Modern Science and Innovations. 2024. No. 3 (47)

CoBpemeHHasi HayKa W MHHOBauuu. 2024. Ne 3. C. 20-26. Modern Science and Innovations. 2024;(3):20-26.
TEXHUYECKUE HAYKU TECHNICAL SCIENCE
NHOOPMATUKA, BRIYNCIINTEJIbHAA TEXHUKA U INFORMATICS, COMPUTER ENGINEERING AND
YIPABJIEHVE MANAGEMENT

HayuHasi cTaThs —
Vo sens oL eeLsis

https://doi.org/10.37493/2307-910X.2024.3.2

AHasuTnueckoe pemenue ypapHenuii Hapbe-Ctokca 1iis npoueccos
TEIIOMACCONEPEHO0Ca B X0/Ie POCTA MOHOKPHUCTA/LIOB Kap0u1a KpeMHUs

Buxkrtop BanoBu4 AJITyXOBl, Anexcanap BukropoBuu CaHkuH?, Baagumup

*
Cosiomonosny CaBBUH® , Astekcanap CepreeBuy Cnr034,

Amutpuii BanepreBuyu CeménoB®

1.2 Cepepo-Kaskasckuit (benepanbHBIIT YHHUBEPCHTET, [IaTuropckuit HHCTHTYT (pumman),
r. [Iaruropck, Poccust
HanmonaneHbIH MccaenoBaTeNbCKUN SACPHBIN YHIUBEPCUTET «MOCKOBCKUHN WHKCHEPHO-(PH3MUSCKUN HHCTHTYTY,
Wucturyt aToMHO# SHepreTuky, r. OOHUHCK, Poccus
* MUPDA - PocCHIACKHI TEXHONOTHIECKHIA YHUBEpPCUTET, . Mocksa, Poccust
> MOCKOBCKHIA rocynapcTBEHHbIN TexHnueckuil ynuBepcuteT uM. H.D. baymana, r. MockBa, Poccus
L altukhovv@mail.ru
% naukapgtu@yandex.ru
3 savvin-vs@yandex.ru
* sigov@mirea.ru
® dvs-2005@mail.ru
* ABTOp, OTBeTCTBEHHBIIi 32 nepenucky: Bragumup Conomonosuy CaBBuH, SavVvin-vs@yandex.ru

Annomauun. B nayunvix uccredosanusx ucnoavzogana cucmema ypaeuenuii Hasve-Cmoxca,
MOOETUPYIOWas. Rpoyeccyl pocma MoOHOKpucmainog kapouoa kpemuus SiC. Kapouo kpemnus (SiC), eco
meepovie pacmeopwl (SiC-AIN) u cmpykmypvl Memain-noiynpo8oOHUK HAX00SM UUPOKoe NPUMeHeHUe
npu  uzeomoeieHuu 0uodos Illlommku, Oemexmopos CUSHANO8 HA CEEPXBLICOKUX UACTNOMAX,
MATOUHEPYUOHHBIX  (POMOOEMEeKMOpo8 MOOYIUPOBAHHO20 C8emd, Noaedblx mpansucmopos. Kapbuo
KpeMHUsi U meepoble PACMEopbl HA €20 OCHO8e 001a0alom VHUKAILHBIMU CEOUCMEAMU: OOIbUOL
WUPUHOLU 3aNPeUjeHHOl, BbICOKOU XUMUYECKOU CMOUKOCMbIO, Menjio8ou YCmOUYU8OCMbIO, GblCOKUMU
HANPSACEHUSIMU DIIEKMPULECKO20 NPOOOsL, MEXAHUYECKOU NPOUYHOCMbIO, 8bICOKOU MENIONPOBOOHOCbIO U
Opy2UMU BANCHBIMU INIEKMPUHECKUMU U ONMUYecKUMU Xapakmepucmuxamu. Monokpucmainnsl kapouoa
KPeMHUSL ABIAIOMCA HE3AMEHUMbIMU MAMEPUANAMU NPU U320MOBIEHUU NOOLONCEK 0U0008, OydepHbix
Cl0€e8, NIACHOK U OpYeUux INEeMEHmMO8 CULOBOU I1eKmpoHuxu. Mmenno xkapoud kpemuus 6 Onudcaviuiell
nepcnekmuse CMAanem OCHOBHLIM MAMEPUATIOM CUTLO0B80U DNeKMPOHUKU HO8020 noxoaeHus. [lonyuenst
NPUOIUIICEHHbIE  AHAUMUYECKUe peulenuss Oas PACAPeOeNeHUss MeMnepamypvl U KOHYEHMpayuu
OCHOBHBIX KOMHOHenmos npu cmayuornapuom ciayuae. Cyms npubnudiceHus 3aKiOYaemcs 6
NPeonoNoONCeHUY CMAYUOHAPHOCMU PEeXCUMA pOCMa KPUCMANIA HA 6CeM 6PEMEHHOM UHmepsde
npoyecca pocma ¢ y4emom mozo, Ymo KOPomKas HA4aibHdas cmaous pazoepesd, U Maiblli RPOMeHNCymoK
8peMenl 8 KOHYye pOCma KPpUCMALlad NPUSooUum K 3auiiak08aHHOCmU 0bvema wuxmol. Ananumuyecxkoe
peuienue, 6 omauyue om mMpyYOOeMKUX YUCIIEHHbIX pAciemos, N0360Jsiem Nposooums OblCMpPYIO
OYEeHKY 3HAYeHUll 2pAOUeHmo8 memnepamyp U KOHYeHmpayuii KOMNOHeHm, CKOPpOCmU poCma U
opyeux KpUMUYEeCKUx  XapaKkmepucmux MExXHON02UYECKO20 npoyecca noy4enust
MOHOKpucmannos. Onpeodenenvl padudaivHble NPOPUIU CKOPOCMU POCMA HA HAYATLHOU U
KOHeuHOU cmaousax evipawusanus.llonyyennvle OanHble CO2NACYIOMCA C  pe3yibmamamu
YUCTIEHHBIX PACYEemO8 U MOo2ym Oblmb UCNONIb308AHbL NPU AHAIU3E CYOTUMAYUOHHBIX NPOYECCO8
noJIyuenus  Opyaux  myconiaéKux CoeOUHeHUll U  YHIpAeleHuu  npoyeccamu  pocma
monoxpucmannog SiC. Cunmes mornokpucmannos SiC npoucxooum npu 8blCOKUX MeMnepamypax
U NOIMOMY HYHCOAMCSL 8 XOPOULO OMIANCEHHOU CUCTeMe ABMOMAMUYEeCK020 pe2yIuposanus u
VYRPAGAEHUA CTIOINCHBIMU
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MEXHON02UYECKUMU npoyeccamu cyonumayuy u pocma MoHOKpucmanios. Moem nocmosiHubiii
NOUCK U OmMpabamvléaromcs 3a0aiu MOOeIUpo8aHus CyOIUMAYUOHHBIX NPOYEcco8 Mmenio- u
Mmacconeperoca 6 auetike pocma. Tak 6 cayyasx cunmesa 803HUKAIOM MPYOHOCMU C NPUMECAMU
u degpexmamu 8 oopazyax SiC. B cmamve noayuena cucmema ypasvenuti Hasve-Cmoxca 0ns
ouppyzuu KoOMNOHEHmMO8 cMecu 2a308 U HAUOEHO NPUOIUNCEHHOe AHATUMUYECKOoe peuleHue,
onucvleaioujee CMayUoOHapHyo Cmaouro npoyecca pocma MOHOKPUCIANLLO8 KapOuoa KpemHusl
SiC. Ilonyuenwi pacnpedenenuss memnepamyp U KOHYEHMpPAyull KOMHOHEHMO8 cMecU 8
pocmosoti kamepe. OnpedenieHbl paouanivbHvle NPODUIU CKOPOCMU pPOCMA KPUCMALLO8 HA
HA4anbHOU U KOHeuHoUu cmaodusx pocma. OyenKa 3HAYEHULl CKOpOCMU pocma KpUucmaiia
coznacyemes ¢ pesyibmamamil YUCIEHHbIX pAcyemos Opy2ux asmopos U UMEerWUMUCS
9KCNepUMeHMAanbHulMu  OanHuiMu. Hatidennvie pewenus moz2ym Ovlmb UCNONL308AHbL NPU
paspabomke cucmem a8MOMAMUYECKO20 pecYIUPOSaHUsl U YNPAGIeHUs npoyeccamu pocma
cogepuieHHbIx MoHOKpucmannos SiC.

KiawueBble cioBa: ypasaenuss HaBbe-CTOKCa, CKOPOCTH POCTa MOHOKPHCTaIa KapOuaa
KPEMHUS, PaCIpeIelICH s TEMIIEPATypP U KOHI[EHTPALUii

Jas uutuposanms: Arnmyxoe B. U., Canxun A. B., Cassun B. C., Cucog A. C., Ceménos /JI. B.
Ananumuueckoe peurenue ypasrenui Hasve-Cmokca 0151 npoyeccos meniomacconepeHoca 8 Xxooe pocma

MoHOKpucmannos xapouoa xpemuus // Coepemennas Hayka u uuHosayuu. 2024. Ne 3. C. 19-25.
https://doi.org/10.37493/2307-910X.2024.3.2

Research article

Analytical solution of the navier-stokes equations for heat and mass transfer
processes during the growth of silicon carbide single crystals

Victor I. Altukhov!, Alexander V. Sankin?, Vladimir S. Savvin®", Alexander S. Sigov*,
Dmitry V. Semenov®

1.2 North-Caucasus Federal University, Pyatigorsk Institute (branch), Pyatigorsk, Russia
¥ National Nuclear Research University "Moscow Institute of Engineering and Physics", Institute of Atomic Energy,
Obninsk, Russia

* MIREA - Russian University of Technology, Moscow, Russia

> Bauman Moscow State Technical University, Moscow, Russia

! altukhovv@mail.ru

2 naukapgtu@yandex.ru

3 savvin-vs@yandex.ru

* sigov@mirea.ru

® dvs-2005@mail.ru

* Corresponding author: Vladimir S. Savvin, savvin-vs@yandex.ru

Abstract. A system of Navier-Stokes equations for the diffusion of gas mixture components is
obtained and an approximate analytical solution describing the stationary stage of the silicon carbide
single crystal growth process is found. Temperature distributions and concentrations of the mixture
components in the growth chamber are obtained. The radial profiles of the crystal growth rate at the
initial and final stages of growth are determined. The estimation of the crystal growth rate is consistent
with the results of numerical calculations by other authors and the available experimental data. The
solutions found can be used in the development of systems for automatic regulation and control of the
growth processes of perfect SiC single crystals.
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Introduction. The conditions of the gas mixture flow are the same in all sections of the
pipe. At the initial stage of sublimation, the convection velocity v is small and, neglecting the

dependence T (r) at this stage according to (1) for a steady gas flow ( OT /ot =0), we obtain:

a ;(d—T—UT =—L(Ur’nn+ur:m 2. 1)
dz\™ dz 2c,
At low speeds (v =0) in the first approximation from(1) we have:
dT
— =const,
dz (2)
oT

T(Z)zTO—FZ, T(H)=T, oT=T,-T..

In the next approximation, we will take into account the radial temperature distribution.
According to (9), we seek the temperature distribution T (z, r) in the form

T(zr)=T(z)+f(r). 3)
Small changes in temperature due to internal friction of the mixture components can be
neglected [2, 12], and then, according to equation (1), for the function f(r)we obtain:

i S RO

where used Ommoéka! McTouHuK cchLIKH He Haiaen.and (2).
A solution (4)that has no singularities at r = 0 and satisfying the condition f (r = R) = 0,

has the form:
-G (R ) | g

Temperature distribution in the chamber according to the equations (2), (3)And(5)
qualitatively shown in Fig. 2.
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Figure 2 — Schematic representation of isotherms in the growth chamber. T ;> ...> T 5.

Distribution of the concentration of the mixture components in the chamber. In the
steady-state convection mode, the distribution of the mixture components C ( r ) is described by
an equation that has the form Ommo6xa! McTOYHHK CCHIIKH He HAM/IEH.

VVC=D(AC+k) (6)
where the designation is introduced
k k
k=n—]AT +n—=AP. (7)
T P

To solve it, (6)it is necessary to estimate k. The values of k r and k p are small, and the
gradients V T and V P are almost constant and, in the first approximation, A T and A P are close
to zero. Then, in the first approximation, at low velocities (v =0) from(6) we have:
d 2
PC(z):O, C(z)=C,+Ez. (8)

Issue No. 3, 2024 22



CoBpemeHHas HayKa M MHHoBauumu. 2024. Ne 3 (47)

We will seek the distribution of the concentration of a certain component over the volume

of the chamber in the form
C(2r)=C(2) +o(r) ©)
In this case, taking (6)into account Omméoka! McToYyHMK CCHIJIKM He HalijieH., We obtain

the equation
2
14 do) 2<U>HL) }E. (10)
rdri dr D R

Solution (17) that has no singularities at r = 0 and under the condition ¢(r =R ) =0, we

obtain in the form:
_(v)ER’ §_(rj2 l[rT 11
o(r)= 2D |2 \R) Ta\R) | (1)

C(z,r)=C,+Ez+¢(r). (12)
The obtained distribution curves of the gas mixture components are shown in Fig. 3.

Kpucramn SiC 7 IC(Z’ 1)

Thus:

TTmxTa SiC

Wi

R 0 R

Figure 3 — Distribution of the molar concentration of the i-th component of the gas mixture. 1, 2, 3 —
for E>0and 4, 5 E <0, for the initial and final stages of SiC growth, respectively,
according to the formula (11).

Estimation of the growth rate of SiC single crystal. According to(12) the limiting
growth process is the mass transfer of carbon-containing components, and the growth rate of a
single crystal is equal to

u:ME, Jc:ZDi%, i =(SiC, Si,C, SiC,), (13)
P i

where M and p is the molar mass and density of the SiC crystal , and J ¢ is the modulus of the

density of the total flow of gas components SiC , Si ,C, SiC ,, determined by Fick's law.

Now we can estimate the growth rate of the crystal by (11)— (13). For the maximum
concentration gradient, according to [2], we have d C/ dz = E = 3x70 ® mol/ cm *, diffusion
coefficient D j= 0.75x10 > mm 2 /hour [3, 5]. Since for Si C we have M = 40 g/mol, p = 3 g/cm *,
we get Jc = 2.25x70 ™ mol/(mm2 "hour) and u = 0.3 mm/hour. The obtained value of the crystal
growth rate agrees with the calculations of the authors [2] and experimental data [5].
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01 |
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Figure 4 — Growth rate of a SiC single crystal as a function of r / R . At the initial stage 1 —at E >0 and
the final stage 2 —at E < 0.

Behavior of u from r according to the formulas (11)- (13)and in accordance with Fig. 3,
shown in Fig. 4.

Conclusion. An analytical model of the growth processes of perfect silicon carbide single
crystals has been developed. Approximate analytical expressions for the temperature
distributions ( (2), (3), (5)) and component concentrations ( (11), (12)) of the gas mixture in the
growth cell have been found. The corresponding solutions of the Navier-Stokes equations, in
contrast to labor-intensive numerical calculations, allow one to immediately estimate the
temperature gradients and gradients of the gas mixture components and the growth rates of SiC
single crystals at the initial and final growth stages. A numerical estimate of the growth rate of
perfect SiC single crystals of about 0.3 mm/hour has been obtained, which agrees with
calculations by other authors and experimental data.

Modeling of growth processes was carried out under the following conditions for
growing SiC crystals: argon pressure P o = 0.10 atm., batch temperature T o = 2700 K and seed
temperature T . = 2400 K, axial temperature gradient dT / dz = 30 K/cm. To estimate the speed,
the analytically obtained expressions T (z,r ), C (z, r) and The corresponding curves are
shown in Figures 2 and 3.

The change in temperature distribution during the growth process leads to a nonlinear
dependence of the axial temperature distribution with a parabolic approximation (Fig. 2). The
high thermal conductivity of single-crystal silicon carbide causes minor deviations of the crystal
growth front temperature from the temperature of the reactor graphite walls. In addition, these
deviations can be controlled by changing the design of the growth chamber and using a special
controller.

The results obtained in the work are in qualitative agreement with the results of numerical
calculations [2] and can be used in the analysis of sublimation processes for obtaining, regulating
and controlling the growth modes of perfect SiC single crystals.
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