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AHann3 coBpeMeHHOro COCTOSAHUSI U OCHOBHbIX
Hanpas/iIeHU pasBUTUS TEXHO/IOT MU CO3AAHUSA
MUAIMMeTPOBbiX CBY-NpM60pPOB HA LLMPOKO3OHHbIX
retepoctpykTypax (Al,Ga,In)N/GaN nokasbiBaeT, 4To
AOCTUTHYTbIN B UHCTUTYTE CBEPXBbICOKOYACTOTHOM
noaynpoBOAHUKOBOW 3/1eKTPOHMKU (MCBYIMD) PAH
TEXHO/IOrNYeCcKMU ypoBeHb HAXOAUTCS B XOpoLiem
COOTBETCTBUMU C 06L,EeMUPOBbLIMU TEHAEHLUSAMU

M AOCTUXEHUAMU. DTO CO3[aeT NpeanocbsIKN Ans
CO3/,aHUA N OCBOEHUS NPOMbILLJIEHHOr O MPOU3BOACTBA
B POoCCMM KOMMN/1IEKTOB MOHOJIUTHbIX MHTErpasibHbIX
cxem (MUC) pas npuemMornepegaromx cuctem

Ka-, V- n W-ananasoHoB 4acToOT, NpeBoCXoASLNX

no ceomm napametpam CBY-npu6bopbl HA apCeHUAHbIX
reTepoCcTpyKkTypax.

O03laHHe PaJHALIMOHHOCTOMKON 3/IeMeHTHOH

6a3sl n1s obecrmedeHus: paboTocrnocobHOCTH

TBEPAOTEIbHBIX 3JIeKTPOHHBIX CUCTEM B 3KCTpe-
MaJIbHBIX YCJIOBHSX OKOJIO3€ MHOTO IIPOCTPAaHCTBA,
30HBI BO3JeMCTBHUS MOHHU3HUPYWOIIUX H3I1y4eHHUU
HJIH IIPY [IOPasKaloNleM JeNCTBUH SIIepHOTO B3PhIBA,
TO eCTh B CIIeLIMAJIPHOM aIlIlapaType A BOEHHBIX
M T'Pa’KAAHCKUX IPUMEHEHHH, SBJSeTCS YPe3Bbl-
YaMHO aKTYyaJIbHOU 3aJavder. Eciu moTeHIMaN pas-
BUTHUS NPUOOPOB Ha OCHOBE ApCEHUIHBIX [eTepo-
CTPYKTYP y>ke IMPaKTHUYECKHU IIOJHOCTBIO HCUEep-
naH, To Bo3amoskHocTH HEMT (High Electron Mobility
Transistor - TPaH3KCTOPBL C BEICOKOK ITOJBHSKHOCTBIO
3/IeKTPOHOB) HAa OCHOBE IIHPOKO30HHBIX [€TEePOCTPYK-
Typ AlGaN/GaN ybesHTeIbHO ITPOJEeMOHCTPUPOBAHEL
B IIOC/Ie[JHHe I'OfIbl IIPH CO3JaHUU YCUIUTEeTeHN MOII-
HocTd (YM) L-, S-, C- 1 X-muara3oHoB [1].

IToBBINIEHHE BBIXOJHOM MOIIHOCTH YM B HH3KO04Ya-
CTOTHBIX L- ¥ S-AMara3oHax B OCHOBHOM CBSI32HO C yBe-
NUYeHreM MpoOUBHBIX HanpssKeHUH (Up,) 3aTBOPOB
TPaH3HUCTOPOB IIPH BBeJEHUU OFHOI'0 UK HECKOJb-
KUX pornonHuTtenpHbix "field-plated” anexTponos, koTo-
pble PACIIONIOKEHBI B IIPOCTPAHCTBE MEXKAY 3aTBOPOM
M CTOKOM TPAaH3HUCTOPOB Yepe3 CJIOU HU30JISITOPA U CIIO-
COOCTBYIOT yMEHBIIEHUIO TMKOBBIX HAIIPSSKeHHOCTEH

MILLIMETRE RANGE NITRIDE
DEVICES

P.Maltsev’, D.Sc., Yu. Fedorov', R.Galiev’,
S.Mikhailovich’, D.Gnatyuk’, Ph.D./
iuhfseras2010@yandex.ru

An assessment of the current status and key
trends in the millimetre microwave device
development technology on wide-band
heterostructures (Al, Ga, In)N/GaN shows that
the technology level achieved in the Institute of
Ultra-High-Frequency Semiconductor Electronics
of the Russian Academy of Sciences (IUHFSE
RAS) is quite in line with the global trends and
developments. This creates prerequisites for the
establishment and development of the industrial
production of monolithic integrated circuits (MIC)
in Russia for the Ka-, V- and W- band frequency
receive/transmit systems exceeding by their
parameters the microwave devices on arsenide
heterostructures.

t is quite a relevant objective to create a radiation-

proof element base for ensuring efficiency of the

solid-state electronic systems in extreme conditions
of the near-earth space, the ionizing radiation impact
area or the damaging effects of a nuclear explosion;
that is in the special equipment for military and
civilian applications. If the potential development
of devices based on arsenide heterostructures has
almost completely been exhausted, the HEMT (High
Electron Mobility Transistor) capabilities based on
the wide-band heterostructures AlGaN/GaN have
been convincingly demonstrated in recent years in
the creation of L-, S-, C- and X-band power amplifiers
(PA) [1].

An increase in power output from the PA in the
low-frequency L- and S- bands is mainly due to an
increase in the breakdown voltage (Ubreakdown)
of transistor gates in the introduction of one or
more additional field-plated electrodes, which are
located in the space between the gate and drain
of the transistors through the insulator layers and
contribute to the reduction of peak field strength
between the gate and drain [2, 3]. As early as
2006 in using HEMT on SiC substrates with one
field-plated electrode obtained was the saturated

defepasnbHOe rocyAapCTBEHHOE GIOAXKETHOE YUpex aeHMe Hay K VIHCTUTYT
CBEPXBbICOKOHYACTOTHOM NO/YNPOBOAHMKOBOM 31eKTPoHUKM (MCBYM3) PAH
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o/ MeXXIy 3aTBOPOM M CTOKoM [2, 3]. Tak, emie
B 2006 rogy mpu McIo/ib3oBaHuK HEMT Ha IIo/IOKKax
SiC c opauMm "field-plated” snexkrpomom 6bL1a monyyeHa
HaChIIeHHas BBIXOJHAsI MOLIHOCTh THOpuHOTO YM
[0 371 BT Ha yacToTe 2,14 I'T11 B HeIIpephIBHOM pPe>KHMe
¢ KII[ 24% mpu npobUBHBIX HAIIPSSKEHUSIX 3aTBOPOB
okos10 200 B [4]. ManbHerlee pa3BuTHe YM B JaHHBIX
JHUaIla30Hax B YacTH MOBbIIIeHHUS UX 3QPeKTHUBHO-
CTH U CHIDKEHHUSI CTOMMOCTH 6BIIO CBSI3aHO C UCIIONb-
30BaHHEM KJTIOYeBBIX PeSKMMOB PabOTHI TPAH3UCTOPOB,
I71s 4ero motpeboBasioch JanbHeHIIee IIOBHIIIEHHE
HIMITYJIBCHBIX IIPOOUBHBIX HAIIPSIKEHUI CTOK-3aTBOP
B 3aKPBITOM COCTOSIHHUH U ITepPexof, K KpeMHHeBbIM 10/l
nokKaM (y>ke monydens! Unp=1590 B [5] u maske 6onee
2000 B [6] mpu yoaneHUH MOAJIOKKHU Si). JOCTUTHYThIe
Pe3yIbTaThl II03BOIMJIM CO3/IaTh KOHKYPEHTOCII0C06-
Hble KJI0YeBble TPAH3UCTOPBl HA HUTPUJHBIX FeTepo-
CTPYKTYPax [J15l CUI0BOK 37IeKTPOHUKH [7], MacCOBBIH
BBIITYCK KOTOPBIX IVIAHUPYeTCsl HadaTh B O/IMsKaHIILe
ronsl [8]. KpoMe Toro, y>ke 0CBO@HO IIPOU3BOZCTBO BBICO-
K03QPeKTUBHEIX KJI0UeBbIX YM AHana3oHa 4acToT
10 2,5ITn (REMD [9]) ¢ KITZ 1o 70% IIpY BBIXOZHOK MOII-
HOCTH A0 25 BT. K cokasieHU10, IaHHAS TeXHOJIOTUS
IIpYMeHHKMa TOJIbKO B HU3KOYACTOTHBIX AHalla30HaX,
nockonbky "field-plated” snmekTpombl MHOrOKpaTHO yBe-
JIMYUBAIOT eMKOCTH 3aTBOpoB Cgs 1 Cgd, 4To pe3Ko CHU-
>KaeT YaCTOTHbIe [IapaMeTPbl TPAaH3HCTOPOB (B JIydIleM
cnydae £7=10-20 [T, a f,x=40-50 I'T1 [10]). ITo sTOM
Dpu4HrHe, B yacTHOCTH, MHMC YM C- 1 X-I1HMaIia30HOB
YacTOT UMeIOT 6oj1ee CKpOMHBIE IIapaMeTPBl: I10/TyYeHbl
BBRIXOOHBIe MoItHocTH 40 BT (60% PAE) 11 58 BT (38% PAE),
COOTBETCTBeHHO [11, 12].

B mocnenHue rofbl MpUOOPEl HA HUTPUAHBIX reTe-
POCTPYKTYpax IOJYUU/IN HOBBIM MOLIHBIN HMITYJIbC
OJ1g IIPUMEeHeHUs B 6o0J1ee BBICOKOYACTOTHEIX Ka-, V-
1 W-Aramna3oHax B CBSI3U C Pa3BUTHEM CBEPXIIHPOKO-
I10JIOCHBIX TeJIeKOMMYHHKALIMOHHBIX CUCTEM HOBOI'O
[IOKOJIeHH S, BBICOKOTOYHBIX CHCTeM BOOPY>KeHHH,
CHCTeM MeKCIYyTHHUKOBOM CBSI3H, aBTOMOOM/IBHBIX
paZapoB, aHTUTEPPOPUCTUYECKHX CUCTEM H IP. ITO
CTUMYJIHPOBAJIO LIMPOKUN GPOHT HUCCIef0BaTeNb-
CKHX paboT 10 0CBOEHUIO MUJIILMETPOBOTO U CYb-
MHJIEMeTPOBOTO JHAlla30HOB Ha HUTPUIHBIX IIPU-
bopax BO BCeX TeXHOJIOTMYeCKH Pa3BUTHIX CTPaHaX
mupa [13, 14].

PA3BUTUE TEXHOIOMWU HUTPUAHDIX

NPUBOPOB mm-AUATA30HA 3A PYBEXXOM

Obm1as Umeonorust pa3BUTHSI HUTPUIHBIX IPUOOPOB

IJ1s1 MM-IHalla30Ha 3a pybeskoM Ioka3aHa Ha puc.l.
CoBepIlIeHCTBOBaHHE HUTPUIHBIX [€TePOCTPYKTYP

1151 TIOBBIIIEHM ST pabouMX YacTOT IIPHOOPOB B OCHOB-

HOM 3aKJ/II04aJIOCh B YMEHbIIEHHUH TONIIKHBI BEPXHEro
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output power of a hybrid-type PA up to 371 W at a
frequency of 2.14 GHz in a continuous mode with
an efficiency of 24% at the gate breakdown voltage
of about 200 V [4]. Further PA development in the
ranges in terms of enhancing their efficiency
and cost reduction was due to the use of the key
operational modes of transistors, which required
a further increase in impulse breakdown voltage
drain-gate in the closed position and transition
to the silicon substrate (Ubreakdown = 1590 [5]
already received and even more than 2000 [6] by
removing the substrate Si). The achieved results
have contributed to creation of key competitive
transistors on nitride heterostructures for power
electronics [7]; mass production is planned to
start in the next few years [8]. Besides, already
mastered the production of high-performance
key PA of the frequency range up to 2.5 GHz
(RFEMD [9]) with an efficiency of up to 70% at
an output power up to 25 W. Unfortunately,
this technology is applicable only in the lower
frequency bands as the field-plated electrodes
multiply the gate capacitance Cgs and Cgd thereby
drastically reducing the frequency parameters of
the transistors (in the best case, f; = 10-20 GHz
and f,,x = 40-50 GHz [10]). For that reason, in
particular, ITA PA of C-and X-band frequencies
have more modest parameters, the output power
of 40 W (60% PAE) and 58 W (38% PAE) respectively
[11, 12] are received.

In recent years, the nitride heterostructure
instruments have obtained a new impetus for
the use in higher-frequency Ka-, V-and W-bands
due to the development of ultra-wideband
communication systems of the new generation,
high-precision weapons systems, inter-
satellite communications systems, automotive
radar systems, anti-terrorism systems etc.
This has promoted a wide scope of research
and development activities dedicated to the
millimetre and sub-millimetre ranges on nitride
devices in all technologically advanced countries
(13, 14].

DEVELOPMENT OF THE MM-RANGE NITRIDE
DEVICE TECHNOLOGY ABROAD
The general ideology of development nitride
devices for mm-range abroad is shown in fig.1.
Improving nitride heterostructures to increase
the operating frequency of devices mainly
consisted in reducing the thickness of the upper
barrier layer ty to preserve the aspect ratio of L/
t5>10+15 [15] to prevent short-channel effects with

#3 /49 /2014 NANO




42 HAHOTEXHONOMrMM
FETEPOCTPYKTYPbI % TEXHONOrunsg » PE3YJIbTATbI
HETEROSTRUCTURES TECHNOLOGY RESULTS
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du3nyeckne UCCIeA0BaHUSA, onpeseneHne
ONTUMANbLHOMO OTHOLIEeHUS L/t

Physical research, determining the optimal
ratio Lo/tg

MaccnBaums retepocTpykTyp "in-situ” B
pocToBoW kamepe (3-50 HM, Si3N<750°C)
Passivation of heterostructures in-situ in
the growth chamber (3-50 nm, Si3N<750°C)

TpaH3ucTopsl C f/fya = 343/400
Iy (pekopg ans GaN)
Transistors with f;/fa = 343/400
GHz (record for GaN)

Co3faHue TeXHOI0rMM poCTa HaHoreTepo-
cTpykTyp AlGaN/AIN/GaN (t; 8o 6 HM),
AIN/GaN (tg 4o 3 HMm), INAIN/(AIN)/GaN 2
(ts = 4-10 HM) Ha candwmpe, SiC, Si

b3l Development of growth technology
of nano-heterostructures AlGaN/AIN/GaN

MoBTOpHOE AOpaLLMBAHNE KOHTAKTHOIO
cnos n+GaN, HeBXuraemblie ommyeckue

KOHTaKTbl ¢ R, 40 0,05 OM-MM

Regrowth of n+GaN-based contact layer,
non-burnt-in ohmic contacts with R,

up to 0.05 Ohm-mm

MNC MLLY ananasoHa 75-82 Ty,
cK,=3.8 4b Ha4acToTe 80T,
npu K,>20 Ab, 4TO NpeBoCcxoanT
napameTpbl MUC Ha INP 1 GaAs
MIC LNA operating from 75

to 82 GHz with NF=3.8dB

at a frequency of 80 GHz with

(tg up to 6 nm), AIN/GaN (tz up to 3 nm),
INAIN/(AIN)/GaN (tB = 4-10 nm)
on sapphire, SiC, Si

TexHoNorns 3aTBOpoB € L;<90 HM n
acneKTHbIM OTHOLeHVeM Hy/Lg > 4

Gate technology with L; <90 nm
and an aspect ratio of He/Lg > 4

amplification coefficient > 20 dB,
which exceeds the parameters
of MICon InP and GaAs

TPOMbILLINEHHOE NPOM3BOACTBO NACCUBMPO-
BaHHbIX "in-situ" HAHOreTepoCTpyKTYp

PaszHoo6pasHble BbICOKO3I(GdEKTUB-
Hble MVUCYM gnanasoHos 30-120

AlGaN/GaN Ha KpeMHMeBbIX NOAJSI0XKKax A0 8"
Industrial production of passivated in-situ
nano-heterostructures AlGaN/GaN

on silicon substrates up to 8" technology

CKBO3Hble 0TBepCTUA B SiC, KOpMyCcMpoBaHue,
TEXHONOr1s MOBEPXHOCTHOrO MOHTaXa

Holes in SiC, packaging, surface-mount

rmuwap.

Variety of highly efficient MIC PA
operating from 30 to 120 GHz,
etc.

- 1r ~__} ~ |

\

BJIVDKAVLUUE MJIAHbBI O 2020 FOAA

IMMEDIATE PLANS TO 2020

Maccosoe npor3BOACTBO LMPOKOW HOMEHKNATYPbI Aellesbix CBY 1 B nepcnekTmee
LUMPPOBbLIX pagnaLMoHHOCTONKNXx MNC B3ameH TpaanLMOHHbIX Npnbopos Ha GaAs
Mass production of a wide range of cheap microwave MIC and in the future —

of digital radiation-resistant MIS instead of traditional devices on GaAs

Ha nepcnekmusy

Puc.1. OcHogHble HanpasaeHus pazgumus pabom no HUMpuUOHoU memamuke 3a pybexxom 8 2005-2012 22. u nAaHbl

Fig.1. Main directions in the development of the topics nitrides abroad in 2005-2012 and plans for the future

6apbepHOro CJI0s ty C Ie/IbI0 COXPAHEHU S BeTMUHHBI
aCMeKTHOr0 OTHOIIeHUs L;/ty>10+15 [15] nist mpemoT-
BpallleHHs pa3BUTHS KOPOTKOKaHaIbHBIX 3P HeKTOB
IIpH YMeHbIIeHUH JJIMHBI 3aTBopa L. [logaepskaHue
BeJTMYMHBI L;/ty Ha KaK MOXKHO 6071ee BBICOKOM YPOBHE
KparHe BaKHO U I COXPAHEHHU I BBICOKKX IPOOHBHBIX
HaIpsiKeHHH, KOTopble, KaK oKas3aocs [15], ompeners-
I0TCSI He TOJIIMHOK FeTepOCTPYKTYPHI, a aCIIeKTHBIM
cooTHomeHHeM. Oco3HaHKe JaHHOTro GpaKTa, KOTOPBIH
6BL/T yCTAaHOBJIEH SMIIMPUYECKU Ha OCHOBe 06paboTKH
3KCIIePUMEeHTA/IbHBIX Pe3y/l1bTaTOB MHOTOUMCIeHHbIX
pabor, mpuBeso K pa3paboTke HOBBIX TUIIOB bojiee TOH-
KHUX 1 90PeKTUBHBIX ITHPOKO30HHBIX Te€TEPOCTPYKTYP:
ot AIGaN/AIN/GaN (t; mo 7 HM) K AIN/GaN (tg o 3,5 Hm)
(16] 1 InAIN/(AIN)/GaN (tz o 4,7 HM), IOTE@HI[UATBHO
obnmazmaromux Hauboaee BBICOKUMU IIapaMeTpaMU
ABYMePHOI0 3JIeKTPOHHOro rasa (17, 18]. IIpo6iemsl
CO3IaHUS TAKHUX FeTePOCTPYKTYP U IIOJNyUeHHEIe
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decreasing gate length L. It is quite important
to support the values Ls/ty at the highest possible
level in order to maintain high breakdown
voltage, which proved [15] to be determined
by not the heterostructure thickness but the
aspect ratio. Awareness of this fact, which was
established empirically based on the processing
of the experimental results of numerous works,
led to the development of new types of more
subtle and effective wideband heterostructures
from AlGaN/AIN/GaN(ty to 7 nm) to AIN/GaN
(tg to 3.5 nm) [16] and InAIN/(AIN)/GaN (tg to 4.7
nm) having the highest potential parameters
of the two-dimensional electron gas [17, 18]. The
problems of creating such heterostructures and
the results are provided in numerous publications
partly mentioned in the reviews [13, 14]. It should
be noted that to maintain a high concentration



Pe3yJIbTaThl OTPaskeHbl B MHOTOUMC/IeHHBIX My6IHKa-
LIMSIX, YACTHYHO YIIOMSIHYTHIX B 0630pax (13, 14]. BasxkHO
OTMETHUTb, YTO [I/I1 COXpPAaHEHHU S BBICOKOM KOHII@HTPa-
LIMH 3JIeKTPOHOB IBYMEPHOI0 Ta3a IIpH YMeHbIIeHUH
tp IIPUILIOCH YBETTUUUTH COflepskaHue Al B 6appepHOM
cJ0e [0 clefyomuX BenudnH: 60% B AIGaN/AIN/GaN,
100% B AIN/GaN u 83% B InGaN/(AIN)/GaN.
BeicoKoe comep>kaHue Al B 6appepHOM CIloe Ilep-
BOHA4Ya/IPHO BBI3BAJIO Cepbe3Hble IPO6IeMBl C U3T0-
TOBJIEHHeM OMHYEeCKHX KOHTAaKTOB [19], nns pemre-
HHUS KOTOPBIX OBIJIM IIpeAsIOKeHBl obpalleHHBIe
"N-face" retepocTpykTyphl [20], aKTHUBHO pa3BHBaeMble
KanudopHUNCKUM yHUBepCHUTeTOM. Ha mociegHUX
OBLJIO IIOTy4YeHO CONPOTHUBIIEHHE BXHUTaeMBbIX OMHU-
YyeCKUX KOHTaKTOB 10 0,1 OMm-MM [21]. OgHaKo U OJ1g
oberuHbIX "Ga-face" rerepocTpykTyp AlGaN/GaN TaksKke
OBLI0 HAM/IEHO pellleHHUe [22]: YacTUYHOe BEITPABIHBA-
HUe bapbepHoro ciost AIN B ria3me BCl; st ynyurie-
HMSI OMHYeCKOr0 COIIPOTHB/IEHHU S BYKUTaeMBbIX KOHTaK-
TOB 10 0,59 OM'MM, YTO XapaKTEePHO IJis TPagHUIIHOH-
HBIX "ToNCTBIX HEMT-reTepoCTPyKTYp, COmeP>KaIIHX
27-31% Al B 6aprepHOM cj0e. B manpHeNmeM pa3BUTHe
3TOM HJeH NIPHBeJIO K CO3IaHHIO0 HeBKUTAaeMbIX OMHUe-
CKMX KOHTAaKTOB JI/151 BCeX THUIIOB FeTepOoCTPYyKTyp. ITa
TeXHOJIOTH I 3aK/II0UaeTCsl B [1I0JIHOM BBITPaB/IMBAHUH
Al-conepskaruero 6apsepHoro ciaost 1o KaHana GaN s
"Ga-face" reTepoCTpyKTyp UJIK BePXHETO HeJlerHPOBaH-
Horo GaN zo 6apeepa AlGaN mist "N-face” rerepocTpyxk-
Typ, C HOCTeAYIOIHUM BEIPallliBaHHEM 4Yepe3 MacKy
SiO, CH/IPHO JIeTMPOBAHHHOI0 KOHTAKTHOrO ¢J10s1 n+GaN
C KOHLleHTpauuel KpeMHHS (6-8)-102° cm3. 3aTeMm
BBITIOTIHSIIOTCS 'B3pbIBHOE" yraneHue SiO, B pacTBope
HF B yIbTPa3ByKOBOM BaHHe M HallblJIeHHEe MeTajla
OMHYeCKHUX KOHTAaKTOB cocTaBoB Cr/Pt/Au (23] unu Ti/
Pt/Au [24], oka3aBmuxcs Hauboee cTabUIBHBIMHU 15
BCeX THUIIOB TeTePOCTPYKTYP IPU TemIepaTypax go 400-
450°C. [lomy4eHHBbI€ Pe3Y/IbTATHI IJIs1 Pa3/TMYHBIX reTe-
POCTPYKTYP CYMMHPOBAHEL B [Ipe3eHTallMH YHUBEPCH-
TeTa Notre Dame [25]. BbI/iM II0/Ty4eHbI COIIPOTHBJIEHH ST
HEeBXXHTaeMbIX OMHYECKHUX KOHTAKTOB 0,27 OM'MM 151
"Ga-face" HEMT [25] u 5o 0,09 Om-mM g1a "N-face" HEMT
[26]. CnenyeT mog4epKHYTh, YTO pa3paboTka TeXHOIO-
ITMH HeBXXHIaeMBbIX OMHUYeCKHX KOHTAaKTOB COo3/aja
ycioBu s A1t U3rotoBjieHuss HEMT 110 caMoCcoBMeIleH-
HOM TeXHOJIOTMH, MUHHMH 33U PYIOIIeH COIIPOTHB/IeHHe
KaHaJa TpaH3uCTopa. Tak, B pabote [27], siByIsIIOIIEICS
KBHHT3CCEeHIHeH BceX MepevdrceHHBIX BbIIIe TeXHO-
JIOTMYeCKUX JOCTHKeHHUI, [10/Iy4eHO peKOPIHO Majloe
COIIPOTHBJIEHIE TPAH3UCTOPa B OTKPBITOM COCTOSIHUH
0,29 OM-MM, COIIPOTHB/IEHHE OMHYECKHX KOHTAK-
ToB 0,025 OM'MM, KpPyTH3Ha XapaKTepucTUKHU G =1105
MCM/MM, Ha4daabHBIM TOK I3, ,=2,77 A/MM, YacToTa
otceuku Toka f1=155IT1I.
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of two dimensional electron gas with decreasing
ty it was necessary to increase the Al content in
the barrier layer to the following values, 60% in
AlGaN/AIN/GaN, 100% in AIN/GaN and 83% in
InGaN/(AIN)/GaN.

A high Al content in the barrier layer initially
caused serious problems with the production of
ohmic contacts [19], for which solving there were
proposed the inverted N-face heterostructures
[20] vigorously developed by the University
of California. At the latter the resistance of
burnt-in ohmic contacts to 0.1 Ohm'mm [21] was
obtained. However, a solution was also found
for the usual Ga-face heterostructures AlGaN/
GaN [22], partial etching the AIN barrier layer in
the BCI3 plasma to improve the burnt-in ohmic
contacts to 0.59 Ohm-mm, which is typical
for traditional "thick" HEMT heterostructures
containing 27-31% Al in the barrier layer. Further
development of this idea led to the creation of
non-burnt-in ohmic contacts for all types of
heterostructures. This technology represents
full etching the Al-containing barrier layer to
the GaN channel for Ga-face heterostructures or
upper undoped GaN to the AlGaN barrier for the
N-face heterostructures followed by cultivation
through the SiO, mask strongly doped contact
layer with n+GaN with the silicon concentration
(6-8) 10%2° cm-3. Then the ‘explosive’ removal of
Si0, in HF solution in an ultrasonic bath and
powder metal ohmic contacts of the compositions
Cr/Pt/Au (23] unu Ti/Pt/Au [24] which turned out
to be most stable for all types of heterostructures
at the temperatures up to 400-450°C. The results
obtained for different heterostructures are
summarised in the presentation of the University
of Notre Dame [25]. There were obtained the
resistances of non-burnt-in resistance ohmic
contacts 0.27 Ohm mm for Ga-face HEMT [25]
and to 0.09 Ohm-mm for N-face HEMT [26]. It
should be emphasized that the development
of the non-burnt-in ohmic contact technology
provided conditions for the production of HEMT
according to the self-combined technology
minimizing the resistance of the transistor
channel. For example, in the work [27], which is
the quintessence of all the above technological
advances, the record low resistance of the
transistor in the open position 0.29 Ohm mm
was obtained, the resistance of ohmic contacts
0.025 Ohm'mm, transconductance G, = 1105
mCm/mm, the initial current Iy, = 2.77 A/mm,
the current cut-off frequency f; = 155 GHz.
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B mociejHye rofbl COBEPUIEHCTBOBA/IACh TEXHOIOI M
MacCHBAalLlMK HUTPUIHBIX IIPUOOPOB C LIe/Ibl0 yCTPaHe-
HH JIOBYIIIEK Ha TeTeporpaHUIiax, B YaCTHOCTH MaCCH-
BallMs 'in-situ” B KamMepe pocTa CTaJIa y>ke IIPOMBIII/IeH-
HOM TeXHOJIOTHe! ITPH IIPOMU3BOACTBE TeTePOCTPYKTYP.

B pesyibpTraTe TeXHOJIOIMYECKOTO IIPOPhIBA I10CJIE/-
HHUX JIeT 3apyOe>KHBIMU HCCIeJ0BaTeISIMU JOCTUTHY ThI
YaCTOTHBIE ITapaMeTpsl HUTPUAHBIX HEMT, 6m1m3-
KHe K peKOpAHBIM IIapaMeTpaM apceHUAHbIX pHEMT
1 MHEMT Ha nogyioskkax GaAs u InP. Tak, B 2008 rogy
6b11a monyyeHa BenrunHa £1=190 [T [28], 3aTeM B 2010
rogy mpu AjaxHe 3aTBopa L;=40 HM II0/Iy4eHBI 3HA-
yeHus £7=220 [T u f);,4x=400 T [29], KoTOpbIE GBIIH
IepeKpBITH 3HaUeHHeM f1=343 [T [30] y>ke B 2011 ropy.

HuTpuaHble HAHOTeTePOCTPYKTYPhI ABHUIKMCh OCHO-
BOM 151 Pa3paboTKHU U CO3/aHUS BEICOKO3)HEKTHB-
HBIX PafHalMOHHOCTOMKHUX MHC YM Ka-auamnasoHa,
B 10-15 pa3 npeBocxogsamux MHC Ha ocHoBe pHEMT
GaAs mo MaccorabapuTHbIM napamerpam (UMS,
2012 rox). PaspabaTeIBaloOTCSl TaKKe IpHeMo-TIiepesa-
romue Moaynu APAP 11 pagHo/IOKaTOPOB AHalla3oHa
94 I'T1 (QuinStar Technology coBmectHO ¢ HRL) ¢ BBIXOA-
HOM MOIIHOCTBIO 10 5 BT 1 yZe/IbHOM BBIXOAHOK MOIIHO-
cThio 6ortee 2 BT/mMM.

Benymumu 3apybeskHBIMHU IIPOU3BOAUTENSIMU
(Northrop Grumman, Cree, TriQuint, Fujitsu u ap.)
BBICOKMMM TeMIIaMU COBEPIIEHCTBYETCS TeXHOIOIUs
1 OCBaHBaeTCs BBIITYCK IIHMPOKOK HOMeHK/IaTypbl MHC
Ha HUTPUIHBIX TeTepOCTPYKTypax C paboYMMHU 4acTo-
TamMu 1o 100 ITiy 1 BeIlle, DpUYeM He TOJIBKO YM.
Hanpumep, paspaborana MHC MalomyMsIiero ycu-
nuTesns guarnas’oHa 75-82 I'To ¢ K,=3,8 1b Ha 4yacToTe
80 I'Try mpu K,>20 1B [31], 4TO IpeBOCXOSHT IIapaMeTpbI
nydymux MHMC Ha GaAs u InP.

OcBoeHMe IIPOMBIIIIEHHOI'0 IIPOM3BOICTBA HUTPU/-
HBIX FeTePOCTPYKTYP Ha KPEMHHUEBBIX IIOJJIOKKAX JHa-
MeTpoM 10 8" (NITRONEX Corp, CIIA [32]), cozgao yco-
B [I/1s1 MAaCCOBOTO IIPOM3BOACTBA JemeBbiXx MHC, KOoTO-
Ppble MOTYT ITOJTHOCTBIO BBITeCHUTH BU- 11 CBY-TIprbOpEL
Ha TPaJULUOHHBIX aPCeHUAHBIX FeTePOCTPYKTYypax
Y1 KPeMHHHU.

PA3PABOTKW HUTPUAHDIX MPUBOPOB mm-ANAINA3OHA
B UCBYIM3 PAH

Ha ocHOBaHUM aHajaM3a COBPEMEHHOIO COCTOSIHUSA
3apybeskHBIX pa3paboTok B 0671aCTH MIMPOKO30HHBIX
HaHoreTepocTpyKTyp AlGaN/AIN/CaN B CBY- u KBY-
IouarasoHax U ombsiTa pabor HCBYIID PAH c rerepo-
cTpykTypamu AlGaN/CaN, mony4eHHOM B XOJie BBIIIOJ-
HeHus psaga HHUP u HHMOKP, OBI/I COejaH BBLIBOJI
0 BO3MOSKHOCTH M He0bXOOMMOCTH IlepeHoca aKIeHTa
HCCIeJOBAaHUU Ha CO3/[aHHe TeXHOJIOTUH IIPOeKTH-
POBaHHUS M M3TOTOBJIEHUS IHPOKOX HOMEHK/IATYPEI
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In recent years, the nitride device passivation
technology has developed in order to eliminate
traps at heterointerfaces, in particular, in-situ
passivation in the growth chamber has become
an industrial technology in the production of
heterostructures.

As a result of technological breakthroughs in
recent years by foreign researchers achieved were
the frequency parameters of the nitride HEMT close
to the record parameters of the arsenide mNEMT
and rNEMT on the GaAs and InP substrates. For
example, in 2008 the value f; = 190 CHz [28] was
obtained, and then in 2010 with a gate length of
L= 40 nm the values f; =220 GHz and fj;,x = 400
GHz [29] were derived, which were blocked by the
value of f; = 343 CHz [30] as early as 2011.

The nitride nanoheterostructures provided the
basis for the development and creation of highly
radiation-resistant MIC PA Ka-band of 10-15 times
higher than the MIC based on GaAs rNEMT in
terms of weight and size parameters (UMS, 2012).
The transceiver AESA modules for the radar range
of 94 GHz (QuinStar Technology together with
HRL) with output power up to 5 W and a specific
power output of more than 2 W/mm are also being
developed.

The leading overseas manufacturers (Northrop
GCrumman, Cree, TriQuint, Fujitsu etc.) are rapidly
improving the technology and developing a wide
range of MIC on nitride heterostructures with the
operating frequencies up to 100 GHz and above,
and not only PA. For example, a MIC is designed
for a low-noise amplifier with the range of 75-82
GHz with NF = 3.8 dB at 80 GHz with amplification
coefficient >20 dB [31], which exceeds the
parameters of the best MIC on GaAs and InP.

The established industrial production of nitride
heterostructures on silicon substrates with a
diameter of up to 8" (NITRONEX Corp, USA [32])
provided the conditions for the mass production
of cheap MIC, which can completely replace HF
devices and microwave devices on the traditional
arsenide and silicon heterostructures.

DEVELOPMENT OF MILLIMETRE RANGE NITRIDE
DEVICES IN IUHFSE RAS

Based on the review of the existing
international developments in the field of wide
nanoheterostructures AlGaN/AIN/GaN in the
microwave bands and EHF bands and work
experience of IUHFSE RAS with the AlGaN/GaN
heterostructures obtained during the execution
of R&D, it was concluded that it was possible and



paZAHallMOHHOCTOMKUX MUC [1s mpHUeMoIiepeato-
KX MOAYIeH MM-AHalla3oHa Ha 6a3e MIMPOKO30H-
HbIX HEMT reTepoCcTpyKTyp 0OTeYeCTBEHHBIX IIPOM3-
BoxpuTesnel ("Inma-Manaxut', "CBeTnana-Poct”, HUIL]
"Kyp4aTOBCKHH HHCTUTYT ). Meronyecst pa3paboTku
Y HalpaBleHUS HccraenoBaHuu MCBYIID B LenoMm
II0OKa3aHBI Ha PUC.2. B JaHHOM cTaThe MBI He bymem pac-
CKa3bIBATh O HUX I10LPOOHO, PACCMOTPHUM TOIBKO OCHOB-
Hble IIpob1eMBl, CIIOCOOBI X PelleHHsI K JOCTUTHYThle
pe3y/IbTaTHL.

COBEPIUEHCTBOBAHME FETEPOCTPYKTYP

B TeueHue 3-4 1eT HaMHU ObLJIO UCCIeL0BaHO OObIIOE
YKCI0 HUTPUIHBIX TeTepocTpyKTyp AlGaN/GaN c ton-
muHaMu 6apeepa AlGaN ot 28 o 33 HM (I-To THIIA), A
TaK>Ke CIIelJMa/IbHO BBIPAIlleHHBIX TeTePOCTPYKTYP
AlGaN/AIN/GaN c TonuuHaMu 6apsepHOro cjos oT 28
Ilo 7 HM (2-To THIIA) Ha MOAJIOKKaX M3 candupa u SiC
(cM. Tabnuiy). Pe3ynsTaToM HCCIeA0BAHHUM CTaIO OITpe-
JeleHHe KPUTepHeB BbIOOPA ONITHMAIbHBIX [IapaMe-
TPOB reTePOCTPYKTYP AJ/ISI PA3JIMUYHBIX YaCTOTHBIX
JIMATIa30HOB.

B 4YacTHOCTH, YCTAaHOBJEeHO, 4YTO [JI4
Ka-guama3soHa 4acTOT OIITHUMAaJ/IbHBIMH SIBISIOTCS
FeTePOCTPYKTYPHI 2-TO THIIA C tyg=15 HM, K3 KOTO-
PBIX Ha CEeTOAHSIIHUM JeHb HAWIYUIINMU I1apame-
TpaMu obnazmaet V-1400 ("Inma-Manaxut") Ha MOA-
noxke SiC, obecmeunBarmas co3gaHue TPAH3U-
CTOPOB C HauyaJbHBIM TOKOM 70 1,1 A/MM IpHU MaKk-
CHMMaJIbHOM KPYTHU3He [0 380 MA/MM H HaIlpsiXKe-
HUU OTCedKH -4 B, TIpu 3TOM I10JIeBble TPAH3HUCTOPEL
c Lg=180 M (L/tg=12) umeroT f;/f);,x=62/130 IT1
IIpHU OTCYTCTBHUH KOPOTKOKAaHAJbHBEIX 3QPeKTOB,
YTO ONITUMAJIbHO A1 YM Ka-guama3oHa. B To ke
BpeMs TPAH3UCTOPHI ¢ L;=100 HM (L/tz=8) Ha 3TOM
’Ke TeTPOCTPYKType UMeIoT 60j1ee BEICOKHE YACTOTHL
fr/f\ax=77/161 I'T11, TO €CTh MOTYT OBITH UCIIOJIH30-
BaHBI B b0/lee BRICOKOUACTOTHBIX V- M E-[Hamna3oHax,
HO H3-3a KOPOTKOKAHAJIbHBIX 3 PEKTOB He SIBJIS-
IOTCSI OITUMAJIBHBIMU JJISI 3TUX YacCTOT.

[ToTeHLHanbHO 6oee BBICOKOYACTOTHEIE TeTe-
POCTPYKTYPhI C MEHBIIMMHU TOJIIMHAMHU 1;,=13 HM
u 11 HM nipou3BozacTBa "CBeTnaHa-PocT" oka UMEIOT
3HQUUTEeJIbHO MeHbIIHe HayajlbHble TOKU TPAH3UCTO-
poB (500 MA/MM 1 300 MA/MM COOTBETCTBEHHO). Bosee
YCIIeIIHBIMHU OKa3aJIUCh PabOTHI 110 CO3/TAHUIO TOH-
KUX reTepocTpyKTyp AlGaN/AIN/GaN (11 am) u AIN/
GaN (3,5 HM) Ha IOJIOKKAX U3 calidUpa, BBIIIOTHS-
eMble coBMecTHO ¢ HUII "Kyp4yaToBCKUM UHCTUTYT .
BriepBble B POCCHH 101y YeHbI TPAH3HUCTOPBI C HA4aJIb-
HBIMHU TOKaMHU 6osiee 1 A/MM Ha reTepoCTPyKTypax
AIN/GaN/candup, co3mammuire IepcrekKTUBE 0CBOe-
Husa W-oguaras3oHa 4acToT.
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[Mapamempbl omeyecmeeHHbIX 2emepocmpyKmyp U mpaH3ucmopos

€ onmuManbHoll dAuHoLI 3ameopoe Ha Ux ocHoae (pacuem)
Parameters of domestic heterostructures and transistors with a
optimal gate length (calculation)

L; (onT),

HM
(npu L./
tg=15)
Lc topt),
nm
(Lg/tg=15)

fr (max),rry

(npwm L./t;=15)

fr (max), GHz
(Lg/tg=15)

lassos

tg, HM
(AlGaN+AIN) MA/MMm

ty, NM | ,
(AIGAN+AIN) mATmm

"CBetnaHa-Poct", nognoxkm: candwmp, SiC
Svetlana-Rost, substrate: sapphire, SiC
N2992 27 1000-1200 36,5 405
N21120 13 500 76 195
NeT24 n 300 90 165
"Snma-Manaxut”, nopnoxku: Sic, Si
Elma-Malachit, substrate: SiC, Si
V-1285 25 1300-1450 40 375
V-1267, g
V-1269 19,5 1250-1350 50 292
V-1305, ;
V1317 16 1000-1100 60 240
V-1400 15,3 1000-1100 65 230
B cragun
nceneno-
V-1723 BaHUN
(Si) 257 In the = ==
research
phase
HWLL "Kyp4aToOBCKMIM MHCTUTYT", NOAA0XKKA: candup
Kurchatov Institute, substrate: sapphire
26_4, 11 (AlGaN/AIN)
273 +30(SiN) >1200 90 165
026_3, 3,5(AIN)
027 4 +30(SiN) >1000 300 48

necessary to put greater emphasis on developing a
technology to ensure the design and manufacture
of a wide range of radiation-proof MIC for
millimetre range transceiver modules based on
wide-range HEMT heterostructures of domestic
producers (Elma-Malachit Co, Svetlana-Rost Co and
Kurchatov Institute). The current R&D activities of
IUHFSE RAS are generally shown in fig.2. In this
article we will not talk about them in detail, we
will consider only the basic problems, solutions
and outputs.
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Puc.2. CocmosiHue pazpabomok CBY- u KBY-MINC Ha apceHUdHbIX U HUmMpUOHblX 2zemepocmpykmypax 8 ICBYTS PAH
Fig.2. Development status of microwave frequency and extremely high frequencies MIC on arsenide and nitride heterostruc-
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Hauatsl paboTsl 110 co3gaHuio CBY-nipubopoB Ha 6ase
HUTPHUHBIX TeTEPOCTPYKTYP Ha KPeMHHUEBBIX II0JIOK-
Kax ("9nMa-ManaxuT"), 9TO OTKPBIBAET IIYTH K UX yIe-
IIeB/IEHHUIO ¥ MaCCOBOMY BBIITYCKY.

TEXHOJIOTMYECKWE AOCTUXEHUA U PA3PABOTKHU
[71aBHBIM Pe3yJIbTaTOM SIBJISETCS CO34aHKe BOCIIPOU3BO-
IHMOY TeXHOIIOTUH Pa3paboTKH U M3rOTOBJIEHHS TPaH3HU-
cTopoB 1 MMC Ha HUTPUIHBIX FeTePOCTPYKTyPax C 3afaH-
HBIMH I1apaMeTpaMHU B JHalla3oHe OT IIOCTOSIHHOIO
ToKa /10 40 I'T11. BexyTca pa6OTI>I I10 OCBOEHHUIO 1M AIla30-
HOB 4acToT 56-64 I'T11 11 92-96 I'T11, a Tak>Ke IOBBIIIEHH IO
BBIXOLHOM MoIHocTH YM B Ka-muarasoHe. ITo HOTpe6o-
BaJIO pellieH U] CIeIYIOIIUX TeXHOIOTUeCKUX ITPob/IeM:

¢ pa3paboTKH TeXHOIOIHMH ITaCCHUBALIUU I'eTePOCTPYK-
TYP HeIloCpeICTBEHHO B POCTOBOM Kamepe "in-situ” s
ycrpaHenus "lagg"-3GdeKToB 1 MOBBIIIEHMS KOHLIEH-
TpaLiiH JBYMEPHOI0 3/IeKTPOHHOIO rasa;

* COBEpIIEHCTBOBAHM S TeXHOJIOIMU U3TOTOB/IEHU I OMU-
YeCKUX KOHTAKTOB (B ITpefiesie ~ CO3LAHKe "HeBKUTae-
MBIX" KOHTAKTOB), BK/IIIOYAIONIEH OIlepaliuy I1JIa3Mo-
XHMMMYECKOr0 BRITpaBIUBaHHUs 6apbepHoro cnost AlGaN
mu AIN ¢ moc/ie [y IO UM 3ITUTAKCHAJIBHBIM 0PAIIH-
BaHHEeM KOHTAaKTHoro ¢j1og n+GaN uepe3 Macky SiO,.
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HETEROSTRUCTURE IMPROVEMENTS

For 3-4 years we have studied a large number
of nitride heterostructures AlGaN/GaN with
the AlGaN barrier thicknesses from 28 to
33 nm (Type 1) as well as the specially grown
heterostructures AICaN/AIN/GaN with a thickness
of the barrier layer from 28 to 7 nm (Type 2) on
the sapphire and SiC substrates (Table 1). The
research resulted in the determined criteria for the
selection of optimal heterostructure parameters
for different frequency ranges.

In particular, it was found that for the Ka-
frequency band optimal were the heterostructures
of Type 2 with tg = 15 nm, of which by now V-1400
has shown the best parameters (Elma-Malachit) on
the SiC substrate providing the creation of transistors
with the initial current up to 1.1 A/mm at a maximum
slope of up to 380 mA/mm and cutoff voltage 4 V.
The field transistors with L;= 180 nm (L;/tz=12)
have f/f\;,x=62/130 GHz with the absence of short-
channel effects being optimal for the Ka-band PA. At
the same time, transistors with L;=100 nm (Ls/tz=8)
on the same heterostructure have higher frequencies
ti/fpax=77/161 GHz meaning that they can be used in



PemeHue JaHHBIX 3a7a4 0COOEHHO aKTyaJIbHO JAJIS
TOHKHX TeTepOCTPYKTYP C IIOBBIIIEHHOM MOJIBHOH JI0JIel
Al B 6appepHOM c110e 115 W-AHaIa30Ha 4acToT U BBIIIE.
PaboTs! BemyTcs coBMecTHO ¢ HUL "Kyp94aToBCKHUI HHCTH-
TyT'. BriepBele B POCCHH IIO/yYeHbl COIIPOTUBIEHUS
HeBKHUIaeMbIX OMHUYECKHUX KOHTAKTOB 7o 0,11 OM/MM Ha
reTepOCTPYKTypax, IPUBeIeHHBIX B TabIHIle, YTO COOT-
BeTCTBYeT TyUYIIUM MHPOBBIM 06pasiiaMm. [IaHHBIe Pe3y/b-
TaThl OBUIN ITPe/ICTAB/IEHBI Ha 9-1 BcepoCCHIICKOl KOHe-
peHIMHU "HUTPUIBI Fa/UIN S, UHIHUS U ATIOMUHUS ~ CTPYK-
TypbI 1 TpUbopsI’ B 2013 roxy.

CrenyOmKUN KOMIIJIIEKC TeXHOJTOTHYeCKHX IIpo-
6leM CBSI3aH C I1epPexo[oM OT KOIIAHAPHOM TOIIOJIO-
TMH K MUKPOIIOJIOCKOBOH, ITpe/III0/IaraioNell Halu4dre

"3a3eMJISIIOIIEH TIIOCKOCTH ', Ha KOTOPYIO TOJISKHBI OBITH
BBIBeJleHbl ICTOKH TPAH3UCTOPOB U "3eMJIH" 37IeMeHTOB
MHC yepes MeTa/UIM3UPOBaHHEIe OTBepCTUSA. ClienyeT
OTMETUTb, YTO 3TO SIBJISIETCS KJIIOUEBBIM YCJIOBHEM [JISI
CO3AHUS KBAAPATYPHBIX CMeCHUTeIel U TeHepaTopoB,
yIIpaB/IsieMbIX HallpsDKeHHEeM, [JIsl IIpHeMo-Tlepefiao-
IMX MOAYIeH MM-IHAIla30Ha Ha HUTPHUAHBIX TeTepo-
CTPYKTYpax, a Tak>Ke TTOBBINIEHUS BBIXOAHOM MOIHO-
¢t MUC YM. Tlo aHaZOTUH C apCeHUHON TEXHOIOT e,
IAaHHAs 33/ja4a pelllasnach 3a pybeskoM IyTeM 'CBepIeHUs

CKBO3HBIX OTBEPCTHI C 06PaTHON CTOPOHBI YTOHEHHOM
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a higher V- and E-band but are not optimal for those
frequencies due to the short-channel effects.

The heterostructures with potentially higher
frequencies with lower thicknesses t; = 13 nm and 11
nm made by Svetlana-Rost Co yet have much lower
initial currents of transistors (500 mA/mm and 300
mA/mm respectively). More successful was the work
on the creation of thin heterostructures AlGaN/
AIN/GaN (11 nm) and AIN/GaN (3.5 nm) on sapphire
substrates performed jointly with Kurchatov Institute.
For the first time in Russia obtained transistors with
initial currents exceeding 1 A/mm on the AIN/GaN/
Sapphire heterostructures to ensure prospective
development of the W-band frequencies.

The development of microwave devices based on the
nitride heterostructures on silicon substrates (Elma-
Malachit Co) has started to ensure cheaper output and
mass production.

TECHNOLOGY ADVANCES AND DEVELOPMENTS

The key output is to create a reproducible technology
to develop and manufacture transistors and MIS
on nitride heterostructures with set parameters in
the range from DC to 40 GHz. The frequency bands
56-64 GHz and 92-96 GHz are being developed, and
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HAHOTEXHOJ/1IOr UM

IOJIOKKH (PHC.3a), YTO UMeeT CJefyIollHe cepbe3Hble

HeJI0CTaTKHU:

* HeBO3MOKHOCTH "CBep/IeHH S OTBEPCTHH B IOJJIOKKAX
13 canupa, HKU3Kas CKOPOCTh II71a3MO-X MU YeCKOro
TpaBIeHUs HoAIoKeK u3 SiC (He 6osee 1 MKM/MUH),
eie 6ojTee HU3Kas CKOPOCTh TPaB/IeHU S 6ydepHOro c1ost
AlGaN/GaN;

¢ HeoOXOIHMOCTb IIPELIM3HOHHOI0 OJHOPOIHOIO yTO-
HeHU$ MOJIJIOKeK /17151 obecrieueHus TpebyeMbix CBY-
IIapaMeTpPOB MUKPOIIOJIOCKOB U OfIHOPOJHOTO BEITPaB-
JIeHHsI OTBEPCTUH, UTO OTPHULIATe/IbHO CKa3bIBAeTCs Ha
IIPOM3BOAUTEIBHOCTH TEXHOIOIMYEeCKUX IIPOLIeCCOB
U Bbixoge rogHbiX MUC C ITIJTaCTUHBI.

YacTHUYHO pellleHHe JaHHBIX IIpobieM MoxkeT ObITH
obJier4eHo MpH mepexofie K reTepocTPyKTypaM Ha KpeM-
HUEeBBIX IOJJI0KKaX, CO3/laBas JOIONIHHUTENbHBIN CTH-
MyJI K OCBOEHHIO UX IIPOU3BOACTBA. OTHAKO MBI CUUTAEM,
4TO DOJIee IepCrIeKTHBHBIM pellleHHeM SIB/IeTCS CO3AaHuUe
"3a3eMJISIIOIIEH TUIOCKOCTH ' Ha [l TULIEBOH [1I0BEPXHOCTHIO
IUIACTUHBI C Y3Ke U3TOTOB/IeHHBIMHK aKTUBHBIMHU U IIaCCUB-
HeIMU CBY-371eMeHTaMH C IIOMOIIbI0, HallpuMep, HaHe-
CeHHSI IIOTMMMHUTHOT0 IOKPBITHS (puc.3b). Takoe pemre-
HUe OYeHb XOPOIIIO COIacyeTcs ¢ pa3paboranHon B HIIII
"Pajiyra”’ TeXHOJIOTHel II0BepXHOCTHOTO MOHTaKa KpHU-
cTasoB rpu cbopke CBY monyreit (puc.3c,d) 1 o3BoIUT
00JIerYUTh U yAeIIEeBUTh IIPOMBIIIIEHHOE ITPOK3BOJICTBO
MasiorabapuTHBIX MHOTOQYHKI[MOHATbHBIX CBU-Mozy ek
AJ1s1 IpHeMoIlepe/Ialo X CUCTeM MM-AHala3oHa Ha
HUTPUAHBIX TeTePOCTPYKTYpPaX.

PA3PABOTKA KOMMJIEKTOB MUC

Co3gaHHas TeXHOJIOTHS ABJIslIach OCHOBOH /I Pas3pa-
6oTkH KoMILIeKToB MHC Ha HUTPUIHBIX [eTePOCTPYK-
Typax Jj1s IpreMoIiepeaomux CBU-yCTpOKCTB B3aMeH
TPaAULIMOHHO KCII0/1b3yeMbIXx MHC Ha apceHUIHBIX reTe-
pocTpykTypax. CoctossHue pabot B ICBUIID PAH B faHHOM
00/1aCTH MPOMJITIOCTPUPOBAHO Ha PUC.2, I/ie IIOKa3aHBbI
y>Ke 3aKOHUeHHBIe (CII/IOMIHbIe TMHUH) UIH HaXOAS I H-
ecsl B pa3THYHBIX CTaJUSIX pa3paboTKu (IyHKTHPHBIE
nuHun) MUC. IlogpobHoe onKcaHKe UX TapaMeTpoB
BBIXOJHUT 32 PAMKHU JaHHOU CTaTbH. OfHAKO, HEKOTO-
Ppble BBIBOIBI MOTYT OBITH CIe/IaHBI U3 PUC.4, THe II0Ka-
3aHBI IIYyMOBBIe ¥ YCUIMTeIbHbIE IIapaMeTPhl HEKO-
TopbiXx MHUC Ha apCeHHUOHBIX U HUTPHUAHBIX FeTepo-
CTPYKTypax B JHala3oHe 4acToT fo 40 I'Ty, paspa-
boranHbIXx B UICBYIID PAH, a TakXe 3a pybeskom. Kak
BuAHO, MHUC MIIIY Ha HUTPUIHBIX TeTePOCTPYKTYpax
BIIOJIHE KOHKYpeHTHBI ¢ MHUC Ha ocHoBe pHEMT Ha GaAs.
HeKOTOPBIH IPOUTPBIII 110 IIYMOBBIM [TapaMeTpaM, MbL
CYMTaeM, AB/IAETCS CJIeACTBHEM ellle MMEIOIIerocs Heco-
BePIIEHCTBA FeTePOCTPYKTYP U TEXHOJIOIUH M3TOTOB-
neHus HUTPpUAHBIX MHUC. OTMeTHM, 4TO 3[eCh IIpUBe-
JeHBI TapaMeTphl HUTPUAHBIX MHC, M3rOTOBI@HHBIX
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an increase in the power output of PA in the Ka-band

is going to be achieved. It required to meet the

technological challenges as follows:

 development of the heterostructure passivation
technology directly in the growth chamber
‘in-situ’ to eliminate the lagg effects and increase
concentration of the two-dimensional electron gas;

 improving the ohmic contact production technology

(within the limit, the creation of non-burnt-in

contacts) including the operation of plasma

chemical etching of the barrier layer AlGaN or AIN
followed by epitaxial completing the contact layer
n+GaN through the mask SiO,.

It is especially important to solve the problems for
thin heterostructures with a higher Al mole fraction
in the barrier layer for the W-band of frequencies
and above. Work is being done in cooperation with
Kurchatov Institute. First obtained in Russia the
resistance of non-burnt-in ohmic contacts to 0.11
Ohm/mm on the heterostructures shown in Table 1,
which corresponds to the best world’s standards. The
results were presented at the 9th Russian Conference
"Gallium Nitrides, Indium and Aluminum -
Structures and Devices" in 2013.

Another set of technological challenges is
associated with the transition from the coplanar
topology to the microstrip topology implying the
presence of ‘ground plane’, to which there should be
brought out the sources of the transistors and ‘ground’
of the MIC elements through plated-through holes.
It should be noted that this is the key to creating
quadrature mixers and voltage-controlled generators
for transmit-receive modules of the millimetre
range on nitride heterostructures and increase in
the output power of PA MIC. By analogy with the
arsenide technology, this problem was solved abroad
by ‘drilling’ through-holes on the back side of the
thinned substrate (fig.3a), which demonstrates the
following serious drawbacks:
it is impossible to drill holes in the sapphire

substrates, the lowest rate of plasma-chemical

etching of a SiC substrate (less than 1 micron/min),
the rate of etching the buffer layer AlIGaN/GaN is
even lower;

« there is a need for precise homogenous thinning
of substrates to provide the required parameters
of microwave microstrips and uniform hole
etching, which has impact on the performance
of technological processes and suitable MIC going
from the plate.

Solving the problems can be somewhat facilitated
by switching to heterostructures on silicon substrates
thus creating an additional incentive to the
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I10 KOIl/IAaHaPHOM TeXHOJIOTHH Ha TeTPOCTPYKTYpax C TOJ-
KHOM 6apbepa bosiee 18 HM. PacueTsl IOKA3bIBAIOT, YTO
JalbHelIlee CHUKeHHe K TpaH3ucTtopoB U MHUC Ha
HUTPUIHBIX TeTePOCTPYKTYypax B MM-JHala30He BO3-
MO>KHO ITPH HCII0/Ib30BAaHHUU 6oJiee TOHKUX 6apbepHBIX
CJI0eB B COBOKYITHOCTH C TeXHOJIOTHeH "HeBXUTaeMbIX"
OMMYECKHUX KOHTAKTOB U ITIaCCUBALIMH "in-situ’. [Ipubops!
C MCII0/Ib30BaHKEeM HOBBIX TEXHOJIOTHYECKUX PelleHHH
B HACTOsILee BpeMs HAX0ATCS B CTaI K M3TOTOBIEHHU .
B KxayecTBe M/IJIOCTPALIMU K YPOBHIO TEXHO-
JIOTUYEeCKHUX JOoCTHReHUM HMCBYIID PAH B ocBoe-
HUM MM-JHalla30Ha Ha HUTPULHBIX FeTePOCTPYKTY-
pax MOXHO mpuBecTH CBY-mmapaMeTpsl pa3paboran-
HBIX BIiepBbie B Poccuu MHUC YM fuamna3soHa 4acToT
85-95 I'T1y. Mi3MepeHHUs ITpor3Be/ieHbl Ha 060pyI0BaHHH
HIIII "HcTok". CrieqyeT OTMETHUTD XOpollee "ToIaiaHue"
B 3a[laHHBIM JHAMA30H YaCTOT, YTO CBUIETEIbCTBYET
0 COOTBETCTBYIOLIEM ypOBHE ITpoeKTHpoBaHusa MHUC.
B HacTosiIee BpeMsi IIPOAO/IKAIOTCS PabOTHL B JaHHOM
HaIlpaB/ieHUH Ha 6ojlee TOHKUX IeTepoCTPYKTYpax IIpo-
u3BozxcTa HUILL "Kyp4aToBCKHUE HHCTUTYT" [33].

NEPCNEKTUBDI

Pe3y/IbTaThl UCC/IeOBAHKM 110 CO3IaHUIO TeXHOIOTUU
IIPOEKTHUPOBAHHS U U3T0TOBAeHU I MHC MM-IHara3oHa
Ha HUTPUIHBIX TeTepocTpyKTypax B ICBUIID PAH moka-
3bIBAIOT BO3MOKHOCTH CO3LaHM S B POCCHH KOMIIJIEKTOB
MHUC g mpuemorepefarInux CHCTeM, IIPEeBOCXOIs-
IIUX I10 CBOKMM IIapaMeTPaM COOTBETCTBYIOIIHE TPUOOPHI

development of that kind of production. However,
we believe that a more promising solution would
be to create a ground plane on the face of the plate
with the ready-made active and passive microwave
components, e.g. by applying polyimide coating
(fig.3b). This solution is very well in line with the
crystal surface mounting technology in the assembly
of microwave modules of the Raduga Co research
and production company (fig.3c, d), and it will make
it easier and cheaper to arrange for the industrial
production of small-sized multifunctional microwave
modules for the millimetre range transceiver systems
on nitride heterostructures.

DEVELOPMENT OF MIC SETS

The developed technology provided the basis for the
creation of MIC sets of on nitride heterostructures
for receipt and transmission microwave devices
instead of arsenide heterostructures traditionally
used by MIC. The status of activities in IUHFSE RAS
in this area is illustrated in fig.2, which shows MIC
already completed (solid lines) or MIC at various
stages of development (dotted lines). A detailed
description of the parameters is beyond the scope of
this article. However, some conclusions can be drawn
from fig.4, which shows the noise and amplifying
parameters of some MIC on the arsenide and nitride
heterostructures and in the frequency range up to
40 CHz developed by IUHFSE RAS as well as abroad.
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Ha apCeHUHBIX FeTePOCTPYKTYPaX, YTO COOTBETCTBYET
MKPOBOMY YPOBHIO Pa3sBUTH S JAHHOIO HAIIPaBJIeHHM.
Jl7151 yCIIeIHOr 0 IIPOMBIILJIEHHOI'0 OCBOEHHU S K MACCOBOT'O
npou3BoACcTBa MHC [151 mpreMoInepeaol X MOLyIeH
Pa3NTHYHBIX JHAIA30HOB YaCTOT HEOOXOAHUMO pellaTh
JaHHYIO 3a/la4y B e IUHOM KOMIIJIeKCe: TeTePOCTPYK-
TYPBbI — TEXHOJIOT M U3roToBlIeHUS MHC ~ TeXHOIOrUs
cbopku CBY-Mozynert. To/bKo ITPY TAKOM IO X0/l MOSKHO
OKHAATH OBICTPOro HaJIa>KMBAHHSI MAaCCOBOIO IIPOM3BO/-
CTBa felleBbIX pafHUallMIOHHOCTOMKHUX ITpHeMollepeato-
KX MOJYJIEH Pa3JIM4YHOro Ha3HA4YeHMUsI, Tak Heobxoau-
MBIX Halller CTpaHe.

Paboma ebinoAHeHa 8 pamKax 20cy0apcmeeHH020 KOHMpAKmMa
Ne 14.42712.0001 om 30 cenmabpa 2013 20da no 3aka3y MurobpHayku
Poccuu.
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As it can be seen, the monolithic integrated circuit
of the low-noise amplifier (MIC LNA) on nitride
heterostructures can be quite competitive with the
MIC based on pNEMT on GaAs. Some disadvantages
in terms of noise parameters we believe represent a
consequence of still existing imperfections related to
heterostructures and the nitride MIC manufacturing
technology. We would like to note that presented here
are the parameters of nitride MIC produced by the
coplanar technology on heterostructures with the
barrier thickness higher than 18 nm. Calculations
show that a further reduction of NF of transistors and
MIC on the nitride heterostructures in the mm-range
is possible by using thinner barrier layers together
with the technology of non-burnt-in ohmic contacts
and in-situ passivation. Devices, which use new
technological solutions, are currently at the stage of
production.

As an illustration of the level of technological
advances of IUHFSE RAS in the millimetre band
development on nitride heterostructures can provide
microwave parameters developed for the first
time in Russia MIC PA frequency range 85-95 GHz.
Measurements were made on the equipment of the
research and production company Istok. Focus should
be put on good match in a given frequency range thus
proving the appropriate level of MIC design. Currently,
the work in this direction on thinner heterostructures
by Kurchatov Institute [33] is in progress.

PROSPECTS

The outcomes of research on the creation of a
technology to design and manufacture of the
millimetre range MIC on nitride heterostructures
in IUHFSE RAS indicate the possibility of creating
MIC sets in Russia for transceiver systems that
exceed by parameters the corresponding devices
on arsenide heterostructures, which corresponds
to the world level of development in this direction.
For successful industrial development and mass
production of MIC for transceiver modules of different
frequency bands, it is vital to coherently address
this issue, heterostructures - MIC manufacturing
technology - microwave module assembly technology.
It can be expected that only this approach will
help quickly establish the inexpensive and mass
production of radiation-proof transceiver modules
for different purposes which are so necessary to our
country.
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