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BBeageHune

Muposasi IOJTyIPOBOIHUKOBAsE MUKPO3JIEKTPOHUKA OTHOCHTCS K YHCITY
CaMbIX TUHAMUYHO PA3BUBAIOMINXCA OTpaCJ’IefI IIPOMBIIIIJIEHHOCTH. Ee
JIeBU3 II0 AHAJIOTHHU CO CIIOPTOM MOYKHO 0XapaKTePU30BaTh BhIPAKEHIEM
«6pIcTpee — MenbIle (MomrHee) — nerieBie». CIOBO «MOII[HEe» OTHOCHTCS
KO BCEM THUIIAM IPOAYKINHA MUKPOIJIEKTPOHUKH, HO, B IIEPBYIO OY€EPEib,
XapaKTepu3yeT UMEHHO CUIOBYIO 3JIeKTPOHMKY. Kask/blit HOBBIN THIT
MUKPOJJIEKTPOHHO IPOAYKIINU 0053aTeIbHO XapPaKTePU3YeTCs OHUM
WJIM BCEMU 3JIEMEHTAMU 3TOTO IeBH3a, BCIIEACTBHE Yer0 MOKHO C HEMAJIoit
,ELOJIefI UCTUHDBI YTBEPIKAATD, YTO 3Ta IPOAYKIIUA YCTAPEBAET B MOMEHT €€
CO3JIaHUs, IIOCKOJIBKY B IIPOEKTAX yyKe IIPeIyCMOTPEeHa ee MOJepHU3AI s
10 KaKO-IM00 COCTABILIONIEH ITOTO JIeBU3A.

K msaTepke caMpIX pacrpoCcTpaHeHHbIX MOTYITPOBOJHUKOBBIX MaTepH-
QJIOB UL CO3IAHUSI MEKPOSJICKTPOHHOM IpoAyKuu (TabiL. 1) oTHOCSTCS
Si, SiGe, GaAs, a B mociegaue roabl K HuM npucoenuamucs SiC u GaN.
Ecmm OLIEHUBATh YHUBEPCAJIbHOCTD IIPUMEHEHUS ITUX MATEPUAJIOB B KaTe-
ropusix CBY-, cunmosoit anexrporuxu, CbHC, cBeToqHOIHOTr0 OCBeleH s,
MEMS-cucrem, COTHEYHBIX 3JIEMEHTOB, pafuanuoHHo-cToikux UOT,
TO B Pa3HOI1 CTEIIeHH II0JIHOE COOTBETCTBUE IPHIMEHUMOCTH BO BCEX ITHUX
obmacrsx obecrieqnBaioT Si u GaN. Takum o6pasom, GaN — caMblit ep-
CIEKTUBHBINA MaTepuaj He TOJbKO JIJI CMJIOBOM JJIEKTPOHUKHM, HO U JIJIA
MHOTHX JIPYTUX KaTeropuil IprOOpoB. 3aMeTHM, ITO KOMIIO3UTHBIE Ma-
Tepuabl Ha ocHoBe GaN yke IIPUMEHSIOTCS ISl XPaHEHH s 9HEPTHHU B HO-
BBIX PEBOJIIOLUOHHBIX TEXHOJIOTUAX CYIIEPKOHIEHCATOPOB.

DBonOLA TEXHONOINI N MaTepUaoB CUNTOBbIX
nonynpoBOAHUKOB

3a mocienHue NeCATUIETHS CUIO0Bas 9JIeKTPOHMKA COBEPILUIIA CTPe-
MHUTEJIbHBIH PHIBOK BO BCEX KATETOPHUSIX IPHOOPOB, UX KOHCTPYKIIUSIX
U TEXHOJIOTHAX. MUKPOCXeMBI CUTOBOM 3JIEKTPOHUKU OT OUIIOJISP-

TexHonornm nponsBoACTBa KPUCTaNOB CUI0BbIX NONTYNPOBOAHNKOB C MOMO-
b0 3aMMcTBOBaHHbIX U3 CBUC coBpemeHHbIX MeTof0B ¢poTonutorpadpum,
trench-TexHonoruia, ynbTpaToHKMX NAACTUH 60NbLIOro AVlaMeTpa U HOBbIX K-
POKO30HHbIX MaTepuranos NO3BONWIN YMEHbLUUTb MIOLWaAb YANOB, YAYYLINTb
AVHaMU4YecKne napameTpbl, yBeNNUYNTb MOLLHOCTb 1 CHU3UTb NoTepwm, obecne-
YMB 3HAUYUTENbHDbIN POCT CPEAHNX TOKOB Ha Kpuctan c AecaTkos Ao 300-400 A.
MupoBoli pbIHOK CUIOBbIX NONYNPOBOAHNKOB YCTONUYMNBO pacTeT, a KpeMHuiA,
HECMOTPA Ha iaBJ/ieHNe CO CTOPOHbI LUINPOKO3OHHbIX NONYNPOBOAHNKOB, OCTa-
eTcA BaXKHbIM 1 BOCTpe60BaHHbIM A4Sl TPUMEHEHVA B CUI0OBOI dNIeKTPOHUKE.

HBIX TexHosioruit apostornonuposanu kK KMOII, buKMOII, a B Texy-
1eM Bujie — K TexHostoruu BCD, uHTerpupytoieil B MOHOYHIIE (DYHK-
[[UH YIPaBJIEHNs], TATINKOB KOHTPOJIS U CHIIOBBIX KacKagoB (Tabur. 2).
Cosnanne BCD-rexHOMOTHE 06YCIOBIEHO IMEHHO HEOOXOMMMOCTHIO
BKJIIOYEHUSI CUJIOBBIX TPAH3UCTOPOB U KOMIIOHEHTOB B COCTaB MOHO-
YHUII0B MEKPOCXeM PasHOro (PyHKIMOHAIBHOTO HA3HAYEHUS, HO TIpe-
HIMYIECTBEHHO CUIOBOY 3JIEKTPOHUKU. VX IPOEKTHBIe HOPMBI CHIKA~
ek ot 1-3 1o 0,1-0,15 MKM, a B ITocsIeiHee BpeMs 11 MUKpocxeM Smart
Power — 10 65 u 45 um [1-2].

KpemHueBbIe 1ojieBble TPaH3UCTOPHL SIBJISIOTCS TJIABHBIM OCHOBAaHHEM
CHUJIOBOH ITOJTYIIPOBOIHUKOBOI 3JIEKTPOHUKH, Ha KOTOPOM 6a3upyIoTcst

Tabnuua 1. OcHOBHble MaTepuanbl MoAYNPOBOJHNKOBON MUKPOINEKTPOHMKIA 1 X
npuMeHeHve

TPaH3NCTOPS! 1o 73 MMy 1o 2— MMy 1o ;rm no 1?—0 My | no 1; MMy
(B4 JAvozbl 1 A + + +
IC + + - + +
TPaH3MCTOpbI - + i -
(wnoBas AuOfbl - + + + -
3NeKTPOHMKA Mozy _ o o o ~
JipaiiBepbl - + - + -
@Bunc - + - + +
LED - - = + _
MEMS - + - + -
(onHeyHble neMeHTb! 1 A - + -
PanuanmonHo-cToitkme V3T + + + + +
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Ta6nuua 2. 80n10LMA TEXHONOUIA CUNOBbIX MOAYNPOBOAHNKOB

MUKPOINEKTPOHNKA

Si-Mm;ﬁg%;né\:Lmnosoﬁ BE m%]lfli Fﬂbéiagyl%%ls 1-3 Mkm = 0,35 MKM = 0,18 MKM = 45 HM B ToM umcne ans ynpasnexua [GBT-, SiC-, GaN-Tpat3uctopamn

SS|i Fﬁag;g Planar DMOS _)6 ;ﬁg;:phﬁgil:g lioﬂ Ii\ﬁOiF%Te;hSuperQ MOSFET 0,8 MkM —> 0,63 llvvlm z (()),,355MNI‘(KMM = 0,18 MKm Havaro npou3B01CTBo SuperQ MOSFET

SilGBT Planar — NPT — Trench Field Stop — SiCIGBT 0,8 MkM = 0,35 MkM = 0,18 MkM = 0,13 MKM SiCIGBT Ha CTagwv nccneoBanmii
SiC Tpaﬂgail:rl)pu SiC anoppt LWotku — SiCMOSFET — SJ SiC MOSFET 0,8 MkM = 0,35 MKM nepexos k npon3goactsy SJ SiC MOSFET

GaN-on-SiC =
Avofbl
GaN TpaH3VlI/IET0pr CalbonS - QST 0,6 MkM = 0,25 MkM = MeHee 0,1 MKM 3DGaN FinFET — mexee 100 Hm, DrGaN — meHee 22 Hm
-V GaN

SiLDMOS Planar = Trench LDMOS 0,6 Mkm = 0,18 mkm = 0,13 MKM (BY n cunosbie 1C

Anmaz nvoab! WotTkn = MOSFET 1-3 MKM Ha CTaiuu NCCNEN0BaHMIA

Ga,0, nvoabl lLotTkn — MOSFET 1-3 MKM MenKocepuiiHoe Npou3BoACTBO

BCe MOTPeOUTEbCKIE U IIPOMBIIIUIEHHbIE CXeMbI TPUMEHEHHS! yCTPOICTB
CUIIOBOT 971eKTPOHUKHU. CyIecTByeT HeCKOIbKO UX MOAUQUKAIIHIA,
HO CaMBIMH PacIpOCTpaHEHHBIMH ABIAI0TCS Tpan3ucropsl MOSFET
u IGBT ¢ BepTuKanbHO# CTPYKTYpO# U M30JIMPOBAHHBIM 3aTBOpOM. OHI
IPOIILIM HECKOJIBKO KOHCTPYKTHBHBIX U TeXHOJIOTHYECKHUX IeHepaIyil
OT ITAHAPHBIX /10 trench-KOHCTPYKIHUIT CO CHIKEHUEM IIPOEKTHBIX HOPM
ot 0,8-1,0 MkM 10 0,35 MKM, a B CAMBIX COBPEMEHHBIX KOHCTPYKIIUAX —
10 0,18 MKM.

MOSFET coBepI11eHCTBOBAINCDH OT BEPTHKAIBHBIX IIaHApHBIX VDMOS
vepes Trench MOSFET, Super Junction (SJ) MOSFET, a B HacTos11iee Bpe-
ms u SuperQ MOSFET nipu HenpepbIBHOM YITyUIlIeHHH BCEX MapaMeTpoB
U CHIDKeHHH padMepoB 1unos. IGBT-kmoun xoMmmanuu Infineon — ox-
HOTO M3 MUPOBBIX JIUJICPOB TOH HPOAYKIINH — IIPOIILIH IBOJIIOLUIO e~
pes Bocemb rerepanuit: PT (punch-through); NPT (non-punch-through);
SPT (Soft Punch Through); Trench Field Stop NPT; RC-IGBT (Reverse
Conducting IGBT), unu IGBT ¢ o6parnoit mposogumoctsio; MPT (Micro
Pattern Trench) [3]. Dra 9BoJOIHS CONPOBOXKIATACH IIOCTOSTHHBIM CHHU-
JKEHHEM pa3Mepa U TOJIIIMHBI YUIIOB, yBeINUeHHeM 0OPaTHOTO HAIIpsDKe-
HUS U CPEIIHIUX PabOIrX TOKOB, a TAK/KE CHIDKEHHEM CTATHYECKUX M THHA-
MHYECKUX IIOTepb.

Kpemuuessie nuonst IloTTky mepexonst ot miaHapHoi K Trench-
KOHCTPYKI[MH C IPOEKTHBIMU HOpMaMu 0,5 MKM IIPU OHOBPEMEHHOM
CHIDKEHMH IUIOIIA/IY YUIIOB, IIPSIMOTO MajIeHUs HAIPSDKEHUs U ITOBBIIIIe-
HHU CPEIHUX paGOYUX TOKOB, TO €CTh INIOTHOCTh MOII[HOCTH YHITOB BO3-
POCIIa Ha eIMHUILY TUToIanu [4-5].

V3 kaTeropuu MuIpOKO30HHBIX HOIympoBogHuKos (III3I1) mepBoiMu
6butu 3anymiess! B mpousozuctso B 2001 r. SiC-puonsr [ottku [6], mumu-
TeJIbHOE BpeMst CJIab0 MPOHMKAOIIHE Ha PHIHOK H3-32 BHICOKOI CTOUMO-
cru. GaN moiroe BpeMst paccMaTpUBAJICs KaK [JIABHBIM MaTepHaJl CBETOLU-
OJHOI ONTO3JIEKTPOHUKH, 110Ka B 2009 r. HE 6bpLII IIpeNCTaBIeHbI IIEPBbIe
koMMmepueckrne GaN-TpaH3UCTOPBI € PEKIMOM 060TaleHIsE Ha KpeM-
HueBoit monoxkke [7]. o aroro B 2005 . snoHcKas kommanus Nitronex
npeycrasuia nepsbiit CBYU-Tpansucrop GaN-Ha-Si [8]. OpHako kommep-
yeckue nepcrekTuBbl GaN /115 CHII0OBOI 9JIEKTPOHUKU OTKPBIIHCH ITOCTIe
peanu3auu mporecca MHOTOCIoiHON anuTakcuu GaN Ha KpeMHUEeBOI
nomoxke framerpom 150 1 200 mum [9]. BaxkHoit Bexoit crasa paspaborka
B 2015 1. cunosbix MIC Ha ocHOBe GaN ¢ uHTerparuell B OffHOM YuIIe I10Je-
BOTO TPAH3KUCTOPA, CXeMbI YIIPABJIeHUs U ee 3aiuThl. [IponsBoacTBo Kom-
Mepueckux cunoBbix MIC Ha ocHoBe GaN Hawanocs B 2018 r. [10]. OnHuM
U3 CaMbIX BKHBIX 9TAIIOB B pa3BUTUH Ipr6opoB Ha ocHoBe SiC u GaN
crasa pa3paboTKa ¥ Ha4aIo0 NPOMBIIIUIEHHOTO IIPOU3BOACTBA aBTOMO-
6uIteil C 9IeKTPUIECKUM IIPUBOIOM, ITIe 9TU U3MEIHS 3a CIeT OTIHMIHBIX
9JIEKTPUIECKUX U JUHAMHUIECKIX [apaMeTPOB CTAIIH IJIABHBIM JIOKOMOTH-
BOM HeIIPepbIBHOTO COBEPIIIEHCTBOBAHNSI 3IEKTPOMOOMIIEIL.

Emre ogna KaTeropus U3NeNIuil CUIOBON SJIEKTPOHUKHA — TPAH3U-
cropsl Si LDMOS — nony4nia pacnpocrpanenue B CBY-anexTponuxe
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U MHKPOCXeMax IpeoOpasoBatesiell HalIpsDKEHIsI, HO HbIHEIIHee OypHOe
passurtue CBY GaN-usnenuit cumwkaer npumenenne Si LDMOS 8 CBY-
npunoxeHusix [11].

Baxxuoit chepoit mpUMeHeHHs CTAHOBSTCS 9HeProdddekTuBHbIE
KoMMyHuKanuu, rae texuonorus 3DGaN FinFET komnanuu Finwave
Semiconductor ucronb3yeT coBpeMeHHbIE TOCTIKEHUS KPEMHUEBOH
FinFET-TexHoI0rMM 1 IPOEKTHBIE HOPMBI MeHee 130 mm [12].

[Tpou3BOACTBO BBICOKOBOJBTHBIX AuonoB loTTku Ha ocHOBe
Ga,0; ¢ IOMOIIBIO AIOHCKUX CTAPTAIIOB TOJIBKO HEPEIIO Ha MeIKOCe-
PUIHBINA BBIITYCK ¥ IOJDKHO IIPOUTHU TOT JK€ STall KOMMEPYECKOM ajarTa-
LAY U CHIDKeHU 1ieHbl, uto 1 ¢ SiC u GaN [13].

Ainmas obmamaer YPe3BbIYaHO BLITOHBIMU CBOMICTBAMU, KOTOPBIE 110~
3BOJIIOT IIPUMEHSTD €r0 B TAKUX 00J1ACTSIX, KaK MOIIIHAs H BBICOKOYACTOT-
Hasl 9JIEKTPOHMKA, JJeTEKTOPBI U3JTy4eHHsl, 3JIeKTPOHHbBIE U3ITydaTe N sl
BaKyyMHBIX IIePeKII04aTeJIell CBEPXBBICOKOTO HAIPSDKEHUS U KaTOL0B
JIaMmII GeryIeil BOJIHEL, a TaKoke TePMOIMICCHOHHbIE U3y IaTe I I IIpe-
o6pasosanust oHeprun. K HEKOTOPBIM U3 BBIIAIOIINXCS 9IEKTPOHHBIX
CBOJICTB ajIMa3a OTHOCSTCSL: dJIEKTPUIECKOe [OJIe IIPOOOst U BBICOKASI TTOJ-
BIDKHOCTD HOCUTEJIeN 3apsiia. AnMas Tarke 00J1agaeT caMoil BBICOKOM
TeIUIONIPOBOJHOCTBIO CPEAY BCEX MATEPHAJIOB, YTO OCOOEHHO BaXKHO, [0~
CKOJIbKY BO MHOTHX ITPMJIOKEHUSIX CHJIOBOI 9JIEKTPOHUKH U OITOIJIEK-
TPOHUKH PabOTa yCTPOMCTB OrpaHUYEHA OTBOIOM Teruta. OIHAKO BO3-
MOJKHOCTH aJIMa3a OKa MCCIIENYIOTCS, U IIePeXoJl K IIIMPOKOMY IpAKTHde-
CKOMY IIPHMEHEHHIO y Hero elife Brepenu [14].

MupoBble TeHAeHLN Pa3BUTNSA CUITOBbIX
noNyrnpoBOAHNKOB

OCHOBHBIMI MUPOBBIMHE TeHJCHIUSIMH Pa3BUTHUS CUIIOBBIX IIOTYIIPO-

BOJJHUKOB B IIOC/IETHUE JICCSTIIETUS SBIISIOTCS:

e 3aMETHBII POCT HOTPEOHOCTU B CHJIOBBIX IIOJIYIIPOBOIHUKAX, 06ecIe-
YUBAIOLINX PEIIAOIIYe IPEUMYIIeCTBA B 9HEProcOeperaroIiux 1 «3e-
JIEHBIX» CETMEHTAaX 9KOHOMUKHU: IOTPEOUTENIBCKOM, aBTOMOOHILHOM,
9HEPreTUYecKOM U T.11.;

e OUIYTUMBIH POCT MOIIHOCTH AUCKPETHBIX IIOJTYIIPOBOJHUKOB U CH-
1108b1x MG, 9T0 OTpe60BaIO ImepecMOTpa TeXHOIOTHI H3TOTOBIEHIS
YUIIOB U COOPKH, KOHCTPYKIUI KOPIYCOB CHIIOBOIT 3IeKTPOHUKH IS
CHIDKEHUS TEIJIOBOTO COIIPOTUBIICHHS U YTy dIlIeHNs TEIIOOTBO/I;

e HHTerpanus B OGHOM uuIle (Kopiyce) pyHKuuit yrmpasieHus (gpaii-
Bepa), CUIOBBIX BHIXOMHBIX KACKAIOB, JATINKOB TOKA, TEMIIEPATYPEL,
06paTHO¥ CBSA3K U T.11.);

e IIepeHOC IIeJIbIX TexHosorndeckux 6;10xoB u3 CbYIC B cuioBble auc-
KpeTHbIe MoIyIpoBofHuKY (150-350-uM doTomurorpacdus, IeeBbie
TEXHOJIOTHH, MHOTOYPOBHEBbIE MeKCoeauHeHns, 300-MM IIJTaCTUHBI
HT..);

e 1epexoj K TOHKUAM U YJIbTPATOHKUM IUIACTHHAM;
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e HCIIOJIb30BAHIE HOBBIX MAaTEPHAJIOB JIJIsI YIJIYUIIEHHs CTATHIECKUX
1 guHAM#IecKux mapamerpos (SiC, GaN, Ga,Os, AIN u np.);

e obecriedenne BHICOKO panuaiuoHHON croiikocTu UOT ¢ momorbio
HOBBIX MaTepUajIoB;

e BCJIE[CTBHE UCKIIOIUTENbHBIX (PU3HIECKUX XaPAKTEPUCTUK HOBBIX
MarepuanaoB OTHaxaeT He0OXOMUMOCTh B TPATUIHOHHBIX TOPOTHX
U CJIOKHBIX METOJIaX TIOBBIIIEHNS! OBICTPOJIEHCTBHUSL, XaPAKTEPHBIX ISt
KpeMHUEBBIX U3/ (9JIeKTPOHHOE, IPOTOHHOE OOJIyIeHN e 1 T. 1. );

e mepexof K 2,5-3D-c6opke ananornaso rexuonornu CBUC;

e mepexof K «0e3BbIBOHBIM» MOIIHBIM KOPITYCAM U UX HHTETPAI[HH
C TEIUIOOTBOJIOM B IIEYATHYIO ILIATY;

e Iepexofi C KepaMUYECKUX M METaJUIOCTEK/IIHHBIX Ha IIACTUKOBBIE KOP-
ITyca B M3JIEJIUSAX 1)1 BOGHHOTO M KOCMUYECKOTO IPMMEHEHUS], BKJIIO-
Yasi paiialiMiOHHO-CTOMKHE.

OnuuM 13 HanboJee BAKHBIX TeXHOIOTUYECKHIX aCIIeKTOB UX Pa3BUTHS
SIBJISIETCS LIMPOKOE HCIOIb30BAHNE IIEJIBIX TeXHONIOTUIeCKUX OJIOKOB
U TOIIOJIOTUIECKHX IPOEKTHBIX HOpM 13 Texuonorun CBUC, a Tawke c60-
POYHBIX METOJIOB, TEXHOJIOTHII 1 MaTepHAIOB CHIIOBBIX MopyJeit. Kormga
B 1988 r. Komnanus IBM BriepBble BHEIPUIA METOJ U30JISIIIUY KOMIIOHEH-
T0B Hery6okuMu kanaBkamu (Shallow Trench Isolation, STI) st TexHO-
soruu 500-aM KMOIT-oruxu u qunos mamstu 16-Mbit DRAM, xoTopsrit
3areM TpaHCHOpMHUPOBAIICS B U30JIALMIO I1y6okuMu KaHaBKamu (Deep
Trench Isolation, DTT), Hu4TO He yKa3bIBaJIO, YTO 3TA TEXHOJIOTUS CTAHET
6a3oBoit He T0s16KO 17151 CBVIC, HO ¥ CHJIOBBIX IIOJTYIIPOBOJJHUKOB B TIOBBI-
IIIEHUH CTeIIeH UHTETPALlUH U YJTydIIIeHNI MHOTUX CTaTHYECKUX U IMHA-
MUYeCKHX IIapaMeTPOB, a TAKKe ISt COOPOIHBIX HHTEPIO3epoB. OIHAKO
€CJIM BHAvaJle TPaHIIeHas TEXHOJIOTH IPUMEHSUIACh TOJIBKO B Ka4ecTBe
3aMeHbl nuanekTpudeckort usossanuu LOCOS, To B HacTos1Iee BpeMs
OHa SIBJISIETCSI YaCThIO CTPYKTYPBI M KOHCTPYKIUK JUOOB, TPAH3UCTOPOB,
MTaCCUBHBIX KOMITOHeHTOB MIC 11 crustoBo¥ JIEKTPOHMKH. DTa TEXHOJIOTHS
CTaJIa OHUM M3 OCHOBHBIX HHCTPYMEHTOB B CHIDKEHHHU Pa3MepOB YHIIOB
BCeX M3JEJIHII CHIIOBOI 9JIEKTPOHUKHY 1 YITYUIIIeHUN UX CTATHIECKUX U [~
HAMUYEeCKUX ITapaMeTpoB. B coueTaHnu ¢ MpoeKTHBIMU HOPMaMU MeHee
0,25 MxM trench-Tiporiecc yike He OrpaHIIUBACTCSI TPABICHHEM Iy OOKHX
KaHABOK, X 3aIIOJIHeHNeM U IUIaHAPHU3aIiKel, a TpebyeT COBPEMEHHBIX Me-
TOJIOB MaTeMaTudeckoro Mozeauposanus u CAIIP-npoexkTrpoBanus mist
CO3MIAHUSI OITHMATBHOM CTPYKTYPBI U JOCTIDKEHUS TPeOyeMbIX Tapame-
TPOB CWJIOBOU 3JIEKTPOHUKHI. OTH METO/IbI II03BOJISIOT U3/IE/IUAM CHIIOBOH
9JIEKTPOHUKY Pa3BUBATHCS YCKOPEHHBIMH TEMIIAMHU, 3aMETHO IIPeBOC-
XOISAIIMMHE TaKKe 5Ke 9Tarnsbl 11t KpeMHueBbiX VIC He6OIIION MOIIIHO-
cru. Teneps Tononorndeckre HOpMbI 130-350 HM U MeHee IJIsI CHIIOBBIX
WC, MOSFET, IGBT sBJs110TCs1 CTOB JKe IPUBBIYHBIMY, KaK JIeCSITUIIeTHE
Hasaj IJI1 MEKPOCXeM BBICOKOU CTeleHu HHTerpanuu. 1 9o o6cTos-
TEJIBCTBO He IT03BOJISIET MHOTUM POCCHICKIM MPEAIIPUSITHSIM COBEPIIUTh
GBICTPBIiT 9BOIOIMOHHBII CKAYOK K HOBBIM COBPEMEHHBIM T€XHOJIOTHSIM
CIUIOBOII 9JIEKTPOHHUKH 6e3 3HaUUTeIbHOr0 OOHOBIEHUS IapKa 000py-
IOBaHUS U TexHosoruil. Eciu nBa mecstumeTns Hasaz cpefHue pabodue
toku kpeMHIeBbIX MOSFET TpaH3UCTOPOB COCTABIISIM JECSTKY aMIiep,
a THIIOBOE CONPOTHUBIEHHE Rpyg () — COTHE MUJIIOM, TO C IIEPEXO/IOM
Ha TexHosoruio Trench MOSFET onu Berpociu 1o 6oiee 100 A B Tex sxe
kopmycax tuna TO-220, TO-247, D2Pak, a B HacTos11iee BpeMsi B CBSI3H
C COBEpIIIEHCTBOBAHUEM KPEMHHEBBIX TEXIIPOIIECCOB U IPUMEHEeHUEM
HOBbIX MatepuanoB SiC, GaN, CHIKeHreM COIPOTUBIIEHNUS RDS(on) 110 eI~
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Puc. 1. MpoBOii pbIHOK CIOBbIX MOAYNPOBOAHNKOB 3a 2025-2034 .

HUIT MIJUIIOM CpeIJHUe TOKHU Ha 4uII mpesblaioT 200400 A. OpHako 1yt
ofecriede st 9TUX [TAPAMETPOB TPEOGYIOTCSI HOBbIE THIIBI KOPITYCOB, HOBbIE
CIIOCOOBI M MaTepuajbl MOHTAKa BHYTPEHHUX BBIBOJOB, CAMHX IHIIOB
1 TEIJIO0TBOJA KOPITyca, 00eCIIeInBAIOIIIe CHIDKEHHE TeIIOBOTO U JIEK-
TPHYECKOTO COIIPOTUBIICHHSI.

Errte onHuM BaXHBIM (aKTOPOM, ITO3BOJISIOLIMM ITOBBICHTH MOIIIHOCTD
CIJIOBBIX IIOJIYIIPOBOIHUKOB, SIBJIsIETCsI 60JIee BHICOKAsI TeMIlepaTypa
nepexona 175 °C u Bbiie, obecrieanBaemast II3I1 B cpaBHEHHH ¢ KpeM-
uueM. OHa [I03BOJIsIET PACIIUPUTD 00J1aCTh 6€30IacHO PabOThI IPH-
60poB. OfHAKO UMEHHO IPH TAKUX TEMIIEPATypax TPaLUIHOHHbIE Iast-
Hble MaTepUaJIbl HAYMHAIOT pa3pyuiathcst. Kpome Toro, Bo3HUKaAOT Gosee
JKeCTKHe TPe6OBAHUS K TOMIINHE YUIIOB I METAUIH3ANUH X 0OPaTHOM
cropousl. Eciu mocMoTpers Ha Tpe6OBaHUS K 9JIEKTPOMOOUIISIM, TO UH-
TEHCHBHOCTb TEPMUTIECKOTO [UKINPOBAHUS YCHINBACTCS U3-3a OBICTPOLL
3apSIKK U HeOOXOMMMOCTH JaCTBIX IIUKJIOB BKTIOUEHHS U BIKIIOUCHIS,
MOBBIIIeHUs cKopocTr Hapacranus dv/dt u di/dt, 6ompiimx komebanuit
TEMIIEpaTypbl, CO3IlAaHUS 3HAYUTEILHOTO MEXaHIMYECKOTO HAIIPSIKEHUS
u3-3a HecoorsercTBusl KTP MaTepuanos, paciupsromuxcs ¢ pa3Hoil CKO-
POCTBIO, YTO IPUBOIUT K MEXaHM3MaM OTKa3a B TPAJUIIMOHHBIX ITAIKaX
13-3a yCTAJIOCTH, IIyCTOT U AeiamuHanuu (pacciaoerus). Eme ognoit Ten-
IEHIIMel, CBSI3aHHOM C STUMU HOBBIMU yCJIOBUSIMH 3KCILTYaTall1H, SBJIsI-
eTcsi IPUMEHeHNe HOBBIX FepPMETH3UPYIOIIMX KOMIIAyHIHBIX MaTepya-
JIOB, OCHOBaHHBIX He Ha CHJIMKOHOBBIX,  Ha SIIOKCUHBIX HAIIOJHHUTEIIAX.
Taxum 06pa3om, 6ostee JKeCTKIE YCIOBHSI 9KCIUTYaTAI[U CO3IAI0T HOBBIE
BBI30BBI X TPEOOBAHIS K COOPOIHBIM MaTepUaIaM I KOPITycaM.

CutoBasi 3JIeKTPOHMKA CTaJIa O-HACTOSIIEMY CHJIOBOI He TOJIBKO
B KaTerOPHU MOIIHBIX MOIYJI€H, HO U B IUCKPETHOM IIPOIYKIIH, PaHee
OTHECEHHOU K U3JIe/IUAM CPefiHel U jaxke MaJIO MOIIHOCTH. [l yoB-
JIETBOPEHHs HOBBIX PeajIiil i TPeOOBaHMI IIOTPeOOBAICS IIEPECMOTP KOH-
LTI TeXHOJIOTUH H3TOTOBJICHHUS IUIIOB, KOPIYCOB U coopku. U eciu
CHIDKEHHE Pa3MepOB YHUIIOB P OJHOBPEMEHHOM IIOBBIIIEHHU UX MOLII-
HOCTH SIBJISUIOCH MHOTOJICTHEH TeHIEHIUEH, TO I KOPIYCOB U TeXHO-
JIOTH# COOPKY CUIIOBOH 9JIEKTPOHUKY HOTPeOOBAINCH HOBbIE ITOAXObI,
B TOM YHCJIE IJIs TEIVIOOTBOZIA PE3KO BO3POCIIIEH MOIITHOCTH.

OrtebHON TeMOU paccMOTpeHus siBJsteTcst mpumenenne SiC u coenu-
HEHMI Ha ero OCHOBE, a TAKKe AJIMA30B B Ka4eCTBE TEIJIOOTBOJA B IOJIY-
IIPOBOIHHUKOBBIX KOPITyCaX, HHTEPIIO3epax, patuaTopax.

MupoBoIi pbIHOK CUIOBOI 3N1IEKTPOHUNKM

PBIHOK CHIIOBO 3JIEKTPOHUKH CPEIU TTOJYIPOBOHUKOBDIX U3/IeTHi
SIBJISIETCA CaMbIM CTa6I/IJII>HbIM U pacTyliuM, HE IIOIBEP)KEHHBIM PE3KUM
KOJIe6aHI/IHM, HaIpuMep, B OTINYINUE OT MUKPOCXEM IIaMATH. ITo IIpo-
rHO3aM, ¢ 2025 o 2034 rr. MUPOBOH PBIHOK U3JeJIUN CUI0BOH IOJTy-
NIPOBOJHUKOBON 3JI€EKTPOHUKH BbIpacTeT ¢ 54,94 no 81,7 mapa goJur.
C eKETOTHBIMU CPEeTHUMHE TeMIIaMu pocta 5-6% (puc. 1) [15]. B 2024 1.
Asznarcko-TuxookeaHCKUIl perioH c fosteit 41% SBIISAICS MUPOBBIM JIN-
IepoM 1o 06beMy 3TOrO PHIHKA JUISI aBTOMOOKIIBHOI, TIOTPEOUTENBCKOI,
IIPOMBIIIIIEHHOM 9JIeKTPOHUKY. EBpomna, rjie Iupupyer aBTOMOOMIbHBII

@ [vckpethble

@ Cunossie UC, Y
moaynu

Si @ SiC,GaNugp.

2] 5]

Puc. 2. [lony cermeHTOB Mo Tnam: a) NPoAyKLuK; 6) MaTepranam Ha MUPOBOM PbIHKE CUNOBbIX
nonynpoBoOAHNKOB B 2025 T.
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CerMeHT, ¢ JoJteit 32% 3aHUMaeT BTOPOe MeCTO Cpeli MUPOBBIX PETHOHOB.
O6mbembl ppiaka B Asun ¢ 2025 1o 2034 rr. BeipactyT ¢ 22,53 10 33,58 Mutpz
nosn. Ilo tumam mpomykiyun B 2025 T. 1071 JUCKPETHBIX TOTYTIPOBOIHMI-
KOB cocTasiusier 44,6%, a cunosbix VIC u moxmyeit — 55,4% (puc. 2a). [loms
KPEMHUEBBIX U3JIeJIMIA CUIOBOM 3JIEKTPOHUKY paBHa 77,6%, a BceX IPyrux

=8== CpefHee KONM4YecTBO YMMOB B aBTOMOOMINE, LUT.

=@= CTOVMOCTb MOMyNpPOBOAHMKOB B aBToMObusIe, 4OSIT.
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Puc. 3. PocT: a) KonmMyecTBa 1 CTONMOCTY NOAYNPOBOJHUKOB B aBTomobune 3a 2021-2027 1;

6) Nx fONM B PasHbIX TUNax aBTOMOGUNEN; B) JONIN CUNOBbIX MONYMPOBOAHNKOB
3a2024-2030rT.

Ta6nuua 3. MapameTpbl WMPOKO30HHbIX (LLU3MT) 1 cBepxwwinpoko3oHHbIX (CLL3M) nonynpoBoaHMKoB

MUWKPO3NIEKTPOHUKA

marepuaios, Bkiaodast SiC u GaN,— 22,4% (puc. 26). OgHuM U3 cCaMbIX
MOIIHBIX CTUMYJIATOPOB POCTA IIOTPEOUTEIBCKOTO PHIHKA MOTPeOIe s
SIBIISIETCST aBTOMOOMIBHEL cermeHT. K 2027 1. cpefiHee KOIMYECTBO IOy -
IIPOBOJHUKOB B aBTOMOOMIIE BhIpacTeT 40 1015 IIT., a B CETMeHTe IIpe-
MUIBHBIX aBTO TIpeBbIcuT 3500 mit. (puc. 3a) [16]. CTOMMOCTH CHIIOBBIX
IOJTyIIPOBOJHUKOBBIX IPHOOPOB PACTeT B 3aBUCHMOCTH OT THIIA ABTOMO-
6mst 0T 15% y aBTOTPAHCIIOPTHBIX CPEACTB C ABUraTeIeM BHYTPEHHETO
cropauus (IBC) mo 60% y aBTOMOOMIIEN ¢ 3IEKTPUIECKUM IPHBOIOM
(puc. 36). B mepByIo ouepenn, 3TOT [IOKa3aTelb OyeT JOCTUTHYT 3a CIeT
POCTa IPUMEHEHNUsSI CHIOBBIX IIOJIYIIPOBOJHUKOB, X OCOGEHHO Ha OCHOBE
SiC u GaN, cOBOKyIIHasI ZOJISI KOTOPBIX B aBTOMOOMIIe K 2030 T. IIPeBBICHT
60% (puc. 38). [TepeBon amekTpoMoOHIeil Ha uTanue 48 B Taroke yBesu-
qpBaeT UX HpuMeHeHue. CerMeHT aBTOMOOIIECTPOCHISI JIs aBTO C JIEK-
TPUIECKUM IIPUBOOM OKA3aJICSI MOLIHBIM KaTaIU3aTOPOM POCTA PHIHKA,
0c06eHHO B oTHOIIeHHN SiC-IIPOYKIINY, TOTA KaK B IPeNbIAyIie 15—
20 et ero Temsl pocTa 6butH HUSKUME. OCOOHHO OTOPIUTEIbHBIM IS
Halllel CTPAHBbI SIBJLIETCS TO, UTO, YIUTHIBASI TEPPUTOPUAIbHbIE Pa3Mephl
Poccuu, TPaHCIOPTHBIIA CeKTOP (aBTO, )KeJIE3HOTOPOKHBIIA, ABHA, BOLHBII)
BCerfia SIBJISUICS] BUKHBIM JULS ee PBIHKA 9JIeKTPOHUKH U 3a IIOC/IETHYE TOBI
LIOTEPSUI €T0 B CBSI3U C ajieHHeM IIPOM3BOACTBA COOCTBEHHBIX TPAHCIIOPT-
HBIX CPEJICTB.

LLinpoko3oHHbIe NONYNPOBOAHNKN

[I3IT o6anaroT uaeanbHBIMK TapAMETPAMU JUISL CHIIOBOM 3JIEKTPO-
uukd (tabu. 3) [17]. Haubosee sspkum mapamMeTpoM, KOTOPBII XapaKTepH-
3yeT BO3MOKHbIE IOTEPH MOLTHOCTH B CHJIOBBIX YCTPOMCTBAX, SBJISETCS
nokasaress nobporsoctu banmuru (BFOM) [18]. OH ocHoBaH Ha mpef-
MIOJIOKEHUH, YTO ITIOTePH MOITHOCTH BO3HUKAIOT M3-3a IIPOBOAUMOCTH,
TO eCTb IIPOTEKAHMSI TOKA OTKPBITOTO CHJI0BOro Kiaoya. BFOM saBucur
OT BHYTPEHHUX NIAPAMETPOB MaTepuaa U MOKET OBITh IPEICTABICH CIIe-
LYIOLIIM 06pa3oM:

BFOM = e-M-Ec,

rze € M, Ec — muanekTprdeckas IpOHMIIAEMOCTD, TTONBIKHOCTD U KPUTH-
JeCKOe 3JIEKTPIIECKOe T10JIe, COOTBETCTBEHHO.

W3 Tabu. 3 BunHO, uto y Beex LI3IT u CII3II aToT mokasareb HAMHOTO
JIy4llle B CPABHEHHUN C KpeMHHEeM. 3aBICUMOCTb COITPOTHUBIIEHNS B OTKPBI-
TOM COCTOSIHHY OT OOPaTHOTO HAIIPSDKEHIUS IeMOHCTPUPYET UX UealIb-
Hble BO3MOKHOCTH 1151 CO3/IaHMs BBICOKOBOJIbTHBIX OJTYTIPOBOIHIKOBBIX
npubopos ¢ ucrnonbsosaruem 4H-SiC, GaN, Ga,O; u anmasa. Bombrnvmn
nepcriekTrBamu Take 06magaror CIUI3IT us Hurpuna amomuus (AIN)
u Kybudeckoro Hutpuza 6opa (c-BN). AIN yrke mpoXomuT CTagHIo Ipo-
rorunuposanus st cos3nanus MOSFET, a ¢-BN — uccienosanus napame-
TPOB ¥ TEXHOJIOTMI IIPOU3BOZICTBA.

Braromaps atum mapamerpam 31T 061amar0T HAMHOTO MEHBIIUM
IPOXOJHBIM CONpOTHBIeHHEM (puc. 4a), a mromans aunos GaN-
TPaH3UCTOPOB Ha 650 B mpn 0fMHAKOBOM CONPOTHUBIEHAN Rpygoy)
MOKHO CHM3UTb B 35—45 pa3 B CpPaBHEHUU C TUIOBLIMU IIJIJaHAaPHBIMU
kpemHueBeMu MOSFET u B 10-20 pa3 oTHOCHTeIbHO KpeMHHEBBIX S]
MOSFET (puc. 46) [19]. B nocnennue 20 jieT 3BOIIONMS U3MEHEHHS

Marepuan LLinpuHa 3anpeLeHHoN 30Hbl, Houamnonz'b 3N1eKTPOHOB, Kputnyeckas HanpsxeHHOCTb SNEeKTPUYECKoro nons, BFOM (*), TennonpoBoAHOCTD,
3B a?/(B-c) MB/cm B%/Br-cm? Br/(m-K)

Si 112 1240 03 838 145
4H-SiC 32 930 3,1 6270 350
GaN 34 1000 49 27900 140
B-Ga,0, 49 150 103 36300 27
Anmaz 55 2000 13 554000 3450
AIN 6,0 426 154 336000 319
BN 6,4 825 17,5 695000 2145

*BFOM (Baliga Figure of Merit) — koaduumeHT kauectsa banuru.
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Puc. 4. a) TeopeTnyeckie 3Ha4eHNA 3aBUCMOCTN COMPOTUBEHNA B OTKPITOM COCTOAHIM OT 06PaTHOrO HaNpPAXEHMUA Y Pa3HbIX MOYMPOBOAHNKOB; 6) CPaBHEHMeE MNOLLAAN YMMOB KPEMHMEBBIX

MOSFET, SJ MOSFET 1 GaN HEMT npu HanpsxeHun 650 B

wromanu rpansucropa VDMOS, S] MOSFET, GaN HEMT ¢ mapame-
tpamu 10 A/650 B cBHIETENBCTBYET O CHIDKEHHUH IUTOIAnu ¢ 21,6 MM?
y VDMOS no 4 mm? y GaN HEMT nipu oiHOBpeMeHHOM CHIDKeHHH B TISITh
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Puc. 5. /I3meHeHue: a) nnowaamn yunos TpaH3nctopos 10 A/650 B, peann3oBaHHbIX
10 Pa3HbIM TEXHOMOTMAM; 6) Nokasatens obpoTHocTy FOM; B) CTOMMOCTM 3a eAUHNLY

conpoTuenenus Rygor

pas Rpg(on) ¥ GaN (puc. 5a) [20]. CpaBHeHue cOOTHOIEHUS TapaMeTpa
FOM = Rpg(op) * Q, Tatoke yxaspiaer Ha Goubiine npenmymecrsa GaN
HEMT, y xoToporo 6osee ueM Ha IOPSIOK JIydllle 3HAUCHUS B CPaBHE-
HUH C IOC/IeNHUMHE reHepanusmu kpemuueBbix S] MOSFET (puc. 56).
Kpowme Toro, 6rarogapst MajibiM pazmepam croumoctb o GaN HEMT
TIOCTOAHHO CHIJKAETCA B IOJIAPAX 32 eIMHUILY COPOTUBIEHHSA Rpyg(op)-
Otu 3HaueHus faxe Hiwke, 1eM y S MOSFET (puc. 5 B). ¥ SiC- u GaN-
IprOOPOB B CPABHEHUH C KPEMHUEBBIMH TAKOKe JIydIIle TUHAMIIeCKYe I1a-
paMeTpsI I HAMHOTO MeHbIIIe BpeMst 0OPaTHOrO BOCCTAHOBJIEHHS [P IIe-
PeKIIOYeHHH, 4TO 0becrednBaeT OoJiee BEICOKUE padotue dacToTs i KIT]]
YCTPOJICTB Ha UX OCHOBE B CPAaBHEHHU C KPeMHHEM. 3aMETUM TaKxke, 4TO
IIPH BBIIYCKe KPEMHUEBBIX IIPUOOPOB /IS YTy qIIeH s ObICTPOIeHCTBIS
He0OXOAUMO IPUMEHSTH CJIOKHBIE X TOPOTOCTOSIIITHE IIPOLECChI BBICO-
KOQHEPIeTUIeCKOr0 JIEKTPOHHOTO, IPOTOHHOTO 00ydenus. Braronaps
OTJIMYHBIM IMHAMUYECKHM HapaMeTpaM camoro GaN, B U3[e/IHsX Ha ero
OCHOBe OTIafiaeT Heo6XOAUMOCTb B 9THX MeToax. Ha oTux usmenusx, 06-
JAJAIOUINX XOPOLIeH PalHallAOHHON CTOMKOCTBIO /Il KOCMIYECKOM CH-
JIOBOYI 3JIEKTPOHUKH, B YaCTHOCTH, CHEIIUAIU3UPYETCS OIUH U3 MEPOBBIX
ymiepos o GaN-npopyknuu — ameprkanckas kommnanus EPC.
Kareropms I1I3I1 ¢ mmprroit 3amperieHHO 30HbI O0iee 4 9B oTHOCUTCS
x CIII3IT u umeer cepsl IpUMEHeHH s, KOTOPbIe HeTOCTYIIHBI JasKe IIPH-
6opam Ha octose III3I1. B mepByio ouepens, IMEIOTCS B BUAY HATIUKH IS
9KCTPEMAJIBHBIX YCIOBHI OKPYSKAIOIIel Cpelbl (BBICOKAS TeMIIepaTypa,
noBbItteHHas panuanust u T.1.). CIISIT mocesiieHa ormesnbHas crathst [ 14].

MupoBoii pbIHOK LUIMPOKO30HHBIX NOTYNPOBOAHNKOB

C 2024 o 2030 rr. MupoBOi1 peIHOK SiC-IPOAYKTOB BhIpAacTeT
¢ 3,4 no 10,3 mupp moJut. co cpenrerogoBbiMu temmnamu 20,3% [21].
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Puc. 6. PocT fonu nspgenui Ha ocHoBe SiC, GaN B cpaBHEHWM C KpEMHMEM Ha MAPOBOM PbiHKe
82019-2028 rr.
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OCHOBHBIMU C(i)epaMH UX IPUMEHEHU CTaHYT aBTOMO6I/IJ'H)Ha${ IIPOMBIIII-
JIEHHOCTD, cepa MOOUIBHOCTH C J1os1eit 71% ¥ IPOMBIIIIIEHHAS 3JIeK-
TpoHuKa ¢ goseit 28%. B atux cdepax M3IT-mponyxkiust Ha ocHoBe SiC
u GaN 6yzeT OTBOEBBIBATE CBOIO JOJIO IIPIMeHeHus U k 2028 I. BbIpacTeT
10 30% (puc. 6) [22]. TTo mporHosy kommanuun Omdia, COBOKYIIHBIIT PbI-
HOK 9Tux uagpenuit ¢ 2024 no 2030 rr. Beipacrer ¢ 4,5 1o 20,3 MIpH K0}
npu 3TOM cpeziHeronosble Temibl pocta SiC 1 GaN, cOOTBETCTBEHHO, CO-
craBat 53,5 u 27%. I1o chepam npumenenus Si, SiC u GaN oueBuzHO,
410 SiC IpenMyIIecTBeHHO UCIOIb3yeTCs B IPHOOPaX, I/ie BaKHbI BbI-
cokast pabouast TeMIepaTypa 1 TeIIOPOBOAHOCTD, a GaN — B u3nenu-
X ¢ 60JIbLIEN HAIPSDKEHHOCTHIO 3TIeKTPUIECKOro mpo6ost. CerMeHTs!
ABTO- U HpOMbILLIHCHHOﬁ JJIEKTPOHUKU KaK OCHOBHBIE JIJIS 3JIEKTPOHHBIX
SiC-610K0B Ha OCHOBE KOMIUIEKTYIOIIUX SiC-TI0JIyIIPOBOIHIKOB BbIPAc-
TyT ¢ 2023 mo 2029 r. ¢ 23,8 10 35,7 MIpA, NOJUL, IPUYEM B 3aBUCUMOCTHU
0T pabodero HaIpsHKEHUS! yBETMIUTCs 10J1st 610K0B Ha 1200 B.

Muposoii peiHOK cunoBoit GaN-nmpopyknun ¢ 2023 mo 2029 rr. BbI-
pacret ¢ 260 MIH f0JUL. 1O 2,5 MJIpJ AOJLL, a peiHOK RF GaN — ¢ 1,1
10 1,9 MJIPIL HOJUL., COOTBETCTBEHHO [23].

B 2023-2025 rr. Ha poHe KOCMUIECKUX PACXO[0B MUPOBBIX KOMITAHUIT
B cTpoutenbcTo LIO]], ocobenHo mocie Havana pa3pabOTKH HOBO ap-
xuTekTypsl Hanpsokerus 800 B DC, Beipoc cripoc Ha cuiosble Si-, SiC-,
GaN-tpausucropsr. [TorpeGHOCTH B HEX Oyt exxerofiHo pactu u k 2030 T.
IIPEeBBICUT 1 MJIpJ KON, a ot SiC-, GaN-Tpan3uctopos mpesbicut 30%
[24]. DTOT PHIHOK SBJISETCS €11l OHUM KaTalIH3aTOPOM POCTa IIOTPEOHO-
cru B cutobix HI3IT

Ecnu OLIEHUBATD ITapaMEeTpUIECKUE O6JIaCTI/I IIPUMEHEHUA CUJIOBBIX
[IOJTYIIPOBOIHUKOB I10 TUITY MaT€PHUAIOB, TO BUJHO, YTO Y KDEMHUS TAKOK
30HOI ABJIETCS IUATIA30H YCTPOMCTB ¢ paboueit vacroToit o 100 k',
y SiC-, GaN-npu6opos — 1o 100 MI'y, a y CII3IT Ga203, AIN u anmasa —
cpitre 100 MTrp (puc. 7) [25]. Kpemuuit ocraercs moka He3aMeHUMbBIM
171t TUpUCTOpOB, IGBT ¢ ypoBHeM MoIIHOCTH B lecsITKU Wi coTHE MBT,

MUKPOINEKTPOHNKA

KoBoit oTpaciu. Hauboblmee pacpocTpaHeHue MOy IHIN TeXIIPOLIeCCh
GaN-on-Si u GaN-on-SiC, npudyem GaN-on-Si mpuMeHsieTcst JJIst Bcex
KaTeropui cuaoBbIx 1 CBY-uanennit, BKJII04as MOHOYUIIOBbIE MHKPO-
CXeMBI IPaiiBepOB yIIPaBIeHUs CUIIOBBIME TpaH3ucTopamy, a GaN-on-SiC
Bocrpe6oBan B CBU-a/eKTpoHUKe U B IPHOOPAX IOBBIIIEHHON MOIII-
HOCTH, I'I€ BAXHBIM IIAPpAMETPOM ABJIACTCA BBICOKAA TEIIOIIPOBOIHOCTD
nomoxku SiC.

Texmporecc GaN-on-Sapphire He06X0ZUM JISI AUCKPETHBIX THOLOB
1 JIaTEPATIbHBIX TPAH3UCTOPOB C ITIOBLIINICHHBIMHI Tpe6OBaHI/I${MI/I K TOKaM
YTEUKH ¥ PafiUallIOHHOM CTOUKOCTH. [10 9KOHOMHYIECKMM MOKa3aTesIsim
rexnponecc GaN-on-Si uMeeT oueBUHbIE IPEUMYIIECTBA 3a CYET HU3-
KOH LIeHbI KPeMHUEBOU IOI0KKHY, tuameTpa miactul 200-300 mm u ero
COBMECTUMOCTH C cymiecTByomieir kpemHueBoir KMOII-TexHomorueit
UC. Texmporecc GaN-on-GaN odeHb BakeH /sl IPOU3BOACTBA Bep-
tukanbHblX MOSFET-Tpansucropos ¢ Hanpspkeruem 1200 B u Bbime,
HO IIOKa OH He IPUOOpes KOHKYPEHTHBIX 9KOHOMHIECKUX II0Ka3aTesei
13-3a BBICOKOIT cTonMOCTU GaN-IIOII0KKY U HeOOJIBIIIOTO [UMeTpa IU1a-
crud 76-100 MM. OHAKO 110 Mepe eT0 IBOJIOLUH OH OYIeT COCTABIIATh
KoHKypew1uio SiC-mmpu6opam B a0t o6mactu. Haubonpummu mepcrex-
tuBaMu obnagaer Texuonorud GaN QST, ob6nagaonas MaKCUMaJIbHON
YHHUBEPCAIBHOCTBIO IJIsI IPUOOPOB BCeX KATETOPHIL, BKIIIOUast BHICOKO-
BoJIbTHBIE 10 10 KB 1 60iee 1 n36aBiIeHHAs OT MHOTUX MEXaHUYECKUX
HeyrocTaTKoB 1tacTud GaN-on-Si, 00y C/IOBIEHHBIX pasindreM napame-
TpoB Kpucramndeckoit perterku GaN u Si [26]. Eie onsHuM npenmyie-
crBom Texnporecca QST sBisiercs quamerp mwractud 200-300 My, a TaxoKe
COBMeCTHMOCTSD ¢ apyrumu tunamu II3I1-marepuanos, sxmovas SiC.
A 510 3Ha4uT, yTO Ha 6asze QST-IOMIOKKH C SIMUTAKCUATLHBIMU CIOSAMU
SiC BO3MOXKHO co3manue cooTBeTCTBYIoHX SiC-u3enuii.

Tabnuua 4. OcHoBHble TexHonoruy GaN cunobix UIT

HO B ycTpotictax o 100 kI,

Kuraii siBjisieTcst He TOJbKO MUPOBBIM JIM/IEPOM HA PbIHKe oTpebiie- (BY-TparHcTopl BbICOKaA TEMIONPOBO-
Hust citoBeix [I3T1-uspenuit, Ho u B ux npoussojcrse. B Kurae 6pi- GaN-on-SiC Avopl 100-150-200 Mmm IHOCTb SiC, Ho Bonee
CTPO NOHSUIM NEPCIEKTUBBI 3T MIPOAYKINY U He TOJIBKO [OIXBATHIIH, HEMT-mpaisuctope! BbICOKaA CTOAMOCT
HO U OBICTPO Pa3BIIIM €€ BBIITYCK, a TAKKE COBEPIIIEHCTBOBAHNE METOIOB o 70XaA TennonpoBOAHOCTb
1 MHCTPYMEHTOB IIPOU3BOJCTBA. HecMOTpst Ha BBefieHHbIE CAaHKI[OHHBIE Gah-on-Sapphire HEMT-TpaH3ucropbi 100-150-200 mm Sapphlreh);o;;:;maﬂ LEY
OrpaHUYeHus Ha 9Ty IPOAyKIuio, Kurail He HaMepeH MOBTOPSITH OIIHOKH h
U CTJIKUBATBCS C IIPO6JIeMaMU B OTHOIIEHHH 000PYIOBAHYS H I1epeo- CBq'TE::;";CTOPN naTepanbHble KOHCTPYK-
BBIX HAHOMETPOBBIX TeXHOJIOTHI, i IOTOMY IOJIaraeTcsl TOIbLKO Ha UX GaN-on-Si HEMT-pasicropsi 200300 mm Lu NpUGOPOB, Hit3kas
JIerabHbIN Tpancdep u3-3a pybexka. B Hacrosiee Bpemst Kuraii siBisiercst Inc cTouMOcTS Si
CaMOJIOCTATOYHBIM B TEXHOJIOTHAX U 000PyIOBaHMHU pousBoacTBa SiC- BEpTUKATbHbIE KOHCTPYK-
u GaN-npopykiuu u 6yer TeCHUTh Ha MEPOBOM pPBIHKe 3apyOeKHble Ga-on-GaN Z”m"gﬁ%”:;::;ﬂr:ﬁ' 76-100um LM TpY Manom Ry .
KOMITQHUH, JOBOJIS UX JiKe 10 GaHKPOTCTBA. Ine M BHICOKIX 0BPaTHbIX

HanpsKEHAX
OcHoBHble Buabl GaN-TtexHonorumn MaKC/IManbHas yHuBep-
BCE TUIbI 11008, CANIbHOCTb A1 BCEX TUNOB
QST HEMT MOSFET-TpaH3ucTopo 200-300 mm npubopoB 1 COBMECTU-
B ta6u1. 4 npuBeneHbl OCHOBHbIE Bu/bl GaN-TeXIIpoIeccoB, TUIIOB [PH- Inc MOCTb C POU3BOACTBEH-
60pOB 1 IPUMEHsEMBIX IUAMETPOB IUTACTUH B MHPOBOII Oy IIPOBOJHU- Hoimy nnsnami Si CMOS
1970 1990 2010 2030 . . i
SL/OSSS' CoolSiC trench CoolMOS CoolSiC
T/CM . . . .
. MOSFET superjunction trench-superjuntion (TSJ)
Gaz0s/anmas/AIN 7
100
UeTok 3aTtBop
GaN HEMT
10 [SicMosFET 3ateop
IGBT
WBG
} BJT g —>
e o O6beguHeHve [ns poctuxenus
TexXHonorunm HOBOrO CTaHZapTa
0,01
10 1000 100 10 100 fy,, My
TbIC. MIH. MIH.
Puc. 7. O6nactn NPUMeHeHNA CUJTOBbIX MOTYNPOBOAHNKOB

10 YAENbHOM MOLHOCTI 1 paboyeil YacToTe NPUBOPOB 1
MaTepuanos pasHblX TUMOB
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Puc. 8. Hosas TexHonorua SJ SiC MOSFET or Infineon o6beguHset npenmywectsa CoolSiC MOSFET v kpemHueBbix CoolMOS
C BO3MOXHOCTbIO ynyuLweHus Rpg () A0 40%
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MocnepHne AOCTXKEHNA MUPOBbIX KOMMNaHWIA
Mo CUNOBOI 3/IEKTPOHMKe

Kommanuu Navitas Semiconductor u EPFL paspa6otainu miatdopmy
TBEPIOTEIHHOTO TPaHCPOPMATOPA MOIITHOCTEIO 250 KBT /1151 apXuTeKTyp
pacrpenenenus Hanpspkerus 800 B DC s LIO/] cienyrorero mokoseHus
Ha 6aze VI [27]. OHa mpuMeHsteT MOy TbHYO TOIIOJIOTHEO MOCTOBOTO BbI-
npsamuresst SST st mpsivoro npeo6pasosarus 3,3 kB AC 8 800 B DC npu
HOMUHAIBbHOU MotHocTH 250 KBT ¢ ucnonp3oBanreM TpaHmeiHbx SiC
MOSFET Gen.5 ¢ yabTpaBbICOKHM HampspkeHueM 3,3 1 1,2 kB.

Kommanus Wolfspeed anoncuposana cosnanue annos SiC MOSFET
¢ HanpsbkeHueM 10 kB, mpezcraBiieHHBIX KaK IIepBble KOMMEPYECKHU 10~
CTyIHbIEe YCTPOICTBA B 9TOM KJIacce Hampspkeruit [28]. ITpornosupyemsrit
CpOK ci1y>k651 HOBOrO H3nenust CPM3-10000-0300A cocraBisieT IpIMepHO
158 ThIC. J1eT Ipu HempepblBHOU nonade 20 B 11 cmemieHus 3aTsopa,
a yCTPOICTBA Ha €r0 OCHOBE CIIOCOOHEI 06ecIIednTh 9(h(HEKTHBHOCTD Ipe-
ob6pasoBauus 10 99%.

MHororanuoHanbHag rpynna ucciaegosateneir u3 CIIA, Kuras
u Benuxo6puranuu anoHcuposana cosganue GaN HEMT-tpausucropos
¢ HanpspkeHueM 10 kB 1 yziebHBIM COITPOTHBIIEHNEM OTKPBITOTO KaHaIa
69 MOm-cm 2, uto Hmke, 4eM y MOSFET na ocrose SiC ¢ TeM ske HOMH-
HAJIBHBIM HalpsvKeHneM [29].

Kommanus iDEAL Semiconductor 3astBiiia 0 Havase IPOMBIIILTIEHHOTO
BhIIycKa cemerictBa KpemHueBbIx MOSFET-rpansucropos SuperQ xa 100-
150-200 B, o6namaroniix caMbiM HU3KAM B OTPACIIU COIPOTHBIIEHUEM,
KoTopoe Ha 30—40% HIDKe, YeM y OIIIDKAAIINX KOHKYpeHTOB [30].

Ha xondepenruu u sictaske IEEE Applied Power Electronics (APEC)
B Mapre 2026 r. HeCKOJILKO MUPOBBIX IIPOU3BOIMTEICH IIPEICTABUIMA Pe-
3yJIbTaThI UCCIIEJOBAHNI 1 IUIAHBI TIepexofia Ha KoMMepruanusanuio SiC
SIMOSFET ¢ Hanpsixeruem 1200 B [31]. Cpenu n3BeCTHBIX ITOCTABIIUKOB,
Bemymux oti paboTs,— Infineon Technologies, Bosch, STMicroelectronics,
Navitas Semiconductor, ROHM Semiconductor, Toshiba Electron Devices
& Storage, Mitsubishi Electric u Fuji Electric. ITo nanueim Infineon, Besu-
9rHa Rpg (o) YTy9ImuTes 10 40% ¢ MoMOIIbI0 MHHOBAIMOHHON TEXHOTIO-

run CoolSiC TSJ, obecrieqns 10 25% 6Gostee BHICOKYIO TOKOHECYIITYIO BO3-
MOIKHOCTD. DTa TEXHOJIOTHS O0beIHHSIET JIydIliee I3 KapOHIOKPeMHHIEBbIX
CoolSiC u xpemuuessix CoolMOS (puc. 8). Infineon nnanupyer HadaTh
MaccoBOe MPOU3BOAICTBO ¢ ucnonb3oanueM 200-mm mwiactun CoolSiC
TSJ 1200 B B 2027 r. Texyurue saavenust RDS (on) mpu 1200 B mocrurator
5MOm.

Eme onnuM BaxxHbIM npaiisepoM texnonoruu SiC S] MOSFET sBnsiercst
xommanust Bosch. Ona mranupyer BHeIpeHue 9TOI TeXHOJIOTHH B IATOM
reneparuu SiC-npoaykiuu. KirtoueBbIM B Hell CTaHeT yCUJIEHIe 30HBI
npeiicba SJ 1 onTEMH3ANUS TPOM3BOACTBEHHOTO TEXIIPOIIECCA ¢ TOYHBIM
KOHTpOHeM KOHL[eHTpaHI/II/I HpHMeCeﬁ 1 TOJIIMIMUHBI CJIOEB, A TAKKE UC-
II0JIb30OBAHUEM OYECHDb BbICOKOSHepFeTH‘{eCKOﬁ MOHHOU UMILIAHTAIIU N,
B fImoHMu coBMeCTHAsI MCCIIeIOBATETbCKAS TPYIIIIA IO/ PYKOBOICTBOM
HaLlI/IOHaJILHOFO I/IHCTI/ITyTa Hepe,[[OBI)IX HpOMbIIHHeHHbIX HayK U TEXHO-
noruit (AIST), B cocra koropoit Bxoast Sumitomo Electric, Fuji, Toyota
Motor Corporation, Toshiba Corp. u Mitsubishi Electric, coBmecTHO pas-
pa6orama MOSFET §] SiC na 3,3 kB ¢ Rpg ) paBHbiM 3,3 MOM-cM’.

OTHeHbHOI‘O BHHUMAaHMUA 3aCHy)KI/IBaeT peBOTIIOHI/IOHHaH TEXHOJIOTUA
DrGaN kommanuu Intel, anoncuposanHnas Intel Foundry B ampere re-
Ky1ero roga [32]. OHa IefiCTBUTEIHO PEBOMIOIMOHHASL, U TEXIIPOLECC
DrGaN cosganus ynmieros u3 GaN Ha kpeMHHeBOH 300-MM OO0~
Ke TOJIIMHON BCero 19 MKM 103B0OJIeT MHTEIPUPOBATL B PAMKAX OJHO-
O YMIIa He TOAbKO GyHKInY 1udpOBOro yIpasieHus, cuioBoro GaN-
TpaH3I/ICTOpa, HO 1 06eCHe‘{I/IT]> HOBBIC BBIYHUC/INTEIIbHBIC CHOCO6HOCTI/I,
9TO JIe/IaeT ee MPUMEHUMOI KaK B CHIIOBOIT 9JIEKTPOHHKE, TaK ¥ B MAKPO-
MpoIIeccopax, cxemax mamsiti u T. 7. (puc. 9) [33]. HoBas Texnomorus
HCHONB3YeT IPAKTHYECKU BCE CaMble COBPEMEHHbBIE TeXHOIOIUH IUIIOB
u c60pKy, BKIIOYas rubpunHoe coenrHenue mwiactul GaN u kpemHus,
a TaKXKe UX yHI)TpaYTOHeHI/Ie, n OTKprBaeT HOBBIN 3Tal JJIsL KOM6I/IHI/I‘
POBAaHHOTO COEMIMHEHMs TPEUMYIIIeCTB KpeMHMEBEIX 1 GaN-TeXHOI0T i
1151 1PPOBBIX U CHIIOBBIX IIOJIYIIPOBOIHUKOB Pa3HOTO Ha3HAYEHMs. DTa
CJIOXKHASL TeXHOJIOTHSE Oy/IeT IOCTYIIHA HEMHOTHM KOMITAaHUSM, U 32 Heil
HY)KHO IPUCTaIbHO HaOmoxaTh. ONHAKO ITIABHBINA IPOPLIB [0 ITOM TeX-
HOJIOTUN CﬂeﬂYeT OXUOAaTh UMEHHO B OTHOIIIEHUU CJIOKHBIX L[I/ICprBbIX

MoHonuTtHein 3D-npouecc

MnactuHa-goHop
Si (100) 300 mMm

T
GaN
i > e > ez

GaN-anuTakcms 300 mm

Si (111) 300 mm

M3onsumsa kaHaBkamm CoeavHeHne
3anosiHeHne ANanNeKTpMkomM

nOBTOpHOe BblpalinBaHue ncToka/ctoka

—

Puc. 9. PeBontoLoHHas TexHonornsa DrGaN komnaHuu Intel ana cunosbix u Lndposbix 3T
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CBUC mporieccopHOro HAIPABJIEHUS U IAMSTH, T7ie Oy/ieT TOCTUTHYTO
3HAUUTEJIbHOE YJIYUIlleHHe TNHAMUYeCKUX IIapaMeTPOB U TOKOB IIOTpe-
GieHust.

BbiBOAbI

1. MupoBble TeXHOJIOTHH U PHIHOK KPEMHUEBBIX CHJIOBBIX IOJIYIIPO-
BOJIHUKOB PACTyT C ©KeTOTHBIMU TeMnaMu 5-9%. PbIHOK cHIOBBIX
HOJIYIIPOBOJHUKOB Ha HOBBIX MaTepuaax SiC, GaN exeronHo yse-
nmuuBaercd Ha 30-50%.

2. MupoBble TeXHOJIOTHH U CHJIOBBIE TIOJIYIIPOBOIHUKOBbIE U3JIeTHS
HENPePHIBHO 9BOJIIOIMOHUPYIOT: PACTET UX MJIOTHOCTh MOIIIHOCTH,
CHIKAIOTCS TOTEPU M Pa3Mephl YHUIIOB, @ TAKKe YIy4IIAIOTCs IUHA-
MHYECKHe ITapaMeTphl U3fleJINii Ha ocHoBe KpeMHuUs 1 HOoBbIX [I3TI-
MaTepuasoB.

3. CpenHue TOKM Ha KPUCTAJIT CUIOBBIX IUCKPETHBIX TIOTYIIPOBOJJHUKOB
(EMOOOB, TPAH3UCTOPOB) 3a IIOCIEIHUE NECITUICTHS BEIPOCIIH C Jie-
CATKOB 710 coTeH ammep (300-400 A), a IpOXOIHOE CONPOTHBIIEHNE
TPaH3UCTOPOB CHU3UJIOCH B JIECATKY WJIM COTHHU pa3 o MeHee 1 MOM,
9TO HOTPeOOBAJIO [IEPECMOTPA U IIPUMEHEHHUSI HOBBIX KOPITYCOB, TeX-
HOJIOTUIT U MaTePUAIOB COOPKU [JISI CHIDKEHIUSI ITOTePb MOILITHOCTH.

4. OpnHoit u3 Han6oJee BKHBIX TEXHOJIOIMYECKUX TEHIEHIIWI B 9BOJIIO-
IIYM CHJIOBBIX HOJIYIPOBOJHUKOBBIX IPUOOPOB SIBJIAETCH 3aUMCTBO-
BaHMe U IepeHoc u3 anpobupoBanubix TexHosoruit CBUC menpix
TEXHOJIOTUYECKUX OJIOKOB U IPHEMOB, BKI0dast 150-350-um doro-
surorpaduio, trench-TeXHOIOI UM, MHOTOY POBHEBbIE MEKCOTNHEHUS,
300-MM ITACTUHBI € UX YJABTPAYTOHEHUEM U T. ]I,

5. IIupoxroszonusie mosynpoBopuuku SiC, GaN 001a/1al0T HieaTbHbIMI
IapaMeTpaMH JUIsl CO3IaHUS YUIIOB CUJIOBBIX IIOJYIIPOBOIHHKOBBIX
npubopos. Mcnonp3oBanue kapOuia KpeMHUS IPEANOYTUTEIbHEE
B 60J1€e MOIITHBIX TIPHOOPAX, & HUTPUJL rAJUIHs 00J1a/1aeT MaKCHMAaJIb-
HOM YHHBEPCATbHOCTBIO, 0COOEHHO B 06JIaCTH BHICOKUX PaOOIHUX da-
CTOT, JIJISI U3/ieIUI He TOJILKO CUJIOBOM, HO 1 und)pOBoﬁ 9JIEKTPOHHUKH.

6. Koncrpyxkiuu u TexHosmorun guckpeTHsix cutoBbix MOSFET Ha ocHo-
Be IITNPOKO30HHBIX ITOTYIIPOBOJHUKOB IBOTIOIIMOHUPYIOT IO UCTOPH-
YeCcKOMY IyTH KpeMHUeBbIX uspenuit: anapasie MOSFET — Trench
MOSFET — S] MOSFET. Ognako ux crarudeckue U JUHAMUYECKLe
I1apaMeTphl 3HAYUTEIHLHO IPEBOCXO/IAT KpeMHHUEBbIe aHAJIOT .

7. IGBT-TpaH3uCTOPBI IPOIIIIA BOCEMb I'€HEPAIIUIT H 3TAIIOB KOHCTPYK-
THBHBIX U TEXHOJOT'MYECKHX YCOBEPIIeHCTBOBaHMIL. OIHIM U3 ClIefy-
IOLINX OTAIOB cTaHeT padpaboTka SiC IGBT-Tpan3ucTopos.

8. HecMoTpst Ha OBICTPBIIL POCT PHIHKA I MACIITA00B IPUMEHEHUS CH-
n0BbIx HI3IT-pu6opos, kpemuueBbie DKbB 1 UX TeXHOIOTUH HPO-
IOJDKAIOT CBOIO 3BOJIOIHIO U OY/IyT BOCTpeOGOBaHBI B GIIMIKaiiiiee
TeCATUIIETHS, a I HEKOTOPBIX KaTerOpUil U3IEIUH C ONTUMAIbHON
CTOHMOCTBIO (THPHCTOPOB, BBIIPSIMUTEIIBHBIX THOLOB, IOLOB 3eHepa,
HHU3KOBOJIBTHBIX A1070B IIIoTTKY U T. I.) KpeMHUIT TOKa Ge3abTep-
HATHUBEH.

9. CaMBbIMU IIepCIIEKTUBHBIMY B OJIMDKAHIIINE TOIBI CTAHYT YHUBEPCAIb-
uble rexaonorun: QST mist cunosbix GaN- u SiC-mipr6opos 1 DrGaN —
IULSL CHJIOBOI U UG POBOIL 9JIEKTPOHUKH.

Bo 6mopoii wacmu amoii cmamuvu paccmampubaemcst mupobast s6ontovyust
Kopnycob u npovecco coopru usdenuil cunoboti nonynpobooruxoboii Muxpo-
EKMPOHUKLU.
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