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BBEJEHUE

Hutpun rannus (GaN) 1 poAcTBeHHBIe MONYIIPOBO-
IHUKOBBIE CIIaBbl (TakHhe Kak AlGaN, InGaN u T.1.)
HeOJHOKPATHO YIIOMHHAJNIMCh KaK IEePCIeKTUB-
Hble MaTepHaJlbl [Jis C/IeAyIoero IoKoJeHHsT MOIIL-
HBIX U BBICOKOYACTOTHBIX 3IeKTPOHHBIX YCTPOMCTB.
CranmapTHO GaN/AlGaN TpaH3UCTOPH HOPMAJIBHO-
OTKPBITHIE. [I/151 CUJIOBBIX IIPHMeHeHHUH TpebyroTcs
HOPMaJ/bHO-3aKpBIThle IPUOOPBI, UTOOB rapaHTH-
poBaTh b6e3omnacHy paboTy U NPOCTYI0 KOHPUTYpa-
LU0 yIIpaB/JIeHUs 3aTBopoM. Co3gaHMEe MOHOTHT-
HOI CXeMBbl Ha OCHOBe TaKHX IPHUOOPOB MO3BONUT
Co3JaBaTh KOMIIJIKUMEHTApPHBIE IIapPhl U JIOTHYeCKHe
CXeMBbI, PaCIIMPHUT 3eKTPOHHYK KOMIIOHEHTHYIO
6a3y Poccuu.

JJis co3maHus HOPMAJIbHO-3aKPBITHIX TPAH3UCTO~
PoB Heobxom Mo 06eCreduTh OTCYTCTBHe HOCHUTe ek
3aps/0B B KaHaJle TPaH3UCTOPa I10f, 3aTBOPOM IIPHU
HYJIeBBIX HAINPSKeHUSIX Ha HeM. [l 3Toro Heob-
XOOKMMO CO3JaTh KOHCTPYKIIUIO Fe€TePOCTPYKTYPHI,
II03BOJISIFOII el 06eCIIeYHTh TOUHBIM KOHTPOJIb IIOPO-
TOBOI0 HAIIPSI’KeHM S K U3MEHMThH €0 B CTOPOHY I10J10~
SKHUTEeJIPHBIX 3HaueHHH. [loporoBoe HalpsKeHHe
3aBHCHUT OT BBICOTHI 6aprepa IIIOTTKH, pa3pblBa 30HBI
IIPOBOAMMOCTH B reTeporepexone AlGaN/GaN, toi-
mUHE 6apbepa d gy, Aonu Al B AIGaN, KoHIIeHTpa-
LU SOHOPHOMU IIpruMecH B AlGaN, qu3/1eKTpHUUiecKom
MIPOHHIIAeMOCTH HapbepHOro €081, a TAKKe IJIOTHO-
CTH IOJITPU3aLIHOHHOrO 3apsiaa [1].

B TedueHHe MHOTHUX /1eT OBIJIO HpeIoXKeHO
HeCKOJIbKO pelleHHI [JIsl JOCTHUKeHHU s HOPMaJ/bHO
BBIK/IIOUEHHOT0 peskuMa paboThl: MMIIJIAaHTALIUA
HOHOB ¢TOopa Moz 3aTBop [2], yrnybieHHe 3aTBOpPa
U HCIIONb30BaHUe CTPYKTYpH MIS (metal-insu-
lator-semiconductor) [3], KackogHOe coegHHEHHUe
HOPMa/abHO-OTKPBITOro U MOII -TpaH3ucTopa [4]
Y HCIo/b30BaHKe p-GaN cios oz 3aTBopoM [2].

ITpy MMIJIAaHTALUK HOHOB pTOpa OTPUILlATE/Ib"
HBII 3apsi/i HOHOB CIIOCOOCTBYeT UCTOLIeHUIO KaHala
Y IIPUBOAMT K IIOJIOSKUTEIBHOMY IIOPOrOBOMY HaIIPS-
>KeHUI0 Vyy,. B HeaBHUX paboTax [5] 6b110 IOKa3aHo,
4uTO F-MOHBI MOT'YT POSIBJISITh HECTAOUIPHOCTD IIPU
BBICOKOM 3/IeKTPHYECKOM HaIlPSAKeHUHU, YTO IIPUBO-
JUT K U3MEHEHHIO II0POTOBOr0 HaIIPSKeHU s, K yBe-
JTUYEHUIO TOKOB yTe4YeK, YMEeHBIIeHHIO [IOJBUYKHO"
CTH. YTOOBI YaCTHUYHO YMEHBIIUTh 3TOT HeJJOCTATOK,
IJIa3MeHHOe TpaBjleHHe B MHIYKTHUBHO CBSI3aHHOU
mia3Me (ICP) TpOBOAKTCS C UCIIOIB30BAHKEM OUYeHb
HM3KOM MOIIHOCTH.

Hcronp30BaHue CTPYKTYPEI C 3aTBOPOM TuIla MIS
c3arnybnenuem B AlGaN 6apbep rapaHTupyet 3dpdek-
THUBHYI0 MUHHUMM3ALUIO YTeUKH 3aTBOPa U IIOPOro-
BOe HaIlPSKeHHe BhIIe OJHOT0 BoibTa. OCHOBHBIMH
He[0CTaTKaMHM 3TOrO IIOAXOJA SBJIAIOTCS HecCTa-
OHIBHOCTH [TIOPOrOBOTO HAIIPSIKEHHU ST H3-3a JIOBYIIIEK

INTRODUCTION

Gallium nitride (GaN) and related semiconductor
alloys (such as AlGaN, InGaN, etc.) have repeatedly
been mentioned as promising materials for the next
generation of high-power and high-frequency elec-
tronic devices. As standard, GaN/AlGaN transistors are
normally-on. Power applications require normally-off
devices to ensure safe operation and a simple gate con-
trol configuration. Creating a monolithic circuit based
on such devices will enable complementary pairing
and logic circuits, and will expand the electronic com-
ponent base in Russia.

In order to design normally-off transistors it is nec-
essary to ensure that there are no charge carriers in
the transistor channel below the gate at zero voltages
across such transistors. For this purpose, a hetero-
structure must be designed to allow precise control of
the threshold voltage and to change it towards positive
values. Threshold voltage depends on Schottky barrier
height, conduction band gap in AlGaN/CaN hetero-
junction, d,q,y barrier thickness, Al share in AlGaN,
concentration of donor impurity in AlGaN, dielectric
permittivity of barrier layer, and polarization charge
density [1].

Over the years, several solutions have been proposed
to achieve normally-off operation: implanting fluorine
ions under the gate [2], deepening the gate and using
a metal-insulator-semiconductor (MIS) structure [3],
cascode connection of the normally-on and MOSFET [4]
and using the p-GaN layer under the gate [2].

When fluorine ions are implanted, negative charge
of the ions contributes to depletion of the channel
and leads to a positive threshold voltage V.. In recent
work [5] it has been shown that F-ions can exhibit
instability at high electrical voltages, leading to
changes in threshold voltage, increased leakage cur-
rents and reduced mobility. In order to partly reduce
this disadvantage, plasma etching in inductively cou-
pled plasma (ICP) is carried out using very low power.

The use of a gate-type MIS structure buried in an
AlGaN barrier ensures that gate leakage is effectively
minimised and the threshold voltage is above one volt.
The main drawbacks of this approach are instability
of the threshold voltage due to traps in dielectrics and
the time-dependent dielectric breakdown of the thin
insulator layer [6]. Therefore, in such transistors it is
important to select the correct type of material for sub-
gate dielectric.

In cascode connection of a normally-on high volt-
age GaN transistor and a low voltage silicon MOS tran-
sistor, the latter controls the on/off state of the pair,
while the CaN HEMT (which has high field stability)
holds voltage in the off-state. The advantages of this
solution are the very good threshold voltage stabil-
ity, ability to use standard Si drivers, and the use of
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B NM3JIeKTPHUKe, a TaKXe 3aBUCAIIHUU OT BpeMeHH
11po6o¥t TH3IeKTPHKA TOHKOro H301sTopa [6]. TIoaToMy
B TaKHUX TPAH3UCTOPAX BasKHO I006paTh ITPABHIIBHO
MIOZ3aTBOPHBIH AH3/IeKTPHK.

ITpy KaCKOLHOM COeAMHeHUH HOPMaJIbHO-OTKPBITOIO
BBICOKOBOJITHOIO GaN-TPaH3HCTOpa M HU3KOBOJILTHOIO
KpeMHHeBoro MOII-TpaH3KUCTOpa MOC/AeHUH YIIPaB-
JII€T COCTOSIHKEM BK/IIOYEeHH S1/BbIK/IFOYeHH S [1aphl, B TO
BpeMst Kak GaN HEMT (06/1a 10Nt BEICOKOH YCTOMYH-
BOCTBIO K BHICOKMM IIOJISIM) YA€P’KHBaeT HallpsKeHHe
B BBIK/IIOUEHHOM COCTOSSHHH. IIperMyiecTBaMuy 3TOr0
pelleHHs SBISIOTCS OYeHb Xopoulast CTabH/IBHOCTB
IIOPOTOBOIr0 HAIIPSKeHH I, BOSMOXKHOCTb KCIIONb30Ba-
HHUS CTAaHAAPTHEIX Si IpaliBepoB, a TAK>Ke UCII0Ib30Ba-
HMe HOpMaJIbHO BKJII0OUeHHOro HEMT, mpoiiecc u3ro-
TOBJIEHH S U HaJIeSKHOCTh KOTOPOI'O XOPOILO OLleHeHHEI.
C IpyTroM CTOPOHBI, CJIOKHOCTD KACKOZHOI'O COeTHHEHH S
SIBJISI€TCSI OCHOBHBIM HEIOCTaTKOM.

Cnoit p-GaN TuIa IoOgHHUMaeT 30HHYIO JHarpaMMy
reTepOCTPYKTYPEI, YTO IPUBOLHUT K IIOJIHOMY KCTOILe-
HHUIO IBYyMEPHOI0 3/IeKTPOHHOrO0 rasa (2DEG) pu Hyile-
BOM CMeIlleHHH Ha 3aTBope. CrieliudpryecKuMHU I1pobie-
MaMHM TPaH3UCTOPOB C p-GaN 3aTBOPOM SIBJISIIOTCS 3aBU-
csllas OT BpeMeHHU Aerpaganus U 3¢PeKkThl 3aXBaTa,
CBSI3aHHBIE C aKLeIITOPHOH IPHMeChbIO B BUIe Mg.
B KauecTBe IOy IIPOBOLHIKA IO/ 3aTBOPOM MOSKET OBITh
BeIOpaH okcuz HuKens (NiO) - epCcIIeKTUBHBIN U305
LIMOHHBIN MaTepua 11 GaN ycTpoHcTB, b1aromaps
IIMPOKOH 3aIlpelleHHO 30He (4 3B) 1 OTHOCUTEIBHO
BBICOKO JH3IeKTPUYeCKON IpoHUnaemMocTu 11,9 (T.e.
IIOYTH B TPH pa3a BhlIIe, 4eM Y OOBIYHO HCIIOIb3ye-
MOTO SiOZ). BasKHBIM aCIIeKTOM, CBSA3aHHBIM C NiO,
SIBJISIeTCSI BO3MOYKHOCTb HACTPOUKH €ro 3JIeKTPOHHBIX
CBOMCTB IIyTeM M3MeHeHHs YCJIOBUM POCTa MaTepH-
ana. PakTUYeCKH, IIPH OIlpelle/IeHHbIX YCJIOBUSIX I10T1Y-
npoBopsimue c1ou NiO p-TuIla MOT'YT OBITh 1Oy UeHbl
K MCIIO/Ib30BAaHEL 111 OPMUPOBAHMS HOPMaJbHO-
3aKkpeITEIX GaN HEMT, HO KOHTPOJIHPOBATH HEKOTO-
Pble TeXHOJIOIHYeCKHe 3TaIlbl JOCTATOYHO TPYLAHO, YTO
MOKeT IIOBJIHSITh Ha CBOKCTBa 2DEG [7].

Ha ocHoBe retepocTpyKTyp € p-GaN cimoem popmu-
PYIOT Tak Ha3blBaeMble IIATGOPMBEL, KOTOPbIe BKJIIO-
4aloT B cebs pasjMuHbIe TUIIA IPU6OPOB: HOPMaJIbHO-
OTKpBITEIe GaN TpaH3UCTOPEl, HOPMajbHO-3aKPbIThIE
N-KaHa/IbHble U HOPMaJjIbHO-3aKPhIThIe pP-KaHaJbHbIe
nipubopel [8]. laHHBIE IIATOPMEI [TO3BOISIOT COKPA-
THTb U YIIPOCTUTH COOPKY CXeM, a TAK3Ke CO3[,aBaTh KOM-
IJIMMeHTapHbIe IIapbl Ha 0CHOBe GaN CTPyKTyp.

Takum obpa3om, B JaHHOM paboTe HCIIONB3Y-
eTcs QU3MYeCcKoe MOZIHUPOBAHHUE i HUCCIeL0Ba-
HUS [T0BeJIeHHsI 30HHOU CTPYKTYPHI IIPH BapbHUpOBa-
HHUU I1apaMeTpoB OapbepHOro €10 U CJI0s CIleHcepa.
HccreoBaHO roBeleHHe XapaKTePHUCTUK HOPMaJ/IbHO-
3aKPBITOrO TPAH3UCTOpA Ha 0CHOBE GaN CTPYKTYPhI IIPU
Pa3THUUYHBIX 3HAYEHHU X TOJNIIUHBI 6aPbePHOr0 CII0SI.
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a normally-on HEMT whose fabrication process and
reliability are well known. On the other hand, com-
plexity of the cascode connection presents the major
disadvantage.

The p-GaN type layer lifts the band diagram of
the heterostructure resulting in complete deple-
tion of two-dimensional electron gas (2DEC) at zero
gate bias. Specific problems of p-CaN-gate transis-
tors are the time-dependent degradation and trap-
ping effects related to acceptor impurity in the
form of NiO, a promising insulating material for
GaN devices due to its wide bandgap (4 eV) and rel-
atively high dielectric constant of 11.9 (i.e., almost
three times higher than that of the commonly used
Si0,), can be selected as a semiconductor under the
gate. An important aspect related to NiO is the pos-
sibility to tune its electronic properties by chang-
ing the growth conditions of the material. In fact,
under certain conditions, NiO p-type semiconduct-
ing layers can be obtained and used to form nor-
mally closed CaN HEMT, but it is quite difficult to
control some of the process steps, which can affect
2DEG properties [7].

On the basis of heterostructures with p-GaN layer
the so-called platforms are formed which include dif-
ferent types of devices: normally-on GaN transistors,
normally-off n-channel and normally-off p-channel
devices [8]. These platforms allow of reducing and sim-
plifying circuit assembly, as well as design comple-
mentary pairs based on GaN structures.

Thus, in this paper physical modelling is used to
study behaviour of the band structure by varying the
barrier layer and spacer layer parameters. The behav-
iour of characteristics of a GaN-based normal-closed
transistor at different values of the barrier layer thick-
ness has been studied. A possibility of normally-off
p-channel formation or normally-on GaN transis-
tors with variation of p-CaN layer parameters is also
studied.

RESEARCH METHODS

The study was carried out using simulation in
Sentaurus TCAD (Technology Computer Aided Design)
software package. This software is developed for
semiconductor modelling and allows of simulating
both the fabrication and behaviour of semiconduc-
tor devices. TCAD uses Newton’s method for solving
Poisson’s equations, continuity equations, etc. These
equations provide necessary information to determine
specific physical parameters of the device. Sentaurus
TCAD also takes the GaN piezoelectric polarisation
physics into account. Another advantage of Sentaurus
TCAD is that its library of provided semiconductor
devices includes a HEMT structure which can be used
as a reference when modelling transistors.
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A TaK>Ke MCC/Ief0BaHa BO3MOKHOCTbE GOPMHUPOBAHM S
P-KaHaJIBHOTO HOPMaJIbHO-3aKPBITOr0 MJIK HOPMAaJIbHO-
OTKPBITOro GaN TpaH3KMCTOpa IIPU M3MeHeHHH [IapaMme-
TpoB p-GaN cr1os.

METOAbI UCCIEAOBAHNA

HcciiemoBaHye IIPOBOAMIIOCH IIPH IIOMOILM MOJE/IH-
poBaHHS B IIporpaMMHOM IakeTe Sentaurus TCAD
(Technology Computer Aided Design). lanHoe mpo-
rpaMMHoe obecrieueHHe IpefHA3HAUYEHO AJISI Mojie-
JIUPOBAHM A II0JIYIIPOBOSHUKOB, II03BOJISIET MOJEIH-
PpOBaTh KaK M3rOTOBJIEHHE, TaK U IIOBEJeHHeE II0IyIIPO-
BOIHHKOBBIX ITpHO0poB. IIpu MomenrpoBaHuu B TCAD
KCITI0/Ib3YeTCs MeTof, HbloTOHA /115 pellleHUs ypaBHe-
Hu4 IlyaccoHa, ypaBHeHHU HeIIpepblBHOCTH U Ip. OTH
ypaBHEHHUSI IPeJJoCTaB/SI0T HeobXoqUMYyI0 HHPopMa-
LIHIO 1151 OIIpe/ie/IeH M sl KOHKPETHBIX QHU3HMYeCKHUX 1apa-
MeTpoB ycTporcTBa. Sentaurus TCAD TaK>Ke yUHUTHI-
BaeT pu3uKy GaN Ibe303/1eKTPUYeCKOM 0TS PU3aLIHH.
JpyruM nperumyinectsoM Sentaurus TCAD sBsieTCA TO,
YTO B ero 6ubIHOTeKe ITPeOCTABIEHHBIX II0JTYIIPOBO-
IHHUKOBBIX IIPHO0POB HMeeTcsi CTPyKTypa HEMT, Koto-
PYI0 MOKHO MCII0/Ib30BaTh KaK OPUEHTHP IIPHU MOJEIH-
POBaHHU TPAaH3HUCTOPOB.

Hanuune nbe303/1eKTpUYeCcKOU OIS PU3ALUH IIPH-
BOJMT K BOSHHUKHOBEHHIO MHTepPEeHCHOTO 3apsaza.
Benn4MHa IJIOTHOCTH UHTePPEHCHOTO 3aps/ia J oIlpe-
JleJ1s1eTCsl pa3HOCTRIO TIO/ISIPU3al i KOHTaKTHPYIOIIHX
BelecTB. [l reTepocTpyKTyp AlGaN/GaN BenuunHa
3aps/ia 0 MOXKeT OBITh BEIUMC/IEHA C UCIIOJIb30BAHHEM
yIpyrux moctossHHbIX GaN, AIN u mpaBuia Berapaa
nuist TBephoro pacteopa Al,Ga, (N. 3HaK 3apsia 0 3aBU-
CHT OT THIIA [I0OBEPXHOCTH paszena: Ga-face, korga ciom
GaN 3akaHYMBaeTCs: aToMoM rajuiusi u N-face - aTomom
asora.

ITpu pacuere B makete TCAD MOXKHO I10JIb30BaThCS
MeTOAHKOM ydeTa MHTepPelCHOTOo 3aps/ia C yUeToM
MIpPOCTeHIIeN KJaccuueckKou nHudPy3rnoHHO-Iperido-
BOU MOJIe/IH, 3 MOYKHO HCII0/Ib30BaTh Y>Ke BCTPOeHHEIe
[I0JIIpHU3aLIMOHHbIE [TAKETHI, YYUTHIBAIOLIHE KAK CIIOH-
TaHHYIO, TaK U [1be303/IeKTPUYECKYIO IIOJIAPU3ALIHH.
Hanuuue monspu3anoHHOro 3apsaa Ha IIOBePXHOCTH
GaN Mexkzy 371eKTpofaMu, OC/IOKHSeT paboTy mpubo-
POB, II03TOMY HCIIOAB3YIOT Pa3IMYHbIe [1aCCUBUPYIO-
IIKe CJIOM, KOTOpPble TAKKe MOXKHO IIPOMOZEIUPOBATh
B Sentaurus TCAD.

B cTpykTypax GaN/AlGaN MOKHO ITOTy4HUTh 3HaUe-
HUe CJI0eBOH KOHILIEHTPALIKHU [0 6-1013cm2. Ha camoMm
Iese, 9To He TaK. C poCTOM MOJIBHOM Jonu Al B 6apbep-
HOM CJI0o€ YBeJIMYHBaeTCs HEeCOOTBETCTBHE PEIIeTOK,
YTO IIPUBOAUT K PelaKCallii HaIPssKeHUH U 06pa3o-
BAaHUIO JUCIOKALIUI B 6apbepHOM CjI0e U IIOHMXKAeT
IIOABHKHOCTD M. B peasbHOCTH BBIPAIUBAIOT CTPYK-
TYPBI C MOIBHOHM mosiert Al X <0.3 1 KoHIleHTpaluen Ny
nopsigka 1-108cm?,

The presence of piezoelectric polarisation leads to
an interface charge. The value of the interface charge
density o is determined by polarisation difference
of the contacting substances. For AlIGaN/CaN het-
erostructures, the magnitude of the charge o can be
calculated using the elastic constants GaN, AIN and
Vegard's rule for the solid solution Al,Ga, ,N. The sign
of the charge o depends on the interface type: Ga-face
when the GaN layer ends with a gallium atom, and
N-face with a nitrogen atom.

For TCAD calculations, one can use the interface
charge accounting technique with the simplest clas-
sical diffusion-drift model, or one can use the built-
in polarisation packages that take into account both
spontaneous and piezoelectric polarisation. The
presence of polarisation charge on the GaN surface
between the electrodes complicates the operation of
devices, so various passivation layers are used, which
can also be modelled in Sentaurus TCAD.

In GaN/AlGaN structures it is possible to obtain
layer concentration values up to 6-1013 cm?. In fact,
this is not the case. As the Al mole fraction in the bar-
rier layer increases, the lattice mismatch increases,
leading to stress relaxation and formation of disloca-
tions in the barrier layer and reducing mobility m. In
reality, the structures with Al mole fraction x <0.3 and
N, concentration about 1-103 cm? are grown.

Thus, the barrier layer parameters have a signifi-
cant influence on device type, threshold voltage and
output characteristics. It is therefore important to
consider in detail the effect of the parameters of this
layer specifically on our structure.

For modelling purposes a structure was used which
contained the following layers: p-GaN 50 nm thick,
AlGaN with Al 20% mole fraction of 9 nm, GaN chan-
nel layer, AlGaN buffer with Al 5% mole fraction, AIN
nucleation layer, and substrate (Fig.1). The device
design was chosen as follows: gate length 1 pm, drain-
gate distance 6 pm and source-gate distance 1 pm.

To calculate the concentration in the channel a
quantum mechanical problem has to be solved but, as
shown in [9], the same result is obtained if we limit
ourselves to using the simplest classical diffusion-
drift model. At zero offsets at the gate, a band diagram
of the structure (Fig.2) and distribution of charge car-
rier density depending on the barrier layer thickness,
mole fraction of aluminium in it were constructed,
and influence of p-GaN layer parameters on transistor
characteristics and the influence of AIN layer thick-
ness were studied.

RESULTS AND DISCUSSION

By varying the barrier layer thickness and mole frac-
tion of aluminium in it and by measuring the carrier
concentration in the channel, an evaluation curve of
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mpaH3ucmopa
Fig.1. Schematic image of the considered transistor

TakuM 06pa3oM, CymeCTBeHHOe BIHUSHHE Ha THUII
npubopa, OpPoroBoe HAIpsiKeHKE U BBIXOAHBIE XapaK-
TEePUCTHKHU OKA3bIBAIOT ITapaMeTPsl 6apbepHOro CJI0s.
[103TOMY Ba>KHO ITOAPOOHO pacCMOTPETH BIHSIHUE ITapa-
MeTPOB 3TOT0 C/I051 KOHKPEeTHO Ha HaIlly CTPYyKTYpY.

JIJ1st MozieTPOBAHM S B KaueCTBe OCHOBBI ObIIa B3siTa
CTPYKTypa, KOTOpasi Cofiepskana CleAyoUhe CJIOH:
p-GaN tonmuuon 50 HM, AlGaN ¢ MOTBPHOH [oJen
Al 20% 9 HM, KaHanbHBIe ciou GaN, 6ypep AlGaN
C MoJIBHOM forner Al 5%, 3apoamsliueBsiil cioi AIN, moa-
noxkka (Puc.1). KoHcTpyKums mpubopa 6bpi1a Bei6paHa
c/lefyIolel: JIKMHa 3aTBopa 1 MKM, PacCTOSIHUE CTOK-
3aTBOP 6 MKM H PaCcCTOSIHHE MCTOK-3aTBOP 1 MKM.

JlJ1s1 pacyeTa KOHLIEHTPALIMHU B KaHasIe He06X0oMO
peIluTh KBAHTOBO-MeXaHHUYeCKYI0 3a/1a4y, HO, KakK
IOKa3aHoO B (9], TaKOM >Ke pe3y/IbTaT I10JIydyaeTcsl, eC/IU
OrPaHHYHTECS UCIIO0/Ib30BaHHEM ITPOCTeMIIel KJIACcCH-
4Jeckou 1uddy3noHHO-IperidoBOr Mofenu. I1pu Hye-
BBIX CMeIeHHIX Ha 3aTBOPe CTPOMIACh 30HHAS AHA-
rpaMMa CTpyKTypsl (PHc.2.) U pacipesiesieHHe I1JIOT-
HOCTH HOCHTeJIeH 3apsiia B 3aBUCHMOCTH OT TOJIIIHHEI
bapbepHOro CjI0si, MOJIBHOM JOITH AJIIOMHUHUS B HEM,
a TaK’Ke KCC/IeL0BajIoCh BIUSHUE ITapaMeTpoB p-GaN
CJI0SI Ha XapaKTePUCTUKH TPAH3UCTOPA K BIHUSHUE TON-
muHb AIN crtos.

PE3Y/IbTATbI U OBCY)XXAEHUE

[ToBapbHUpPOBAB TONIUHY 6apbepHOrO CI0S U MOJIb-
HOM [OJIM JIIOMUHHUS B HEM U U3MepUB KOHLIEHTPa-
LIMI0 HOCHTe/IeH B KaHasle, 6blIa IIOCTPOeHa OLleHOYHa s
KpHuBas THIa npubopa (Puc.3). ECIM CTPyKTypa MMeeT
rapaMeTpsl bapeepHOro cos B obmactu I, To mpubop

HAHO MHOVCTPHA Tom 16 N21 2023

Puc.2. [IH0 30HbI nposodumocmu U yposeHb Gepmu 6 paccma-
mpusaemoll cmpykmype 8 0baacmu nod 3ameopom

Fig.2. Conduction band bottom and Fermi level in the structure in
the field under the gate

the device type was constructed (Fig.3). If the struc-
ture has the barrier layer parameters in region I, the
device is normally-on, while if it has parameters in
region II, it is normally-off. It is necessary to take
values of parameters closer to y-axis, i.e. with thick-
ness less than 20 nm and mole fraction of Al more
than 20 % to make a device with decent drain cur-
rents, though for power applications it is not the most
important parameter of a transistor. In our case, a
barrier layer thickness of 15 nm and an Al content of
23% were chosen.

It is also important to consider how exactly the
barrier layer parameters affect the main characteris-
tics of the transistor - the threshold voltage and drain
current in the open state. The threshold voltage of a
normally-off device must be positive, and, following
the publications of foreign scientists - more than 1
V [10]. Fig.4 and Fig.5 show the dependences of tran-
sistor drain current at 3.5V at the gate and threshold
voltage on the barrier layer thickness and dependence
of transistor drain current at 3.5V at the gate and
threshold voltage on mole fraction of Al in it. Thus,
the optimal barrier parameters to form a normally-
off p-GaN gate transistor are 15 nm thickness and 23%
mole fraction of Al in the barrier layer. Then the drain
current at 3.5V at the gate will be about 350 mA/mm
and threshold voltage is about 1.5 V.

The other important parameter is the AIN layer
thickness. In order to deplete the channel at zero bias
with electrodes, the barrier layer thickness must be
small enough, as already shown. The presence of an
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Puc.3. BausiHue napamempos 6apbepH020 CA0S = MOAULUHbI
6apbepHo20 cnos tb thickness u moabHol doau Al x(Al) mole
fraction - Ha mun npubopa.

Fig.3. Influence of barrier layer parameters - barrier layer thick-
ness tb thickness and Al mole fraction x(Al) mole fraction - on
device type.

HOPMaJIBHO-OTKPBITHIH, a eC/IH C [IapaMeTpaMHU B 0b1a-
ctu I - HopMasbHO-3aKPBITEIH. CiefyeT 6paTh 3Haue-
HUS [IapaMeTpoB O/IHKe K OCH Y, T.e. CO 3HAaUeHUSIMHU
TOJIIMHEI MeHblile 20 HM U MOJIbHOU fosie Al 6oitee 20%,
4TO6BI ITPH6OP 061K ITPUIMYHBIMU TOKAMH CTOKa,
XOTSL IJISI CUJIOBBIX IIPUMEHEHHUI 3TO He CAMBIH BaK-
HBII [TapaMeTp TPaH3UCTOpa. [IIs Halllero cay4as bpuia
BIOpaHa TOMIIKMHA 6apbepPHOro /105 15 HM U cofiepsKa-
Hue Al B Hem 23%.

BaskHO TaK>Ke pacCMOTpeTh, KaK MMEeHHO I1apaMe-
TpPbI 6apbepHOro C/I0sI BIMSIOT Ha OCHOBHBIE XapaKTe-
PUCTHKHU TPaH3UCTOPA ~ [IOPOrOBOE HAIIPSKEHHe K TOK
CTOKA B OTKPBITOM COCTOSTHUH. [IoporoBoe HarmpsoKe-
HHe HOPMaJIbHO-3aKPHITOr0 Nprbopa M0aKHO OBITH
IIOJIOKUTETBHBIM, a €CJIM PAaBHSTHCS Ha Iy6IUKaLMH
3apybeskHBIX yueHBIX — 6o7ee 1 B [10]. Ha puc.4 u puc.5.
IOKa3aHbl 3aBUCHUMOCTH TOKa CTOKa TPaH3UCTOpa
pu 3,5 B Ha 3aTBOpe K IIOPOrOBOr0 HAIIPSSKEHHU S OT TOJ-
M HBI 6apbePHOr0 CJIOS U 3aBUCHMOCTH TOKa CTOKA
TPaH3MCTOpa ITpH 3,5 B Ha 3aTBOpe U IIOPOroBOro HaIIpsi-
SKeHHUS 0T MOJIBHOM onH Al B HeM. TakuM obpasom,
ONTHMAaJIBHBIMH IIapaMeTpaMu 6aprepa m1st GOpMuU-
POBaHMSI HOPMaJIbHO-3aKPBITOTO TPaH3HCTOpa € p-GaN
3aTBOPOM SIBJISIOTCS 15 HM TONIMHA U 23% MOJIbHAS
nomst Al B 6aprepHOM croe. Torza TOK CTOKa ITpH 3,5 B Ha
3aTBOpe OymeT mpubIU3UTENBHO 350 MA/MM, a IIOPOro-
BOe HaIlpsiKeHHe 0KosIo 1,5 B.

JIpyr¥UM Ba’KHBIM IIapaMeTpPOM SIBJISeTCS TOJ-
muHa cnost AIN. s obeqHeHM S KaHaIa ITPH HYJIeBBIX

Puc.4. 3asucumocmb moka cmoka mpaHsucmopa |, npu 3,5 B
Ha 3ameope (CNAoWHAs AUHUS, NPAgas ocb y) U 3d8UCUMOCMb
nopoz08020 HAanpsikeHus Vy, (npepbisucmas, nesas ocb y) om
MOAWUHbI 6apbepH020 08 t,)

Fig.4. Dependence of the transistor drain current [, at 3,5V on
the gate (solid line, right y-axis) and dependence of the threshold
voltage V., (dashed, left y-axis) on the barrier layer thickness t,

AIN spacer layer increases the effective barrier thick-
ness inversely, so its thickness should be chosen as
small as possible. The critical thickness of the spacer
layer has been estimated using the methodology
described above. The thickness of this layer should
not be more than 1.5 nm (Fig.6). When the thickness
of AIN increases higher than 1.5 nm, concentration
of electrons in the GaN layer will start to increase
sharply.

The influence of the p-GaN layer on the device char-
acteristics was also investigated. Based on the depen-
dence of charge carriers concentration in the chan-
nel on p-layer, its critical thickness of 40 nm was
found. At greater layer thickness the device is nor-
mally-off and layer thickness has no effect on their
characteristics. Similarly, the critical degree of dop-
ing - 4-10V cm™ has been revealed from dependence
of charge carriers concentration in the channel on
p-layer impurity concentration. To obtain the nor-
mally-off state, the doping of the p-layer must be
greater than this value. In practice, however, this
parameter is poorly controlled. As a rule, concen-
tration of the introduced impurity is known and
what percentage of it is activated during growth is
unknown.

A normally-off p-channel field effect transistor
can also be formed on a single wafer in a single pro-
cess cycle on the described heterostructure. It will

VoL.16 No.1 2023 NANO INDUSTRY
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Puc.5. 3asucumocmb moka cmoka mpaHsucmopa I, npu 3,5 B
Ha 3ameope (cNAOWHAS AUHUS, NPABAs 0Cb ) U 3d8UCUMOCMb
nopoz08020 HanpsikeHus Vy, (npepbisucmas, nesas ocb y) om
monbHoU doau Al 8 bapbepHom caoe t,

Fig.5. Dependence of the transistor drain current I ;at 3,5 V on
the gate (solid line, right y axis) and dependence of the threshold
voltage V,, (dashed, left y axis) on the mole fraction of Al in the
barrier layer t,

CMeIleHHMsIX Ha 371eKTPojax TOAIIMHA 6apbepHOro
CJ10sI MO/IKHA 6BITH OCTATOYHO MaJIOH, KaK ysKe 6BIIO
noKasaHo. Hamuuwe cnost criericepa AIN yBennunBaer
3PeKTUBHYIO TOMIHUHY 6apbepa 06paTHO ITPOIIOPIIH-
OHAJIBHO, IT03TOMY €TI0 TOJIIIMHY HY>KHO BRIOMPATh KaK
MOKHO MeHbIIe. OIleHKa KPUTHYeCKOH TOJIIIMHBI CJI0ST
criericepa ITPOBOMIACK I10 OITMCAHHOK BBIIIIe METOLHKE.
To/IIMHA 3TOr0 CJI0S He HOoMKHa ObITh 6osee 1,5 HM
(puc.6). Ilpu yBenudeHHUH TOMIHUHBI AIN oT 1,5 HM
U BBIIIIe KOHILIEHTPALIHs 3/IeKTPOHOB B c10e GaN HayHeT
PEe3KO yBeTMYHBAThCS.

Taxske OpLIO HCCIemoBaHO BausHHUe p-CaN ciost
Ha XapaKTepUCTUKH 1pubopa. I1o 3aBUCHMOCTH KOH-
LeHTpPalluyd HOCHTeNeH 3apsfa B KaHalle OT TOJ-
IIMHBI P-c710s1 6b11a BBISIB/IEHA ero KPUTHYecKas TOJ-
muHa - 40 HM. [Ipu 60IbIIes TONIIUHE CJI0S ITPUOOP
HOPMaJIbHO-3aKPBITHIH, & TOMIIKMHA C/1051 HUKAK He BJIH-
sleT Ha XapaKTePUCTHUKH. AHAJIOTHUYHO I10 3aBUCHMO-
CTH KOHIIeHTPALIMH HOCUTeJIel 3apsifia B KaHaJle OT KOH-
LEeHTpal WU IIpUMeCH B p-Cjioe OblI1a BRISIBJICHA KpUTH-
yeckas CTelleHb JlerupoBaHu 4 — 4-10Y cm3. 15 mony-
YeHH I HOPMaJIPHO-3aKPhITOrO COCTOSIHH I HEOOXOI MO
JIeTHpOBaHMe p-cioe 6osble 5Toro 3HaueHUs. OTHAKO
Ha IIPaKTHKe JAHHBIHM IapaMeTp I1JIOXO KOHTPOJIHPY-
eTcsi. Kak IpaBUJIO, M3BeCTHA KOHLIEHTPALIHSI BBe/IeH-
HOM ITPHMeCH, a KaKOH IIPOLIEHT ee aKTUBHUPYeTCs IIPH
POCTe HeH3BeCTHO.

HAHO MHAVCTPUA Tom 16 Ne1 2023

Puc.6. 3agucumocms KOHUEHMpauuu Hocumeael 8 KaHane om
moAuuHbl cros cnelicepa AIN

Fig.6. Dependence of the carrier concentration in the channel on
the thickness of the AIN spacer layer

enable to form GaN-based complementary pairs,
create different types of devices in a single process
cycle, which will simplify circuit assembly. To form
a p-channel transistor, n*-GaN must be built up
under the gate to ensure normally-off device behav-
iour (Fig.7).

For a normally-off p-channel transistor a device
type evaluation method was also developed (Fig.8).
The main parameters are channel layer parame-
ters - Mg impurity concentration and p-layer thick-
ness in this case. Similarly, if the structure has
p-layer parameters in the I region, the transis-
tor is normal-open. To create a universal platform
when selecting parameters for p-channel transistor
it is necessary to take into account parameters of
n-channel transistor so that it too is normally-off
(region IIl in Fig.8).

Thus, the following composition of heterostruc-
ture for the investigated platform was chosen:
p-GaN with thickness 80 nm, AlGaN with mole
fraction Al 23% 15 nm, CGaN channel layers, AlGaN
buffer with mole fraction Al 5%, AIN nucleation
layer, and substrate. Figure 9 shows the calculated
volt-current characteristics for these devices. A nor-
mally-off p-channel field effect transistor with gate
length, drain-gate and source-gate of 1 pm each has
a drain current at -3 V on the gate of the order of
-0.9 mA/mm. By varying topology of the device,
varying the length and width, it will be possible to
achieve similar levels of current to create a comple-
mentary pair.
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Ha opHoI m1acTHHe B eJIHOM TeXHOJIOTHYeCKOM
LIMKJIe Ha OIIMCAaHHOM IeTepPOCTPYKTYpe TaKKe MOXKHO
cbOpMHPOBaTh M HOPMaJIbHO-3aKPBIThIE P-KaHa/IbHBIN
I10/IeBOH TPAH3KUCTOP. ITO 1acT BO3MOXKHOCTh GOPMH-
POBaTh KOMIUIMMeHTapHEIe IIaphl Ha ocHoBe GaN, co3-
JABaTh Pa3JIMYHbIe TUIIBI IPUOOPOB 3a O KH TEXHOJIO0-
TMYeCKHUH LUK/, YTO YIIPOCTUT cOOPKY cxeM. 715 dop-
MHPOBaHUS P-KaHaIbHOIO TPAH3UCTOPa HEOOX0AHMMO
HapacTUTh n*-GaN 110/ 3aTBOPOM 1)1 obecrieueH st HOP-
MaJIbHO-3aKPBITOIO II0BefieHu s pubopa (puc.7).

J71s1 HOpPMaJIPHO-3aKPBbITOTO P-KaHAa/IbHOI'O TPaH-
3MCTOpa TakKe 6blIa pa3paboTaHa MeTOAKKA OLleHKH
Tumna npubopa (puc.8). OCHOBHBIMU MapaMeTpaMU
SIBJISIIOTCSI IapaMeTpPbl KAaHA/IbHOTIO CJI0S1 ~ KOHLIEHTPa-
LHs IpUMecd Mg U TO/NIIKHA P-C/Iosl B [AHHOM CIIy-
4yae. AHaJIOTUYHO, eC/IU CTPYKTYpa UMeeT [TapaMeTpEbl
p-ciosi B 1 0671aCTH, TO TPAH3KCTOP HOPMaIbHO-OTKPbI-
TBIM. [IJIS1 CO30aHM S yHUBEePCaIbHOM IIJ1aTPOPMBI IIPH
nof6ope rapaMeTpoB AJisl p-KaHaIbHOI'0 TPAaH3UCTOPA
HeobX0IMMO yUUTBIBATh K IIapaMeTPbl N-KaHAJIbHOTO,
YTOOBI OH TOXKe 6T HOpMa/IbHO-3aKPBITHIM (0671acTh 111
Ha puc.8).

TakuM obpa3om, 6611 BEIGpAH ClIeAYIOMIHI COCTAB
reTepoCTPYKTYPEHL A1 UCC/IeyeMOHr IJIaTHOPMBI:
p-GaN TomnmunoM 80 HM, AlGaN ¢ MonbHOM fonert Al 23%
15 M, KaHanbHbBle ciok GaN, 6ydpep AlGaN ¢ monb-
Hou fonert Al 5%, 3apozmslmeBsiit cioi AIN, mopyiokka.
Ha puc.9. moka3aHbl pacCYUTaHHbIE BOJIBTAMIIEpHbIe
XapaKTePUCTHUKH JJIsI JAaHHBIX TpH6opoB. HopMmanpHO-
3aKPBITHI p-KaHAJIbHBIM I10/IeBOM TPAH3UCTOP C AU~
HOM 3aTBOpa, PaCcCTOSIHHEM CTOK-3aTBOP M PACCTOSIHHEM
HCTOK-3aTBOP I10 1 MKM ob61aZiaeT TOKOM CTOKA IIpH
-3 B Ha 3arBOpe nopsiaka -0,9 MA/MM. H3MeHs4 TOIO-
7oruio pubopa, BapbUpys IJIMHY U MIHPHHY, MOXKHO
byneT mo6UTHCSI OMMHAKOBBIX YPOBHEE TOKA JIS CO3/1a-
HM I KOMIIEM@HTapPHOU I1aphl.

Kaxk y>ke TOBOpUJ/IOCH BbILIE, N-KaHA/JbHBIK IIPU-
Oop IoJIy4aeTcss HOpMa/IbHO-3aKPBITEIM 3a cueT p-GaN
/1051, KOTOPBIH 'TIOAHMMAaeT" 30HY IIPOBOAHUMOCTH, TEM
caMbIM obefHSsI KaHA/ TPaH3UCTOpa. PaccMoTpUM
$H3HMKYy HOPMa/IbHO-3aKPBITOTO P-KaHAIBHOIO II0JIe-
BOI'O TPAH3MCTOpa. B JaHHOM c/y4dae BeCh P-CJI0H yKe
caM SIBJISIeTCSI KAaHaJbHBIM M ero apaMeTphl HaIlpsi-
MyI0 BIHSIOT Ha TOK mpubopa. [as Toro, 4Tobnl ero
3aKpBITh He06X0M MO, HaIlpUMePp, IIpU oMoy OI13
"IepeKphITh' BeCh P-CIOHM HJIH HCIIOIb30BaTh KaKOH-TO
I pyrou MoAXo[. B 1uTepaType 10 aHAJOTHHU CO CTaH-
JapTHBIMU II0JX0aMHU IIpe/yIaraioT yIiybnsaTh 3aTBOP
B p-C/I0H 1 06pabaThIBaTh [10/13aTBOPHYO 06/1aCTh KHCIIO-
ponoM [11]. B sTaHHOM CTaTbe MBI ITpe/ijlaraeM HapaCcTUTh
B obractu 3aTBopa n*-GaN, 4To6sI 06pa3oBasics p-GaN/n-
GaN reteporepexoz, OII3 koToporo u 6yeT yrpaBsiTh
KaHaJIOM. 371eCb MO>KeT BO3HUKHYTb pyrasi mpobaema.
TakoM p-KaHaJ/IbHBIM TPAaH3UCTOP IONIYy4YaeTCs JABYX-
KaHaJIBHBIM. OfMH KaHas JbIPOYHBIH ~ 3TO BeCh CJI0M

l S

GaN-kaHan | Channel

Si-noanoxka | Substrate

Puc.7. Cxemamu4Hoe u3obpakeHue KomMnauMmeHmapHol napbl
Ha ocHose paszpabameigaembix GaN mpaH3ucmopos

Fig.7. Schematic representation of a complementary pair based on
GaN transistors under development
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Puc.8. BausiHue napamempo8 KaHanbH020 CA0S1 — 20 MOAULUHbI
tp u codep>kaHus npumecu 8 Hem Np = Ha mun p-KAHAAbHO20
mpax3sucmopa. | = HopmanbHO-0mKpbimbie npubopel, Il = Hop-
ManbHo-3aKkpbimelie u lll = o6aacmb, 20e 06a mpaH3ucmopa
HOPMANbHO-3aKpbimble

Fig.8. Influence of the channel layer parameters - its thickness
tp and impurity concentration Np in it - on the type of p-channel
transistor. | - normally-on devices, Il - normally-off and Ill - area
where both transistors are normally-off

VoL.16 No.1 2023 NANO INDUSTRY



OBOPYAOBAHME A/11 HAHOUHAYCTPUM

p-GaN, U 3/IeKTPOHHBIN KaHaJl — H3-3a [OISPHU3aALUHU
Ha reteporepexozie AlGaN/GaN, KOTOPBIH B COCTOSIHUH
IIOKOSI IIePeKPBIT KU3-3a P-CJI0s CBEPXY. J/IeKTPOHHBIN
KaHaJ He BIUsieT Ha paboTy nprbopa, T.K. oH paboTaer
IIPH IIOJIOKUTEIBHBIX CMELIeHHAX, II03TOMY 3/IeKTPOH-
HBIM KaHaJl II0/Ty4aeTcsl [IepPeKphIT Beraa.

BbIBOADbI

[IpomeMOHCTPHUPOBAHO MOJEJIHMPOBaHHE HOP-
MaJIbHO-3aKPBITHIX TPAH3UCTOPOB Ha ocHOoBe GaN.
HccnemoBaHo BIUSHYE [TapaMeTPOB IeTePOCTPYKTY Pl
Ha I[I0BeJleHKHe HOPMaJIbHO-3aKPBITOTO N-KaHa/IbHOI0
TpaH3ucropa ¢ p-GaN 3aTBOPOM M HOpPMaJIbHO-3aKPhI-
TOI'0 p-KaHa/IBHOTO TPAH3HCTOPA, YIIPAB/IIEMOI0 P11~
nepexofgoM. ITogob6paHa onTHMasbHASL KOHCTPYK-
LM TeTePOCTPYKTYPHL A1 IIOJYYeHUS Pa3IMYHBIX
TUIIOB IPH6OPOB B eIHHOM TeXHOIOTHUeCKOM LIHKIIe.
Pa3paboTaHbl MeTOAKKHU OIpefie/leHUsl TUIIOB IIpH-
00pOB I10 K/II0UeBbIM ITapaMeTpaM IreTepoCTPYKTYPBI.
PaccMmoTpeHa $r3HuKa paboTsl IpUOOPOB.

TakuM ob6pa3om, HOPMAaJabHO-3aKPBITBHH
N-KaHaJbHBIH TPaH3UCTOpP, yHpaBAsSeMBIH
P-3aTBOPOM [AJIHHOK 1 MKM, PacCTOSSHHeM HCTOK-
3aTBOP 1 MKM U PacCTOSAHHEM CTOK-3aTBOP 6 MKM
obsamaeT MaKCUMAaJIbHLIM TOKOM CTOKa 350 MA/
MM IpH 3,5 B Ha 3aTBope. HopMa/ibHO-3aKPHITHI U
P-KaHa/AbHBIM TPaH3UCTOP yIpasisgeMblr OII3 p-n-
rnepexoga C PacCTOSHUAMH MeXKIY 3J1eKTPoLgaMHU
o 1 MKM ob671a/iaeT TOKOM CTOKa IIPH -3 B Ha 3aTBope
nopsigka -0,9 MA/MM.

PaspaboTaHHbIe ITPUOOPHI IIO3BOJIAT CO3AABATH TAK
Ha3pIBaeMble "TIaTGOPMBI" C pa3IMUYHBIMU THUIIAMHU
nprubopoB, KOTOPbIe OTKPBIBAIOT BO3MOKHOCTH $Op-
MHPOBAHMSA KOMIIJIMMEHTAPHBIX IIap KU pa3auy-
HBIX CXeM B eJMHOM IIMKJIe, TeM CAMBIM PaCIIHUPAT
9KB Poccuu. Takske pa3paboTaHHBIE IPHOOPBI CMOTY
3aMeHHUTb cuoBble GaAs IPUOOPHI U YBETHUYHUTD UX
MOIIHOCTS (B 5G TeXHOIOTUSIX, HAIIPUMED).

BJIATOAAAPHOCTHU

PaboTa BeIIIOJIHEHA IPU PUHAHCOBOM MOALEPKKe
MuHO6pHAyKH B pPaMKax IoCyAapCTBEHHOI0 3aaHU I
FSMR-2022-0004.

NHOOPMALIUA O PELIEH3NPOBAHMNK

Pepmakuus 61aromapuT aHOHKMMHOIO pelleH3eHTa
(pelieH3eHTOB) 3a UX BK/IaJ, B peLleH3MPOBaHUe 3TOM
paboThl, a TakKe 3a pa3MellleHHe CTaTell Ha CanTe
SKypHaJIa U Ilepefady Ux B 3JIeKTPOHHOM BU e B HOB
eLIBRARY.RU.

Jekaapauus o KoH$AUKMe UHMepecos. Asmopsl 30840
06 omcymcmauu KOHQAUKIMOB UHMepecos UAU AUMHBLX 0MHOuLe-
HUL, Komopble Mo2Au bbl nosAULMb Ha pabomy, npedcrmasAeHHyto
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Fig.9. Current-voltage characteristics of the considered transistors:
p-channel FET (left) and n-channel p-gate transistor (right)

As mentioned above, an n-channel device is nor-
mally closed due to the p-GaN layer, which ‘lifts’
the conduction band, thereby depleting the transis-
tor channel. Let us consider physics of a normally-
off p-channel field effect transistor. In this case the
entire p-layer itself is already channelized and its
parameters directly impact the device current. In
order to close it, it is necessary, to "overlap" the entire
p-layer with the help of the RCD, or use some other
approach.

In the literature, similarly to the standard
approaches, it is proposed to deepen the gate into the
p-layer and treat the sub-gate region with oxygen [11].
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In this paper we propose to grow n*-GaN in the gate
region to form a p-GaN/n-GaN heterojunction, which
OPD will control the channel. Here, another problem
may arise. Such a p-channel transistor turns out to
be two-channel. One hole channel is the entire p-CaN
layer, and the electronic channel is due to polarisa-
tion on the AlIGaN/GaN heterojunction, which is over-
lapped at rest due to the p-layer above. The electronic
channel does not impact the operation of the device
as it works at positive bias, so the electronic channel
is always overlapped.

CONCLUSIONS

Modelling of GaN-based normally-off transistors
is demonstrated. The influence of heterostructure
parameters on behaviour of a normally-off n-chan-
nel transistor with a p-GaN gate and a normally-off
p-channel transistor controlled by a p-n junction
has been investigated. The optimal heterostructure
design for different types of devices in a single pro-
cess cycle has been selected. The techniques for deter-
mining device types by key parameters of hetero-
structures were developed. The physics of device oper-
ation was considred discussed.

Thus, a normally-off n-channel transistor with
1 pm long p-gate, 1 pm long source-gate and 6 pm
drain-gate has a maximum drain current of 350 mA/
mm at 3.5 V at the gate. A normally-off p-channel
junction-driven p-n junction transistor with 1 pm
electrode spacing has a drain current at -3 V at the
gate of about -0.9 mA/mm.

The developed devices will make it possible to cre-
ate so-called "platforms" with different types of
devices that open up a possibility of forming comple-
mentary pairs and different circuits in a single cycle,
thereby expanding electronic component base (ECB)
of Russia. Moreover, the developed devices will be
able to replace the power GaAs devices and increase
their power (in 5G technologies, for example).
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