOIIBIO CBEPXOBICTPOTO pa3MbIKaHUS OOJIb-
moro Toka (Mpu TaKOM TOJXOJe BeChbMa CYIIECTBEHHO TO,
YTO UMITYJIbCHOE HAMPSDKEHUE HAa HATPY3Ke MMPU 0OPbIBE TOKA
MOJXET 3HAYMTEJbHO MPEBBIIATE HANIPSDKEHIE Ha TpeABapH-
TEJIbHBIX CTYMEHSAX (POPMUPOBAHUS UMIYJIBCA).

Lenenanpasnennast pabora mo M3y4yeHUto (GpuU3MKM Ha-
KOIUJICHUSI U PACCACBIBAHMS JJIEKTPOHHO-IBIPOYHOM TTa3MBbl
B KPEMHMEBBIX JUOaxX, NpoBeAEHHAas B Havasie 1980-x rogoB
B ®TU um. A.®. Nodde, npusena Kk co31aHUIO PUOOPOB,
CIOCOOHBIX OOPBIBATH OOJIBIIINE TOKM B HAHOCEKYHIHOM
nuamna3zoHe. DT NMpUOOpHl ObLIM Ha3BaHbI JAperdGoBBIMU
nroamMu ¢ pe3knM Bocctanoiennem ([ IPB) [69].

I[MpuHUT paboTH BBHICOKOBOJBTHOTO KPEMHHEBOTO
JJIPB ocHOBaH Ha pe3KOM OOpBIBE MPOTEKAIOIIETO Yepe3
HEro oOpPaTHOTO TOKA IOCJIE BBIKAYKU 3JIEKTPOHHO-IBIPOY-
Ho# miasmsl (DAIT), npenBapuTeIbHO HAKAYaHHOR B 6a30-
BYIO 00JIACTh AMO0JIa KOPOTKAM HUMITYJIECOM MPSIMOTO TOKA.
[Ipu 3TOM HamNpsDKeHHE HA THOJE TAKXKe OYeHb PEe3KO BO3-
pactaet (B OJJTHOM M3 MPAKTHYECKUX BAPUAHTOB 00OCTPHUTEIS
umiyiabcoB JIJIPB HakopoTKO 3aMBbIKAaeT JIMHUIO MEepeaadu
OT TeHepaTopa O0OCTPSIEMOr0 HMMIIyJIbca K Harpy3ke Ha
BpeMs, HEOOXOOMMOE IS YCTAHOBIICHHS B JIMHUU TpeOye-
MO aMIUIATYIBI BOJIHBI, 4 3AT€M Pe3KO OTKPBIBAET JINHUIO;
B 9TOM ciiyyae GpOHT MMITYJIbCA B HATPY3KE ONpPEesseTCs
nepexogHsIM nponeccom B JJIPB, a niautenpHoCcTh —
3aJJAFOIIIM TeHEPATOPOM).

IIpouecc nepextrouenus JIPB coctout u3 aByx xapaxk-
TepHBIX dTanoB. Ha mepBoM sTame miazma paccacblBaeTcst
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Puc. 31. OcumiiorpaMMbl TOKOB BO BpeMsl TIEPEKIIOUeHUs p™ —ng—n"-muoma (a) u pt—po—nT-auoma (6) ¢ mpsAMOro HampaplieHHs Ha 0OPaTHOE.
Beprukanbublit Macitad 0,2 A Ha OJHO JeJIeHUe, TOPU3OHTAJIbHBI MaciiTab 4 HC Ha oaHO aenenue. [Ipsmoit Tok 0,4 A. HyneBoii ypoBeHb Toka

mokasaH MapkepoM R.

OTHOCUTEJIbHO MEIJICHHO, HO Ha 3TOM JTame Ha JUoJe
najaeTr JuIib Majas aoJiss pabouero Hampspkenus. Ha
BTOPOM 3TaIlle, B TOT MOMEHT, KOT/Ja KOHIIEHTpAIKs HepaB-
HOBECHBIX HOCHUTEJIEH y p—N-NepexoJa CTAHOBUTCSI MEHbIIIE
KOHIIEHTpAaIlMK NpuMeceil B OJokupylleil 6asze, HAacTymaeT
(aza oOpbIBa OOpPATHOTO TOKA, COMPOBOXKIIAFOIIASCS pac-
mupenneM OI13 B 6a3y. OOpbIB TOKA MPOUCXOJIUT MAKCH-
MaJIbHO OBICTpO, eciim kK Hauaiy pacmmpenus OI13: 1) He-
PABHOBECHBbIE HOCHUTEIM M3 0a30BBIX 00JIACTEHl BBIBEIICHBI
MOJTHOCTBIO (YTOOBI JOOUTHCS ITOTO, KOHCTPYKIUS TUOMA,
a Taxke MmapamMeTpbl HAKAYKM M BBIKAYKH HEPaBHOBECHBIX
HOCUTEJIeH MOoAOUPAIOTCSI UCXOMsS M3 3HAUYECHWH ITOJBUXK-
HOCTEHl W BPEMEH XU3HU WHXEKTHPOBAHHBIX HOCHTEJIEH);
2) oOpaTHBIA TOK JOCTATOYHO BEJIUK ISl OCYIIICCTBJICHUS
OBICTpOIl mepe3apsaaku EMKOCTH p—n-niepexoga. VHbIMEI
CJIOBaMH, /I MakcuMalbHOTO ObIcTponeiicTBus JJIPB
Heo0X0IMMO O00eCTeunuTh TaKue YCJIOBHUS, MPU KOTOPBIX
OGapbepHast EMKOCTh OJIOKHPYIOIIETO P—N-Miepexoaa Iepe-
3apspKaeTcst OOJBIIMM HAYaIbHBIM TOKOM CMEIIICHHUS.

CyliecTByoOIIMe HA CErOJHS TeHepaTOphl HA OCHOBE
onuHOYHBIX KpemHueBbix J[/IPB BripabaThiBatoT Ha Ha-
rpy3ke 50 OM umnyabesl ammmntyaou o 1300 B ¢ mepen-
HUM U 3aJTHUM (PpOHTAMU 2 U 5 HC COOTBETCTBEHHO (YacToTa
cnenoBanus go 100 x['m).

OneHkr moxasbiBaroT, 4To npumenenne 4H-SiC moxet
CYLLECTBEHHO YJYUYLIUTh OCHOBHBbIe mapameTpbl JIPB,
a UMEHHO OBICTPOAEHCTBHE, YACJIbHYIO KOMMYTUPYEMYIO
MOILHOCTh U TAKTOBYIO YaCTOTY UMITYJIbCOB. TaK, CKOPOCTh
Bo3pacTtanusi Hampspkerusi Ha J|/IPB orpammuena cBepxy
BesmunHOl (dU/d?),.« = Ebvsat, TAE Epy — HaNPsHKEHHOCTH
MOJISl JIABUHHOTO MPOOOS MOJIyNIPOBOJHUKA, Usyq — HACKI-
IIEHHAasi CKOpOCTh Japeida Hocuteneid. Jdus Si-guonon
(dU/d1),,, =2 x 102 B ¢!, B T0 Bpems kak s SiC-
muonos (dU/d1),,,, = 6 x 10! B ¢!, T.e. BbuLEe MOUTH Ha
mojTopa nopsiaka. Ha mpaktuke 3To 03HAaYaeT, YTO, HAMIPH-
Mep, MPH OJHOM M TOM K€ OJIOKHPYIOIIEM HaNpsHKCHUU
JUTUTEJILHOCTh (DPOHTA BO3PACTAHUSI HANPSDKCHUS B ClIyvae
4H-SiC-AJPB mMoxeT ObITh 1O KpaiiHel Mepe Ha TOPSI0K
MEHbIIE (BCIECACTBUEC MEHBILICH TOIIUHBI 0a3bl U, COOTBET-
CTBEHHO, MEHBIIIETO BPEMEHU MPOJIETA HOCHUTEJIEH C HACHI-
IEHHOH ckopocThio). Kpome Toro, npumenenune SiC-mpubdo-
POB TO3BOJHUT pPaJUKAJIbHO YMEHBIIUTH TabapuThl U
Maccy UMIYJIbCHBIX YCTPOWCTB, YBEJINYUTH HAIEKHOCTD UX
pabotsl 61arogaps 6oJiee BLICOKMM 4acToTaM, 0oJiee BbICO-
KOH TeMrepaType mepexo/1a U yImpoIEHHOW CUCTEME OXJIaXk-
TICHUSL.

4.3.1. Koncrpykmn 4H-SiC-/IPB. B nauane 2000-x roaoB
HaMH BIIepBbIe ObLT 00HAPYXeH 3(D(HEeKT CYyOHAHOCEKYHTHOT O
oOpbeiBa Toka B MesasmuTakcuainbHbIX 4H-SiC-nmomax
pt—po—n'-THna mocie WX HAKAYKH KBA3UMOCTOSIHHBIM
tokoM [70]. Ha pucynke 31 moka3aHbl XxapakTepHbIE MPO-
LECCHI BOCCTAHOBJIEHUS. P —ng—nt- u p™ —py—n'-auomos
TIOCJIe UX MEPEKITFOYCHUSI C IPSIMOTO HATIPABJICHUSI Ha 00pat-
Hoe. Kak BMOHO, OuoAbl ¢ n-0a30d MOKA3bIBAIOT ITOCTE
JmocTmwxeHuss oopatoro toka 0,6 A ITOBOJBLHO MSTKOE
BOCCTaHOBJIEHHE B TeueHue okojio 16 He. Ilpouecc Boccra-
HOBJICHUS AMOJIOB ¢ p-0a30i KapauHaiIbHO oTymvaics. [1pu
OJHUX M TEX € BEJIMYMHAX NMPSIMOTO TOKAa HAKAYKU H
00pATHOTO HANPSDKEHUST MaKCUMAJbHBIA OOpATHBIN TOK
OBLI CYyIIECTBEHHO OOJIbINIe, OKOJIO 1 A, W OYEeHb PE3KO
oOpbIBajics 3a BpeMsi, MeHbIee | HC. Bmocienctsuu B
paborte [71] 6bUT TPOBEIEH TEOPETUUECKUIA AHATIU3 BIIUSHUS
pa3IMYHBIX (HAKTOPOB, OMPENENISIOIINX XapaKTep BOCCTa-
HOBJICHUsI OJIOKMPYIOIIEH CIOCOOHOCTH KapOWI-KpeMHHUe-
BBIX TUOJIOB ¢ OJI0KHpYyroIel p-6a3oii. Hamuta moareepxe-
HUE Hallla MepBOHAYAIbHAS THIIOTE3a O TOM, YTO JOMUHHU-
pyroluM siBJsieTcsl ApeiloBbIil MexaHu3M, 00yCI0BIEHHBIN
OOJIBIIION pa3HUIIEH MOIBMKHOCTEH JIEKTPOHOB U JIBIPOK B
KapOwuie KpeMHHUS.

ToBopsi 0 mpakTUYeckoll peasin3alud UMIYJIbCHBIX
reHepaToOpOB HA OCHOBE JAUOJOB ¢ pT—po—nT (Moa1oxkKa)-
CTPYKTYPOH, HAJJO OTMETUTH CJIEIYIOIINE HEJOCTATKU: Tpe-
Oyercs rirybokoe TpaBJieHHE Me3 (Ha BCIO TOJIIIMHY Po-0a3bl)
JUIsL TIPEJOTBPAIIEHHs] 3aKOpauMBaHus po—n'-mepexona;
CYILLIECTBYET TpyJAHOpa3pemMas npobdsiema ¢ GopMHupoBa-
HUEM 3(Q(QEKTUBHON OXPAHHON CHCTEMBI JIJISI MPETOTBPAILle-
HHUSI KpaeBOro MpoOos; HU3KAsl MOJBIXHOCTHL OCHOBHBIX
HocuTeJel (ABIpOK) B OJIOKUpYROLIEH 0a3e po-TUla YMEHb-
maet ObICTPOJICHCTBHE.

Hust BeicokoBobTHBIX 4H-SiC-JIJIPB Gosee mepcriek-
TUBHOI ABJISIETCS MIPEJIOKEHHAS HAMU P+ —p—1ng—n™(oa-
JIOXKKA)-CTPYKTypa [72], B KOTOpOW 00JIACTh HAKOILICHUS
IJIa3Mbl U OJIOKHMpYIOIIasi 00JIACTh pa3/ieieHbl: YMEPEHHO
JIETUPOBAHHLIA D-CJIOM COyXUT '"IUIa3MEHHBIM pe3epBya-
pom" (HepaBHOBECHBIE HOCUTEIM B HEFO HAKAYMBAKOTCS KO-
POTKUM MMIYJIHCOM MPSIMOTO TOKA), & CIA00JIETHPOBAHHBIN
ny-ciioit — OJokupyroreit 6asoit (B pt—po—nt-cTpykType
Po-CITI0i SBJISICTCST OTHOBPEMEHHO KaK TUIA3MEHHBIM pe3ep-
ByapoM, Tak W OJiokupyromeii 6aszoi). B pt—p—ng—nt-
CTPYKTYype He TpedyeTcsl MPOBOAUTH IIIyOOKOr0 TPaBJICHUS,
€CTh BO3MOXHOCTb CHOPMHUPOBATH 3P (HEKTUBHYIO OXpaH-
HYIO CHCTEMY, a OBICTPOJEHCTBHE MOJDKHO OBITH BBIIIIE
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Tadommua 3. PaccuntaHHble mapaMeTpbl ABYXKHJIOBOJIbTHOTO 4H-SiC-
reHepaTopa

ITapameTtp 3HaveHue
AMIumMTyAa uMIysbea, B 2000
OOpbiBaeMblit TOK, A 40
Konuentpanus 10HOPOB B n-6ase, 10 cm—3 1,2
Toummuaa n-6a3bl, MKM 1,3
Inomanp 1uona, Mm> 0,1
JMTebHOCTh (PPOHTA UMITYJIbCA, HC 0,11

BBUY 0o0J1ee BLICOKOI TIOABMXXKHOCTH DJICKTPOHOB I1O CpaBHE-
HUIO C MOABMXXHOCTBIO JBIPOK.

4.3.2. AHajmTHYecKHe MojeJiH, onuchiBaromme padory 4H-
SiC-JAPB ¢ p"—p—ng—n"-cTpykrypoii. B paGorte [73]
HaMU pa3paboTaHa MpOCTas aHAJIUTUYECKAST MOJICIb, OIH-
ceiBatomas pabory reaepatoposn ¢ 4H-SiC-IIPB co cTpyk-
typoii pt—p—ng—nt. C UCIONIBL30BAHUEM 3TOM MOIEIH
OBLTM TEOPETHYECKH OLICHEHBI MpPEe/IbHBbIE IJIEKTPUUECKHE
napaMeTpbl BHICOKOBOJIbTHBIX HUMITYJIbCHBIX T€HEPATOPOB,
MOCTPOCHHBIX HA OCHOBE OJIMHOYHBIX AMOAO0B. B Tabsmme 3
IPUBEJCHDI PACCUNTAHHBIE TAPAMETPhI ABYXKUJIOBOJILTHOTO
reHepaTopa.

PaccunTaHHasi JUIMTEILHOCTD (Da3bl 0OpbIBa TOKA (M-
TeTbHOCTh (PPOHTA BBIXOJAHOTO HUMITYJIbCA AMILIATYION
2 xB) 0,11 nHe. [ DOCTHXEHUS TaKOTO BBICOKOTO OBICT-
poaercTBHSI HEOOXOIMMO 00eCIIeYMBaTh JOCTATOYHO OBICT-
PYIO BBIKAYKy IUIa3Mbl: OTHOLIEHUE JJIMTEILHOCTH (HPOHTA
K JJIATEJIbHOCTH BBIKAYKH OLIEHUBAECTCS MPHUOJUZUTEIBLHO
kak 1:10.

B pabote [73] MomenmupoBaHHe OTpPaHUYMBAIOCH pac-
CMOTPEHUEM JHOJIOB, Y KOTOPBIX HEJMHEHHOE JJICKTpHUe-
CKOE CONPOTUBJICHHE KBa3WHEHTPAJIbHON YaCTU OJIOKUPYIO-
el ny-6a3bl MPEHEOPEIKUMO MAJIO TIO0 CPABHEHUIO C COMPO-
THBJICHUEM HArpy3kM Ha BceX d3Tamax paboTsl mpubopa.
Bnmsinre Ha mEpeXOTHBIN MPOIIECC HEJTMHEWHOTO COPOTUB-
JICHHUSI KBA3MHEHTPAJIBHON YacTh ng-0a3bl yYTEHO HAMU B
pabote [74]. IToka3aHo, 4TO Ha MapaMeTPbl TEHEPUPYEMBIX
UMITYJIbCOB CYLIECTBEHHBIM 00Pa30M [OJDKEH BJIUSITH BUJ
TOJICBOY 3aBUCUMOCTH Aper(POBON CKOPOCTHU 3JIEKTPOHOB B
4H-SiC BoJb rekcaroHaJIbHOR OCH C.

B 4H-SiC xapakTepucTuku apeiida 3JIeKTPOHOB U JbI-
pOK cmJIbHO pa3ymuarotcsi. Hamu mposemeno [75] mone-
JINPOBAaHME T'€HEpALUU UMITYJILCOB KapOUI-KPEMHUEBBIMU
JJAPB c Giokupyromeit 6a30i n- 1 p-TUNa C eI CpaB-
HEHUSI UX MO OBICTpOJeHCTBUIO. B Xxoae aHaim3a cyu-
TaJx0Ch, YTO K MOMeHTYy Hauajia pacmuperus OII3 (mpu
t = (0) HepaBHOBECHBIX HOCHUTEJIEW B JMOJE HET, a MPOTe-
KaIolIMid Yepe3 AMOJ TOK — 3TO HAYAJIBHBIA TOK CMeIe-
HUS, TIepe3apspKaronuil 0apbepHyr0 EMKOCTb p—n-Tepe-
XoJa. DKBHBaJIeHTHAs CXeMa TreHepaTopa Ha CTaauu
0o0pbIBa AUOJOM OOpAaTHOTO TOKa MOKa3aHa Ha puc. 32.
IIpu ¢t = 0 WIOTHOCTH OOPBIBAEMOTO AHOIOM OOPATHOTO
TOKa jpp 4(0) BHIOMPAIOT HOCTATOYHO GOJBIIOH, M TOTO
YTOOBI MHUHUMHU3UPOBATH IUIOMIANb p—n-niepexona S H,
COOTBETCTBEHHO, €ro 0apbepHylo EMKOCTh ¢py. OnmHaKo
BMECTE C BO3PACTaHUEM j,(0) 1 yMeHblIeHHEM S Oyner
yBEJIMYMBATBCS U conportusienue r,(0). B cBoro ouepens
6osblias BeuunHa 1 (0) OyaeT IpUBOIUTE K BOSHUKHOBE-
HUIO TaK HA3bIBAEMOTO MbeeCTalla — HAYaJIbHOTO HAMPsI-
xeHusi u(0) — Ha BBIXOJHOM HMILYJIbCE

u(0) = 1R—"2(0)

R (4.12)

OMBIL

Puc. 32. DxBUBaJICHTHAS CXeMa reHepaTopa Ha CTaIuu oOpbIBa IUOA0OM
00paTHOTO TOKA: ] — MCTOYHUK KBA3UIIOCTOSHHOTO TOKA, TIOIIePIKHBaE-
MOT0 HAKOMUTEIbHO! HHAYKTUBHOCTBIO (HA CXeMe He MOKA3aHA); Cpp (1) I
rp(f) — MTIHOBEHHBIC 3HAYCHHs OapbepHON EMKOCTH p—n-lepexoja H
MOCJICIOBATEJILHOTO COMPOTUBJICHHUS! KBa3HHEUTPAJIbHONU 4YacTH 0Oa3bl
COOTBETCTBEHHO; R — CONPOTHUBJICHUE HATPY3KH (BCE PACUETHI BBIIOJIHS-
siuck ipu R = 50 Om).

Ecma ry(0) ~ R, T0o u(0) MOXET COCTaBIISATh 3HAYUTEIHHYIO
JTOJTFO MOJTHOW aMILTUTY/bI BBIXOAHOTO uMmiyJibca (U = IR),
YTO HEXEJATEJIbHO (M YaCTO HEeJIOMYCTUMO) C TOUKH 3PEHUS
MPaKTHIECKUX MPUMEHEHHH TeHepaTopoB. 3a1ada MOJeIH-
POBaHUS COCTOSIIA B TOM, YTOOBI pacCUMTaTh BPEMEHHEIR
HapaMeTpbl TAKUX T'€HEPATOPOB, KOTOPBbIE OOECICYUBAIOT
3a/IaHHYIO aMIUINTYJY BBIXOJHBIX HUMILYJICOB NPH BEJIH-
YHHE TbefecTana He 6onee 5% oT ammmuTyasl. CorjaacHo
BeIpaxeHuto (4.12), npu R =50 Om u k= u(0)/U = 0,05
conpoTuBieHue 1y, (0) JOKHO COCTABISATh

k
rp(0) =—— R~ kR=250Mm.

=1 (4.13)

B pacuérax mcmonp3oBasiack cieayroiasi pacmpocTpa-
HEHHASI ANTPOKCHMAIIUS 3aBUCHMOCTH Ipei(hoBoii CKOpocTH
HOCHTEJIEH v OT 3JIEKTPUUECKOTO 1oJis E:

E
7 v
[1 + (:“E/Us)/]

rJe [ — HH3KOMOJeBas IMOJBIKHOCTh HOCHTENEH, vy —
HACBIIIICHHAs] CKOPOCTH JApeiida HocuTeei, y — 6e3pasmep-
HBII TapamMeTp.

B pabGorax [76, 77] HamMu TpPOBEICHBI HUCCIICTOBAHUS
npeiia 3nekTporoB B 4H-SiC n-tuna (B HampaBJIeHUU TeKca-
TOHAJILHOM OCH ¢ KpUCTAJUIA) MPH TOJISX BEJIMYUHOMN BIUIOTH
1o 4 x 10° B cm!. Tlomyuena mosys>MIMpHYecKasl 3aBHCH-
MOCTb CKOPOCTH Jipeiiha 3JIeKTPOHOB vy, OT noJis E (cM. dop-
Myiy (4.14)). ITpu ypoBHe Jeruposanus joHopamu ~ 101° cm—3
3HAYCHUS TAPAMETPOB CIIEAYIOLINE: HU3KOTIOJIEBAsI TIOABIX-
HOCTD 3JIeKTPOoHOB i, = 950 cm? B~! ¢!, Haceimennas cxo-
pocTh apeitha vg, = 1,55 x 107 cm ¢! (Bemmunna ckopocTn
HACBIIICHNUST OKa3aJiach OJM3KOW K 3HAYCHUIO, MOJYYCH-
HOMY B Pe3yJbTaTe YMCICHHOTO MOJAEIMPOBAHUS METOAOM
Mounte-Kapio [78]), 6e3pasmepnblii napamerp y, = 1,15.

Hns 4H-SiC p-tuma Haa&XHBIX OKCIEPUMEHTATBHBIX
JIAHHBIX OTHOCHTEJIBHO YKA3aHHBIX BBIIIE TAPAMETPOB 10
cUX TOp HeT (TpaHcnopT ropsiuux Abipok B 4H-SiC wmccie-
JIOBAJICSL IO HACTOSILET0 BPEMEHH HCKIIIOYHUTENBHO C IO-
MOIIIbIO MoieSIupoBaHust MeTo1oM MoHnte-Kapiio [79]). An-
HPOKCHUMALUs TEOPETUYECKOH 3aBUCUMOCTH vy, OT E, mpuBe-
néHasa B [79], mana ciepyrol@e 3HAYEHUS MapaMeTpPOB:
ty=70eM? B~ e v =59 x 10emc!, y, = 1,18.

C yuérom (4.14) comporusiienue ry,(0) BBIYUCISETCS
CJIEIYIOIUM 00pa3oM:

15(0) = 1o {1 I (HkU>"r} 1/77

Lyvs

(4.15)
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rae oo = pLy/S — OMHYECKOE CONPOTHBIICHHE Oa3bl
(p = gni — yneapHOE CONMPOTHUBJICHUE 0a3bl, ¢ — 3JIEMEH-
TapHBIN 3apsifl, 1 — KOHIIGHTPAIMS CBOOOTHBIX HOCUTEJICH B
Oa3se, L, — TommHA 6a36bI).

Jnst pacu€ToB OBLIM BBIOpPAHBI CJICIYIOIINE HCXOIHBIE
YCIIOBUSL:

1) aMIuMTy1a BBIXOJTHOTO MMITYJIbCA HA HATPY3Ke OJIM3-
Ka K HampspkeHUro mpo0ost quoaa. B BeicokoBobTHRIX 4H-
SiC-gronax 3¢ ¢GeKTUBHOCTh OXPAHHOW CHUCTEMBI OOBIYHO
TaKoOBa, YTO MaKCUMaJIbHOE 00paTHOE HANPSHKCHUE HE TIpe-
BoimaeT 90 % OT TEOPEeTHYECKOrO HAIPSDKEHUs MpoOos
KBa3uogHOMepHOro nepexoaa Uy,:

U=09Uy; (4.16)

2) TomuuHa 6a3el paBHa ToyuuHe OTI3 npu o6paTHOM
HaNpPsDKEHUHU, paBHOM Uy,

2e U

Ly = 2250 (4.17)
gN

raee = 8,85 x 10713 @ em~! — muanexTpuueckas nponumae-

Moctb 4H-SiC, N — xoHIeHTpalus npumeceii B OJIOKHPYO-
1eit 6ase.

IMpu naHHBIX yeaoBusx HApsDKeHUue Uy, 1 KOHIEHTPALUS
N cBsi3aHBI COOTHOLIEHUEM

(4.18)

rae Eye — KpUTHYECKasi HAMPSHKEHHOCTH MOJIS JIJABUHHOTO
npobost 4H-SiC. Benuunna Ey,, cBsI3aHa ¢ KOHIEHTpAIMEH
npuMeceid N B Os10kupyroliei 6a3ze SMIUPUIECKUM COOTHO-
meHueM [6]:

2,49 x 10°
Ey[Bem™!] = 7 X

= . 4.1
1 —0,25log (10-10N [em—3]) (4.19)

Bripaxenust (4.18) u (4.19) mo3BosArOT sl 3aJaHHOTO
Hanpspkeust U paccyuTarh (YUCIEHHBIM METOIOM) KOH-
nenTpanuto N. B cBoro ouepenp TosmHa 6a3bl Ly auoaa
paccunThbIBaeTcs mo popmyite (4.17).

OrmmuutenbHoll ocobenHocThio 4H-SiC p-Tumna sBiis-
€TCsI HENOJIHAsl MOHM3AIMs AKLENTOpPOB (AJIOMHUHMN) Ipu
KOMHATHOW TeMmIepaType BCJIEACTBUE OTHOCUTEIILHO 0O0JIb-
moi sHepruu ux uonusamuu: Ea = 0,19 3B. (B 4H-SiC noHo-
pBI (230T), UMeroIIMe dHepruro noHmzanuu okoso 0,05 2B,
MpH KOMHATHON TeMIepatype MPaKTUYECKH ITOJTHOCTHIO
MOHHU30BAHBI.)

OueBUAHO, YTO BCJIEICTBUE HEMOJIHON HOHU3AIINY AKLIETI-
TOPOB U CPABHUTEJILHO MAJIOW MOABUKHOCTH ABIPOK IJIO-
aJib TUOJOB C p-0a30# MOJDKHA OBITH OOJIBIIIE TLIONIAIN
JINOMIOB C N-0a30ii (Mpy HUKCHPOBAHHOW AMILTUTY/IE BHIXO/-
HBIX UMITYJICOB).

B pacuéTax KOHIICHTpAIUs 3JIEKTPOHOB B JHOJAX C
n-60a30if MpUHUMAJIACH PABHOW KOHIICHTPAIUU TOHOPOB
(ny = Nq), a KOHLEHTpalMs ABIPOK B OUOJAX C P-6a30ii
paccuMThIBAIACh U3 CTAHAAPTHOTO YpPAaBHEHHSI HEUTPAJIb-
HOCTH:

np = Ny ex A Na
PP THT) T T 2exp [(En — Er)/ksT]

(4.20)

rae Ny — 3(pdekTuBHAS IIIOTHOCTb COCTOSIHUIA B BaJIGHTHOU
3one 4H-SiC, kg T — TtenoBas sHeprusi, Er — TOJIOKCHHE
ypoBHst ®epmu B 3anpeniénnoit 3oue p-4H-SiC oTHOCH-
TEJILHO TIOTOJIKA BAJICHTHOU 30HBI.

BBenéHHbIe W paccUUTaHHbBIE BBINIE MapaMeTpPhbl MO3BO-
JISIFOT OTIPENIeIUTh TpebyeMylo oAb nepexoaa S:

Ly 1 KU\
s="0 |y (B2 .
gnu kR Lyvs

B cooTBercTBMM CO CXeMOM, NMpuBeAEHHON Ha puc. 32,
MIHOBEHHAs BEJIMYMHA HANPSDKEHUS U p(f) OMMCHIBAETCS
nupdepeHnnanbHbIM YpaBHEHHUEM

(4.21)

du
up_n—i—cp_n—H(R—l—rb) =U.

+ (4.22)

B ypaBuenun (4.22) HenuHeHHast EMKOCTb Cpy(f) YMEHB-
maeTtcs co BpeMeHeM BelieAcTBue paciupenus OI13 B 6a3y.
HenuneiiHoe conpoTHBIIEHHUE Iy (1) SIBISIETCS MAKCUMAJIbHBIM
B Hayaje ¢Ga3bl OOpbIBa TOKA M YMEHBIIIAETCS CO BpeMeHEM
BciencTeue kak pacmmpenus OII3, tax m ocnabieHus
a¢dexTa HaCHILCHUS CKOPOCTH HocuTeseil. HavanpHoe
ycioBue 11 ypaBHenus (4.22): up (0) = 0. UseHsl ¢y U 1
ypaBHeHuUsI (4.22) MOTYT OBITH BBIPAXXEHBI Uepe3 HAIPSDKEHHE
Up o W IpOn3BOAHYIO dut, pn /dt criemyrOIIIIM 06pa3zoM:
— 3aBUCUMOCTb EMKOCTH Cppy OT HATIPSKEHUS Up o'

(4.23)

rae Uy, — mud@dy3noHHas pa3HOCTh MOTEHIMAJIOB p—n-
Tepexo/a;
— COIIPOTHUBJICHUE KBA3MHEUTPAJIHLHOM YacTH Oa3bl:

1/
e ()]
S WpUs

— MaJCHUC HAIPsKCHUS Ha KBa3HHCﬁTpaJ’[LHOﬁ JacTHu
0a3pl U eé TOJIIIUHA:

(4.24)

Uy = Uy — tpq — ch_ndzlﬁ , Wp=Lp— C&—S . (4.25)
pn

Hckomas popMa BBIXOAHOTO UMIYJIbCa, T.€. 3aBUCH-
MOCTb  u(t) = upo(t) + u(t), Ompenensnaach ¢ MOMOIIBIO
KOMOWHAIIMY YUCJICHHBIX METO/IOB, BKJIFOYAsI YHCICHHOE pe-
menne auddepeHmanbHbIX ypaBHEHUH TEPBOTO MOPSAKA
¥ YHCIICHHOE DeIlIeHNE TPAHCUEHACHTHBIX aJIredpanvyecKkux
YpaBHEHMIA.

Ha pucynke 33 moka3aHbl BpeMEHHBIE 3aBUCHMOCTH BbI-
XOJHOTO HANPSDKEHUs, PACCUMTAHHBIC MPH PA3HBIX aMILIH-
tynax U. Kax BungHo, npu ammumrtyae U = 1000 B jimrens-
HOCTb (POHTA BO3PACTAHUS HMITYJIbCA B Clydyae TUOMA C
n-6a3oit cocrasisieT (o yposHto 0,1 —0,9) okoso 0,1 HC, B TO
BpeMs Kak B ciyyae p-0a30BOro Auoja IJIMTEIbHOCTb
¢ponTa Gosbiie outu B 10 pas. Juoabl ¢ n-6a30if MOTyT
renepupoBaTh 3000-BOJIbTHBIE HMITYJIBCHI C IJIUTEILHOCTHIO
¢ponta oxono 0,3 He. [Ipm TOM Xe OBICTPOIEHCTBUU
JIAOJTBI ¢ p-0a30if MOTYT FeHEPUPOBATH UMITYJIbCHI AMILIH-
tynoit nmumb 300 B. Takum oOpaszom, npu puxcupoBas-
HBIX aMIJIUTYaX BBIXOIHBIX UMIYJILCOB U BEJIUYMHE Ha-
qanpHoro "meegecrama" 4H-SiC-IJIPB ¢ Guokupyrowieit
6a30it p-Tuna aokHBI HamHOoro ycrynate JJIPB c 6a-
300 n-THma mo OwIcTponeiicTButo. [IpmunHOW 3TOTO SIBIIS-
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u/U

0,5

0,6 0,8 1,0 1,2 1.4
Bpewms, He

Puc. 33. BpeMeHHEIe 3aBUCMOCTH BBIXO/IHOTO HAIIPSKEHUS, PACCUUTAH-
HbIE NIPY pa3HbIX 3HaYeHusIX U. CILTOIIHbIE KPUBBIE — JIst Oa3bl N-THIA,
MyHKTHPHBIE KpUBbIe — JuIst 6a3bl p-Tuna. Kpussle 1, 6 — U = 1000 B,
kpuBasi 2— U = 2000 B,3— U = 3000 B,4— U = 300 B, 5— U = 500 B.

FOTCS MEHBIIINE 110 BEJIMUNHE I0IBUKHOCTD IbIPOK, KOHIIEHT-
pamust OeIpoK (IpU OOMHAKOBOM YPOBHE JIETUPOBAHMS) U
HACBIILIEHHAS CKOPOCTH HX Apeida.

4.3.3. Dxcnepumentaibhbie 4H-SiC-I/IPB. B pabote [80]
JIMOJIbI U3TOTOBJISINCh HA OCHOBe kommepueckoir 4H-SiC-
IUTACTUHBI N-TUMA C BBIPAIIEHHON HA HEW 3MUTaKCHAJILHOMN
pT—p—ng—nt-crpykrypoii. Tonmuna pt-cios 2 MKM,
KOHIIEHTpAIMsl aKIenTopos B HEM ~ 10'° cm~3, p-croi
AMeEeT TOJIIUHY 5 MKM U KOHIEHTPAIUIO aKIENTOPOB
5 x 10! cMm™3, ng-coit — TommuHy 40 MKM M KOHIIEHTpA-
o 1oHopoB 1,5 x 101 em ™3, nt-cioit — Tommuay 1 MKM
¥ KOHIIEHTPAIHIO TOHOPOB ~ 1 x 1018 em—3.

B ciyuae 4H-SiC-IJIPB co crpykrypoit p*—p—ng—n™
AMITYJIbCHBIE PEKMMBbI HAKAUKHU M BBIKAYKHU TIIa3MBbI TOJIKHBI
OBITH CJICAYIOMIMMU: 1) HAKayka JOJIKHA OCYIIECTBISATHCS
KOPOTKHUM, mopsiaka 10 HC, IMITYJIbCOM HPSIMOTO TOKa, 3a
BpeMsi KOTOPOTO HEPAaBHOBECHBIC IBIPKH, MHKEKTUPOBAH-
HbIe U3 pT-3MHUTTEpA, MPOXOUAT BeieAcTBUE AM(DY3un K
npeiida TOIbKO HA PACCTOSIHHAE HE 0OJIee TOJIIUHBI P-CIIOS;
2) BBIKQYKa JIOJKHA OCYIICCTBISATBCS emié OoJiee OBICTPO
HapacTaloIMM OOpPaTHBIM TOKOM B TCUEHHE HECKOJIBKUX
HaHOCEKyH. [st oOecnieueHNs TAKUX PEKMMOB TECTHPOBA-
HEsSI TUO0B ObLIa M3rOTOBJICHA IBYXKOHTYPHASI JJICKTPHYIC-
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47 xOm

C  240m

— =

Puc. 34. CxeMa UMITyJIbCHBIX UCIIBITAHUMA.

cKas CXeéMa, B KOTOPOH HMIYJIbChl HAKAYKM M BBIKAYKU
CHHXPOHHM30BaHbI TI0 BpEMEHH 3amycka (puc. 34).

KonTyp Hakauky ObLT BBIOJIHEH B BUAC PETAKCAIMOH-
HOT'O TeHEPATOpPa, B KOTOPOM B Ka4eCTBE HOPMAJIbHO 3aKPhI-
TOTO KJIFOYEBOTO 3JIEMEHTA HUCIIOJIB30BaH OBICTPOACHCTBYIO-
muit kpemHueBblid  600-BoabTHBIE MOII-TpaH3ucTOp
SPD02N60C3 (MOIT — meTai1 — OKCU — OJIyPOBOJIHUK)
C BpEMEHEM HapacTaHusl Toka cToka 3 HC. IMmyabCchl mpsi-
MOTO TOKa JJIMTEJIbHOCTBIO = 10 HC (popMupYIOTCS pa3psi-
oM koHzeHcaTopa C 4epe3 OTKPBITHIH TPaH3UCTOP, UCIIbI-
TYeMBbIH MO/ M HArpy304Hoe conpoTtuBiieHue R = 50 Om.
AMIUINTY1a, BpeMsl HapacTaHMs U cHaja Toka B KOHTYpe
HAKauKy 3aJar0TCs HANpsDKEHHEM HCTOYHUKA NMUTaHus E,
BpeMEHEM BKJIFOUEHHS TPAH3UCTOPA U EMKOCTBIO KOH/IEHCA-
topa C. I3MeHeHneM 3THX MapaMeTpOB MOKHO PeryJInpo-
BaTh aMIUIMTYAY I, U JJIUTENbHOCTH f, UMIYJIbCA TOKa
HAKa4yKH, T.C. BEJMYMHY 3aKA4aHHOTO 3aps/ia HEOCHOBHBIX
nocutenein Op. KoHTyp BbIKa4YKM BBINOJIHEH C HCIIOJIB30BA-
HUeM reHepaTopa G BBICOKOBOJIbTHBIX HMITYJIbCOB, B KOTO-
POM BBIXOJIHBIE MMIYJIBCHl (POPMHUPYIOTCS KPEMHHUEBBIMU
JJAPB. Ha marpyske 50 OM reHepatop BBIIAET UMITYJIHCHI
amMuaTynon Vg go 5 kB u gimrenbHOCTBIO 4 HC (BpeMst
HapacTaHusl M cnaja okoJio 2 Hc). Mmmnyibebl oOpaTHOrO
HAIpPSDKEHNS TOJAIOTCSI HA MO C ONPEAeNIEHHOHN (peryiiu-
pyemoit) BpeMeHHOM 3aepKKOI OTHOCUTEILHO UMITYJILCOB
MPSIMOTO TOKa. MaKkcUMaJIbHO BO3MOXHAasI CKOPOCTh BO3pa-
cTaHusi 0OpaTHOTO TOKA B KOHTYPE BbIKAUKHU 334aETCS TeHe-
patopom G. OcumyIOrpaMMBbl HANIPSDKEHUS! HA COTIPOTHUB-
JICHUU HArpy3KH, BKIFOYEHHON MOCIEIOBATEIHLHO C JUOAOM
(pakTHUeCKH TOKA, MPOTEKAIOIIETO Yepe3 JMO/T), 3aTHChIBa-
JIUCh ¢ moMolbio TudposBoro ocuuiorpada Tektronix
DPO 4104 ¢ mosocoii mpomyckanust 1 I'T1.

mnynbcHbie ucnbitanus 4H-SiC-nquon0B npoBOAMINCH
B Pa3HBIX PeXUMaX, PA3JIMYAIOIIMXCS aAMIUIUTYAOR U JJIH-
TeJbHOCTBIO MMITYJICOB MPSMOTO TOKA, aMIUIUTYI0H UM-
MyJIbCOB OOPATHOTO HAIPSDKEHHSI U BPEMEHHOH 3a/ICPiKKOMA
UMITYJIbCA BBIKAYKM OTHOCHTEIBbHO HMIYJIbCA HAKAYKH.
YacToTa ciaeqoBaHus UMITYJIbCOB cocTaBisuia 1 I'm. B tex
ciIydasix, korga TpeOoBaJloch CPaBHUTHL (HOPMY UMITyJIbCa
00paTHOTO TOKA B Pa3HBIX PEXKUMaX pabOThI CXeMBbI, 3aIUCh
OCHMJIOTPAMM MPOU3BOJIMIACH TAKMM 00pa3oM, 4TOOBI
HAYaJIbHBIE YYACTKU POCTa OOPAaTHOTO TOKA COBIAJAJH 11O
BpPEMEHH.

OddexT cyOHAHOCEKYHTHOTO OOpbhIBa OOpPATHOrO TOKA,
MOAJEPKUBAEMOTO MPEIBAPUTEILHO HHXKXEKTUPOBAHHBIMU
HOCHUTEJISIMH, TPOJEMOHCTPUPOBAH OCHMJIIOTPAMMAMH Ha
puc. 35. KpuBasi / moka3pIBaeT OCHHJUIOTPAMMY TOKa TPH
paboTe IBYXKOHTYPHON CXeMbl HA OMHIYECKYIO HAIPY3KY
50 Om. AMILTUTY 12 UMITYJIbCA TOKA B KOHTYpE HaKauku 2 A,
IIATEIbHOCTH 10 HC; aMIIUTY/la TOKa B KOHTYPE BBIKAUYKH
15 A, pmurenbHocth 4 HC. KpuBble 2 u 3 MOKa3bIBarOT
OCHMJUIOTPAMMBI TOKA C MOAKIIOYEHHBIM MTOCIIET0BATEILHO
¢ Harpy3ko# quonoM. Kpusast 2 neMoHCTpUpPYET OJIOKHPYIO-
IIYIO CMOCOOHOCTH JTUOJIOB B HUMITYJIbCHOM peXuMe (Tph
OTKJIFOYEHHOM KOHTYype Hakaukw). Kak BHAHO, 4epe3 MO
IPOXOIUT UMITYJIbC EMKOCTHOTO TOKa, aMIUIATyAa M JJIM-
TEJILHOCTb KOTOPOro (4 A u 2 HC COOTBETCTBEHHO) CYIIe-
CTBEHHO (B HECKOJIBKO pa3) MEHBIIEe aMILTUTYIbI U JINTENb-
HOCTH UMITYJIbCA TPU pabOTe CXeMBbI HA YACTO OMHYECKYIO
Harpy3ky. Kpusas 3 nmemonctpupyer AAPB-adpdext —
HapacTaHue U CyOHAaHOCEKYHIHBI OOpBIB OOPAaTHOIO TOKa
Mocjie TpeaBaApUTEIbHON HAKAYKH 3JIEKTPOHHO-IBIPOYHOU
MJIa3MBI HMITYJIBCOM MPSIMOTO TOKa (3a7epKKa MO BPEeMEHHU
00paTHOI0 NMITYJIbCA OTHOCUTENILHO MPSMOTO MOA0MpajIach



824 A.A.JIEBEJJEB U JP.

Y®H 2019

—16 | | | ] |
0 4 8 12 16
Bpewms, ue

Puc. 35. OcumsuiorpaMmel, IeMOHCTpHpYoLie 3pGekT CyOHAaHOCEKYH/I-
HOT0 00pBIBAa TOKA (CM. MOSICHEHUE B TEKCTE).
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Puc. 37. OcuuuiorpamMmel, AI€MOHCTPUPYIOLINE BIIMSHAE BEJIMIUHBI Q)
(CM. MOSICHEHHE B TEKCTE).
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Puc. 36. OcomyuiorpaMMBL, JEMOHCTPUPYIOIIIE BIHSHAEC BeJIHIUHEI VG
(CM. TIOSICHEHHUE B TEKCTE).
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Puc. 38. OcuusiorpaMmbl, I€MOHCTPUPYIOIIME BJIMSHUE BEJIMYUHBI fp
(CM. ITOsICHEHHE B TEKCTE).

TakuM o0Opa3oMm, 4ToOBI aMIUMTyAa oOpaTHOro TOoKa Iy
OblTa MakcUMaJibHOM). TTapaMeTpsl miporecca ClieAyrolme:
aMIUIUTYla UMIIyJbca NPsAMOro Toka I, =2 A, NIuTeNb-
HOCTb f, = 10 Hc; BeJMYMHA OOPBIBAEMOI0 OOPAaTHOTIO TOKA
I, = 11 A, Bpems oOpebiBa f; = 0,4 HC.

Ha pucynke 36 mpoieMOHCTPUPOBAHO, Kak Vg BIuseT
Ha aMIUTUTYAY U CKOPOCTh HApacTaHUs ¥ Crajia 00paTHOTO
Toka. KpuBas / Ha puc. 36 moBTOopsieT KpuByro 3 Ha puc. 35
(VG = 750 B). Kpusas 2 3anucana npu Vg = 450 B. Bugso,
4TO IPU YMEHbIIEHHH VG BEJIMYMHA OOPHIBAEMOIO TOKA Ip
yOBIBaET, IPU 3TOM BpPEMsI €0 HapacTaHUs f. yBETUIUBA-
eTcsl. DTOT pe3yabTaT OOBSICHSETCS HEM3MEHHOCTHIO BBIKA-
YaHHOTO OOPATHBIM TOKOM 3apsi/ia HHXEKTUPOBAHHBIX HO-
cureseit (Qe ~ Inte). Ilpu OHIWKEHNH VG yMEHbBIIAETCS HE
TOJILKO CKOPOCTB HApAaCTaHUs1, HO U CKOPOCTh YOBIBaHUS TOKA.

Ha pucynke 37 npoaeMOHCTpUpPOBAHO, KaK BEJIUYMHA
HAKa4aHHOTO 3apsga O, BiMgeT Ha ammmtyay In,. Kak
BU/THO, TIpU yMeHbleHun Q) (BeieacTsue yobiBanus Iy u tp)
BEJIMYMHA OOPBIBAEMOT0 TOKA Iy, YMEHbIIIAETCS. DTO 00BsIC-
HSIETCS PABEHCTBOM HAKAYAHHOT'O M BBIKAYAHHOT'O 3aPS0B
UHXEKTUPOBAHHBIX HocuTesel (Qp = Q) IpU yCIOBUH, YTO
peKoMOMHAIIe HepaBHOBECHBIX HOCHTEJICH 32 BpeMs Ha-
KaYK{ M BBIKAYKHA MOXHO MTPeHeOpeyb).

Hns npaBuibHOM padoTel 4H-SiC-IIPB co cTpykTypoit
pT—p—no—n" AIUTEIBHOCTb HAKAYKH f, HOJIKHA ObITH
TaKOi#, 4TOOBI 32 3TO BpPEMsI MHKEKTHPOBAHHBIE U3 DT -
SMUTTEPA ABIPKY NMpouutn Oyarogaps nuddy3noHHO-Ipei-
(oBOMY TIepeHOCY paccTOsiHUe, MPHUOJIM3UTEIHLHO PaBHOE
TOJIMHE p-cliosi. [Ipy 3HAYUTENILHOM MPEBBHIINIEHNH Bpe-
MEHH #, HepAaBHOBECHbIE HOCUTEU Oy1yT HAKAIUIUBATLCS HE
TOJIBKO B p-o0Jiactd, HO U B OJiokupyroleil ny-6aze. I1pu
3TOM MOXHO 0XHJATh, YTO MIPOLIECC BOCCTAHOBIICHUS P — -
repexo/ia Ha CTaguu oOpbIBa OOPATHOT'O TOKA 3aMEIJIUTCS,
MMOCKOJIbKY HAYHETCS! B MIPUCYTCTBUU HEPABHOBECHBIX HOCH-
TeJlel B ny-Oase.

Ha pucyrke 38 mpoJeMOHCTPUPOBAHO, KaK BEJIMIHHA
BJIUSIET TPH MPOYUX PABHBIX YCIOBUSIX HA CKOPOCTh OOpBIBA
obpatHoro Toka. Kpusas / Ha puc. 38 moBTOpsieT KpUBYIO 3
Ha puc. 35 (#, ~ 10 He). KpuBas 2 3anucana npu #, ~ 100 He.
Benmuuna [, mogobpana Tak, 4ToObl 0OpbIBaeMbIi 06paT-
HBII TOK [, ocTaBajcs HEM3MEHHbIM. BHTHO, UTO TpH yBe-
JIMYEHUH f, CKOPOCTb YOBIBAaHMSI TOKA, KaK M OXHJAJIOCh,
YMEHBILIAETCSI.

OnuuM u3 ycioBuit agdexktuBnoit padorsl JJIPB sB-
JISIETCSI JOCTATOYHO OO0JIBIIOE BpEeMsl )KU3HI HEPABHOBECHBIX
HOCHTEJIel T, IPU KOTOPOM HX peKoMOWHaImel 3a Bpems
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Puc. 39. OcuusiorpaMmsl, 1€MOHCTPUPYIOLINE BIIUSHUE BEJIMYUHBI 14
(CM. TIOSICHEHHUE B TEKCTE).

HAKaYKH{ U BBIKAYKHA MOXXHO TpeHeOpeub. OUeBHTHO, YTO TPU
3aJepKKe 0OpaTHOrO MMITYJIbCa OTHOCUTEILHO OKOHYAHUS
npsimoro JJAPB-3¢ddexT mosmken mocreneHHO ocnalsThCs
BILUIOTH JO €ro IOJIHOIO HMCYEe3HOBEHHs HpH fq > 3t. Ha
pucyske 39 mpoaeMOHCTPUPOBAHO, KaK BEJIMYNHA {4 BIUSET
Ha aMIUTATYy oOpaTHOTO ToKa. JledCTBUTEIBLHO, IPH BO3-
pacTaHuu t4 BeqmurHA [, MOHOTOHHO YMEHBIIIAETCSI, CTPE-
MSICh B KOHEYHOM UTOTE K aMILIATY 1€ EMKOCTHOTO TOKa (Cp.
¢ kpuBoii 2 Ha puc. 35). Kak Bu1HO, BpeMsl ’KU3HU HEPABHO-
BECHBIX HOCHTEJIEH B P-CJIO€ MO MOPSAKY BEJIUYUHBI OLCHHU-
BaeTcs Kak T ~ 10 HC.

B paborte [81] mpomeMOHCTpUPOBAHBI BHICOKOBOJILTHBIC
(1600 B) 4H-SiC-AAPB ¢ pexopano xopoTkuM (150 mc)
OpicTponeiicTBHEM. JIMOABI M3TOTOBIISJINCH HA OCHOBE ILJIAC-
tuHbl 4H-SiC n-Tuma ¢ BbIpallleHHOW Ha HEll 3MUTAKCH-
anpHoi pTt —pt —p—ng—n*-crpykrypoit. Ciiou p*t u p*
AMEIOT TOoMmuHY 0,5 MKM M KOHIEHTPAIUIO aKIENTOPOB
2x 10" u 5x 10'® cm™? coorBercTBEHHO, p-ClIOH MMeeT
TOJIIUHY 6 MKM ¥ KOHLEHTPAIUIO aKIeNTopoB 5 x 1016 cm—3,
ng-c1oi — TtoiuHy 20 MKM U KOHIIEHTPAIMIO JOHOPOB
5 x 105 eM~3, n*-ci10it — TOMIMAEY 5 MKM U KOHIIEHTPAIHEO
JOHOPOB 1 X 108 em 3. Huametp nquomos 0,8 M.

M3roToBieHHbIE TUOJIHBIC YUIBI OBLIN UCIBITAHBI B CO-
CTaBe CHeNUaJIbHONM NUMITYJILCHOU cxeMbl (puc. 40). B nannoi
cXeMe HaKayka IM0/1a OCYLIECTBIISIETCS] UMITYJILCHBIM UCTOY-
HUKOM TOKa, KOTOPBI COCTOUT U3 UCTOYHHKA TTOJIOKUTEb-
HOro (MOCTOSIHHOTO) HampspkeHust (V)), HAKONUTEIHHOTO
kouneHcaropa (Cp), 3apsimabix pesuctopoB (R; u Ry) u
OBICTPOICHCTBYIOIIETO KPEMHHEBOTO n-KaHaibHOro MOIT-
tpan3ucropa (T). Ucnbrryemsrii quon (Diode Under Test —
DUT) BrJitouéH B 1IeTIb pa3psijia HAKOMUTEIbHOTO KOH/ICHCa-
Topa. B ucxonnom cocrostauu konaeHcatop C; 3apsikeH 10
HampspkeHnsl ucToyHuka V. [Ipu BKIIFOUEHUU TpaH3HCTOpA
MOJIOKUTEIBHBIM HMIYJIbCOM 3aTBopa (V) depe3 IHOL
MPOTEKAET UMITYJIbC MPSIMOTO TOKA, AMILTUTYAA U JJTATEIb-
HOCTb KOTOPOT'O ONPEIEIAIOTCS HanpsikeHrneMm Vi, BpeMe-
HEM BKJIIOYEHHS TpaH3ucTopa T u BpeMeHeM pa3psiia KOH-
nercatopa C; yepe3 TpaH3ucTop, S0-OMHBIN KOAKCHAJIbHBIN
Kabeb 1 IPSIMOCMEIIEHHBIH JUO/T.

B skcriepuMeHTax aMILTUTY /1A UMITYJIbCOB MPSMOTO TOKa
coctaBisia 10 10 A, a UX JUIMTEIBHOCTb BapbUPOBAJIACh B
npenesiax 10—20 He. Bplkauka 1mia3mMbl UMIYJIbCOM 00OpaT-
HOT'O TOKa OCYILIECTBIISIETCS C IOMOIIBIO UMITYJIBCHOTO Te€HE-
patopa V;, B KaueCTBe KOTOPOTO UCIOJIb30BAJICS CTAHIAPT-
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Puc. 40. Cxema uMIysIbCHbIX UCTIBITAaHUN An0A0B. IIITpUXOBBIM NPsIMO-
YIOJIbHUKOM BBIJIEJIEHBI JIEMEHTBI CXEMBI, BKJIIOYEHHBIE B MUKPOIIOJIO-
CKOBYIO JIMHUIO TIepeIayn.
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Puc. 41. OcumiyiorpaMMbl BBIXO/JHBIX UMITYJIBCOB: KpuBasi / — JIHOT

OTKJIIOYEH, KpUBasi 2 — JIUO/T TIOJIKJIFOUEH.

Hbll reHepaTop Gupmel "OUJI-Texuuka", BHIAIONANA HA
50-0MHOIT Harpy3Ke MOJIOKUTETHHBIE UMITYJILChI C AMILIATY-
Jod 10 5 kB, IIMTETbHOCTBIO OKOJIO 4 HC U ()pOHTOM Ha-
pactanus okoJio 2 He. BXogHOM nMIyibCc 06GpaTHOTO HATIPSI-
KEHHsI OT reHepaTopa moAaérTcss Ha auoj vyepe3 50-oMHYrO
JUTMHHYIO JIMHUIO W pa3Bs3biBaromuit konmaencatop C, B
MOMEHT OKOHYAHHSI UMIIyJbca Hakauku. Peructpupyromas
Lenb BKJIIOYaeT B ceOs pas3Bs3biBaroluil koHnencatop Cs,
BBICOKOYACTOTHbBIC aTTeHI0aTOPhI pupMbl Barth Electronics
u mdposoit octmorpad Tektronix DPO 70404C. Bxon-
HOE CONPOTHBIICHHE ATTEHIOATOPOB UIPaeT poJib 50-OMHOM
Harpy3KHd, HOJKIFOYEHHOH MapasjiesIbHO C TUOAOM.

Ha pucynke 41 moka3zaHbl OCHMJIJIOTPAMMBI BBIXOHBIX
umiyiabcoB. KpuBas / 3anmucana npu OTKJIFOYEHHOM JUOJE,
T.e. 3Ta KpHUBas MOBTOPsieT (OPMY BXOIHOTO HMITYJIbCA
(ammmryga 1600 B m GpoHT Hapacranwms okojo 2 HC).
KpuBas 2 3anucana npu moAKIF0U€HHOM nuoje. [1pu ontu-
MaJIbHBIX TTapaMeTpax HAKAYKHU MO BBIMOJHSICT (HYHKITHIO
obocTpuTelIs MepeHero (ppoHTa BXOJHOTO MMITYJIbCA: IO
oOpbIBa TOKAa IJMHHAS JIMHMS 3allyHTUPOBAHA HA KOHIE
MaJIbIM COMPOTHBJICHHEM JTNOMIA, & CPa3y MOCIIe BOCCTAHOB-
JIeHHsI OJIOKUPYIOIIEH CIOCOOHOCTH AM0Aa TeHepaToOp HAuH-
HaeT paboTaTh Ha COrJIACOBAHHYIO HArpy3ky 50 Om.

Ha ocnuniorpaMme BBIXOQHOI'O UMITyJIbca (KpuBast 2 Ha
puc. 41) ecTb y4aCTOK OTHOCHUTEILHO ME/IJICHHOTO BO3pacTa-
HUSl HAPSDKEHNS — TaK Ha3bIBAEMBIH MbeIeCTall, BEININHA
kotoporo mocturaet 200 B. Cpa3y 3a mbegecTaioM BBIXOJI-
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HOE HaIpspbKeHue pe3ko yBeaunuuBaercs 1o 1600 B. Jnutens-
HOCTh (DpOHTA HapacTaHUs OBICTPOTrO yvacTka (paszmax
1150 B) 220 nc. Koaddumment odocTpeHnst BXOIHOTO UM-
IyJIbCa TMPU 3TOM cOocTaBisieT okojo 10. OueBuIHO, YTO 3TO
BpeMsl ONpEJIENSIeTCSl He TOJIBKO OBICTpOJIEHCTBUEM TMOAA,
HO U TOJIOCOM MPOIyCKaHUsI 3JIEMEHTOB PETUCTPUPYIONIEH
LIENH, BKJIIOYasi MUKPONOJIOCKOBYIO JinHUIO (MILJT) u mud-
poBoit ocimiutorpad (20-rurarepueBbie ATTEHIOATOPBI UCKA-
JKeHU# He BHOCAT). VMI3MepeHHOe HAMH BpeMsl HapacTaHUs
nepexoanoit xapaktepuctuku MIIJI — 120 mc. Bpewms
HapacTaHUs NEePeX0THON XapaKTepUCTUKU ocuuiiorpada c
nojocorr mponyckanus 4 I'Tu — 90 mc. C yuérom 3toro
paccudTaHHOe BpemMs OOphIBa OUOJOM TOKa COCTABIISET
150 mc. Hackonbko HaM M3BECTHO, TAKOE BPEMSsI SIBJISICTCS
PEKOPAHO MAaJIbIM JUISI BBICOKOBOJIBTHBIX (cBbimie 1000 B)
KapOMI-KpEMHHEBBIX Pa3MbIKATEIICH.

5. MopaesmpoBanue nepexoaHbIX MPOLECCOB
B CWJIOBBIX OHMIIOJISIPHBIX MpHOOpax
Ha ocnoBe 4H-SiC

MoeaupoBaHie MPOIECCOB, MPOTEKAOMIUX B CHJIOBBIX
OUIMOJISIPHBIX TPUOOPAX, COCTABIISIET HEOTHEMJIEMYIO U HEOO-
XOJUMYIO 4aCTh PabOThI MPH CO3JAHWU M HCCICIOBAHHH
Takux mpuOOpoB. MoOJeIMpOBaHUE HA TOJBKO MO3BOJISIET
AHAJM3UPOBATH IKCIEPUMEHTAJIbHbIE PE3YJIbTAThI, HO U
YacTO MOJICKa3bIBAET UJICH HOBBIX 3KCcIIepuMeHTOB. [ToMuMo
TOro, ajJiekBaTHOE MOJeJupoBanue Hepeako "yGeperaer"
HCCIIEIOBATENSI OT MOCTAHOBKH CIIOXKHBIX, TPYIOEMKUX H
3apanee 0OPEUCHHBIX HA HEYIA4y OMBITOB.

B aToM pasgerne npeacTaBiIeHbl pe3yIbTaThl MOJEINPO-
BaHMSI IEPEXOTHBIX MPOIECCOB B CHJIOBBIX OUITOJISIPHBIX MPH-
6opax Ha ocHoBe 4H-SiC: Tupucropax, OUNOJISPHBIX TPaH-
3UCTOpax W auofax. KpoMe TOro, pacCMOTPEHBI SIBJICHHUS,
o011Me 1Tl BceX OUTOJISPHBIX TPUOOPOB HA OCHOBE KapOuaa
KPEMHHUSL: JJIEKTPOHHO-ILIPOYHOE paccesiHue, mpodiema ad-
(bekTUBHOrO 3MUTTEpa W (PYHIAMEHTATbHBIE (U3NUECKUE
OTPAaHUYCHUS HA TpeebHOE OJOKMpyeMOe HaNpsHKEHUE U
npeJieIbHbIe IJIOTHOCTH TOKa [69].

5.1. Tupucropsi

IlepBrii THPUCTOP (AMHUCTOP) HA OCHOBE KapOuaa KpeMHUS
6pu1 poneMonctpupoBad B ®TU um. Modde [82, 83] B
1988 r. Brokupyrolee HanpspKeHHe 3TOro Npudopa cocTaB-
gsuto 30—-50 B, a sddexTuBHAS MIomanab paBHSIACH
7 x 10~* cm?. B mocieayrorme TOAbI OBIT JOCTHTHYT BIIe-
JATJISIFOLIIIA TPOTPECC B YBETMUSHUH OJIOKUPYIOIIETO HATIPSI-
JKEeHUsI, paboueil TIomaam u Toka, koMmmyTupyemoro SiC-
Tupuctopami [84]. K HacTos11ieMy BpeMeHH MPOAEMOHCT PH-
poBanbl SiC-tupuctops! 18-kuaoBoIbTHOTO Kiacca [85, 86].
Tupucrtopsr Ha ocHoBe 4H-SiC ¢ GioKupyrOIIMM HampsiKe-
HeM 9 kB, Ooublioit ckopocThio Hapactanus Toka df/d¢ u
KOMMYTHPYEMBIM HMITYJIBCHBIM TOKOM 110 ~ 5500 A wmcciie-
noBaHbI B pabote [87].

OcHoBHbIe (u3nyeckne ocodeHHocTH SiC-THPHUCTOPOB
ObLH U3yueHbI B KoHIe XX —Hauase XX BB. mocie nosisJe-
HUSI THPUCTOPHBIX CTPYKTYP C OJOKHPYIOIIMM HampsiKe-
HHEM B HECKOJBKO coTeH BOJBT [84, 88—92]. C mosBie-
HUEM CTPYKTYDP C BBICOKHM OJIOKUPYIOIINM HATPSDKCHUEM,
Vy = 3 kB, Obu10 moka3aHo, YTO Hapsay C MEXaHU3MOM
BKJIIOYEHHUS, XapaKTEPHBIM ISl IETAJbHO MCCJIEIOBAHHBIX
THPUCTOPOB HA OCHOBE KPEMHHUS, B BBICOKOBOJILTHBIX SiC-
TUPHUCTOPAX MOXET PEAM30BBIBATHCS IPUHIMITUATIBLHO APY-
roi MexaHu3M BKjroueHus [93].
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Puc. 42. 3aBHCHMOCTb TOKa OT BPEMEHH B IIPOIECCe BKJIFOUESHWS] THPH-
cTopa ¢ OJIOKHPYIOIIMM HanpshkeHHeM 2,6 KB npu pa3JinvHbIX TeMIiepa-
Typax: 293 K (xpusas [), 330 K (xpuBas 2), 379 K (xpuBas 3), 404 K
(xpuBas 4). Katognoe Hanpspkenue V, = 200 B, Harpy3zounoe conporu-
BiieHne R; = 50 Om.

5.1.1. IMponecc Bk/to4eHus. OcHOBHASI OCOOEHHOCTBH MPO-
necca BjroueHust SiC-tupuctopos: "anomanbHas" Temiie-
paTypHasi 3aBUCUMOCTb CKOPOCTH HapacTaHWs TOKa B MPO-
mecce BKJIFOUEHHMS, 10 CPABHEHHUIO C AHAJIOTUYHBIMH 3aBHCH-
MocTssMu B Si- u GaAs-tupucropax, ObLiIa 3KCIIEPUMEH-
TaJbHO MPOAEMOHCTpHUpOBaHa B paborax [94, 95]. B Si- u
GaAs-TupucTopax BpeMsl BKJIIOUEHHS BO3PACTAET C YBEJIH-
YeHHEM TeMIIePATyPbl BCIEACTBUE YMEHBIIICHUS MTOIBHKHO-
ctu, kodddunuenta AUPY3Ud U CKOPOCTU HACHIIICHUS
Hocutenedl. B SiC nmomBmxHOCTD, Kodddunuent muddys3un
U HAacChIUIEHHAsl CKOPOCTb HOCUTENEH Takxe yObIBaIOT C
YBEJIMYCHUEM TeMIlepaTypbl. TeM He MeHee BpeMsl BKJIIoUe-
HUsl SiC-TUPUCTOPOB yMeHbulaemcs ¢ BO3PACTAHHEM TEM-
nepaTypbl, IpuIEM, Kak BUJHO U3 puc. 42, ymeHbIIaeTcs
J0BOJIbHO 3HaunTeNbHO. [Ipu T > 380 K Temmnepartypnas
3aBUCHMOCTDh BPEMEHH BKJIFOUCHHSI CTPEMHTCS K HACBIIIE-
nuto. [Ipu oxJaXaeHUH TUPUCTOPOB MOCTOSHHAS BPEMEHU
BKJIIOUEHHUSI YpEe3BbIUAHO pe3ko Bo3pacTtaeTr. Tak, mpu
T =160 K nmocTosiHHAsi BpeMEHHU BKJIFOUYECHUS MPUOIU3H-
TenpHO B 30 pa3 6ombine, yem npu 7 = 500 K [88].

KauectBeHHOE 00BsicHeHuEe 3TOMY 3Q(deKTy naHo B
paborte [95]. DddexT 0OycnoBIEH TEM, YTO SHEPrUsl UOHH-
3alMd CaMOTO MeEJIKOro akientopHoro yposus B 4H-SiC
(amromMunus) nocrtatouHo Benuka (~ 0,2 3B). [TosTtomy npu
KOMHATHOM TeMrepaType ToJibko 1—2 % atoMoB Al oka3bl-
BatoTcsl MOHM30BaHHBIMH (Na ~ (1-2) x 10" cm™3) B
CUJILHO JIETUPOBAHHOM p'-amutTepe "cocrasisromero”
p™ —n—p’-rpansucropa. C BO3pacTaHHEM TeMIEPATypLI
KOHIIEHTpAIUs ObIPOK B SMUTTEpe yBeamuuBaeTcss. COOTBET-
CTBEHHO BO3pACTaeT KOADPUIMEHT UHKEKIUK P -IMHUTTEDPA,
U, KaK CJeACTBHE, KOd(DPUIMEHT ycuieHus "cocTasiisiro-
mero" p*—n—p’-Tpansucropa. OOBACHEHHE, TPELTOKEH-
HOoe B [95], OCHOBBIBaE€TCS HA YpaBHEHWH, MOJYYCHHOM B
paborte [96]:

T172

12
:2 _
o (oclJracz—l) ’

Te T, — MOCTOSIHHAS BPEMEHU BO3pACTAHMS TOKA, T) U Tp —
BpeMeHa MpoJiéTa HEOCHOBHBIX HOCHUTEJIe vepe3 Oa3bl
TUPUCTOPA, o] = 10T U 0 = Y012 — KOIPPUIHEHTHI

(5.1)
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YCUJICHUSI COCTABJISIIOIIMX TPaH3UCTOPOB TUPUCTOPHOU
cTpykTypsl (Bepxrero pT—n—p’ um mmwxEero n—p°’—nt)
COOTBETCTBEHHO, 9| U ), — KO3(DOUIHEHTH WHKEKIUN
BEPXHETO pT —n-mepexoja M HUKHETO N —p-mepexoja
SMUTTEP —0aza, oy 1 a2 — KOIPPUIIUEHTHI IepeHoca IS
BepxHe# (y3koi) u HUWxkHeH (OJokupyroleit) 6a3 cooTBeT-
CTBEHHO.

CormnacHo [95] T, ymMeHbIIaeTCsl C BO3paCTAaHUEM TeMIIe-
paTypsl BCJIEACTBHE yBenmdyeHUs o). OMHAKO Takas Tpak-
TOBKa BHYTpPEHHE NMPOTHBOpeYMBa: ypaBHeHHe (5.1) moury-
4YeHo B [96] B peanoIoXeHun, 4To Ko3(pPpUIneHTbl nHKEK-
Uy 00OMX MEPEXOIO0B, ¥, U Y,, paBHBI eaunune. Crenosa-
TeJIbHO, ypaBHeHue (5.1) MoxkeT ObITh HMCIOJIB30BAHO IS
CpPaBHEHUSI TUPHCTOPOB C Pa3HBIMH 3HAUYCHHUSIMU o1, HO OHO
HE TONUTCS IJIS aHajdu3a peaslbHOW CHTyaIlud, Korja C
U3MEHEHNEM TeMIepaTypbl U3MEHseTCsT U KoddduiumeHt
VHKEKIIUN Y.

AJleKBAaTHOE AHAJUTHUYECKOE UCCIETOBAHNE M KOMIIbIO-
TEPHBIN aHAJIN3 YCKOPEHHSI MTPOLIEcca BKIIIOYEHHS C MOBBIIIIE-
HHEeM TeMIlepaTypbl MpeacTaBlieHbl B padorax [97, 98]. B
paboTe [97] BeIpaxkeHUe IS T, MOJIYYSHO B paMKaxX MeToja
3apsna (charge control model) npu yciioBuu HU3KOTO YPOBHS
WHXKEKIUU B OJI0KUpYrolen 6aze Tupucropa. s Hanbosee
BXXHOTO CJIy4asi, B KOTOPOM 0| +0p =7 011 + Y012 = 1 + 0,
rae o < 1, BeIpakeHue ISl T, IPUHUMAET BH/T

(I =por)ni + (1 — 90m2) 02

T = , 5.2
' Y1911 + Y2012 — 1 (52)

TJIE T| U To — BPEMEHA )KU3HU B TOHKOM U OJIOKHMpYyrollieit 6a3e
THPUCTOPA COOTBETCTBEHHO. ECiM M3BECTHBI TeMIIEpATyp-
Hasl 3aBUCHMOCTh KOHIICHTPAIIUH JBLIPOK B CHJILHO JISTHPO-
BAHHOM SMUTTEPE U OCHOBHBIE MapaMeTpbl TUPUCTOPA, TO
MOHO, UCIIOJIb3Y$ BbIpaxeHue (5.2), OICHUTh TeMIlepaTyp-
HYIO 3aBUCUMOCTbD 7. OJTHAKO JJI51 KOPPEKTHOTO CPABHEHUS
9KCIIEPUMEHTATBHBIX PE3YIbTATOB C TEOPETHUSCKUMU HEOO-
XOJIUMO TPHHSTH BO BHUMAHHE TEMIIEPATYPHBIE 3aBUCH-
MOCTH HE TOJILKO };, HO U IPYIMX HapaMeTpPOB THPUCTOPA.
Kpome Toro, BaxxHo y4ecTb HeJUHEHHbIE 3(QQEKTHI, TaKxKe
BJIMSIFOIIIME HA TEMIEPATYPHYIO 3aBUCUMOCTDH T;. Pacuérsl
TAaKOTO pOJa BO3MOXHBI TOJBKO B PaMKax YHCICHHOTO
MOJIETTNPOBAHHUSL.

B paGore [97] ucnosnb3oBanack nporpamma "Hcceo-
Banue" [99]. Dra mporpaMmMa OCHOBaHA Ha YPaBHEHHUSX
IepeHoca HOcUTeNel 3apsiia, MO3BOJISIFOIIMX KOPPEKTHO
YVUATHIBATH TOJIHYIO COBOKYIHOCTH HETMHEHHBIX 3B(HEKTOB
BBICOKOTO YPOBHS HHKEKIIUH U BHICOKOT'O YPOBHSI JISTHPOBA-
HUS: OXe-peKOMOMHANINIO, 3JIEKTPOHHO-IBIPOYHOE pacces-
HUE, Cy)KCHHE IIHPHHBI 3aNpEeIEHHON 30HbBI, 3aBUCUMOCTD
KMHETUYECKUX K03(D(PUIIMEHTOB U BpeMEHHU KU3HU HOCUTEJIeH
3apsia OT YPOBHS JIETUPOBAHMS B CHJIbHOJIETMPOBAHHBIX
CJI0SIX CTPYKTYpPHI U T. 1. [100].

N3 pucynka 43, Ha KOTOPOM pPe3yJIbTAThl YUCIICHHOTO
pacuéra CpaBHHMBAIOTCS C SKCIEPUMEHTATLHBIME JIAHHBIMH,
BUJIHO, UTO PE3yJIbTATHI MOACIMPOBAHAS OYCHb XOPOIIIO CO-
IJIACYIOTCS C IKCIIEPUMEHTAJIbHBIMY PE3yJIbTATAMH.

B pabGote [101] mony4eHnHble B [97] aHaIUTHYECKHUE
Pe3yJIbTAThl UCTOJIB30BANACH ISl AHAJIUTUIECKOW OIEHKU
CKOPOCTH BKJTIOYEHUSI B CITyHUasiX HU3KOTO U BBICOKOTO YPOB-
Hell MHXXeKIuu B OJIOKUpYIoLIel 6a3e TUPUCTOPA, COOTBET-
CTBYIOIIMX HM3KOI M BBICOKOH IUIOTHOCTH TOKa, NPOTe-
KaIoILIero 4epe3 THPUCTOp mocie BKIroueHus. [loxazano,
4TO TOCTOSIHHbIE BPEMEHHM BKJIOUEHHS B OJTHUX CIIydasix
MOTYT OYeHb CHJIbHO pa3jnyaTbCs. B HEKOTOPBIX CIydasix
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Puc. 43. 3aBUCHMOCTB TOKa OT BPEMEHH B IIPOLECCE BKJIFOUEHUS TUPU-
cTopa ¢ OJIOKHpYIOLIMM HanpsbkenueM 2,6 kB npu remnepartypax: 293 K
(xpuBas I), 330 K (kpusas 2), 379 K (kpuBas 3). Ciuiomisble KpuBbie —
PE3yJIbTATHI IKCIEPUMEHTA, IYHKTUPHBIE — DPE3yJIbTATHI MOEIHPOBA-
HUSL.

OTHOILICHNE TTOCTOSIHHOW BPEMEHH BKJIFOUCHUS I HU3KOTO
YPOBHSI MHKEKIWH T, K COOTBETCTBYIOILIECH IOCTOSHHOMN
BPEMEHH JIJISI BLICOKOTO YPOBHSI MHKEKIIUH T,1y MOXKET pas-
JIMYATHCSI B HECKOJIBKO JIECSITKOB pa3: T /Ty = 20. Ioiy-
YEHHbIC AHAJMTUYECKUE OLEHKHU MOATBEPXKIACHBI Pe3yJIbTa-
TaMHU YUCJIEHHOTO pacuéra.

B pa6oTtax [92, 102, 103] o6palieHo BHUIMAHHUE HA TO, YTO
BKJItoueHne SiC-THPUCTOPOB MPOUCXOTUT MPHU BeCbMa 00JTb-
mux ToKax ympasienus. [Ipu stom B Giokupyromieir 6aze
TUPHUCTOPa BKJIFOYECHHE OCYIIECTBJISICTCSI HE TPU HU3KOM
YPOBHE UHXKEKUMHU, Kak B "kiaaccuveckux" Si-tupucropax, a
IpH YPOBHE, MPOMEXKYTOUHOM MEXIY HU3KMM U BBICOKHM
ypoBHsiME WHXeknuu. B padote [104] mpoaHanm3npoBaHbl
MPUYMHEI 3TOTO SIBJICHUSI W CHEJIaH BBIBOJ O TOM, YTO B
BBICOKOBOJIbTHBIX TUPUCTOPAX NMPU KOMHATHON U MEHBIIINX
TeMIlEpaTypax peaju3yeTcs MEXaHU3M BKJIFOYEHMsI, Kaye-
CTBEHHO OTJIMYAIOIIMUACS OT MEXaHU3Ma BKIIFOUSHUS KIACCH-
4ecKuX Si-TUpUCTOPOB. [loJIydeHBI aHATUTUYECKUE OIEHKU
TSI HOBOT'O MEXaHN3Ma BKJIFOUCHUS, X B pAMKaX MOJIEIIHPO-
BaHUS C MOMOUIBIO MporpaMmmuoro makera "Uccienosa-
Hre" IPOaHATIM3UPOBAHBI TEMIIEPATYPHbBIE XaPAKTEPUCTUKH
TUPUCTOPOB U 3aBUCHUMOCTHU MapaMeTpPOB BKJIIOYEHUS OT
Oi10kHpyeMoro HampspkeHus. CesaH BaXKHBIA ¢ TpaKTHYe-
CKO# TOUKH 3peHHsI BEIBO: IS mostydeHus SiC-THPUCTOPOB
C BOCIPOU3BOIMMBIMH MTApAMETPAMHU U HEOOXOTMMOM CTOH-
kocThio K adekty dV/dr Heo6XxoauMO BBe/IeHHE BHEUIHEH
LIYHTUPOBKH MEPEexXo1a SMUTTEP —0a3a B TOHKOU O6a3e TUPH-
cropa.

5.1.2. IIpouecc BoIkaIO4eHus1. [1poriecc BBIKIFOYSHUS] TUPUC-
TOpa OOpAaTHBIM TOKOM YIpaBJISFOIIEro 3jekTpona B SiC-
TUPHUCTOPHBIX CTPYKTYpPax ¢ OTHOCHTEIbHO HU3KUM OJIOKH-
PYIOIIMM HampsDKEHHEM NpU KOMHATHON TeMmeparype
uccienoacs B paborax [105—107]. B padore [108] neTab-
HO HCCJIEZIOBAH MPOIIECC BBIKJIFOUEHHS] THPUCTOPA C OJIOKH-
pyromM HanpspkeHuem 2,6 kB B amamazone temmepatyp
293-500 K.

MakcuMaJIbHbII TOK, KOTOPBIA MOXET OBITH BLIKIIOYEH
0OpaTHBIM TOKOM YNPABJISIOIIETO 3JIEKTPOJa, OrpPaHUYEH
npo0oeM HU3KOBOJBTHOTO yMpaBJIsIOLIEro nepexonaa. B
pa6ote [91] mcciemoBaH APYroit crmnocod BBIKJIFOUYCHUS
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4H-SiC-TUpUCTOPOB — C TOMOUIBIO UMITYJILCHOTO OMMYE-
CKOTO 3aKOpAuYMBaHUS YHPABJISIOLIET0 Hepexoma. B aTom
ciIydae TOK, BBIKJIIOYA€MBI BHEIIHIM YIPABIISIOIIAM CHT-
HAJIOM, MOXET OBITH CyIIeCTBeHHO yBeaumueH. B [91] ¢ aToit
LeJbI0  ucnoJib3oBajicss kpemHuesblii MOII-Tpan3ucrop,
CONPOTUBJIEHUE KOTOPOT'O B OTKPBHITOM COCTOSIHUM MOPSIAKA
1 Om. TTokazaHo, 4TO /AJ151 MOJTHOTO BBIKJIFOYSHHUSI TUPUCTOPA
JUTITETbHOCTh UMITYJIbCA, 3aKOPAYMBAIOIIETO YIPABJISIO-
IUA 3JIEKTPOJ, JOJDKHA OBITH HE MeHee ONpeleNEHHOU
BEJIMIUHEI Afly. B IPOTHBHOM cilydyae mocjie IpeKpalleHus
HAMITYJIbCA TUPUCTOP CAMOTIPOU3BOJIHLHO BKJIFOUAETCSI CHOBA.
KavecTBeHHO MOHATHO, 4TO At)y HpeacTaBiisgeT coOoif
MHTEPBAJ BPEMEHH, B TEUCHHE KOTOPOTO 3apsia HHKEKTUPO-
BaHHBIX B 0a3bl THPUCTOpA HOCUTENIEil yOBIBAaeT 10 BeJH-
YMHBI, MEHbIIIEHl KPUTUYECKOTO 3apsiia BKItodeHUs. [lo-
CKOJIBKY BpeMsl XHU3HU B OJIOKHpYOUIeH 0aze Tupucropa
YBEJIMYMBAETCSl C BO3pacTaHueM Temnepatypsl [109], Aty
TaK)Xe BO3PACTAET MPH YBEIMYECHUH TeMIepaTypsl. [1pmuém
TeMIEpaTypHasi 3aBUCUMOCTb At GiIM3Ka K TemIepaTyp-
HO 3aBICUMOCTH BPEMEHH KU3HU. DTOT PEXKUM BBIKJIFOUE-
HUS JETAJIBHO MU3YYECH C TOMOIIBIO MPOIPAMMHOIO MaKeTa
"Uccnenosanue" B pabore [110].

Ha pucynke 44 npeacraBiieHbl pe3yJIbTaThl MOJEINPOBA-
HUSI IPOIIECCa BBIKJIFOUYEHHSI C TOMOIIBIO HMITYJIbCHOTO OMHU-
YeCKOTO 3aKOpauuBaHUs ympasJsroiero nepexoma MOII-
TpaH3uCcTOpoM. Ha BCTaBke MpUBEIEHBI COOTBETCTBYIOIINE
9KCHEepUMEHTAaJIbHBIE pe3yabTaThl [91]. BumHo, uTo 3xcnepu-
MEHTAJIbHbIE U PAcu€THBIE PE3yJbTAThl XOPOIIO COIJacy-
OTCST MEXAy co0oi. MojaenupoBaHue IMO3BOJIMIIO TPOSIC-
HUTH OPUPOIY JOJTrOBPEMEHHON "3amepkKku" MexI1y OKOH-
YaHUEM 3aKOPAYMBAIOIIETO HMITYJIbCA W HAYAJIOM BO3-
pacTaHusi TOKa B MPOIECCe CIIOHTAHHOTO BKJIFOUYEHUS (KpH-
Bas 3 Ha puc. 44). Kak BusiHO U3 puc. 44, IIMTeIbHOCTh 3TOU
"3anepxku" 3HAYMTEIILHO MPEBBLIIAET KaK BPEMs Hapacra-
HUS TOKA B IPOIIECCE BKIIFOUEHHMSI, TAK U BPEMSI BHIKJTFOUCHUS
THPUCTOPA.
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Puc. 44. PaccunTaHHbIC 3aBUCUMOCTH TOKA OT BPEMEHHM MPH PA3JIMYHBIX
JUTMTESIBHOCTSX 3aKOpavMBaIoLIero umiyJibca Afoyp. Kak u B akcnepu-
menTte [91], mepexoa aHO— yNPABJISIFOLIUI 3JIEKTPOA 3aKOPavYnBaeTCs
conpotuBiienneM 1 OM B MomeHT ¢ = 1,4 mkc. 3Hauenus: Afof: [ —
0.2 mxc, 2 — 0,8 mxc, 3 — 0,82 mxc, 4 — 0,83 MKc (Ator > Atly). Ha
BCTaBKE MOKA3aHbI COOTBETCTBYIOIINE IKCIIEPUMEHTAJIBHBIC 3aBUCUMO-
ctu [9]. T = 300 K. Biiokupyemoe HanpsbkeHue Vo = 200 B, conporusie-
Hue HArpy3Kd R| = 50 OMm. Atop: 1’ —0,2 Mkc, 2’ — 0,8 Mkc, 4’ — 0,9 Mkc
(Atorr > Atgy).

ITon BpeMeHeM 3aepXKKH IPUHSATO IOHUMATh BpeMsl Ha-
KOIUJICHUSI HEPABHOBECHOTO 3apsiia, PABHOT'O KPUTUIECKOMY
3apsay BkatoyeHus. OOHaKo, HOCKONBKY HpU Afoy < Atly
THPUCTOP CIIOHTAHHO BKJIFOUAETCS, SICHO, YTO HAXOISAIIIIACS
B 0a3zax mocjic OKOHYAHMSI 3aKOPAYMBAIOIIETO WMITYJIbCA
3apsij IPeBbIIAeT KPUTUUIECKOE 3HaueHne. MoaenupoBaHue
M0KA3aJI0, YTO MPOIECC BKJIIOYCHUS HAYMHAETCS Cpas3y e
TOCJIe OKOHYAHMSI 3aKOPAYMBAIOIIETO UMITYJIbCa 0e3 KaKoii-
60 3amepxku. OQHAKO JO JOCTYKEHHS TOKOM OIPeIesIEH-
HO BEJIMYUHBI BKJIFOUCHUE MPOUCXOIUT MPHU HU3KOM YPOBHE
ukekn. Kak oTMevanoch BbIIlie, MOCTOSIHHAS BPEMEHU
BKJIFOUEHHU S TPU HU3KOM YPOBHE MHKEKIUH T;1, MOXKET OBITH
3HAYUTEJbHO OOJIbINE, YeM TOCTOSHHAS Ty MPU BBICOKOM
ypOBHE WHXeKIuu. s cirydasi, MOKa3aHHOTO Ha puc. 44,
TrL / TrH ~ 16.

5.1.3. Kpurnuecknii 3apsa Bx/arouenuss u dV/dr-3¢dexr.
KoHnenmusi kputudeckoro 3apsiga Obuia chopMyIMpoBaHa
B pabote [111] u pa3zBuTa B pabGorax [112, 113]. Dra
KOHIIETIIHS TO3BOJISIET C €TUHON TOUKH 3PEHUS AHAU3UPO-
BaTh UMITYJIbCHBIE TIPOIECCH BKJIFOUCHHSI TAPUCTOPA, TAKHE
kak dV/d¢, BkiIrOYeHHE KOPOTKHMH HMIYJIbCAMH TOKA
YIIPaBJICHUS], BKJIOYEHUE KOPOTKMMH CBETOBBIMHU HUMITYJIb-
caMu U T.[I., ¥ "MeIeHHbIe", KBa3HCTAMOHAPHBIE IPOIIECCH
BKItoueHns. K mocietHuM OTHOCATCS BKJIFOUEHIE MEIJICHHO
HApacCTAIOIUM TOKOM YIPABJICHUS, U3MEHEHUEM TeMIepa-
TYpbl, KBa3UCTANMOHAPHBIM BO3pPACTaHUEM AHOJHOTO
HAIPSDKEHUS U T. 1.

B KpeMHHUEBBIX THPUCTOPAX MIOTHOCTH KPUTUUYECKOTO
3apsama ne JEKAT B mpemenax oT ~ 1013 e mma crerm-
aJIbHO CKOHCTPYHPOBAHHBIX NMPHOOPOB C OYCHb HU3KIMU
sHaueHusiMu dV/df u npeneabHO HU3KUMHU YIIPABIISIOLIMMHA
Tokamu BKJrouenus [114, 115] mo (2—3) x 10! cm™3 mna
MOILHBIX BBICOKOBOJIBTHBIX TUPUCTOPOB. [IpubIM3uTEeNILHO
T€ JX€ 3HAYEHUS M., XapakTepHbl U st GaAs-TUPUCTOPOB
[116].

BnepBble TUIOTHOCTH KpUTHYECKOTO 3apsina B SiC-tupu-
cropax Obuia omnpezesieHa B pabote [89] ayist cpaBHUTEIBHO
HU3KOBOJIbTHBIX CTPYKTYpP C OJIOKUPYIOIIUM HAINPSKEHUEM
~ 400 B. B BBICOKOBOJIBTHBIX CTPYKTYpax ¢ OJIOKMPYIOIIUM
HanpspkeHueM 1,5—2,6 kB oCHOBHBIE XapaKTEPUCTUKU KPHU-
THYECKOTO 3apsijia UCCIeA0BaHbl B padorax [92, 102]. B pa-
6ote [92] moka3aHo, 4TO B 2,6-KMJIOBOJIBTHBIX SiC-TUPHUCTO-
pax ng nopsaxa 10'° em™3 npu xoMHATHOI TeMnepaType
C BO3pAacTaHUEM TEMIIEpATyphl OHAa MOHOTOHHO YMEHbIIA-
ercs. [pu 7 = 500 K mnoTHOCTS 71, &~ 1014 M3,

MogeaupoBaHue ¢ MOMOLILI mporpamMmel "Hceieno-
BaHue" BBISBUJIO KAYECTBEHHOE MPOTHBOPEUHE C MOJIENBIO
[112, 113], onuchIBaroIIeii MapaMeTpbl KPUTHYECKOTO 3apsiia
B Si-tupucropax. bosiee moipoOHO UCTOYHUK 3TOrO MPO-
TUBOPEYMS AHAJIUTUYECKH U YHCICHHO HCCIIeIOBaH B paboTe
[102]. OTmeueHoO, 4TO MPU UCCIETOBAHIUN KPUTHYECKOTO 3a-
psana B SiC-TupHCTOPaX HEOOXOAMMO YUMTHIBATH HECKOJIBKO
(daxtopos. IIpexae Bcero, KOAPPUIUSHT WHKEKIIMU TIEpe-
X0/1a SMHUTTEP — TOHKAsl CIJIbHOJIETUPOBAaHHAs 6a3a 7, B Te€O-
puu [112, 113] cunraercs paBHbIM eauHMLE. Eciu 1ist kpem-
HUEBBIX THPUCTOPOB TaKO€ MPEANOJIOKEHUE C BBICOKOMN
TOYHOCTBIO BBIIOJIHSIETCS, TO AJIst SiC-CTPYKTYp OHO Hempa-
BOMEPHO: BCJIEJICTBHE OOJIBIION SHEPT U MOHU3AIINN AKIIETI-
TOpHOTro YpoBHs (Al) B p-aMHUTTEpe BEJIMYUHA )| HPU KOM-
HATHOUM TeMIepaType 3aMEeTHO MeHbIIe eAuHUIE! [97]. Bro-
poe BaKHOE OTJIMYUE KapOUI-KPEMHHUEBBIX THPUCTOPOB OT
KPEMHHUEBBIX, OTMEUABIIIEECs BBIIIIE, COCTOUT B TOM, 4TO SiC-
CTPYKTYPBI BKJTIOYAIOTCS HE NMPH HU3KOM, a MPHU MPOMEKY-
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TOYHOM YPOBHE MEXAY HHM3KUM U BBICOKUM YPOBHSIMHU
WHXEKIMK B OJiokupyroiieit 6a3ze Tupucropa. [TIoHITHO, YTO
€CIT TUPUCTOP HE MOXKET OBITh BKJIFOUEH TPH HU3KOM YPOBHE
WHXEKIAH, TO JIJIS1 €70 MEePEKITFOUYEHUS] TPU TPOMEKYTOTHOM
YPOBHE WHXXEKIMA JIOJDKEH OBbITh HAKOILICH JIOMOJHUTEb-
HBI KpuTHueckuil 3apsia. Ilpu 3TOM CylIecTBEHHYIO POJIb
JIOJKHA UTPATh TOKOBAs 3aBUCUMOCTD KO3 (UITUEHTA TIepe-
Hoca B OJIokupyrolleit 6a3e THPUCTOPA 0i17.

Hanpspkerne, KoTopoe MOXeT ObITh MPUIOKEHO K TUPH-
CTOPY, YMEHBIIAETCSI C YBEJIMIEHHEM CKOPOCTH BO3PACTAHUS
nanpspkenust (3pdexr dV/dr). Dror addexT THIATETHHO
myvasics B Si- u GaAs-tupucropax [116—120]. Dddext
dV/dt ocobenno Baxen mis SiC-TUPUCTOPOB, MOCKOJIBKY
MPEIIOJIATAETCsl, YTO OJHUM U3 BAXXHBIX MpenMytiecTB SiC-
MpUOOPOB SIBIISIETCS UX CIOCOOHOCTH PadoOTaTh B OYEHBb
BBICOKOYACTOTHBIX memsx [121].

Oddexr dV/dt B BEICOKOBONBTHBEIX SiC-THpHCTOpAX HC-
cnenoBaH B pabortax [122, 123]. Eciu nimteabHOCTh GpoHTA
HAIpPSDKEHNS], TPUKJIAIbIBAEMOTO K TUPUCTOPY, A7 MeHbIIIE,
YeM BpeMsl MPOJIETa HEOCHOBHBIX HOCUTEJIEH Uepe3 TOHKYIO
06a3y THpUCTOpA, TAaK YTO HOCUTENH 3a BpeMsl (PpOHTa He
YCIEBAKOT PEKOMOMHUPOBATD, TO B KaX 01 U3 6a3 npudopa
IIPU NPHJIOXKEHUH HANIPSDKEHUs V) BO3HUKAET 3apsil HEOCHOB-
HBIX HoOcHuTelel Q = fVVb” C(V)dV. 3pecs C(V) — &MKOCTb
Tmepexo/ia Ha eUHUIY Tiomanu, Ve ~ 3 B — BcTpoeHHBII
noTeHnuai. Takum oOpa3oM, YCTAHOBHB, TPH KAKOM MUHH-
MaJbHOM HANPSDKEHUH TUPHUCTOP MOXKET OBITh BKIIOUYEH
HAMIIYJIbCOM C JIOCTATOYHO PE3KUM (PPOHTOM, MOKHO HEIO-
CPEICTBEHHO ONPENEIUTh INIOTHOCTh KPUTHYECKOTO 3apsiaa
npubopa.

B [122, 123] mis Brittouenuns Tupucropa adpexrom dV/de
WCIIOJIb30BAJIACH UMITYJIbCHI C JUIMTENBHOCTRIO (ppoHTa 30 HC.
Ha pucynke 45 noka3aHbl 3aBUCUMOCTH OT BpEMEHH HAIpsi-
JKEHUS! HAa TUPHUCTOPE NMPU PA3JIMYHBIX Temmeparypax. s
Ka)XJ01 TeMIepaTypbl aMILUIUTY1a HAIPSDKEHUS V) COOTBET-
CTBYeT MUHMMAJbHOMY 3HAUEHHIO, BKJIFOUAIOIIEMY THPH-
cTtop. BumHo, 4TO yem BbIIIe TeMIepaTypa, TeM MEHbIIee
HAMpsDKEHUE TPEOYEeTCsI 1Sl BKITFOUYCHHSI TUPUCTOPA.

Ha pucyHke 46 paccUMTaHHBIE C TOMOIIBIO MIPOIPAMMEI
"Uccnenosanue" TeMiepaTypHble 3aBUCUMOCTH MUHMMAJIb-
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Puc. 45. 3aBucuMoCTH OT BpPEMEHHU HAIPSKEHUS Ha 1,5-KUJIOBOJILTHOM
SiC-tuprcTope npu pasaudHbix Temrepartypax: [ — 300 K, 2 — 344 K,
3—392K,4—442 K, 5 — 504 K. AnutesbHOCTb (PpOHTA HAPACTAHUS
Hanpspkenust 30 He. JIs ka0l TeMIepaTyphl AMILTHTY A HATIPSDKCHHS
Vp cOOTBETCTBYeT MHHHMAJbHOMY 3HAUYCHHUIO, BKJIIOYAIOINEMY THPH-
cTop.
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Puc. 46. TemnepatypHasi 3aBUCUMOCTb aMILIUTYIbI V(. ] — SKCIIEpUMEH-
TaJIbHbIE PE3YJIbTATHI, 2— Pe3yJIbTaThl pacU€Ta B OJJHOMEPHON MO/IEJIHN C
noMoIneko nporpammel "Uecnegosanue”.

HOT'O HANpsDKEHHs V) CPaBHHBAIOTCS C IKCIHEPHMEHTAJIb-
HBIMHA pe3yiibTaTaMu. Kak BHIHO W3 PHCYHKA, XOTS MEXIY
pacYéTHBIMUA M IKCICPUMEHTAJBHBIMU Pe3yJbTATAMH Ha-
6JIF0/TaeTCsI KAYECTBEHHOE COTJIACHe, KOJIMYECTBCHHOE pac-
XOXJICHHE TOBOJIbHO 3HAUYUTEIBHO. [TokazaHo, 4TO eciu JIs
KOMHATHOW TEMIIEPATYPhI COrJIACOBAHUSI PACYETHBIX M 3KC-
HNEePHUMEHTAJIbHBIX PE3YJIbTATOB MOXHO TOOUTHCS, BAPHUPYSI
3HA4YCHHs BPeMEH KU3HU B 0a3zax THPUCTOPA, TO IKCIECPH-
MEHTaJIbHYIO0 3aBHCUMOCTb V(7)) He ynaércs alekBaTHO
ONHUCATh B PAMKAX 00HOMEPHO20 TIOAXOIA HHU TPU KAKHAX
Pa3yMHBIX MPEIIIOIOKEHHSIX.

B paGote [122] Ha ocHOBe moAxoAa, MPEAJIOKEHHOTO B
MoHorpaduu [123], mocTpoeHa KBa3UABYMEpHAsS MOJIEIb,
KOTOpAas ¢ UCIIOJIb30BaHueM nakera "Mccnenosanue" mo3so-
JIMJIA C OYEHb XOPOIIEH TOYHOCTBIO OMHCATH IKCICPHUMEH-
TaJbHYo 3aBucuMocThb V(7). B paMkax Takoro KBa3uiBy-
MEpPHOTO TMOAXOJa MOJIYyYSHO TakKXKe XOpolllee coryacue
PAcUYETHBIX U IKCIEPUMEHTAIBHBIX 3aBUCUMOCTEH CKOPOCTH
HApaCTaHUs TOKA B IPOIECCE BKIIFOUYCHHUS.

5.1.4. SiC-ontorupuctopsl. [lepekarouyaeMble CBETOBBIM
HAMITYJTHCOM ITOJIYITPOBOHUKOBBIE TPUOOPHI [124] HA ocHOBE
Si u GaAs HaUIIM MHOTOYUCJIEHHbIE NPUMEHEHUs IS
CHHXPOHM3ALMN MOILHBIX JIa3epHBIX YCTPOMCTB, B OJ0Kax
MU TAHUS SKCHMEPHBIX JIA3€POB, IPU pean3anuy JIeKTpHye-
CKH M30JIMPOBAHHBIX BLICOKOBOJIBTHBIX MOIIHBIX LETeH (CM.
Hampumep, [125-127]). Ontuueckoe BrItoueHue SiC-Tupu-
cTopa BHEpBbIe ObLIO HpoaeMoHcTpupoBaHo B OTU
uMm. A.®. Nodde B padote [128]. TTozanee B [129] ObLia
MPOJAEMOHCTPUPOBAHA BO3MOXKHOCTH BKJIFOUeHHS SiC-THpH-
cropa ¢ nomoimpio Y®-ceeTonnona. Brirouenme BbICOKO-
BoJIbTHOTO (12 kB-k7acca) SiC-onToTHPUCTOPA C TOMOIIBIO
V®-nazepa ¢ mmHOW BoJHBI 266 HM Ha Tok 100 A ObLIO
OCyHIeCTBJIEHO M uccienoBaHo B padote [130]. ITpu atom
BpeMs BKJIIOUEHHUs] Tupuctopa coctasisuio 10—20 HC mpu
JUIUTEILHOCTU ONMTUYECKOTo umityjbca 25— 30 1nc u sHepruu
B mMmiryJibee J ~ 10 mx/x.

B pabore [131] B paMkax agmabaTHYECKOTO MPHUOIIIIKeE-
HHA HA ocHOBe nporpammbl "Uccnenosanue" passura mMo-
JIeJIb BKJIFOUEHUS M PACTIPOCTPAHEHHUSI BKJIFOUEHHOTO COCTOSI-
Hus B SiC-onTotupucrope. Mojeib MO3BOJIMIIA OLEHUTH
IJIOIIA b, TIEPBOHAYATIEHO BKIIFOYAEMYIO CBETOM, ITOCTOSH-
HYIO BpeMEHM BKJIFOYECHHUS THPUCTOPA B 3aBUCUMOCTH OT
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Puc. 47. 3aBUCHMOCTH TOKA OT BPEMEHH IIPU BKIIFOYECHUU OTITOTUPHUCTOPA
TIpU pa3JIMYHBIX 3HAUYCHUSIX pajinyca ONTHIECKOTo OkHa ro: 1 — 800 MKM,
2 — 400 mxM, 3 — 200 mxkM. Ha BcTaBke moka3zaHbl COOTBETCTBYIOIIINE
3aBUCHMOCTH IJIOTHOCTU TOKa OT BPEMEHH.

SHEPTUH HCIOJIB3YEMOTo ISl KoMMmyTarmn Y d-ucToynnka
CBETA, a TAKXe MEePerpeB CTPYKTYPHI C YYETOM BEJIMYUHBI
KOMMYTHPYEMOTO ToKa I, (puc. 47). Kak BuaHo u3 puc. 47,
HECMOTPsI Ha CIIOHTAaHHOE PACIPOCTPaHEHHE BKIIFOYEHHOTO
COCTOSIHUSI, ITOTHOCTb TOKa BO BKJIFOYAFOIIEMCS] IpHOOpe
MIpH HEYAaYHOM BBIOOpE pa3Mepa ONTHYECKOT0 OKHA MOXET
npesbicuTh 40 KA cM~2. TIpu 3TOM meperpeB akTHUBHOI
00J1acTd BKJIIOYAIOIIEHCS CTPYKTYPBl MOJXET NPEBBIIATH
2000°C.

Hnst SiC-onToTHPUCTOPOB XapaKTepHa TaK Ha3bIBaeMasi
OcecHMMeTpHYHAs KOH(PUTyparus: MprOop BKITFOYAETCS CBe-
TOM B KPYIJIOM OKHE HEOOJIBIIOTO pajuyca rp, a 3aTeM
BKJIFOYEHHOE COCTOSIHUE CIHOHTAHHO DPACIPOCTPAHSETCSl Ha
BCIO MuIomaab npudopa [132, 133]. OcobeHHoctu mporecca
BKJIFOYCHHUSI, OOYCJIOBJICHHBbIE TaKoil KOH(Urypamuei pe-
AJBHBIX TPHOOPOB, AHAJUTHYECKH WM UHCIICHHO HCCIIEIO-
BaHBI B paboTax [134—136].

B pa6orte [134] B paMKkax YUCIIEHHON MOJEIIA U aHAJTIUTH-
YEeCKOro MOAX0/1a U3y4eH MPOLECC PACIPOCTPAHEHUSI BKJIIIO-
yéHHoro coctosHus. [lomydyeH m amexkBaTHO WHTEPHPETH-
pOBaH BeCbMa HEOXHUIAHHBIN DPE3yJbTAT: MOKa3aHO, YTO
Ha HAYaJIbHOM JTale PacIpOCTPaHEHHS IUTEIEHOCTHIO
~ (2—3)t (roe T — HOCTOSIHHASI BPEMEHU BKJIIOYCHHS TH-
pHUCTOpPA) CKOPOCTh PACIPOCTPAHEHHS] CPABHUTEILHO MaJia,
0COOEHHO B OCECMMMETPHYHOM ciiydae. PaHee cumTasiocn,
YTO CKOPOCTh PACIIPOCTPAHEHUS BO3PACTAET C YBEJIUUYCHUEM
IJIOTHOCTH TOKa BO BKJIFOYEHHOW YACTH TUPHCTOpA (M Ha-
CBIIIIAETCS IPU OYeHBb OOJIBIION INIOTHOCTH TOKa). [Toy4en-
HBII pe3yJIbTaT HEOOXOIMMO YYUTHIBATH MPHU BLIOOPE JOIY-
CTHMBIX 3HAYCHUIT CKOPOCTH Bo3pacTanus Toka dI/dr.

B pabote [135] mpoaHanu3upoBaHbl OCOOCHHOCTH CTa-
[MOHAPHOTO pACHpeeSieHus] HOCHTENIeH W XapakTep Toka
yIaepXaHUS I OCECUMMETPHIHOTo ciydas. IIpoanammsu-
pPOBaH OTHOCUTEJILHBIN BKJIAI MOJICBOTO M AU(PPY3HOHHOTO
MEXaHU3MOB PACIPOCTPAHEHUS] BKIFOYEHHOI'O COCTOSIHUSI.
IMoka3aHo, YTO MPH JOCTATOYHO OOJIBIION UCXOJAHOW KOH-
ueHTpanuu Hocutesei p;(0) (IpOmOPIUOHATBLHON TOKY, Ha
KOTODPBIA BKJIFOYEH TUPUCTOP) OOJIACTD, 3aHATAS BKIIIOUYEH-

3x 10 —

poem?

2 % 10'6

1 x 101°

Puc. 48. CraumonapHsle npoduiin pacupeseseHus IsIpok p(r) B oce-
CHMMETPHYHOM CIIy4ae IIPH pa3jInYHbIX UCXOIHBIX 3HaYeHusX p;(0): 1 —
0,08 x 10'7 em3, 2 — 0,10 x 10'7 em3, 3 — 0,20 x 1017 em 3, 4 —
0,40 x 10'7 em—3, 5 — 0,60 x 10'7 ecm~3, 6 — 0,65 x 10'7 cm~3. Inot-
HOCTb TOKa B KaXX0# Touke mponopuuoHaigbHa p. [lynkTupHoil munuei
MOKa3aHO HCXOIHOE pacupeeseHue AbIpok p;(0) aist Kpusoit 2.

HBIM COCTOSIHHEM, yBeJnumBaeTcsi ¢ Bo3pactanueM p;(0).
Taxoii pe3yIbTaT, BCer1a CpaBeIJIUBBIIA IS TUIOCKOTO CITy-
Yasi, CYMTAJICS YHHBEpcaIbHbIM. [loKka3aHo, OJHAKO, YTO B
OCECHMMETPHYHOM CJIydyae, KOTJIa UCXOQHAsT KOHIICHTPAIHs
HOCHTEJIeH OTHOCUTEIHLHO MaJia (TOK OJIN30K K TOKY yJepiKa-
HUS1), KOHIEHTpAIMsl HOCUTENEH B CTAIlMOHAPHOM cllydae
bovuie, yeM ucxoanas konueHtpanus p;(0). Kak BunHo u3
puc. 48, eciti KCXOJHASI ITIOTHOCTh TOKA (MCXOIHOE 3HAUCHUE
pi(0)) Mana, TO B mpolecce CTAIMOHAPHOTO COCTOSIHUSI
MJIOTHOCTH TOKA B IEHTPE ONTUYECKOTO OKHA BO3PACTAeT MO
CPaBHEHUIO C UCXOHOM. DTOT 3PPeKT HEOOXOAMMO TTPUHHU-
MaTh BO BHUMAaHUE MpHU BKIroUeHUU SiC-ONTOTUPUCTOPOB HA
TOKH, OJIN3KHE K TOKAM YAEePKAHUS.

B pab6orte [136] mpoanamu3upoBaHbI COOTHOIIIEHUS MEX-
Ty TUIOTHOCTBIO KPUTUUECKOTO 3apsiia, TOKOM yIepXKaHUS U
MAaKCUMaJIbHOW IUNIOTHOCTBIO TOKA ISl OCECUMMETPUYHOTO
ciydast.

B paGorax [137, 138] skcniepuMeHTAaIbHO UCCIIEIOBAHBI
MIEPEXOHBIE TPOIIECCH B CBEPXBBICOKOBOJIBTHBIX ONITOTHPH-
cropax ¢ Osokupyrommm HanpsbkeareM 18 xB. Tlpu pabote
Ha 4YHUCTO HMHIYKTUBHYIO HArpy3Ky KOMMYTUPYEMBIH TOK
nocturain 1200 A (npu sHeprum 3amycKarollero CBEeTOBOTO
umnyiibea ~ 40 MxIx u puureapHoctu 30 mnc). BrimroueHue
TaKUX THPUCTOPOB HA OTHOCHTEIHbHO HEOOJbINE TOKU
< 20 A HOCHJI0 HEOOBIYHBII "IBYXCTYyMEHUATHIA" XapakTep.
Ha nepBoM 3Tare BKJIFOUCHUSI TOK BO3PACTAJI C XapaKTePHOM
nocTosiHHO#M BpemeHu 15—20 He. JOCTUTHYB POMEXYTOY-
HOTO MakCHMyMa, TOK HauyMHaj yOBIBATH CO 3HAYUTEJILHO
0OJIBIIICH MTOCTOSHHOM BPEMEHHM, a 3aTEM CJIEIOBAJI0O HOBOE
BO3pAacTaHUe TOKA 10 CTAIIMOHAPHO BEJIMUUHBI, OTIpe IeIIsie-
MOW HamnpsOKEeHHEM Ha MpHOOpe W CONMPOTHBJICHHEM Ha-
Irpy3ku. B THpucTOopax ¢ OJOKHMPYIOIIMM HAMPSHOKCHUEM
12 kB Takoit 3¢¢ext Hukorga He HaOmrogascs. I[loyiHOE
00BsICHEHUE TTOSIBJICHUIO 3(PPEeKTa IBYXCTYIEHYATOTO BKJIFO-
yeHus1 JaHO B pabote [139] Ha OocHOBe pacyéToB B paMKax
nporpammel "Uccienosanue".

5.2. BunoasipHbie TPaH3HCTOPBI

MouiHble OTHOCHTEIBHO BBICOKOBOJIBTHBIC OHIIOJISIPHBIC
tpan3uctopbl (BT) Ha ocHoBe 4H-SiC ¢ Oiokupyromum
HanpspkenueMm Vy = 1,5 kB un npuemiiembiM koaddunuen-
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TOM YCHJICHHUS B CXeMe C O0IIMM 3MHUTTEPOM f§ ~ 30 ObLIN
npoaeMoHCcTpupoBaHbl B Havasile XXI B. [140—142]. B Ha-
crosiee BpeMs MolHbie BT Ha ocHOBe KapOuaa KpeMHUS
paccMaTpUBAIOTCSl KaK BeChbMa MEPCIEKTUBHBIE OBICTPO-
JIEACTBYIOIIUE MEPEKIoUaTeIbHble TPHOOPHI Oyiaromaps
COYETAHMIO TaKUX MapaMeTpPOB, KaK BBICOKOE OJIOKHpYe-
MO€ HaIlpsDKeHHe, MaJloe OCTATOYHOE CONPOTHUBJICHHE BO
BKJItOuéHHOM cocTostHuu (low on-resistance, Ron) U 10CTa-
TOYHO OoJbIION KodhdunuenT ycuieHus. PazpaboTansl
4H-SiC-BT c GyokupyrOIUM HANPSKEHUEM, TTPEBOCXOIs-
M 9 kB [143], xoaddunumeHTOM yCHIICHHS B CXeMe C
obmum smutTepom f > 300 [144] m BecbMa HU3KUMHU
3HaYeHUsIMU Ron [145].

IMepexonuwie xapaktepuctuku B 4H-SiC-BT (¢ Vy =
= 1,8 xB) BrepBbIe ObUH UcciIeIOBaHBI B paboTe [64]. bolio
MOKAa3aHO, YTO 3HAYUTEIBHYIO POJIb B MPOIECCEe BKIFOUCHHS
BT urpaer noBepxHOCTHasl peKOMOUHAIUS U 3T POJIb 3HA-
YATEIHHO BO3PACTAET MO Mepe OTTECHEHHS TOKa K KpasMm
smuTTepa (crowding).

OnmauM n3 HamboJsiee BaxHBIX mapamerpoB BT mpwm
paboTe B AKTUBHOM PEXUME SIBIISIETCS KOIDDHUIIMEHT yCue-
HUS B CXeMe C o0mmM SMHUTTEpOoM fi. 3aBUCUMOCTH f§ OT
KOJUIEKTOPHOTO TOKa B BBICOKOBOJIbTHBIX 4H-SiC u dak-
TOPBI, OTPAHUYMBAIOLINE BETUYUHY [, HCCIEAOBAIINCH B pa-
6otax [146, 147]. Ha pucynke 49 moka3zaHa TUNWYHAS IS
4H-SiC-BT 3aBucumocTh f§ 0T Toka kojutekTopa [148]. Ko-
3 PUIUCHT YCUIICHUSI BO3PACTAET B 00JIACTH MAJIBIX TOKOB,
JIOCTUraeT MaKCUMyMa U 3aTeéM YOBIBAeT IpHU JaJIbHEeHIIeM
yBeamueHuu Toka. Kak BunHo u3 puc. 49, pe3ynbTaThl pac-
4€TOB B paMKax MoJIysMHOupuieckoir moaenn [148] xoporio
COTJIACYIOTCS C OKCIIEpUMEHTAbHBIMY TaHHBIME. B Momenn
VYUTBIBAKOTCS, MOMHMO PEKOMOWHAIIMUA HEPaBHOBECHBIX
Hocutenedd B 6aze BT, Bkianbl pekomMOMHAIUM B 00J1aCcTH
MPOCTPAHCTBEHHOT O 3apsi/ia SMUTTEP — 0a3a, pekOMOUHAIIUU
B OMHUTTEPHOM CJIO€ W TOBEPXHOCTHOW DPEKOMOWHAIINH.
[IpuHSATO BO BHUMAaHUE TO OOCTOSITENIBCTBO, YTO B YCIOBHSIX
OTTECHEHUsI TOKa K KpasM IMUTTepa JOKaJIbHBIN Koaddu-
IUCHT yCHJICHUsI 3 yOBbIBA€T OT Kpasl K IEHTPY dMHUTTEpa.
Pa3BuTas MoJesb ¢ ycriexoM HCIOJIb30BaHa JJIsl HHTEpIpe-

TaIlUU 9KCIEPUMEHTAJIbHBIX PE3YJIbTATOB IO UCCIEAOBAHUIO
3aBUCUMOCTH Ko3(dduimeHTa ycusieHus: f§ OT TOKa KOJLICK-
Topa B auamna3zoHe temmepatyp 300520 K [147].

Ecm npm ucnonb3zoBanmu BT B akTHBHOM pexume
BOXHEUIIMM MapaMeTpoM sBIIsieTcsl KoddduiuenT ycuie-
HUS B CXEMeE C OOLIIM 3MUTTEPOM f3, TO IIPH UCTIOJIH30BAHUI
BT B kauecTBe MOIIHOTO MEPEKIFOYATEIISI OJJHUM U3 HAUOO-
Jiee BaXXHBIX TApaMeTPOB MPUOOpa SBJISIETCSI COIPOTUBIICHIE
B OTKPBITOM COCTOSIHHU RoN. B OonbImHCTBE citydaeB RoN
PaBHO COMPOTUBJICHUIO (MUJIH JIa)Ke IPEBBIIIAET €r0) HEMOIY-
JINPOBAHHOT'0 KOJUJIEKTOpHOTO cj1osi MottHoro BT [149, 150]).
OJIHAKO B HECKOJILKHX paboTax MpOAEeMOHCTPHUPOBAHA BO3-
MO’KHOCTb CYIIECTBEHHOTO CHIDKEHUsI RoN TOCPEICTBOM
MOTYJISIIAY COMPOTHBIICHHS KOJIJIEKTOPHOTO CJIOSI HEOCHOB-
HbIMU HOCUTEJISIMU, UH)KEKTUPOBAHHBIMHU B PEXHME HACHI-
meHus u3 6a30BOro ciiost CTpykTyphI [151, 152].

B paGote [153] ni1s uccinegoBanust OCHOBHBIX (pU3MUeC-
KHX OCOOEHHOCTEHl mpomecca MOAYJSIIUH COMPOTHUBIIE-
HUS KOJUJIEKTOpA MCIOJIb30Baach pa3zpaborannas 8 @TU
mM. A.®. Uodde addexTuBHas omHOMEpPHAST MOJIEIE [154].
DTa MOJIeJTb YCIIEITHO TPUMEHSIIACH TAKXKe JIJIs1 aIECKBATHOTO
onucanus Si- u GaAs-BT, B ToM uucie B pexumax mpe-
JIeJIbHO OOJIBIIMX IJIOTHOCTEM Toka [155, 156].

TouHOE KOTMIECTBEHHOE OTHCAHNE MTEPEXOAHBIX MPOIIec-
coB B MoIIHBIX SiC-BT co BCTpeUHO-IITHIPEBOI CTPYKTYPOi
TpebyeT, BoOOIIe roBopsi, nBymMepHOro (2D) Momenuposa-
HUsl. OJTHAKO OCHOBHBIE (PH3MUYECKUE 3aKOHOMEPHOCTH MPO-
LIECCOB BKJIFOUEHMS U BhIKItoueHHss BT Bo MHOrux ciydasix
ynoOHO M3y4aTh B paMKax OJHOMEpHBIX Mojesieid. Takoe
MOJIEJIMPOBAHUE TO3BOJISIET HATJISIAHO MPOAHAIM3UPOBATH
BJIMSIHUE HA TEPEXOJHBIE MPOIECCHI OCHOBHBIX MApaMeTPOB
CTPYKTYPBI U PEXKUMOB MEPEKITFOUCHHUSI.

MonenupoBanue nokassiBaeT [153], yTo Moaysius He-
OCHOBHBIMH HOCHTENISIMH MOXET OYEHb CUJIbHO CHU3UTD
conpotusieaue BT Bo BkitouéHHOM coctostHuu (puc. 50).
N3 pucynka 50 BUAHO, YTO MPHU JOCTATOYHO OOJBIIIOM
BXOJIHOM CHTHaJje [, CONPOTHUBJIEHNE TPAH3HCTOPA 3a CUET
MOIYJISIAA KOJUIEKTOPHOTO CJIOSI MOXKET OBITh CHUXKEHO JT0
3HAYEHUI, CyLIECTBEHHO MEHBIINX, YeM HCXOJHOE COIPO-

1l L1l L1l L1 il
107! 100 10! 10

Tok koJuIekTopa, A

Puc. 49. 3aBucumoctu kosdpdunuenta ycuienusi  4H-SiC-BT ot toka
kosutektopa. T =293 K. KpykkaMu HOKa3aHbl SKCHEPUMEHTAJIbHbIE
NaHHbIE TPU HAINPSDKEHUH KoJulekTop—0a3a Vep = 100 B. JKupnas
KpuBasi — pe3yJIbTaT PAacu€TOB B paMKaX HOJYIMIMPUYECKOH MOIETH
[67]. ToHkue KpHBBIC MOKa3bIBAIOT BKJIAJl PEKOMOMHAIMU B 0OJIacTH
IPOCTPAHCTBEHHOI O 3apsia (kpuBasi /), HOBEPXHOCTHOU PEKOMOUHAINN
(kpuBas 2) 1 peKOMOMHALIUY B SMUTTEpE (KpuBas 3).

10!

10°
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Puc. 50. 3aBucumocts oT BpeMmeHu conpotusiienus BT B mporiecce
BKyroueHusi. PesynbraTel pacuéra mis BT ¢ mapamerpamu, xapakrtep-
weiMu 11 BT ¢ Onokupyromum Hanpsbkenuem 1200 B. Kpusbie /-3
paccUUTAHBI U1 BpEMEHH XU3HU B 6aze 1, = 100 HC 1 BpeMEHH KU3HU B
KOJUIEKTOpe T, = 2 MKc. Basoswlii Tok [, = 0,6 A (kpuBas /), 0,2 A
(xpuBast 2) u 0,06 A (xpuBas 3). Kpusas 4: I, = 0,6 A, 1, =20 Hc,
7. = 2 mkc. Kpusas 5: I, = 0,6 A, 7, = 100 He, 1, = 400 HC. [TyHKTHpHAS
npsiMasi OKa3bIBaeT CONPOTHUBJICHHE HEMOIYJINPOBAHHOIO KOJUIEKTOP-
HOTO CJI0SL.
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Puc. 51. Pacnpenenenust 1sipok p(x) Brouss kosuiekropa BT ¢ mapamer-
pamu, xapaktepubiMu 1151 BT ¢ 6okupyroiuMm Hanpsbkenuem 1200 B, B
pa3INYHbIE MOMEHTBI BpeMeHU. B MOMeHT ¢ = 0 TpaH3UCTOP NEePEXOIUT B
PEXHUM HACBHILIECHUS] U IbIPKH HaYMHAIOT U dyHIUIpOBaTh HIPOTHB Ha-
[IPABJICHHS [10JI51, YMEHBIIIAsl CONIPOTUBIICHHE KOJUIEKTOPa. Ba3oBblii TOK
Iy =02A (xpusbte /, 1'u2,2")ul, = 0,6 A (xpusbie 3,3’ u4,4'). Bpemst
t =300 He (xpusble /, I’ u 3, 3’) u t = 600 uc (xpusble 2, 2’ u 4, 4').
CrutomiHble KpuBble /—4 — pe3yJbTaThl AHAJINTUYECKOTO pacyéra,
LITPUXOBBIC KpUBbIe /' —4' — pe3ysbTaThl pacyéTOB B PAMKAX YHCIICH-
"ol mozesnu [153].

TUBJICHWE HEMOAYJIMPOBAHHOrO KoJulekTopa. Kak mokazano
B [153], addexTuBHAST MOAYIAIUS COTMPOTUBIICHUS KOJIICK-
TOpa BO3MOXHA NIPH JOCTATOYHO OBICTPOM BKJIFOUCHUH
TPaH3UCTOPA, YCIOBUEM KOTOPOTO SIBJISIFOTCS OOJIbIIAS aM-
IJTUTY1a ¥ pe3Kuil PpOHT HapacTaHUs BKJIFOYAROIIEro 6a30-
BOT'O TOKA.

AHanuTHueckass MOJAEIb MOAYJISIHMUA KOJUIEKTOPHOTO
ciost BT passuta B pabote [157] Ha ocHOBe Teopuu Tud-
(y3uH HEOCHOBHBIX HOCHUTEJIEH TPOTHB BEKTOPA JJIEKTPHYE-
CKOT'0 TI0JIs1 ITPU BBICOKOM YpOBHe uHxekuu [158]. B pamkax
Mogenu [157] oka3bIBaeTCsl BOZMOXKHBIM HE TOJIBKO PACCUU-
TaTh pacupeaesieHre HOCUTEJIeH U YPOBEHb MOAYJISIIIUU KOJI-
JIEKTOpA B CTAlMOHAPHOM COCTOSIHUM, HO H TPOCIEIUTH
JIBIDKEHHE HEOCHOBHBIX HOCHUTEJIEH (JIbIPOK) BAOJIb KOJIIEK-
TOPHOTO CJIOSI N-THUIIA B MPoIiecce MOIysiuu (puc. S1).

B OunosspHbIX npubopax caMbIM MEIJICHHBIM IIpoLec-
COM, OIPENeISIFOLINM MPeAeIbHYI0 pabouylo 4acToTy NMpH-

60poB, SBJISETCS BBIKJIIOYEHHE. B MOIIHBIX KiroueBblXx BT
[IPH TOBBIIIEHNH TUIOTHOCTH TOKA BO BKJIFOYEHHOM COCTOSI-
HUM BpeMsl BKJIFOYCHHUsS YMEHBILIAETCS, TOTJa KakK Bpems
BBIKJIFOUEHIS, HATIPOTHB, yBeInmunBaeTcs. [1oHsATHO, o/THA-
KO, YTO HAKOTLICHHE HEOCHOBHBIX HOCUTEJIEH B KOJUIEKTOPE B
IpoLecce MOIYJISIIUN KOJUIEKTOPAa U CHUXKEHUSI €r0 COIpPOo-
TUBJICHASI CIOCOOHO CYLIECTBEHHO YBEJIUYUTb BPEMS
3aJIep’KKM ¥ BpeMsl BbIKJItoueHus1 TpaHzucropa [80]. Takas
CHTYaIysi MOXeT CIeJaTh HeMPHUEeMJIEMBIM JKeIaeMoe CHH-
keHue Ron IMPU BBICOKOYACTOTHOM MEPEKITIOYCHUH.

B paboTtax [159, 160] axcriepuMeHTaIbHO IPOIEMOHCTPU-
pOBaHa BO3MOXHOCTb 3HAYUTEJILHOTO YMEHBIIIEHHUS] BPEMEH
3aJePKKH U BPEMEHH BBIKIIIOUEHUS IPU MIPUIIOKEHUH B IPO-
mecce BBIKJIFOUSHHSI UMIYJIbca OOpaTHOTO 0a30BOTO ToOKa
[161]. Vcnous Beikmrouenus: SiC BT mpu addextuBHOIM
MOJYJISIUN KOJIJIGKTOpa NpUOOpa HEOCHOBHBIMU HOCHTE-
JISIMH HCCJIEIOBAJIUCHL B pabote [162] B pamkax mopenu
[153]. UccnenoBan mpoLece BLIKJIFOYEHHs KakK B ''cTaHAapT-
HOM" pexHMe, B KOTOPOM BBIKJIFOUAETCS 6a30BbIN TOK, TAK U
B PEXHME BBIKIIOUCHUS OTPUIATEIHHBIM TOKOM 0a3bl.
ITokazaHo, YTO MPH BIOJHE PEATUCTHYESCKUX 3HAYCHHSIX BbI-
KJIFOYAIOIIEro 6a30BOro TOKAa BPEMS BBIKJIIOUEHMSI MOXKET
OBITH yMEHbIIEHO B ~ 40 pa3 MO CPaBHEHUIO C BPEMEHEM
BBIKJIFOUEHH S IIPH HyJIeBOM 0a30BOM TOKe. Bpemst 3amepxku
TakXe MOXeT OBITh CYIIECTBEHHO, B HECKOJIBKO pa3, COKpa-
meHo (puc. 52).

W3 pucynka 52 BUIHO, YTO U BpeMsl 3aJIEPXKKH, U BpeMs
BBIKJIFOYEHHS] MOHOTOHHO YMEHBIIIAIOTCSI C POCTOM OTpPHLA-
TenpHOro 6azosoro Toka (—1I). dust I, = —0,2 A (puc. 526)
BpeMs 3as1epxkku 820 He, a BpeMs BeIktoueHus 57 He. Korga
TPAaH3UCTOP BBIKIIOYAETCS TPU HYJEeBOM 0a30BOM TOKe,
BpeMsl 3aJIepXKKH yMEHBIIAETCS B 3,6 pa3a, a BpeMs BBIKJIIO-
qeHus: — B 38 pa3 Mo CPaBHEHUIO C COOTBETCTBYIOIIMMU
BpEMEHAMU B CTAHIAPTHOM pexume. [1pu 3TOM Bpems BbI-
KJIFOUCHHSI TPAKTUYECKH PABHSETCS BPEMEHU BKIIIOUCHUSI.
3aMeTuM, YTO B IKCIEPUMEHTATbHON padore [160] mpu wnc-
TOJTb30BAHUY JUTSI BBIKTFOUEHUSI OOJIBIIIOT0 OTPHUIIATEILHOTO
06a30BOro Toka 3a(UKCHPOBAHO YMEHBIIIEHNE BPEMEHU 3a-
JIEpKKU B 4 pa3a, a BpeMeHH BbIKJItoueHus: — B 20 pas.

5.3. BompsimMuTe/ibHbIe P—i—n-THOABI

BrbIicOKOBOJIBLTHBIE BBIIpSIMUTENbHBIE p—i—n-4H-SiC-
IMOMBI ¢ pabOYNM HAIPSKEHNEM B HECKOJBKO KIJIOBOJIBT
ObuH TIposieMOHCTpUpoBanbl B Havyajie 2000-x rogoB (cMm.,
Hanpumep, [163]). JocTtaTtoyHo OBICTPO OBLIM CO3JAaHBI U
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Puc. 52. (a) 3aBUCHMMOCTH BpeMEHH 3aJEPKKH fq (KpUBasi /) 1 BpEMEHH BBIKJIFOUCHHS ofr (KpUBasi 2) OT OTPHUIATEILHOIO (BBIKJIFOYAIOIIIET0) 6a30BOro
ToKa Ip. (0) Pacmpenenenue AbIpok B KOJUIEKTOPE B IMPOILECCe BLIKJIIOUEHHUS IpU 3HauYeHuu [, = —0,2 A. Brikmrouaromuii umimybc 6a30BOro ToKa
noxaércst B MoMeHT ¢ = 5000 He. Kpusast 7 — 5000 ue, 2 — 5300 He, 3 — 5600 He, 4 — 5700 HE, 5 — 5800 HC, 6 — 5840 HC.
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Puc. 53. BpeMeHHEBIE 3aBUCHMOCTH TOKa M HATIPSDKEHUSI HA 6-KUJIOBOJIbT-
HOM JIMOZIE B IpoIecce BKIIOUeHHs. CIUIONIHbBIC KPUBBIE — JKCIIEPUMECH-
TaJIbHBIE OCHUILIOTpaMMBL. [IyHKTHpHAS KpUBASi — PE3YJIBTAT PACUETA C
MOMOIIBIO TIPOrpaMMHoro nakera "Mccnenosanue" [165].

WCCJIEIOBAHBI TUOABI ¢ pabounM HampsikeHueM = 20 kB u
pabovyrM TOKOM B HECKOJILKO COTEH amiep [164].

5.3.1. IIponecc Brmouennsi. [Ipm mcciiemoBanuu mporecca
BKJIFOUEHUS HanboJiee BaXXKHBIMU MapaMeTpaMu SIBJISIOTCS
MOAYJIALUS CONPOTHUBJICHUS 0a3bl AMOAA B NMEPEXOTHOM
Tpolriecce M NpsIMOe Ta/IeHne HANPSDKEHHsI Ha CTPYKType B
KOHIIE TIEPEXOTHOTO MPOIiecca B CTAOMILHOM COCTOSTHHU.

Ha pucynke 53 moka3aHbl BpeMEHHBIE 3aBUCMOCTH TOKa
U HATIPSDKCHUS Ha 6-KUJIOBOJIbTHOM JIMOJIE B TIPOIIecce mepe-
kiroueHus [165]. B akcnepuMeHTe Yepes U0/ MPOIyCKaJICs
HMILYJIbC IPSIMOTO TOKA C BPEMEHEM HapacTaHUs OT HYJIS 10
5 A 3a mpumepno 30 Hc. 3aBucumoctb V(f) HarjsiiHO
JIEMOHCTPUPYET J(BE XapaKTepHBbIE CTAJIUHM Mpolecca mepe-
Kirouenus. I[lepBblii 3Tan cOOTBETCTBYET 'mepesapsake"
nepexona 3mMuTTep—06a3a. Ha stom stame Habironaercs
BCIUIECK HAINPSDKEHUS, AMIUTUTYAd KOTOPOTO OIpeAessieTCs
CONIPOTHUBJICHHMEM HEMO/TyJIMPOBAHHON 0a3bl. 3aTEM O Mepe
HAKOIUICHUs] B 0a3e HOCWTeJell HampspkeHHe yObIBaeT 10
CTAIMOHAPHOTO 3HAYEHUS, OIPEIeSIEeMOr0 COMPOTHUBIIE-
HHEeM Oasbl, IPOMOIYJIUPOBAHHOMN 3a CYET HAKOILJICHUS He-
OCHOBHBIX HOcUTeJiel. AHan3 mokasbiBaet [165], uTto npu
CTOJIb PE3KOM HApacTaHUH TOKa 4Yepe3 AMOMA MOJIYJISIus
0a3bl OCYIIECTBIISICTCSl OJlaroapsi ObICTPOMY JBUKCHUEO
9JIEKTPOHHOTO (POHTA CO CKOPOCTBIO HACBIIEHUS s
(~ 107 cM ¢7!) u BcTpeuHOMY OTHOCHTENHLHO MeEIICHHOMY
JIBUXKEHUIO ABIPOYHOTO (PPOHTA.

AHaIuTHYECKOe M YUCICHHOE MCCIIEOBAHUE MPOIECCOB
OBICTPOTO TEPEKITIOUEHHs] IUOAA B MPSIMOM HAIPABIICHUU
mpoBeneHO B paborax [166, 167]. IlokazaHo, 4To ecin
aAMIUIATYIa TOKAa TOCTATOYHO BEJIMKA, & BPeMsl HapacTaHUs
MaJIo, PEANM3YIOTCS PEeXUMbl C HApPYLIEHHON HEUTpalib-
HocThio. [Ipu aTOM Moaysius 6a3bl AMOAA MOXKET MPOUC-
XOJIMTh 0J1ar0o1apsi pacpOCTPAHEHUIO OBICTPBIX BOJIH 3JICKT-
POHOB ¥ MBIPOK, ABIDKYIIMXCS HABCTPEUy OPYr APYry C
HACBIIIEHHBIMHA CKOPOCTSIMH HOCHTEJIEH 3apsiia B CUILHOM
AJIEKTPUUECKOM ITOJIE.

5.3.2. Bpems :ku3HH HeOCHOBHBIX HocHTeJseil. HTEepecHO,
yTto emé B cepeaune 1990-x romgoB cUMTanoOCh, YTO B
KapOuae KpeMHUs BpEMEHA >KM3HU HEOCHOBHBIX HOCHTE-

4Y®H, 1. 189, Ne 8

JIel TPWHIMIHAILHO HE MOTYT OBITh OOJIBIIMMHU H3-3a
BBICOKOH KOHIEeHTpamuu (Ha yposre 10 cM™> m maxe
BBIIIIE) CTEXUOMETpPUUYECKUX Me(EeKTOB B BUIEC M30BITKA
kpeMmHUs. OJTHAKO 3TU OMACEHUS OKAa3aJIMCh HATPACHBIMHU,
7 mpobjeMa yBeJIMYCHHsS BPEMEHHU XHU3HU ObLIa YCHEIIHO
pewena. Ecnu B cepeaune 2000-x rog0oB 3a(MKCUPOBAHHOE
pexkopaHo GoJibiioe BpeMsi xu3HU B n-6a3ze 4H-SiC-nuona
IpU KOMHATHOH TemIiepatype coctaBisuio 1,55 mxc [168],
TO ceifiyac B TOJICTBIX CJIOSIX KapOwWaa KpemMHHUs N-TUma
MPOJAEMOHCTPUPOBAHO BPEMs JKU3HH B HECKOJIBKO JIECSIT-
KOB MUKpoOcekyH [169].

Bpemst xu3Hu B 06azax p—i—n-AMOMIOB OMpEeIsieTcs,
Kax MpaBUjIo, JUOO ¢ MOMOIIbIO U3MEPEHHS JIUTEIbHOCTH
(a3el BHICOKON OOpaTHON MPOBOIMMOCTH IIPH MEPEKITFOYe-
HUM JAOJA U3 MPOBOJISIIETO COCTOSHUS B OJIOKHpYOIee
(meton JIakca [170]), 1n60 MO CKOPOCTH cHaa MOCIEHHXEK-
nuoHHoM AekTpoasmxkymiei cuibl (3JC) (Meron 'occuka
[171]). B kpemMHueBbIX nuomax oba MeTonaa, Kak MpaBUJIo,
JArOT ONmM3Kue pe3yabTaThl. B kKapOuA-KpeMHHUEBBIX THUO-
HBIX CTPYKTypax Meron JIokca, OJHAKO, OKa3bIBAETCS He-
agexBaTHBIM [100, 172, 173]. Hanbomnee moapoOHBIM aHaN3
MPUYMH TAKOU cuTyanuu nposeAcH B pabote [100] Ha ocHOBe
KayeCTBEHHBIX COOOPAXEHUH 1 YHCIEHHOT O MOIEJIMPOBAHUS
B paMkax nporpamMmsl "Hccaenosanue.

Kak mokazano meTajgpHOE CONOCTABIIEHUE IKCIIEPUMEH-
TAJBHBIX JIAHHBIX C Pe3yJIbTaTaMHU MOJICJIMPOBAHUS, B Kap-
OUJI-KPEMHHUEBBIX P —1—N-AM0JaX HA TPAHHIE MEXY IMUT-
TepoM U 0a3oil 4yacto obOpasyeTcsi y3KHid CIIOH C OuYeHb
MaJIbIM BpeMeHeM xu3Hu. OO0pa3oBaHUE TAKOTO CJIOSI MO-
KeT OBITb OOYCJIOBJIEHO TE€M, YTO BBICOKOTEMIIEPATYPHOE
HapallMBaHUEe CIJIBHOJIETUPOBAHHOTO P-CJIOSI MPUBOAUT K
pocty uncina AeeKTOB y IpaHUNbI pa3fesia SMATTep —0a3a
M3-32 PACCOTJIACOBAHMSI TAPAMETPOB PEIIETOK CHIIBHOJICTU-
POBAHHOTO ¥ HEJISTUPOBAHHOTO CJIOEB, a TAK)KE BCIIEACTBHE
nugdy3uu npumecHbix aToMoB Al u camoauddyszuu. Cyie-
cTBOBaHME Takoil "Hapymenuoit" oGiactu BOJIM3K p—n-
nepexoja MPUBOMUT K TOMY, YTO TMOCJE IMEPEKIFOUCHUS
JIMOJIa C TMPSIMOTO HANpAaBJICHUsI HA 00paTHOE 00JIACTD MPO-
CTPaHCTBEHHOro 3apsiga BOsm3u nepexona OIN3 HaumnaeT
OBICTPO BOCCTAaHABJIMBATHCS (BpEMsI BOCCTAHOBJICHUsI 0J10-
KHAPYIOIIEH CIOCOOHOCTH PETYINPYETCs BEIMYMHON BPEMEHU
KU3HU HOCHTEJICH B HAPYIICHHOM CJIoe), TaK 4TO (a3l
MPOTEKAHUS TOCTOSHHOTO OOPATHOTO TOKAa MPaKTHYECKU
HEeT. 3aMeTUM, YTO BO3MOXHOCTb CYILLECTBOBAHUS TAKOTO
HapYLIEHHOTO CJIOS C MaJIbIM BPEMEHEM KU3HU MOXKET TaKXKe
UTPaTh BAXHYIO POJb B paboTe TPaH3UCTOPHBIX U TUPH-
CTOPHBIX CTPYKTYD.

C npyroii cropoHsl, Meton ['occmka TO3BOJISIET aje-
KBaTHO W3MEpUThL BpeMs ku3HH B 6azax SiC-p—i—n-muo-
JIOB B IIIMPOKOM Juana3one temmepatyp [172—174].

5.4. Ocobennoctu pu3nUecKUX MpoOLECCOB

B OMIOJISIpHBIX NpHOOpPaxX HA OCHOBE KapOuIa KpeMHHsI
5.4.1. DaeKkTpoHHO-ABIPOUHOE paccesiHne. B MMMyJIbCHBIX
pexxumax SiC-npubopsl ciocoOHbl padoTaTh NPU MJIOTHO-
cTax Toka 70 10° A cM™? B pexuMe OJHMHOYHBIX KOPOTKHX
umnyabcoB [175]. B pexume Tak Ha3bIBAEMbIX JIMHHBIX
HAMITYJIBCOB (IJIMTEbHOCTHIO 8 — 10 Mc) pabouas IIOTHOCTH
TOKa MOXET COCTABJIATH HECKOJILKO ThICAY amriep Ha 1 cm?
[176]. Kak moka3biBaeT onbIT paboThl Si- 1 GaAs-11pubopos,
3JIEKTPOHHO-IbIpOouHOE paccesuue (DAP) mpu Oonbimx
MJOTHOCTSX TOKA MOXET OYeHb CYLIECTBEHHO CHU3UTH
3 pexTUBHYIO aMOUTIOJISIPHYIO TOJABUXKHOCTh HOCHUTEJICH
[177, 178].
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Puc. 54. Ipsmbie BAX 6-kunoBossTHOro 4H-SiC-mnona. Kpyxkamu
MOKa3aHbl 3KCIIEPIMEHTAJIbHBIE Pe3YJIbTATHI, CIJIONIHBIMA KPHBBIMH —
pe3yibTaTsl pacuéra ¢ yuétom D/P.

IlepBrie 3kcnepuMeHTHI 10 ucciieqoBanuto DJIP B xap-
Oume kpemMHUsI ObLTH TpOBeaeHbl B padbote [179]. B aroit
paboTe mpeasiokeHa OPUIMHAJIbHAST METOIUKA OmIperelie-
HUs napaMeTpoB D/IP u3 aHanm3a UMIYJIbCHBIX U30TEPMHU-
4eCKUX BoJIbTaMIepHbiX xapakTepuctuk 4H-SiC-nmuonos.
Ha pucynke 54 npupeneHnbl npsimpie BAX 6-KUI0BOJIBT-
Horo 4H-SiC-nrona, u3MepeHHbIe Mpu TemImepatypax 293 —
553 K u rutotHOCTSIX TOKa 10 j = 10* A eM~2. BuHo, uTo npu
JIOCTATOYHO OOJNBIIUX IUIOTHOCTSIX TOKa HaOJronaercs
"unsepcus" TemnepatypHoii 3aBucumocT BAX. Touka uH-
BEPCHM COOTBETCTBYET IUIOTHOCTSIM Toka mopsaka 2000 —
3000 A cm 2. (DT 3HaueHHs Oojiee 4eM Ha TMOPSAIOK
MPEBBINIAIOT MJIOTHOCTU TOKA WHBEPCHU TSI AHAJIOTHYHBIX
KPEMHUEBBIX CTPYKTYyp.) B pabote [179] pa3Bura npocras
MOJIySMIIMPUYECKasl MOJIeIb, IO3BOJIUBIIASL OINPEIEIUTh
napameTpbl D/JIP u3 anamm3a BAX npu 60bIIMX TIOTHO-
CTSIX TOKA.

Kak npaBmiio, KOMIOHEHTA MOIBIXHOCTH, O0YCIOBJICH-
Hast D/IP, onuchIBaeTCS BHIPAKCHUEM

Po
Hnp = ; ) (53)

TJIe p — KOHIEHTpAIHs AbIPOK, G U py — XapaKTepuCcTHye-
ckue xkoHcTaHThl /P [100]. Torga Bxirag DP B nmamenue
HAIpPsDKEHHs Ha 0as3e mpudopa UMeeT BH/I

§1/4
h = ) 5.4
< qGpo (5.4)
rje j — MJIOTHOCTh Toka, W — TommmuHa 0a3bl, ¢ —

3JIEMEHTapHbI 3apsa. Ha ocHOBe mpeAcTaBlIeHHBIX Ha
puc. 54 skcnepumeHTa IbHBIX BAX B paMKaXx MmoJIy3MIIu-
pudeckodt ™mopaenw sl BeauuyuHsl Gpy TOJIYyYeHO:
Gpo =58 x 10 B7! cm! ¢!, Vkasannoe 3mavenue B
YeThIpe pa3a MEHbIIE, YeM COOTBETCTBYIOIIAs BEJMYMHA B
Si, u B 60 pa3 menblne, yeM B GaAs. DTo o3HAYaeT, 4TO
piausinue DJIP B SiC Ha aMOUNOJIAPHYIO NOJBUXKHOCTb U
najieHue HamnpsbkeHue Ha Oaszax OWIMOJIpHBIX NPUOOPOB
3HAYUTEJNbHO OOJIblIEe, YeM B KPEMHHUEBBIX U apPCEHUMI-
raJueBbIx npubdopax [180].

Boee crporuii aHaaus ¢ momolbio mporpammsr "Hc-
cienoBanue" MO3BOJIMII OIIEHUTH BO3MOXKHOE BIIUSIHUE KOH-
TaKTHOT'O CONMPOTUBJIeHUs Ha Bkiaa DJIP B obiactu oTHO-
CHTEJIbHO MaJIbIX IUIOTHOCTEN TOKA.

CrenyeT OTMETHTD, YTO Jake B HanboJjiee MOMmyIsipHBIX
MOIITHBIX TMaKeTaX KOMMEPYECKHX CHMYJISITOPOB, TAKUX KaK

DESSIS (Device Simulation for Smart Integrated Systems),
Atlas, Medici, ypaBHeHusi, onucbkiBaroue 3 /P, npencras-
JICHBI B BHJE, HE TO3BOJISIOLIEM KOPPEKTHO MOJICIHUPOBATH
9JIEKTPOHHO-IBIPOYHOE paccesiHie B OUTIOISIPHBIX TPHOOPAX

[181].

5.4.2. TIpo6aema >(pdekTHBHOrO IMHTTEPA B OHIOJISIPHBIX
npudopax Ha ocHoBe SiC. AHaTUTHYECKHE W YHMCJICHHbBIC
OIICHKU MOKA3bIBAIOT, YTO XAPAKTEPUCTUKUA OUIIOJISAPHBIX
KapOuI-KpeMHUEBBIX MPUOOPOB JAJEKH OT ONTUMAJBHBIX
[182]. OngHO# W3 OCHOBHBIX MPUYMH TAKOW CUTyalnu
SIBJISICTCSI HU3Kasl MHKEKTUPYIOIIAsl CIOCOOHOCTh CHIIBHOJIE-
FUPOBAHHBLIX 3MUTTEPOB p' ' -TMna. VIMEHHO Takue SMUT-
Tephl UCIOJB3YIOTCS U B TUpHUCTOpax, n B BT, u B nmomax
Ha ocHOBe SiC. Kak oT™Meuasnoch BhIIlle, SHEPT Ul HOHU3ATIHN
€caMoro MeJikoro aknentopHoro yposas B 4H-SiC, anromu-
Hus, coctaBiser ~ 0,2 3B. [ToaTomy npu KOMHaTHOU
TeMrepatype ToJbko ~ 2% aTtomoB Al okasbiBaroTcs
HOHM30BAHHBIMH B CHJIBHO JIErHpoBaHHOM (Na ~ 1019 cm~3)
ptT-cnoe. B pesynbrare xo3pduumuent umxexnuua SiC-
SMHUTTEPOB OKA3bIBACTCS 3HAYNTEILHO MEHBIIE ¢TUHUIIBI.

B pabore [182] mpobyiema yBenuueHus kodpdunmeHTa
umkeknun SiC-3MuTTEPOB p' Tt -THIIA KCClieIOBaHa AHAJIUTH-
YECKH W YHCJICHHO C yYETOM TaKUX HEJIMHEHHBIX 3()(HEeKTOB,
KaK CyXKCHHE IIMPHUHBI 3aMPEIIEHHON 30HBI C YBEJIHMYCHHEM
YPOBHS JISTHPOBAHMSI, OXKe-PEKOMOMHATINS, JJIEKTPOHHO-/TbI-
POYHOE paccesiHue, U3J1ydaTeIbHas U TOBEPXHOCTHAS PEKOM-
OuHanus. AHAJIMTHYECKOE UCCIIEIOBAHNE TTPOBEJACHO B PaM-
Kax XOPOIIO U3BECTHON M MHOTOKPATHO UCIIOJIb30BaBIIIeHCs
JUIs OLCHKH KavecTBa SMHTTEepoB B Si- u GaAs-mpubopax
mozemu "roka maceienus" jg, [183]. Uucnenublii ananns
MPOBEAEH € MOMOIILIO NporpaMmHoro makera "Hcciemno-
panue". TTokazaHo, YTO MJIs yJIyYIIEHUs MHKEKTUPYFOIIEH
CIOCOOHOCTH 3MUTTEpA MPEXJIE BCEro HEOOXOIUMO yCTpa-
HUTD "HapyIIeHHBIH clI0i", YacTO BO3HMKAIOLIMIA HA I'pa-
HUIIE CUJIbHOJIETUPOBAHHBIN pToMuTTep —n-6a3a (cM. pas-
nen 5.3.2).

IMonyyensl oueHku s "uaeanbHoro" smuTTepa, B
KOTOPOM BpeMsl XHU3HH HOCHTeJel ompenensieTcs (yH-
JTAMEHTAJIbHBIMH 3P PeKkTaMu — M3Jy4YaTeJIbHON pPeKOM-
OuHanueit u oxe-pekomOuHamueii. [Tokazano, 4To 3aBU-
CUMOCTb js, OT YPOBHS JIETUPOBAHUS N, IMEET MUHUMYM
BOM3N 3HAYeHHS N, ~ 4 x 102 cM 3, cooTBeTCTBYyFOMIMIt
Jon =2 x 107% A cM~2. DTa BeNMuMHA ji, HA IBA TIOPAAKA
MEHBIIIE, YeM caMoe MaJioe 3HAUYCHUE Js,, HaOJIFo1aBIeecs
B mpubopax Ha ocHoBe SiC. OTMeueHo, uTo HabIrogar0-
LIMHCST HA 3aBUCHUMOCTH jsn(N,) MHMHHUMYM SIBJISETCS
J0BOJIbHO "mojioruMm", Tak uTo yBemueHue N, OT 3HAYECHUS
Ny = (5-6) x 10" ¢M™3, 10cTaTOYHO YacTO HCIOJIb3YIO-
mwerocs npu co3ganun SiC-nmpubGOpoB, 10 ONTHUMAIBLHOTO
sHaveHnst N, ~ 4 x 10%° cM™> He CAMIIKOM CHIBHO YBETH-
YUT MHXEKTHPYIOIIYIO CHOCOOHOCTH 3mutTTepa. OCHOB-
HBIM PE3E€PBOM ISl YJIyd4IlleHUus KO3((UIUCHTA HHKEK-
OHA OMHUTTEpa SBJISCTCS YBEJIMYECHUE BPEMCHU >KU3HU
Hocuteneld [184]. Onnako npu cHUXeHUU N, O BEJIMUMHBI
Na <1 x 10" ecm~3 npuemnemoe 3Hauenue kod(pduiueHTa
HHXKCKIUM HE MOXET OBITh IMOJIyYeHO [JaXe IPU OYCHBb
GOJIBIIINX BPEMEHAX KU3HH.

5.4.3. IlpenenbHoe 0/10KMpYeMoe HampsizkeHHe W npe/ieibHbie
IUIOTHOCTH TOKA. B HAcCTOsIIIee BpeMs TOCTUTHY ThIi YPOBEHD
TEXHOJIOTUH TO3BOJISIET MOJYYaTh CTPYKTYPHO COBEPIIEH-
uele cion 4H-SiC n-Tuma TOMIUHON B HECKOJBKO COTEH
MHUKPOMETPOB C BpEMEHEM >KH3HU HOCUTEJIed B HHUX B
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HECKOJIBKO JECATKOB MHUKpOceKyHa. OJHAKO B CBSI3U CO
CJIO)KHOCTBIO BO3ZHUKAIOIIAX MPH 3TOM TEXHOJOTHYECKHX U
9KOHOMMYECKUX MPOOIIEM BCTAET BOMPOC: 10 KAKOTO YPOBHS
[eJ1eco00pa3HoO MOBBIIATh HAMpsDKeHHe equHuYHOro SiC-
npubopa?

DJIeKTPOHMKA HA OCHOBE KPEMHUSI CTOJIKHYJIACH C AHAJIO-
TUYHON TpobsieMoit okoso 30 JyieT Ha3aja, KOrja ypOBEHb
TEXHOJIOTHH PUHIAMHNATHHO MO3BOJIAI CO3AaBATh €INHIY-
Hble TPHOOPHI sl pabOThl Ha MPOMBIIIJIEHHOW YacToTe
50 T'm ¢ 6moxkupyemMbIM HanpsbkeHueM V7, 1o 80 kB. Tem He
MEHee 3HauyeHus V}, B peajibHbIX KPEMHHUEBBIX MpHOOpax
(mmomax u Tupucropax) He npesbimaroT 8 —10 kB. TToapoo6-
HBIi aHaJIM3 BONPOCAa O TOM, IO KAaKOrO YPOBHSI IIEJIECO-
00pa3HO MOBBHINIATH HANPSDKEHHE eIUHUYHOTO Mprbopa Ha
ocHoBe Si, ObLT 1aH B padote [185] ¢ yuéToM BCeX OCHOBHBIX
HEJIMHENHBIX IPOIECCOB.

IToapoOHbIil aHaIM3 3TOM NMPOOIEMBI 151 MPUOOPOB HA
ocnoge SiC npoBeaéH B padote [186]. [IpuHATO BO BHUMAaHKE
TO, YTO BpEeMsl )KU3HH HEOCHOBHBIX HocuTesel B SiC CUIIbHO
BO3pACTaET C YBEJIMYEHUEM TeMIIEpaTyphl (CM. pa3nein 5.3.2),
U TO, YTO WHXEKTUPYIOIIAsl CIOCOOHOCTh peasibHbIX SiC-
SMUTTEPHBIX MEPEXOJ0B B HACTOSIIEE BPEMS CYLIECTBEHHO
XyXe, YeM y 3MHUTTEPHBIX HEpPeXo/loB B Si-CTPYKTypax, a
TaKKe YYTEH TOT (PAKT, YTO MPOLECCHI IJIEKTPOHHO-IBIPOY-
HOTO paccesiHust B KapOuje KpeMHHS CYIIECTBEHHO OoJiee
3 PEeKTHBHBI, YeM B KpeMHHUU (CM. pasjaen 5.4.1).

B xavecTBe KpUTEPHsl, OTPENIEIISIONIETO MPE/IeIT YBeInIe-
HUsl OJIOKUPYOLIEH CITOCOOHOCTU MPUOOPOB, MPUHSATO Clie-
JyloIllee YCIOBHE: BEIMYUHY V', CTPYKTYPHI 1IEJIeco00pa3sHo
YBEJIMYUBATH JI0 TEX IOP, TOKA MPSMOE IaIeHHE HATIPSHKSHUS
Ha CTPYKTYpPE B MPOBOJISIIIIEM COCTOSIHUM HE IPEBBICUT CYyM-
MapHOTO MPSIMOTO MAJICHUS HAMPSKEHUS HAa JIBYX TOCIEI0-
BaTEJIbHO COCTUHEHHBIX CTPYKTYpax, CIOCOOHBIX OJIOKUPO-
BaTh Ty XK€ BeJIMUUHY V%,.

Pe3yabTaTsl aHATUTHYECKUX U YHCICHHBIX OLEHOK Mpel-
craBnensl B [186] B Bume "kpuBbix yposus" Ha (W, 71)-
mwiockoctd (W — TtonmmHa OJoKupyromied Oas3el, T —
BpeMsl XH3HH HOcHTesiel B 0Oa3e). Takue KpuBble paccyu-
TaHbl B padoTte [106] 11 TeMrepaTyp OKpyXarollel cpeibl
300, 450, 600 u 850 K 1 pabo4ux MJIOTHOCTEH MPSIMOTO TOKA
Jjr 150, 300, 700, 1000 1 2000 A cM~2. B kadyecTBe mpuMepa Ha
puc. 55 nIpHUBeJCHBI KPUBBIE YPOBHS JJIsI IBYX TeMIIEpaTyp U

500

W, MKkM

400

300

200

100 ! ! ! ! ! ! ! ! !
0 4 8 12 16 20 24 28 32 36 40
T, MKC

Puc. 55. JIuaun ypoBHs npu temmnepatype ctpyktypsl T = 300 K (xpu-
Boie /, I’ u2,2"yu T = 600 K (xpussle 3, 3’ u 4, 4'). CrutomHble KpHBbIE
paccunTansl Ui "uueasbHOro" SMUTTEpPA, WITPUXOBbIE KPUBBIE — IS
"peanbroro" smurrepa [173]. InotHOCTH TOKA ji: 150 A cM~2 (kpu-
Boie 1, 1’1 3, 3"), 1000 A cm~2 (kpusble 2, 2’ u 4, 4').

4%

JIBYX 3HaYeHuil paboueil II0THOCTH ToKa. [Tapa BIOpaHHBIX
3Ha4YeHU? W W T ompenessieT TOYKY Ha mutockoctu (W, 1).
Ecnum 9Ta ToYka JIEXKHUT Hudce KPUBOW YPOBHsI ISl BEIOpaH-
HOTO 3HAYeHUs jp, TO MPSAMOE MAJCHUEC HANPSDHKCHUS Ha
OJIMHOYHOM TPUOOpE MEHbINE, YeM Ha JABYX BKJIFOUEHHBIX
MOCJIeJOBATEIbHO PUOOpax ¢ MUpUHOi 6a3el W/2 u Bpe-
MEHEM XU3HU B 6a3e t. Eciu BbIOpaHHas TOUKA JIEXKUT Gblule
COOTBETCTBYIOIIEH KPUBOH YPOBHSI, TO BMECTO OJMHOYHOTO
npubdopa 1esecooOpa3Ho HCIOIb30BATh 1BA BKJIFOUEHHBIX
ITOCJIeIOBATEIILHO IPHOOpa.

Crenyer yuecTb, YTO IpH Ipy0oii onieHKe OJIOKUpYrOLIEH
criocobHocTu SiC-npuOOpoOB NMPUHUMAETCS, YTO MPUOOP C
TOJIUHOM 6a3bl 10 MKM ciocoOeH OJIOKMPOBATH HAIIPSIKE-
aue Vy, ~ 1 kB. Takum obpa3om, HapuMep, eCJId BHIOpaH-
Hoe 3HaueHne W =200 MKM, TO pacuéT MPOBOAUTCS IJIs
npubopa kiacca 20 kB.

W3 pucynka 55 BuIHO, 4TO 3QPEKT CHUKECHUS MHKEKTH-
pyrolLeit CHOCOOHOCTH AMHUTTEPA MOXKET ObITh KOMIICHCHPO-
BaH YBEJIMYEHHMEM BPEMEHU >XKU3HU HOCHUTEJEeH 3apsaa B
6a3oBoM ciioe cTpykTypbl. Hampumep, npu 7 =600 K u
jg = 1000 A cM 2 HCIIOTB30BAaHNE OJMHOYHOTO TpHGOpaA C
mupuHoi 6a3el W =275 MKM (4TO cOOTBEeTCTBYeT V} =
~ 27,5 kB) u "umeanbHpIM" 3MUTTEPOM ONPABIAHHO IPU
BpPEMEHU XKW3HH T = 22 MKC, TOrJa Kak ISl BapwaHTa C
peaIbHBIM OMHTTEPOM BpeMs XH3HH TOJDKHO OBITH He
MeHee T = 28 MKC.

IIpu o6cCyxIeHun 3HAYCHWH NpenesibHON IJIOTHOCTH
Toka B SiC-mpubopax HEOOXOIUMO pa3jMyaTh TPU Xapak-
TepHBIX pexuMa. [lepBolil mpenenbHBIA CiIydall COOTBET-
CTBYET CaMopa3orpeBy MpHOOpa B PEXUME MOCTOSIHHOTO
TOKa. BTOpOil (IpOTHBOMOIOKHEII) PEKUM COOTBETCTBYET
pabote mpubopa B pexume "kopotkux" mmmysbcos. [Tof
PEXUMOM KOPOTKUX MMIIYJIHCOB MOHUMAETCS CHUTYyallMsl, B
KOTOpO#l B TEUeHHME MMITYJIbCa BbIACIUBIIEECS B MpHOOpe
TEIUIO HE YyCHeBaeT AOCTUYb TemIooTBoAa. Yacto s
CTAaHJAPTU3ANNN U BO3MOXHOCTH CPABHEHUSI Pe3yJIbTATOB
HCIIOJIBL3YIOTCS TaK HA3bIBAEMbIE UMITYJILCHI HHIYCTPHAIb-
Horo cranjgapra 8/20 MKC, T.. UMIIYJIbChl TPEYroJIbHOU
(OpPMBI C IUIMTEILHOCTBIO NEpeHero GpoHTa § MKC U 3a.1-
Hero 20 mkc. B To xe BpeMs 415 XapaKTepu3alud pexxuma
KOPOTKHUX UMITYJIbCOB HEPEIKO MCHOJIb3YIOTCS MPSIMOYTOJIb-
HBIE WMITYJILCHI umTeabHOCTRIO 20—50 mkc. Hakomert,
pexum " UIMHHEBIX" UMITYJILCOB COOTBETCTBYET IPAMOYTOJIb-
HBIM MMIYJIbCAM C JUIUTEIbHOCTBIO, PABHON MOJIYIIEPUOAY
npOMBIIIEHHOH YyacToThl (10 Mc 1t wactoTsl 50 'y u § mc
1Tt 9acToThl 60 I').

CamopazorpeB SiC-mpubopoB B pexkrMe MOCTOSHHOTO
TOKA TCOPETHYECKH U IKCIEPUMEHTAJbHO WCCIEeIOBAH B
pa6ote [187]. Iloka3zaHo, YTO W3MEpPEHHBIC B IIMPOKOM
Mana3oHe Temmepatyp uzorepmuueckue BAX mpubopos
MOTYT CIY’)XKUTb OCHOBOW [Ji1 aJCKBATHOI'O aHAJM3a pa-
OOTBHI B 3aBEJOMO HE U30TEPMHYECKOM PEXUME MOCTOSH-
HOTO ToKa. [Ipy HaIMYNK HAJIeKAIIETO TeIIOOTBOIa IPH-
OOpBI MOTYT COXPaHAITh pabOTOCIOCOOHOCTD MPH IIOTHO-
CTSX TOKA BILIOTH 10 ~ 2000 A cMm~2. TIpu onpeneaéHHbIX
YCJIOBUSIX BO3MOXHO BO3HHMKHOBeHHEe N-o0paszHoil BAX,
KOTJa TOK, MPOTEKAIOIIMNA Yepe3 npudop, ymenvuaemes ¢
BO3PACTAHUEM CMEIICHHUS.

PexxvM UIMHHBIX MUMITYJIBCOB TEOPETHYECKH W IKCIEPH-
MEHTAJIbHO NpoaHaIu3upoBaH B pabote [176]. ITokazaHo,
49TO MPUOOPHI CIIOCOOHBI BBIIEPKATH HECKOJIBKO UMITYJILCOB
JUIMTEJIBHOCTBIO 8 MC € aMIUIMTYJOH IJIOTHOCTH TOKa
~ 9000 A cM~2. JIas afeKBaTHOTO OIMCAHUSI CaMOpPa3o-
rpeBa B 3TOM DPEXHME MPEIIOKEHA TePMOIJIEKTPUIECKAs
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MOJ1eJIb, OCHOBAHHAS Ha NMPEIBAPUTEIILHO U3MEPEHHBIX U30-
Tepmuuecknx BAX. Moiejib XOpOIIIO OMUCHIBACT BPEMEHHBIE
3aBUCHMOCTH CaMOPa30TpeBa MpH IJIOTHOCTSX TOKA BIJIOTh
10 ~ 5000 A cm~2. KauecTBeHHOE COTJIacHe IIOJIYYEeHO BO
BCEM JIMaNa30He MIOTHOCTEHR TOKOB BILIOTH 10 9000 A cvm 2.

B pabote [175] ucnonab30BauCh KOPOTKUE HUMITYJILCHI
IUATEIbHOCTBI0 20 MKC. JIOCTUTHYTBHI TIJIOTHOCTH TOKa
~ 65 kKA cm 2. Tlpu 3ToM TeMmTepaTypa Tprbopa B KOHIE
umnyJbca cocrapisuia ~ 1650 K. MHorokpatHoe npuioxe-
HHE TAKUX UMITYJIbCOB WJIX TOTIBITKA TPEBBICUTh YCTAHOBJICH-
HOE 3HAYCHWE IMJIOTHOCTH TOKA MPHUBOIWIM K IECTPYKIIUU
npubopa. MakcuMasbHasi IVIOTHOCTh TOKa B OJWHOYHOM
AMITyTTbce JocTurana ~ 100 kA cm2.

5.5. BoiBoabI

HecMOTpss Ha HaIM4YMe MOIIHBIX MAKETOB KOMMEPUYECKUX
CHUMYJISITOPOB MOJIYIIPOBOJIHUKOBBIX NMPHOOPOB, TaKUX Kak
DESSIS, Atlas, Medici, ncnoiab30BaHne CaMOCTOSITEILHO
pa3paboTaHHBIX MPOOJIEMHO-OPUEHTHUPOBAHHBIX KOMIIbIO-
TEPHBIX MOJIeJIell HApSIy C aHAJIUTHYECKUMH HCCIIeI0Ba-
HUSIMH TI03BOJISIET BBISIBUTD ¥ IPOAHAIN3UPOBATH OCHOBHBIE
(bu3MyecKre 3aKOHOMEPHOCTH IMPOIECCOB, MPOTEKAOIINX B
OunonspHbIX mMpubopax Ha OCHOBE KapOuaa KpeMHUS.
Hcnonp30BaHue TAKHX MOJICIICH U aIeKBATHBIX aHAJIMTHYC-
CKHX PacuY€TOB MO3BOJIUIIO OIHUCATH BCE OCHOBHBIE IIPOIIECCHI
B OWITOJIPHBIX MpHOOpax HAa OCHOBE KapOWIa KpPEeMHUSI:
JINO/IaX, OUTIOJIIPHBIX TPAH3UCTOPAX U TUPUCTOPAX.

6. HanosiekTpoHuka
Ha OCHOBe KapOu/Ja KpeMHHUsI

6.1. CnuHOBBIE IEHTPHI OKPACKH B KapOuae KpeMHHS

Kak miaTgopma Il CEHCOPUKH, KBAHTOBOH ()OTOHHKH

H 00padoTKH HH(OPMAIH B YCJIOBHIX OKPYKaromiel cpeabl
VHukaibHble KBAHTOBBIE CBOWCTBA a30THO-BAKAHCHOHHBIX
(NV) neHTpoB OKpacku B ajIMa3e MOTHBUPOBAJIU UCCIIEI0-
BaHUsS MO TOUCKY IIEHTPOB C (DYHKIIMOHAJIBHBIMUA KBAHTO-
BBIMHM CBOHCTBAMH B KapOuJe KpeMHUS, KOTOPblE MOTYT
KAQYeCTBEHHO PACIIUPHUTH BO3MOXHOCTH TAKHUX CHUCTEM
[188—205]. Kapbun kpemHusi 6epét Ha ceOs HOBYIO POJIb
TUOKOW W MPaKTHYHON MIATGOPMBI JJISl UCIOJIB30BAHHS B
COBPEMEHHBIX KBAHTOBBIX TEXHOJIOTHSX. LIeHTpBI okpacku
ATOMHBIX Pa3MepOB B OOBEMHOM U HAaHOKPHUCTAJUINYECKOM
SiC sBJISIFOTCS IEPCIEKTUBHBIMH CUCTEMAMU ISl CIIMHTPO-
HUKH, (POTOHUKH, COBMECTHUMOMN C BOJIOKOHHOW OTTHKOI,
KBaHTOBOU 00paboTku MHPOpMANMM ¥ 30HAUPOBAHUS B
YCIIOBHSIX OKPYIKAFOIIIEH CpeIbl.

B03MOXHOCTH BHICOKOTEMITEPATYPHBIX ONTHYECKHUX CITH-
HOBBIX MAaHUIYJISIIMN KaK HA CIMHOBBIX aHCAMOJISIX, TaK M Ha
OJMHOYHBIX CIHMHAX OTKPBUIM HOBYIO 3py B IPUMEHEHUH
CIMHOBBIX SIBJIEHUH KaK B (yHIaMEHTAIBHOU, TAK U B MPH-
KJIanHo# Hayke. CHSTO TeMIlepaTypHOE OrpaHIIEHHE B IIPO-
BeJICHUM KBAHTOBBIX OMEPAIAil B )KUBBIX CUCTEMAaX, BKJIFOUAS

CETH HEMPOHOB, TOCKOJIBKY BCE 3THU SIBJICHUSI IPOUCXOAAT IPU
KOMHATHOM 1 00Jiee BBICOKUX TeMIEpaTypax.

IMoxa3zano, uto B SiC uMeeTcsi 1Mo KpaitHell Mepe 1Ba
ceMeiicTBa HEHTPOB okpacku ¢ S = 1 u S = 3/2 co cTpykTy-
poii B BUJIe KOMOWHANNN BaKaHCHH KPEMHHS W yriepoja,
KOTOpble 00J1a/1al0T CBOMCTBOM ONTHYECKOTO BHICTpAUBa-
HUSI HACEJIEHHOCTEH CIIMHOBBIX YPOBHEHN U MO3BOJISIOT yIIpa-
BJIAITH CIIMHOM TNPU KOMHATHBIX TeMIepaTypax. YCTaHOB-
JIEHO, 4TO AJIs ceMelicTBa S = 3/2 0CHOBHOE U BO30YXIEHHOE
COCTOSIHHSI UMEIOT CIUH S = 3/2 ¥ MHBepCUs HaCeIEHHOCTEH
B OCHOBHOM COCTOSIHUM MOXET ObITh TEHEpUPOBAHA ONTHYE-
CKOHl HakaykoH, YTO MPUBOAUT K BBIHYXKJIEHHOMY MHUKPO-
BOJIHOBOMY M3JIyUCHUIO, T.€. K Ma3epHoMy 3pdekTy, maxe
MIPH KOMHATHOH 1 60Jiee BBICOKMX TeMIIepaTypax.

N3roToBiieHne pa3IMYHBIX THIIOB MHUKPOCTPYKTYp H
HaHOCTPYKTYp SiC ¢ IEHTpaMM OKpAacKd MpHUBJEKAaeT BCE
OoJibllice BHUMaHUE OJIarogapsi UX MPUMEHEHUSM B JJICKT-
POHHBIX ¥ (POTOHHBIX YCTPOUCTBAX. VY CIIEIIHOE UCIIOJIb30Ba-
HHE MeTaMaTepuaysoB ¢ HeHTpamu NV HaéT ocHOBaHHUE
MpeIaraTh AHAJIOTMYHYI0 KOMOMHAIINIO TSI IIEHTPOB OKpa-
cku B SiC, n3J1yueHrne KOTOPBIX MPOCTUPAETCS 10 OJIMKHETO
NK-nnanazona (800—1600 HM), siBisrorerocss o0JiacTbro
MPO3PAYHOCTH JIJIsi BOJIOKOHHOM ONITHUKU M HUBBIX CUCTEM.

CnuHOBBIE MAHUITYJISIIUN OCYLIECTBIISIIUCH C TOMOILBIO
METOJIOB ONTHYECKOTO JAETEKTUPOBAHMS MATHUTHOTO PE30-
Hanca (OIOMP) (Optical Detected Magnetic Resonance,
ODMR), antunepeceuenust ypopueit (AITY) (Level Anti-
Crossing, LAC), OOAMP c "sbokuranuem nposajos" (BIT)
("hole burning"), kpoccpenakcanuu (KP) (Cross-Relaxation,
CR). DTu BO3ACHCTBUS NPUBOIUIM K M3MECHEHUIO Hace-
JIEHHOCTEW CIUHOBBIX YPOBHEH, YTO B CBOIO OUYepe/Ib OKa3bI-
BaeT CUJIbHOE BO3JCHCTBHE HA WHTEHCHBHOCTH (DOTOIIO-
muHecniennun (®JI) (PhotoLuminescence, PL) cnmHOBBIX
HEeHTPOB. VI3MeHeHus B JIOKAJILHOM I0JI€ B 00J1aCTH HAXO0X-
JICHUSI CIIMHOBBIX IIEHTPOB PETUCTPUPYIOTCS ONTHYECKUM
METOJIOM TI0 M3MEHEHHIO WHTEHCHBHOCTH (HOTOIFOMMHEC-
nennun (APL) B 6imxaem MK-auana3zone, OTIMYUTENIBHOR
0COOEHHOCTBIO KOTOPOTO SIBJISIETCS COBIIA/ICHAE 3TOTO [Ha-
Ha30Ha C IOJIOCOM MPO3PAaYHOCTH BOJOKOHHOW ONTHKH U
JKUBOU MaTepuu.

DHeprusi COMHOBBIX YPOBHEH PACCUMTHIBAETCS C IIO-
MOIIBIO CIIMHOBOT'O TAaMUJIbTOHUAHA!

H:ySB—s—D{SZz—lS(S—i—l)}. (6.1)

3
3gece S — omnepaTop 3JEKTPOHHOIO CIMHA, ) = gUp —
TUPOMATHUTHOE OTHOIIEHUE, ¢ — IJIEKTPOHHBIN g-(hakTop,
up — MaraetoH bopa, D — mapameTp, XapaKTepU3yrOIHi
pacIeruieHre TOHKOM CTPYKTYPBI B AKCHATBHOM KPHUCTAJIITH-
YECKOM I10JIE.

CnuHOBBIE TICHTPBl OKPACKU NMPHUHSTO 00O3HAYATh KakK
COOTBeTCTBYIOIIME UM Oe3(ponoHHbIe JIuHuU (BDJI): V1, V2,
V3, V4. B tabnune 4 npusenensl saeprun bOJI B monmtumax
4H-SiC, 6H-SiC u 15R-SiC.

Ta6umua 4. DHepruy ONTHYECKUX NEPEX0A0B/ b BosH st BDJI npu temnepartype 4 K; paciiemniennst TOHKO# cTtpykTypbl 4 (4 = 2|D|) B Hyj1IeBoM
MarauTHOM noste (Zero-Field Splitting — ZFS) npu kOMHaTHO# TeMmepaType st CeMeiCTBa CIIMHOBBIX IIEHTPOB Okpacku ¢ S = 3/2 B 4H-, 6H- u 15R-

SiC. s Bcex HEHTpOB g ~ 2,003

Mommrun 4H-SiC 6H-SiC 15R-SiC
BOJI Vi V2 Vi \) V3 V2 V3 \Z!
E, 5B/um 1,438/862 1,352/917 1,433/865 1,397/887 1,368/906 1,399/886,5 1,372/904 1,352/917
A, 39/13 66/22 27/9 128/42,7 27/9 139,2/46,4 11,6/3,87 50,2/16,7
MTI1/10~4 em~!
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Puc. 56. YopoméHHasi cxeMa CKaHHPYIOIIETO NMPHOOpa Il U3MEPeHUs] MAaTHUTHBIX M TEMIIEPAaTypPHBIX IIOJIEH ¢ CyOMHUKPOMETPOBBIM HPOCTPAH-
CTBEHHBIM pa3pelIeHIEM, BHITOJIHEHHOT 0 Ha OCHOBE CIIEKTPOMETpAa MAarHHTHOT'O Pe30HAHCA M KOH(POKATIBHOT0 MUKpOcKomna. CepbIM IIBETOM BbIJEIICHbI
YaCcTH YCTAHOBKH, KOTOPbIE HCIOJIB3YIOTCS IpH "BhiKMraHuu npoBasios". Ha BcraBkax nmpejcraBiieHa HHGOPMAIIHS [0 ONTHYECKOMY BbICTPAUBAHHIO
HaceJIEHHOCTEH Pa3JIMYHBIX CIMHOBBIX 1EHTPoB. O0o3nauenus: ®JI — doromomunecnenusi, AOM — akycroonTuueckuid moayistop, PUlT —
paauovacToTHbI reHepaTop, I[19 — nbezosnement, BI1 — BboKUraHHe MpOBAJIOB.

B HacrosiiieM 0630pe 00CY)KIAOTCS IKCHEPUMEHTATIb-
HbIe JOCTIKEHHSI B 00JIACTH MAarHUTOMETPUHU U TEPMOMET-
pUE ¢ MHKPOMETPOBBIM M CYOMHUKPOMETPOBBIM pa3pellie-
HUEM, OCHOBAaHHbIC HA MAaHUITYJISIIIUU COHHOBBIMH COCTOSI-
ausmu Metomamu OMP, BII, AITY u KP B HysneBoMm u
HEHYJIEBOM BHEIIIHEM MarHUTHOM I0JI€ B IIIMPOKOM JIMaIa-
30He Temnepatyp. [IpenoxxeHbl HOBasl, HOJHOCTBIO ONTHYE-
CKasl, TEXHOJIOTHSI MATHUTOMETPHU U TEPMOMETPHH, Oa3u-
pyromasics Ha AITY B 0CHOBHOM M BO30YXXIAEHHOM COCTOSI-
HUSIX, & TAKXKE MOJHOCTBIO ONTHYECKAs] TEXHOJIOTUS TEPMO-
MeTpuH, ocHoBaHHas Ha KP ypoBHe#l sHeprum B CIMHOBBIX
IeHTpax B kapoue kpemuus. [Ipubopuas 6a3a 1ist UCIOJIb-
30BaHUs CMUHOBBLIX IEeHTPoB B SiC mpeacTaBjieHa B psijie
nateHToB u crateit [200, 201, 206—-216].

Ha pucynke 56 mpuBeleHa ynpoIEHHAs cxeMa CKaHU-
PYIOLIEro ycTpoiicTBa, BHITOJHEHHOI'O HA OCHOBE KOMOHMHA-
nuu cnekrpomerpa OJAMP u koH(DOKATEHOTO ONTHYECKOTO
MHKPOCKOTIa. B 9TOM yCTpOHCTBE B Ka4eCTBE AKTUBHOTO Ma-
TepHaya ucnoJb3yercs: Kpuctaut SiC, coaepKalnil ClimHo-
BBbI€ IIEHTPbI OKpacku. CIIMHOBBIE IIEHTPBI BBOISATCS B KPH-
CTaJUI TOCPEACTBOM OOJIyYEHUS] DJIEKTPOHAMH C JIHEprHeit
1 -2 M»3B, nipu 3TOM, peryupyst HOTOK 3JIEKTPOHOB, MOKHO
YIPaBJIATh KOHIEHTPAIMSMHU CHMHOBBIX LEHTPOB B IIH-
POKHX IpeJeiax, BIUIOTh 10 BBIAEJICHHS B BO30YKIaEMOM
CBETOM 00BEME OMHOYHBLIX NMEHTPOB, KOTOPBIE OJHOBpE-
MEHHO MOTYT CJIY)XUTh CEHCOPAMHU MArHUTHOTO TOJISI WU
TEMITepaTyphl, KyOuTaMu (KyTUTaMM) U UCTOYHUKAMU OJIH-
HOYHBIX (poToHOB. [IpenenbHbIM OOBEKTOM MHUHHATIOPH-
3aIMX HJIEMEHTHON 6a3bl MUKPO- ¥ ONITORJIEKTPOHUKH SIBJISI-
€TCsl YCTPOICTBO HA OCHOBE €IMHIYHOTO ATOMA, €IMHIIHON
MOJIEKYJIbI, €AMHUYHOTO AedekTa. DTOT (aHTACTUYECKUN
CIICHApHil HAYMHAET PeaM30BBIBATLCS B HACTOSIIEE BPEMSI
[OCJIE OTKPBITUSl YHUKAJIbHBIX ONTHUYECKMX M MArHUTHBIX
CBOICTB CHIMHOBBIX [IEHTPOB B aJIMa3e M KapOue KpeMHHUS.

Jlazepwnsrit styu 6mmxHero MK-auanaszona (750 — 820 um)
(doxycupyercs Ha kpuctayuie SiC B ISITHO TUAMETPOM Me-

Hee | MkM 1 Bo30OyxaeT ®JI CIMHOBBIX HEHTPOB, KOTOpAs
peructpupyetcs potoaerekropom (PJI) U CHUHXPOHHBIM
nerektopoM (CJI) Ha YacTOTe MOIYJSIUU PATAOYACTOT-
Horo rerepatopa (PUI’) mim wactore MOIyIAUA MarHWT-
Horo mnoJisi. Ha pucynke 56 mpencraBiieHbl CXEMbI OINTHYE-
CK{ MHIYIMPOBAHHOTO BBICTPAUBAHUS HACEIEHHOCTEH CIu-
HOBBIX YPOBHEW B HYJIEBOM MarHUTHOM II0JIe IPU KOMHAT-
HOW TeMIepaType JJIsi CIMHOBBIX IIEHTPOB OKPACKH B KpH-
crajutax SiC pa3HbIX MOJUTHUIIOB. BUIHO, 4TO HAOIrOqaeTCS
WHBEPCHAsl HACEJIEHHOCTH CIIMHOBBIX YPOBHEW B HYJIEBOM
MarHuTHOM TI0Jie (Ma3epHbIi 3(QQeKT) mpu KOMHATHOHU
temmepatype mis neHTpoB V2 B 6H-SiC u 15R-SiC, nent-
poB V1, V3 B 6H-SiC u V3 B 15R-SiC. [Jyis1 ©MITyJIbCHBIX
U3MEpPEHH! UCTIOJIB3YIOTCS aKyCTOONTHYECKHHA MOIYJISATOD
(AOM) u crienMajIbHOE ammapaTHOE W MPOTpaMMHOe 00ec-
MeYeHne JJIs CO3JIaHUs 3aJIaHHBIX MOCJIEOBATEIBHOCTEH
ONTHYECKUX U PAAUOYACTOTHBIX UMITYJILCOB.

Memoo OJIM P u anmunepeceuenus yposreii. Ha pucyH-
ke 57 B kauecTBe mpumepa npuBeneHbl curHansl OJAMP u
AHTUTIEPECEUCHUsI YPOBHEH CIHHOBBIX IIEHTPOB V2 B KpH-
crajuie 4H-SiC, 3aperucTpupoBaHHbIE IPU KOMHATHON TEM-
nepatype mo u3MeHeHuro uHTeHcuBHOCTH PJI cnMHOBBIX
ueHTpoB B OnmxHeM MK-auanaszone (cM. puc. 56); sHeprus
COOTBETCTBYIOIINX CIMHOBLIX YPOBHEH MMOKa3aHa Ha puc. 57a
JUIsL OpHeHTAlMU MarHuTHoro noJsis B ¢. U3menenus: dJI
CIUHOBBIX IIEHTPOB MIPH MPUIIOKEHUN MTOCTOSIHHOTO MArHUAT-
HOTO TOJISI M OCHUJUTMPYIOIIEr0 HHU3KOYACTOTHOI'O Mar-
HUTHOTO TOJISI 3apErUCTPUPOBAHBI C NMOMOIILIO CUHXPOH-
HOro JeTekTupoBaHus. [Toka3zaHbl CUTHAJIBI aHTUIEpeceye-
HUs ciuHOBBIX ypoBHel (AITY) B orcyrcrBue PU-nons (PU
OTKJItO4eHa), obo3HaueHHble kak AITY1 um AIIY2, u nBa
cnektpa OJMP, 3apeructpupoBaHHBIE TpPH BKJIFOYCHUU
PUY-nons Ha wacrorax 50 u 45 MI'n. Takoii BEIOGOD 4acToT
00YCJIOBJIEH TeM, 4TO Tpu npubimxenuun curaana OJMP k
curnainy AVII1 curnan OJIMP Bo3pacTaet B HECKOJIBKO pa3
1 MpHUOJIKAETCs M0 MHTEHCUBHOCTH K curHaiy AITV 1, uto
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Puc. 57. (a) Cxema 3HEpreTHIeCcKUX ypOBHEHl CIIMHOBBIX 1IEHTPOB. (6) Cur-
HaJbl aHTHUIEpeceueHHs CIMHOBLIX ypoBHeil u OJIMP, noiydennere B
pe3yJIbTaTe CHHXPOHHOTO jaeTekTupoBaHust n3MeHeHust OJI cnmHOBBIX
neHTpoB B MoHOKpucTauie 4H-SiC mpu HpHIIOKEHHH MOCTOSIHHOTO
MAarHuTHOIO IOJISl U OCHMJLIMPYIOINETO HU3KOYACTOTHOIO MAarHHUTHOTIO
moJist. (B) CuBur jmuauu OIMP (B yBesimueHHOM MaciiiTabe) B MArHUTHOM
moJjie 1JIs1 ABYX 4acToT.

BHJIHO U3 puc. 576. Ha pucyHke 57B oka3aH B YBEJITUUYEHHOM
macmrabe capur guHud OJIMP B MAarHUTHOM IOJIE HA 4ac-
toTtax 50 u 45 MTI', 1eMOHCTpUPYIOIINI TPUHIIUII U3MEpe-
HHSI MAaTHUTHBIX TIoJiet MmetogoMm OIMP, ipu 3ToM paszmep
MOHOKPHCTAJJIA MOXET OBITh YMEHbBIIEH 10 HECKOJBKHX
JIECSITKOB HAHOMETPOB MPH COXPAHEHUU BBICOKON KOHLICHT-
panuy CIMHOBBIX LEHTPOB. MAarHWTHBIE TOJS IJISI TOYEK
aHTHIEpeceyeHns: ypoBHeil: Braci = D/(guB) nist ypoBHeit
Mg =-3/2, Ms = +1/2 u Bpaco = 2D/(guB) nns ypoBHeit
Mg = -3/2, Mg =—1/2. Touka aurunepeceuenusi AIIY1
c1ab0 3aBUCUT OT OPHEHTALUHM KPUCTAJUIA B MATHUTHOM
0JIe, TIOATOMY UMEHHO OHA UCIOJIb3YeTCs IPU U3MEPEHUU
MAaTHATHBIX TIOJIEH W TEMIEpaTyp B MOPOIIKOBBIX MaTepHa-
JIax.

Memoo OHAMP ¢ "sviocueanuem nposaios" 1mMo3BOIAI
3HAYUTEIBHO YMEHBIIUTD IMUPUHBI JIUHUA ONTHYECKOTO OT-
KJIMKA IPU CHHXPOHHOM JIETEKTUPOBAHUU U TEM CAMBIM CY-
LIECTBEHHO TOBBICUTH UyBCTBHUTEIBLHOCTh M3MEPEHUHA. DTH
3 dEeKTH TakXkKe MEePCIeKTUBHBI MPU pa3paboTKe ammapart-
HOTO obecrnieueHus (KyOUTOB, KYJUTOB) JIJIsI KBAHTOBBIX BbI-
YHCJICHUM, PA3BUTHSI UCKYCCTBEHHOTO UHTEJIJICKTA.

Ha pucynke 58a mpuBeneHbl pe3yJIbTAThl BbBDKHTAHHS
MPOBAJIOB B HEOJHOPOJHO ymmpeHHoW ymHuu OJMP B
kpuctasuie 15R-SiC npu KOMHaTHO# TemmepaType; B BepX-
HEWl 4acTH PUCYHKA MOKa3aHbl YPOBHU CIIMHOBBIX NEHTPOB,

MOSICHSIFOIIME IPUHIAN BBDKUTAHUS MpoBajioB. PU-Hakauka
HACBILIAET CIUHOBBIA nepexon Mg = —1/2 «— Mg=—3/2
C OOHUM KOHKpeTHbIM 3HaueHnmem D. WM3-3a crnmHOBOM
peJlakcaluu OH BO3JCHCTBYeT Ha mepexon Mg = +1/2 <
— Ms=+43/2 ¢ tem xe D. CiemnoBaTeabHO, CATEJIUT
JIOJKEH MOSIBUTHCS IPH 4acToTe f5 = f, + 2yB. Ecii Heon-
HOPOJIHOE yIIUPEHHE OOJIbIIIE 36eMAHOBCKOTO PACILICTIIICHHUS,
TO Ta K€ HaKayka HACKHIIAeT Takxe nmepexoq Mg = +1 / 2
— Mg =+43/2,H0 ¢ npyrum D. COOTBETCTBEHHO, OH BIIUSIET
Ha mepexoq (Mg = —1/2 < Mg = —3/2), a npyroii carei-
JIUT TIOSIBJIAETCS NIPU 9acTOTE foo = f, — 2yB.

Taxum 00pazom, KO3hPUIMESHT ISl JTMHEHHON 3aBUCH-
MOCTH OT MAarHMTHOTO TOJISI paBeH 2y, T.e. OH B JBa pasa
BBIIIIE, 4eM B ciyuae ctanpaptHoro OJAMP, rme coorset-
CTBYHOIMIA KOA(Q(UIUEHT paBeH TIPOMATHUTHOMY OTHOIIIE-
HUIO 7. DTOT 3(p(PeKT HATJISTHO TPOSIBIISETCS B PACIICIIIICHUN
B MarHuTHOM I1oJie upokoi tuauu OJIMP, Be, (ODMR), u
MPUMEPHO B J1Ba pas3a OOJBIIEM paCIICIUIEHHS] MEXIY Yac-
TOTOW HAaKa4yku M 4acTOTOH caTeiunTa, Bey(HB ODMR).
O0a cartennura MOTYT HMCIOJB30BATHCS JJISI U3MEPECHUS
MArHUTHOTO TMOJIsl, TPUYEM pAacCTOSIHHE MEXAy HUMHU
fs1 — fs2 = 4yB, 1.e. k03 puUnueHT 1111 TMHEWHOH 3aBUCUMO-
CTU OT MarHUTHOI'O MOJIsl BO3pacTaeT el B ABa pasa, 10 4.

Takum oOpa3om, il OMpeAesIeHUusT MATHUTHOTO IIOJIs
U3MEPSIFOTCSL YACTOTHI CATEJUINTOB, 3aBHUCSIINE OT PACIIE-
JIEHUSI 36€MAHOBCKUX YPOBHEH 11 OCHOBHOTO KBaAPYILIET-
HOT'O CIUHOBOTO COCTOSIHUSI S = 3/2 CIIMHOBBIX LEHTPOB B
SiC, u B cooTBeTCTBUHM C (HOPMYJIOH ISl 36eMaHOBCKOT'O
pacIIenUIeHs] CIMHOBBIX YPOBHEH pacCUMTBIBAETCS MO pas-
HUIIE YaCTOT HM3MEpseMOe MAarHUTHOE Iojle, B KOTOPOM
HAXOJUTCS 00JIacTh KpUCTAJLIA, BO30yx)aaemas chokycupo-
BAHHBIM JIA3€PHBIM H3JIyYCHUEM.

Ha pucynke 586 npuBeneHbl B yBEJIMUEHHOM MaciiTade
JIBE CXEMbl PETUCTPAlMU: B BEPXHEH YaCTH PHUCYHKA —
C HU3KOYACTOTHOM Momysimueidt mornoctu BU-30m1upo-
BaHUs C NpuUJIoKeHueM BTopoit PU-nakauku (pump), fp =
= 48,14 MTI', B HUXXHEW YacTU PUCYHKA — C HU3KOYACTOT-
HOU MopyJisimueil yactoTel PU-30HaupoBaHus ¢ Nmpuiioxe-
HueM PU-Hakauky; TaM ke IpUBEECHA 4acTOTa caTeJUIuTa f;,
KOTOpasi COOTBETCTBYET HECKOMIIEHCHPOBAHHOMY BHEIII-
HeMy MarHuTHomy mosito 69 mkxTia. st obeux cxem pe-
TUCTPAIN TPHUBEJCHBI CIIEKTPBI, 3aPErHCTPUPOBAHHBIE C
MoJayel JTOMOJIHUTEILHOTO BHEIIHET0 MAarHUTHOTO MOJIS
7 MxTn (IUTPUXOBBIE KPUBBIE), HA KOTOPBIX BUAEH CIBUT
4acTOThl caTesuuToB. Ha BcTaBke puc. 586 mpencraBiieHb
3aBHCHMOCTH Pa3HOCTH 4acToT | f, — fs1| U | fo2 — fsi], KOTO-
pble UCTIONB3YIOTCS [T ONIPE/IeIeHHsI JTOKATBbHOTO MATHUT-
HOTO TOJISl B 00bEMeE KpUCTAILIA, BO30YXKIaeMOro cHOKyCH-
POBAHHBIM JIA3EPHBIM JIYYOM, MPHU CTYIEHYATOM U3MECHECHUU
BHEIIIHETO MAarHUTHOT'O NOJIs Ha 7 MKTJ1, KOTOpBIEe HAXOASTCS
B COOTBETCTBUU C OPMYIaMu JJIs BEIYUCICHUSI MATHUTHOTO
nonst: B = |f, — fal|/(2y) mma B = |fo — fa|/(4y). U3mene-
HUE€ MATHUTHOTO TIOJISI MCXOJsl M3 BEJIMYMHBI IIIyMa H3Me-
PSETCS C MOTPEIHOCTRIO mopsiaka 1 Mx T T'm~1/2,

Memoo kpoccpeaaxcayuu. Brlllie pacCMOTpPEHO sBJIe-
HUE AHTHUIIEPECEUYEHHUs] YpPOBHEH B OCHOBHOM COCTOSIHUU
CIUHOBBIX IIEHTPOB, KOTOPOE UCHOJIB30BAJIOCH IJIs1 YUCTO
ONTHUYECKOT0 M3MEpEeHHs] MarHUTHBIX ToJieil. Pacieme-
HUE TOHKOW CTPYKTYPBI CHMHOBBIX IIEHTPOB B BO30YXKIEH-
HOM COCTOSIHUM XapaKTEepHU3YeTCs CUJIbHOW TeMmmepaTyp-
HOH 3aBUCHUMOCTBIO, YTO HaMu OBbLIO HPEMJIONKEHO HC-
MOJIb30BATh JJIS1 U3MEPEHUI TeMIepaTyphl ¢ HCIOJIb30Ba-
HHUEM aHTHIIePECEUYCHUS YPOBHEH B BO30YXIEHHOM COCTOSI-
uun (Excited State — ES) (ES LAC).
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Puc. 58. (a) [leMoHCTpanus BEDKHTAHUS IPOBAJIOB B HeOAHOPOAHO yimpeHHoi jmann OJIMP B xpucrasure 15R-SiC npu koMHaTHOU TemmepaTtype; B
BepXHEil YacTH PHCYHKa IOKAa3aHbl YPOBHH CIMHOBBIX LEHTPOB, IIOSICHSIOIINE MPHUHIWI BBDKHTAHUS HPOBaJIOB. (6) Pe3yibTaThl perucrpanuu
BBDKHTA€MBIX IIPOBAJIOB B MATHUTHOM 110J1e 69 MK T 0e3 npuiiokeHus (CIIOIIHbIe KPUBBIE) U PU MPUIO0KEHUH (IUITPUXOBBIE KPUBBIC) JIOTIOJTHUTEIb-
Horo noJis 7 MKTJI, COOTBETCTBYIOIIUE ABYM MOAYJISIIMOHHBIM CXeMaM, YKa3aHHBIM Ha pucyHKe. Ha BcTaBke B HIDKHEH 4acTU PUCYHKAa HPUBEICHbI
3aBHCHMOCTH Pa3HOCTU YACTOT NIPOBAJIOB IIPH CTYIEHIATOM U3MEHCHUH BHEITHETO MATHUTHOTO MOJIS.

HenocTaTkoM yka3aHHOTO METO[A SIBJISIETCS] TOCTATOY-
HO Oousbmiasi mmpuHa ymHun ES LAC, xotopas ompene-
JIIETCS BPEMEHEM JKU3HU B BO30YXKIEHHOM COCTOSHUH, U
OHA HE MOXET OBITh yMeHbIlleHa. [103TOMy MBI TIpejIaraemM
HCIIOJIB30BaTh (PU3UUYECKOE SIBJICHUE KPOCCPEIaKCAIIH YPOB-
Hell BHEPIMU ONTHUYCCKU aKTUBHBIX, Ha30BEM MX "spkumu'
("bright"), cCOMHOBBIX LEHTPOB € KBAAPYILUIETHHIM CIIMHOBBIM
coctostaueM S = 3/2 ¥ ONTHYECKU HEAKTUBHBIX, HA30BEM HX
"rémupivu" ("dark"), HEHTPOB C TPHUIUIETHBIM CIUHOBBIM
cocTostHAEM S = 1, XapaKTepHU3YIOIIHUXCSl CUIBHOI 3aBUCH-
MOCTBIO PaCIICIUICHHs] TOHKOW CTPYKTYPBI OT TEMIIEPATYPHI,
D(T), u conepxarnmxcsi B kpucrajuie SiC rekcaroHaJIbHOTO
I POMOMYECKOrO TOJIUTHIA.

Ha pucynke 59 mokazaHbl M3MEHEHUSI WHTEHCHBHOCTH
dortomromunectieniuu (APL) CHUHOBBIX LIEHTPOB B KpH-
crayuie 15R-SiC B 3aBUCHMOCTH OT MPWIOKESHHOTO MATHUT-
HOT'0 ITOJISL B 00JIACTH aHTUIIEPECEUCHUSI CIMHOBBIX YPOBHEH B
Bo30yxaéHHOM coctosinnu (ES LAC) u B obiactu kpocc-
penakcamuu (CR) Mexy SIpKUMH IIEHTPAMHE B KBaAPYILIET-
HOM CIHHOBOM COCTOSIHUM U TEMHBIMH IEHTPAMHU B TPH-
IJICTHOM CIHUHOBOM COCTOSTHUA. LITPUXOBBIMU JIMHHSIMUA
MOoKa3aHbl 3aBUCUMOCTHU ToJsioxeHus: curHaigoB ES LAC u
CR oT TeMnepaTypbl, KOTOPbIE MOT'YT OBITh HCIOJIb30BAHbBI
KaK T'pagyHpPOBOYHBIC KPHBBIC, IKCIICPUMECHTABHBIC TOUYKH
noxasansl kBagpatamu (ES LAC) u kpyxkamu (CR). Ha
BCTABKaX B JIEBOI YACTH PUCYHKA MPUBEICHBI CIIMHOBBIE MOI-
ypoBHU 1151 sipkoro (S = 3/2) u témHoro (S = 1) ueHTpoB u
MAarHuTHOE TI0JIe, IIPH KOTOPOM IMPOUCXOAUT Kpoccpeiakca-
musi. Ha BcTaBke B paBoil 4acTU PUCYHKA B yBEIMYEHHOM
macitabe noka3an casur jguaud CR1 npu usMeHeHun tem-
MepaTypsl B Ipeaeax MIKaJbl MEIUITMHCKOTO T'PaTyCHUKA.

BunHo, uro muaust CR nmpuMepHo Ha mopsiok yxe juauu ES
LAC npu npakTU4ecKH OAMHAKOBOW 3aBUCUMOCTH TI0JIOXKE-
HUS 3THUX JIMHUHN OT TeMIepaTyphIL.

CrnrHOBBIN TAMUJIBTOHUAH (6.1) IPUMEHHM TSI pacuéTa
SHEPTreTHYECKUX YPOBHEH IIeHTPOB 060uX TUMoB ¢ S = 3/2 u
S =1, MexIy KOTOPbIMH MPOUCXOIUT KPOCCpesaKcaIus,
OpUYEM Y UMEeT MPAKTUYECKH OJUHAKOBYIO BEJIMYUHY IS
9TUX HeHTpoB. Hac OynyT MHTEpecoBaTh TOJBKO MEPEXOIbI
MEX/Iy YPOBHSIMH SIDKUX IIEHTPOB, KOTOPBIE NMPUBOIAT K
n3MeHeHnto nHTeHcuBHOCTH PJI. UTOOBI HAWTH MarHUTHBIE
noJist, cooTBeTcTBYyRoIMe KP, HeoOX0IMMO IpUpaBHSTH pas3-
HOCTH 3HEpruil s 1eHTpoB ¢ S=3/2 u ¢ S=1, B pe-
3yJbTATE TMOJY4YaeM BBIPAXXEHUE B BHIE AOCOJIFOTHOW Be-
muuusbl B = |D(T') — 2D|/(2y).

3aBHCUMOCTD BEJIMYUHBI MATHATHOTO TOJIS Begr, COOT-
BetcTByromero KP, ot Temmepartypbl B amamazone 150-—
300 K B kpucramie 15R-SiC (cMm. puc. 59) MoxHO anmpo-
KCUMHUPOBATh JUHEWHO# ¢yHKknueit: Bcr = By — kT, rnek —
koadduument (pazmeproctbio MTa K!) nuneiinoit 3asu-
cuMmoctu noJioxeHns nmuka KP ot temmepatypsl, 7 — 3Ha-
yeHue temnepatypsl B kenbBuHaXx. s nmuko CR1 u CR2:
Beri = 21,8 MTn—0,017 mTn K=' x T; Bcry = 23,8 MTa—
0,018 MTn K~ x T.

Cranupyrowee ycmpoicmeo 044 OUASHOCMUKU MAa2HUm-
HbLX U memnepamypuvix noJeil. CEHCOPbI HA OCHOBE MUKPO-
nnn HaHokpuctawioB SiC ¢ aHcaMOJIeM BBICOKOJIOKAIH30-
BAHHBIX CIMHOBBIX IIEHTPOB OKPACKH, TOMEIIEHHBIC HA 30H/T
ATOMHO-CUJIOBOT'O MUKPOCKOIA, MOTYT OBbITh PACIIOJIOKEHbI
B HEMOCPEJCTBEHHON OJIM30CTH OT BHEIIHUX HCTOYHHKOB
MAarHuTHOTO moJisg. s ucciaenoBaHuil UCIIOIb30BAJICA pa-
JINOCTIEKTPOCKOTIIMYECKU KOMILIEKC, BKJIFOUAFOIIHMNA B cels
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Puc. 59. [leMoHCTpaIys H3MEPEHHs TEMIIEPATYPBI 110 n3MeHeHnto nHTeHcnBHOCTH PJI (APL) cimHOBBIX ieHTpoB B kpucTaute 1 SR-SiC B 3aBucumoct
OT NPHWJIOKEHHOTO MAarHUTHOIO IOJII B OOJIACTH aHTHIEPECEYEHMs] CIIMHOBBIX ypoBHeil B B030yxnéHHoM coctosHuu (ES LAC) u B obiactu
kpoccpernakcanun (CR) Mexay SIpKUMU LEHTpAaMM B KBAJPYIUIETHOM CIHMHOBOM COCTOSIHUM M TEMHBIMU LEHTPAaMU B TPUIUIETHOM CIIMHOBOM
cocrosinui. Ha BcTaBkax B JIGBOM 4acTH PUCYHKA MOKA3aHbI CIIMHOBBIC YPOBHH st sipkoro (S =3/2) u témuoro (S = 1) UeHTpOB, CTpeIKaMu
YCJIOBHO YKa3aHO HaIlpaBJIeHHE MarHUTHOTo noJist auist curHana CR. Ha BcTaBke B mpaBoil 4acTH pUCYHKA IOKa3aH B yBEIMYEHHOM MACIITA0E CABHUT
yuann CR1 npu u3MeHeHnH TeMIepaTyphl B IpeesiaX MeAUINHCKOTO IPaLyCHHUKA.
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Puc. 60. (a) CkaHupymollee yCTPOWCTBO Ha OCHOBE MHUKpPO- MJIM HaHOKpucTa/uia SiC co CIMHOBBIME IIEHTpaMH, momeméHHoro Ha octpué ACM,
KOTOPBIH CITYXHT 4yBCTBUTEIbHBIM MArHUITOMETPOM HJIH TEPMOMETPOM € CyOMHKPOMETPOBBIM IIPOCTPAHCTBECHHBIM pa3pelieHueM. (6) MaHumyisms
HaHoyenryiiko# SiC 1 3axBaT e€ Ha KOH4UK 30H1a 1 SEM-u300paxkeHue nocie 3axBata HaHouelyiiki Ha Konunk ACM-3on7a. (B, T) HanOKpucTais
6H-SiC co cnuHOBBIME LEHTPAaMH, IOMEINEHHbIE HAa OCTPHE CTAaHAAPTHOrO kpeMHHeBoro 3oHAa ACM. (B) ®JI cIMHOBBLIX IEHTPOB B HAHO-
xpuctasuie 6H-SiC u (r) KOMOMHAIIMOHHOTO PacCesiHUSI OT KPEMHHEBOT O 30H/A.

CKAQHUPYIOLUI CIIEKTPOMETP MArHUTHOI'O PE30HAHCA, CO3-
JAHHBIA Ha ocHoBe coBMmemeHNsT ACM 1 KoH(}OKaJIHLHOTO
mukpockona komrnanun "HT-MAT Crektpym WucTpy-
menTtc". Ilpu U3MepeHusIX Ha 9TOM KOMILIEKCE MACCUB CIIU-
HOBBIX IIEHTPOB OKPACKH (BILUIOTH A0 OJMHOYHOTO IEHTPA)
BBOAWTCS B HaHOpa3MepHbIi kpucTasul SiC, TOMEIIEHHBIN

Ha OCTPHE 30H/a, KOTOPBIA MOXHO MPUOJIU3UTH K HICTOYHUKY
MAarHATHOTO TOJISI WJIM K UCTOYHUKY TEMIEPATYPhl BILIOThH
JI0 PACCTOSIHUS B HECKOJIbKO HAHOMETPOB.

Ha pucynke 60a mpeactaBiieH 3JIEMEHT CKaHUPYIOIIETO
MUKPOCKOTIA HA OCHOBE MUKPO- WK HaHOKpucTasia SiC co
CIIMHOBBIMU IIEHTPaMH, TOMEIEHHOT 0 Ha kKaHTHIeBep ACM,
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KOTOpPBIH CIYXXUT B KAa4eCTBE YyBCTBUTEJIHLHOIO MAarHUTO-
MeTpa (TepMoMeTpa) ¢ CyOMHUKPOMETPOBBIM IPOCTPAHCT-
BEHHBIM paspelnreHrneM. Bo3MoxHa TakkKe IKCIIepUMEHTAb-
Hasl peajm3alysi Ha OCHOBE CKAHHPYIOIIET0 MHKPOCKOTA
OJIMKHETO TI0JIS, TIPU 3TOM HaHOKpHUCTaJlT SiC MOXET OBITh
MPUKPEIUIEH HEOCPEICTBEHHO K KOHIY U30THYTOT'O ¥ KOHYC-
HOT'O ONTHYECKOTO BOJIOKHA, IPU 3TOM OCOOEHHO MepCIeK-
TUBHBIM SIBIISIETCSI YHUKaJIbHOE cBoiicTBO PJI m BO30YyX-
nenust ®JI cnmHOBBIX 1eHTPoB B SiC: JMJIMHBI BOJIH IS
BO30YxJeHUs U peructparmu DJI 3TUX IEHTPOB JISKAT B
MOJIOCE TPO3PAYHOCTU BOJIOKOHHON ONTUKU U OMOJIOTHYE-
CKUX OOBEKTOB.

Ha pucynke 600 mpoaeMOHCTpUpPOBAHA MAHMITYJISIUS
HaHouemyiiko# SiC 1 3axBatT e€ Ha KOHYUK 30H/A: MTOCJIEI0-
BaTeIbHO Tokazanbl ACM-u306paxenus ariiomepata SiC-
Yeryek Ha Si-MOJJTOXKKE IO Havasila MAaHUMYJISIIAA U B XOJIe
MAaHMITYJIIIUM, 4 TaKXe H300paXKeHUe B CKAHUPYIOLIEM
9JIEKTPOHHOM MHKPOCKOTIE MOCJe 3aXBaTa HAHOYELTYHKH
(BBIEJICHA TYHKTUPHBIM OBaJjIoM, BbicoTa 100 HM) KaHTHJIE-
Bepom ACM-30m7a. Ha pucynke 60B,T mpeacTaBlICHBI
HaHokpuctauibl 6H-SiC co CIMHOBBIMHU IIEHTPAMHU, ITOME-
IIEHHBIE HA OCTPUE CTAHJAPTHOIO KPEMHHUEBOI'O 30H/IA CKa-
Hupyromero ACM, a taxxe ®JI cnmHOBBIX 1eHTpoB SiC
1 KOMOMHAIMOHHOTO paccessHust (Si), 3aperucTpupoBaHHAS
CTAaHAAPTHBIM KpeMHHUEeBBIM 30HIOM NSG-10/Pt. Cmextp
®JI nanokpucraiuia 6H-SiC moka3aH Ha BcTaBke puc. 58a.

Jayiee MOTYT OBITh MCHOJIB30BAHBI BCE MEPEUUCIICHHBIC
BbIIIe 3(pdexThl 111 U3MEpeHHs] MAarHUTHBIX HJIM TeMIepa-
TYpHBIX ToJiel BOmM3u octpus 30HAa ACM, Ha KOTOpOM
MOMEIIIEHBl MUKPO- UM HAHOKpUCTAILTBI SiC CO CHMHOBBIMU
neHTpamu. I1pu sTom ontuueckoe Bo30Oyxaenne PJI moxer
OCYIIIECTBJISITBCSL IO PA3HBIM CXE€MaM, B 3aBUCUMOCTH OT
KOHCTPYKIIMA MHUKPOCKONA. BasKHBIM JOCTOMHCTBOM Me-
TOJA SIBJISIETCSI BO3MOXKHOCTbH HCIOJIB30BAHHUSI OJHOTO U
TOTO JX€ aHCaMOJIsl CIMHOBBIX LEHTPOB IJIsl PETUCTPALUU
MATHUTHBIX W TEMIIEPATYPHBIX MOJIEH, MPU 3TOM HCHOJIb-
3YIOTCSI Pa3Hble COCTOSIHUSI CHMHOBBLIX HMEHTPOB (MOIOOHAS
peructpanus He peajudyeMa B ciaydae NV-IEHTPOB B aJi-
mase).

CrnuHOBBIE HEHTPbI okpacku B SiC MOXHO paccMaTpu-
BaTh KaK HHPOPMATUBHBIE MHKPOCKOTINYECKHE 30H bl ATOM-
HBIX Pa3MepoB IS JOKAJIBHONH TUATHOCTUKH TOJUTUITHON
kommosunuu SiC. CBOWCTBAa CHMHOBBIX MEHTPOB KaXIOTO
MOJIUTHNIA OYAYT YHUKAIbHBIMU, O0JIEe TOTO, JaXE B OJJHOM
MOJIUTUIIE LEHTP MOXET HAXOAUTHCS B PA3HBIX HEIKBUBA-
JICHTHBIX TOJIOKEHUSIX PemeTku. IlapaMeTpbl CIMHOBBIX
HeHTpoB (cM. Tabu. 4) sBisrorcs "oTnedaTkamu naybueB"
HEKOTOPBIX TOJIATUIIOB, U OHU OBLIN MCHOJIb30BAHBI HAMU
JUISL IOJIMTUITHOTO KOHTPOJISI KPUCTAJLIA HA TIPUMEpPE MOHO-
kpuctasuia 15R-SiC, npu 3TOM npuMeHeHre KOMOUHAIIMOH-
Horo paccesiHusi, B oTimuue ot OJIMP-koHTpOJIS, HE BBI-
SIBUJIO Hajmuus apyrux noiutumnosB. Kpome toro, OJMP-
METOJI MOXET OBITh MPUMEHEH TSI HACHTUUKAIIH KapOuaa
KPEMHWUSI, U3BECTHOTO KaK KapOOPYH B MPHUPOJE, BKIFOUAS
KOCMHUYECKOE MPOCTPAHCTBO, MyTEM PETHCTPAIH O THYECKU
WHIYIUPOBAHHON PaMOYaCTOTHONW 3MUCCUHM HEHTPOB CIU-
HOBOTO I1BeTa (CM. pHc. 56).

6.2. I'paden na SiC: nosyuenne, uccjieoBanme

H BO3MO’KHbIe NPHOOPHBIE NPUMeEHEHHUsI

6.2.1. BeipammBanue miIéHoK rpageHa u ucc/ieJ0BaHus UX Ma-
pamerpoB. B HacTosiee Bpems rpadeH HO3UIMOHUPYETCS
KaK OJUH M3 CaMBbIX NEPCIHEKTUBHBIX MAaTePHAJOB IS
IpPUMEHEHNsS B KayecTBE OCHOBHI KOMIIOHEHTHOH 0a3bl

aKTHUBHO pa3BUBarolleiicss HAaHOAJIeKTpoHuKH [217]. Vcnosib-
30BaHue IpadeHa MO3BOJUT MPEOJOJETh CBOWCTBEHHBIE
TPAAULIUOHHOW KPEMHUEBOU AJIEKTPOHUKE OTpPaHUYEHWUSI,
KOTOPBIE CBSI3aHBI CO CTENIEHbIO MUHUATIOPU3AIIH 1 SHEPTO-
noTpebieHus ycrpoiicTB. OCHOBAHUEM JIJISI 3TOTO SIBJISTFOTCS
YHUKAJIbHBIE (PU3MYECKUE XapaKTEPUCTUKU IpadeHa, cpean
KOTOPBIX OJHOM M3 BaXHEHIIMX SBJISETCS YPe3BbIYAHHO
BBICOKAs MIOABMKHOCTH HOCHUTEJIEH 3apsi/ia Tpu KOMHATHON
TeMriepaType. Pa3mnyHble TEXHOJIOTHH MOJTyYeHus rpadena,
a Taxke TeItopu3nueckue CBONCTBA TpadeHOBBIX MIEHOK
oIpoOHO paccMOTpeHHI B pabote [218].

O[HO U3 epCHeKTUBHBIX TEXHOJIOT Ui cuHTe3a rpadeHa,
KOTOpas MO3BOJISIET MOJIyYyaTh BHICOKOKAUECTBEHHBIM MaTe-
pUaT @ B TO JX€ BpeMsl MOXET OBITh MHTETpUpOBAHA B
MIPOMBIIIIJICHHOE TPOU3BOJMICTBO, SIBISETCS TEPMOJECTPYK-
U1 TIOBEPXHOCTH MOJIYH3OJIMPYIONIUX TOJJIONKEK KapOuaa
kpemuusi. [Iporecc TEPMOACCTPYKIIUM MOXKET OCYIIECTB-
JIAThCS Kak B Bakyyme [219, 220], Tax u B cpejie UHEPTHOTO
raza [221 —224]. Pazinuue Mex 1y TEXHOJIOTUSIMH OJTYUCHUS
rpadena Ha SiC B BakyyMe M B aproHe HE OIPaHUIUBAETCS
TOJIbKO HCIIOJL30BAHUEM pAa3HOW cpenbl pocra. Pasnmua-
FOTCSl TAKXKE TEMIIEPATYPbI pOCTA U OPUEHTAIUH TTOBEPXHO-
CTHU TIOJUJIOKKH, HA KOTOpOoH UIET popMupoBanue rpadeHna.
N3MeHeHne TEXHOJOTUYECKUX MapamMeTpoB OOYCIOBIIEHO
W3MEHEHHEM KWHETHKH POCTa BCJIEACTBHE YACTHYHOIO IO-
TABJICHUST APTOHOM CyOJIMMAIMy KOMIIOHEHTOB KapOuaa
KPEMHUSI C MIOBEPXHOCTH MOIOKKH. Biiarogapst atomy mo-
SIBUJIACh BO3MOXHOCTh HCIOJIb30BaTh 00Jiee TEPMUYECKU-
crabuibHyto Si-rpaHb nooxku SiC, 4TO B CBOIO oyepe/b
MIPUBEJIO K CHIDKEHHIO CKOPOCTH POcTa rpad)eHa u HO3BOJIIIO
MOJIy4aTh OJHOPOJHBbIE MOHOCJOMHBIe (monolayer — ML)
rpadeHoBbIe IWIEHKH [225].

Ha pucynke 61 mpencraBieHbl MAacCHUBBI CIEKTPOB
koMmbOuHanmonnoro paccessausi ceera (KPC) nnénok rpa-
(ena, BeipaleHHbIX TepMOAecTpyKuei nomutuna 4H-SiC
B BakyyMme (puc. 61a) u cpene aprona (puc. 616). CriekTpbl
ObLIM HM3MEpPEHbl Ha IUIOIAJAM O0pa3IoB pa3MepoMm
12,5 x 12,5 mxm?. B Tabimue 5 npuBeeHs! CpeHHE 3HAYE-
HUs mMpuHbl Ha mnojoBuHe BbicOThl (full width at half
maximum — FWHM) ¢ononnsix auamit G u 2D, no3Bo-
JISFOIIUE OLIEHUTH CTPYKTYPHOE COBEPIICHCTBO ABYX IJIE-
Hok. CyimiecTBeHHO O0Osbmue 3HaveHuss FWHMg s
TUIEHKH, BBIPAIIICHHON B BaKyyMe, YKa3bIBAarOT Ha e€ OoJiee
HHU3KOE CTPYKTYpHOE coBeplueHcTBO. OO0 3TOM Xe cBHUIe-
TEJIbCTBYET BEJUYMHA OTHOIICHUS] MHTErPAJbHbIX MHTEH-
cuBHocTel Ip /I, ciyxkaast 11t KOJIMIeCTBEHHON OLEHKU
crenenn nedekTHocTH rpadena [226]. BugHo, 4To Makcu-
MyM pacrnpejesieHus oTHoweHus: Ip/lg sl IIEHKU, BbI-
paleHHoi B Bakyyme, 6;u3o0xk kx 0,5 (puc. 61B), 4TO cOOT-
BETCTBYET 3HAUCHUIO KOHIEHTpALUUu AeQEeKTOB B KpUCTAJI-
arueckoit pemétke Ng ~ 5 x 10! em~2 [227]. B To xe
BpeMsl JJIs1 TIEHKHW, BBIPAIIEHHOW B cpelie aproHa, 3TOT
nmapamMeTp cymecTBeHHo MeHbIe: ~ 0,08 (puc. 61r), a 3Ha-
YUT, HIKE U KOHIEHTpANHs Ae(PEeKTOB B KPUCTAJIINICCKON
peméTke: Ng < 10" cm~2. VcTanoBIeHO Takke, 4ToO (op-
Ma 2D-yiuHuM B OOJIBIIIMHCTBE CHEKTPOB AJIs MJIEHKH, BbI-
pallleHHOH B Cpelie aproHa, UMeeT CUMMETPUYHBIA BUI U
XOPOIIIO aNMpPOKCUMHPYETCS] ONUHOYHBIM KOHTYpoM Jlo-
peHIia, YTO SBJISICTCSl MPU3HAKOM OJHOCIOHHOTO TpadeHa
[228]. TonmuHa rpadeHoBOM MIEHKU, MOJYyYEHHONR METO-
JIOM TEPMOJCCTPYKIUU B Bakyyme Ha C-TpaHu, OICHU-
BaeTcs B 7—9 MoHocoés [218].

71 MOATOTOBKM MOJIYYEHHBIX TUIEHOK rpadeHa K mpo-
BEJICHUIO 3JIEKTPO(DUBHIECKIX U3MEPEHUI HA TMOBEPXHOCTH
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Puc. 61. (B uBere onmnaitn.) Maccuss! cnekTpoB KPC 06pa3nos rpadena, BrIpallleHHBIX B BakyyMe (a) 1 B cpefe aprona (6). Crnextp nmomnoxku SiC
BBIYTCH M3 HCXOAHBIX CIIEKTPOB. ['mcTorpammsl oTHOLIeHHH I /I u1st 06pasioB rpadeHa, BRIPALEHHBIX B BaKyyMe (B) U cpejie aprosa ().

Taémmua S. CpaBHeHHE CTPYKTYPHBIX ¥ TPAHCHOPTHBIX XapaKTePUCTHK I'padeHOBBIX IUIEHOK, BBIPAIIEHHBIX B BaKyyMe U B cpejie aprona [229]

Texnonorus FWHMg, em~! | FWHM,p, em™! In/Ic Tommumna nnéuku | Tun npoBoau- Hmaxs 0, oM 2
BBIpAIBAHUS (cMm. puc. 61) (cM. puc. 61) (cMm. puc. 61) (4mcIo clIo€B) MOCTH cem? Bl ¢!

B Bakyyme 30-32 55-60 0,45-0,55 7-9 p-THI ~ 100 (4,2 K) 5x 102

B aprone 15-16 33-34 0,07-0,09 1-2 n-TUI 6000 (300 K) | 7 x 10" —1 x 10'2

00pa3noB (HOpPMHUPOBAIUCH TECTOBEIE CTPYKTYPHI B TEOMET-
PHUH XOJUIOBCKOTO MocTa. Tonosorusi TpedyeMbIX CTPYKTYP
Obla CO3/MaHA C MPUMEHEHHEM CTAHAAPTHOW MPOLETyPhI
mporecca KOHTAKTHOW QoTomuTorpaduu ¢ HUCIOIH30BaA-
HUEM CIeNUaIbHO pa3paboTaHHOrO KOMILIeKTa (oTomnad-
JIOHOB.

M3MepeHne KOHLCHTPAIMU U MOIBMXXHOCTH HOCHTEJICH
3apsiza B rpad)eHe, BBIPAIICHHOM B Cpelle aproHa, OCyllle-
CTBIISLITOCH IPY KOMHATHOR TEMIIEpAType C UCTIOTIb30BAHUEM
u3MeputeapHoit ycranoBku Accent HL5500PC B maraut-
woMm nosie 0,314 Txn. IMo 3HaKy XOJIJIOBCKOTO CHUTHAJA JJIst
HCCIIEIOBAaHHBIX CTPYKTYp OBUI yCTaHOBJICH 3JICKTPOHHBIH
Tun npoBoaumocTd. KoHIeHTpamusi HOcuTeseil 3apsiaa B
JIIBYMEpHOM 3JIEKTpOHHOM ra3e (Q) rpadeHa cocraBuia
7 x 10" =3 x 102 cM~2, a MakcHMaJIbHbIE 3HAYCHHUS IIOJ-
BIDKHOCTH 3JICKTPOHOB [, B MCCIIETYEMBIX IUIEHKAX TOCTH-
ramm 6000 cm? B! ¢!\ B Tabmuume 5 ana cpaBHeHHS
MPHUBE/ICHBl MapaMeTphbl IMOABMXHOCTH U KOHICHTPAIMH
HOCHTEJNCH 3apsiga IS IUIEHOK, BBIPAIICHHBIX B BaKyyMe
[219], koTOpBIE, COTJIACHO JAHHBIM XOJUIOBCKHX U3MEpPEHUN,
AMEIOT ABIPOYHBIN TUI MPOBOAMMOCTH. HecMOTps Ha TO 4TO

U3MeEpEeHNs MOABIKHOCTU HocUTelell 3apsiaa aist rpadena,
MOJIYYEHHOTO B BaKyyMe, NMPOBOAMJIUCH NPH TeMIEpaType
JKHIKOTO TeNus, 3Ha4YeHUs MOJABMKHOCTEH Ooliee 4eM Ha
MOPSIAOK YCTYMAIOT 3HAYEHHSIM TOJBHKHOCTH, U3MEpEeH-
HBIM TIPM KOMHATHOW TeMmepatype B IUIEHKax, BbIpAIICH-
HBIX B CpeJIe aproHa.

Ha pucynke 62 npeacrasieHa 3aBUCUMOCTb ITOABIKHO-
CTU 3JIEKTPOHOB OT JABYMEPHOW KOHLEHTPALMU HOCHUTEJEH
3apsaa B HEMHTEPKAJIMPOBAHHOM TpadeHe, BHIpAIIeHHOM B
cpene aprona Ha Si-rpand. ['paduk mocTpoeH ¢ ucroab3oBa-
HUEM JTAHHBIX U3MEPEHUH, MPOBEIEHHBIX Pa3HBIMH UCCIIEIO-
BaTEJILCKUMHU I'PYINaMu Ha oOpasnax rpadeHa, BbIpAIlCH-
HBIX IIPU PA3JIMYHBIX TEXHOJIOTUYECKUX YCIOBUSIX [221 —224].
YETKO NMPOCIEKUBAETCS, YTO MOABIKHOCTH 3JEKTPOHOB B
rpadeHe yBEITMYMBAETCS C YMEHBIIEHHEM IBYMEPHOUW KOH-
[EHTpAINU HOCUTeNell 3apsiia. 3HaYeHUs TMOJBIKHOCTH B
BBIPAILEHHBIX IUIEHKAX C KOHIEHTpalel 3JIEKTPOHOB MeHee
10'? cMm~2, mosyuenHsle aBTOpamMH [229], JOCTUTAIOT Teope-
THYECKH PACCYMTAHHBIX BEJIMYHMH IS TpadeHa ¢ coOCTBeH-
Ho#t mpoBonuMocTeio pu 7' = 300 K 6e3 BomoponHoii uH-
Tepkassiaun [220].
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Puc. 62. 3navueHns MOABMKHOCTH HOCHTENCH 3apsifa, IMOJTyYeHHBIE pas-
HBIMI HCCJIEOBATEIBCKIME I'PyNIIAMU Ha 00pasax HeHHTePKaJHpo-
BaHHOTO Tpadena [229, 231]. HITpuxnyHKTHPHASI IIpsIMasi — TEOpeTHYe-
CKHe€ IpPeJICKa3aHusl NpeIeIbHOTO 3HAUeH sl IOABUKHOCTH JUIsl 00pa31oB
rpadena gaHsoro tuma [233].

TakuM 006pa3oM, MOXHO CAEJIaTh BBIBOJ O TOM, YTO
meTton TepMmoecTpykiuu nosepxHoctu SiC (0001) B cpene
AproHa MPU OIPEACIIEHHBIX TEXHOJIOIMYECKUX YCIOBHUSX
pocra (maBimenme aprona 700—760 Topp, Temmepartypa
1800—-1850°C, Bpems pocta 10 MUH) O3BOJISIET MOJIYYaTh
BBICOKOKAYECTBEHHBIE OJIHOCJIOWMHBIE TUIEHKU TrpadeHa, o0-
JAJAroNe 3HAYCHUSIMHU TOABMKHOCTH HOCUTEIICH 3apsiia,
OJIM3KUMHU K TEOPETHUYECKH MPEICKA3aHHBIM ISl Si-T'paHU.
DTO OTKPBIBAET BO3MOXHOCTBH HCIOJIb30BAHUS CO3JAaHHON
TEXHOJIOTHH ISl IPOU3BOJICTBA MPHOOPOB HAa OCHOBE Tpa-
(eHa.

6.2.2. Cencopsl Ha ocHoBe rpadena. V3BecTHO, uTO rpadeH
Kak IByMEpHBII MaTepuall o0JialaeT YHIKAIbHBIX HA0OpOM
9JIeKTPO(UZNIECKUX CBOWCTB:

— BBICOKOM MOJBWKHOCTBIO HOCUTEJICH 3apsiia B cove-
TaHUM C UX MaJION KOHIIEHTpalKeH;

— MaKCUMaJIbHO BO3MOJKHBIM OOJIBIIIMM OTHOIIEHHEM
LJIOIA IU TIOBEPXHOCTH K 00BEMY;

— HU3KHM YPOBHEM IIIyMOB.

CouveTaHne ITUX CBOWCTB MPUBOAUT K TOMY, UYTO aJCOPO-
Usl MUHAMAJIbHOIO KOJMYECTBAa IPUMECH IOBEPXHOCTHIO
rpadeHa MOXET 3aMETHO M3MEHHUThL ero OOIIyIo IPOBOIH-
MocTb. TakuMm oOpa3oM, rpadeH sBisieTcsl BeCbMa TepCrek-
THBHBIM MATEPUATIOM JIJIsl H3TOTOBJICHUSI TA30BBIX CEHCOPOB.

B paborte [230] moka3zaHo, 4yTo rpadeH cnocoOeH 1yBCTBO-
BaTh aJCOPOIMIO JTaxke OMHOW MoJieKyJibl. Kak W3BecTHO,
CONPOTUBJICHUE TPOBOJIHUKA ONPEAEIAETCS KaK KOHLIIEHTPA-
nuei HocuTelied 3apsifa, Tak U UX MOJABUXKHOCTBIO. AJlCop-
OMpoOBaHHBIE MOJIEKYJIBI Ta3a B 3aBHCHMOCTH OT HX 3apsiaa
BeAyT ceOsl KaKk OHOPHI WUIM AKIENTOPBI, T.€. M3MEHSIOT
KOHIICHTPAINIO MOJABMXHBIX HOCUTEJIeH 3apsima. Ancopba-
THI TaKXe CO3/at0T JOTOJHUTEIbHBIC IIEHTPBI PACCESTHUS U
U3MEHSIOT MOJBMKHOCTh HOcUTeNel. B pesynbraTte B 3aBU-
CUMOCTH OT THUNA aJcOpOMPOBAHHONW MOJIEKYJIbI HAOFO1a-
€TCsl yMEHBIIICHNE WA YBEJIMUCHUS] CONPOTUBIICHUS TUIEHKH.

Jnst ouncTkE TpadeHOBOro JETEKTOpa Yepe3 HEero mpo-
MyCKatoT TOK okojo 10 MA — A0CTaTOYHBIN ISl TOTO,
4TOOBl HArpeTb CTPYKTYPY HACTOJIbKO, 4TO OyIEeT MpOHC-
XOJIMTh JIeCOpOIUs YacTuIl ra3a. Takol MeXaHU3M OYUCTKHU
HEe BIUSIET Ha CTeneHb 3(PQeKTUBHOCTH AETEKTUPOBAHUS
ra3oB: MPOIECC COPOIMH —AeCOpPONUHM Ta30B MOJHOCTHIO

Puc. 63. Yumn razoBoro cercopa. Cerias 001actb — rpadeH, TéMHas —
MeTaJUIMYeCKAe OMHYECKHe KOHTAKThl C IPUCOSTUHEHHBIMH IPOBO-
JIAMH.

0o0paTuM, T.e. 3TO JETEKTOP MHOTOPA30BOTO HCIOJIB30Ba-
HUSL.

Crnenyer oTrMeTuTbh, 4To B [230] 11 HM3rOTOBJICHHS
CEHCOpa MHCHOJIb30Bajcsl rpadeH, MOJIyYEHHBI MeTOIOM
otwenyimmBanus (exfoliated). Co3maBaemMeble 10 3TON TEXHO-
JIOTHU TJIEHKU rpadeHa 00JIafgaroT JYYIINM CTPYKTYPHBIM
COBEPIICHCTBOM, OJTHAKO UMEIOT MaJIble pa3Mephl U Helpa-
BUJIbHYIO (DOpMY, UTO JieTaeT TaHHYIO TEXHOJIOTUIO HEelepc-
NEKTUBHOMN /1J1 HPOMBIIIIEHHOT'O IPOU3BO/ICTBA.

CtpykTypa ceHcopa (opmupoBaiack Ha rpadeHOBOI
IJIEHKE C HCMOJIb30BAHMEM Ja3epHoil (orosurTorpadpuu u
AZ5214-potopesucta [231, 232] (puc. 63). Mznuiku rpa-
(deHa ynansimMch ¢ MOBEPXHOCTH TOJJIOKKU TPABJICHHEM B
KUCJIOPOAHO-aproHOBOM 1ia3zMe. OMuYeckne KOHTAKTBI
Ti/Au (5/50 HM) H3rOTOBJISJIMCH B3PBIBHOM (oTOIMTOrpa-
(dueit mocie HaHeCeHHS METAJUJIOB HAa MOBEPXHOCTBh (poTo-
pe3ucTa 3JIEKTPOHHO-JIyYeBBIM HCIapeHneM. UHI ceHcopa
3aKpeIlIsICsl Ha AepKaTesie BMECTe C IBYMsl Pe3UCTOpaMU
Pt100. OquH 13 pe3ucTOPOB HCIIOJIH30BAJICS TSI U3MEPEHUS
TeMIEpaTyphl, a APYroil — B KaueCTBe Harpesartess. B ka-
YeCTBE ra3a-HOCUTEJSI UCIOJIb30BAJICS OUUIIEHHBIN BO3AYX.
UyBCTBUTEIBLHOCTD CEHCOpA I, BBIPAXKEHHAS B MPOLEHTAX,
OTpeeNsIach Kak OTHOCHTENIbHOE N3MEHEHHE COMPOTHUBIIe-
HUsl 00pasia Mpu HAJIMYAU B Ta30BOM CMECH PETUCTpPUpYe-
MOTO rasa:

R—Ry
F=—
Ry

rae R — CONpOTHUBIIEHHE CEHCOpa IpU Hojaue rasza, Ry —
HCXOIHOE CONIPOTUBJICHUE ITPH OTCYTCTBUH AETEKTUPYEMOTO
rasa B IOTOKE HOCTYMAIOIIEro BO31yXa.

Ha pucynke 64 mpeacTaBiieHbl OTHOCUTENILHBIE U3MEHe-
HUSl CONPOTHUBIICHAS CEHCOpa Ha OCHOBe rpadeHa NpU Ha-
sy NO, B Ta30BOU cMecH (TIEpUOIbI MTOIavd ra3a 000-
3HAYEHBbl CBETJIO-CEPBIMU IOJIOCAMH) TIpU TeMIepaType
20°C. ITockosbKy ckopocThb aecopbiun NO, npu KOMHAT-
HOI TemmepaType O4eHb HU3Ka, JJIsl BO3BPALLECHUS JATYMKA B
HCXOTHOE COCTOSIHUE IOCIIE KaXIOTO MEepUoaa SKCHO3UIHA
HCIoJIb30BaJics oTxur npu temnepatype 110°C [233, 234].
Huns xounentpanuu NO, 10 ppb (parts per billion) ammum-
TyAa OTKJIMKA JAaTYMKa COCTaBMJIa OKOJIO 3 % Ipu BO3nei-
CTBUU Ta30BOU cMecu B TeueHue 1 4. Takasi 4yBCTBUTEIb-
HOCTb CEHCOPOB BIIOJIHE JOCTATOYHA IS MOHUTOPHHIA
OKpYXarollen cpe/ibl.
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Puc. 64. 3aBHCHMOCTB OTKJIKA Ta30BOTO CEHCOPa Ha OCHOBE rpadeHa ot
kxoHneHTpauun NO; B razosoit cmecu nipu temnepatype 20 °C. ITepuoabt
HnoJa4yy raza 00O03HAYEHBI CBETJIO-CEPBIMH I10JOCAMU, NEPUOABI OT-
JKUTA — TEMHO-CEPBIMHU.

CrieyeT OTMETUTD, YTO OJHUM U3 CEPbE3HBIX HEAOCTAT-
KOB T'pa)eHOBOr0O ra30BOr0 CEHCOpa SIBJISIETCS OTCYTCTBHE
CEJIEKTUBHOCTH. JIeiCTBUTENHHO, IO U3MEHEHUIO POBOIH-
MOCTH HeJb3s CKa3aTh, Kakas HMEHHO MOJIKyJa ancopOou-
poBaJIach IIOBEPXHOCTHIO rpadeHa. bojee Toro, HekOoTOpEIE
MOJIEKYJIbI JAOT BKJIAIbI IPOTUBOIIOJIOXKHOT'O 3HAKA, TAKUM
00pa3oM, CyMMapHOe HU3MEHEHHE CONPOTHBJICHHUS MOXET
ObITh 0JIM3KO K Hy0. [IpobsieMy CEIEKTUBHOCTH JATUYMKA
Ha OCHOBE T'padeHa MOXKHO PEeIIUTh MYTEM HCIOJIb30BaAHUS
peaknuu aHTUTEH —aHTUTes 0. KOMIOHEHTBl 3TOW mapbl
MOTYT B3aMMOJICHCTBOBATh TOJBKO MEXAy COOOW W HU C
KakuMH Apyrumu Oeskamu. MI3BeCTHO, YTO Ha OMpeaesiéH-
HBIX CTaAMsIX MHOTHX 3a00JIeBaHMI 4eJIOBEKa B KPOBHU IO-
SIBJISIFOTCSl AaHTUTEHBI-MapKePhl, CHeMUpUIHbIE I OJTHOTO
3a00JIeBaHNSl WM TPYNIBI 3200JIeBaHWA. DTH AHTHUTCHBI
MOTYT B3aMMOJICHCTBOBATL CO CHENU(UIHBIMA AHTHUTEJIA-
MM, IPEIBAPUTEILHO HAHECEHHBIMU HA MOBEPXHOCTb I'pa-
(denoBoro ceHcopa. Peaknus, kak u B clydyae ra3oBOrO
CEHCOPA, IPUBOIUT K U3MEHEHHIO CONPOTHUBIICHHS I'padeHo-
BOW TUIEHKH.

Hcnonp30BaHue Tapbl AHTHICH —AHTUTEJIO IMO3BOJISET
peluTh NpodjeMy CEJIEKTUBHOCTU OMOCEHCOpAa U OTKPHI-
BaeT LIMPOKKE NEPCIEKTUBLI ISl IPUMEHEHUs] JaTYMKOB Ha
OCHOBE Tpad)eHa B MEOUIIMHE U OHMOJIOTMH. DTOT MOAXOM
MOXET MPUBECTH K CO3JAHUIO OPTATHUBHBIX OMOCEHCOPOB,
CIOCOOHBIX B PEXKHMME IKCIIPECC-aHATN3A BBISIBJISITH B OMOJIO-
TUYECKUX KHUIKOCTSAX TUATHOCTHYECKU 3HAYAMBIE MapKEPhI
3a00JIeBaHM, KOTOPbIE B HACTOSIIIEE BPeMsI JETEKTUPYIOTCS
TOJIBKO C IOMOIBIO TPYIOEMKON U IJIUTEIHLHON MPOIIETy PBI
UMMYHO(pEepMEHTHOTO aHam3a [235].

Ti/Au-koHTakTBl K TpadeHy Obumm cHOpMUPOBAHBI C
MOMOIIBIO 3JICKTPOHHO-JIYYEBOTO HCIAPEHUS] U B3PBIBHOMN
¢doTommmrorpadpun. Uun matuuka pasMepom 2 X 2 MM ObLIT
NPUKJIECH HAa KepaMHYECKUIl AepkaTeslb M pacmasH C IO-
MolIblo Au-ipoBoaoB. [IpoBoasinuii kaHan rpadeHOBOroO
JaTYrKa OBLT MOTU(PHUIIMPOBAH C UCTIOTIH30BAHAEM PEAKITHN
JTNA30 TH3AIHH.

J7151 pa3paboTKH TEXHOJIOT MM U3T OTOBJICHHS OMOCEHCOPa
Ha OCHOBe IpadeHa Obula BpIOpaHA HUMMYHOXMMHUYECKAS
cucTeMa, cocTosiias u3 (GayopecunenHa 1 MOHOKJIOHAIBHBIX
antuten (MKAT), cs3biBaroiux (Jyopecient, B BUAC KaK
CBOOOJHBIX MOJIEKYJ, TaK W XUMHUYECKOU TPYIIbI, KOBa-

JICHTHO TIPUCOSIMHEHHOM K OCJIKOBBIM HOCHTEIM. MOJIeKYy-
JsipHasi Macca (uryopecnenna (0,332 x[la) comoctaBuma ¢
pasMepaMu psiga OMOJOTMYECKH 3HAYUMBIX MapKEPHBIX
MOJIEKYJI, TAKHX KaK TOPMOHBI, HYKJICOTHIBI 1 HEKOTOPBIE
KOPOTKHUE METTHIBI.

dyopeclieMH B TeYeHHE MHOTHX JIET MPUMEHSUIH B Ka-
qecTBe (JIyopoXpoma Il MEYEHHSI AaHTUTEJ, UCIOJIb3YEMBbIX
B JIIOMHUHECHEHTHOI MuKpockomuu. Ero mzotnonuanaTHoe
npousBoaHoe (fluorescein isothiocyanate, FITC) B mMsrkux
YCIIOBHUSIX 00pa3yeT yCTOWYMBBIC KOBAJICHTHBIE CBSI3H C OelI-
KaMHu, TIPA 3TOM CBOMCTBAa MOAM(DUIIPOBAHHBIX OEIIKOB U3-
MEHSIIOTCSI MaJIO, & KOJIMYECTBO NMPUCOEIUHEHHBIX MOJIEKYJI
(dbiyopoxpoma onpeensitoT criekTpodoromerpuuecku [236].
®diryopecuienH, KOBaJIEHTHO MPUCOSTNHEHHBIN K OeJIKaM, TaK
e Kak CBOOONHAsI MOJIEKYJIa, IOTJIOMAeT CBET C IJIMHON
BOJIHBI 488 HM U U3JIy4aeT B XENTO-3eEH0N 001acTu (495 —
522 uMm) cnextpa [237].

Jns pa3paOOTKM TEXHOJIOTMM HAHECEHUsl AHTUTEN Ha
MOBEPXHOCTh TpadeHa ObLIM HMCHOJb30BAHBI MOJIYYCHHBIE
B Jabopatopun THOpUAOMHON TexHoyormu Poccuiickoro
HAYYHOTO MEHTPA PAAUOJIOTUN M XUPYPTHUECKUX TEXHOJO-
ruif uM. A.M. I'panosa (PHIIPXT) mbinnasie MKAT npo-
TtuB (yopecuenHa (kox anturesn F2A3). O6pazen rpadena
MoMeIAaJICs B pacTBOp 2 MKM 4-HUTPOOEH301-1Ma30HUIA-
terpadroodopara (HAT) u B pacteop 0,1 M TeTpalyTui-
aMMoHmii TeTpadiroodopaTa B aneronuTpulie. [locie npu-
COCIMHEHHsI HUTPO(EHMWIOBBIX IPYIII K MOBEPXHOCTH Tpa-
(eHA TPOM3BOIIIIOCH BOCCTAHOBJICHHE HHUTPO(DECHHIOBBIX
rpyn B peHu1aMuHHbIe. DJICKTPOXUMHUYECKAs PeaKLus IPo-
Bojuiiack B pactBope 0,1 M KCl1 B cMecu BOJIbI U 3THIIOBOTO
criupta 9:1. [loctostaHOE Hanpspkenne —0,9 B mpukiansiBa-
sock Mexy Ag/AgCl-3nekTpo1oM 1 TpadeHOBBIM JIEKTPO-
oM [238]. AkTUBHpOBaHHBIE rpadeHOBBIE 00PA3IIBI OTPY-
XaJuCh B pacTBOp aHTuTeda F2A3 u BblOEpXKUBAJIUCH B
teueHue S5 4 npu T = 4°C, 3aTeM CIOJACKUBAINCh BOJOM U
BBICYIIINBAJIUCEH. MI3MepeHnst OTKJIMKA TATYMKA TIPOBOIIIINCH
B peXHMe TIOCTOSTHHOT'O IPHIJIOKEHHOTO HanpspkeHus 50 MB,
IPU 3TOM PErHCTPUPOBAIIOCH U3MEHEHHE TOKa yepes rpade-
HOBBIA pe3ucTop. OTKIMK [aTyuka 7 Ha U3MeEpSIeMbIi
peareHT paccuuThiBasicss no Gopmyne r = (I — Iy) /Iy, tae
I — TOK uepe3 pmaTuuk, [y — TOK MEped BHECECHUEM De-
arenta. MI3MepeHus npoBOAMIINCE B OopaTHOM OydepHOM
pactBope. McmelTannst maTumka Ha OCHOBe IpadeHa c Ha-
HecéHHBIMU Ha ero noBepxHocTb MKAT mpotus ¢ayopec-
[erHa MOoKa3aJld, YTO NMPH KOHTAKTE C pacTBOPaMHM, COJEP-
JKaAMMH HU3KOMOJIEKYJISIPHBIN JIUTAHT B KOHIEHTpamsx |
umu 10 Br MuT!, SIeKTpHYeckoe CONPOTUBIEHHE CEHCOpa
OTUYETJIMBO U3MEHSIOCH (pHC. 65).

B kadecTBe BBICOKOMOJIEKYJISIPHOTO JINTAHAA B padoTe
[239] umcnonb3oBajics MPUTOTOBJIEHHBIH B JlabopaTopuu
npenapat ObIYbEro ChIBOPOTOYHOI'O AJIbOYMHHA, KOHB-
rorupoBanHoro ¢ ¢uyopecuensom (F-BSA-5). Momexky-
nspaast Macca F-BSA-5 (69 x[a) comocraBuma ¢ pasme-
pamMu GeJIKOB, HCTIOJIB3YEMBIX B KaUueCcTBE MapKepoB 3aboure-
BaHMii yesoBeka. B coctaBe koHbrorata ¢ F-BSA-5 kaxnas
XUMHYecKas rpynmna (yopecrenHa cocTaBisieT OKoJio 5 %
MAacChl MOJIEKYJIBL.

I[To nmaHHBIM CHEKTPOPOTOMETPHUU WCHOIH30BAHHBIN
KOHBIOTAT COAEpXal MO TpH Trpynmsl (iryopecrenHa Ha
oany Mouekysqy F-BSA-5. Ilpu KoHTakTe C pacTBOPOM
BbICOKOMOJIeKYJIsipHOro juranga (F-BSA-5) Obuim 3aperu-
CTPUPOBAHbI MU3MEHEHHS DJIEKTPUYECKOTO COMPOTUBIICHUS
JATYHKA TPH KOHIEHTpaImsix koabtoraTa 1,37 3,11 ar v !
(puc. 66). I[locne koHTakTa ¢ pPacTBOPOM, COJEPXKAILIUM



OJIEKTPOHUKA HA OCHOBE SiC 845

T. 189, Ne 8
2,5
AR, % g
=
g g
20 3 5
& =
Q (3}
= Q
B o
< 15
L5 - =) £
o, £
o —~
= )
1,0 & @
B E —‘.::
= =
z
0,5 - =)
|
0 50 100 150 200

Bpewms, ¢

Puc. 65. W3smenenne conpotusiieHust (AR) maTuuka IpU KOHTAKTE C
pacTBOpaMH, COAEpXKAaIlMMHN YKa3aHHbIe HA rpaduke KOHIEHTpAIyun

cBoboaHOrO (hutyopecienna. ITo ocu abcumce — BpeMsi KOHTAkKTa C
pacTBOpaMu.
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Puc. 66. OTHOCHTEIbHOE N3MEHEHHE conpoTuBieHns (AR) natunka npu
KOHTaKTe C PacTBOpaMHU, COICPXKAIIUME yKa3aHHbIE Ha rpaduke KOH-
nentpamuu koubtorata BCA ¢ duyopecuennom (F-BSA-5) nimu cMmech
KOHBIOTaTa U cBoOoaHOro (uryopecuenna. I[To ocu abcryicc — Bpems
KOHTaKTa ¢ pactBopamu [239].

F-BSA-5 B Haubojblleld KOHUEHTpALUU, AATYUK COXpa-
HSLJI CIIOCOOHOCTh pearupoBaTh Ha JoOaBiieHHE B PacTBOP
CcBOOOTHOTO HU3KOMOJIEKYJISIPHOTO JIMTaHAA B KOHIICHT-
pamuu 1 ar ma~!. TlosyueHnble JaHHbIE YKAa3BIBAIOT, 9TO
JIaTYUK Ha OCHOBE rpadeHa M HAaHECEHHBIX HA €TrO MOBEPX-
Hoctb MKAT cnocoben npucoeguHsATh He TOJIBKO HU3KO-
MOJIEKYJIIpHBIE JIMTaHAbl, Takue Kak (JIyopecleuH, HO U
OeJIKOBbIE MaKpPOMOJIEKYJIbI, Macca KOTOPBIX MO KpalHen
Mepe B 20 pa3 mpeBbIlIaeT pa3Mepbl HU3KOMOJIEKYJISIPHBIX
JINTAHJOB.

HduarsHoctnka 3a0ojieBaHW dYes0OBeKa B HACTOSIIEE
BpeMsi B 3HAYUTEIHHON Mepe OCHOBaHA Ha OMNpec/ICHUU
KOHIIEHTPAIMH UJIM NPUCYTCTBUSI B KPOBH ONPEeIEHHBIX
MapKEpHBbIX MOJIEKYJ, CIeNU(PUUHBIX ISl OJHOTO 3abo0Jie-
BAaHMS WJIM EJIOW WX TPYNNbl. BEIsBIeHHWE nuarHocTHYe-
CKH 3HAYAMBIX MAaKPOMOJIEKYJI BBITIOTHSETCS C TOMOIIBIO
JUTATEJILHOTO U TPYI0EMKOTO MeTojJa MMMYHO(DEPMEHT-
HOro aHanm3a. [IpuMeHeHne OGHOJIOTHIECKUX CCHCOPOB Ha
ocHOBe rpadeHa MO3BOJUT YCKOPUTH M TEXHHYECKH YCO-
BEPIICHCTBOBATH MPOIECC TUATHOCTUKU 3a00JeBAHUN Ue-
JIOBEKa.

7. 3akaouenue

B nacrosieMm 0630pe paccMOTpeHbI PabOTHI IO PA3BUTHIO
9JIEKTPOHUKHM HA OCHOBE KapOWaa KpeMHHUsI, 3HAYATETbHAS
4acTh KOTOPBIX ObL1a BhIoJiHeHa B DTU um. A.®. Nodde.
Haércs kpaTkuii aHam3 s1eKTpodusndeckux cBoucTs SiC u
JIPYTUX IMIMPOKO30HHBIX MOJYIPOBOJHUKOB C TOUYKH 3PEHUS
co3JaHusl MpUOOPOB pas3iniHoro tumna. IIpomeMoHCTpUpO-
BaHBI BO3MOKHOCTH KOHTPOJIMPYEMOTO BEIPAIUBAHUS Kap-
OuIa KpeMHUS pa3IMYHBIX TOJTUTUIIOB.

3a mocjeaHue HoJITOpa-ABa JecsiTuiieTus B Jabopa-
TOPUH MOIIHBIX TOJYNPOBOJHUKOBBIX mpubopos OPTU
uMm. A.®. Nodde pazpaboTaHbl BHICOKOBOJIbTHBIC (CBBIIIIE
1 xB) mmoner Ha ocuoBe 4H-SiC, peanmsyroiye MOTEHIH-
aJlbHble JOCTOMHCTBA KapOWIa KpeMHUsSl ISl CHJIOBOU W
UMITYJIbCHOU 3JICKTPOHUKH.

PazpaboTanusle cusosble JBS-nuonpl o napamerpam He
YCTYHAIOT 3apyOeKHBIM aHAJIoraM (B HACTOSIIEE BpeMs B
3aKpLITOM aknuoHepuom obmectse "I'pynna Kpemumii-JI"
HayaxeH BbInyck JBS-auonos mo paspaborannoit 8 ®TU
M. A.®. Nodde mocTpocToBO# TEXHOIOTHH, aTAITHPOBAH-
HOM K IPOMBIIIJICHHBIM YCJIOBUSIM).

PazpaboTaHHuble JTaBUHHBIE TUOIBI CIIOCOOHBI pacceu-
BaTh B PEKUME JIABUHHBIX UMITYJIbCOB MPEIETIHHO OOJIBIITYIO
9HEPIHIo, OTPAHMYEHHYIO JIOKAJILHBIM CaMOPa30rpeBoM ba-
30BOH 00J1aCTH IUOJOB 10 TAKOW BBICOKOW TeMIIEpaTypBhl,
MpU KOTOPOW KOHIICHTPAIUsS COOCTBEHHBIX HOCHTEJICH B
4H-SiC cTaHOBUTCS CPABHUMOM C KOHIICHTPAIIMEH JIETUPYIO-
IIUX IpUMecel B 6a3e AUO0JI0B.

Paspabotanusie 4H-SiC-JI/IPB mo3Bosmim co3maTh re-
HEPATOPbl BBICOKOBOJIBTHBIX JJIEKTPUUYECKHX HMITYJIHCOB C
(ponToM HapacTanus mopsiaka 100 rc (Takue TpuOOpHI TOKa
HE UMEIOT aHAJIOTOB B MUpE).

C mOMOUIBI0 AHAJIUTUYECKHX MOJETIeH U YHCICHHOTO
MOJENIUPOBAHUS B paMKax OPUTMHAJIBHONH NPOrpaMMBbl
"Uccnenosanue" paccMOTpeHbI OCHOBHBIE MPOLECCHI, MPO-
TEKAIOIIMe B CHUJIOBBIX OWTOJISIPHBIX MPUOOpAx Ha OCHOBE
4H-SiC: TupucTtopax, OUIOJISIPHBIX TPAH3UCTOPAX U AUOTAX.
ITokazaHo, YTO LEHTPbI OKPACKU aTOMAapHBIX Pa3MepoB B
00BEMHOM M HaHOKpucTauYeckoM SiC SIBISIOTCS Tep-
CHEKTHBHBIMU CHCTEMAaMH [JIs CIUHTPOHUKHU, (HOTOHHKH,
COBMECTHMOM € TMOJIOCOW MPO3PAYHOCTH BOJIOKOHHOU OTI-
THKH U XHBBIX CUCTEM, KBAHTOBO# 00paboTkm mHpopMa-
UM ¥ 30HAUPOBAHUS B YCJIOBUSX OKpYXKalolled Cpenbl.
PaccmoTpena TexHOJIOTHSI BBIpAalIMBaHUsl TI'padeHOBBIX
IUIEHOK METOJIOM TEpPMOJECTpyKIuu moBepxHocTu SiC-
MOHOKpHUCTaJLI0B. [Toka3zaHo, YTO JaHHbIC TUIEHKH 00J1a-
JIAIOT XOPOINUM CTPYKTYPHBIM COBEPIINEHCTBOM M OHHU
MOTYT OBITh MCIOJIb30BAHBI JJIs1 CO3JAaHUS CBEPXUYyBCTBH-
TEJIbHBIX I'a30BBIX CEHCOPOB U OMOCEHCOPOB.
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