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PaccmMoTpeHbl OCO6@HHOCTU MNPUMEHEHUS U BO3MOXKHOCTU rasogasHOM 3NUTAaKCUU B TeXHONMOruu
M3roTOB/IEHUSI CWIOBbIX BEpPTUKa/IbHbIX M[IM-TpaH3uctopoB Ha ocHoBe 4H-SIiC npu ¢opMMpoBaHUMU
apendoBon obnactm npuéopa U ONTUMMU3ALUU INEKTPOPUINYECKMX CBOMCTB KaHana TpaH3uUcTopa.
Kap6bupaokpemMHMeBble KOMMOHEHTbI CW/I0OBOW 3/IEKTPOHWMKU  06/1apal0T  psSAoM  MpenMyLLLecTB
Mo CPABHEHUIO C TPAAULMOHHBIMU KpeMHUEBbIMU. OHU XapaKTepusyloTcs 60/1ee BbICOKMM HanpsiKeHnem
3/1eKTPUYECKOro Npo6osi, HU3KUM CONMPOTUBAEHMEM aKTUBHOW 0651acTu, BbICOKOW paboyeit 4acToTow,
HU3KMMU NOTEpPSMU NMPU NepeKsIto4eHUN, BbICOKUMU 3HAYEHUSIMU MaKCUMasbHOM pa6oyer TeMnepaTypbl
M NJIOTHOCTU KOMMYTUPYEMOW MOLLHOCTU. C TEXHONOMMYEeCKor TOYKM 3peHUs K/1H0YEBbIMM 3JIeMeHTaMy,
onpefe/MBLIMMN  BO3MOXHOCTb CO3aHUSI 3/IGKTPOHHOM KOMMOHEeHTHoW 6asbl (3KB) cunoeoi
3/IeKTPOHUKM Ha 4H SiC, ABNSIOTCA TEXHOMIOMMU O6bEMHOro U 3MUTaKCUaNbHOro pocTa. YiyulieHue
TEXHOJIOrMM 3NUTAKCUANbHOro pocTa HapsAy C Yy4lleHMeM KavyecTBa NoAJ10XKeK, CAeNano BO3SMOXHbIM
M3roToB/ieHNe NPUGOPHbIX CTPYKTYP, AEMOHCTPUPYIOWMX MpeuMyllecTBa kapbupaa KpeMHUst Kak
6a30BOro MaTepuasna cU10BOM 31eKTPOHUKU MO CPABHEHUIO C APYTMMU NOJTYNPOBOAHMUKAMMN.

In this paper, we report on possibilities and main features of SiC epitaxial growth in 4H SiC vertical
power MOSFET fabrication technology: for the drift layer formation and electrical properties
optimization of the transistor channel. Silicon carbide components of power electronics have
several advantages in comparison with traditional silicon ones. These components are characterized
by higher electrical breakdown voltage, low active area resistance, high operating frequency,
low losses at switching, high values of peak operating temperature and switching power density.
Technologies of volume and epitaxial growth are, from a technological viewpoint, the main elements
which enabled to create an electronic component basis for the 4H SiC-based power electronics.
Improvement of the epitaxial growth technology and quality of substrates permit to prepare
instrument structures that demonstrate an advantage of silicon carbide as the base material of
power electronics compared to other semiconductors.

BBEJLEHUE yBelH4YeHHe obbeMa oTpebIeHNs 3HepropecypcoB.
BocTpe60oBaHHOCTL CHIOBOM 371eKTPOHUKHM onpefe-  COrlacHO JaHHBIM MeXAYHApOILHBIX SHepreTuye-
JISIeTCSI OCHOBHBIMHU TeHAEHLUSIMHU Pa3BUTHS COBpPe-  CKHUX areHTCTB [1, 2], moTpebieHHe 31eKTPOIHEPTUHU
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HeIIpephIBHO pacTy. COBepIIeHHO OYeBUIHO, UTO yBe-
nuyeHre 3¢ PeKTUBHOCTH HCII0IB30BAHUS TEKTPO-
SHEPTHUH II03BOJUT COKPATUTH IIOTpebieHNe HeBO3-
06HOBJISIEMBIX IIPHPOJSHBIX PECYPCOB U YMEHBIIUTh
AHTPOIIOreHHOE BO3eNCTBHe Ha buochepy. ONHUM
13 cr1ocoboB yBenuueHUs 3pPeKTUBHOCTH CUCTEM
3HeproobecrieueHUsI SIBISETCSI CHUKEHHE 3IeKTpUYe-
CKHUX IIOTeph IIPU Peobpa3oBaHUMU U KOMMYTALlUHU
371eKTPOIHEPrUU.

B HacToOsIIee BpeMst ITPHOOPEI CHIIOBOH 3JIeKTPOHUKH
H3TrOTAB/IMBAIOTCS IIPEUMYLIeCTBEHHO U3 AOCTYII-
HOTO U TEeXHOJOIHMYeCKH OCBOEHHOIO II0JyIIPOBO-
OHUKA - KpeMHUS. Hcrnonb3oBaHue Kapbuga KpeM-
Hu4g noauTtuna 4H (4H-SiC) B kayecTBe 6a30BOro MaTe-
pHasia CHI0BOM eKTPOHUKHU I103BOJISIET CYIeCTBEHHO
YBEITHYUTH 3QPEeKTUBHOCT PAOOTHI CHIOBBIX CHCTEM.
YHUKaAbHbIe 31eKTpodusndeckue cBorcTsa 4H-SiC
(puc.l) ompenensiloT BO3MOXKHOCTD CO3JaHUS Ha ero
OCHOBE CHJIOBOM, UMITY/IbCHO, BEICOKOTEMITIEPATY PHO
Y paJHallMOHHO-CTOMKOI SKB HOBOro ITOKoMeHU I [3-6].

Bonee BbICOKAs HAIIPS>KeHHOCTH I10JIS1 TABHHHOIO
npobost B 4H-SiC 1o cpaBHeHHIO ¢ KpeMHHUeM [7-9]
I103BOJISIET YBEJIMYUTD YPOBEHb JIETHPOBAHUS A perdo-
BOM 06/1aCcTH CUIOBOro IpU60opa U yMEeHBUIUTD ee TOJ-
IIMHY, a 3HAYUT, CYLUleCTBEHHO IIOHU3UTh COIIPOTHB-
JIeHVe 110 CPaBHEHHUIO C KpeMHHEBbIM aHAJIOTOM H,
KaK CJIefCTBHe, Pe3UCTUBHBIe (CTaTHYeCKHe) I0TEPU
B HeM. HH3Koe COpoTHB/IeHHe aKTUBHOM 06/1acTH
[103BOJIsSIeT MCIIOAb30BaTh 60jiee BHICOKOYACTOTHERIE
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Fig.1. Comparison of basic electro-physical properties of 4H-SiC
andSi

YHUIIOJNSIpHBIe IIPUOOPEl Ha ocHOBe 4H-SiC BMecTo
CyILeCTBYIOI X OUIIONSPHBIX TPHO6OPOB Ha KPeMHUH.
9TO 103BOJISIET YBEIMYUTh PAOOUYIO HACTOTY CHUJIOBBIX
YCTPOMCTB U MCIIONb30BaTh 60/Iee MUHHATIOPHBIE I1ac-
CHBHBIe KOMIIOHeHTHl. HHU3KHe cTaTu4Yeckye U JUHa-
MHYeCcKHe II0Tepu B Ipubopax Ha ocHoBe 4H-SiC (B

INTRODUCTION

The demand for power electronics
is determined by the main trends
in the modern society develop-
ment, one of them being an
increase in the energy consump-
tion volume. According to the
international energy agencies data
(1, 2], consumption of the electri-
cal energy in the world for the last
25 years has doubled and continues
to grow. Obviously, the higher effi-
ciency of the electrical energy use
will reduce consumption of non-
renewable natural resources and
diminish anthropogenic impact
on the biosphere. One of the ways
to raise efficiency of the energy
supply systems is to reduce elec-
trical losses when converting and
switching of electricity.

Nowadays, power electronics
devices are mainly manufactured
using the most accessible and
technologically familiar semicon-
ductor - silicon. Use of polytype
silicon carbide 4H (4H-SiC) as the
base material for power electronics
allows us to significantly enhance
efficiency of the power systems.
Unique electrophysical properties
of 4H-SiC (Fig.1) determine a possi-
bility of creating a new generation
power, pulsed, high-temperature
and radiation-resistant ECB on
its basis [3-6]. A higher avalanche
breakdown field strength in 4H-SiC
compared to silicon [7-9] allows of
increasing of the doping level of
the power device drift region and to
decrease its thickness, and, there-
fore, significantly lower resistance

compared to the silicon analog
and, as a result, resistive (static)
losses in it. Low resistance of the
active region allows of using high-
frequency unipolar devices based
on 4H-SiC instead of the existing
bipolar devices on silicon. This per-
mits us to increase an operating
frequency of power devices and use
smaller passive components. Low
static and dynamic losses in the
4H-SiC-based devices (also due to
a low concentration of the minor-
ity charge carriers), together with
high thermal conductivity and
maximum operating temperature,
make it possible to operate them
without forced cooling. The above
factors determine superiority of
silicon carbide power electronics
over silicon and allow to reduce
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Fig.2. Advantages of power 4H-SiC electronics in comparison
with Si (system level)

TOM YMCJIe M3-32 HU3KOM KOHIIeHTPALIUU HEOCHOBHBIX
HOCHTeJIel 3apsifia) B COBOKYIIHOCTH C BBICOKOK TeIlyI0-
IIPOBOIHOCTBIO M MaKCUMaJIbHOK pabouell TeMIlepary-
PO¥ II03BOJISIIOT OTKA3aThCSL M OT UX IIPUHYAUTEIBHOTO
OXJIa>KJeHHM . BollllellepedrcieHHBbIe PaKTOPHI OIIpe-
JeNsI0T IPeBOCXOACTBO KapbuoOKpeMHHEBOM CHJIO-
BOI 3JIEKTPOHUKHU HaJ, KpeMHUEBOH U JAIOT BO3MOK-
HOCTb CHU3UTh MacCy, 06beM, 371eKTpUYecKHe II0TepH
U CTOMMOCTb BCek CUJIOBOM cHcTeMsl (puc.2) [10].

Puc.3. YposeHb pazsumus mexHoaozuu ¢opmuposanus MAM
mpaH3ucmopos Ha ocHoge 4H-SiC u KpemHus

Fig.3. State of the art of the 4H-SiC and Si-based MIS-transistors
production technology

CoBpeMeHHBIH ypOBeHb Pa3BUTHA TEXHOJIOTHU
u3rorosaeHust MAII-TpaH3ucTOpoB Ha 4H-SiC MOXXHO
OLIEHHUTD I10 PHC.3, Ha KOTOPOM II0Ka3aHBbl I1apame-
Tpel MIII-TpaH3ucTOpoB Ha 4H-SiC u KpeMHUH,
BBIITYCKA@MBIX Pa3HBIMHU IIPOU3BOAUTENSIMH, U TEO~
peTuvecKue Ipefensl A1s YHUIIONSPHBX Npubo-
POB Ha OCHOBE 3THX MaTepHaJIoB. BUAHO, YTO TeXHO-
JIorvus u3rotosjaeHUss MAII-TpaH3UCTOPOB Ha KpeM-
HUU ucyepIiana cebs u 61aromapst psiay TeXHUIeCKUX

mass, volume, electrical losses
and cost of the entire power system
(Fig.2) [10].

Current level of the 4H-SiC MIS-
transistors development can be esti-
mated in Fig.3 where parameters of
4H-SiC and Si-based MIS-transistor
produced by various manufacturers
and theoretical limits of the unipolar
devices are presented. It can be seen
that the manufacturing technology
of silicon-based MIS-transistors has
exhausted itself and, thanks to a
number of technical and technolog-
ical solutions [11], even surpassed its
theoretical limit, while the technol-
ogy of 4H-SiC based MIS-transistors
requires further development,

despite a significant progress made
inrecent decades.

In this paper we present results
of the developments achieved in
St. Petersburg Electrotechnical
University "LETI" in the field of creat-
ing MIS-transistors based on 4H-SiC.
This work is aimed at studying a pos-
sibility of improving the technical
and operational parameters of tran-
sistors manufactured using the ion
implantation and vapour phase epi-
taxy technology, as compared with
those previously developed in [3, 5,
12].

For a long time the development
of SiC electronics was hindered by
absence of a technology for growing
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high-quality large-size SiC crys-
tals. Development of a new method
for growing bulk SiC crystals at
the Leningrad Electrotechnical
Institute (1978) by Yu.M.Tairov and
V.E.Tsvetkov on the basis of a mod-
ification of the Lely method (the
LETI method) [13] made it possible to
obtain large-size SiC substrates and
marked the beginning of the stage of
industrial development of SiC tech-
nology [14]. It is difficult to overes-
timate importance of this develop-
ment and its impact on the future of
all power electronics.

The chemical vapour deposition
(CVD) is the main method for grow-
ing high-quality 4H-SiC epitaxial
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Puc.4. NMapamempei SIGGCVD-mexHoA0zuu, 0becnevusarouue mpedyemeie Xapakmepucmuku 3nucaoes
Fig.4. Parameters of SiC prepared by CVD technology ensure necessary characteristics of epitaxial layers

U TeXHOJIOTUYeCKUX pelleHUH [11], maske IIpeB3olia
CBOM TeOpeTHUYeCKHUMU IIpesies, B TO BpeMsI KaK TeXHO-
norust MAII-TpaH3UCTOpPOB Ha ocHoBe 4H-SiC TpebyeT
IAIbHENINIero pasBUTHSI, HECMOTPS Ha CyIleCTBEHHBII
IIporpecc, JOCTUTHYTHIH B IIOC/IeIHHUE JeCTUIeTH .

B HacTosileH cTaTbe NpPeACTaBIeHbl Pe3ybTaThl
paspaborok CII6IITY "JISTHU" B obnacTu co3maHuUs
MJII-TpaH3ucTOpoB Ha ocHoBe 4H-SiC. Llenso paboTsl
SIBJISLIOCH KICCIIEIOBAHHE BO3MOSKHOCTH YIYUIIeHHS TexX-
HUYeCKHUX W 3KCIUIYaTallHOHHBIX [1apaMeTPOB TPaH-
3MCTOPOB, U3TOTOBJIEHHBIX C IPUMeHeHHeM TeXHOJIO0-
TMU MOHHOM UMIUIAHTAIIUHU U Ta30Pa3HOM SITUTAKCUU
I10 CPAaBHEHMUIO C pa3paboTaHHBIMU paHee B [3, 5, 12].

Jlonroe BpeMsi OTCyTCTBHE TeXHOJIOTUH BbIPAIlKBa-
HUS Ka4eCTBeHHBIX KPUCTILIOB SiC HonbInoro pasmepa
CILep>KUBaJIO pa3BUTHe SiC-3/IeKTPOHUKH. Pa3paborka
HOBOI'O MeTOJa BEIPAIMBAHHUS 00beMHBIX KPHCTA/IJIOB
SiC B JIeHHMHI PaJICKOM IeKTPOTeXHHUYECKOM HHCTUTYTe
(1978 r.) FO.M.TanpoBsIM U B.®.LIBeTKOBEIM Ha OCHOBE
mMonuduKauu Metona Jlenu (meton JIDTH) [13] mo3Bo-
nauiaa nony4darb SiC-mof/IoskKH 60JIBIIOTO paszmepa
Y 03HaMeHOBaJIa HavyaJIo 3Tarla MHAYCTPHAJIBHOIO CTa-
HoBjeHUS SiC-TexHonoruu (14]. TpyAHO IepeoLleHUTh
BasKHOCTbB 3TOM Pa3paboTKU U ee BIUSHUeE Ha bymylnee
BCeH CHJIOBOM JJIeKTPOHHUKH.

OCHOBHBIM CII0COOOM POCTa BBICOKOKA4eCTBEHHBIX
3MMUTAaKCHAIBHBIX CTPYKTYp 4H-SiC U3 ra3oBou dassl
SIBJISIETCS METOJ, XMMHYeCKOI0 ra30$pa3Horo ocaskgeHHs
(CVD - Chemical Vapor Deposition). IIpeuMy1ecTBOM
CVD-TeXHOJIOTHUH SIB/ISIeTCS TO, YTO B Ta3006pasHoM
COCTOSIHUH OTHOIeHHe Si/C MOKHO KOHTPOJIHPOBATh
B IIPOLIeCCe POCTa 3IIHCJIOeB.

BaxHenmen 3agaderd B SiC-CVD-3NHTaKCHH
sB/sieTCsl obecreyeHHe KauyecTBa 3IHC/I0EB B YaCTH
MIOJTUTUIIHOM PeIIMKAKU (CTabKIbHOI BOCIIPOU3BO-
OYMOCTH MOIUTHIIA IIOAIOKKH 3IIHCI0eM), MOPdOIo-
THH, YPOBHS JIETHPOBAHMSA U TOIIMHEL. JlaHHBIE [TOKa-
3aTe/IM CBA3aHbl C TEXHOJOrMYeCKUMHU IIapaMeTpaMHU
mpotiecca, KOTopble He06X04MMO KOHTPOIUPOBATh
(puc.4).

dnutakcus 4H-SiC IpoBOLUTCS IIPH BBICOKHX
TeMmmepartypax (1550...1750 °C) Ha mpeABapUTEeIbHO
HCKYCCTBEHHO OTK/JIOHEHHBIX OT 6a30BBIX KPHUCTA-
norpadruUecKUX IJIOCKOCTeM MoJIoXKax [15], uTo
JleaeT BO3MOXKHBIM Hacje[LoOBaHHe KPUCTaJJIH-
YeCKOM CTPYKTYPHl MOJJIOKKHU U IO3BOsIEeT H3be-
>KaTh BKJIIOYeHHS HUHBIX IIOJIMTHIIOB B BhIpallleH-
HOM 3mHucsoe. JlerupoBaHHe SiC-cjioeB B Xojle 3IH-
TaKCHH OCYILeCTB/ISeTCS BBeJeHHeM B peaKIHMOH-
HYI0 KaMepy IIPeKypPCOPOB JIETHPYIOLIUX IIPUMeceHr
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Puc.5. HanpsixxeHHocmb noasi 8 p-n-nepexode: NPT-nodxo0;
PT-nodxo0

Fig.5. Field gradient into p-n-transition: NPT-approach;
PT-approach

(Al oyist GopMHUPOBAaHUSA CJI0SI p-THIIA TPOBOJKMMOCTH
u N 115 GOpMHUPOBAHHUA C/I0F N-TUIIA) B IIHPOKOM
JUalia3oHe KOHIeHTpanui: 1-101,..2-101° cm™3 - nisg N
U 5-1014...5-1020 cm3 - guist Al

IToCKO/BKY IIOABUKHOCTD 3/1eKTPOHOB B 4H-SiC cy1ie-
CTBEHHO BBIIIE ITOJBUKHOCTH JBIPOK, Ha IIPAKTHKE

co3gaoT M/ITI-TpaH3UCTOPHL C N-KaHAJIOM, KOTOPBIH
HHAYLHPYeTcs B p-0671acTH, cOPMHPOBAHHOK MeTO-
JOM MOHHOU MMIUJIAHTALlUH. [IJIsl 3TOro Ha BBICOKOJIE-
THPOBAHHOMU IOJJI0OKKe N-TUIIa GOPMHUPYIOT SIIHUCI/IOM
33JaHHOM TOJILMHBI C OITpefie/IeHHOM KOHLIeHTPallher
a30oTa B COOTBETCTBHUM C PaCUYeTHBIM HaIlps>KeHHEeM
npobos. IIpu 5TOM [I/Is1 yMeHbIIeHHUS B 3ITHC/I0e KOJIH-
yecTBa AepeKToB, HacAeAyeMBbIX U3 IIOAJIOKKHY, CHA~
4ajia GOpMHUPYIOT TOHKUH 6ydepHBIH n*-c1ok [16].

TonmuHa apendoBor obmactu Wy M KOH-
LeHTpalHUs JerHpylolled NpUMecH B Hel Ny
PACCUUTHIBAIOTCS UCXOA S U3 HANPSIKeHUS IIpobost
Vy, mpoexktupyemoro MAII-TpaH3uCTOpa U HaIIps-
>KeHHOCTH I0JIsl TaBUHHOTO Mpobos MoNyIpoOBO-
OHHKa E ., KOTOpas 3aBMCHUT OT KOHUEHTPALIMHU
nerupylpomen npumecu [17, 18]. CymecTByeT ABa
IIOAX0MAa K pacyeTy 3TUX mapaMeTpoB: NPT-mogxon
u PT-monxon. .

ITpu NPT-niongxone Wy 1 Ny mof61paroTcst TaKMM obpa-
30M, 4TO6BI IIpU Ipoboe CTPYKTYPHI pacIpefesieHHe
I10J151 KMEJIO TPEYTOIbHYI0 GOpMY C MaKCMMAa/IbHBIM 3Ha-
YeHHeM HaIPs>KeHHOCTH T10J15 Ha MeTaJUIy PriudecKom
rpaHuLe p-I-TIepexofa, pABHEIM HaIlPSI>KeHHOCTH II0JIS
JIAaBUHHOTO I1po60st II0/TyIIPOBOAHMKA (pHC.5). [IpH 5TOM
IIOIIA/b TPEYrOJIbHUKA paBHA HaIPSyKeHUIO, [IPHJIO-
SKeHHOMY K MIII-TpaH3ucTopy. IIpH BBICOKKUX 3HaYe-
HUSIX HaIIPSOKeHHS ITPo60si KOHTAKTHOM Pa3HOCTHIO
IIOTEeHIIMA/IOB MOXKHO ITpeHebpeds, U B C/Iyyae Pe3Koro

NPT (Non Punch-Through) — 6e3 npokona apendosor 06nactu;
PT (Punch-Through) — c npokonom apendosoi 061actu.

structures from the gas phase. The
advantage of CVD technology is that,
in the gaseous state, the Si/C ratio
can be controlled during growth of
epitaxial layers.

The most important task in SiC-
CVD epitaxy is to ensure high qual-
ity of epitaxial layers in terms of
polytype replication (stable repro-
ducibility of the polytype of the
substrate by epitaxial layer), mor-
phology, doping level and thick-
ness. These indicators are associ-
ated with the technological param-
eters of the process, which must
be controlled (Fig.4). Epitaxy of 4H-
SiC is carried out at high tempera-
tures (1550... 1750 °C) on substrates

artificially deviated from the base
crystallographic planes [15], which
makes it possible to inherit the crys-
tal structure of the substrate and
avoid the inclusion of other poly-
types in the grown epitaxial layer.
During epitaxy, the SiC layers are
doped by introducing doping impu-
rities into the reaction chamber (Al
to form a p-type conductivity layer
and N to form an n-type layer) in a
wide concentration range: 1-10%...
2-101 cm™ - for N and 5-10%...
5-10%° cm™ - for Al. Since the mobil-
ity of electrons in 4H-SiC is signifi-
cantly higher than the mobility of
holes, in practice they create MIS-
transistors with an n-channel,

HAHO MHOVCTPHA Tom 11 Ne7-8 (86) 2018

which is induced in the p-region
formed by ion implantation.

To this end, a high-alloyed n-type
substrate of a given thickness is
formed by the epitaxial layer with
a certain nitrogen concentration
in accordance with the calculated
breakdown voltage. At the same
time, in order to reduce the number
of defects inherited from the sub-
strate to the epitaxial layer, a thin
buffer n*-layer is formed first [16].

Thickness of the drift region Wy
and concentration of the dopant
Ny in it are calculated based on the
breakdown voltage V; of the designed
MIS-transistor and the field strength
of the avalanche breakdown of the
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Fig.6. Calculation of the drift area parameters of unipolar devices according to NPT-approach and PT-approach: a - thickness of drift

area and concentration of impurities in it; 6 - resistance

HEeCMMETPUYHOIO P-N-IIepeXo/ia pacueThl TPOBOASATCS
B COOTBETCTBHUH CO CIeAYIONMMHE BBIPaskeHUSIMU [9, 17,
18] (puc.6, a):

— 8580]:‘§rit
2qy, v

2
u W, = /%Vb )
d

Ny

[IprBefleHHOe COIPOTUBJIeHHe AperdoBoi 0b1a-
CTH MOKHO HAaMTH U3 ypaBHeHHU s (pHC.6, 6):

W, 4V§
qp‘nNd 8‘C:OP‘nEsrit ’

3)

drift sp =

rzie 1, = Ly(Ny) - IO BHSKHOCTH 37IeKTPOHOB B Apelido-
BOM 0bacTu.

MUHUMH3AOUS [IPUBEIEHHOIO COIIPOTUBIIEHHUS
TPaH3UCTOpA SIBISIETCS BaKHOM 33/1a4eH, ITOCKOJIbKY

E . semiconductor, which depends
on the dopant concentration (17, 18].
There exist two approaches to calcu-
lating these parameters: the NPT-
approach and the PT-approach.

According to the NPT-approach,
W, and Ny are chosen so that at
breakdown of the structure the field
distribution has a triangular shape,
the maximum field strength in the
metallurgical p-n-junction bound-
ary being equal to the semicon-
ductor avalanche breakdown field
(Fig.5).

The triangle area is equal to
the voltage applied to the MOS-
transistor. At high breakdown volt-
ages, the contact potential difference

isnegligible, and in case of an abrupt
asymmetrical p-n-junction, calcu-
lations are performed in accordance
with the following expressions [9, 17,
18] (Fig.6, a):

_ £&EL 1)
2qV;

W, = 2e.£,V, )
qN,

The reduced resistance of the drift
area can be found from the equation
(Fig.6, b):

Ny

and

W, 4V

qp‘nNd B EsoPnEim ' (3)

Rdrift sp =

where i, = p,(Ng) - a mobility of elec-
trons in a drift area.

Minimization of the reduced
resistance of a transistor is an
important task, because low resis-
tance decreases the static losses
in the device or reduces its area,
which leads to cost reduction and
often gives a decisive competitive
advantage.

The PT-approach allows of reduc-
ing the drift area resistance at the
same breakdown voltage (or of
increasing the breakdown voltage
at the same resistance). In this case,
the parameters of the drift area are
selected in such a way (see Fig.6, a)
so that the field distribution has a
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HH3KOe CONPOTHBJIEHHE [103BOIsSeT CHU3UTh CTa-
TUYeCKHe IIOTepH B Npubope MIK YMEHBIIUTD €ro
IJIOMIab, YTO IPUBOJUT K CHUSKEHHUIO CTOMMOCTH
M 33a4aCTyIo flaeT ompefiensiollee KOHKYpeHTHOe
IIPerMYIIecTBO.

PT-monxof Mo3BOAsieT CHU3UTh COIIPOTHUBIIEHUE
I peridoBoH 06/1aCTH IPU TOM >Ke HaIIPSSKeHHH IIPo-
60s1 (MIK YBeJIMUUTH HAIlPS>KeHHe ITPobosi IPU TOM
>Ke COIMPOTHUBJIEHHMH). B 3TOM ciiydyae mapameTphl
nperidoBoi 061acTH moabupanTcs TaKUM 0bpasom
(cM. puc.6a), UTOOBI pacmpeneneHye MOIsT UMEJIO Tpa-
neLMeBUIHYIO dopMy (CM. pHUC.5), IpruyeM HallpsiKeH-
HOCTb 110715 E; B p-n-miepexope "nperidpoBas obmacTs -
IIOJITIOKKA" IOJISKHA COCTABISITH 1/3 OT HAIIPSISKeHHOCTH
I0JIS1 Ha MeTa/UTypPruyeckor TpaHHUIle p-N-Tiepexoaa,
paBHOM E_ ;.. JaHHOe yC/IOBHe COOTBETCTBYeT MHUHHU-
MyMy QYHKLUH Ryyif o (S), THe 8 =Ey/E, [18]:

El = SEcrit = Ecrit_ M (4)
8580

V, =TWIE,,, +sE,,)

b~ 2 crit +S crit (5)
OTKYyAa
EsEOEZ it 2
- ait (1-g
\%Y 4v?
R, (8)=—24 = b .

u drlftsp( ) q}lnNd EsgounE3 (1 +S)(1 _SZ) (7)

crit
Takum 06p330M, HpI/I 3da1daHHOM HaHpH)KEHI/II/I
HPOGOH OJOCTHUTIaeTCsd MUHHMaJ/IBHOe COHPOTI/IBHEHI/IG

nperidoBoil 0b1acTH, KOTOpoe Ha ~15% HUKe, 4eM
COITPOTHBIIEHHUE APeHdOBOI 06J1aCTH, CIIPOEKTHPO-
BaHHOM B paMKax NPT-mogxoza (cM. puc.66).

[TapaMeTphl AperidoBOI 0671aCTH C PAaCYETHBIM
HanpsiskeHHeM 1pobos 1200 B:

Ng-1,5-10" eM73, Wg ~ 9,2 MKM, Ryyife sp ~ 0,39 MOM - cM?
(NPT-mmomxom);

Ng-1,3-10% cm7, Wy ~ 7 MKM, Ry sp ~ 0,34 MOM - cM?
(PT-momxom).

Ha npakTuke HeobXoIHMO IIpelyCMOTPETh HEKOTO-
PBIF 3aIlac 110 HAIPSIKeHHUIo Mpobos M3-3a HATUYHS
IedeKTOB B KPUCTAIHNYeCKON CTPyKType 4H-SiC,
BO3MOKHBIX OTK/JOHEHHH TOJLHUHB AperndoBOU
06J1aCTH M KOHLIEHTPALIMU IIPUMeCH B HeH OT pac-
YeTHBIX 3HaUeHUN. [peridpoBas 06/1acTh U3TOTOB-
neHHoro MJII-TpaH3ucTopa 6blIa CIIPOEKTUPO-
BaHa B paMKax PT-mogxoma Ha HalpsskeHHe IIPO-
6051 ~2000 B C Ryyif p~1,1 MOM - cM? (Ng- 7-10% cm3,
W4~13 MkM). JIperidoBasi 061acTh, CIPOEKTHPOBAH-
Has Ha TO Xe HampskeHHe B pamKkax NPT-moxaxona,
cocTaBisi/a Obl BEMTUYUHY Ryrif op ~1,3 MOM - CM?2.

Kpome dopmupoBaHus LperdoBom obna-
CTH, TeXHOJIOTHS 3MHUTaKCHAaJbHOTO pocTa 4H-
SiC Mo>KeT OBITH MCIIOJNIB30BAaHA /s 3arnybIeHus
KaHaja TpaH3ucTopa. Ilo pe3yibTaTaM MoOJeau-
poBaHus B mporpaMmMHoOM Inakete Medici TCAD
6b11H CPOPMUPOBAHEI [1Ba SIIHC/I0SL: HUKHHUM CJI0K
n-THIIa TOJIKHOM 50 HM C yPOBHEM JeTMPOBaHUS
1-10Y cM™3 1 BepXHUHU CJIOH P-THUIIA TOALMIMHOM 50 HM

trapezoidal shape (see Fig.5), and the
field strength E, in the p-n-junction
"drift area - substrate" should be 1/3
from the field strength at the metal-
lurgical boundary of the p-n-junction
equal to E_;;. This condition corre-
sponds to the minimum of the func-

tion Ryyif op(S), Where s =E/E ., [18]:
El = SEcri[ = Ecrit_ M (4)
8580
1
Vb - EW(Ecrit + SEcrit) (5)
wherefrom
2
N = Efoba (g ()
20V,

and

\%Y
Rdrift sp(s) :ﬁ = (7)

_ 4vy
- ESEOPHEzrit(l +S)(1 _Sz)

Thus, at a given break-
down voltage, the minimum
resistance of the drift area is
achieved, which is ~ 15% lower
than the resistance of the drift
region designed in the frame-
work of the NPT-approach (see
Fig.66).

The parameters of the drift
region with a calculated break-
down voltage of 1,200 V:

HAHO MHOVCTPHA Tom 11 Ne7-8 (86) 2018

Ng~1,5-10% sm™3, Wy ~ 9,2 pum,
Ryrifisp ~ 0,39 mQ-sm? (NPT-approach);

Ng-1,3-10%° sm™3, Wy ~7 pm,
Rysifesp ~ 0,34 mQ-sm? (PT-approach).

In practice, it is necessary to pro-
vide for some margin of the break-
down voltage due to presence of
defects in the 4H-SiC crystal struc-
ture, possible deviations of thickness
of the drift area and impurity con-
centration in it from the calculated
values.

The drift area of the manufac-
tured MIS-transistor was designed
as part of the PT-approach for a
breakdown voltage of ~ 2000 V
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Puc.7. Cmpykmypa akmugHol obaacmu MAM-mpaH3ucmopa c 3a2ay6AeHHbIM KAHAAOM
Fig.7. Structure of the active area in MIS-transistor with buried channel

with Ry op ~ 1.1 mQ-cm? (Ng
~7-10% cm™3, W4 ~13 pm). The drift
region, designed for the same volt-
age within the NPT-approach,
would be Ryif ¢p ~ 1.3 mQ-cm?. In
addition to the formation of the
drift area, epitaxial growth tech-
nology of 4H-SiC can be used to bury
the transistor channel. According to
the simulation results, two epitax-
ial layers were formed in the "Medici
TCAD" software package: an n-type
lower layer 50 nm thick with a dop-
ing level of 1-10V cm™ and a p-type
upper layer 50 nm thick with a dop-
ing level of 2-10' cm.

The structure of the active area
of the power MIS-transistor with a

buried channel is shown in Fig.7.
The insets show the concentration
profiles of the dopant in the cor-
responding cross sections of the
structure. In accordance with the
simulation results, an n-type epi-
taxial layer in the channel area
must be completely depleted due
to the upper p-type epitaxial layer
and the high-alloyed p-region,
and such a MIS-transistor must
be locked at zero gate voltage.
Formation of the buried chan-
nel by growing epitaxial layers on
a high-doped p-region allows us
to significantly increase mobility
of the charge carriers in the tran-
sistor channel by reducing the

Coulomb scattering of free charge
carriers on charged traps, since
the electron current flows further
from the 4H-SiC/SiO,. The higher
mobility of the charge carriers is
also due to the fact that the SiC
layer doped during epitaxy has
no defects resulting from the
bombardment of the SiC surface
with high-energy Al ions dur-
ing formation of the high-alloyed
p-region by ion implantation.
The power vertical MIS-transis-
tors with a buried channel (BQ)
and without (N,0O) were formed
from an array of hexagonal cells
and floating guard rings located
around the device perimeter, in

VoL.11 No. 7-8 (86) 2018 NANO INDUSTRY
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Puc.8. M3zomoeneHHbil cunosoli MAM-mpaH3ucmop Ha 4H-SiC:

a - ¢omozpagus; 6 — PIM-u306paxkeHue s4eliku mpaH3ucmopa
(06pazeu, nodzomosneH npu nomowiL GoKycupyemozo UOHHO20 Ny4Kd)
Fig.8. Fabricated power MIS-transistor based on 4H-SiC:
a-image; 6 - SEM-image of transistor cell (sample prepared with
focused ion beam)

C ypoBHeM JerupoBaHus 2-101° cm™3. CTpyKTypa
AKTUBHOM obnacTu cuisoBoro MAII-TpaH3uCTOpa
c 3arnybIeHHBIM KaHaloM H306paskeHa Ha pHUC.7.
Ha BcTaBKax npeacTaB/IeHBl NIPOQUIHN KOHIEH-
TpPallUHU JIeTHPYIOllel NPUMeCH B COOTBETCTBYIO-
IUX CeYeHHUAX CTPYKTYphl. COracHO pes3yabTa-
TaM MOJe/JHPOBAaHHUS, 3MUCAON N-THUIA B 0bya-
CTH KaHaja AO0JKeH ObITh IIOJHOCTbIO obeqHeH
3a CYeT BePXHEro 3IMCJION P-THUIIA U BBICOKOJIET K~
pOBaHHOM p-obimacTu, a Takon M/II-TpaH3UCTOP
IOJIKeH OBITH 3aIlepT IIPHU HYJIeBOM HAIPS>KeHUH
Ha 3aTBope.

dopMupoBaHUe 3arnybleHHOro KaHaua IMyTeM
BbIpalllMBaHM S 3IIMC/I0EB Ha BBHICOKOJIETHPOBAHHOU

p-oby1acTu MO3BOJSIET CYLIeCTBEHHO yBETHUUYUTD 10/~
BHMJKHOCTb HOCHTe/IeH 3apsija B KaHajle TPaH3HCTopa
3a CUeT CHUIKEHHU S KYJIOHOBCKOTO paccestHUS cB06of-
HBIX HOCHUTe/IeH 3aps/ia Ha 3aPSIKeHHBIX JIOBYIIKAX,
IMOCKOJIBKY 3JIEKTPOHHBIM TOK IIPOTeKaeT AaJjiblle
OT rpaHUILB pasgena 4H-SiC/Si0O,. YBenuueHHe
MOABHMKHOCTH HOCHTeJIel 3apsija TaKKe CBSI3aHO
C TeM, YTO JIeTMPOBAHHBIH B XOZe 3IUTAKCHUU CJI0U
SiC He uMeeT AedeEKTOB, 06p330BaBH.II/IXC£[ BCIen-
cTBue 6oMbapaHPOBKHU ITOBEPXHOCTH SiC BBICOKO3-
HepreTU4YeCKUMHU HOHaAMHU Al mpu dopMupoBaHUU
BBICOKOJIETMPOBAHHOM p-0671aCTH METOOM HOHHO
MMIIJIAaHTALI KU,

CuoBble BepTHKaJabHbie MIII-TPpaH3UCTOPHI
c 3arnybneHHBIM KaHanoM (BC) u 6e3 (N20) 6p11u
cGOpMHPOBaHB M3 MaCCHBa IreKCaroHalbHBIX
g4eek Y IJIaBAIOIIKX OXPAaHHBIX KOJIell, pacIiojio-
SKeHHBIX I10 IIepUMeTPy Iprubopa, B COOTBETCTBUU
c pa3paboTaHHOU paHee ToIonoruew [12]. S4yerika
TPaH3KUCTOpa MMeJla MIUPHUHY 13 MKM IIpU JJIKMHE
KaHana 1 MKM u mupuHe JFET-o61acTu 3 MKM.
M306paskeHHUs] OJHOTO M3 M3TOTOBJEHHBIX CHJIO-
BhIX MII-TpaH3KUCTOPOB IIpUBEAEHB Ha PHUC.8.
ITog3aTBOPHBIN AHU3JIeKTPUK ObIT cGOPMUPOBAH
MeTOJOM TepMHYeCKOTO OKHC/IeHHUs B aTMmochepe
N,O.

M3roToB/ieHHbIe TPAH3UCTOPHBIE YUIIBI, COCTOS-
mue 13 ~37000 g9eeK ¥ UMeIOIIHe III0INaAb aKTHB-
HoM ob6sacTH ~5,4 MM?, 6BIIM YCTAHOBJIEHBL B KOP-
nyc KT-105-1 ¢ mocnenymomel pa3BapKoH BHIBO-
Z0B. BrIXOmHbBle XapaKTePUCTHKH KOPIIYCUPOBAH-
HBIX IPUOOPOB IIpHBeeHBl Ha puc.9. [IpuBefeHHOe

accordance with the previously
developed topology [12]. The tran-
sistor cell had a width of 13 pm ata
channellength of 1 pm and a JFET
width of 3 pm. Images of one of
the manufactured power MIS-
transistors are shown in Fig.8.
The gate dielectric was formed
by thermal oxidation in N,O.
atmosphere.

The manufactured transis-
tor chips, consisting of ~37,000
cells and having an active area
of ~5.4 mm?, were installed into
a KT-105-1 case with subsequent
unwinding of the leads.

Output characteristics of the
enclosed devices are shown in

Fig.9. The reduced resistance of
Rys(om) sp transistors equaled 23.8
and 7.3 mQ-cm? for N,0 and BC
transistors, respectively. The BC
transistor is capable of switching
a current up to 83 A in a pulsed
mode (with Vg =20V and Vg =
20 V), which corresponds to a cur-
rent density of about 1,500 A / cm?
and is associated with its low
resistance in the "switched on"
State.

CONCLUSIONS

Thus, vapour phase epitaxy
of silicon carbide processes
make an integral component of
the technological route when
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manufacturing power MIS-
transistors on 4H-SiC at a stage
of creating the basic epitaxial
n-n* structure that provides for
the required breakdown voltage
and optimum resistance of the
drift region. The channel bury-
ing technology, implemented
by the CVD-growth method of
4H-SiC epitaxial layers in the p*
region, can significantly reduce
resistance of the transistor in the
"switched on" state. |

The research was made with the
financial support of The Ministry of
Education and Science of the Russian
Federation (project No. 03.G25.31.0243).
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Fig.9. Output characteristics of the packaged power
MiIS-transistors

COIIPOTHB/IEHHE TPAH3UCTOPOB Ry(op) sp COCTABHUIIO
23,8 u 7,3 MOM-cMm? g TpaH3ucTopoB N20 u BC
cooTBeTCTBeHHO. TpaH3ucTtop BC criocobeH KoMMYy-
TUPOBATh TOK 10 83 A B UMIIyJIbCHOM peskuMe (IpHU
Vgs =20 B 11 Vg5 = 20 B), 4TO COOTBETCTBYeT IIJIOTHOCTH
TOKa 0K0JI0 1500 A/cM? 1 CBSI3aHO C €r0 HU3KUM COIIPO-
THUBJIEHHEM BO BK/IIOYEHHOM COCTOSIHUH.

3AK/IIOYEHUE

Takum obpasom, mpoluecchl ra3oba3HoOHN 3MUTAK-
cuu Kapbuga KpeMHHUS SBJISIIOTCS HeOoTbeMJle-
MOH COCTaB/SIIOEeHN TeXHOJOTHYeCKOro Mapll-
pyTa HU3roToBJ/IeHUS CUJIOBBIX M/II-TpaH3UCTOPOB
Ha 4H-SiC IIpU CO3TAaHUHU 6230BOM 3MUTAKCHUAID-
HOM N-N*-CTPYKTYpHl, obecreunBaomen Tpebyemoe
HaIpsikeHHe IIPo60s U ONTHMAaIbHOE COIIPOTHUBIIE-
Hue gpeiidoBoli obmactu. TexHOIOrUs 3arnybneHUs
KaHaJa, peanusyeMas metomom CVD-pocta 4H-SiC
3IIHCI0eB Ha p*-06/1acTH, [I03BOJSIET CYILIeCTBEHHO
CHM3UTb COITPOTHBJIEHHE TPAH3UCTOPA BO BKIKOYEH-
HOM COCTOSTHHH.

Paboma ebinoaHeHa npu GuHarcosoil noddepskke MuHobpHayku
P, npoexm N 03.G25.31.0243.

JIUTEPATYPA / REFERENCES

1. Enerdata. World energy statistics [31eKTpoHHBII
pecypc]. URL: http://www.enerdata.net.

2. MexayHapomHOe S5HepreTHieckoe areHCTBO [J/1eK-
TpOHHBIN pecypc]. URL: http://www.iea.org.

3. JlyunHHH B.B. TeXHO/IOTMH IIPEBOCXOACTBa. Kap-
6ug kpeMHHSI. HaydHO-TeXHOTOTHMYeCKHUH CTaTyC
JI9TH // HaHO-MUKpOCHUCTeMHas TeXHUKa. 2016.
T.18. Bei. 5. C. 259-271.

10.

11.

12.

13.

14.

15.

16.

17.

18.

JlyauuHuH B.B. OteuecTBeHHas SKCTpeMajibHast
9KB: KkapbumokpeMHHeBas HHAycTpusi CIIOIITY
"JISTU" /| Hanounpyctpusi. 2016. T. 65. Baim. 3.
C. 78-89.

JlyunuuH B.B. OredecTBeHHas 3SKCTpPeMasbHast
9KB: KapbumoxpeMHHUeBass HHAycTpusi CII6IITY
"JISTU" // Hanounpyctpusi. 2016. T. 66. Boim. 4.
C. 40-52.

AdanaceeB A.B., HnpuH B.A., Kazapun H.T.,
ITetpoB A.A. HccnenoBaHUSI TePMHYECKOM CTa-
O6UIPHOCTH M PaJUALIIOHHOM CTOMKOCTH [JHO-
noB IIIoTTKK Ha OCHOBe Kapbuaa kpeMmHus // XKTO.
2001.T. 71. Beim. 5. C. 78-81.

Ionization rates and critical fields in 4H silicon
carbide / Konstantinov A.O. et al. // Appl. Phys.
Lett. 1997. Vol. 71(1). P. 90-92.

Chynoweth A.G. Ionization rates for electrons and
holes in silicon // Phys. Rev. 1958. Vol. 109(5).
P. 1537-1540.

Sze S.M., Ng K.K. Physics of semiconductor
devices, 3rd ed. Hoboken, NJ, USA: John Wiley &
Sons, Inc., 2006. 832 p.

Cree [dnexrponHbIl pecypc]. URL: http://www.
cree.com.

Ye H., Haldar P. Optimization of the porous-silicon-
based superjunction power MOSFET // IEEE Trans.
Electron Devices. 2008. Vol. 55(8). P. 2246-2251.
AdaHacreB A.B., HnpuH B.A., JlyuuHuH B.B.,
MuxamioB A.U., Pemanos C.A., Schoner A. Ore-
YecTBeHHasi  KapOUJOKpeMHHeBas  37eKTPOH-
Hasg KOMIIOHeHTHas 6asa - cuioBom SiC MIII-
TpaH3HUCTOp // HaHO-MHKPOCHCTeMHasl TeXHHUKA.
2016. T.18. Beim. 5. C. 308-315.

Tairov Y.M., Tsvetkov V.F. Investigation of growth
processes of ingots of silicon carbide single crystals //
J. Cryst. Growth. 1978. Vol. 43(2). P. 209-212.
JIyauHuH B., Taupos 0. OTeuecTBeHHBIN IOy~
ITPOBOJHHUKOBBIM KapbuJ KpeMHHS : LIar K ITapH-
TeTy // CoBpeMeHHas JJeKTpoHMKa. 2009. T. 7.
C. 12-15.

Matsunami H., Kimoto T. Step-controlled
epitaxial growth of SiC. High quality
homoepitaxy // Mater. Sci. Eng. R Reports. 1997.
Vol. 20(3). P. 125-166.

LaViaF., Camarda M., La Magna A. Mechanisms
of growth and defect properties of epitaxial SiC //
Appl. Phys. Rev. 2014. Vol. 1(3). P. 31301.
Kimoto T., Cooper J.A. Fundamentals of silicon
carbide technology: growth, characterization,
devices and applications. Singapore: John Wiley &
Sons, Inc., 2014. 400 p.

Baliga B.J. Fundamentals of power semiconductor
devices. Boston, MA: Springer US, 2008. 1069 p.

VoL.11 No. 7-8 (86) 2018 NANO INDUSTRY



