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Abstract. The paper considers the technological features of manufacturing ohmic contacts with resistances
from 0,025 to 0,4 Ohm-mm to nanoheterostructures based on gallium nitride. It has been established that non-
burning ohmic contacts are the most suitable for mastering operating frequencies up to the terahertz range.
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BBE/JLEHUE

Hutpup rannus (GaN), 61aronapst CBOUM HCKIIIOUH-
TeJIbHBIM CBOMCTBAM, SBJISIeTCSI OAHHUM K3 CaMBbIX
MepCcrekKTHBHBIX MaTepHaIOB CHUIOBOM 3JIeKTPO-
HUKH [1]. BelpalliiBaHUe HUTPUJA Ta//IKs Ha MOJ-
JIOKKe M3 KPeMHMUS I103BOJISIET CYIeCTBEeHHO yayy-
IIMTh OTBOJ, TeIlla U YIPOCTUTh 06paboTKy CTPyK-
Typ. Bormpocy ynyulleHHs KauecTBa SIIUTaKCHAIbHBIX
C/I0eB HUTPH/A FajlIus, BelpallleHHbIX Ha KPeMHUH,
[IOCBSIIIEH sz pabor [2].

[71aBHBIM TpebOBaHHEM K OMHUYeCKUM KOHTaKTaM
SIBJISIETCSI UX HU3KOe COIIPOTHBJIeHHe (KaK COITPOTHB-
JeHHe MaTepHala OMUYeCKUX KOHTAKTOB, TaK U HUX
KOHTaKTHOe COIIPOTHUB/IEHHEe K aKTHUBHBIM CJIOSIM reTe-
POCTPYKTYPEbL). ITOMY TPe6OBaHUIO OTBEUAIOT HEBXKH-
raemble OMHU4ecKHe KOHTaKThl. OJHAKO AJISI KX U3T0-
TOBJIEHHU S BBIPAIMBAETCSI TOHKUH CI0H Y3KO30HHOIO
[I0JIyIIPOBOJHKKA, 3TO TpebyeT IpoBe/leHHU s SOOI
HHTEJIBHOIO IIpoliecca 3IUTAKCUU. Boslee TexHOIIO-
TUYHBIM SIBISETCS B)XUTAaeMbI OMHYEeCKHUI KOH-
TaKT. B obIeM ciiydae Ha BeJIMYKMHY COIIPOTHBIEHUS
OMMYEeCKOIro KOHTaKTa BIHseT TakKe KOHIIeHTpallus
HOCHTeJIel 3apsafa B [ONYIIPOBOAHHUKOBOM ciioe [3].
Pas3juyHble Hay4YHble TPYIIIIbl KCII0/Ib3YIOT HECKOIBKO
MIO/IXOM0B K TeXHOJIOTMH GOPMHUPOBAHHSI OMHUUECKHUX
KOHTAKTOB [IJI5 [I0JTyYeHHMsI KaueCTBeHHBIX BHIXOJHBIX
XapaKTepHUCTUK TPAaH3UCTOPOB. B JTaHHOM paboTe pac-
CMaTpPHUBaJIMCh OCHOBHBEIE 0COBEHHOCTH TeXHOJIOT U
BXUTAaHHS MeTa//IM3alluy U NOpalllMBaHUS CHJIb-
HOJIETMPOBAHHBIX IIJIEHOK B KOHTAKTHBIX 06/1aCTsIX.
PaccMOTpeHBl OCHOBHBIE JOCTH KEHH S B 3HAUeHU X
KOHTAaKTHBIX CONIPOTHB/IEHUI U KPYTHU3HBI TPAH3HU-
CTOPOB Ha OCHOBE HUTPHU/TJI/IHeBbIX FeTePOCTPYKTYP.

ONTUMU3ALINUA TEXHONIOTMU NONAYYEHUS
BXXUrAEMbIX OMWYECKUX KOHTAKTOB
KHAHOTETEPOCTPYKTYPAM HA OCHOBE HUTPUAA
LY
OpyH U3 cr10co60B ITOHKKEHHU S COIIPOTUBIIEHUSI OMH-
YeCKHUX KOHTAKTOB SIBJISIeTCS IIPOBeJleHHe TeMIlepa-
TypHOU 06paboTKM, B X0[le KOTOPOM KOMIIOHEHTHI
MeTaJIM3aLUH IIPOHUKAIOT B II0TYIIPOBOJHHUKOBBIH
cion. [Tony4yeHHBbIe TAKUM 06pa30M OMHYeCKHe KOH-
TAKThl Ha3bIBAIOTCS BXKUTaeMbIMU. CaMOM PacIpo-
CTPaHEeHHOH MeTaJI/IM3alIKeH SIBJISIeTCS. MeTajlIhnde-
CKas cUcTeMa Ha ocHoBe TUTaHa (Ti) u anromunus (Al).
B paborte [4] paccMoTpeHO BIHSHHE COCTOSIHHUS Tpa-
HUIIBI pa3fena "'MeTasll - [IOJNYIIPOBOAHUK' Ha ypo-
BeHb COIPOTUBIIEHH I OMUYecKoro KonTakra (Ti/Al/Ni/
Au), cpopmupoBaHHoro k GaN Ha Si (111). YcTaHOB/IEHO,
YTO ITPOTeKaHIe TOKA Yepe3 KOHTAKT 3aBHCHUT TaKKe
OT CTPYKTYPBL U 37IeKTPHUUECKHUX CBOMCTB IIpOpearu-
poBasiero ciosi. Metannusanus Ti/Al/Ni/Au umena
TOMIIUHEBL 15/200/50/50 1 100/200/50/50 HM, KOHTAKT
Ha OCHOBe I1ePBOM MeTa/UIKM3aLMH II0Ka3aJI JydIlre

INTRODUCTION

Gallium nitride (GaN), due to its exceptional prop-
erties, is one of the most promising materials for
power electronics [1]. Gallium nitride growing on
a silicon substrate significantly improves heat dis-
sipation and simplifies processing of structures.
A number of papers are devoted to improve qual-
ity of gallium nitride epitaxial layers grown on
silicon [2].

The main requirement for ohmic contacts is their
low resistance (both resistance of the ohmic contact
material and their contact resistance to the heter-
ostructure active layers). Non-burning ohmic con-
tacts meet this requirement. However, they require
an additional epitaxy process to grow a thin layer of
narrow-gap semiconductor. A more technologically
advanced burnerable ohmic contact is more suit-
able. In general, resistance value of the ohmic con-
tact is also influenced by concentration of charge
carriers in the semiconductor layer [3]. Several
approaches to ohmic contact formation technology
are used by different research teams to obtain high
quality output characteristics of transistors. In
this paper the main features of metallization burn-
ing and doping technologies of highly alloyed films
in the contact areas have been considered. Major
advances in contact resistance and steepness values
of transistors based on nitride gallium heterostruc-
tures are considered.

OPTIMISATION OF THE TECHNOLOGY FOR PRODUCING
BURNABLE OHMIC CONTACTS FOR GALLIUM NITRIDE-
BASED NANOSTRUCTURES

One way of decrease ohmic contacts resistance is to
carry out a temperature treatment while metallisa-
tion components penetrate into the semiconductor
layer. The resulting ohmic contacts are called burnt
contacts. The most common metallisation is a tita-
nium (Ti) and aluminium (Al) based metallisation
system.

In [4] influence of the metal-semiconductor inter-
face state on the ohmic contact resistance level (Ti/
Al/Ni/Au) formed to GaN on Si (111) has been con-
sidered. It was found that current flow through the
contact also depends on the structure and electri-
cal properties of the reacted layer. The Ti/Al/Ni/Au
metallization had thicknesses of 15/200/50/50 and
100/200/50/50 nm, and the contact based on the for-
mer metallization showed better electrical charac-
teristics than the contact with 100 nm Ti. In par-
ticular, the contact resistivity values after anneal-
ing at 850 °C were 4.8-107° and 3.5-10™* Ohmcm?
respectively. However, the sample with 15 nm Ti
layer has more developed surface morphology, with
a RMS roughness of 30.6 and 22.3 nm, respectively.
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37eKTPUYECKHE XaPaKTEePHUCTUKH, YeM KOHTaKT
€ 100 HM Ti. B 9acTHOCTH, 3HAUeHUS y[eIbHOI0 KOH-
TaKTHOTO COIIPOTUB/ICHHS I10CJIe OT>KUra IpU 850 °C
coctaBuIHu 4,8:107> 1 3,5:10™* OM*CcM?2 COOTBETCTBEHHO.
OpHako obpaser c 15 HM Ti nMeeT 60/lee Pa3BUTYIO
MOPQOJIOTHIO IIOBEPXHOCTH, CpefHeKBaJpaTHyY-
Has IIepPOX0BATOCTh cocTaBuia 30,6 1 22,3 HM COOT-
BeTcTBeHHO. Takske B paboTe 6b11M chenaHel I[I9M-
1306paskeHU s IIOIIePeYHOro CeueHM s ABYX 06pasiioB
c 15 uM Ti, OTOK>KeHHBIX npu 800 u 850 °C, u moka-
3aHbI Ha puc.l. Kak BUAHO U3 puc.la B IepBOM Cl1y-
Yyae MCXOAHAs CJIOMCTas CTPYKTypa pa3sMbIBaeTcCsd
Y [IepeMelIuBaeTCs.

CoBepIIeHHO HMHasi MHKPOCTPYKTypa Habilo-
oaeTcs B o6pa3ue, OTOXK>KeHHOM IIpu 850 °C (TIPM-
n3obpaskeHHe IMpHUBefeHO Ha puc.lb). OueBHgHO,
Ha/M4uMe 4eTKO Pa3JIMYHUMBIX cJoeB. CaMbIA Bepx-
HUH CJION B OCHOBHOM COZIePKHUT da3y AINi, mox HUM
TeMHBIH (M3-32 IPUCYTCTBUS Au) cioit AlAu,. TpeTui
CJIOK, MCXO[ Sl U3 Pe3y/bTaTOB PeHTIreHOBCKOIO aHa-
nHu3a, comepXKUT coequHeHUs Ti-Al-Ni. Takke B 5TOM
c/lydae Ha IpaHHUILe pasfesa C MOJJI0XKKOH GOopMHU-
pyetcst cioit TiN TONIIUHOM 4-9 HM. DlIeKTpHUUecKue
CBOMCTBA OMHYeCKHUX KOHTAaKTOB OIlpeie/isieT KMeHHO
nposonsmui ciaor TiN, opMupoBaHHE KOTOPOTO
3aBHCHUT OT psifia [IapaMeTPOB TeXHOJIOTHYECKOr0 IIPo-
Liecca, Tak B pabote SIkobca 1 Kpamepa [5] paccmoTpeH
CHUCTeMaTH4eCKU M IIOAXOM K CHU>KeHHIO COIIPOTHBIIe-
HUS OMHUYeCKUX KOHTaKkToB Ti/Al/Ni/Au B cTpyKTypax
AlGaN/GaN. Bce omH4ecKHe KOHTaKThI 61 BUaa Ti/
Al/Ni/Au, HO OT/IMYAJIHCh 10 TO/NIIHMHE METAJIJIOB, Bpe-
MeHHU U TeMIlepaType B IIpoliecce 6pICTPOro TepMuye-
CKOI'0O OTSKHUTIA.

M3 prc.2a BUSHO, YTO Pe3yJbTaThl HUCCAeIOBAHU S
KOHTAaKTHBIX CUCTeM Ha OCHOBe MeTajuIKM3aluu Ti/
Al/Ni/Au roka3pIBaIoOT, YTO 3/IeKTPHUUECKHe CBOMCTBA
Y1 MOPQOIOTrH s [IOBEPXHOCTH 3aBUCAT OT COOTHOLIEHHU S
Mexkay TonmuHou Ti u Al. YBenudeHue Tonmuss! Al
IIPHUBOJAMT K YMEHBIIEHHUI0 KOHTAKTHOTO COITPOTHBIIE-
HHUS. KoaddULIMeHT TONIIUHBI, paBHBIU 6, faeT HaU-
Jydnriye pe3ynsTaTel. Ha prc.2b mokasaHsI pe3ynbsTaTsl
KCC/IeNOBAHM S BAUSHUS TONIIMHBI TUTAHA Ha KOH-
TaKTHOE COITPOTHBIeHHe. M3 prC.2C BULHO, YTO CyIle-
CTBYeT OIITHMaJIbHOE 3HaYeHHe TONIIHHEI Ni, a yBenu-
YeHHe WK YMeHbIIeHYe TONIIMHBI HUKEJISA yXyOIIaeT
KOHTAaKTHOe COIIpoTHBIeHHe. Kaxkablil o6pa3sers 6b11
PACKOJIOT Ha YeThIPe YaCTH, KOTOPBIe OBITH OTOMKKEHBI
pu 700, 800, 900 1 1000 °C B TeyeHue 30 ¢ B aTMochepe
azora. KaskABIA pa3 HaUIydIIHe pPe3yabTaThl ObIIH
nony4eHsl pu 900 °C. Ha puc.2d mokasaHo 6osee moz-
pobHOe HccefOoBaHHe YCIOBUM OTSKMIA JJIsl ONTH-
MaJIbHOM CXeMbl MeTa/I/IM3aL MU, cocTosAen us Ti/Al/
Ni/Au (30/180/40/150 HM). JlyulIne pe3yabTaThl ObITH
rosiy4yeHs! npu temmneparype 900 °C B Teuenue 30 ¢
B aTMocdepe N,. [Toc/ie cepuu 3KCIIEPUMEHTOB ObIIH
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Puc.1. MM3M-u306pa>keHus nonepe4yHo20 ce4eHus 06pasuo8
Ti/Al/Ni/Au (15/200/50/50 HM) Ha Si, 0MOX>XKEHHbIX NpU:
a-800°C; b-850°C [4]

Fig.1. TEM images of the cross-section of the Ti/Al/Ni/Au samples
(15/200/50/50 Hm) on Si, annealed at: a - 800 °C; b - 850 °C [4]

Also the cross-sectional TEM images of two sam-
ples with 15 nm Ti annealed at 800 and 850 °C were
taken and are shown in Fig.1. As can be seen in
Fig.la in the first case the original layered struc-
ture is eroded and mixed.

An entirely different microstructure can be
observed in a sample annealed at 850 °C (see TEM
image in Fig.1b). The presence of clearly distin-
guishable layers is evident. The uppermost layer
mainly contains the AINi phase, below it there
is a dark (due to the presence of Au) AlAu, layer.
The third layer, based on X-ray analysis, contains
Ti-Al-Ni compounds. Also, in this case at the inter-
face with the substrate a TiN layer with a thick-
ness of 4-9 nm is formed. The electrical properties
of ohmic contacts are determined precisely by the
conductive TiN layer, formation of which depends
on a number of process parameters, so in Jacobs and
Kramer [5] a systematic approach to reduce resis-
tance of Ti/Al/Ni/Au ohmic contacts in AlGaN/GaN
structures is considered. All the ohmic contacts
were of Ti/Al/Ni/Au type but differed in metal thick-
ness, time and temperature during rapid thermal
annealing.
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Puc.2. KoHmakmHoe conpomueAeHue 8 3a8UCUMOCmU: d — 0m COOMHOLWeHUs moAujuHbl Al/Ti; Ni=40 Hm, Au=150 Hm, 8xuza-
Hue 900 °C 8 meueHue 30 ¢, N,; b — om moawuHsl Ti; Al/Ti=6, Ni=40 Hm, Au=150 Hm; xuzaHue 900 °C 6 meyerue 30 ¢, N,;
¢ -om monuwusl Ni; Ti=30 Hm, Al =180 HM, Ni+Al=190 Hm, 8xxuzaHue 900 °C 8 meyeHue 30 ¢, N,; d - om memnepamypsi U 8pe-
MeHU 8XKUzaHusi 915 0NMUMAnbHO20 KOHMAKMHO20 conpomusneHus 8 ammocgepe N, [5]

Fig.2. Contact resistance as a function of: a - vs the thickness ratio Al/Ti; Ni=40 nm, Au=150 nm, burning at 900 °C during 30 s, N;
b - vs thickness Ti; Al/Ti=6, Ni=40 nm, Au=150 nm, burning at 900 °C during 30 s, N; ¢ - vs thickness Ni; Ti=30 nm, Al=180 nm,
Ni+Al=190 nm; burning at 900 °C during 30 s, N,; d - vs temperature and lifetime of burning for optimal contact resistance in N, air [5]

[IOJIyYeHBl TOAIMMHBl U IIapaMeTPhl TEPMUYIECKOI0
OT>KHUTA [IJISI CHUSKEHHU ST KOHTAKTHOI'O COIIPOTHUBIIe-
HHS MeTa/lVIMYeCKuX KOHTaKkToB Ti/Al/Ni/Au. B utore
B IAHHOM paboTe OIITUMH3UPOBAHHBIN KOHTAKT HMeJl
O4YeHb HH3K0e KOHTAKTHOe COIIpoTHBIeHHe 0,2 OM MM
(7,3107 OMm-cM?) U cliefyIom e IlapaMeTpslL s TOI-
myH 30/180/40/150 HM COOTBETCTBEHHO [5].

JlJIss OMHUYeCKUX KOHTAaKTOB Ha ocHoBe Ti 1 Al Tem-
meparypa Lo/KHA 6bla 661Th Bhine 800 °C, 4TO6H
IOCTHUYB 3TOT0 KOMIIpOMHCca. Boree meTanpHOe Hcciie-
[IOBAHMe BIUSHUS [1POLlecca TEPMUYeCKON 06paboTku
IIpoBeZieHOo B paboTe [6], 06pa31ibl ¢ KOHTAKTHOM MeTaJl-
nu3anuer Ti/Al/Mo/Au 6bLIH OTOSKKEHBI IIPU Pa3/IHy-
HBIX TeMIlepaTypax B CHCTeMe OBICTPOro TepMHUe-
ckoro oTkura (BTO). TeMmIiepatypy KaskIoro Iporecca
OT>KHTIa MEHSJIU B Auaria3oHe oT 825 mo 855 °C u gis
BCcex 06pasmoB BEIAEPKKUBAIHN BpeMs OTKHTIa 60 C
(puc.3a).

Kaxk BUAHO U3 pUc.3a, TeMIlepaTypHas obpaboTka
IIPOBOAUIIACH B PeKHMMe OBICTPOro TePMHYECKOTO
orkura (BTO), To ecTh 6blI peann30BaH OBICTPHII

It can be seen from Fig.2a that the results of
studies of Ti/Al/Ni/Au metallisation-based contact
systems show that electrical properties and sur-
face morphology depend on the Ti layer thickness
ratio to Al thickness. Increasing thickness of Al
leads to decreasing of contact resistance. A thick-
ness ratio of 6 shows the best results. Fig.2b pres-
ents the studied results of the influence of tita-
nium thickness on contact resistance. From Fig.2c
it can be seen that there is an optimum Ni thick-
ness and that increasing or decreasing thickness
of the nickel worsens the contact resistance value.
Each sample was split into 4 pieces which were
annealed at 700, 800, 900 and 1000 °C for 30 sec-
onds in the nitrogen atmosphere. Each time the
best results were obtained at 900 °C. Fig.2d shows
a more detailed study of the annealing conditions
for optimum metallisation pattern consisting of Ti/
Al/Ni/Au (30/180/40/150 nm). The best results were
obtained at 900 °C for 30 seconds in an N, atmo-
sphere. After a series of experiments, thicknesses
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Puc.3. a - memnepamypHsbili npoguab mepmuueckol obpabomku npu memnepamype 855 °C; b — eonbm-amnepHbie xapakmepu-
CMUKU KOHMAKma Ha ocHose Memanausauuu Ti/Al/Mo/Au e 3agucumocmu om memnepamypbl omxkuza [6]
Fig.3. a - temperature profile of heat treatment at 855 °C; b - volt-ampere characteristics of Ti/Al/Mo/Au metallisation based contact

as a function of annealing temperature [6]

Harpes U 6pICTpoe ox/askaeHue. Ha puc.3b mpezncras-
JIeHBl BOJIbT-aMIIepHble XapaKTePUCTHUKKU KOHTAKTa
Ha oCHOBe MeTannusaluu Ti/Al/Mo/Au B 3aBUCHUMO-
CTH OT TeMIIePATYyPhl OTKUIra. YMeHbIIeHHe TeMIIe-
paTyphl TepMHUUeCKOM 06paboTKU MPUBOLUT K HeTH-
HeHMHOCTH. 9TO MOKeT 03Ha4aTh, YTO HA TPaHUIIe pas-
Iena "MeTass - IMONYIIPOBOLHUK ocCTaeTcs bapbep.
BiusiHMe TeMIlepaTyphl IIpoliecca TepMHYeCKOH
06paboTKM MOKa3bIBaeT, YTO HaKMeHbllee [OJHOe
CONPOTHUBJIEHHE IIPU JAaHHOM HaIMPsSKeHUM JOCTHU~
raetcs mpu 855 °C. OHAKO MOBBIIIEHHE TeMIIePaTy Pl
OT’KHTA BhILIe TeMIlepaTyphl 855 °C IIPUBOAUT K yBe-
JIMYEHUIO II0JIHOTO COIIpoTHBIeHUs. Ho dopma BAX
OCTaeTCs C/Ierka HeJIMHeMHOH.

CocTaBbl MeTA/IM3ALHMH K IIapaMeTPhl TepMHUYe-
CKOF1 06pabOTKU JI/Is1 U3TOTOBIEHHS OMHUYEeCKHX KOH-
TaKTOB K HAHOTeTePOCTPYKTyPaM Ha OCHOBe HUTPUA
TaJIIKs Ps/ia UCCIeJOBAaHK M ITpe/ICTaB/lIeHbl B Tab.1.

Ocob6eHHOCTSIMU T€XHOJIOTUH BXXUTAaeMbIX KOHTaK-
TOB SIBJISIOTCS: yIOBJIETBOPUTEIbHBIN YPOBEHDb KOH-
TaKTHOI'O COITPOTUBJIEHM I, BBICOKAS MeXaHUYeCcKas
Y TeMIIepaTypHas CTabHIBHOCTD, pa3BUTast MOPOIIO-
r'Ysl IOBePXHOCTH. BJKUTaeMbIl OMHUYeCKUM KOHTaKT
SIBJISIETCS NIePCIEKTHBHBIM /151 CUJIOBBIX IIOYIIPOBO-
JHHUKOBBIX IIPUOOPOB.

HEBXWUIAEMbIE OMUYECKWE KOHTAKTDI
KHAHOTETEPOCTPYKTYPAM HA OCHOBE HUTPU/IA
FTANAng

B mocnenHee BpeMsi HA6UPaAIOT PacIpoCcTpaHeHHUe
MeTOZbl U3TOTOBJIEHU S HeBXXHUIaeMbIX KOHTaKTOB.
Ha puc.4 mpezncTaBieHa KOHLEIIIHS U3TOTOBIEHU I
HeB)XHTaeMbIX CeJIeKTUBHO BBIPAIleHHBIX OMHUUe-
CKHX KOHTAKTOB. [I0OBepPXHOCTh HAHOT@TePOCTPYK-
Typbl TPABUTCSI Yepe3 AHUIIEKTPUUECKYI0 MaCKy
SiO, Ha rny6bUHY HHUKe 3aJieTaHUS MIPOBOJSIIETO

HAHO MHAVCTPUA Tom 16 N2 22023

Tabauua 1. Cocmagwl MemanAausauuu U napamempbl mepmu-
yecKol 06pabomKu 0AS U320MOBAEHUSI OMUYECKUX KOHMAKIMO8
K HAHO2emepoCMpyKMypam Ha OCHO8e HUMpPUAa 2anAusi
Table1. Manufacturing of metallisation compositions and heat
treatment parameters for the ohmic contacts to gallium nitride-
based nanoheterostructures

MeTannusauus
Metallization

rapamMeTpbl M3roTOBAEHMS
OMMUYECKMX KOHTaKTOB
Manufacturing parameters for
ohmic contacts

Ti/Al/Ni/Au
(15/220/400/
500 HM | nm)

MapameTtpbl 5TO: 900°C [7]
B TeyeHue 30 ¢ B aTtmocdepe Ar
RTA parameters: 900°C for

30 sec in Aratmosphere

Ti/Al/Ni/Au
(30/100/300/
300 HM | nm)

MapameTpbl GTO: 800 °C (8
B TeyeHue 30 ¢ B aTtmocdepe Ar
RTA parameters: 800 °C for

30 sec in Aratmosphere

Ti/Au/Pd/Au
(20/6/40/

MapameTpbl GTO: 800 °C [9]
B TeyeHue 30 ¢ B aTtmocdepe Ar
RTA parameters: 800 °C for

30 sec in Aratmosphere

50 HM | nm)

Ni/Au TemnepaTtypa 6TO v Bpemst GTO [10]
(50/35 Hm | nm) BapbMPOBa/INCh

RTA temperature and RTA time

varied
(Ta,Ti)/Ni/Au MapameTpbl 5TO: 750 °C [m]

(5/50/20/
15 Hm | nm)

B Te4eHue 45 c B aTmMmocdepe Ar
RTA parameters: 750 °C for 45 sec
in Ar atmosphere

Ti/Al/Mo/Au
(15/60/35/
50 HM | nm)

MapameTpbl GTO: 850 °C [12]
B Te4eHue 30 ¢ B aTmocdepe N,
RTA parameters: 850 °C for 30
secin N, atmosphere
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KaHaJa, [I0Ka3aHHOr0 MyHKTUPHOU JIMHHeH, [ocJIe
4yero B 06pa30BaBIIUXCS "OKHAX' BBIPAIMBAETCS N*-
GaN. biaronaps BBeleHHUIO IPUMeCH Si IIPOHUCXOLUT
BRIpOSKEHHeE IoJNyIpoBoAasiero cjiosgd GaN, KOTo-
PBIH 10JIKeH HaXOAUThCSI B HEIIOCPeJCTBeHHOM KOH-
TaKTe € 06J1aCThIO ABYMEPHOTO ra3a 31eKTPoHoB (J31).
®opMHUpOBaHHE KOHTAKTA 3aBePLIAETCS MeTajIru3a-
LHel MoBepxHOCTH n*-GaN. [lopamirBaeMble KOH-
TaKThl UMEIOT PsAJ IIPeUMMYIIeCTB IIepes BXXHrae-
MBIMH. [lopali¥BaHue IPOMU3BOSUTCS IIYTE€M FOMO-
3MUTAKCHHU, 4TO obecredyrnBaeT XOPOIIYIO aITe3UI0
oCa’kJaeMoro Marepuasnaa. HUTpuUI rajausa U Macka
SiO, obnamaT xopolleld TeMIIepaTypPHOM CTOKMKO-
CTbIO, 4TO obecrmeunBaeT COXpaHeHHEe M3HAa4alb-
HOI GOPMBI KOHTaKTa U I103BOJIsIeT TOUHee KOHTPO-
JHPOBATh Fe€OMETPHIO M3rOTABIMBA@MBIX TPAH3H-~
cTtopos [13]. B mociaegHue roasl 6s11u ony6biHKo-
BaHBI COOOIIEHHUS O IIOyYeHHUH YAeIbHOTO COIPO-
THUBJIEHUSI OMHYeCKHUX KOHTAaKTOB 10 0,4 OM-MM
s Ga-face HEMT [14] u o 0,09 Om-MM [15], a 3aTeMm
1o 0,025 Om MM [16] nis N-face HEMT. Kpome Toro,
coobuiaeTcst 0 CO3TaHUK HEeBKUTaeMBbIX JOpallKBa-
eMBIX KOHTAKTOB K cTpykTypam HEMT 6e3 BoITpaB-
JIMBaHUA "OKOH" mmof, ocakaeHue n*-GaN [17], a Takske
C IPpUMeHeHHEeM CeJIeKTHBHOTO TPaBjIeHUS YaCTH
baprepHoro ciost AlGaN, KoTopoe He 3aTparuBaer
cort GaN [18].

B paborte [19] paccmaTpuBaaack 3MNHUTaKCHAb"
Has retepocTpykrypa AlGaN/GaN HEMT c HOHHOM
MMIUIAHTALlHel KpeMHHUSI ¢ 030 1-101° cm3 (pric.4).

CompoTHUB/IeHHUS CTPYKTYP OBLIK H3MepeHbl MeTO-
JOM [JIMHHOM JTUHHUHU. BRI MO/1y4deHBl C/lefyIouiKe
MaHHBIe: KOHTAKTHOEe COIpoTUBIeHHe R, =0,96 OM MM
Y [IOBEPXHOCTHOE COIIPOTUBIEHHe Ryy;=383 OM/M?2.

[ToMHMO ceJIeKTHBHOIO JOpallBaHUs Bce 6osbIle
NpUMeHeHUH HaXOLUT MeTOJ HOHHOIO JIerupo-
BaHUs. B pabote [20] mpoBefeHa olleHKa HeCIIJIaB-
HBIX OMHYECKHX KOHTaKTOB Cr/Pt/Au K sImHUTaKk-
CHaJbHBIM CTPYKTYypaM GaN U TpagUIIMOHHBIX CIIJIAB-
HBIX KOHTakToB Ti/Al/Ni/Au K reTepocTpyKTypam
AlCGaN/GaN ¢ HOHHO/IerHPOBAaHHBIMU KOHTAKTHBIMU
cnosMu. KoHTaKTHOe COIPOTHUB/IEHHE COCTABMIIO:
2,8-:10°u 3,5-107 OM-cM?2 cCOOTBETCTBEHHO. TaKUM
06pa3oM, MOSKHO CJIe/IaTh BBIBOJL: TeXHOJIOTH S HeBXKHU-
raeMblX OMHUYECKHMX KOHTAKTOB I103BOJIsI€T JOCTHUTIATh
HH3KUX COIIPOTHBJIEHHUH, YTO fe/laeT TaKKe KOHTaKThI
Haubosee OaXOOSIIIUMU IJIS CBY-TpaH3KHCTOPOB.

B/IMAHUE BE/IM4NHDBI KOHTAKTHOIO CONPOTUBIEHUA
HA KPYTU3HY BAX MOJIEBbIX TPAH3UCTOPOB

HA OCHOBE HUTPUAA TAJINA

Ba’kHO OLIeHUTbH BIHSIHHE BeTHYHUHBI KOHTAKTHOTO
COIIPOTHBJIEHUS Ha [TapaMeTPhl [10yI1POBOAHUKOBBIX
npubopoB. OAUH U3 TAKUX [1aPaMeTPOB — KPyTH3Ha.
B mocregHMe TOAbl HAPSAY C yCOBEPIIEHCTBOBAHHEM

SIN,

27 nmAl, ,Ga, ;N

0,6 um UID GaN

40 nm AIN

SiC

Puc.4. Cxema cmpykmypbl AIGaN/GaN HEMT [19]
Fig.4. Diagram of AIGaN/GaN HEMT structure [19]

and thermal annealing parameters were obtained
to reduce the contact resistance value of Ti/Al/Ni/Au
metal contacts. As a result, in this work, the opti-
mized contact had a very low contact resistance of
0.2 Ohm -mm (7.3-107 Ohm-'cm?) and the follow-
ing parameters for 30/180/40/150 nm thicknesses,
respectively [5].

As to Ti and Al based ohmic contacts tempera-
ture had to be above 800 °C in order to achieve this
compromise. A more detailed study of the heat
treatment effect process was carried out in [6],
Ti/Al/Mo/Au contact metallization samples were
annealed at different temperatures in a Rapid
Thermal Annealing (RTA) system. Temperature
of each annealing process changes between 825 °C
and 855 °C and an annealing time of 60 seconds was
maintained for all samples (Fig.3a).

As can be seen from Fig.3a, temperature treat-
ment was carried out in the RTA mode, i.e. fast
heating and fast cooling were realised. Figure 3b
shows the volt-ampere characteristics of a Ti/Al/
Mo/Au metallisation-based contact as a function
of annealing temperature. Decreasing heat treat-
ment temperature leads to non-linearity. This could
mean that a barrier remains at the metal-semicon-
ductor interface. The temperature of heat treat-
ment effect process shows that the lowest total
resistance at a given voltage is achieved at 855 °C.
However, increasing annealing temperature above
855 °C leads to increasing the total resistance but
the waveform remains slightly non-linear.
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TeXHOJIOT MU I1J1a3MOXHMHUYeCKOK 06paboTku, popMU-
POBaHMA C/I0€B MeTa/l/IM3alMK K 3IMTaKCHATbHBIX
METO/IOB BhIpAalllMBaHU s HUTPUIHBIX C/I0O€B, Yay4-
LIAIOTCS M ITapaMeTpsl CBU-TpaH3UCTOPOB Ha OCHOBE
HUTPHUJA FajlIk.

Ha puc.5 npescraBieHa 3aBUCHMMOCTb KPYTHU3HBI
rojieBoro HEMT-TpaH3HCTOpa OT BeJIMYKMHbBI KOHTAKT-
HOTO COIIPOTHUB/IeHMSI. IIpocMaTpUBaeTCs IIJIaBHOe
CHMKeHHEe KPYTU3HBI C yBeIHYeHHeM KOHTaKTHOIO
COIIPOTHUBJIeHUS. PaccMaTpHBaaKUCh PabOThI, IIOCBSI-
IIeHHbIe KaK BYKUTae€MbIM, TAK U HEBJKHUTaeMbIM OMU-~
YeCKHMM KOHTaKTaM. HauBpICIIee 3HaYeHHe KPY TH3HBI
IOCTUTaeTCs B paboTe, MOCBSIIIEHHON HEBXKUIAeMbIM
KOHTaKTaM [16] u cocTtaBnsgeT 1105 MCMm/MM. B 11e10M
[IpHBeeHHbIe JaHHbIe JeMOHCTPUPYIOT 3HAYUTETbHO
6osee BBICOKYIO KPYTH3HY A1 HEMT-TpaH3UCTOPOB
C HeBKHMTaeMBIMH KOHTaKTaMHM. /i TPaH3UCTOPOB
C BBKMIaeMbIMH OMHUYeCKHUMH KOHTaKTaMH HauboJb-
Illee 3Ha4eHHe KPYTH3HBI cocTaBasgeT 400 MCm/MM.
B miesiom, JaHHbIe 3HAYeHU S [IOATBEP;KIAIOT IIePCIIeK-
THBHOCTbH PeIlleHH 3aa4M CHU>KeHHU S KOHTAKTHOIO
COITPOTHUBJIEHH .

3AK/IIOYEHUE

B pesynbraTe paboThl IpeACTaBAEHO, YTO OXKUIATh
OT HUTpHUATaineBoro CBY-TpaH3KUCTOpa IIPH pa3-
JTUYHBIX 3HAYEHHUAX COITPOTUBJIEHU I OMUYECKHUX KOH~
TaKTOB. B 11e/10M, JaHHAas 3a/a4a SAB/ISETCS MePCIIeK-
TUBHOI J/IS1 CUJIOBBIX I10JIyIIPOBOAHUKOBBIX IIPHOO-
poB. Kak BUJHO M3 BHIIIEKU3I0KEHHOT0, TeXHOIOTH S
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Puc.5. 3asucumocmpb Kpymu3Hbl noAegsozo mpaH3ucmopa
0m 8eAu4UHbl KOHMAKMHO020 CONPOMUBAeHUSs CMOoKa U ucmo-
Ka noAegozo mpan3ucmopa [16, 21-27, 29, 30]

Fig.5. Dependence of field-effect transistor steepness on the con-
tact resistance value of the field-effect transistor drain and source
[16, 21-27, 29, 30]
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The metallisation compositions and heat treatment
parameters for manufacturing the ohmic contacts to
gallium nitride-based nanoheterostructures of a num-
ber of studies are shown in Table 1.

The peculiarities of the burning contact technol-
ogy are: satisfactory level of contact resistance, high
mechanical and temperature stability, and developed
surface morphology. The burnable ohmic contact is
promising for power semiconductor devices.

NON- BURNING OHMIC CONTACTS TO GALLIUM
NITRIDE-BASED NANOSTRUCTURES

Nowadays, methods of non-burnable contacts man-
ufacturing have been gaining ground. Figure 4
shows the concept of non-burnable manufacturing,
selectively grown ohmic contacts. The nanohetero-
structure surface is annealed through a SiO, dielec-
tric mask to a depth below the conductive channel
shown with a dotted line, and then n*-GaN is grown
in the resulting "windows". The introduction of Si
admixture causes degeneration of GaN semiconduct-
ing layer, which should be in direct contact with the
region of two-dimensional electron gas. Production
of the contact is completed by the metallisation of
the n*-GaN surface. There are a number of advan-
tages to growing contacts over burning contacts. The
re-growth was done by homoepitaxy, which ensures
good adhesion of the deposited material. Gallium
nitride and SiO, mask have good temperature resis-
tance, which ensures that the original contact shape
is maintained and allows for more precise control of
manufactured transistors geometry [13]. In recent
years, reports have been published on obtaining
resistivity of ohmic contacts up to 0.4 Ohm'mm for
"Ga-face" HEMT [14] and up to 0.09 Ohm-mm [15] and
then up to 0.025 Ohm'mm [16] for "N-face”" HEMT. In
addition, it has been reported about non-burnable
build-up contacts to HEMT structures without etch-
ing "windows" for n*-CaN deposition [17], and also
using selective etching the part of the AlGaN barrier
layer, which does not effect on GaN layer [18].

In [19] epitaxial AlIGaN/GaN HEMT heterostruc-
ture with silicon ion implantation with a dose of
1-10'° cm™ was considered (Fig.4).

The structures resistance were measured using the
long line method. The following data were obtained:
contact resistance R;=0,96 Ohm-mm and surface
resistance Ryp=383 Om/m2,

In addition to selective doping, the ion doping
method is increasingly being used. In [20] evalua-
tion of Cr/Pt/Au non-alloyed ohmic contacts to GaN
epitaxial structures and conventional Ti/Al/Ni/Au
alloyed contacts to AlIGaN/GaN heterostructures with
ion-doped contact layers were performed. Contact resis-
tance was 2.8-10° and 3.5-107 Ohm - cm? respectively.
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HeBXHTaeMblX OMHYECKHX KOHTAKTOB II03BO-
AuIa OOCTUraTh HU3KUX CONPOTHUBJIEHHH, 4YTO
JenaeT TaKHe KOHTAaKThl Hanbosee MoAXoAsIUMHU
st CBU-TpaH3UCTOPOB, 0CO6EHHO B YCIOBUSIX IIPO-
OBH>KEHUS B HAHOMETPOBBIH AHUAIa30H TOMIOJIOTH-
YeCKHX Pa3sMepoB.

[Tosy4yeHHBble JaHHBIE JAIOT BO3MOXKHOCTD C 60/1b-
10K YBEePEeHHOCTbIO IIPeIIONIOKUTD, YTO AaIbHek-
1nree pa3sBUTHE TeXHOJOTHUH HEBXXHUTAaeMbIX OMHM-
YeCKUX KOHTAKTOB K HAHOTETePOCTPYKTypam
Ha OCHOBe HUTPH/IA FaJlJIKs II03BOIUT IPUOIU3UTH
ocBoeHHe pabouMX YacTOT BIJIOTH [0 Tepareplo-
BOTO JHAaIla30Ha.

B/IATOAAAPHOCTH

PaboTa BeIIIOJIHEHA IPU GUHAHCOBOM IOAJEPKKe
MuHO6pHayKH B paMKaX roCcylapCTBEHHOTO 3a/a-
HHsg FSMR-2022-0004.

NHOOPMALLUA O PELLEH3UPOBAHUK

Pemakuus 61arogapuT aHOHKMMHOIO pelleH3eHTa
(peLleH3eHTOB) 3a UX BKJ/Ia[, B PelleH3HPOBaHUe 3TOk
paboThl, a TakKe 33 pa3MelleHHe CTaTel Ha CanTe
JKypHaJIa 4 Ilepefavy KX B 3JIeKTPOHHOM Bue B HOb
eLIBRARY.RU.

Hekaapauus o KoHpAUKMe UHMepecos. ABIMOpbl 3a28AK0M
06 omcymcmeuu KOHPAUKITO8 UHMEPecos UAU AUYHBIX 0MHO-
wieHuil, Komopble mozAu bul nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHOU cmambe.

JINTEPATYPA / REFERENCES

1. Wu C.L. et al. Heteroepitaxy of GaN on Si (111)
realized with a coincident-interface AIN/B-Si;N ,
(0001) double-buffer structure // Applied physics
letters. 2003. Vol. 83, no. 22. PP. 4530-4532.

2. del Alamo J.A., Lee E.S. Stability and reli-
ability of lateral GaN power field-effect tran-
sistors // IEEE Transactions on Electron
Devices. 2019. Vol. 66, no. 11. PP, 4578-4590.

3. Cho S.M., Lee ].D., Lee H.H. Specific resistiv-
ity of ohmic contacts to n' type direct band-gap
III-V compound semiconductors // Journal of
applied physics.1991. Vol. 70, no. 1. PP. 282-
287.

4. Roccaforte F. et al. Nanoscale carrier transport
in Ti/Al/Ni/Au Ohmic contacts on AlGaN epi-
layers grown on Si (111) // Applied physics let-
ters. 2006. Vol. 89, no. 2. P. 022103.

5. Jacobs B. et al. Optimization of the Ti/Al/Ni/Au
ohmic contact on AlCaN/GaN FET structures //
Journal of Crystal Growth. 2002. Vol. 241,
no. 1-2. PP. 15-18.

6. Macherzynski W. et al. Formation process and
properties of ohmic contacts containing molyb-

Thus it can be concluded: technology of non-burning
ohmic contacts makes it possible to achieve low resis-
tances, which makes such contacts the most suitable
for microwave transistors.

INFLUENCE OF CONTACT RESISTANCE VALUE ON THE
WAVELENGTH SLOPE OF GALLIUM NITRIDE FIELD-EFFECT
TRANSISTORS

It is important to assess the impact of contact resis-
tance values on semiconductor device parameters. One
such parameter is the steepness. In recent years, along
with improvements in plasma chemical processing
technology, formation of metallization layers and epi-
taxial methods of growing nitride layers, improving
the parameters of microwave transistors based on gal-
lium nitride.

Figure 5 shows the dependence between the slope of
the HEMT field effect transistor and the contact resis-
tance. The steepness decreases smoothly with increas-
ing contact resistance. Both fluxed and non-burn-
ing ohmic contacts have been considered. The high-
est value of steepness is achieved in the work on non-
burning contacts [16] and is 1105 mS/mm. In general,
the above data shows significantly higher steepness, for
HEMT transistors with non-burning contacts. For tran-
sistors with burnt ohmic contacts the highest steepness
value is 400 mS/mm. Moreover, these values confirm
prospective of the contact resistance reduction problem.

CONCLUSIONS

This paper shows what can be expected from a nitride
gallium microwave transistor at different values of
ohmic contact resistance. In general, this is a promis-
ing challenge for power semiconductor devices. As can
be seen from the above, non-burning ohmic contact
technology has made it possible to achieve low resis-
tances, making such contacts most suitable for micro-
wave transistors, especially in the nanometer range of
topological dimensions.

ACKNOWLEDGEMENTS
This work was carried out with the financial support of
the Ministry of Education and Science as a part of state
task FSMR-2022-0004.

PEER REVIEW INFO

Editorial board thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. It is
also grateful for their consent to publish papers on the
journal’s website and SEL eLibrary eLIBRARY.RU.

Declaration of Competing Interest. The authors declare that they
have no known competing financial interests or personal relation-
ships that could have appeared to influence the work reported in this

paper.

VoL.16 No. 22023 NANO INDUSTRY



HAHOTEXHO/OrUU

10.

11.

12.

13.

14.

15.

16.

17.

18.

denum to AlGaN/GaN heterostructures //
Advances in Electrical and Electronic Engineer-
ing. 2016. Vol. 14, no. 1. P. 83.

Fan Z. et al. Very low resistance multilayer
Ohmic contact to n 'GaN // Applied Physics Let-
ters. 1996. Vol. 68, no. 12. PP. 1672-1674.
Mohammad S.N. Contact mechanisms and
design principles for alloyed ohmic con-
tacts to n-GaN // Journal of Applied Phys-
ics. 2004. Vol. 95, no. 12. PP. 7940-7953.

Wang D.F. etal. Low-resistance Ti/Al/Ti/Au multi-
layer ohmic contact to n-CaN // Journal of Applied
Physics. 2001. Vol. 89, no. 11. PP. 6214-6217.
Motayed A. et al. High-transparency Ni/Au bilayer
contacts to n-type GaN // Journal of applied phys-
ics. 2002. Vol. 92, no. 9. PP, 5218-5227,
Motayed A. et al. Electrical, microstructural,
and thermal stability characteristics of Ta/Ti/Ni/
Au contacts to n-GaN // Journal of applied phys-
ics. 2004. Vol. 95, no. 3. PP. 1516-1524,

Kumar V. et al. Thermally-stable low-resistance
Ti/Al/Mo/Au multilayer ohmic contacts on n-
GaN // Journal of applied physics. 2002. Vol. 92,
no. 3. PP. 1712-1714.

Maribopoma H.O. u 1p. CeleKTHBHBIM POCT
HEBKUTaeMBIX OMHYECKHUX KOHTAaKTOB K MABY-
MepHOMY 3JeKTPOHHOMY Tra3y B TPaH3HCTOpPax
C BBICOKOY ITO/IBMDKHOCTBIO 3JIEKTPOHOB Ha OCHOBE
rereporepexofoB GaN/AlCaN wmetomom More-
KYJSIPHO-IIYy4YKOBOM  SHHUTakKcuu // Ilucema
B JKypHa/1 TexHHUecKon ¢usuku. 2014. T. 40.
Ne1l. C. 80-86.

Guo J. et al. Metal/face InAIN/AIN/GaN high elec-
tron mobility transistors with regrown ohmic
contacts by molecular beam epitaxy // Physica
status solidi (a). 2011. Vol. 208, no. 7. P. 1617-
1619.

Denninghoff D.]. et al. Design of High-Aspect-
Ratio T-Cates on N-Polar GaN/AlGaN MIS-HEMTs
for High fmax // IEEE Electron Device Let-
ters. 2012. Vol. 33, no. 6. PP. 785-787.
Dasgupta S. et al. Self-aligned N-polar GaN/InAIN
MIS-HEMTs with record extrinsic transconduc-
tance of 1105 mS/mm // IEEE Electron Device Let-
ters. 2012. Vol. 33, no. 6. PP. 794-796.

Zheng Z. et al. Nonalloyed ohmic contact of
AlGaN/GaN HEMTs by selective area growth
of single-crystal n+GaN using plasma assisted
molecular beam epitaxy // Physica status solidi
(a). 2011. Vol. 208, no. 4. PP. 951-954,

Pang L. et al. High-current AlGaN/CaN high elec-
tron mobility transistors achieved by selective-
area growth via plasma-assisted molecular beam
epitaxy // Physica status solidi (a). 2014. Vol. 211,
no. 1. PP. 180-183.

HAHO MHAVCTPUA Tom 16 N2 22023

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Recht F. et al. Nonalloyed ohmic contacts in
AlGaN/GaN HEMTs by ion implantation with
reduced activation annealing temperature //
IEEE electron device letters. 2006. Vol. 27,
no. 4. PP. 205-207.

XKenanHoB A.B. u gp. OMHYecKHe KOHTAaKThI
K IPUOOPHBIM CTPYKTypaM Ha OCHOBe HHUTPHIA
raius // PU3UKa M TeXHHKa IOTYIPOBOSHHU-
KoB. 2020. T. 54. Ne 3. C. 247-249.

Xin H.P. et al. Optimization of AlGaN/GaN
HEMT ohmic contacts for improved surface mor-
phology with low contact resistance // Poust W.
Sutton D., Li D., Lam I. Smorchkova R.,
Sandhu B., Heying J., Uyeda M., Barsky M.
Wojtowicz R. Lai // CS MANTECH Conf. Portland
(Oregon, USA). 2010. PP. 149-152.

Yue Y. et al. InAIN/AIN/GaN HEMTs with regrown
ohmic contacts and f; of 370 GHz // IEEE Electron
Device Letters. 2012. Vol. 33, no. 7. PP. 988-990.
Liu Z. et al. Mechanism of ohmic contact for-
mation in AlCaN/CaN high electron mobil-
ity transistors using microwave annealing //
2016 13th IEEE International Conference on
Solid-State and Integrated Circuit Technology
(ICSICT). IEEE, 2016. PP. 1050-1052.

Song B. et al. Ultralow-leakage AlGaN/GaN high
electron mobility transistors on Si with non-
alloyed regrown ohmic contacts // IEEE electron
Device letters. 2015. Vol. 37, no. 1. PP. 16-19.
Ganguly S. et al. Plasma MBE growth conditions
of AlGaN/GaN high-electron-mobility transistors
on silicon and their device characteristics with
epitaxially regrown ohmic contacts // Applied
Physics Express. 2014. Vol. 7, no. 10. P. 105501.
Cui P., Zeng Y. Scaling Behavior of InAIN/GaN
HEMTs on Silicon for RF Applications. 2022.
Jiang Y. et al. InAIN/GaN HEMTs on Si with
0.18 Q-mm Contact Resistance and 2,1-A/mm
Drain Current Density // 2021 IEEE 14th Inter-
national Conference on ASIC (ASICON). IEEE,
2021. PP. 1-4.

Cakmak H. et al. Nonalloyed Ohmic Contacts in
AlGaN/GaN HEMTs With MOCVD Regrowth of
InGaN for Ka-Band Applications // IEEE Trans-
actions on Electron Devices. 2021. Vol. 68,
no. 3. PP. 1006-1010.

Li L. et al. GaN HEMTs on Si with regrown con-
tacts and cutoff/maximum oscillation frequen-
cies of 250/204 GHz // IEEE Electron Device Let-
ters. 2020. Vol. 41, no. 5. PP. 689-692.

Lu H. et al. Low Contact Resistance CMOS-
Compatible RF GaN-on-Silicon HEMTs // 2021
IEEE 8th Workshop on Wide Bandgap Power
Devices and Applications (WiPDA). IEEE,
2021. PP. 75-78.



U3SOATEJIbCTBO « TEXHOC®EPA»

NMPEAOCTABIAET KHUI'Y:

A.H. beaoyc, B.A. Coaoayxa, C.B. LLiseaos

MporpammHbie U annapaTHbie
TPOSHbI = CNOCO6bI BHEAPEHMS

M METOAbI MPOTUBOAENCTBMUA.
MNepBas TEXHUYECKAN SHLLMKAONEAUSA

Moa cbed pesakumed A.M. Beaoyca
B 2-x KHMrax

Kuura 1

Mockea: TEXHOC®EPA, 2023. - 688 c.
ISBN 978-5-948346-524-4

Knura 2

Mockea: TEXHOC®EPA, 2023. - 630 c.
ISBN 978-5-948346-524-4

Llena 3700 py6.

Brnepesie B AMWMPOBOM HOYYHO-TEXHMYECKOH AMTEpATYpE B 06beme DAHOMD KOMMASKCHONO M3AQ-
HIA NOCABAOBOTEABHO M ABTAABHO MCCASAOBOH CbEHOMEH nporpammHBeX M annapaTHLIX TROAHOE,
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