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Kak 6b1/10 OTMeYeHO B nepBoi Yactu ctatbm (cM.: HaHouMHAycTpus, 2016, Ne 3(65), c. 78—-89), Hanbonee
BOCTPe60BaHHOW TEXHOJIOrMYEeCKON BO3MOXKHOCTbIO MpU CO3AaHUM NpubopoB Ha SiC no abcosnoTHO
OOMUHMPYIOLLEN 3MUTAKCMANIbHOW TEXHOJIOTUM SIBASIETCS CMEeHa Tuna Jiervpylowen npumecu
B pOCTOBOM peakTope 6e3 ero "pasrepmeTusauun”’ HenocpeacTBEHHO B MpoLecce 3MUTakCcUaibHOro
pocta. UMetowmincs y JIDTU coBpeMeHHbIV 3NUTaKCUasibHbIA peakTop NO3BOJISIeT peasin30BaTb AaHHbIN
npouecc, BK/1to4as aBTOMaTUYeCKyHO 3arpy3ky NoA/1oxeK.

As noted in the first part of the article (see Nanoindustry, 2016, Vol. 3(65), pp. 78-89), the
most popular technology when creating SiC-based devices using the absolutely prevalent
epitaxial technology is changing the type of adding impurity in the reactor without its
"decompression”, directly during the epitaxial growth. The modern epitaxial reactor owned
by LETI enables this process, including the automatic loading of substrates.

eobxonrMocTh GopMHUPOBaHUS B Poccuu Kap-

OULOKpeMHUEBON HHAYCTPUU KaK OLHOLO

M3 [IPUOPHUTETHBIX HAaIlpaBJIeHUH IIpPU pellle-
HHH 337a4 UMIIopTo3aMeleHu s Kb u obecrieueHuU g
[IapyUTeTa B TeXHOJOTUAX, OIpee/IsoKuX HaydHo-
TeXHOJIOTHYeCKyI0 KOHKYPEeHTOCIIOCOOHOCTh U 6e3-
OIIaCHOCTb TOCYAAPCTBA, He BhI3bBIBA€T COMHEHHH.
PaccMOTPUM KOHKYPEHTOCIIOCOOHBIE Pa3paboTKU 3KC-
TpemasnbHoM KB Ha SiC, BrIIIoHeHHBIE B JIDTH.

3KB CU/I0BOV MMMY/IbCHOW
BbICOKOBO/IbTHOM 3/IEKTPOHMKM
B coBpeMeHHOM 3apy6eskHOM I0yIIPOBOJHHUKOBO
WHIYCTPUU KapOu[ KpeMHUS IIPOYHO 3aHS/I HUIILY
MaTepHaJja CHU/I0BOH BBICOKOBOJIBTHOM 3/IeKTPOHHUKH.
B oTeuecTBeHHOU MPaKTHKe TaKKe NeKIapHUpyeTcs
IOSIBJIeHHe KapOUIOKPeMHHUEBBIX CHJIOBBIX MOAYTIeH,
OITHAKO /IO CUX I10p 6a30BbIe 3IeKTPOHHBIE KOMIIOHEHTBI
SIBJISIIOTCS] 3aMMCTBOBAaHHBIMU H3-3a pybeska, I103ToMy
JaHHBle KOHCTPYKTHBHO-TEeXHOJIOTHYeCKHe pPellleHUs
HeJIb34 IPH3HaTh HMIIOPTO3aMeIla IOl IMH.
[IpMeHHTeIbHO K CO3/IaHUIO peabHOM COOCTBeH-
HOH KapbupmokpeMHHeBoH JKB ciegyeT OTMeTUTH
OKP, peanusyemylo 110 3akasy MuHmopomTopra PO,
"Pa3paboTKa 1 OCBOEHHE ITPOU3BOJCTBA THHUH KOMMY-
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THUPYIOLIMX 37IeMEeHTOB C HAHOCeKyHAHBIMH U ITHKOCe-
KyHIHBIMU BpeMeHaMHU IMePeK/II0YeHUs U pabouuMuU
HanpsskeHUssMU 30-3000 B" (mudp "Anmapart 10").
Ba3oBas KOHCTPYKTOPCKO-TeXHOJOrH4YecKkas paspa-
60TKa 6bl/1a BBIIIOIHEHA B LleHTpe MUKPOTEeXHOIOTH
Y AUarHoCTUKY CII6IOTY (JIDTH), 2 OCHOBHBIM pe3yiIb-
TaToOM paboThl SIBISeTCS OpraHU3aLus B PocCUU Ha
6aze OAO "CBeTnaHa" CepHHHOrO BBIIIYCKa IIPHO6OPOB
CHUJIOBOK BBICOKOBOJIBTHOM 3JIEKTPOHUKH Ha Kapbume
KpeMHHUS.

IperidoBrle AHOABI C PEe3KUM BOCCTAaHOBIE-
HueM (IJPB, DSRD - drift step recovery diodes),
Mpea/oKeHHble TPYIIIOM COBETCKUX yueHbIx OTHU
um. A.®.Modde [1] u peanuszoBaHHBble BIIepBhHIe
Ha KPeMHHUH, 10 HACTOSIIIEr0 BpeMeHH SIB/ISIOTCS Hau-
6oree OBICTPLIMHU IONTYIIPOBOSHUKOBBIMHU KJIIOUAMH.
BpeMs mepek/I0ueHHUs OmpeienseTcs IpoleccaMu,
NPOUCXOASIIUMHE B 6a3e quoza, rae GopMupyercs
3/IeKTPOHHO-ABIPOYHAS [1JIa3Ma, U 3aBUCUT B IIePBYIO
odepesb OT TONIIMHEI 6a3bl K HACHIIEHHOM CKOPOCTH
nperida OCHOBHBIX HOCHTeNIeH 3apsiga. [lyis peanu-
3aLIMU BBICOKOBOJIBTHOTO CHIBHOTOYHOI'O0 UMIIYJIbC-
HOTO pe>kKHMa IlepeK/IoyaTesisi BaXKHBI TAK>Ke TaKHe
IapaMeTphl MaTepHana, Kak IpobruBHas HallPSKeH-
HOCTb 3/IeKTPUYEeCKOTO I10/151, YPOBeHb JIETUPOBAHU
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Puc.1. Cunosbie MAM mpax3ucmopnl Ha 4H-SiC: a - cedeHue mpaH3ucmopa; b — 2zekcazoHanbHas s4elika MpaH3uCmMopHoOU CMpyK-

mypbl; ¢ - 8HelWHUL 8Ud mpaH3ucmopa

Fig.1. MIS power transistors on 4H-SiC: a - cross section of the transistor; b — hexagonal cell of the transistor structure; c —appear-

ance of the transistor

U pacrpefieneHue npumecei B 6ase, a TakKe BpeMsi
SKM3HU HepaBHOBECHBIX HOCHUTesIeH 3apszaa B 6ase
nuogna. [TocienHee CBSI3aHO C TEM, UTO IIPH KOPOTKOHM
HMMITYJIbCHOM IBYCTOPOHHEN HHKeKIIUHU B 6a3y HOCH-
TeJIU He ycIeBaax 6bl peKOMOHMHHPOBATH 10 MOMEHTA
VX BbIBeZIeHU s 13 6335l IPH [TePEKTIOUEHUH.

[To KOMIIJIeKCY BbIIIeyKa3aHHBIX IIapaMeTpOB,
IIMPUHEe 3aMpeIleHHON 30HH U, 6e3yCI0BHO, TEIIo-

IIPOBOAHOCTH, OIpefelsollell TellJOBble IIPeuMy-
IeCTBa MaTepuasaa M, Kak CJIie[fCTBUe, IIOBhIIIeHHE
TaKTOBOK YaCTOTHI CIe[JOBAHHUS HMITY/IbCOB, Kapbun
KpeMHHUs 6o/ee yeM Ha MOPSIIOK IIPEeBOCXOAUT KpeM-
HMI U YCTyIIaeT TOIBKO aIMa3y.

O6pa31_u>1 OJPB, co3gaHHBIe 110 3IIHUTAKCHUAb-
HOI TeXHOJOrHHU Nn*-p-p* (puc.l) U peasn30BaHHBEIE
C ABYMSI BUJAMHU 3aIIUTHL OT IIpo6os (TpaHIIeHHOTO

ere is no doubt that the develop-
ment of silicon carbide industry
is crucial for Russia as one of the
priorities for solving the problems of
ECB import substitution and ensur-
ing the parity in technologies that
define the country’s scientific and
technological competitiveness and
security. Let us have a look at some
competitive solutions of extreme SiC-
based ECB developed by LETI.

ECB IN POWER IMPULSE
HIGH-VOLTAGE ELECTRONICS

In the modern foreign semi-con-
ductor industry, silicon carbide has
firmly occupied the niche of a mate-
rial used in power high-voltage

electronics. In the local practice, the
producers have also announced the
manufacture of silicon-carbide power
modules. However, the basic elec-
tronic components are still imported
from abroad. Therefore, these techno-
logical solutions cannot be regarded
as import substitution.

As for the creation of a real domes-
tic SiC ECB, it is worthy to note the
design and development work carried
out under the order of the Ministry of
Industry and Trade of the Russian
Federation, "Development and
expansion of switching elements pro-
duction with nanosecond and pico-
second switching periods and work-
ing voltages of 30-3000 V" (encoded

as "Apparatus 10"). The basic design
solution was developed by the Center
of Microtechnology and Diagnostics
at Saint-Petersburg Electrotechnical
University (LETI), and the main
result of the work was organizing
mass production of SiC-based power
high-voltage electronic devices by
OJSC "Svetlana" in Russia.

Drift step recovery diodes (DSRD)
proposed by a group of Soviet sci-
entists from Ioffe Institute [1] and
implemented for the first time
using silicon have until now been
the fasted semiconductor switches.
The switching time is determined
by the processes occurring in
the diode base, which creates an
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M Me3aCTPYKTYPHOI'O THIIOB) UMeIOT paboure Hamps-
SKeHHU s 10 2 KB 1 cybHaHOCeKyH/IHBIE BpeMeHa Iepe-
k1o4deHus (600-900 1Ic) IpU CKOPOCTH HapacTaHUS
uMIyabca HanpskeHus (dU/dt) 3-5 B/mc. IIpsimoe
najileHHe HAINPSKeHUS HAa AUOAHOM CTPYKType
He IIpeBBIIIaeT 3 B, a 06paTHBIM TOK IPU IJIOMAAHU
YuIa 4 MM? HaXOOUTCs Ha ypoBHe 1078 A, VBennueHUe
pabounx HanpsikeHHH 6osee 10 KB mocturaercs dpop-
MHPOBAaHHEM BBICOKOBOJIBTHOM COOPKH ITPH COXpa-
HeHHUHU CyOHAHOCeKYHJIHBIX BpeMeH IepeKII0YeHH s
npubopa [2].

3KB CUI0BOW TPAH3UCTOPHOW NIEKTPOHNKH
3HAYUTENbHOM BEXOH B Pa3BUTHUHU OTedeCTBEHHOU
TeXHOJIOTHH IOy pOBOJHKUKOBOro SiC cTano cos3ma-
HHe B CII6BI'OTY mosneBoro TpaH3UCTOPA C M30IUPO-
BaHHBIM 3aTBOpoM (MOSFET) Ha Kapbuje KpeMHUS
Kak 6a30BOro yCHJIHTeNbHOro 31eMeHTa KB A4 3Kc-
TpeMaJ/IbHBIX PeSKMMOB U YCJIOBHUH 3KCII/IyaTallHuH.

B KpaTKOCpo4YHOH IepcleKkTHBe cujoBele MII-
TPaH3KUCTOPHl Ha Kapbuae KpeMHUS HoAUTHUIIa 4H
CIIOCO6HBI 3aHSTh CBOIO HUIIY B 06/1aCTH CH/IOBBIX
3/IeKTPOHHBIX CHUCTeM 6y1aromapsi COueTaHHUIO BBICO-
KHUX pabounx HaIlpsIsKeHUH I1Ppobosi, HU3KOIo COIIpo-
THUBJIEHUS] aKTHUBHOM 06/1aCTH, BBICOKOM IIJIOTHOCTH
KOMMYTHPyeMOH MOLIHOCTH U HHU3KHX II0TePb [IPH
IepeK/IOUYeHHH, a TAaK>Ke JOCTaTOUYHO BBICOKMX pabo-
Yel YaCTOTHI M TeMIIePAaTyPhl IKCIIyaTalluH.

CeyeHMe CIIPOEKTHUPOBAHHOIO M PeaJl30BaHHOIO
BepTUKaAbHOro M/AII-TpaH3uCTOpa H300paskeHO
Ha puc.la. AKTHBHOM YacTbi0 IIPU6OPA SIBISETCS HU3-
KOJIeTHPOBAHHBIN N-CJIOK CO COOPMHPOBAHHBIMH

B HeM p-, n*- u p*-obnactamu. O61acTh p* BHIIIOJ-
HsIeT PoJIb KOHTAKTa K p-0671acT U GOpMHUpPYeTCs s
BBIPABHUBAHMS IOTeHIIMATA MeXAY p*-061acThio
U uctokoM (M) A/1si HeHMTpaJM3aLUK Iapa3sUuTHOIO
N-p-N-TPaH3UCTOpa. B OTKPBITOM COCTOSIHUH, KOTZa
Ha 3aTBOP (3) IpUJIOKEHO [10/IOKUTeIbHOe HallpsiKe-
HMe OTHOCUTE/IBHO UCTOKA, TOK IIPOTeKaeT yepe3 KOH-
TaKT K UCTOKY, *-06J1acTh, KAHAJ TPAH3UCTOpa, J-FET-
0671acTh, OTPAaHUYEHHYIO JBYMS pP-N-IIepexoJaMHu,
HH3KOJIETMPOBAHHYIO IperioByI0 06/1aCTh, BBICOKOIIE-
THPOBAHHYIO MOJJIOKKY U KOHTAKT K CTOKY (C).

slyeriKa TpPaH3UCTOpPa MMeeT reKCarOHA/IbHYIO
dopmy (puc.1b) ¢ mnuHOM KaHana 1 MKM u J-FET-
0671aCTBIO IIMPUHOM 3 MKM, a IIHPHHA 00/1acTH Iepe-
KPBITHS 3aTBOPa U N*-06/1aCTU MUCTOKA COCTaBIsIeT
1MxM. TpaH3ucTOp CGOPMHPOBAH K3 MaCCHBA reKca-
TOHAJIBPHBIX Y€K U 'TIIABAIOIIMX ' KOJIell I10 TepruMe-
Tpy nprbopa, obecrednBaOMIUX IIABHBIK TPaJHeHT
HaIpsKeHHOCTH I0/151 Ha IeprudeprH, UTO [103BOJISIeT
136ekaTh [IOBEPXHOCTHOrO IIpobos.

KiroueBoM 1po6sieMor TP CO3aHUHU OBICTPOeH-
CTBYyIoero cujaoBoro MAII-TpaHsucTopa Ha 4H Kap-
bue KpeMHHS C HU3KHUM COIIPOTHBIeHHEM KaHaJa
SBJISIIOTCA 71eKTpHUYecKue CBOMCTBA I10[3aTBOPHOTO
IU3eKTPUKA U IpaHuUIBl pa3nena 4H-SiC/Si0,, yxyn-
ImapIre pabodyre XxapaKTepUCTUKYU Tpubopa [3].

CunoBor MJII-TpaH3UCTOpP Ha Kapbuie KpeM-
HUsg (puc.lc) co3maH Ha HH3KOJerHpPOBAaHHOM
3MUTAKCHAJILHOM CJI0€ TONMMHON 11 MKM C KOH-
LleHTpaLueln a3ota okoiao 7-10% cm™3, BrIpalmeHHOM
Ha KOMMepUeCKol BbICOKOJIETHPOBAHHOM 4-AI0MMO-
BoI1 SiC (0001) moz/IosKKe N-THIIA C YITIOM Pa30pHeH-

electron-hole plasma and depends
in the first place on the base thick-
ness and the saturated drift veloc-
ity of the main charge carriers.
The other important parameters in
the implementation of high-volt-
age high-current impulse switch-
ers are electric field disruption
voltage, doping level and distribu-
tion of admixtures in the base, as
well as the lifespan of non-equilib-
rium charge carriers in the diode
base. The latter is associated with
the fact that under a short impulse
bidirectional injection in the base,
the carriers would be able to recom-
bine until they are ejected from the
base during the switching.
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Based on the above parameters,
band gap width and, of course, ther-
mal conductivity, which determines
the thermal advantages of the mate-
rial and, consequently, the increase
of the timing frequency of impulse
sequences, the silicon carbide is bet-
ter than silicon by an order of magni-
tude and is second only to diamond.

The samples of DSRD created using
n*-p-p* epitaxial technology (Fig.1)
and implemented with two types
of protection against disruption (of
trench and meso-structure types)
have the working voltages of up to
2 kv and sub-nanosecond periods
of switching (600-900 ps) with the
voltage impulse growth rate (dU/dt)

of 3-5 V/ps. The direct fall of voltage
on the diode structure is not more
than 3V, and the reverse current with
the chip area of 4 mm?is 1078 A. The
increase of working voltage by more
than 10 kV is achieved by the forma-
tion of a high-voltage assembly with
the preservation of the sub-nano-sec-
ond switching periods of the device [2].

ECB IN POWER TRANSISTOR
ELECTRONICS

An important milestone in the devel-
opment of the domestic technology of
semiconductor SiC was the creation
in Saint-Petersburg Electrotechnical
University of a field-effect transis-
tor with insulated shutter (MOSFET)
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Puc.2. ConocmasumenbHblll aHAAU3 xapakmepucmuk kapbudokpemHueso2o MAM-mpaH3ucmopa ¢ KpemHuesbiMu U Kapbuoo-

KpemHuesbiMU aHanozamu

Fig.2. Comparison of the characteristics of a silicon carbide MIS transistor versus Si and SiC analogues

Tauuu 4°. P-06;1acTh Iy6HMHOM 1 MKM C IIPSIMOYTOJIb-
HBIM IIpoduIeM pacipesiesleHUs IPHUMeCH C KOHLIeH-
Tpauuei aqoMuHU 1108 cm™3 6b11a chopMupoBaHa
MeTOJO0M HMOHHOM MMIIJIAHTALUH. AHAJTOTUYHBIM
obpa3om OBLIM MMIITAHTHPOBAHBI N*- U p*-obmacTu
rnybuHom 220 1 300 HM ¢ KOHLIeHTpalker pocdopa u
amoMHUHUA 6-101 cm™3 1 1:10%° cM > cOOTBETCTBEHHO.
[ToA3aTBOPHBIN AU3IEKTPUK I10JIy4YeH HaHeceHHeM
JBYC/IOMTHOM CUCTeMBbI HUTPH/IA KPeMHHUSI (5 HM) U IUOK-

CUJia KpeMHHUS (45 HM) MeTO/IOM IIJIa3MOXH MU UECKOro
rasodasuoro ocaskaenus (PECVD) ¢ IIOC/Ie Y FOLITMM OKKC-
JIeHHeM B aTMocepe CyxX0oro KUC/I0pofa IIpU TeMIlepa-
Type 1150°C B TeueHHe 1 4. JlerHpoBaHHEIL pocdHopoMm
MO/IMKPeMHHEeBBIH 3aTBOP TONILIHHOM 450 HM chOpMH-
POBaH MeTOIOM XMMHUYECKOro Ira30¢pa3Horo oCakIeHus
[IpY OHM>KeHHOM JaBineHUH (LPCVD).

AHanu3 6a30BbIX XapAKTEPUCTHK CO3LAHHBIX TPAH-
3UCTOPHBIX CTPYKTYp (pHC.2) IIOKa3a, YTO HAIPI-

based on SiC as a basic amplifying
element of ECB for extreme opera-
tional modes and conditions.

In the short-term, power MIS-
transistors based on 4H polytype SiC
may occupy their niche in the sphere
of power electronic systems due to
their combined characteristics of
high operational disruption voltages,
low resistance in the active area,
high density of the switching power
and low losses during the switching,
as well as a sufficiently high working
frequency and temperature.

The cross-sectional view of the
designed and implemented vertical
MIS-transistor is shown in Fig.la.
The active part of the device is the

lowly doped n-layer with the p-, n*-
and p*-areas formed therein. The p*-
area plays the role of a contact with
the p-area and is formed with the
purpose of aligning the potential
between the p*-area and the source
for neutralization of the parasitic
n-p-n transistor. In the open state,
when the shutter is applied positive
voltage relative to the source, the
current flows through the contact to
the source, n*-area, transistor chan-
nel, ]-FET area delineated by two p-n-
transitions, lowly doped drift area,
highly doped substrate and the con-
tact to the source.

The transistor cell has a hexagonal
shape (Fig.1b) with a channel length

of 1 pm and a J-FET area width of
3 pm, and the width of shutter over-
lap area and n*-area of the source is
1 um. The transistor was formed from
an array of hexagonal cells and "float-
ing" rings around the perimeter of
the device, which provides a smooth
field gradient in the periphery, thus
avoiding a surface disruption.

The key problem in the creation
of a high-performance power MIS-
transistor based on 4H SiC with low
channel resistance is the electric
characteristics of the sub-shutter
dielectric and the boundaries of the
4H-SiC/Si0, section, which worsen
the working characteristics of the
device [3].

#4 /66 /2016 NANO INDUSTRY
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Puc.3. KapbudokpemHuesbie a8mo3muccUuoHHble 0cmpusl, ChoOpMUPOBAHHbIE PA3AUYHBIMU MEXHOA02UYEeCKUMU NpUemMmamu: d — mex-
HOAO2US1 0CMPO CHOKYCUPOBAHHO20 UOHHO20 NYy4Kd; b — peakmueHoe UOHHO-NAA3MeHHOe MpPasAeHUe C MeManAu4eckum Kamanu-
3amopom; ¢ — 08yxcmaduliHas 08YXypoBHeaas mexHoA02Usi Mampuy, Ha 0CHO8e peakmuBHOo20 UOHHO-NAA3MEHHO20 mpdasneHusl;
d - mexHoAO2US 2emepocmpyKmMypHbIX Mampuu, "kapbud KpemHus — HAHOKpucmaaauveckul aamas”

Fig.3. SiC field emission tips, formed with the use of different technologies: a - focused ion beam technology; b - reactive ion plasma
etching with metal catalyst; c - two-stage two-level matrix technology based on reactive ion plasma etching; d - technology of het-
erostructure matrices of "silicon carbide - nanocrystalline diamond"”

JKeHHe BKJIIYeHH S TPaH3UCTOpa cocTasingeT 1,8 B
(V4s=2 B, I3,=10 MKA), a COpOTUB/IeHHe TPAH3UCTOpa
BO BK/IOUEHHOM COCTOSSHHUH Ry pec(on) TPH KOM-
HAaTHOM TeMIlepaType, BEIYHMC/IeHHOe M3 HaKJIOHA

The SiC-based power MIS-
transistor (Fig.1c) was created on a
lowly doped epitaxial layer with a
width of 11 pm and nitrogen concen-
tration of about 7:10*> cm, grown on
a commercial highly doped 4-inch
SiC (0001) n-type substrate with the
the angle of disorientation of 4°. The
P-area with a depth of 1 pm and rect-
angular shape of admixture distribu-
tion with an aluminum concentra-
tion of 110'® cm? was formed using
the method of ion implantation. The
same method was used to implant n*-
and p*-areas with a depth of 220 and
300 nm with a phosphorus and alu-
minum concentration of 6-10* cm™
and 1-10%° cm3, respectively.

HAHO MHOVCTPUA #4/66/ 2016

pu Vy,=5B.

The sub-shutter dielectric was pro-
vided by application of a two-layer
system of silicon nitride (5 nm) and
silicon dioxide (45 nm) by the method
of plasma enhanced chemical vapor
deposition (PECVD) with the fur-
ther oxidation in the atmosphere of
dry oxygen under the temperature
of 1150°C for 1 hour. The polysilicon
shutter doped by phosphorus with a
width of 450 nm was formed by the
method of low-pressure chemical
vapor deposition (LPCVD).

The analysis of the basic character-
istics of the created transistor struc-
tures (Fig.2) showed that the voltage
the switched-on transistor is 1.8 V
(V4s=2V, 13,=10 pA), and the transistor

BBIXOJIHBIX XapaKTePUCTHUK IIpH Vy=20 B, cocTas-
nseT 29 MOM - cM?. IITOTHOCTh KOMMYTHPYeMOro TOKa
IIpY KOMHATHOM TeMIlepaType mpeBbimaeT 120 A/cm?

resistance in the switched-on state
Ry specion) 2L @ TOOM temperature cal-
culated from the angle of the out-
put characteristics with V,,=20 V is
29mQ-cm?. The density of the switch-
ing current at a room temperature is
higher than 120 A/cm? with V=5 V.
The transistor disruption voltage
at a room temperature was 900 V. It
may be increased by increasing the
"floating" rings with the purpose of
creating a smooth gradient of the
potential on the periphery of the
device, and corresponding increase
of the width and decrease of the
admixture concentration in the drift
area. The results of comparing the
main characteristics of the created
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[IpobuBHOe HaNpsKeHHe TPaH3UCTOpPa IPHU
KOMHATHOH TeMIlepaType cocTaBuyo 900 B. Ero
IIOBBIIIEHKHE BO3MOKHO 32 CUET YBeJIMYeHHUS KOTH-~
yecTBa 'IJIABAIOUIMX" KOJIeIl /ISl CO3LaHUs IIaB-
HOTO rpajiMeHTa [IOTeHIIMaja Ha nepudepuu mpu-
6opa M COOTBETCTBYIOLIEr0 yBeJIHUUeHU S TOMIUHEI
Y YMeHbIlIeHHU KOHIIeHTPallul IPUMeCH B peH-
doBoit 061acTU. Pe3ynpTaThl CONOCTABUTENBHOTO
aHa/lK3a OCHOBHBIX XapaKTePHUCTHUK CO3JaHHOIO
KapbumoxkpeMHueBoro M/III-TpaH3UCTOPA C aHAJIO-
raMu IIpe/CTaB/IeHbl Ha pHUC.3.

CnenyeT OTMeTHTBH, YTO B HaCTOsLLee BpeMsd
cunoBsle MAII-TpaH3KUCTOPHI Ha SiC KMeIOT Tropasio
6osee HH3KOE CONPOTHBJIEHHE BO BKIKUYEHHOM
COCTOSAHUM, YeM KpeMHHEBbIe aHAJIOTH, OJHAKO
cymiecTByeT psif mpobyieM, CymecTBeHHO OrpaHU-
YHMBAWIIKX Ja/bHelIlee yMeHbIIeHHe UX COIPO-
TUBJIEHHUS, B YACTHOCTH, HHU3Kas IOABHUKHOCTD
HOCHTe/leHn 3apsifa, KoTopas IperuMYylleCTBEHHO
obycioBieHa BBICOKOM IJIOTHOCTbIO IOBEPXHOCT-
HBIX COCTOSIHMM Ha I'paHulle pa3zmena 4H-SiC/SiO,.
Hu3Kas IOABHUKHOCTh HOCHTeJIeH 3apsifia B KaHaJle
TPaH3HCTOPA TaKXXe IPUBOAUT K CYLU[eCTBEHHOMY
orpaHHUYeHUIO ero pabouero [uamna3oHa 4acToT.

3K6 ABTO3MUCCUOHHOM

BbICOKOYACTOTHOW IIEKTPOHUKH
CoBpeMeHHBIHN 3Tal pa3BUTHA DKB xapakTepu-
3yeTcsl BO3pOKJeHHeM BaKYyYMHOM MHKPO- M HAHO-
3JIEKTPOHUKH C LleJIbI0 JOCTUKeHH S CBEPXBBICOKHX
YacTOT FMra- M TepareploBoro JuamnasoHa, obecre-
YeHH s BBICOKOTO "IIPOM3BeJleHHS TeHepHUPyeMOK

MOIIHOCTH Ha YacTOTy" BJIaMIIaX MUJIJIKLMETPOBOLO
U CyOMHUIIMMeTPOBOrO JHAaIla30Ha 4acToT, pellle-
HHU 3a7,a4 KOMMYTallUHU U TeHepalHuU B CBepPX-
KOPOTKOMMITY/JIbCHOH 3/IeKTPOHHUKE U PeHTIeHOB-
CKOM TexHHKe. [I7isI BAKYYMHOH aBTOSMUCCUOHHOM
371eKTPOHUKHU TaKKe XxapaKTepHa pafHallMOHHAS
Y TeMIlepaTypHas CTOMKOCTb.

BaskHeHIIHMM 371eMeHTOM BaKyyMHOro rmpubopa
SABJISIETCS UCTOYHHK 3JIEKTPOHOB. DPPeKTHUBHEIE
KaTOABI C II0JIEBOM 3MHUCCHEH [0 HACTOSILEro Bpe-
MeHHU SIBJISIIOTCS IPeJMeTOM MHTEHCHUBHBIX HCCIe-
noBaHHuM. Kapbun KpeMHHS MOXeT OBITh OTHe-
CeH K MepCHeKTUBHBIM MaTepHa/laM aBTOIMHC-
CHMOHHOM 3/eKTPOHUKH, B IIepPBYyI0 ouepens, 6a-
rofaps 3KCTPeMaJ/IbHbBIM 3HAa4YeHHUSIM KpHUTHYe-
CKOM HAIPSKeHHOCTH IO/ JTAaBUHHOrO mpobos,
TEeIJIONPOBOAHOCTU U MeXaHHUYeCKOM IIPOYHOCTH.
JOMOMHUTENbHBIMU OOoCTOMHCTBaMu SiC cie-
AyeT CYHUTATh ero yCTOMYHUBOCTb K XUMHUYECKUM U
panuallMOHHBIM BO3JEHUCTBUSIM.

JaHHBIe 06CTOSITeNBCTBA II03BOJH/IHN IIPOTHO-
3MPOBATh CO3MaHUe HAa OCHOBe Kapbuma KpeMHUS
MHKPOKATO/O0B C ITI0JIEBOM IMUCCHEM, COUeTaIoNUX
BBICOKYIO IIJIOTHOCTb TOKA SMHUCCHUH, CTAabUIBHOCTD
SMUCCHOHHBIX XapPaKTePUCTHUK U IpHUEMIJIeMble
HeBBICOKMe 3HAaUYeHHU I HAIIPSIKeHHOCTH 3J/IeKTprUyYe-
CKOTO IT0J1S Ha4daJ/ia SMUCCUH.

B paMKax IpOBeJeHHOr0 KOMIIJIeKCA HCCJIeN0-
BAHUM U Pa3paboToK ObIIH IIpeJIOKeHBl U peau-
30BaHBI YeThbIPe TeXHOJOTMYeCKHUX MapLIpyTa CO3-
OAaHUS aBTOOMHUCCHOHHBIX CTPYKTYp Ha Kapbume
KpeMHHUS:

SiC MIS-transistor to its analogs are
shown in Fig.3.

It is noteworthy that currently
power MIS-transistors based on SiC
have a considerably lower resistance
in the switched-on state than its sili-
con counterparts. However there are
a number of problems which consid-
erably limit the further decrease of
their resistance, in particular, low
mobility of charge carriers, which
is mostly due to the high density of
surface states at the boundary of the
4H-SiC/Si0, section. The low mobil-
ity of charge carriers in the transistor
channel also results in a a significant
limitation of its working frequency
range.

ECB IN THE AUTO-EMISSION
HIGH-FREQUENCY ELECTRONICS

The contemporary ECB development
stage is characterized by the revival
of vacuum micro- and nano-elec-
tronics with the purpose of achiev-
ing ultra-high frequencies of a giga-
and teraherz range, ensuring a high
result of "multiplication of generated
power by frequency"” in lamps with
millimeter and sub-millimeter fre-
quency ranges, resolving the tasks
of switching and generation in ultra-
short impulse electronics and X-ray
devices. The vacuum auto-emission
electronics is also characterized by
high radiation and temperature
resistance.

The most important element of a
vacuum device is its sources of elec-
trons. The effective cathodes with
field emission have until now been
under intensive research. Silicon car-
bide may be regarded as a promis-
ing material for auto-emission elec-
tronics, in the first place, due to the
extreme values of the critical field
strength for avalanche breakdown,
thermal conductivity and mechani-
cal strength. The additional advan-
tages of SiC are its resistance to chem-
ical and radiation exposure.

Such circumstances made it pos-
sible to forecast the creation of SiC-
based micro-cathodes with field
emission, which combine a high
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* QopMHpOBaHHE TOMOJOTHYECKHU yHOPSAAOUEH-
HBIX I BYXYPOBHEBbIX aBTOIMHUCCHOHHBIX MHKPO-
Pa3sMepHBIX MaTpHUI] IbefeCTaJoB C HAHOpPa3Mep-
HBIMH OCTPHUSMH IO ABYXCTaZHHUHOU TEXHOJIO-
MU, COUeTaloNIel mpoueccs poTonuTorpaduu,

0,16
[ [ [ ]

f .-+ SGO1D-18 | |
K “\!\ — ®np-n-n* | |

0,12
S — O p-p-n* PeaKTHBHOIO MOHHO-IIJIAa3MeHHOTO TPaBJIeHH S

2 ! — O WoTTkn .
< o1 : \ Schottky Pb [ M MUKPOMACKHPOBAHUS KaTaJIM3aTOPOM (pI/I(i.4C),
5o ! J * PopMHPOBaHHE IeTePOCTPYKTYPHBIX IBYXCTaJULMHBIX
<7 ' / N MaTPHI] aBTOSMUTTEPOB Ha OCHOBE KapbrIa KpeMHU S
%) i
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OCHOBOH BCeX aBTO3MHUCCHOHHBIX CTPYKTYP
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0-Hean - noxpobHO U3/I0KeHHBIX B paboTax [4-5], cienyet
200 240 280 320 360 400 OTMETHTh, UTO B HACTOSIIHUNA MOMEHT MOKHO KOH-

CTaTUPOBATh YCTOMYUBYIO peann3anuio Ha 6ase SiC
MHUKPOKATOJOB C II0JIeBOM 3MHUCCHEI €O ClIefyIo-
IMUMHU 6a30BEIMHU [TapaMeTPaMHU:

A, HM | nm

Puc.4. CnekmpanbHbie xapakmepucmuku ¢pomonpuemHbix

cmpykmyp (u3mepeHus nposedeHbl 8 pexxkume K3) * HANIPSIKeHUS Hadaja sMUCCUH 10-15 B/MKM;
Fig.4. Spectral characteristics of the photodetector structures e IUIOTHOCTH TOKA SIMHCCHH 10 10 A/cM?;
(measurements in the short circuit mode) * IUIOTHOCTb aBTO3MHUCCHOHHBIX OCTpHeB 5-108 cm™?;

* YCTOMYHUBOCTb paboThl B Bakyyme oT 107°

1o 107 MM PT. CT.

Ocoboro BHUMaHHUS 3aCHY>KUBAIOT Pe3yJbTaThl
$OpMHUPOBAHUS TeTePOCTPYKTYPHBIX KATOMOB "Kap-
6unm kpeMHUS - anMas” [6], KOTOpble ITOKA3aIH IIPU
pOoCTe HampsiKeHHUs Hada/ja SMUCCHH IOBHIIIEHHE

* GopMHPOBAaHHE ABTOIMHUCCHOHHBIX OCTPHEB
MeTOZOM OCTPO CHOKYCHPOBAHHOTO HOHHOTO
nyuka (puc.4a);

* GopMHPOBaHHUE TOMOJOTHYECKH YIIOPSJLOUeH-

HbIX MaCCHBOB aBTOSMUCCHUOHHBIX OCTPHEB
METOAOM PEaKTHUBHOIO MOHHO-IIJa3MeHHOTO
TPaBJIEHUS C METAIMUECKUM KaTalU3aTOPOM
(puc.4b);

ee CTabMJIBHOCTH BO BpeMeHHU. KpoMme Toro, JaHHas
reTepOKOMIIO3UIUS, coyeTalollasi MaTepHaJbl CO
3HAYHUTe/IbHBIM OTIMUHEM IIHPHHBI 3allpelleHHOM
30HBI, MOXKeT pacCMaTPHUBAThCS Kak 6a3o0Basi CTPyK-

current density of the emission,
stability of emission characteris-

tics and acceptable low values of the
electric field strength at the emis-
sion start.

In the framework of the conducted
studies and developments, four tech-
nological routes for the creation of
SiC-based auto-emission structures

were proposed and implemented: .

« formation of auto-emission
spikes by the method of a sharply
focused ion beam (Fig.4a);

« formation of topologically
ordered arrays of auto-emission
spikes by the method of reactive
ion-plasma etching with metal
catalyst (Fig.4b);
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formation of topologically ordered
two-level auto-emission micro-
sized matrix of pedestals with
nano-sized spikes using a two-
stage technology, which com-
bines the processes of photoli-
thography, reactive ion-plasma
etching and catalyst micro-mask-
ing (Fig.40);

formation of hetero-structured
two-staged matrices of auto-
emitters based on carbide silicon
and nano-crystalline diamond
(Fig.4d).

The basis of all the auto-emission

structures were mono-crystals of the
n-type substrate 6H-SiC with the spe-
cific resistance of 0.05 Q-cm. When

describing the general characteris-
tics of the results, detailed in [4-5],
it should be noted that currently the
implementation is stable when based
on SiC micro-cathodes with field
emission having the following basic
parameters:
« emission start voltage of
10-15 V/pm;
« emission current density of up to
10 A/cm?;
+ auto-emission spikes density of
5108 cm™?;
« stability of work in the vacuum
from 107 to 10 mm Hg.
The results of formation hetero-
structured cathodes "silicon car-
bide - diamond" are of a particular
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Typa I/l TBepPAOTeIbHbIX aBTOIMHUCCHOHHBIX IIPH-
60poB, He UCIIONB3YIOIMMX BAKyyM, KOTOPBIH CO3/1aeT
ornpepeeHHbIe CIOKHOCTH IIPU KOPITyCHPOBAHHH.

3KB YIbTPAOUOJIETOBON ONTONEKTPOHUKU

bnaromaps BBHICOKOMY IMPAaKTHYECKOMY HHTepecy

K OIITO371eKTPOHHBIM Ipubopam ynbpTpaduonero-

BOIO JHalla30Ha, KOTOPBIH IPOSIB/SJICS Ha IIPOTS-

SKeHUH MHOTHUX AeCATHIeTHH, K Hadany 21 Beka

copMHPOBaIOCh HAIIPAaB/IeHHUe yAbTPadHOIeTOBOU

$OTO3IeKTPOHUKH.

OueBUJHO, YTO GOTONIpPHEMHBIe YyCTPOKCTBA OIS
Y®-0651acTH cIIeKTpa LOJKHBL 06/1alaTh MaJBIMU
TeMHOBBIMY TOKaMH, BEHICOKMMHU YYBCTBUTEIHHO-
CTBIO M OBICTPOJENICTBHEM, a TAaKKe CTAaOHUIPHOCTBIO
3KCIIJIyaTAallMOHHBIX IMapaMeTpoB. B HacTosgmee
BpeMs 6a30BEIMU MaTepuanamu YO-boToMeTpuu
SBJISIOTCSL Kapbua KpeMHHU s, HUTPUABL TalIN4,
AJTIOMUHHSA U UX TBepAble pacTBOPEl. Ha ux ocHoBe
pa3paboTaHbl U AOCTYIIHBI Ha PhIHKE U3/e/IH sl OIITO-
31eKTPOHUKHU: GOTONPHUeMHUKH, paboTawmue
B Ixalia3oHe JIMH BOIH oT 180 1o 400 HM. HecmoTps
Ha TO, YTO IIPUOPUTETHBIMHU MaTepHajlaMHU yIbTpa-
duoneToBot GoTO3IeKTPOHUKU ABAAIOTCE GaN u
AIN-GaN, kapbuj KpeMHUSI 3aHUMaeT CBOIO YCTOH-
YMBYIO HUIIY B TAKUX 00/1aCTIX, KaK:

* BBICOKOTeMIlepaTypHas YP-PoT03/IeKTPOHHUKA,;

* KOHTPOJIb U3/IyYeHH I MOIIHBIX YO-3KCHUMEePHBIX
nasepoB, Y®-maMIO U OPYyTrUX HCTOYHHKOB
(M3BecTHO, UTO QPOTOAETEKTOPH Ha ocHOBe SiC
U anMasa Haubomnee cTabUNIbHBL K AJTUTETbHON
3acBeTKe YO-u31ydeHUEM);

 perucrtpanus 6akTepuLHAHOr0 YO-U3TyUeHUS,;
* KOHTPOJIb BO3TOPaHUS, JeTeKTOPHI IIJTAMeHH, JaT-

YHKH 3JIeKTPUYECKOL HCKPHI.

B HacTosimee BpeMs Haubosiee MOMYyASIPHEIMU
TUunaMu YO-GoTONpUeMHHUKOB Ha OCHOBe Kap-
buga KpeMHHUS SIBASIOTCS GOTOLHOLBL C MEIKUM
p-n-mepexomom U guonsl ¢ 6aprepom IloTTKHU. Ha
Kadenpe MH?I CII6IITY paspaboTaHbl 06pasiibl
TaKUX QOTONPUEMHBIX CTPYKTYp. B 0oCHOBe KOH-
CTPYKL MU BBIIIeyKa3aHHBIX GOTONETEKTOPOB
JexKaT 3NHUTaKCHalbHble CTPYKTY Pl 4H-SiC, mony-
YeHHbIe METOJ0M Ira30pa3HOM SMUTAKCUU Kapbuaa
KpeMHHS Ha HojjoxkKax n* 4H-SiC nuameTrpom
76-100 MM, C yoeabHBIM COIIPOTHUBIEHHEM He boee
0,025 OM-cM, TOMIIHMHOM 350 MKM U OTKJIOHEHHEM
oT HampasaeHus 0001 - 4°. IIpu 3TOM KOJTHUYECTBO
CJI0€B, UX TOJIMUHBI, TUIIBI IPOBOAHUMOCTH U KOH-
LleHTPAaLluH JIeTUPYIOleld IIPUMeCH Ol pele/IaoTCs
THUIIOM GOTOIIPHEeMHOU CTPYKTYPHL. B TO ke BpeMs
TOJIIUHBI U YPOBHU JIeTUPOBaHUS 6a30BbIX 06i1a-
CTeM BBIOMpa/NMCh U3 pacyeTa Ha MaKCHUMaJjbHEIe
paboure HampsIKeHHUS Ugep. <15 B, Ipu KOTOPBIX
obecreunBaeTcs nonHoe obemHeHHUe n (p)-cloeB,
TO eCTh MHUPHUHA 00JaCTU MPOCTPAHCTBEHHOTIO
3apsima W 6yneT paBHA TOMLIMHE 3IIUTaKCHAIbHOTO
cimosa d (1).

doToneTeKTOPH Ha OCHOBe AH0Ja C bapprepoMm
IIOTTKH BBHIIIOJIHEHE B BUJIe BePTUKAJIBHOM CTPYK-
TYPHI CO CIJIOUIHBIM IIOJIYIIPO3PaYHEIM 37IeKTPOJIOM
MU C 3JIEKTPOJIOM CeTYaTOoro TuIlla. M3roTosieHue
Takoro tumna Y®-poTrompueMHHKa IpeaycMa-
TpUBaeT HcHoib30BaHHe 4H-SiC 3SNUCTPYKTYPEHI

interest [6], because they showed
their temporal stability during the
increase voltage at the emission
start. Besides, this hetero-composi-
tion, combining the materials with
a considerably different width of the
band gap, can be regarded as a basic
structure for solid-state auto-emis-
sion devices, which do not use vac-
uum, thus creating certain complex-
ities for encapsulation.

ECB IN THE ULTRAVIOLET
OPTOELECTRONICS

The ultraviolet photo-electronics area
was formed by the early XXI cen-
tury due to a high practical interest
to ultraviolet-range optoelectronic

devices that had been paid for many
years.

Itis apparent that UV-range photo-
detectors must be characterized by
low darkness currents, high sen-
sitivity and high performance, as
well as working parameter stabil-
ity. Currently, the basic materials of
UV-photometry are silicon carbide,
nitrides of gallium, aluminum and
their solid solutions. Different opto-
electronic products have been devel-
oped and are available on the market,
such as photo-detectors functioning
in the wavelength ranges from 180
to 400 nm. Although the first-choice
materials for ultraviolet photo-elec-
tronics are GaN and AIN-GaN, the

silicon carbide still occupies its stable

niche in the following areas:

« high temperature UV-photo-
electronics;

« control of radiation from power-
ful UV-excimer lasers, UV-lamps
and other sources (it is known
that SiC- and diamond-based
photo-detectors are the most sta-
ble to a prolonged UV-radiation
exposure);

« registration of germicidal
UV-radiation;

« control of ignition, flame detec-
tors, electric spark detectors.
Currently, the most popular types

of SiC-based UV-photo-detectors are

photo-diodes with a minuscule
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BbICOKOUMCThIE 3NMTaKCUabHble 10U (CMA0Bas 31eKTPOHMKA, GOTOHMKA)
High-purity epitaxial layers (power electronics, photonics)

"ToncTble" anuTakcuanbHble caou
(cunosas anekTpoHmka) d>100 MKM
"Thick" epitaxial layers

(power electronics) d>100 um

SnNuTakcnabHble ciom nonntnna 3C
(CBY 3nexTpoHuKa, GoToHMKa)
Epitaxial layers of the 3C polytype
(microwave electronics, photonics)

T~

MonyyeHune nognoxex SiC

13 XXMAKOM Gasbl (CHUXKEHME CTOMMOCTM)
Synthesis of SiC substrates

from the liquid phase (cost reduction) <«—

Mony4YeHne MOHOKPUCTaIIOB

3C-SIC p>1000 cm2/Bc (CBY-3nekTpornka)
Synthesis of single crystals of

3C-SiC, p>1000cm?/Vs (microwave electronics)

Mony4eHne BbICOKOOMHbIX HEIerMPOBAHHbIX
noanoxek, p> 108 OM-cm (CBY aiekTpoHmMKa)
Synthesis of high-resistance undoped

substrates, p> 108 Ohm-cm (microwave electronics)

reTepocTpykTypbl SiC/Si
~ (MUKpocucTeMHas TexHMKa)
SiC/Si heterostructures (MEMS)

reTepocTpyKkTypbl SiC/Me3N
(CBY 31eKTpoHMKA, ONTOINEKTPOHUKA)

SiC/Me3N heterostructures

(microwave electronics, optoelectronics)

I'pacdeH Ha noBepxHocTy SiC (R&D)

__—> Graphene on the surface of SiC (R&D)

—» 3D-MUKPOCTPYKTYpbI "kapbua KpemMHus —
" anmas" (aBTO3MUCCHMOHHAS 3N1eKTPOHMKA)
“silicon carbide — diamond" 3D microstructures
(field emission electronics)

\ YnopsagodeHHble Maccuebl 3D MUKPO-

1N HaHOpa3MepHbLIX MOHOKPUCTANN0B
(aBTOIMUCCHMOHHAS 3NEKTPOHMKA, GOTOHMKA)
Ordered arrays of 3D single micro-

and nanocrystals (field emission

electronics, photonics)

Puc.5. MpozpeccusHble meHdeHuuU 8 mexHono2uu SiC
Fig.5. Progressive trends in SiC technology

THIIA N-N* C STUTAaKCHAJBHBIM CI0€M TOJIIHU-
HOM d=5 MKM U ypOBHeM JIeTHPOBAHUS a30TOM
6-7-10% cm73,

H3rotoBneHHBle 06pa3Lbl GOTONPUEMHUKOB
c 6apbepom IoTTku Ni-SiC XapaKTepHU3yIOTCS

a cTpyKTyphl Pt-SiC - 1,00-1,05 3B. [l BCcex THUIIOB
CTPYKTYyp obpaTHBIe TeMHOBbIe TOKH IIPH HaIIpsiKe-
Huax oT 0,5 10 1 B He mpeBrinany 50 oA, ITo pe3yis-
TaTaM BOAbT-QapaJHBIX H3MepeHHUH YCTaHOBJIEHO,
4yTo HachmeHHe C-U XxapaKTepUCTHUK HaCTyIlaeT

BBICOTAMHU IOTeHLIKaJbHOro baprepa 1,20-1,25 3B,

p-n transition and diodes with
Schottky barrier. The micro- and
nano-electronic department of
Saint-Petersburg Electrotechnical
University developed prototypes of
such photo-detection structures.
The structure of the above-men-
tioned photo-detectors is based
on epitaxial structures of 4H-SiC,
obtained by the method of vapor-
phase epitaxy of carbide silicon on
n* 4H-SiC substrata with a diam-
eter of 76-100 mm, with a specific
resistance of at most 0.025 Q-cm,
with a width of 350 pm and direc-
tion deviation of 0001 - 4°. In this
case, the number of the layers, their
widths, conductivity types and
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concentration of the doping admix-
ture are determined by the type of
the photo-detection structure. At
the same time, the widths and lev-
els of doping the basic areas were
chosen based on the maximum
working voltage U, <15V, which
provides the full depletion of n (p) -
layers. In other words, the width of
the spatial charge area W is equal to
the epitaxial layer thickness d (1).
The photo-detectors based on a
diode with Schottky barrier are made
in the form of a vertical structure
with a solid semi-transparent elec-
trode or with a cellular type elec-
trode. The manufacture of this type
UV-photo-detector implies using an

npu HampsikeHHUsix U

o6p. 28 B, UTO COOTBETCTBYET

n-n* type 4H-SiC epistructure with
an epitaxial layer having a width of
d =5 pm and nitrogen doping level of
6-7-10% cm.

The manufactured samples
of photo-detectors with Ni-SiC
Schottky barrier are character-
ized by a potential barrier of
1.20-1.25 eV, and the Pt-SiC struc-
tures - 1.00-1.05 eV. In all the types
of structures, the reserves dark-
ness currents at voltages of 0.5 to
1V were at most 50 pA. According
to the results of capacitance-volt-
age measurements, it was deter-
mined that the saturation of the
C-U characteristics occurs at volt-
ages U, =8V, which corresponds

rev. —
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noHOMY obeHeHMI0 6a30BOk 00/1aCTH oTONIpHEM-
HHKa.

®oTONpPpHEeMHHUKH Ha OCHOBE JHOLOB C p-ni-
IIepexon0oM BBHIIIOJIHEHB B BH/IE BePTHKAJbHBIX
Me3a3MHUTaKCHAJNIbHBIX CTPYKTYyp THIIa p*-n-n*
U p*-p-n*. B 3aBUCUMOCTH OT THUIIA IIPOBOSUMOCTH
aKTHUBHOTr0 6230BOT0 CJI0SI BEICOTA Me3bl BApbHPOBa-
nacek. Tak, IPH MCIOAb30BAHUHU CTPYKTYPHI THIIA
pr-n-n* rnybuHa TpaBneHUs SiC MeTOLOM peak-
THBHOIO MOHHO-MIJIa3MeHHOro TpaBjaeHus PUIIT
IoJIkKHA 651712 6BITH O0JIBIIE TOMIHUHBI Pt SMUTTEP-
Hol obysacTu. MaTepuasaMy OMHUYeCKUX KOHTaK-
TOB K HU3KOOMHBIM obnactsam n*-SiC u p*-SiC sBus-
JIUCh KOMITO3ULIUU MeTasioB Ti/Ni u Al/Ti/Ni coot-
BETCTBEHHO.

YCTaHOBJIEHO, YTO HpsAMbIe BeTBU BAX CTPyKTYyp
p*-pn* u pt-n-n* He OTAUYAITCA. [IpaKTHYECKHU
BO BCeX CJiy4asX HaIpsXeHHEe OTKPLITUA
P - CTPYKTYyp cocTaBuo 2,5 B.

doTo31eKTPHUUECKHe CBOMCTBA 06pa31i0B HCCIe-
IOBAJIMCh B CIIeKTpaJbHOM AHamna3oHe 200-500 HM.
Bce m3MepeHHs NMPOBOOAMIMCH B peXKHMe KOPOT-
KOro 3aMblKaHHUS, a AJid GOTOSHOLOB HA OCHOBE
PP n*f-CTPYKTYyp - B GOTOAHUOSHOM peXKHME
10 Uysp, =10 B. Ha puc.5 npuBe/ieHbl CIIeKTPaJIbHbIe
xapakTepucTuku 4H-SiC GoTOnIpHEeMHBIX CTPYK-
TYP, a TaKXe [Jisg CpaBHEHH IIpeACcTaBjleHa CIIeK-
TpajbHas XapaKTepHUCTHKA KoMMepuecKoro 4H-SiC
dotomuoma SGO1D-18.

Ons ¢oTompueMHHKA THIA P*-n-n* Ha OIKHE
BOJIHBEI 295 HM HabnronaeTcs MaKCUMYM GOTOUYB-
cTBUTeNbHOCTH S=0,138 A/BT. IIpn 3TOM, MaKCH-

MaJIbHOe 3HaYeHHe UYBCTBUTEeIbHOCTH GOTOIIpHEM-
HuKa SGO1D-18 mpuXOoAUTCSA TaKKe Ha 295 HM U
coctasaset 0,13 A/BT.

3AKJ/IIOMEHUE

B paMKax pa3BUTHUS HAay4YHBIX MCCAeJOBaHUU

Y IPOTOTUIIMPOBAHUS 06pa31i0B HOBOM KOHKYpPeH-

TocrmocobHOM Kapb6ULOKpPeMHUEBOM 3IeMEeHTHOU

6a3sl B 2016 roay IJIAHKPYeTCs 3aBePIIUTH CO3/1a-

Hue Ha 6a3ze CII6IITY "JI3THU" mONMHONR TEeXHOJIOTH-

4eCKOM JTMHUH H3TOTOBJIEHHS CIeAyIIHUX BUO0B

npubopos:

e cuJiOBasl 3MeKTPOHHKA (ZUoABl ¢ Dapbepom
HIoTTKM, UMIIY/IbCHBIE BEICOKOBOIBTHEIE [I[IPB-
nuonbsl 1 MIII-TPaH3UCTOPEL);

* BBICOKOYACTOTHAs 37eKTPOHHUKA (BaKYyMHBIH
OHOJ C II0JIeBOM SMHCCHEH; BAKYYMHBIH JHOM-
HBIN 060CTPUTENb, ABTOAMHUCCHOHHBIN OrpPaHU-
YUTeNb 3JIeKTPOMATrHHUTHOTO U3JIy4YeHHUs, $OTO-
npoBogsamye aHTeHHb! TTI-gfHanasoHa, mjaas-
MEHHBIe AaHTeHHBI);

* ONTO3NeKTPOHUKA (JATUUKHU KECTKOTO
Y®-n3nydyeHHUs OIS 3KCTPeMajbHBEIX YyCJIOBHU
3KCILIyaTallkuH);

* MUKPOCHCTeMHas TeXHHKa (MOIIHBbIe BEICOKOYA-
CTOTHBIe MUKPOMeXaHHUYeCKHe KII0YH).
Co3paBaemasi TeXHOJIOTHUYeCKas TUHUS OOIKHA

obecrednTh 3aMKHYTHIH IIUKJI OT POCTA KPUCTAJ-

JIOB Y CO3JaHHU S SIUTAKCHUAIBHBIX CTPYKTYP [0 GpOop-

MHUPOBAHUS B paMKax IIJIaHAPHON MHTerpalbHO-

TPYHNIOBON TEXHOJOTHM IJACTHH C KPHUCTAJ-

JIJaMHY - YUIAMH.

to the full depletion of the basic
area of the photo-detector.

The p-n transition diode based
photo-detectors are made in the
form of p*-n-n* and p*-p-n* type ver-
tical mesa-epitaxial structures. The
height of the mesa varied depend-
ing on the type of conductivity of the
active basic layer. Thus, when using
the p*-n-n* type structure, the depth
of SiC etching by the method of reac-
tive ion-plasma etching (RIPE) had
to be more than the width of the p*
emitter area. The materials of the
ohmic contacts to the low-ohmic n*-
SiC and p*-SiC areas were made from
the metal compositions of Ti/Ni and
Al/Ti/Ni, respectively.

It was determined that the
direct branches of the VAC struc-
tures of p*-p-n* and p*-n-n* were
not different. Practically in all the
cases, the voltage of opening the
pnstructures was2.5V.

The photoelectric character-
istics of the samples were stud-
ied in the spectral range of 200-
500 nm. All the measurements
were carried out in the short cir-
cuit mode, and for the photo-
diodes based on p*-p-n* struc-
tures - in a photodiode mode util
U,., =10V. Fig.5 shows the spec-
tral characteristics of 4H-SiC of
the photo-detection structures.
It also presents the spectral

characteristics of the commer-
cial 4H-SiC photo-diode SG01D-18
for comparison.

A p*-n-n* type photo-receiver
demonstrates the highest pho-
tosensitivity of $=0.138 A/Wt at
a wavelength of 295 nm. At the
same time, the maximum value of
photo-receiver sensitivity SG01D-
18 is also at 295 nm and equals to
0.13 A/Wt.

CONCLUSION

In the framework of development
of scientific research and sample
prototyping for a new competi-
tive SiC element base, in 2016 it is
planned to complete the creation
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HAHOTEXHONOrMN. DNEKTPOHUKA

KoHLleHTpaLus 3HAHUH, HHOPACTPYKTYPHBIX U
KaJPOBBIX PeCypPCOB AJIS peanu3al i aMOUIH03-
HBIX IIPOEKTOB, HAaIIPaBAeHHEIX Ha CO3/JaHHe KOHKY-
PeHTOCIIOCOOHON HAaIlMOHAJIBHON MHHOBALIMOHHOM
cpenbl B 067acTH KapbUAOKPEMHHUEBON 3JIEKTPO-

H JAp. BBICOKOBOTBTHBIN MHUHHATIOPHBIA Kap-
6HUIOKpPeMHHUEBBIN HMCTOYHHUK HAaHOCEKYHIHBIX
HMMITY/IbCOB [IJISl TeHepallMHu PeHTTeHOBCKOIO H
MHKPOBOJIHOBOTO H3/Iy4eHHH // HaHO- 1 MHUKpO-
CHCTeMHas TexHHKa. Ne 2 (151). 2013. C. 30-32.

HHKH, II03BOJIsIeT IPOTHO3UPOBATh UX pa3BuThHe 4. AdanacreB A.B., HBaHoB B.B., Habun B.A.
C peanu3aluen B CII6Ir3TY KOHIIEHIIMH "S9KOHOMUKH H »ap. HcoiemoBaHHe IIPOLIECCOB IIepeKIYe-
3HaHHUU'". YUUTHIBAs aKTYaJbHOCTh YKa3aHHOHM IIPO- HUSI KapOHMIOKPeMHUEBBIX APerPOBBIX IHOIOB
61eMaTuRu 1 uMenmuics B CII6IITY BBICOKUE C Pe3KHM BOCCTAaHOBJIeHHEM // DJIeKTpOHHKA
yPOBEHb KOMIIETeHIJMH 10 YKa3aHHOMY KOMIIJIEKCY ¥ MHKpo3eKTpoHHKa CBY. T. 2. Ne 1. 2015.
HaIlpaB/eHUU, IIpeJIolaraeTcsd galbHeHIlee pas- C. 215-219.
BUTHeE CUCTeMbl HAaIlMOHAJIBHOU K MeXyHapoJHOU 5. Muxainos A.U., ApanacseB A.B., UnbpuH B.A,
Koolepauuu A1 opMHUpoBaHHUS B Poccuu Kapbu- H Ip. OcobeHHOCTH BOJBT-aMIIEPHBIX Xapak-
JOKPeMHHEBON UHAYCTPUU U ee NPodPecCHOHATBHO TepucTUK ©u MIII-cTpykTyp SiO,/4H-SiC ¢
OpPHEeHTHUPOBAHHOTO KaJJpoBOro obecredeHUs. MMIUIAHTUPOBAHHBIM B Kapbuna KpeMHHS $oc-
Obuire mporpecCUBHbBIE TeHAEHIIUU B TeXHOJIO- dopom // PH3MKa M TeXHHKA IOy POBOSHH-
rUu Kapbuga KpeMHHUS KaK 6a30BOro Matepuasa koB. T. 50. Beim. 1. 2016. C. 103-105.
9KB A5 5KCTpeMaJIbHBIX PeSKUMOB U YCIOBHHK 3Kc- 6. I'puropeeB A.Jl, IBaHoB A.C., HnpHH B.A. H
IayaTalliy OTPaskaeT pUc.6. ap. IIpoekTHpoBaHMe JaMIbl beryiieil BOTHBI
MH/UIMMETPOBOr0 M CyOMM/IIMMETPOBOIO AHa-
JINTEPATYPA [1a30HOB // DyeKTpoHHas TexHHKa. Cepusa 1.
1. Jlyuumnun B.B., Taupos }0.M. I'eTeposnuTax- CBY-TexHMKa. Brim. 4 (327). 2015. C. 28-34.
CHanbHasl KOMIIO3ULIMS: PeIKUM IOJUTHUII Kap- 7. Ky3HenoBa M.A., JlyuuHHH B.B. ®opmupoBa-
6uma kpeMHHUS 2H Ha M30THPYIOIIEH IIOAJIOKKe: HHe KapOHUIOKpeMHHEBBIX ABTO3MHUCCHOHHBIX
HUTPHUJ aTIOMHHHUSA - caniup // [Tucema B XKTP. OCTPHU METOL0M OCTPOCPOKYyCHPOBAHHOTO HOH-
T. 10. Beim. 14, 1984. C. 873-875. HOro Iy4yka. HaHO- M MHKPOCHCTEMHas Tex-
2. I'pexoB H.B., EdanoB B.M., Kapgo- HHMKa, N2 12 (149). 2012. C. 35-40.
CoicoeB A.®. PopmMHUpOBaHHE BBHICOKOBONBTHBIX 8. AdaHackeB A.B.,, HapuH B.A., Kopos-

HaHOCEeKYHIHBIX IIepellaloB HAaNpsSKeHUs Ha
[IOJIYIIPOBOAHUKOBBIX JHomax // ITnceMa B XKTP.
T.9. Beim. 7. 1984. C. 435-438.

3. AdanacwseB A.B., IemuH 10.A., HBaHoB B.B.

KHHa H.M. u ap. OcobeHHOCTH TeXHOJIOTHH
M CBOMCTB QOTOJETEeKTOPOB Ha OCHOBE CTPYK-
TYp "MeTaII - IOPUCTHIHM Kapbupg xpeMHus" //
IDKT®. T. 31. Ne 15. 2005. C.1-6.

of a full production line at Saint-

Petersburg Electrotechnical

University "LETI" for the follow-

ing devices:

» power electronics (diodes with
Schottky barrier, impulse
high-voltage DSRD-diodes and
MDP-transistors);

+ high frequency electronics (vac-
uum diode with field emission;
vacuum diode peaker, auto-
emission electromagnetic radi-
ation limiter, photoconductive
THZ-band antennas, plasma
antennas);

« optoelectronics (hard UV radia-
tion sensors for extreme opera-
tion conditions);
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« microsystem devices (powerful
high-frequency micromechani-
cal switches).

The created technological line
must provide for a closed cycle
from growth of crystals and cre-
ation of epitaxial structures to the
formation wafers with crystals -
chips in the framework of planar
integrated-group technology.

The concentration of knowl-
edge, infrastructural and human
resources for the implementation of
ambitious projects aimed at creation
of a competitive national environ-
ment in the area of SiC-based elec-
tronics allows forecasting their devel-
opment with the implementation

"knowledge-based economy" concept
at Saint-Petersburg Electrotechnical
University. Taking into account
the mentioned problems and the
high level of competencies in
Saint-Petersburg Electrotechnical
University regarding the specified
directions, further development is
envisaged for the system of national
and international cooperation for
the formation of a SiC-based indus-
try in Russia and its professionally
oriented human resources.

The general progressive trends in
the technology of using carbide sili-
con as the basic ECB material under
extreme operation modes and con-
ditions are shown in Fig.6. [



