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B oT/inume OT ApYruX TEXHOJIOFMYECKUX BbI3OBOB, pPOCCUICKas MaTepuanoBeayveckas 6asa obecneunna
B HacTosiuiee BpeMsl BO3MOXHOCTb (GOPMMPOBAHUS MOJIHOCTbIO OTEYEeCTBEHHOro0 MHHOBALMOHHOIO
TEXHOJIOrMYecKoro MapLupyTa NpoM3BOACTBA a/IMA3HOM 3/IEKTPOHUKU C paHee HeJoCTUXKUMbIMU SHEpro-
YaCTOTHbIMM XapaKTepUCTUKAMM1, TeEMNepaTypHbIMA U PaAUaLUMOHHBIMU YCI0BUSIMU 3KCMlyaTauun. 3T1o
CTano BO3MOXHbIM 6/1arogapsi noctaHoBKe B POCCMU TEXHO/I0M MY BbipaLLMBaHUS KPYMHbIX CUHTETUYECKUX
MOHOKPUCTa/VIOB asiMa3a M pas3paboTke MNpoLLecCOB MOJIYYEHUS JIErMPOBaHHbIX 3MUTAKCUAJIbHbIX
a/MasHbIX C/10eB, B TOM YMC/e HAaHOC/I0EBbIX KOMMO3MLMWA. YcnellHas peanusauusi Ha POCCUMIACKOMN
MaTtepuanoBegyeckor 6ase KOMMOHEHTOB aQJ/IMa3HOW 3/IEKTPOHUKM MO3BOJISIET KOHCTAaTUpOBaTb
$dopmupoBaHMe oTEUECTBEHHOIO MHHOBALMOHHOINO MApLUPYTa, KOTOPbIA MOXET pacCMaTpuBaThCs Kak
NpopbiB B HAYKOEMKOM KPUTUYECKOM HamnpaBs/ieHUU, onpeaensiolemM He3aBUCMMOCTb U 6e30MacHoCTb
rocygapcrea.

Peanusauuio npoekta B 06/1aCTU a/iMa3HOM 3/IeKTPOHMKU obecreynna Koonepauus cinegyroLmx

opraHusauuii: OO0 "UHpean” (Cectpopeuk) — BbipalWuBaHMe MOHOKPWUCTA/IIOB-MOAJI0XKEK a/iMa3a;
WHcTuTyTa npuknagHoin ¢pusmkn PAH (H1xHUin HOBropoa) — CMHTE3 3NUTaKCUaIbHbIX CTPYKTYp animasa;
CaHkT-TMeTep6yprckoro anekTpoTexHNU4Yeckoro yHusepcuteta "J1I3TU" (CaHkT-MNeTep6ypr) — NOCTPOCTOBbIE
NpoLLecchl Ha asiMase, TeEXHOJ/10r1sl 3/IeKTPOHHOM KOMMOHEHTHOM 6a3bl.
Unlike other technological challenges, the Russian material science base has now provided the
opportunity to form a completely domestic innovative technological route for the production of
diamond electronics with previously unattainable energy-frequency characteristics, temperature and
radiation conditions of operation. This became possible due to the availability in Russia of the technology
for growing large synthetic diamond single crystals and the development of processes for obtaining
doped epitaxial diamond layers, including nano-layer compositions. Successful implementation of the
components of diamond electronics on the Russian material science base allows us to state the formation
of a national innovation route, which can be seen as a breakthrough in the science-intensive critical area
that determines the independence and security of the state.

Realization of the project in the field of diamond electronics was ensured by the cooperation of the
following organizations: INREAL (Sestroretsk) — growing of single crystal diamond substrates; Institute
of Applied Physics RAS (Nizhny Novgorod) — synthesis of diamond epitaxial structures; Saint-Petersburg
Electrotechnical University "LETI" — post-growth processes, electronic component base technology.

YCJIOBHSIX M3BECTHBIX OTPAHUYEHUH B [I0CTaB-  HE3aBHCHMOCTH U 6e30I1aCHOCTH FOCYAAPCTBA SIBJISIETCS

KaxX Ha POCCHMCKMI PHIHOK KPUTHYECKH Bask-  0e3yCIOBHBIM IIPHOPHUTETOM.

HBIX UHHOBAIIMOHHBIX MaTepPHa/IOB U TeXHOJIO- Llenpro JAaHHOM CTAThHU SIBJISIETCS IIpefCTaBAeHHe
ruil, popMHPOBaHUE BBICOKOUHTE/IEKTYa/IbHBIX OTe-  Pe3y/IbTaToB GOPMHPOBAHK S HHHOBAI[MOHHOK OTeve-

YeCTBEeHHBIX TeEXHOJIOTMYeCKMX HUII OJ141 obecrieueHUs CTBEHHOM TeXHOJIOTHU BHEKTPOHHOﬂ KOMIIOHEHTHOM

CaHKT-MeTepbyprckmii rocyapCTBEHHbIN 3NeKTPOTEXHUYeCKUA yHmBepcuTeT "ISTU" / Saint-Petersburg Electrotechnical University "LETI".
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Fig.1. Electronic components for extreme modes and operating conditions

6a3bl Ha OCHOBe YHHKAJIBHOTO 10 CBOUM 3/1eKTPOdH-
3MYeCKHM, TeIJI0PU3UUYeCKUM, ONTHYECKHM U Mexa-
HUYeCKHM CBOMCTBaM MaTepHasa - ajiMasa, obecrie-
YMBAIOIIEro Co3laHHe MUKPO- U HAHOTeXHHKH HOBOT'O

IIOKOJIEHH S C PaHee He[JOCTH>KMMBIMH QYHKIIHOHA b
HBIMH BO3MOKHOCTSMH, PeXKMMaMH H YCJIOBHUAMU
3KCIUTyaTaluu (puc.l). PopMHpyeMbIH IIOTTHOCTBIO OTe-
YeCTBeHHBII TeXHOIOTMUeCKHE MapLIPyT OT IIPOLIECCOB

n the conditions of certain

restrictions in the supply of

critical innovative materials
and technologies to the Russian
market, the formation of highly
intelligent domestic technology
niches for ensuring the indepen-
dence and security of the state is
an absolute priority.

The purpose of this article is
to present the results of the for-
mation of innovative domes-
tic technology of the electronic
component base on the basis of
a unique material for its elec-
trical-physical, thermal-phys-
ical, optical and mechanical
properties - a diamond that pro-
vides the creation of micro- and

nanotechnology of a new gen-
eration with previously unat-
tainable functional capabilities,
modes and operating conditions
(Fig.1). A developed fully domes-
tic technological route from the
growth of diamonds to the fab-
rication of components for elec-
tronics and photonics can be con-
sidered as a Russian challenge
to achieve excellence in a highly
intelligent science field with
a long horizon of competitive
implementation.

SYNTHETIC DIAMOND

AS MAN-MADE "CARBON STAR"
Carbon (from the Latin "car-
boneum" - coal) is a fairly

widespread chemical element in
nature (the carbon content in the
human body is 21%, in the earth's
crust - 0.16%) that has an atomic-
molecular energy conformism,
which determines the structural-
functional and physical-chemical
diversity of carbon-containing
materials (Fig.2), as well as their
organic-inorganic convergence
within the bio-technosphere.
The widely used term "car-
bon electronics” integrates an
innovative scientific and tech-
nological basis in the field of
synthesis, structure and forma-
tion of micro- and nanotechnol-
ogy objects based on carbon-con-
taining inorganic and organic
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Fig.2. Physical-chemical and structural-functional diversity of carbon-containing materials

POCTa a/IMa30B A0 HU3TOTOBJIEHH I KOMIIOHEHTOB 3JIeK-
TPOHHUKH U (1)OTOHI/IKI/I MOKET paCCMaTPUBATBCA KaK
pOCCI/II:ICKI/Iﬂ BBI30B JOCTH>KEHHU S IIPEBOCXOACTBA B BBICO~
KOI/IHTEJ'UIEKTyaJ'II;HOI;I HaYI(OEMI(OfI ccbepe C OJIUTeJIb-
HBIM I'OPH30HTOM KOHKYPEHTOCHOCO6HOIZ pealin3aniui.

CUHTETWUYECKUIN ANMA3 KAK PYKOTBOPHAS
"YTNEPOAHAS 3BE31A"

Yriepon (ot naT. carboneum "yrons') siBasieTcs KocTa-
TOYHO LTMPOKO PACIIPOCTPAHEHHBIM B IIPHPOJIe XUMHU-
YeCKHM 3JIeMeHTOM (comepskaHHe yIiepoa B Tese

materials and their hybrid con-
vergent compositions (Fig.3).

The brightest representative of
the "carbon community" is a dia-
mond (from the Greek "adamas” -
indestructible), whose carbon
nature was unraveled at the end
of the 18th century, remains to
this day a unique costly mate-
rial, in demand both in jewelry
and in engineering. A diamond
is known as a jewel - a brilliant
(from the French "brilliant") and
the hardest abrasive.

Synthetic diamond - a man-
made copy of the natural min-
eral - has taken a stable posi-
tion in the diamond market. At

present, along with jewelry and
abrasive diamond, considerable
interest is attracted by the use
of synthetic large (tens of car-
ats) single crystals of sufficiently
high structural perfection and
purity for solving extreme engi-
neering and technical problems.
Let's present a brief analysis of
the features of this material.
The diamond has a polymor-
phism, and its most widespread
allotropic modification (98%)
is a cubic diamond that has a
face-centered cubic unit cell.
Hexagonal diamond or "lonsda-
leite" (named after the British
crystallographer Kathleen
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Lonsdale that discovered it in
1966) crystallizes into a wurtz-
ite lattice. If the source of nat-
ural classical cubic diamond is
kimberlite pipes, hexagonal one
is found in meteorite craters. It
should be noted that the technol-
ogy of obtaining a synthetic dia-
mond's hexagonal modification
is extremely complicated.

Let's consider properties of
a cubic diamond that is the
most widespread both in the
nature and in industrial pro-
duction. The molecular weight
is 12 g/mole, the density of dia-
mond is 3.5 g/cm?, the record rel-
ative hardness on the Mohs scale
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Fig.3. Carbon electronics, an interdisciplinary innovation environment

yesioBeKa - 21%, B 3eMHOH Kope - 0,16%), KOTOpOMY ITpH-
CyIIl aTOMHO-MOJIEKY/ISPHBIN SHepreTH4eCcKH L KOHPOp-
MM3M, OIpeJle/ISIOIUHI CTPYKTYPHO-QyHKIMOHAIBHOE
1 QH3UKO-XHMHUYEeCKoe pasHoobpasue yriaepomocomep-
SKaIIHX MaTePHasIoB (PHC.2), a TAKKe UX OpraHO-Heopra-
HHYeCKYI0 KOHBEPreHIIHIO0 B paMKax OH0TexHOCEePEL.
IIMPOKO HCIIONb3yeMbIH TepMHH "YyTJIepon-
Hasl 971eKTPOHUKA" MHTeIrpHUpyeT MHHOBALIMOHHBIH

Hay4YHO-TeXHOJIOrMYeCKUH ba3uc B 06/1aCTH CHHTe3a,
CTPYKTypo- U dopmoobpa3oBaHUs 06bEKTOB MUKPO-
M HAaHOTeXHHUKHU Ha OCHOBe yIJIepPOJ0COAepsKaliuX
HEOPraHHUYeCKUX U OpraHHUYeCKHUX MaTepHaJoB U UX
TUOPUIHBIX KOHBEPreHTHBIX KOMITO3HULIME (PHC.3).
Hawubonee sspKUIl IIpeACcTaBUTE/Nb 'yITIePOLHOIO
coobmiecTBa” - anma3s (oT rped. adamas "Hecokpy-
IIMMBIN "), YIIepogHas IpHUpoJa KOTOporo 6riia

is 10 (more than 100 GPa, but var-
ies depending on the base face of
the diamond), which is ten times
higher than that of corundum.
The diamond is quite fragile, but
has a high value of the modulus
of elasticity (Young's modulus) -
1.2 - 102 N/m?. Optical parame-
ters are essential in character-
izing the quality of a diamond,
including "glitter" and a multi-
colored "game" of faceted sin-
gle crystals, and make a decisive
contribution to the value of jew-
elry. The refractive index of dia-
mond varies from 2.417 to 2.421;
the angular dispersion is about
0.06; the reflectance is 0.172. The

color of a diamond is one of the
most important jewelry charac-
teristics determined by its alloy-
ing and structural perfection.
The following colorings of the
diamond are known: colorless,
yellow-brown, brown, black,
gray, blue, green, red, pink, blue
and very rarely lilac.

There is a classification that
separates diamonds into types
depending on the content of base
impurities (nitrogen and boron)
and their distribution in the
crystal, which determines opti-
cal transparency in a wide range
from hard ultraviolet to deep
infrared wavelengths. The main

impurity in the diamond is nitro-
gen (type I - nitrogen content up
to 0.2%, type II - not more than
10-3%). Despite the possibility of
nitrogen saturation to the level
of 1018 cm?, a natural diamond
remains a dielectric whose resis-
tance can vary in the range from
1013 to 10 O - cm. This is caused
by the fact that the energy depth
of the donor (nitrogen) is very
high - 1.7 eV, which limits the
concentration of charge carriers
at room temperature.

Prospects for the formation
of semiconductor devices on the
basis of diamond and their com-
petitiveness for a number of
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pasrajiaHa B KOHLIe 18 Beka, — 0CTaeTcs 10 CUX IOP YHH-
KaJIbBHBIM JJOPOTOCTOSIIIUM MaTepHasoM, BOCTpeboBaH-
HBIM KaK B I0BeJINPHOM, Tak U B MH>KeHEPHOMU cpeJle.
AnMa3s M3BeCTeH Kak ApParoleHHbIN KaMeHb - OpuiI-
nmuaHT (0T dpany. brilliant "6nectsmurt”) u Haubonee
TBep/blil abpasus.

CHHTeTHYeCKHUI a/IMa3 - PyKOTBOPHasI KOIK I IPUPO-
HOT'0 MMHepaJla ~ 3aHsU1 YCTOMYHBbIe IO3MIIMH Ha aJIMa3-
HOM pbIHKe. B HacTosiIee BpeMs Hapsifly C IOBeTUPHBIM
1 abpa3vBHBEIM a7IMa30M 3HAUHUTe/IbHBIN HHTEPeC BbI3bI-
BaeT IpUMeHeHHe CUHTeTUYeCKUX KPYIIHbIX (AeCsTKU
KapaT) MOHOKPHCTAJ/LJIOB IOCTATOYHO BBICOKOTO CTPYK-
TYPHOIO COBEPIEHCTBA U YUCTOTHI /I/IS1 PeIlleHUsI IKCTpe-
MaJIbHBIX MH)KeHepHO-TeXHUYeCKHX 3aJad. [IpeacTaBumM
KPaTKHUH aHa/IHN3 0C06eHHOCTeH JAHHOTO MaTepHaIa.

Anmas obnagaet nmonuMopdH3MoM, U ero Haubonee
HMIMPOKO PAcIpOCTPaHeHHas a/l/IoTPoIIMyuecKasi MOAH-
dukanus (98%) - Kybruueckuil aiMa3 UMeeT ITpaHelleH-
TPHUPOBAHHYIO KYOHUeCKYIO 3/IeMeHTapHYIO SUeHKy.
[eKCaroHaabHBIHA aJIMa3 UIU "JOHCOeM/IUT' (Ha3BaH
10 UMEeHHU OTKPBIBIIEro ero B 1966 rogy 6pUTaHCKOTO
KpucTaaorpada KaminH JIOHCAeHT) KPUCTALIM3YeTCs
B pellleTKy BIOPLIUTA. EC/IM HCTOYHUKOM IIPHUPOJHOIO
KJIACCUYeCcKOro Kybruueckoro aamasa sIBASeTCS KUM-
bepnuTOBBle TPYOKU, TO FeKCarOHAbHBIN 0OHAPYKeH
B METEOPUTHBIX KpaTepax. ClleflyeT OTMETHUTb, UTO TeX-
HOJIOTH S TIOTTyYeHHsI CHHTEeTHYeCKOro aJiMasa reKkcaro-
HaJIbHOU MOAHUPHKALTUH YPe3BEIYaHO C/IOKHA.

PaccmoTpuM cBomcTBa Haubomee pacmpo-
CTPaHEHHOTO KaK B IPUpOAe, Tak U B IIPOMBIII-
JTeHHOM IpPOU3BOACTBe Kybumdyeckoro aamasa.
MornekyIsIpHBIH BeC coCTaBisieT 12 r/MoJib, IVIOTHOCTb

anmMasa - 3,5 r/cM3, peKopiHAsI OTHOCUTEIbHAS TBep-
IOCTB IIo IKaJie Mooca - 10 (6osee 100 I'Tla, HO U3Me-
HSIeTCS B 3aBUCHMOCTH OT 6a30BOK TPaHU aJIMa3a), YTo
B IeCSITKH Pa3 IIpeBbIIIaeT TBEPAOCTh KOPYHAA. AlIMa3s
J0BOJIPHO XPYIIOK, HO MeeT BbICOKOe 3HaueHHe MO YIS
ynpyroctu (Monyns FOHra) - 1,2-102 H/M?. OnTH4eckue
[apaMeTpEl CyLleCTBeHHHI [IPH XapaKTepH3alliH Kaue-
CTBa aJIMa3a, BKI0Yas "61eck” u pasHOLBETHYIO "Urpy”
OrPaHeHHBIX MOHOKPHCTAJIJIOB, K BHOCAT pellaloIui
BKJIaZl B CTOMMOCTb IOBeIMPHEIX H3JeNun. [Tokas3aTensb
IIpeIOMJIeHHS ajiMa3a Bapbupyercsa oT 2,417 mo 2,421,
yIJIOBasI IUCIIepPCHS COCTaBIIsIeT 0Koso 0,06; oTpaskaTe/b-
Has crrocobHocTh - 0,172, 1IBeT ajiMa3sa - oLHa U3 Bask-
HeNIIUX I0BeJUPHBIX XapaKTepUCTHK — ONpeJensieTcs
ero JerHpoBaHUEM U CTPYKTYPHBIM COBEPIIEHCTBOM.
M3BeCTHBI CJIelyIoNMe OKPAcKH asMa3sa: 6ecliBeTHHIH,
>KeNTO-KOPUYHEBBIM, KOPUUHEBBIM, YePHBIU, CEePHIH,
CHHUH, 3eJIeHbIN, KPaCHBI, PO30BbIH, royboil U 04eHb
penKko - CpeHeBBIH.

Cy1mecTByeT KIacCUPUKALIKS, PasAensomas aiMa3sbl
Ha THIIBI B 3aBUCHMOCTH OT COZlep>KaHU s 6a30BBIX IIPU-
Mecell (a30Ta 1 60pa) U UX paclipefieNeHUs B KPHUCTAITE,
YTO OIlpejie/isieT ONTHUYeCKYIO IIPO3PauHOCTh B MIHPO-
KOM JIMaIla30He OT KeCTKOro ylbTpadrosera 1o riaybo-
Koro MHPpaKpacHOro AuarasoHa JaUH BoMH. OCHOBHOMN
IIPHMeECHIO B aJIMa3e sIBIsIeTCs a30T (THUII I - comepskaHue
asota 10 0,2%, Tur 11 - He 6ortee 103%). HecMoTps Ha Bo3-
MOSKHOCTb HaCBIIEHHSI 230TOM [0 ypoBHS 1018 cM3, mpu-
POAHBIM a/IMa3 OCTAETCS AUIIEKTPUKOM, COIIPOTUBIIE-
HIe KOTOPOrO MOKeT BapbHPOBAThCS B AHara3oHe ot 1013
1o 1016 OM-cm. ITO CBSI3aHO C TE€M, UTO SHepreTUyecKas
rnybrHa 3aIeraHus IoHopa (a30Ta) oueHb BelrKa - 1,73B,

energy and frequency parame-
ters are determined by the pos-
sibility of obtaining a doped
material of n- and p-types of
conductivity. Doping also alters
the color gamut of jewelry.
Traditional diffusion processes
for semiconductor technology are
unsuitable because of the possi-
bility of a diamond phase transi-
tion to graphite, since the diffu-
sion of impurities requires high
temperatures and significant
process durations. Therefore,
doping in the process of crystal
growth, epitaxy, ion implanta-
tion or surface termination are
used.

The basic set of alloying impu-
rities for diamond is limited by
boron (0.37 eV) as an acceptor
and phosphorus (0.58 eV) and
nitrogen (1.7 eV) as donors. At
room temperature, these deep
impurities have a sufficiently
low degree of ionization, which
determines the limitation of the
number of free charge carriers.
The only possible technological
way to increase their quantity
is to create a highly doped mate-
rial, which ensures a reduction
in the energy gap between the
impurity zone and the valence
band ceiling (p-type material)
or the bottom of the conduction
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band (n-type material). If the
activation energy is 370 meV
(ionization degree is 0.2%) for
a typical level of doping with
boron (less than 10Y cm™), then
at an impurity concentration of
102° cm™ the activation energy
has practically zero value, but at
the same time the carrier mobil-
ity decreases catastrophically. A
sharp decrease in the mobility
of holes from 3800 cm?/V-s (NA =
1015 cm™3) to 100 cm?/V-s occurs
even at an impurity concentra-
tion of more than 10¥ cm™.

The technology for thermal
modification of diamond sur-
face by hydrogenation, that is,
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YTO OrpaHHUYMBAET KOHIIEHTPALIMI0 HOCUTe/IeH 3apsia
[IpY KOMHATHOM TeMIlepaType.

[TepcriekTHBE GOPMHUPOBAHHUS Ha OCHOBe ajamasa
TI0JTyITPOBOAHUKOBBIX IPHUOOPOB M KX KOHKYPEHTOCIIO-
COBHOCTB I10 PSIAY SHEPreTUUYeCKUX M YaCTOTHBIX I1apa-
MeTpOB OIpefe/NsIoTCSl BO3MOXKHOCTBIO II0y4eHHUs
JIeTHPOBAHHOI'0 MaTepHasa N- U P-TUIIOB IIPOBOJUMO-
CTH. JleTupoBaHUe HU3MeHseT U 1IBETOBYI0 TaMMYy [oBe-
JHUPHOro anMasa. TpaAuLIMOHHEIe [J15 IIONTYIIPOBOSHU-
KOBOM TeXHOJIOTHH ITpoLiecchl AUPPY3UH HeNIPUTOAHBIL
K3-3a BO3MOKHOCTU IIPoTeKaHUs $a3oBoro rnepexona
anMasa B rpaduT, ocKoabKy A1udPy3rOHHOe BBeleHHe
npuMecel TpebyeT BBICOKMX TeMIIEpaTyp U 3HaUUTe b
HBIX JJIUTe/IbHOCTeH MPOLieccoB. I103ToMy NPHMeHSI0TCS
JIeTHPOBaHUeE B IIPoLiecce POCTa KPHUCTAJIIOB, SIIUTAK-
CHsl, MIOHHAasI UMIUIAaHTALUs UIK TePMHUHHUDPOBAHHeE
[IOBEPXHOCTH.

Ba30BbIl HAbOP e PYIOMINX IPUMeCeH /s a/IMa3a
orpaHuueH 6opoM (0,37 3B) B KauecTBe aKkLenTopa, Goc-
dopom (0,58 3B) 1 azorom (1,7 3B) B KauecTBe LOHOPOB.
[Ipy KOMHATHON TeMIIepaType AaHHbIe ITTyDOKue IIpH-
MeCH HMeIOT IOCTaTOYHO HU3KYIO CTeIlleHb HOHU3AIUH,
YTO OIlpefie/isieT OrpaHUYeHHe KOJTHYeCcTBa CBOOOIHBIX
HOCHUTeNeH 3apsina. EXMHCTBEHHO BO3MOKHBIN TeXHO-
JIOTUY4eCKHU M CII0cob YBeIMUUTb UX KOJIIMUECTBO ~ CO3[a-
HUe CHUIbHOJIEeTHPOBAHHOIO MaTepHasa, 4To obecie-
YMBaeT YMeHbIIeHe SHePreTH4eCKoro 3a30pa MeXKay
30HOH 3aJIeTaHUs IPUMeCH U II0TOJIKOM BaJIeHTHOM
30HBI (MaTepyasl p-TUIIA) KK JHOM 30HBI IPOBOIUMO-
cTu (MaTepHal n-Tumna). Ecau A1si TUIIMYHOIO yPOBHS
nerupoBaHus 6opoM (MeHee 10V cM3) S5Heprus akKTHUBa-
UM cocTaBiseT 370 M3B (cTereHb HOHU3ALUHU 0,2%), TO

IIpU KOHLEHTPALMU npruMecu 1020 cM™3 sHeprus akTu-
BallMK MMeeT paKTHUYeCKH Hy/leBoe 3HaueHHe, HO IIPH
3TOM KaTaCTPOPUUeCKH IafaeT IOABUKHOCTh HOCUTe-
7eu 3apsza. Pe3skoe CHUIKeHHE IOJBUKHOCTH JBIPOK
€ 3800 cM?/B-c (NA ~ 10" cm3) mo 100 cM?/B-C IPOUCXOTUT
y>Ke IIPH KOHIIeHTpaLluK ITpUMecH 6omee 10° cm3.

Tak Ha3plBaeMasi TeXHOJIOTHSI TEPMHPOBAHU S [I0BEP-
XHOCTH a/IMa3a -~ MOAUPHKALIMS METOIOM T PUPOBa-
HUSI, TO eCTh TEPMHUYECKOM HJIU IJIa3MeHHOM 06pabort-
KOH B BOJOPOJe, ~ [03BO/IsIeT GOPMHUPOBATH JBIPOYHBIN
MIPOBOASIIMM KaHAJI TONLIMHOM [0 10 HM C IOBepXHOCT-
HOM IUIOTHOCTBIO 3apsia 1o 1018 cM™? 1 cBepXMaJIolt SHep-
ruey akKTHUBAaIIMU HocUTeleH (23 MaB). ITIoABUKHOCTD
HOCHUTeJIe! 3apsiia cocTasiseT 50-150 cm?/B-c. B oTHo1Ie-
HHUU IIPEMeHeHHUSs pocdopa B KadecTBe JOHOPA CIefyeT
OTMETHTb, YTO €r0 MOKHO BHEeJPUTE B a/IMa3, HO, KaK
Y aK1enTop 60p, OH sIBIsieTCsl ITyOOKUM, U IIPHU 06bIY-
HBIX TeMIIepaTypax 3TOT UCTOUHMK 3/1IeKTPOHOB KpaliHe
OrpaHHYeH.

I KBAHTOBBIX MHQOPMALMOHHBIX GOTOHHBIX
CHCTeM Ha OCHOBE a/IMa3a BayKHBI TaK Ha3bIBaeMble LIeH-
TPbI OKPacKH: a30T-BaKaHCUS (NV) U KpeMHHUH-BaKaH-
cus (SiV). O4ueBUIHO, YTO IIPeLICTABIsIeT UHTepec JIeru-
poBaHHe a/iMasa U APyTHUMHU IIPUMeCcIMH U3 IV IpyImsl
[epHOofNYeCcKOoH CHCTeMBbl, HallpUMep FepMaHUeM.

"PEKOP/HBII" MATEPMAN [1/11 KCTPEMA/IbHOM
NEKTPOHUKHU

OlleHMBasl CBOMCTBA a/iMa3a KaK MaTepHasa AJis 3KC-
TpeMasbHBIX YCIOBUH K PeKHMOB 3KCIIJIyaTallUH,
ciaefyeT o6paTUThCS K OOLIEIPUHSTHIM KPUTEPUIM
(tabn.l), xapakTepHU3yIOIIUM 3HEpPro-4acCTOTHEIe,

thermal or plasma treatment
in hydrogen, allows the forma-
tion of a hole conducting chan-
nel up to 10 nm in thickness with
a surface charge density up to
108 cm™ and an ultra-low car-
rier activation energy (23 meV).
The mobility of charge carriers
is 50-150 cm?/V-s. With regard to
the use of phosphorus as a donor,
it should be noted that it can be
incorporated into a diamond,
but, like the boron acceptor, it is
deep, and at ordinary tempera-
tures this source of electrons is
extremely limited.

So-called color centers -
nitrogen-vacancy (NV) and

silicon-vacancy (SiV) - are impor-
tant for quantum information
photon systems based on dia-
mond. Obviously, the alloying
of diamond and other impurities
from the IV group of the periodic
system, for example, germa-
nium, is of interest.

"RECORD" MATERIAL

FOR EXTREME ELECTRONICS
Evaluating the properties of dia-
mond as a material for extreme
conditions and operating modes,
one should turn to the generally
accepted criteria (Table 1) char-
acterizing the energy-frequency,
switching and heat-dissipative

capabilities of the material when
creating a high-frequency and
power electronic component
base.

Prospects for the absolute lead-
ership of diamond in extreme
electronics determine its follow-
ing record parameters:

« the critical electric field
strength E. =10 MV/cm;
e thermal conductivity A =

20 W/cm-K;

« the width of the band gap AE =

5,45 eV;

« Debye temperature T, =

1860 K;

« velocity of sound propagation

v, =10 km/s.
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Tabauua 1. Kpumepuu oueHKU NpuMeHUMOCmU Mamepuanos 6 CUA0B0L U 8bICOKOYACMOMHOU 3ieKmpOHUKe
Table1. Criteria for assessing applicability of materials in power and high-frequency electronics

Kpure 17 Bb?;:g;?ﬁne WHTepnpetauus
Criterion Basic formula Interpretation
[LOMWHMPYET Npu oLeHKe paboTbl NPUHOpPa Ha BbICOKMX YacTOTax, yunTbiBaeT 3GPeKTUBHOCTb
AxoHcoHa ~(E.V)2 (/J,OCTM)KVIM\/IO CI(OpOCTb).BbI/J,EHEHVIFI MOLLHOCTM B NONYNPOBOAHNKE }
Johnson's cs Dominates when evaluating the operation of the device at high frequencies, takes into account the
efficiency (achievable speed) of power release in a semiconductor
Y4UTbIBAET TEMI0BbIE OFPAHMYEHNS NPpU NepektodeHnn — 3G eKTUBHOCTL TENIO0TBOAA, ONpese-
Kenca AV NIeMy10 CNOCOBHOCTLIO MOAYNPOBOAHMKA K AUCCUNALIMN TEMIOBOW SHEPT UM
Keye's S It takes into account the thermal limitations during switching — the efficiency of the heat sink,
determined by the ability of the semiconductor to dissipate thermal energy
[LOMWHMPYET Npu oLeHKe paboTbl B MOLLHbIX CUI0BbLIX HU3KOYACTOTHbLIX Mpnbopax, obecneymsas
banura ~euE CpaBHeHWe MaTeprasnoB N0 Pe3NCTUBHbLIM NOTEPSAM
Baliga's HEc Dominates when evaluating operation in high-powered power low-frequency devices, providing a
comparison of materials by resistive losses

MpumedaHue: Ec — KpUTMYECKas HaNpsKEHHOCTb 3/1eKTPUYECKOro nons; A — TenNonpoBOAHOCTb; Vg — CKOPOCTb HachklleHWs Apeida HocuTenen 3apsaaa;
M — NOABMXXHOCTb HOCUTENEN 3apsAa; € — OTHOCUMTeNbHASA AN3NeKTpUYecKas MpoHNLAEMOCTb.

Note: Ecis the critical strength of the electric field; A is the thermal conductivity; Vs is the saturation speed of charge carrier drift; p is the mobility of
charge carriers; € is the relative permittivity.

KOMMYTALIMOHHBIE B TEIIJIO-AHCCUIIaTHBHBIE BO3MOXKHO- * IIMPUHA 3aIlpellleHHOM 30HbI AE = 5,45 3B;
CTHU MaTepHasla IIPY CO3JAHUH BEICOKOUACTOTHOM U CHUJIO- + Temmeparypa [lebas T, = 1860 K;
* CKOPOCTbB PaCIIPOCTPaHeHH S 3BYyKa U = 10 KM/C.

BOI 3JIeKTPOHHOI KOMIIOHEHTHOM 6a3bl.
ITepcrIeKTHBBI a6COMIOTHOTO JIMAEPCTBA a/IMa3a B 3KC-
TPeMaJIbHOM 37IeKTPOHHKE OIpe/le/IsoT CIefyIolILe ero

peKopIHble IIapaMeTphl:

¢ KpUTHYeCKas HAIIPSI>KeHHOCTD JIEKTPUYECKOTO 10714

E.=10 MB/cm;

* TeIUIONIPOBOSHOCTD A=20 Bt/cM'K;

A number of the most impor-
tant electrical-physical param-
eters that determine the speed
of the device, including V-
the saturation rate for carrier
drift in an electric field for elec-
trons (1.6-107 cm/s) and holes
(1.1-107 cm/s), and mobility charge
carriers in undoped material (pn =
4500 cm?/V-s, pp = 3800 cm?/V:-s)
are at the level of similar param-
eters of semiconductor materials
used in the creation of high-fre-
quency devices. However, tradi-
tional materials - arsenide and
gallium nitride - significantly
lose to the diamond in terms of
thermal conductivity, critical

P/l BasKHEHIIHUX 3JIeKTPOPU3NIeCKUX Mapame-
TPOB, OIpefeNsIomuxX ObcTpomericTBHe mpubopa,

B TOM 4HCJIe Vs - CKOPOCTb HaChIIeHU S IIpU Apende

HOCUTEeJIeH B 3JIEKTPHYeCKOM II10Jie OJIS 3JIEKTPO-

HOB (1,6 - 107 cM/c) 1 gpIpok (1,1-107 cM/c), a TaKsKe IIOJ-
BUSKHOCTb HOCHUTeJEH 3apsiia B HeJerMPOBAHHOM

field strength and the width of
the band gap. The latter parame-
ter is one of the defining ones in
terms of achieving the highest
possible operating temperatures.

With regard to extreme micro-
instrumentation, attention
should also be paid to the record
low expansion coefficient of dia-
mond (107¢ K1) and a relatively
low value of the relative permit-
tivity € = 5.5.

DOMESTIC DIAMOND ROUTE
"FROM THE CRYSTAL TO THE
DEVICE"

Despite the discover the carbon
nature of the diamond at the end
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of the 18th century, more than
one and a half centuries passed
before in Sweden, the USSR and
the USA, in the early 1950s, syn-
thetic diamonds were grown
using two types of technolo-
gies: chemical vapor deposition
CVD; the thermobaric method
of HPHT (High Pressure, High
Temperature) - the crystalliza-
tion of diamond from the melt of
carbon at high temperature and
pressure in the presence of metal
catalysts. Synthetic crystals
grown by HPHT technology often
have a habit in the form of a
cube, and they are characterized
by zonal (sectorial) color (Fig.4),
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Mmatepuae ([, = 4500 cm?/B-c, p, = 3800 cm?/B- c), HaXo-
ISTCSI Ha yPOBHE aHAJIOTHYHBIX [1apAaMETPOB IIOTYIIPO-
BOAHMKOBBIX MaTepPHAJIOB, UCIIOIb3yeMBIX ITPH CO3/1a-
HHUHU BBICOKOYACTOTHBIX ITpubopoB. OgHAKO, TPafu-
LIMOHHbIe MaTePUAJIbl ~ APCEHU]T K HUTPUJ, FAJITUS 3HA-
YUTEeIBHO IIPOUTPHIBAIOT AJIMa3y I10 TEIJIOIPOBOLHO-
CTH, KPUTHUUYECKON HATPSIKeHHOCTH I10JIs U LIUPHHE
3aImpelleHHOM 30Hbl. [Toc/IeJHUI ITapaMeTp SIBISeTCs
OfHUM U3 OIIpefie/ISIOIIHX C TOYKH 3PeHHU s DOCTHKe-
HHSI MAaKCHMAaJIBHO BBICOKHMX PabO4MX TeMIIepaTyp.

[IprMEeHHUTEeNBHO K 3KCTPEeMaTbHOMY MHKPOIIPH-
bopocTpoeHHIO cllefyeT 06paTUTh BHUMaHHUE TaKKe
Ha PEeKOPAHO HU3KHUN KOIOOUIIMEHT paclIUpeHHUs
anmasa (107° K1) u cpaBHUTeIPHO HeBBICOKOE 3HAUeHHe
OTHOCHUTEIBHOMN JHU3IeKTPUYeCKON ITPOHUIIAeMOCTH
€=5,5.

OTEYECTBEHHbIA AIMA3HbI MAPLLPYT

"OT KPUCTANIIA 1O NPUBOPA™

HecMoTps Ha pa3rajziky B KoHIle 18 BeKa yIlIepoAHOH
IIPUPOABI AJIMa3a, IIPOIIo 6ojiee IIOTyTOpa BEKOB, ITpe-
>kae yeM B llIBeriin, CCCP u CIIIA B Hadasie 1950-x romoB
6BLIN BBIPAIEHBl CHHTETHYECKHE aJIMa3bl C UCIIONb-
30BaHHMEM [JBYX BUAOB TexHoiorui: CVD (Chemical
Vapor Deposition) - XUMHYeCKHUM 0Ca>KIeHHUeM M3 ra3o-
BoM ¢a3el; Tepmobapuueckum MetomoM HPHT (High
Pressure, High Temperature) - KpucTaaau3anuemn
aJMa3a M3 pacIlJlaBa yIViepofa IIPH BBICOKOM TeMIIe-
paType U HaB/leHHUU B IPUCYTCTBUU MeTa//IMUECKUX
KaTaa1u3aTopoB. CHHTeTUYeCKHe KPUCTAJIIbI, BBIpa-
IeHHbIe 10 TeXHoJoruu HPHT, yacTo HMeIT rabu-
Tyc B dopMme Kyba, U /ISl HUX XapaKTepHa 30HA/IbHAS

Puc.4. CekmopuanbHblli pocm Kpucmaaaa u aHu3ompo-
nus Aezuposaxus. Mpumecb — 60p, KoHUeHmMpayus: 1017-
2-10%8 cm3. Mpodykuus OO0 "MIHPEAN"

Fig.4. Sectorial crystal growth and anisotropy of doping.
Concentration of impurity (boron) is 107 - 2- 108 cm™3. Made
by INREAL

(cekTOpHasIbHAasI) OKpacKa (pUc.4), onpefiesiieMast aHHU30-

TPOIHEl PaCTBOPHUMOCTH ITPHUMeCeL.

B 0CHOBY OTeueCTBEHHOK pa3paboTKU I10JIEBOTO TPAH-
3MCTOpa Ha OCHOBe ajiMa3a OblyIa MooKkeHa KOHCTPYK-
111, obecredrBaomas peleHuye IBYX 3a/1au:

* CO3JaHHe CBePXTOHKOI0 HAHOPa3MepHOro 3araybyeH-
HOT'0 CHJIBHOJIETPOBAHHOTO CJIOSI aIMa3a, SIBJISIOIe-
rocsi ICTOYHHMKOM HOCHTesIel 3apsifia /sl ciaboseru-
POBAHHOIO C/10$1 C ITPHeMJIeMOH IO BHKHOCTBIO HOCH-
Teslel, 4To 6BLIO peaTH30BaHO B PAMKaX SIIHUTAKCHUU
"8-nernpoBaHHOr0" 60pOM CJI1051 TONIIMHOM OKOJIO 2 HM;

* bopMHPOBaHHe Ha IOBEPXHOCTH aJIMa3HOM
8-HaHOKOMIIO3ULIMHU "yIIpaBIsIoONmero” moA3aTBoOP-
HOT0 AM3/IeKTPUKA, YTO ObLIO peanr30BaHO IIpe-
LIM3UOHHON HM3KOTeMIIepaTypPHOI TeXHOJIOTHeH

determined by the anisotropy of

the solubility of impurities.

The basis for the domestic
development of a field-effect
transistor based on diamond was
the construction that provides
the solution of two problems:

+ creation of an ultrathin nano-
sized deep-layered heavily
doped diamond layer, which is
a source of charge carriers for
a low-alloy layer with accept-
able carrier mobility, which
was realized within the epi-
taxy of a 8-doped boron layer
about 2 nm thick;

« formation of a "control” gate
insulator on the surface of a

diamond &-nanocomposite,
which was realized by the pre-
cision low-temperature tech-
nology of the atomic-molecu-
lar chemical assembly of a per-
fect nanotubes layer of alumi-
num oxide.

As shutter material, platinum
was used which, locally, with
an acute-focused ion beam, was
non-lithographically deposited
onto the Al,O; surface by an ion-
ically-stimulated chemical reac-
tion at the Helios Nanolab FIB
station using an organometallic
platinum compound.

The basic key operations for
the formation of the domestic

diamond MIS transistor are pre-
sented in Table 2. The hard-
ware-technological realization
of the generated and imple-
mented technological route,
the basic structure and output
characteristics of the manufac-
tured MIS-transistor diamond
are explained in Table 3. Using
as a gate dielectric the struc-
turally perfect layer of alumi-
num oxide, obtained by the ALD
method, provides effective con-
trol of the current in the chan-
nel and reduction of leakage cur-
rents. However, a sufficiently
large control voltage is neces-
sary, and there is no saturation
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Tabauua 2. Katoyesble mexHonozu4eckue onepauuu npu ¢opmuposanuu MAM-mpan3ucmopa Ha aamase

TexHonoru4yeckas
onepauus

Operation

PocT MOHOKpUCTan-
JI0B a/iMasa
Growth of diamond
single crystals

Table 2. Key operations in formation of MIS transistor on diamond

OpraHuvsauums-
WUCMONHUTENb
Implementing
organization

OO0 "MHPEAN",
"HoBble aniMasHble
TexHonornm"
(CecTpopeuk)
INREAL, New dia-
mond technologies

KpaTtkoe onucaHue npouecca
Brief description of process

HPHT-c1HTEe3 Ha 3aTpaBKax B MPUCYTCTBUU
kaTanmsatopa (T =1500°C, P =50-80 ThiC.
aTM.). AnnTenbHoCTb npolecca — 6osee 10
CYyTOK

HPHT synthesis on seeds in the presence of
a catalyst (T =1500°C, P = 50-80 thousand

Mpoaykuus
Production

KpynHble (6onee 80 kapat) Heneru-
POBaHHbIE MOHOKPUCTANIbI a/IMa3a.
JlernpoBaHHble 60poM
MOHOKPUCTaNbI

Large (more than 80 carats) unal-
loyed single crystals of diamond.

JI0B Ha NNACTUHBbI-
MOA0XKKM

Cutting of single
crystals to obtain
wafers (substrates)

"HoBble anmas-
Hble TeEXHonornm'"
(CecTtpopeLk)
INREAL, New dia-
mond technologies

(Sestroretsk) atm.). The duration of the process is more Single crystals alloyed with boron
than 10 days
Pe3ka MoHokpucTan- | OO0 "IHPEA", CneuyranbHas TEXHONOTMUS TA3ePHOM Pe3Ky MOHOKpUcTanIn4yeckmue opneHTn-

C IoKanu3aumnen n3ly4eHns B CTpye BOAbI
NoJ BbICOKMM AAB/IEHUNEM.
MexaHunyeckas WwindosKa 1 NoMpPoBKa
naacTuH

A special technology of laser cutting with

poBaHHble (100) 1 (111) nnacTuHbI
pa3mepom 6onee 15x15 MM TONLL M-
How 0T 40 1,0 1000 MKM
Single-crystal oriented (100) and (111)
wafers larger than 15x15 mm with

XHOCTM MIACTUH
ANS 3NUTAKCUN
"epi-ready"

Surface treatment
of wafers for epitaxy
(epi-ready)

NpUKAAGHON GU3NKM
PAH (HvxXHMI
HoBropog)

Institute of Applied
Physics RAS (Nizhny
Novgorod)

(Sestroretsk) the localization of radiation in a jet of water | thickness from 40 to1000 um
under high pressure.
Mechanical grinding and polishing of wafers
O6paboTka nosep- NHCTUTYT Mpeun3noHHas XUMUKO-MexXaHn4ecKas MoBepxHOCTb epi-ready, LWepoxoBa-

NoMPOBKA MOBEPXHOCTW, OYUCTKA A9
yAaneHMs MOBEPXHOCTHbIX 3arpsi3HeHU
Precision chemical-mechanical surface
polishing, cleaning to remove surface
contaminants

TOCTb MeHee T HM
Epi-ready surface, roughness less
than1nm

SNUTaKCUANbHbIN
pocCT anmMasa
Epitaxial growth of
diamond

WHCTUTYT npuKknag-
HOW pun3nkm PAH
(HwkHnin Horopoa)
Institute of Applied
Physics RAS (Nizhny

CuHTE3 NernpoBaHHbLIX 6Gopom 6-cnoes
HaHOPA3MEPHOW TOJILLMHbI MO TEXHONOM W
CVD c gononHutenbHon CBY-akTmBaLmen
HavactoTe2,451Ty,

OcobeHHOCTM NpoLiecca:

CkopocTb pocTta 6onee 10 MKM/Y.
YpOBeHb lerMpoBaHms 6opom
o7 107-1020 cm=3.

[MoABUXKHOCTb AbIpoK OT 100
0200 cm?/B-c.

University "LETI"

Novgorod) ¢ BbICOKAS KOHLIEHTPALMSA aTOMApHOro O-NernpoBaHHble C1I0M: TONLLMHA
BOLOPOAA; MeHee 3 HM, KOHLLeHTpauus
* AKTUBHbIE Yr/1eBOAOPOAHbIE PAAMKANDI; B MakcMmyme 10 1020 cm=3
* 6e3BNXpPOBOE ABMXKEHWNE FA30BOV CMeCH; Growth rate is more than 10 pm/h.
* UMMy/IbCHOE MOCTYM/IeHVe 6opocoaepa- Level of doping with boron is from
Lero rasa (auéopaHa) 107-1020 cm 3.
Synthesis of boron-doped &-layers of nano- Mobility of holes is from 100 to
sized thickness using CVD with additional 200 cm?2/V-s.
microwave activation at2.45 GHz 6-doped layers: thickness is less than
Process features: 3 nm, concentration at maximum is
* high concentration of atomic hydrogen; up t0102° cm3
* active hydrocarbon radicals;
* freeflow of the gas mixture;
 impulse intake of boron-containing gas
(diborane)
®opmMupoBaHue CaHKT- OcaxpeHve Al,O; MeTogoM ALD —atomHo- | CKOPOCTb pocTa — O4WH MOHOC/ION
rnoA3aTBOPHOro MeTepbyprckun MOJIeKyNSipHas XMMmuyeckas cbopka npu T B cekyHAy. bonee 100 LMK/IOB.
OV3NeKTpurKa rocyaapCTBEHHbIN <300°C TonwwmHa Al,0;3> 10 HM
Formation of gate 3/1eKTpOTeXHMYeckMn | Deposition of Al,O, by ALD —an atomic- Growth rate is one monolayer
dielectric yHusepcuteT "JISTU" | molecular chemical assembly at T < 300°C per second. More than 100 cycles.
Saint-Petersburg Thickness of ALLO; >10 nm
Electrotechnical
University "LETI"
®dopmumpoBaHume CaHkT-TNeTepbyprckmin | JlIokanbHOe CTUMYAMPOBAHHOE NOHHbIM [eomeTpus 3aTBopa 5x 80 MKM.
MeTa/IINYeCcKoro roCyAapCTBEHHbIN Ny4KOM XMMMUYECKOe OCaxKAeHME NIATUHDBI TonwmnHa Pt —300 HM
N1aTMHOBOIO 3NEeKTPOTEXHNYECKNI Ha noBepxHOCTb Al,O4 Gate geometry is 5x 80 pm.
3aTeopa yHuBepcuTtet "J19TU" Local ion beam stimulated chemical deposi- | Thickness of Pt is 300 nm
Formation of plati- Saint-Petersburg tion of platinum on the surface of AL,O4
num gate Electrotechnical
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Tabauua 3. AnnapamypHO-mexHoA02UHEeCKas peanusayus aamasHozo MAMN-mpanucmopa

TexHosornyeckas onepauus

Operation

POCT MOHOKPUCTAJI/I0B a/1Masa.
HPHT

Growth of diamond single crys-
tals. HPHT

Table 3. Hardware and technology implementation of diamond MIS transistor

OpraHusauus.
AnnapaTtypHoe o6ecneyeHue.
Organization. Hardware support

OO0 "IHPEAT"
INREAL

WnnlocTpauum TexHonorum
lllustrations of technology

anuTakcms aamasa.
MwukpososHosoe CVD
Epitaxy of diamond.
Microwave CVD

N-, p (10 cm3)

1,2
1 2
fenbta-cnon.6op
0,81
0,4+
0 T — —I— T T
-9 -6 =3 0 3 6 9
X, HM

[MocTpocToBble MpoLLecch!:
Post-growth processes:

ALD-TexHonorusa (bopmmpoBa-
HVe NoA3aTBOPHOrO AN31eK-
TPWKa — OKCUAA aNIOMUHUS)
ALD (formation of gate dielec-
tric, aluminum oxide)

FIB-TexHonorunm (bopmmposa-
HWe MeTa/InYeckoro 3aTeopa
13 NAaTUHbBI)

FIB (formation of metal gate
made of platinum)

cneraty "astn"
ETU "LETI"

Pt (300 HMm, FIB)
Al,O,(50 Hm, ALD) Ti (50 HM)/Ni (200 HM)

5-layer (1,4-1,6 Hm)

-5-10°

HanpsaxeHve U, B
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Tabauya 4. MposieneHue "pekopoHbIX" xapakmepucmuk aAMaszd npu co30aHUU 3AeKMPOHHbIX KAto4ell pa3AuyHo20 KOHCMPYK-
MUBH020 UCNOAHEHUS
Table 4. Manifestation of "record” characteristics of diamond when creating electronic switches of different design

- u ~u

ba3oBbif "peKopAHbIA
napameTp anmasa
Basic “record” parameter

Bupbl ko4en
Types of switches

of diamond

ABTO3MMCCUOHHbIE
. BaKyyMHble
Field-emission vacuum

MukpomexaHuyeckue
X TBepAOTe/bHbie
Micromechanical solid state

MonynpoBoaHMKoOBbIE
AVOAHbIe
Semiconductor diode

TennonpoBoAHOCTL
Thermal conductivity

— KomMmyTaums 60/1bLwnx naoT-
HOCTEeM TOKa N U3NyYeHuUs;

— LUMPOKMIM TEMMNEPATYPHbBIN
AManasoH akcnayaTaumm

— Commutation of high current
and radiation densities;

—wide operating temperature
range

—3ddekTnBHAA 1 BbICTPas
avccinaums Tenna;

— HM3Kas BEpOSATHOCTb TeM10-
BOrO pa3pyLleHns

— Effective and rapid heat
dissipation;

—low probability of thermal
destruction

—3dbdekTnBHAA Anccnnaumns
Tenna;

—noBbILeHHas paboyas yactoTa
— Effective heat dissipation;
—increased operating frequency

— BbicOKasi MIOTHOCTb TOKa
MoeBOM SMUCCUN;
— YCTONYMBOCTb B CUJIbHbIX

KpuTtuyeckas HanpsKeH-
HOCTb 3/1eKTPMUYECKOrO MoJsis
Critical electric field

— PaboTa npu MoBblLLEHHbIX
HaMpAXEHUAX;
— yMeHblleHue AerpagaLmoH-

— CBepxBblCOKasi CKOPOCTb Hapa-
CTaHUS HaNps>XeHUs;
—reHepauns cBepxkKkopoTKnx

strength HbIX MPOLLECCOB MNPV BbICOKNX 3NEKTPUYECKNX MOSX MMy1bCcoB MU BbICOKOro
YNPaBAKIOLLNX HAMPSXKEHMAX — High field emission current YPOBHS MOLLHOCTM
— Operation at high voltages; density; — Ultra-high rate of voltage rise;
—reduction of degradation pro- —stability in strong electric —generation of ultra-short high-
cesses at high control voltages fields power electromagnetic pulses
Mogaynb ynpyroctu — [oBbllweHHas — MexaHn4yeckas Mpo4YHOCTb; CTOMKOCTb K MEXaHNYeCKOMY
Elastic modulus BMOGPOYCTONYMBOCTD; —3KCMyaTaLMoHHasa HadexX- | paspyLlueHunio v aerpajaumm
— BbICOKAs pe30HaHCHas HOCTb B 3KCTPEeMasIbHbIX KOHCTPYKLMMK
yacTtoTa pexunmax paboTbl Resistance to mechanical failure

— Increased vibration resistance;
—high resonance frequency

—Mechanical strength;
—operational reliability in
extreme operating modes

and degradation of structure

TemnepaTtypa [ebas
Debye temperature

YCTONYMBOCTb K TEPMUYECKOMY SHEPreTU4eckoMy, paanaLMoOHHOMY U XUMUYECKOMY BO3AENCTBUSM
Resistance to thermal energy, radiation and chemical influences

of the output characteristic
due to the manifestation of the
known "deep tail" effect in the
"6-doped" layer.

The set of record parameters
of a diamond predetermines the
creation of commuting compo-
nents with previously unattain-
able energy-frequency, energy-
impulse parameters and resis-
tance to severe operating condi-
tions, including high temper-
ature and radiation effects, as
one of the promising niches for
its effective application.

Table 4 presents a compar-
ative analysis of the three
types of switches that can be

implemented on diamond using
its record capabilities for various
design solutions and functional
purposes: generation of ultra-
high power density, high-cur-
rent and high-voltage switching,
protection from external electro-
magnetic influences.

It should be noted that
the Saint-Petersburg
Electrotechnical University
"LETI" carried out a complex
of development of all types
of switches presented on the
basis of the nearest analogue
of diamond - silicon carbide
(Fig.5). Within the framework
of scientific and technological
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cooperation with the IAP RAS,
work was carried out to create
micromechanical keys based on
diamond in the interests of the
Istok and field emission struc-
tures. In particular, the real-
ization of the composite field-
emission structure "silicon car-
bide/nanocrystalline diamond"
(Figs. 6a and 6b) showed a sharp
increase in stability and min-
imization of degradation pro-
cesses (Fig.6c).

CONCLUSION

Priorities for the development
of diamond electronics and
photonics to ensure Russia's
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ATOMHO-MOJIEKY/ISPHOM XHMHUYECKOH c6OpKHU
COBEPIIeHHOr0 HAaHOTOJIIMHHOIO CJIOSI OKCHJA
ATIOMUHHSL.

B KauecTBe MaTepHasa 3aTBOPa MCIIO/Nb30BaHA IIIa-
THHA, KOTOPasi JIOKAJIBHO, C IOMOIIIBIO OCTPOCHOKYCHPO-
BaHHOTO MOHHOTO ITy4YKa, HeTUTOrpadHUecKH OCasKAa-
J1ach Ha oBepxXHOCThb Al,O; HOHHO-CTHMY/IHPOBAHHOK
XUMHYecKol peakuuer B FIB-ctanuuu Helios Nanolab
C IpHMeHeHHeM MeTa/UIOOPraHHUYeCKOT0 COeIMHEeHH I
ITATHHBL.

Ba3oBble KJIIOYeBble TeXHOJOIHUECKHe ONepaLHU
bopMHpOBaHMS OT@YEeCTBEHHOTO ajimasHoro M/II-
TPAaH3UCTOpa IIPe/ICTAB/IEHHI B Tab/1.2. AIIIIapaTypHO-
TeXHOJIOTHUYECKYI0 peaanu3aluio chopMUPOBAHHOTO
1 PeaJIM30BaHHOI0 TeXHOJIOTMTYeCKOro MapuIpyTa, 6a3o-
BYIO CTPYKTYPY U BBIXOAHBIE XapaKTePUCTHUKHU H3r0-
TOBJIEHHOI'0 aiMa3Horo M/III-TpaH3UCTOpa MOSICHSIeT
Ta6:1.3. Mcrop30BaHUe B Ka4eCTBe [10/13aTBOPHOLO AU3-
JIEKTPHKA CTPYKTYPHO COBEPILEHHOIO CJI0SI OKCHA ATI0-
MHHHS, [IOTy4eHHOro MeTonoM ALD, obecrieunBaer
3¢ deKTHBHOe yITpaB/IeHHe TOKOM B KaHajIe U yMeHbIIIe-
HIe TOKOB yTe4KH. OfHAaK0, He0bX0IHMO JOCTATOYHO
GospIIOe yIpaBisioliee HAIpskKeHHe, a TaKXKe He
Hab/II0aeTcsl y4acTKa HaChIIeHH ST BBIXOJHOH XapaKTe-
PUCTHKH BC/IeICTBHE ITPOSIB/IEHH I H3BECTHOr0 3ddeKTa
"riny6okoro xBocta' y "S-1erupoBaHHOro0" /105,

COBOKYITHOCTb PeKOPIHBIX [IapaMeTPOB, KOTOPBIMH
obnazaer anmMas, mpefonpesiensieT B Ka4eCTBe OFHOM
13 [IepCIIeKTUBHBIX HULI 715 ero 3G$eKTHUBHOIO IIpH-
MeHeHHs CO3JaHHe KOMMYTHUPYIOUIUX KOMIIOHEH-
TOB C PaHee HeJIOCTHKUMBIMHU SHEpPro-4acTOTHBIMHU,
SHEPro-UMITyJIbCHBIMH IIapaMeTPaMHU U CTOHMKOCTBIO

Tabauua 5. Mpuopumemsl AAMasHol 3AeKMPOHUKU U OMOHUKU

HanpasneHue

Area

CBY-a71eKTpOHMKA®
Microwave electronics’

Table 5. Priorities of diamond electronics and photonics

SKCcTpeMaJsibHble
XapaKTepUCTUKU
Extreme characteristics

DHepro-4acToTHble 1 3Hepro-
VMMYAbCHbIE NapaMeTpbl.
[Mpo3payvHocTb gng MU
60/1bLLOM MOLLHOCTH
Energy-frequency and
energy-impulse parameters.
Transparency for EMP of high
power

CunoBas 31eKTpoHMKa”
Power electronics

Paboyne HanpskeHus.
[noTHOCTK TOKa.
MMnynbcHas KOMMyTUpye-
Masi MOLLHOCTb

Operating voltages.
Density of current.

Pulse switching power

MMKpPOCMCTEMHAS TEXHMKA',
ceHcopuka
MEMS’, sensorics

Paboune Temnepatypbl.
MexaHuyeckue 1 Tepmo-
MeXaHN4eCKme HarpysKu.
ArpeccusHble 1 bronoruye-
CKuWe cpefpbl

Operating temperatures.
Mechanical and thermome-
chanical loads. Aggressive
and biological environments

POTOHUKA"
Photonics

LLInpoKM CneKkTpasbHbIN
OManasoH — OT XKecTkoro YO-
no rnybokoro NK-n3nyyveHums.
PeHTreHOBCKOE M3/ly4YeHne

A wide spectral range from
hard UV to deep IR radiation.
X-ray radiation

PagnauMoHHO-CTOMKas
Radiation-resistant

technological independence and
competitiveness in the critical
areas of the development of the
electronic component base are
reflected in Table 5, and the pro-
gressive material science trends
in diamond technology are sum-
marized in Fig.7.

The domestic scientific and
technological school retains a
certain international parity in
this innovative sphere. Taking
into account the declared strate-
gic areas of the country's devel-
opment, diamond is a bright
innovative star for Russia.
Integration of scientific and
engineering and educational

potentials of Istok, INREAL,
New diamond technologies,
Institute of Applied Physics
RAS, Technological Institute
for Superhard and Novel Carbon
Materials, Institute of Nuclear
Physics SB RAS, Saint-Petersburg
Electrotechnical University
"LETI" in the framework of inno-
vative system of state-demanded
diamond projects, it can allow
to achieve real excellence in a
highly intelligent science-inten-
sive sphere with a long horizon
of competitive implementation.
In conclusion, the author
expresses gratitude to the
domestic developers of diamond

technology: A.L.Vikharev;
M.P.Dukhnovsky; A.V.Kolyadin;
V.A.Ilyin; V.I.Zubkov;
A.V.Afanasyev; A.S.Ivanov;
M.F.Panov; A.D.Kanareikin;
as well as to Professor J.Butler
(USA) for joint work, scientific
and human communication,
without which the appearance

of this article would be impossi-
ble. [

The work was carried out with the
financial support of the Ministry of
Education and Science of the Russian
Federation (projects No. 14.B25.31.0021
and No. 03.G25.31.0243) and the grant of
the RSF No. 15-19-30022.
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Puc.6. ABMOIMUCCLOHHbIE CMPYKMYpPbl HA 0CHO8e KOMNO3ULUL SiC-HAHOKpUCMAnAUYeckuli aamas: d - Mampuud Kap6udoKkpeMHUesbX aemo3-
MUMmMepos; b - Mampuua asmo3mummepos Ha 0CHO8e KOMNO3ULUU Kap6ud KpemHUS-HaHOKpUCManaudeckuli aamas; ¢ — demMoHcmpauus cma-

bunbHOCMU pabombl KOMNO3ULLUOHHbIX ABMO3MUMMEpPO8

Fig.6. Field-emission structures based on SiC/nanocrystalline diamond composition: a - matrix of silicon carbide field-emitters; b — matrix of com-
posite SiC/nanocrystalline diamond field-emitters; c - demonstration of stability of composite field-emitters

K TSDKEJIBIM YCJIOBUSIM 3KCIUIYaTaLliM, BK/IIOYasl BBICO-
KHe TeMIIepaTypy U pafHallMOHHEIE BO3JEHCTBHUS.

B Tabsn.4 mpe/icTaB/IeH CPaBHUTE/IBHBIN aHAIN3 TPex
TUIIOB KJIIOYel, KOTOpble MOTYT ObITh Peasn30BaHEI
Ha ajmase C MCIO0JIb30BaHHMeM ero peKOpAHBIX BO3-
MO>KHOCTEH IIPH Pa3JIMUHBIX KOHCTPYKTHUBHBIX pellle-
HUAX U QYHKIMOHA/IBHOM Ha3HaUeHUM: FeHepallui

CBEePXBBICOKOM IVIOTHOCTH MOIIHOCTH, CHJIBHOTOYHON
Y BBICOKOBOJIBTHOM KOMMYTAIIHH, 3aIMTe OT BHEIIHUX
37IeKTPOMAarHUTHBIX BO3JELCTBUH.

CrnenyeT OTMeTUTH, 4TO B CaHKT-IleTepbyprckom
roCyAapCTBeHHOM 31eKTPOTeXHUYeCKOM YHHBEPCHUTETe
"JISTH" BHIIIONTHEH KOMILIEKC pa3paboTok Bcex IIpen-
CTaBJIeHHBIX BUJIOB K/IIOUell Ha OCHOBe O/ KakIIero

TMAPOreHN3nMpoBaHHbIe CIOU
Hydrogenated layers

KncnopopoHachblLeHHble cioun
Oxygenated layers

Mony4YeHne MOHOKPUCTANINYECKMX
noasioXkeKk 60/1bLLOM NAoLLLAAN
(CHMXKEeHME CTOMMOCTK)

Obtaining single-crystal substrates
of large area (cost reduction)

Mony4eHmne CUNLHO NErMPOBaHHbIX 2
NoA/I0XeK N- 1 p-TUMNOB MPOBOANUMOCTH %099
(cunosas v CBY-31eKTpoHMKA) %0
Obtaining strongly doped substrates lt;)(:%f»
of n-and p-types of conductivity (N
(power and microwave electronics)

MonyyeHme NONNKPUCTANINYECKNX

(TEKCTYPUPOBAHHbIX) MOAJIOXKEK C XapaKTe-
NCTUKAMU, 6IU3KMMU K MOHOKPUCTANINYECKUM
TEnN00TBOA, PEHTIEHOBCKAS OMTUKA)

Obtaining polycrystalline (textured) substrates

with characteristics close to single crystal

(heat removal, x-ray optics)

[0)

5-nervpoBaHHble SNnUTaKcuanbHble cion (CBY-31eKTpoHMKa)
-doped epitaxial layers (microwave electronics)

SMNMTAKCMASIbHBIE C/IOV U TETEPOCTPYKTYPbI
Epitaxial layers and heterostructures

Mony4eHre NerMpoBaHHOro MaTepuana ¢ BakaHCMOHHbLIMU
LleHTpaMu okpackmn (MHPopMaLMOHHas GOTOHMKA)
Obtaining doped material with vacancy centers
?color(information photonics)

reTepocTpyKkTypbl SiC/Si
(MUKpOCHUCTEMHAS TEXHUKA
SiC/Si heterostructures (MEMS)

reTepocTpykTypbl SiC/Me,N (CBY-
3N1eKTPOHUNKA, ONTO3NEKTPOHUKA)
SiC/Me,N heterostructures
(microwave electronics,
optoelectronics)

I'pacdeH Ha nosepxHocTu SiC (HUOKP)

@,7 Graphene on surface of SiC (R&D)
g

&

Qf"éé‘} 3D-MUKPOCTPYKTYPbI C BbICOKMM aCMeKTHbLIM
"%70 OTHOLLeHVeM (MUKPOMEXaHMKa)

3D microstructures with high
aspect ratio (MEMS)

Yrnopsago4eHHble MaccuBbl 3D MUKpo-

1 HaHOpa3MepHbIX MOHOKPUCTaNN0B
(aBTO3MUCCMOHHASA 3NEKTPOHNKA, POTOHUKA)
Arrays of 3D single micro- and nano-monocrystals
(field emission electronics, photonics)

Puc.7. MpozpeccusHbie meHOeHUUU 8 mexHoAo2uu aamasa
Fig.7. Progressive trends in diamond technology
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aHajora ajamMasa - Kapbuaa kpemHHs (puc.5). B pam-
KaxX Hay4HO-TeXHOJOTHMYeCcKOo Koomepanuu c UIIP
PAH mpoBoguIHCh PaboThI 10 CO3MAHUIO Ha OCHOBE
aIMa3a MHKpPOMeXaHHYeCKHUX K/II0Uel B MHTepecax
HIIIT "HCcTOK" 1 aBTOIMHUCCUOHHBIX CTPYKTYP. B 4acTHO-
CTH, PeaIM3aLIHs KOMIIO3ULIIOHHOM aBTOSMHCCHOHHOM
CTPYKTYPBI "KapOu KpeMHHSI - HAHOKPUCTa//THYeCKHE
anmas" (puc.6a u 6b), moxasasa pesKoe MOBBIIIEHHE CTa-
6MIBHOCTH PAabOTH U MUHUMU3ALHIO JerpafaliuoH-
HBIX ITPOLIECCOB (PHC.6C).

3AK/TIOYEHUE

[IpHOpUTETHl PAa3BUTHS AJIMA3HON 3JI€KTPOHUKHU
Y GOTOHMKU )15 06ecrieyeH s TeXHOIOTHYeCKOM He3a-
BHCHMOCTH M KOHKYPEHTOCIIOCOOHOCTH POCCHH T10 KpH-
TUYeCKOMY HaIlPaBJIeHHIO PA3BUTHS TeKTPOHHOM
KOMIIOHEHTHOM 6a3bl 0TpaskaeT Tabn.5, a mporpeccus-
Hble MaTepHUaloBegYeCcKHe TeHIEHIIMH B TEXHOIOTUH
anMasa 0bob1eHs! Ha PUC.7.

OTevecTBeHHAs HAyYHO-TeXHOJIOTHYeCKasl MIKOJIA
COXpaHsIeT OIlpe/ie/IeHHbBIH MeXXAYHAPOAHBIN IIapH-
TeT B 3TOM MHHOBALIMOHHOM cdepe. AlmMa3s C yde-
TOM JleK/IapHpyeMBIX CTpaTeTHuecKHUX HallpaBie-
HUH Pa3BUTHUS CTPAHBI SIBISIETCS 411 POCCUU SPKOK

MHHOBAaLIMOHHOM 3Be3/0H. MHTerpanusa Hay4HO-
HH>KeHepHOro U 06pa3oBaTeIbHOTO IIOTEHIIHAIOB
HIIII "HUcTtok", OO0 "UHPEAJ", OOO "HoBble aimMas-
Hble TeXHOJIOTUH', MTHCTUTYTa NPUK/IATHON QU3NKHU
PAH, OI'Y "TeXxHOIOIrMYeCKUI HHCTUTYT CBEPXTBEp-
OBIX K HOBBIX YIJIEPOAHBIX MaTepHaioB’, MHCTUTYyTa
apepHoi ¢usuku CO PAH, CII6IITY "JISTH" B paM-
Kax CUCTeMHBIX HHHOBAIIHOHHBIX BOCTpeOOBaHHBIX
roCyfapCTBOM aJIMa3HBIX IIPOEKTOB MOKET I103BO-
JINTh OCTUYb PeaIbHOIO IIPeBOCXOCTBA B BBICOKOMH-
TeJl/IeKTya/IbHON HayKoeMKOH cdepe C AJIUTeIbHbBIM
TOPH30HTOM KOHKYPEeHTOCIIOCOOHOM peanTn3alihu.

B 3ak/IroueHHe aBTOP BblpaskaeT 671arogapHOCTh OTe-
YeCTBeHHBIM Pa3paboTYMKaAM aIMa3HOM TeXHOIOTHH:
A.Jl.Buxapesy; M.II.[lyxuosckoMy; A.B.Konsgauny,
B.A.Unpuny; B.M.3yb6koBy; A.B.AdaHackeBy;
A.C.MiBaHOBY; M.®.IlaHoBY; A.[l.KaHapeHKHUHY;
a Taxke mpodeccopy Ik.Bataepy (CIIIA) 3a cOBMeCTHBIE
TPYZ, Hay4uHOe U YejloBevyecKoe obIeHHe, 6e3 KOTOPBIX
IOSIBJIEHHe ITAHHOK CTaTbH 661710 651 HEBO3MOSKHO. M

Pabomeut 8binoAHsAuce npu ¢uHarcosoil noddepskke
MutobpHayku P (npoekmyt N2 14.B25.31.0021 u Ne 03.G25.31.0243)
u 2panma PH® Ne 15-19-30022.

HOBAA TEXHOJIOIUA NEYATU NOJIUMEPAMU

Poccuiickue  yyeHble pa3paboTanu HOBYIO TEXHOMOTWIO  CO3AAHMSA
3D-061eKkTOB M3 (OTOMOANUMEPOB C HAHOYACTULAMM. TBEpAble MUKPO-
CTPYKTYpbI M11060M (OpMbI MOXHO MOAYYNTL C MOMOLLbIO HU3KOWUHTEH-
CMBHOTO MHdpaKpacHoro cBeta. HoBas pa3paboTka MOXET MOMOYb
B 61OMeNLIMHe, B CO3AAHMN HOBLIX MaTepuanos Ans 3D Na3epHOro 3KCro-
HUPOBAHWS, MUKPO06PAbOTKH, ronorpadmm, MUKpO- 1 ONTOINEKTPOHUKH,
(GOPMUPOBAHNSA ONTUYECKUX INEMEHTOB, 3anUCU W XPaHEHWUS AAHHLIX.
WccnenoBaHus NoAAepXaHbl rpaHTamu POCCMICKOTO Hay4HOro QOHAA
(PHO).

B ®egepanbHOM HayyHO-WCCIE[0BATENLCKOM LeHTpe “Kpuctanno-
rpadus n dotoHuka" PAH npu yyactum konner w3 WHcTuTyTa broop-
raHM4eckor Xumum umeHn M.M.LemskuHa u F0.A.OB4YMHHMKOBA PAH,
MepBoro MoCKOBCKOTO roCYA3PCTBEHHOMO MEAMLIMHCKOTO YHUBEPCUTETA
nmeHn 1.M.CeyeHoBa v MOCKOBCKOrO TEXHONMOTWYECKOTO YHUBEpCHTETA
(MWTXT) paspaboTaHa HOBas TEXHONOTUS, KOTOPAs MO3BONSET CO3[ABATL
00bEMHbIE CTPYKTYpbl MyTEM 3anycka peakuuu (OTONOAMMEpM3ALAN
HU3KOMHTEHCUBHBIM MH(PAKpacHbLIM CBETOM. Y4eHbIM YAAN0Ch CO3[aTb
3D-CTpYKTYpbl pa3MepoM OT HECKOMbKNX CAHTUMETPOB [0 HECKOMbKMX
MWUKPOMETPOB.

(GoTononMMepum3aums 3anyckaetcs npu 06ay4eHMM MoauMepa ynb-
Tpahu1oneToBLIM CBETOM, TO €CTb WM3MyYEHMEM C 3Hepruen bonbluen,
YeM Y BUAMMOrO CBETA, HO MEHbLLEN, YeM Y PEHTTEHOBCKOMO WU3y4eHus.

HoBas TEXHONOT WS MO3BONSET CO34ABATh TBEPAbIE CTPYKTYPbI C NOMOLLbIO
MHPaKPACHOTO M3Ny4eHns. Jo6UTbCA 3TOr0 YANnoch C MOMOLLbIO CrieLy-
a/IbHbIX HAHO4aCTUL, KOTOpbIe OﬁﬂaAaIOT YHUKaNbHLIM CBOWCTBOM: MO0~
L4as HECKO/IbKO KBAHTOB CBETA (QOTOHOB) C 6Oee HU3KOW IHEPTHeN, OHM
W3Ny4I0T OANH GOTOH C 6onee BbICOKOM 3Heprien. IToT IGHEKT Ha3bIBa-
€TCS anKOHBEPCUE 1 MO3BONSET Npeobpa3soBaTh MHdpaKpacHoe unyye-
HUe B M3/y4eHue ¢ 6oree BLICOKO JHEprUelt — yIbTpahuoNeToBoe, & OHO
B CBOIO 04epe/b 3aMyCKAeT NpoLecc GoTonoaMmMepu3aLmuy.

B oT/M4Me OT NMpenblAyLLIMX UCCIEAO0BAHMMA, Y4EHbIM YAANOC JOCTHT-
HYTb 04eHb BbICOKOH IQHEKTMBHOCTH Mpeobpa3oBaHus MHGPAKPACHOro
(BETA B YNbTPAQUONETOBOE M3NyueHUE. YHUKANbHbIE CBOWCTBA MONY-
YeHHbIX YaCTUL, MO3BOAWAN BriEPBbIE MOKA3aTh BO3MOXHOCTb CO3AAHMS
3D-CTPYKTYp 3aAaHHON GOPMbI 33 CHET 3deKTa ankoHBepCui.

WccnepoBarenn paspaboTtanit 3KCMEPUMEHTAIBHYIO YCTAHOBKY AN
C03aHus 3D-CTPYKTYP U3 noaMmepa. HaHouacTuubl ¢ 3GYEKTOM ankoH-
BEPCUM NOMELLANM B XUAKWI nonumMep. Ynpasass MHAPAKPACHbIM Jy4OM,
WUCCNIeLOBATENM CO30ABANM CTPYKTYPY HYXHOM OpPMbI.

YueHble HAZeIOTCS, YTO HOBYHO TEXHOMOTUI MOXHO GYZeT NPUMEHSTL
BO MHOTMX 061ACTSX TEXHUKI M MPOMBILUAEHHOCTM. [TOMMMO 3TOFO, HHO-
BALVOHHAA METOAMKA, MO MHEHMIO aBTOPOB, MOXET MCTIONb30BATLCS Y B
MeaNLHe.

PH®
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