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OBOPYJOBAHUE MOC-TUAPUJHON SIMUTAKCHUU
HUTPUIA TAVINA HA HOIAJOKKAX KPEMHUA
AUAMETPOM 10 200 mm IJIAA TIPOU3BOJACTBA
TPAH3UCTOPHBIX I'ETEPOCTPYKTYP

PaccmoTtpensl npeumyiiectsa ucnoaszoBanus I1I-N rerepoctpyktyp GaN Ha KpeMHUEBOM TuIle nojuoxek. [Ipea-
CTaBJIeHa 0011as KOHCTPYKIHNS, CIIOCOOB! ONTHMHU3AIMN MPOLEcca OCAXKICHUS M KIIIOYEBbIE XapaKTEPUCTUKH pa3pa-
0OTaHHOW yCTaHOBKH Ta30(a3HON SIMUTAKCHU M3 MeTautoopraHmdecknx coemuHernit (MOC-THAPUIHON 3MHATaK-
CHHM) JUISl pean3aniy 0a30BbIX TEXHOJIOTHYECKHX IIPOIECCOB HA MOJUIOKKAX KpeMHHUs auamerpoM 1o 200 MM 1is
MPOU3BOJICTBA TPAH3UCTOPHBIX TeTePOCTPYKTYp. [lokazaHbl pe3ysbTaThl pealn30BaHHBIX 0A30BBIX TEXHOJOTHYE-

CKHX IIPOLECCOB.

Knrouesvie cnosa: yctanoka MOC-rujpuiHON SIUTaKCUU, TPAH3UCTOPHAS T€TEPOCTPYKTYpa, HUTPU TajlIus
Ha KPEMHUH, MO/ICINPOBAaHUE, 0A30BbIH TEXHOJIOTHIECKUH ITPOIIeCcC

BBEJAEHIE

Haubonee mnepcreKTHBHBIM HaNpaBICHUEM MUK-
PORJIEKTPOHMKH SIBISETCS CO3JaHHE NOJIYHNPOBOAHU-
koB Ha ocHoBe III-N rerepoctpyktyp GaN, T.K. OHU
HaWIy4dIiuM oOpa3oM OTBEYAIOT IMIOCTOSHHO BO3pac-
TaroIuM Tpe6OBaHI/I$IM K TCXHHYCCKHUM XapaKTCpHU-
CTHKaM KOHEYHBIX M3Jaennid, Takux kak CBY u cuno-
Bble TpaHiuctopsl [1, 2]. CormacHo aHamutHke [3],
pHIHOK u3zaenuil Ha ocHoBe GaN MOyNpPOBOJHUKOB
exerogHo pacret Ha 22.1% (puc. 1).

B HacToAIEeC BpEMsA OCHOBHBLIM IMPOMBIINIIICHHBIM
merogom usrotoBieHus III-N rerepocTpykTyp sBIIS-
ercs MOC-ruapunnas snuTakcusi [4], 4To CBSI3aHO
c ee OoJjiee BHICOKOI MPOM3BOAMUTENHLHOCTHIO TIO CPaB-
HEHHIO C MOJIEKYJISIpHO-ITy4YeBoi snuTakcued. K Ha-
CTOAIIEMY BPEMCHHU IMPOMBIINUICHHOI'O IMPOU3BOJACTBA
ycranoBok MOC-ruapuaHoii snutakcun B Poccun
HeT. IloaTomMy BoIpoc co3aHUsl OTEUECTBEHHBIX yC-
TAHOBOK COBPEMEHHOTO TEXHMYECKOI'O YPOBHS MJIS
NPOM3BOJICTBA TAKUX W3AEIHI CTaHOBHUTCS Bce Oolee
AKTyaJIbHBIM.

IIpoBenennas paspabortka ycraHoBku MOC-rua-
puaHo# snuTakcuu Ha 200 MM Oa3upoBaiach Ha pas-
paborannbix B HT1] muxposnexrponnkn PAH u OO0
"Monontom" (marentr RU2673515C2) ycraHoBkax
MOC-ruapuHON| STTUTAKCUH [5], TTO3BONSIFOIINAX TPO-
BoauTh BeIpamuBanue III-N rerepoctpyktyp Ha noa-
Jokkax auameTpoM 1o 150 mm. U3 BbIpallleHHBIX
Ha DTHX YCTaHOBKAaX TPaH3UCTOPHBIX I€TEPOCTPYKTYP
Ha HTOpeAnpUATHUIX SHGKTpOHHOﬁ MPOMBIIIUICHHOCTH

73

GaN Semiconductor Devices Market

Puc. 1. Peinok GaN nosaynpoBOJIHUKOB.

Poccum (AO HII® "Mukpan", MUDT, AO "HIIII
"Uctox" um. Illokuna", AO "HIIII Camrotr", ®I'VII
"PHUUPC", HUL] "KypuaToBckuii HHCTUTYT") OBLIH
CO3/1aHbl TPAH3UCTOPBHI C IapaMeTpaMH, COOTBETCT-
BYIOIIMMH CYIIECTBYIOLIEMY KOMMEPUYECKOMY YPOB-
HIO [6, 7].

CTOUT OTMETHTH, YTO KaK OIMCAaHHAS B JAHHOW CTa-
Th€ YCTAHOBKA ISl NMOIOKEK auamerpoM 10 200 mwm,
TaKk U BBIIIEYIIOMSHYTbIE YCTAaHOBKHU JUIS TOJUJIOKEK
MEHBIIET0 AUAMETpPa SIBJIAIOTCS OIHOIOIOKEYHBIMU.
OTO COOTBETCTBYET BBIPAKEHHOMY TPEHIy ITOCIIE/IHE-
ro JecSITUJeTHs — TNepexoay MJs BbIpallMBaHUA
CIIOXKHBIX T€TEPOCTPYKTYp, B HEPBYIO OYEpelb s
3JIEKTPOHHBIX MPUMEHEHHH, 0T MHOTOIOJII0KEUHBIX
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Taoa. 1. CpaBHeHME XapaKTEPUCTHUK MOUI0KEK A1 oayueHus: GaN retepocTpykryp

Martepuan | [lapamerp kpu- | PaccormacoBanue | Koapdpunment | Paccormacosanme |Temo-
MOJIIOKKH | CTANTAICCKOM a (GaN) k TEPMUYIECKOTO KTP (GaN) k | IpOBOIHOCTE, Ilena
pemerky a, A a (momoxkn), % | pacumpenus 8 | KTP  (mommox- [10°Brm™ K |32 on,

MIOCKOCTH*, Ku), % OTH. €fl.
109K

GaN 3.189 — 5.5 - 1.3 —

AL Os 4.758 14.8 7.0 27.3 0.3 10

6H-SiC 3.081 -3.2 4.5 —-18.2 3.7 100

Si(111) 5.431 17.0 4.0 -27.8 1.6 1

[Mpumeuanue: * KTP ycpennen B quanasone temmneparyp ot 300 go 1350 K

pPEaKTOpPOB K OJHOMOMJIOKEYHBIM [8]. DTOT mepexon
MoJI00CH CIYYMBIIEMYCS paHee B KPEMHHEBOM TEXHO-
JIOTHH.

IMPEMMYIECTBA NCIIOJIb30OBAHUA
I'ETEPOCTPYKTVYP GaN 1 [IPUMEHAEMBIE THUIIbI
HNOIJIOXKEK

OCHOBHBIM MPENUMYIIECTBOM IMHUPOKO30HHBIX 111-N
rerepocTpykTyp Ha ocHoBe AlInGaN sBusiercsi BO3-
MOKHOCTh m3roTaBnuBate CBY u cunoBble TpaH3W-
CTOpbI C BBICOKHUMH HpO6I/IBHI)IM HaIpsoKCHUEM,
IUIOTHOCTBIO TOKa M MOLIHOCTBIO, YTO CYIIECTBEHHO
yIIydIllaeT MaccoBO-rabapuTHBIE IapameTpbl KOHEY-
HBIX M3STINH.

Hus wmsrorosnenust III-N rerepoctpykryp GaN
OOBIYHO HCIIOJIBL3YIOT TOJUIOKKH carndupa, Kapouia
kpeMHUS 1 kpeMHuUs [9]. CpaBHEHHE XapaKTEPHUCTUK
noaniokek s nonydaenust GaN rerepoctpyktyp [10]
mpuBeneHo B Tabm. 1. Hambomnee coBeprienHbie rete-
POCTPYKTYpHI peanu3yloTcsl Ha MOJUIOKKaX candupa
u kapOuga kpemuus. OJHAKO TOAJIOKKH camndupa
HUMEIOT HU3KYIO TEIUIONPOBOJHOCTh M HE HCIOJNbB3Y-
otes s CBY u cunosoit anektponuku. [lomioxku
SiC Omaromaps WX BBICOKOH TETUTOMPOBOJHOCTH
1 ONM30CTH MapaMeTpOB KPUCTAILIMUECKON PEIIETKH
n ko3 dunmenta repmudeckoro pacmupenus (KTP)
C HHUTPUAHBIMH CTPYKTYpaMH IIO3BOJISIIOT BBIpAILH-
BaThb IeTEPOCTPYKTYPHI BBICOKOI'O KayecTBa IJIsl TpaH-
3UCTOPOB, TEM HE MEHEE TaKHe MOJUI0KKH UMEIOT BbI-
COKYIO CTOMMOCTb M TOJIbKO HEJJaBHO MOSBUIIACH BO3-
MO’KHOCTb 3aKa3blBaTh B OIPAaHHYEHHOM KOJIMYECTBE-
noanoxku SiC auamerpom 200 mm [11]. Crout 3ame-
TUTb, YTO OOJbIIAS YACTh TEXHOJIOTHUECKUX JIMHEEK
B MHUpe Hcnob3yeT noanoxku SiC auamerpom 100—
150 mMM. Pa3BuTrHe HUTPUIHBIX TEXHOJOTHH, COIPO-
BOXKIAIOLIEECs YBEIWYCHUEM pPa3MEpPOB IOAJIONKEK,
MPUBENIO K HEOOXOIMMOCTH HCIIONB30BaHUS HEIOPO-
FUX KPEMHHUEBBIX MOMIOKEK pazMepoMm a0 200 MM

W, CIEJ0BaTeIbHO, pPa3pabOTKe COOTBETCTBYIOIIETO
SIHUTAKCUATEHOTO 000y IOBaHUSI.

OBIIA S KOHCTPYKIUA 1 KIIKOUEBLIE
XAPAKTEPUCTHUKIN PASPABOTAHHOU
YCTAHOBKHI

KonctpyktuBHo  ycranoBka MOC-ruapuaHoi
SMUTAKCUH COCTOUT W3 TpeX ONOKOB (pHC. 2): dIeK-
Tpuyeckoro cBepxy (1), BakyymHoro cmpaBa (2)
¥ OCHOBHOTO 110 1IeHTpY (3).

OCHOBHOH OJIOK COCTOMT W3 Ta30BOM CHUCTEMBI
(3.1), mepuarounoro 6okca (3.2) g 3arpy3kd MOJ-
noxkek, momo3a (3.3) m peakropHoro yzma (3.4)
(puc. 3). Ilox razoBoii cucTeMOl pacmonaratoTcsi uc-
TOYHUKHA METaJUIoOpraHndeckux coeauaeHnit (MO).
3arpy3ka TMOMIOXKEK B PEaKTOp OCYLIECTBISACTCS

Puc. 2. Cocras yctanoBkM MOC-ruipufHON 3MUTAKCHH.
1 — ONoK MeKTpUIecKHuid; 2 — BaKyyMHBIH OJNOK; 3 —
OCHOBHOH OJIOK
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Puc. 3. CocrtaB ocHOoBHOTO 0JI0Ka (3).

3.1 — ra3oBas cucrema; 3.2 — TEPYATOUHBIA OOKC IS
3arpy3ku nomasoxek; 3.3 — muno3; 3.4 — peakTOpHBII
y3eIn

Bpy4Hyt0 depe3 numo3 (3.3) m mepuyarodHbIi OOKC
(3.2). B KOHCTPYKIMIO peaKkTopa YCTAaHOBKH 3aJI0KEH
IMOPT AJid MOAKIIIOUYCHUSA aBTOMATHYCCKOr'o 3arpys3vuu-
Ka, YTO B NEPCIEKTHBE IO3BOJHUT PEAIM30BATH ABTO-
MaTHUYECKYIO 3arpy3Ky MOUIOMKEK.

PeakTop yCTaHOBKM T'OPU30HTAJIBHBIA U COCTOUT
u3 (puc. 4): peakTopa ¢ XonoaHOH cTeHkoi (1), u3ro-
TOBJICHHOTO W3 HEPXXaBEIOLIEH CTajH; BHYTPEHHETO
KBapIeBoro peaxrtopa (2); rpauTOBOTO IMOIIOKKO-

MN3mepeHune ckopocTu pocrta
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Puc. 4. CxematnaHoe n300pakeHNE PEaKTOPHOTO
y3J1a YCTaHOBKH.

1 — peaxkTop ¢ XOJIOJJHOM CTEHKOW; 2 — BHYTPEH-
HUH KBaplLeBHIH peakTop; 3 — TrpadUTOBBINA MOJ-
JIOXKKOJIEpKaTesb; 4 — MHOTO30HHBIH HHXKEKTOP;
5 — cucTeMa Harpesa U BpalleHHs; 6 — cucreMa
MTUPOMETPOB; 7 — cUCTEMa MOHUTOPHUHTA ITPOruda
IOJVIO>KKH U TOJIIIMHBI OCAXIEHHOTO CII0S

nepkatens (3); MHOTO30HHOTO HHXKeKTopa (4) B Ko-
TOpBIA paboune M Hecylue ra3bl MOJA0TCS, CMELIH-
BAlOTCSl U PAaBHOMEPHO pACHpEACNISIOTCS Haj MOJ-
JIO’KKOHM; CHCTEMBI HarpeBa M BpamieHus (5), KoTopas
OCYILECTBIISIET MHIAYKLIUOHHBIA HAarpeB U BpallcHHE-
MOJUIOKKH C HOAJIOKKOJAEPKATEIIEM; CUCTEMBI ITHPO-
MeTpoB (6) 111 U3MEPEHUsT paBHOMEPHOCTH HarpeBa
W CHCTEMBI In-Sity MOHUTOPUHTA MPOTHOa TOMITOKKH
Y TOJIIITUHBI OCaKIEHHOTO cinos (7).
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PaccTtosiHue ot ueHTpa nognoxKu, Mm

CkopocTb pocTa, MKM/ui

Puc 5. HezaBucumasi perymupoBKa OTOKOB I10 IIHPHHE PEaKTopa s ONITUMAIEHON OJHOPOJHOCTH (a) M CKOPOCTh POCTa
NP OTHOPOJIHOW M ONITHMHU3UPOBAaHHOM HEOAHOPOAHOH mosaye (0).
F—F4; — nmoroku MO coenuHeHHH, Mo1aBacMbIc uepe3 7 KaHaIOB (30H HHKCKI[HH)

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 3



76 M. T. BUPIOKOB u 1p.

KoHcTpykiuss peakTopHOro y3na YCTaHOBKH pas-
pabarpiBaiack Ha ocHoBe mareHTa RU2673515C2,
KOTOPBI OMHCHIBAET TPHHIUI CO3/JaHUS MHOT03a-
XOJIHOTO MHXKEKTOpPa ¢ COBMECTHOM IOJAaYeH MpEKyp-
COpOB TpPEThEH TPYMITBI 1 aMMHaKa, 00ecTIeBaroIIe-
r0 BBICOKYIO CKOPOCTh pOCTa M HE3aBHCHUMOE PETyiIH-
pOBaHME MTOTOKOB TIO MTUPHUHE PEAKTOPA TSI CO3TAHHS
PAaBHOMEPHOCTH OCKACHUS Ha OOJIBIION IuTOIIann
MOJTIOKKH (puc. 5, a).

Nuxekus MO-coequHeHui MPOUCXOIUT Yepes 7
30H (cM. puc. 5, a). Konnenrpanuio TMGa B kaxoi
30HE MOXXHO pEryaupoBaTh He3aBUCHMO. CKOpPOCTBb
pocta um3MmepsieTcst pPedICKTOMETPHYECKAM  CIIOCO0OM
BO BpeMmsl npoiecca Ha 4 paauycax 200 MM HOJJIOXKKH.
M3mensin xonnentpanuio MO-coequHeHUN, MOKHO
MpsIMO BO BpeMs TpoIecca HAaCcTPaWBaTh OTHOPO-
HOCTB CKOPOCTH pocTta (puc. 5, 0).

PazpaboTaHHasi KOHCTPYKIMSI peakTopa, Mo KOTo-
poif ObuM TOoAaHbI 2 3asBKH HA TATEHT, MO3BOJSET
MHHHUMH3HPOBATH KOIMYECTBO (POPMHUPYIOIIMXCS Ha OC-
HACTKE JICTIO3UTOB W IMPOJUIUTH CPOK €€ CIIYKOBI, 4TO
BCACT K YACHICBJICHUIO IPOBEACHNA TEXHOJIOTUYCCKO-
o TpoIiecca.

Pa3paboTka peakTopa TPOBOAWM/IACH C WCIOIB30-
BaHHEM KOMITbIOTEDHOTO MOJeTUPOBaHUsl MPOL[ECCOB
Macco- ¥ TeIlJIoTIepeHoca, a TakXkKe XUMUUeCKHUX Mpo-
L[eCCOB B Ta30oBoM (hase M Ha BCeX BHYTPEHHUX IIO-
BEPXHOCTSIX, BK/IHOUasi IOBEPXHOCTb PACTYILETO CJIOS.
Llespto MozleTMpOBaHMsl OblIa ONTHIMH3ALIMSI TeOMeT-
pUM peakTopa U PEeKUMOB pOCTa AJii MUHUMU3ALUU
rapasvTHBIX peakLyil B ra3oBoi (ase M OCAKAEHUs
Ha BepXHel 1 OOKOBBLIX CTeHKaX peakTopa.
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Takke ONHOW W3 TJIABHBIX MPOOJEM SIHUTAKCUU
GaN Ha Si sBIsIeTcs pacTpecKUBaHHE SITUTAKCHAIb-
HOTO CJIOS TIPH OXJIAXKIEHUU TOAJIOKKHU TIO0J BIMSHU-
€M BBICOKHUX PACTATUBAIOIINX HaHp}DKeHI/II‘/'I B CJI0€
M3-32 Pa3HUIBI KOI()PHUIIMEHTOB TEPMUYECKOTO pac-
mupenus. [{ist mpeooneHus 3Tod npoOaeMbl IPOBO-
OUjach ONTUMM3aUUs Oa30BBIX TEXHOJOIMYECKHX
MPOLIECCOB C HCIOJIb30BaHUEM KOMIUIEKCHOW KOMITb-
FOTEpHON Mozieny. MonienupoBaHie HapsbKEHUH U Iuc-
HOKaHI/II\/'I IIO3BOJINIIO OINITUMHU3UPOBATL  TOJIIIMHBI
U COCTaB CJOEB CTPYKTYpHI, YTOOBI M30eXaTh pac-
TPECKUBaHUs CTPYKTYPhI BO BpeMsI IIpo1iecca.

Ha puc. 6,a, mpencraBneH rpaduk H3MEHEHUS
KPUBH3HBI IIOAJIOKKH BO BPEMs IPOLIECCAa SMUTAKCUI
JI0 ONTUMU3ALMU: [IPU KOMHATHOW TEMIIEPATYpPE IMPO-
WCXOINT pacTpecKuBaHHE CTPYKTypel. Ha puc. 6, O,
TOT XK€ Fpa(l)I/IK IIOCJIC ONTHUMU3AIUM:. HOIIOJTHUTCIIb-
HBIC HaNpsDKEHHS, CO37[aBaeMble B PacTyIIUX CIOAX,
MO3BOJISIIOT CKOMIIEHCHPOBATh HAIIPSKEHHUE PacTshKe-
Hus ciiost GaN Bo BpeMs OXJIaXAeHHUS.

KiroueBbIMH XapakTepHCTUKaMH M OCOOEHHOCTS-
MU pa3padaTbiBaéMON YCTAHOBKH SIBIISTIOTCSL:

o KonmuuecTBO OJHOBPEMEHHO 00pabaThIBaeMbIX
mojiioxkek: 1 x 200 mm, 1 x 150 mm, 3 % 100 MM,
7 x76.2 MM, 13 x 50.8 mMm.

e MHOT030HHasI WHXXEKLUSI KOMIIOHEHTOB B 30HY
pocTa AJii HACTPOMKU BBICOKOH OJHOPOJHOCTH TOJI-
LIVH U COCTAaBOB CJIOEB TBEPJIbIX PACTBOPOB.

o KOHTpoNb TONIIMHBI M TPOruda CTPYKTYPHI
BO BpeMs pocTa (in-situ).

e OcaxkieHue BBICOKOOMHBIX OY(EpHBIX CIIOCB
GaN, nerupoBannbix Fe u C.
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Puc. 6. Pa3BuTHe KpUBU3HBI PACTYILEH CTPYKTYpBI BO BpeMs SIIMTaKCHAIBLHOTO Tpolecca 10 (a) u nocie (0)

ONITUMMU3ALIU TTpoLccca.
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e OcaxnieHne maccuBUpytomero SisNg MOKPBITHS
HETIOCPEACTBEHHO B SIIMUTAKCHAIEHOM PeaKkTope.

OBOPYJIOBAHUE MOC-TMJIPUJTHOW DIIUTAKCUU

e Cxopocts pocta GaN no 30 Mkm/4.

o [IpousBoaurensHOCTh (GaN Ha Si): mo 2000 smm-

TaKCHAIBHBIX MTPOIECCOB/TO].

e Hannuwne oreuectBeHnoro 110, obecreunBarolie-
0 KOHTPOJIb POCTOBBIX MAPaMETPOB, 0OE30MACHOCTH
MpoIecca U aHaIn3 COCTOSHUS BCEX 3JICMEHTOB yCTa-

HOBKH.

Taba. 2. [TapameTpbl 3NIUTaKCHAIBHBIX CJIOEB

PE3VYJIbTATHI PEAJIN3ALINN

BA30BbIX TEXHOJIOTMYECKUX
[IPOLIECCOB

77

B xozme peanmuzanum mpoekTa ObUTH pa3paboTaHbI
0a30BbIe TEXHOJIOTUUECKUE POLIECCHI CO3aHMs TPAH-
3UCTOPHBIX T'€TEPOANUTAKCUAIIBHBIX CTPYKTYp; IOIY-
YEHHBIC PE3YJIbTAThl M IICJICBbIC 3HAUCHUSI, 3aKJIa/IbI-

BAEMBIE IIPU NPOEKTUPOBAHUM YCTAHOBKH, IIPEJICTAB-

JIEHBI B Ta0II. 2.

Ne [TapameTp 3NUTaKCUAIBLHOTO CIIOSI Meron nzmepeHuit Lenessie Usmepen-
3HAYCHUS HOE 3HayYe-
HUE
1 Heneruposannstit GaN
1.1 | OgHOpPOIHOCTH MO TONIIMHE 10 Twomanu | POM/ontudeckoe oTpaxkenue, 6 | < 5% 2.3
CTPYKTYpbI
1.2 | lupuHa kpuBOH KavaHUs Penrtrenosckas qudpaxromer- <400 arcsec 94
pus (002), 6/26
1.3 | ®oHoBast KOHIIEHTpAIHS IPUMECE BUMC <810%cm™ 5.7-10°
2 GaN, BbIpallleHHBIH ¢ BBICOKOW CKOPOCTBIO pOCTa
2.1 | CkopocTts pocTa | OnTHyecKoe OTpaKeHHe | > 30 Mmxm/4 | 44
3 n-GaN:Si
3.1 | OgHOpPOAHOCTH 1O TONIIMHE TI0 Tomanu | POM/ontudeckoe oTpaxkenue, 6 | < 5% 3.1%
CTPYKTYPHI
3.2 | MakcumalibHbIi YpOBEHb JETUPOBAHUS A dexr Xomna nmpu KOMHaTHOH | > 5- 10%, em 6.1-10"
TeMIeparype
3.3 | [lonBuKHOCTH Sddext Xomma mpu komHaTHOH | > 150 eM”/B-c | 232
TeMIeparype
3.4 | OmHOPOAHOCTH CIIOEBOTO CONMPOTHBICHUs | beckoHTakTHBIN MeTox u3mepe- | < 10% 53
O IUIOIIAAN CTPYKTYPHI HUS IPOBOAUMOCTH, G
4 Wzompyrommuit GaN: (C, Fe)
4.1 | OmHOPOIHOCTH 1O TOJIIMHE 10 wiomaau | POM/ontuueckoe orpaxenue, 6 | < 5% 1.2 (Fe)
CTPYKTYpBI 0.8 (©)
4.2 | MakcuMmanbHbIH YPOBEHb JIETUPOBAHMSI BUMC >5-10" cm° 5810
4.3 [ CnoeBoe conpoTUBIEHUE BeckoHTaKTHBIN METOJT >3-10° Om/xB. |3.3:10°
5.1 | OgHOpOAHOCTE O TONIIMHE 0 Twomanu | POM/ontrdeckoe otpaxkenue, 6 | < 6% 1.2
5.2 | Comepxanne Al XRD 0-100% 0,5, 8,18,
25, 44, 68,
100
5.3 | OnHOPOAHOCTH MO COCTABY MO IUIOIIAIN XRD/ poromomunectieHnus, 6 | < 7% 2.0
CTPYKTYpbI
5.4 | Ckopoctb pocta AlGaN ¢ coaepxkaHreM Orntuyeckoe OTpakeHue > 5 MKM/4 5.36
Al =15%
6 Hwnextpux Si3Ny
6.1 | OrHoponHOCTE O ToNIMHE 110 iomany | POM/ontuueckoe orpaxenue, 6 [ < 10% 33
6.2 | TommuuHa cios POM/ontuueckoe oTpakeHue <100 am 50
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e
bazoeasi cmpykmypa OnucaHue
e BydepHbliit cnoin GaN
(9 =
GaN 1000 Hm T, > 1000 °C
BydepHasn komnosuuyus
Al.Ga, N
el <2000 um iGN )
0.1<x<0.9 (komMneHcauna MeXxaHWUYECKUX HanpsKeHuin)
T,> 1000 °C
N 'HauanbHbiit nepexoambiit ciot
Ul SO ret00ce
Moanoxka Si Moanoxka auametrpom ao @ 200 mMm

0

CopepxaHue Al, %
e
—e
!

14 -
1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 S50 60 70 80 90 100

PacrosiHue oT UeHTpa nognoxxkoaepxarensa, Mm

Puc. 7. Cxema 6a30Boii cTpyKkTyphl HeserupoBanHoro GaN (a), ororpadus 6a30BoH CTPYKTYpPBI 3apOJIBIIIEBOTO
cnost AIN (6) u rpaduk pacnpenenenuss Al mo cocraBy AlGaN mo miomagu CTpyKTypbl Ha moaaoxke 200 Mm

(st AlGaN c cogepxxanuem Al = 15%) (B).

Ha puc. 7, a, npencraenena cxema 0a30Boii CTPYK-
Typa HenerupoanHoro GaN. Ha puc. 7, 6, nokazana
¢dororpadusi SMUTAKCHAITBEHOTO 3aPOABIILIEBOrO CIOS
AIN. Ha puc. 7, B, mpuBeneH rpaduk pacupeaencHus
conepxkanusi Al B ciioe AlGaN. BunHo, 4yTo HeoHO-
ponHocTs 1o cocraBy AlGaN c¢ cogepxanunem Al =
=15% mno momanu CTPyKTYpbl COCTaBHMJa MEHeEe
2%.

Ha BbIpamieHHON Ha NAHHOM YCTaHOBKE TpaH3U-
CTOPHOM CTPYKType OBbLIM M3MEPEHBI CIEAYIONIHNEe Xa-
PaKTepUCTUKU:

e mozBIDKHOCTH 1500—1600 cM?/(B-c);

® KOHIIEHTpaIus Hocutenen 1.1-1.2- 10" em

DTa CTpyKTypa UMeNa CJICAYIOIUi Jau3aiiH
(puc. 8, a). Ha moasyoxkke Si BeIpallUBaINCh 3apOIbi-

meBbld cioir AIN, nanee Oydepnsiii ciori AlGaN
CIIO)KHOW KOMIIO3ULMM (OIIpenensieT KpucTaInye-
CKOE KauecTBO U pabouee HalpsbKEHHE TPAH3UCTOPA),
nocie cioit GaN u cneiicep AIN (1 moBbIIEHUS
MOJIBYKHOCTH HOCHTEJICH), 3aTeM OapbepHBIA CIIOM
AlGaN u naccuBupyromuii cinoir SizNy. Pororpadust
3TOM CTPYKTYpBI, BBIPALICHHOW Ha TOJIOXKKE aHa-
MeTpom 200 MM, ipuBeieHa Ha puc. 8, O.

3AKJIIOYEHUE

Pazpaborannas ycranoBka MOC-ruapuaHoil smu-
TAKCUH SIBISIETCSI TIEPBBIM OTEYECTBEHHBIM 00pa3omM
000py1OBaHHS, JOKA3aBIIMM CBOIO TPHIOAHOCTH LIS
BEIpaIllMBaHus TPaH3UCTOPHBIX GaN TeTepocTpyKTyp
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_ “+— [laccusupytouini cnoi

BapbepHbiiicnoi AlL,Ga,,N (> 20 M)
0.25x<0.3
Cneiicep AIN (~1 Hm)

BydpepHsiit cnoit GaN (~1000 Hm)

4= BapbepHblil CNOI onpeaensaeT KOHLEHTPaLUM HocuTenen

¥~ KaranbHbiii croit onpegensieT NOABUXHOCTb HOCUTENER

4= BydepHbiil cnoit onpeaensieT KpUCTaNNNYECKOe KauecTBo 1
paboyee Hanps)eHne TpaH3ucTopa

BydepHan komno3uyun step-graded
Al Ga, N neruposanHas (Fe,C)

0.15x20.9,2300-2500 Hm

HauansHbiit nepexoaHbii cnoit AIN (>100 Hm) 3apogplwesbiit cnoit

Toxaoxka Si

i
2021 2223 2425 26 2/ 18

ety
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Puc. 8. Cxema TeCTOBOI TPaH3MCTOPHOW T€TEPOCTPYKTYPHI (a) M BHEIIHUH BHJ] TECTOBOH IeTepOCTPYKTYpHI (0).

Ha Pa3IU4YHBIX TUOAX IOAJOXKEK, B TOM 4YHCIE
Ha KpeMHHUEBBIX, quamerpoMm 10 200 mMm. brnarogaps
ONTUMM3UPOBAHHOMY MaJlOradapuTHOMY pEaKTopy,
MaJol TPOAOKUTENIEHOCTH 3MUTAKCHAIBHOTO TPO-
Lecca W MEHbIIEH 10 CPaBHEHUIO C 3apyOeKHBIMHU
aHaJloraM{ 1I€HE, YCTAHOBKA SIBIAETCS IPEIIOYTH-
TEJIbHBIM WHCTPYMEHTOM JUIS pa3pa0OTKU HOBBIX TeX-
Hosoruii, nposeaenust HUOKP, a Taxoke mnsa opranu-
3alM{ OTIBITHOTO POU3BOJICTBA.

Paboma bvina evinonnena 6 pamkax KOMHIEKCHO20 NPo-
exma "Paspabomka u opeanusayusi npouzeoocmea npo-
MBIULTEHHO-OPUEHIMUPOBAHHO20 CHEYUAIbHO20 MEeXHOA02U-
yeck020 0b0py0osanus 2a30a3HOU INUMAKCUY U3 Memal-
JIOOP2AHUYECKUX COeOUHeHUU OISl peanuzayuu 6a308bix
MEeXHONI02UYECKUX NpPOYecco8 SNUMAKCUATIbLHO20 pOocma
III-N zemepocmpykmyp HaA ROONOHCKAX OUAMEMPOM OO
200 mm" 6 coomeemcmeuu ¢ nocmauogienuem Ilpasu-
menvcmea Poccutickoii @edepayuu om 17 ¢espans 2016 e.
Ne 109 "O6 ymeepoicoenuu Ilpasun npedocmagnenus
u3 pedepanvroco 0rOAICEMA POCCUNICKUM OP2AHUZAYUAM
Ha QuHaHcoBoe obecneuenue Yacmu 3ampam Ha co30aHue
HAY4HO-MexXHu4ecko2o 3adenda no paspabomke 0OA308bixX
MexHONIo2Ull NPOU3B0O0CNBA NPUOPUMEMHBIX DJIeKIMPOHHBIX
KOMNOHEHMO8 U PaduoINeKmpoHHoU annapamypol”.

CIIMCOK NCTOYHUKOB

1. hondaps /]. Hutpup ramims — MpeMbep CPeId HOBBIX
MaTepUaoB MOJYMPOBOJAHUKOBONH MHUKPOIIECKTPOHUKH //
Komnonentst un texnonoruu. 2018. Ne 4. C. 134-137.
URL: https://kit-e.ru/nitrid-galliya/

2. I'ymunoe H.B., Mvo M.T., Pomaniwox B.A., lllomaxma-
0os /[I1. CpaBuenue xapakrepuctuk GAAS u GAN
hemt-tpan3zucropoB // W3BecTHss BY30B. DIEKTPOHHKA.
2019. T. 24, Ne 1. C. 42-50.

URL: https://www.elibrary.ru/item.asp?id=36948530

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 3

. Padwal P. Global GaN Semiconductor Devices Market

Sizee & Share Report 2030. 2024. URL:
https://www.researchgate.net/publication/379543309_Glo
bal_GaN_Semiconductor Devices Market Size Share R
eport 2030

. Axuypun P.X., Mapmaniox A.A. MOC-runpunHas 31uTaK-

CHs B TEXHOJIOTHH MaTepHanoB (OTOHHKH M IEKTPOHH-
xu. M.: TEXHOC®EPA, 2018. 488 c.

. JIynoun B.B., 3asapun E.E., Caxapoeé A.®., LlayyroHu-

x06 A.D., Yemunoe B.M. Peaxkrops! it MOC-ruapuHoii
SMUTAKCUH HUTPUJAA TaJUIUs: HacTosiiee u Oynyriee //
Hayunoe npu6opoctpoenue. 2017. T. 27, Ne. 1. C. 5-9.
URL: http://iairas.ru/mag/2017/abst1.php#abst1

. Benukosckuii J1.D., Cum ILE., Jemuenrxo O.HU. u op. Tex-

Honoruss CBY tpamsucropoB Ha ocHoBe InAIN/GaN
u AlGaN/GaN rerepoctpykryp // VIII Beepoccuiickas
Hay4HO-TeXHHYeCKast KoH(epeHuus "DIeKTPOHUKA U MU-
kpoanektponnka CBY", 2019 r. C. 625-628. URL:
https://mwelectronics.etu.ru/assets/files/2019/1/06_09.pdf

. @eoomos C.J[.,3asapun E.E., Caxapos A.B., Llayyivhu-

k06 A.®@., Cokxonos E.M., Cmayenxo B.H. T'etepocTpyk-
Typsl Ga(Al)N Ha CBEpXBBICOKOOMHOM SIMHUTAKCHAILHOM
kpeMHuu auamerpoM 150 mm anst CBU u cuinoBoit siek-
tponuku // Hanounaycrpus. 2024. T. 17, Ne S10-1 (128).
C. 150-154.

URL: https://www.elibrary.ru/item.asp?id=68016112

. Su J., Armour E., Lee S.M., Arif R., Papasouliotis G.D.

Uniform growth of Ill-nitrides on 200 mm silicon sub-
strates using a single wafer rotating disk MOCVD reac-
tor // Phys. Status Solidi (a). 2016. Vol. 213, no. 4.
P. 856-860. DOI: 10.1002/pssa.201532708

. bynmos E. I'erepocTpyKTyphl HA OCHOBE HUTPH/IA TaJUTHS

(GaN) u texnonorun komnanuu OMMIC Ha ux ocHoBe //
CBY osnexrponmka. 2017. Ne 3. C. 48-51. URL:
https://microwave-e.ru/materials/geterostruktury-na-
osnove-gan/



80 M. T. BUPIOKOB u 1p.

10. Irvine S., Capper P. Metalorganic Vapor Phase Epitaxy
(MOVPE): Growth, Materials Properties, and Applica-
tions. E-book. Wiley Series in Materials for Electronic &
Optoelectronic ~ Applications 2019. 584 p. DOI:
10.1002/9781119313021

11. Di Paolo E.M. SiC Technology: Materials, Manufactur-
ing, Devices and Design for Power Conversion. Springer,
2024. 320 p. DOI: 10.1007/978-3-031-63418-5

AO "Hayuno-ucciedosamenbCKuit UHCHUMYH HOYHO20
mamunocmpoenun'’, Mockea, 3enenozpad (bupro-
k08 M.I"., Agponun ILE,, l[ypenxosa C.A., I[lIyzaues /I.10.)

Hayuno-mexnonozuyeckuit yenmp MUKpoINeKmpoHUKu
u cyomuxponnsix zcemepocmpykmyp PAH,
Cankm-Ilemepoypz (L{ayynonuxos A.@., Caxapos A.B.,
3asapun E.E.)

000 "MOHOJIIOM", Cauxkm-Ilemepoypz (3asapun E.E.,
Jlynoun B.B.)

000 "CODOT-HMIIAKT", Canxm-Ilemepoype (basapes-
cxuut /1.C.)

Konrakrer: Ilyeaues Imumputi FOpveguu,
dpugachev@niitm.ru

Marepuan noctynuin B pegakuuio 06.06.2025

HAVYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 3



NAUCHNOE PRIBOROSTROENIE, 2025, Vol. 35, No. 3, pp. 73-81 ISSN 0868-5886

EQUIPMENT FOR MOCVD EPITAXY OF GALLIUM NITRIDE
ON SILICON SUBSTRATES UP TO 200 mm IN DIAMETER
FOR THE PRODUCTION OF TRANSISTOR HETEROSTRUCTURES

M. G. Biryukovl, P. E. Afonin', S. A. Shchurenkova', D. Y. Pugachevl,
A. F. Tsatsulnikov’, A. V. Sakharov’, E. E. Zavarin®>, W. V. Lundin’, D. S. Bazarevskiy"

'JSC NIITM, Zelenograd, Moscow, Russia
2STC of Microelectronics RAS, St. Petersburg, Russia
3Monolum Ltd., St. Petersburg, Russia
*Soft-Impact Ltd., St. Petersburg, Russia

The advantages of using III-N GaN heterostructures on silicon substrates are considered. The general design,
methods for optimizing the deposition process and key characteristics of the developed equipment for metalor-
ganic chemical vapour deposition (MOCVD) for the implementation of basic technological processes on silicon
substrates with a diameter of up to 200 mm for the production of transistor heterostructures are presented. The
results of the implemented basic technological processes are shown

Keywords: MOCVD system, transistor heterostructure, gallium nitride on silicon, modeling, basic technological processes

REFERENCES

. Bondar D. [Gallium nitride — a premier among new ma-
terials for semiconductor microelectronics]. Komponenty
i tekhnologii [Components and technologies], 2018, no. 4,
pp. 134-137. URL: https:/kit-e.ru/nitrid-galliya/ (In
Russ.).

. Guminov N.V., Myo M.T., Romanjuk V.A., Shomakhma-
dov D.P. [Comparison of GAAS and GAN hemt-
characteristics]. Izvestiya VUZOV. Ehlektronika
[Proceedings of universities. Electronics], 2019, vol. 24,
no. 1, pp. 42-50. (In Russ.).

URL: https://www.elibrary.ru/item.asp?id=36948530

. Padwal P. Global GaN Semiconductor Devices Market
Size &  Share  Report 2030. 2024. URL:
https://www.researchgate.net/publication/379543309_Glo
bal_GaN_Semiconductor Devices Market Size Share R
eport_2030

. Akchurin R.Kh., Marmalyuk A.A. MOS-gidridnaya ehpi-
taksiya v tekhnologii materialov fotoniki i ehlektroniki
[MOCVD Epitaxy in Photonics and Electronics Materials
Technology]. Moscow, TEKHNOSFERA Publ, 2018.
488 p. (In Russ.).

. Lundin W.V., Zavarin E.E., Sakharov A.V., Tsatsulni-
kov A.F., Ustinov V.M. [III-N movpe reactors: present
and future]. Nauchnoe Priborostroenie [Scientific
Instrumentation], 2017, vol. 27, no. 1, pp. 5-9. DOI:
10.18358/np-27-1-159 (In Russ.).

. Velikovsky L.E., Sim P.E., Demchenko O.I. et al.
[Technology  of microwave  transistors  based
on InAIN/GaN and AlGaN/GaN heterostructures]. Vse-
rossiiskaya  nauchno-tekhnicheskaya  konferentsiya

10.

11.

"Ehlektronika i mikroehlektronika SVCH" [Proc. VIII
All-Russ. Sci-Tech. Conf.: "Microwave electronics and
microelectronics"], 2019, pp. 625-628. URL:
https://mwelectronics.etu.ru/assets/files/2019/1/06_09.pdf
(In Russ.).

. Fedotov S.D., Zavarin E.E., Sakharov A.V., Tsatsulni-

kov A.F., Sokolov E.M., Statsenko V.N. [GA(AL)N hete-
rostructures on 6-inch ultra-high resistivity silicon epiwa-
fers for microwave and power electronics]. Nanoindustriya
[Nanoindustry], 2024, vol. 17, no. S10-1(128), pp. 150—154.
URL: https://www.elibrary.ru/item.asp?id=68016112 (In
Russ.).

. Su J., Armour E., Lee S.M., Arif R., Papasouliotis G.D.

Uniform growth of Ill-nitrides on 200 mm silicon sub-
strates using a single wafer rotating disk MOCVD reac-
tor. Phys. Status Solidi (a), 2016, vol. 213, no. 4, pp. 856—
860. DOTI: 10.1002/pssa.201532708

. Buntov E. [Heterostructures based on gallium nitride

(GaN) and OMMIC technologies based on them]. SVCH
ehlektronika [Microwave electronics], 2017, no. 3, pp. 48-51.
URL:  https://microwave-e.ru/materials/geterostruktury-
na-osnove-gan/ (In Russ.).

Irvine S., Capper P., editors. Metalorganic Vapor Phase
Epitaxy (MOVPE): Growth, Materials Properties, and
Applications. E-book. Wiley Series in Materials for Elec-
tronic & Optoelectronic Applications, 2019. 584 p.

DOI: 10.1002/9781119313021

Di Paolo E.M., editor. SiC Technology: Materials, Manu-
facturing, Devices and Design for Power Conversion.
Springer, 2024. 320 p. DOI: 10.1007/978-3-031-63418-5

Contacts: Pugachev Dmitriy Yur'evich,

dpugachev@niitm.ru Article received by the editorial office on 06.06.2025

81



INTRODUCTION

The most promising direction of microelectronics
is the creation of semiconductors based on III-N GaN
heterostructures, since they best meet the ever-
increasing requirements for the technical characteris-
tics of end products, such as microwave and power
transistors [1, 2]. According to analytics [3], the mar-
ket for products based on GaN semiconductors is
growing annually by 22.1% (Fig. 1).

Fig. 1. GaN semiconductor market.

At present, the main industrial method for produc-
ing III-N heterostructures is MOS hydride (MOCVD)
epitaxy [4], due to its higher productivity compared to
molecular-beam epitaxy. At present, there is no indus-
trial production of MOCVD epitaxy installations in
Russia. Therefore, the issue of creating domestic in-
stallations of a modern technical level for the produc-
tion of such equipment is becoming increasingly rele-
vant.

The development of the 200 mm MOCVD epitaxy
setup was based on the MOCVD epitaxy setups de-
veloped at the Scientific and Technical Center of Mi-
croelectronics of the Russian Academy of Sciences
and Monolum LLC (patent RU2673515C2) [5]. These
setups make it possible to grow III-N heterostructures
on substrates up to 150 mm in diameter. Transistors
with parameters corresponding to the existing com-
mercial level were created from the transistor hetero-
structures grown on these setups at enterprises of the
Russian electronics industry (JSC NPF Mikran,
MIET, JSC NPP Istok named after Shokin, JSC NPP
Salyut, FSUE RNIIRS, NRC Kurchatov Institute) [6,
7

].

It is worth noting that both the setup described in
this article for substrates up to 200 mm in diameter
and the above-mentioned setups for substrates of
smaller diameters are single-substrate. This corres-
ponds to a pronounced trend of the last decade — the
transition from multi-substrate reactors to single-
substrate ones when growing complex heterostruc-
tures, primarily for electronic applications [8]. This
transition is similar to what happened earlier in silicon
technology.

ADVANTAGES OF USING
GaN HETEROSTRUCTURES
AND APPLIED TYPES OF SUBSTRATES

The main advantage of wide-bandgap III-N hetero-
structures based on AllnGaN is the ability to manufac-
ture microwave and power transistors with high
breakdown voltage, current density, and power, which

significantly improves the mass and dimensional pa-
rameters of the final products.

Sapphire, silicon carbide, and silicon substrates are
usually used to produce III-N GaN heterostructures
[9]. A comparison of the characteristics of substrates
for obtaining GaN heterostructures [10] is given in
Tab. 1. The most advanced heterostructures are rea-
lized on sapphire and silicon carbide substrates. How-
ever, sapphire substrates have low thermal conductivi-
ty and are not used for microwave and power elec-
tronics. SiC substrates, due to their high thermal con-
ductivity and the proximity of the crystal lattice para-
meters and thermal expansion coefficient (TEC) to
nitride structures, allow growing high-quality hetero-
structures for transistors; however, such substrates are
expensive and only recently it has become possible to
order SiC substrates with a diameter of 200 mm in
limited quantities [11]. It is worth noting that most of
the technological lines in the world use SiC substrates
with a diameter of 100-150 mm. The development of
nitride technologies, accompanied by an increase in
the size of substrates, has led to the need to use inex-
pensive silicon substrates up to 200 mm in size and,
consequently, to the development of the correspond-
ing epitaxial equipment.

Tab. 1. Comparison of substrate characteristics for
obtaining GaN heterostructures

GENERAL DESIGN
AND KEY CHARACTERISTICS
OF THE DEVELOPED INSTALLATION

Structurally, the MOCVD epitaxy installation con-
sists of three blocks (Fig. 2): electrical at the top (1),
vacuum on the right (2) and the main one in the center

).

Fig. 2. Composition of the MOCVD installation.
1 — electrical block; 2 — vacuum block; 3 — main
block

The main block consists of a gas system (3.1),
a glove box (3.2) for loading substrates, a gateway
(3.3) and a reactor unit (3.4) (Fig. 3).

Fig. 3. Main block composition (3).
3.1 — gas system; 3.2 — glove box for loading sub-
strates; 3.3 — airlock; 3.4 — reactor unit




Sources of metal-organic compounds (MOCs) are
located under the gas system. Substrates are loaded
into the reactor manually through the gateway (3.3)
and glove box (3.2). The reactor design of the installa-
tion includes a port for connecting an automatic load-
er, which in the future will allow for automatic sub-
strate loading.

The reactor of the setup is horizontal and consists
of (Fig. 4): a reactor that has a cold wall (1) and is
made of stainless steel; an internal quartz reactor (2);
a graphite substrate holder (3); a multi-zone injector
(4) into which the working and carrier gases are fed,
mixed, and uniformly distributed over the substrate;
a heating and rotation system (5), which carries out
induction heating and rotation of the substrate with the
substrate holder; a pyrometer system (6) for measur-
ing the uniformity of heating and an in-situ monitor-
ing system for substrate deflection and deposited layer
thickness (7).

Fig. 4. Schematic representation of the reactor unit of
the installation.

1 — reactor with a cold wall; 2 — internal quartz
reactor; 3 — graphite substrate holder; 4 — multi-
zone injector; 5 — heating and rotation system; 6 —
pyrometer system; 7 — substrate deflection and de-
posited layer thickness monitoring system

The reactor unit design of the setup was developed
based on patent RU2673515C2, which describes the
principle of creating a multi-pass injector with a joint
feed of precursors of the third group and ammonia,
providing a high growth rate and independent flow
control across the width of the reactor to create uni-
form deposition over a large substrate area (Fig. 5, a).

Fig. 5. Independent flow control across the reactor
width for optimal homogeneity (a) and growth rate in
the events of uniform and optimized non-uniform
feeds (0).

F1-F4 — flows of MO compounds supplied through
7 channels (injection zones)

MO compounds are injected through 7 zones (see
Fig. 5, a). The concentration of TMGa in each zone
can be independently adjusted. The growth rate is
measured by the reflectometric method during the
process on 4 radii of 200 mm of the substrate. By
changing the concentration of MO compounds, it is
possible to adjust the homogeneity of the growth rate
directly during the process (Fig. 5, 0).

The developed reactor design, for which two patent
applications were filed, allows to minimize the num-
ber of deposits formed on the equipment and to extend

its service life, which leads to a reduction in the cost
of the technological process.

The reactor was developed using computer model-
ing of mass and heat transfer processes, as well as
chemical processes in the gas phase and on all internal
surfaces, including the surface of the growing layer.
The purpose of the modeling was to optimize the reac-
tor geometry and growth modes to minimize parasitic
reactions in the gas phase and deposition on the upper
and side walls of the reactor.

Also, one of the main problems of GaN epitaxy on
Si is cracking of the epitaxial layer during cooling of
the substrate under the influence of high tensile
stresses in the layer due to the difference in thermal
expansion coefficients. To overcome this problem,
optimization of the basic technological processes was
carried out using a complex computer model. Model-
ing of stresses and dislocations made it possible to
optimize the thicknesses and composition of the struc-
ture layers in order to avoid cracking of the structure
during the process.

Fig. 6, a, shows a graph of the change in the sub-
strate curvature during the epitaxy process before op-
timization: at room temperature, cracking of the struc-
ture occurs. Fig. 6, 6 — the same graph after optimi-
zation: additional stresses created in the growing lay-
ers make it possible to compensate for the tensile
stress of the GaN layer during cooling.

Fig. 6. Development of curvature of the growing
structure during the epitaxial process before (a) and
after (0) process optimization.

The key characteristics and features of the devel-
oped setup are:

* The number of simultaneously processed sub-
strates: 1x200 mm, 1x150 mm, 3x100 mm,
7%76.2 mm, 13x50.8 mm.

* Multi-zone injection of components into the
growth zone to adjust high uniformity of thicknesses
and compositions of solid solution layers.

* Control of thickness and deflection of the struc-
ture during growth (in-situ).

* Deposition of high-resistance GaN buffer layers
doped with Fe and C.

* Deposition of a passivating SizN, coating directly
in the epitaxial reactor.

* GaN growth rate up to 30 pm/h.

* Productivity (GaN on Si): up to 2000 epitaxial
processes/year.

* Availability of domestic software that ensures
control of growth parameters, process safety, and
analysis of the state of all elements of the installation.



RESULTS OF IMPLEMENTATION
OF BASIC TECHNOLOGICAL PROCESSES

During the implementation of the project, basic
technological processes for creating transistor hete-
roepitaxial structures were developed; the results ob-
tained and the target values set forth in the design of
the installation are presented in Tab. 2.

Tab. 2. Epitaxial layer parameters

Fig. 7, a, shows the schematic diagram of the basic
structure of undoped GaN. Fig. 7, 6, shows a photo-
graph of the epitaxial AIN seed layer. Fig. 7, B, shows
a graph of the Al content distribution in the AlGaN
layer. It is evident that the composition inhomogeneity
of AlGaN with an Al content of 15% over the area of
the structure was less than 2%.

Fig. 7. Schematic diagram of the basic structure of
undoped GaN (a), photograph of the basic structure
of the AIN seed layer (6) and a graph of the Al dis-
tribution by the AlGaN composition over the area of
the structure on a 200 mm substrate (for AlGaN with
an Al content of 15%) (B).

The transistor structure grown on this setup was
measured, the following characteristics were obtained:

« mobility 1500—-1600 cm’/(V s);

« carrier concentration 1.1-1.2 10" cm >,

This structure had the following design (Fig. 8, a).
On the Si substrate, the following layers were grown:
a seed layer of AIN, then a buffer layer of Al-GaN of
complex composition (determines the crystal quality
and operating voltage of the transistor), then a layer of
GaN and an AIN spacer (to increase carrier mobility),
then a barrier layer of AlGaN and a passivating layer

of Si;N4. A photograph of this structure grown on
a substrate with a diameter of 200 mm is shown in
Fig. 8, 0.

Fig. 8. Schematic diagram of the test transistor hete-
rostructure (a) and the appearance of the test hetero-
structure (0).

CONCLUSION

The developed MOCVD epitaxy setup is the first
domestic sample of equipment that has proven its sui-
tability for growing transistor GaN heterostructures on
various types of substrates, including silicon, with
a diameter of up to 200 mm. Due to the optimized
small-sized reactor, short duration of the epitaxial
process, and lower price compared to foreign analo-
gues, the installation is a preferable tool for develop-
ing new technologies, conducting R & D, and organiz-
ing pilot production.

The work was carried out within the framework of the
comprehensive project "Development and organization of
production of industrially oriented special technological
equipment for gas-phase epitaxy from metal-organic com-
pounds for the implementation of basic technological
processes of epitaxial growth of III-N heterostructures on
substrates with a diameter of up to 200 mm" in accordance
with the Decree of the Government of the Russian Federa-
tion of February 17, 2016 No. 109 "On approval of the
Rules for the provision of a portion of the costs of creating
a scientific and technical ground for the development of
basic technologies for the production of priority electronic
components and electronic equipment for financial support
to Russian organizations from the federal budget".



