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On increasing the homogeneity of the properties of
epitaxial layers grown from the gas phase, taking into account
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Abstract.  In this paper, using the recently introduced analytical approach for the analysis of mass and heat transfer
during film growth in reactors for epitaxy from the gas phase, these processes are analyzed taking into account natural
convection and the possibility of changing the rate of chemical interaction between reagents. As a result of the analysis,
the conditions under which the homogeneity of the grown epitaxial layers increases with a change in the values of the
parameters of the growth process are formulated.
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1. Introduction

At present, different heterostructures are widely used for manufacture solid-state electronics
devices. The most common methods of growing heterostructures are epitaxy from the gas and liquid
phases, magnetron sputtering, and molecular beam epitaxy. A large number of experimental studies
are devoted to the manufacturing and using of heterostructures due to their wide using (see, for
example, Stepanenko 1980, Gusev and Gusev 1991, Lachin and Savelov 2001, Vorob’ev ef al. 2003,
Sorokin et al. 2008, Lundin et al. 2009, Hosseini and Sarvi 2015, Li et al. 2006, Chakraborty et al.
2004, Taguchia et al. 2016, Mitsuhara et al. 1998). At the same time, a relatively small number of
works are devoted to predicting epitaxy processes (see, for example, Talalaev et al. 2001). The main
aim of this work is to analyze changing of properties of the grown epitaxial layers with a changing
of the values of the parameters of the growth process, taking into account natural convection.

In this paper, we consider a vertical reactor for epitaxy from the gas phase (see Fig. 1). This
reactor consists of a external casing, keeper of substrate with a substrate and a spiral around the shell
in the region of the formation of the epitaxial layer in order to provide induction heating to activate
chemical reactions that take place during the decomposition of the reactants and the growth of the
epitaxial layer. A gaseous mixture of reactants is fed to the inlet of the reaction chamber together
with a gas- carrier. The main aim of this work is to analyze the changes in the properties of the grown
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(a) Structure of reactor for gas phase epitaxy with sloping keeper of substrate

(b) View from side of keeper of substrate and approximation of the keeper
by sloping lines with angle of sloping ¢

Fig. 1 Construction of reactor for gas phase epitaxy: side view (a) and in front (b)

epitaxial layers with changes in the values of the parameters of the growth process, taking into
account natural convection.

2. Method of solution

To solve the considered aims, we determine the spatio-temporal distribution of the temperature.
We determined the considered temperature by solution of the following boundary value problem
(see, for example, Carslaw and Jaeger 1964)

oT(r,¢,z,t)
‘T o ) O
= div{/l ~grad[T(r,¢,z,t)] — [ﬁ(r, ¢,z,t) —v(r, ¢,z t)]

-c(T) - T(r,¢,z,t) - Cs(r,p,z, )} + p(r, ¢, 2, t)

-

where v is the speed of mixture of gases; c is the heat capacity of the system; T (r, ¢, z, t) is the
space-time temperature distribution; p (r, ¢, z, t) is the density of the power released in the system
substrate-holder; r, ¢, z and t are the current cylindrical coordinates and time; Cx (r, ¢, z, t) is the
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spatio-temporal distribution of the concentration of the gas mixture consisting of reactant gases (we
will assume that two gases-reagents with concentrations of Ci (r, ¢, z, t) and C: (r, ¢, z, t) enter the
reactor) and the material of the epitaxial layer in the gas phase with a concentration of Cs (r, ¢, z, t);
A is the coefficient of thermal conductivity, the value of which is determined by the ratio: 1 =
vlc,p/3, where ¥ is the modulus of the mean-square velocity of the gas molecules, equal to & =

V2kT /m; [ is the mean free path of gas molecules between collisions, ¢, is the heat capacity of the
gas at constant volume, p is the gas density. The first term of Eq. (1) describes free heat transport in
gases, liquids and solids without influence of any factors (additional heating, cooling, ...). The
second term describes changing of free heat transport under influence of native and forced
convection (forced flow of gas around heated keeper of substrate with substrate). The third term of
Eq. (3) describes power of heating of the considered system due to induction.

To solve the Eq. (1) it is necessary to take into account the flow of the gas mixture and its
concentration. We shall determine the required values by solving the Navier-Stokes equation (i.e.
the Eqg. (2)) and the second Fick’s laws (i.e., the Eq. (3)), respectively. In this case, we assume that
the radius of the substrate holder R substantially exceeds the thickness of the diffusion and boundary
layers, and we assume that the flow of gas is laminar. In this case, these equations are written in the
form

ov

P
W @Vp = —v(—) +vAB, @)
at p

M = div{D1 -grad[Cy(r,¢p,z,t)] — [ﬁ(r, ¢,z,t) — 5] -Cy(r, ¢, z, t)} (3a)

at
_kl(r' ¢' Z, t) : Cl (T, ¢, Z, t):
0C,(1, 9,2z, 2 2
% = div{D, - grad[C,(r, ¢,z )] — [6(r, $,2,t) — D] - Co(r, $, 2, )} (3b)

- k2 (7", ¢,Z, t) : CZ (T, ¢, Z, t):

aC5(r, ¢, 2, 7 7z
% = dlU{D3 : gTCld[C3 (T, ¢; Z, t)] - [U(T, d)' z, t) - 'U] : Cg (T, ()b: Z, t)} (3(:)

+ ks(r,¢,z,t) - C3(r, ¢, z, t).

Here D; are the diffusion coefficients of the gases-reagents (as an example, this can be
trimethylgallium (CHs)sGa and arsenic hydride AsHs) and the resulting gas, which will be obtained
after reaction of the reactant gases under consideration as an epitaxial layer in the gas phase (in the
framework of the considered example, it is GaAs) in the carrier gas (as an example, it can be
hydrogen); P is the gas pressure in the reactor; v is the kinematic viscosity. The Eq. (2) describes
transport of gases. The left side of the equation describes changing of speed of gases in time. The
right side of the Eq. (2) describes external influence on speed of gases by changing of external
pressure (the first term in the right side) and dissipation of gas flow due to viscosity of the considered
gas (the second term in the right side). The first terms of the right sides of Eq. (3) describe thermal
diffusion of reagents and material of epitaxial layer. The second terms of the right sides of Eg. (3)
describe losing of materials due to convection. The third terms of the right sides of Eq. (3) describe
losing of reagents and generation of material of epitaxial layer due to reaction.

Now we consider the boundary and initial conditions with account the limiting flow regime,
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when all the molecules of the deposited substance approaching the disk are deposited on the
substrate, homogeneity and one-dimensionality of the flow at the entrance to the reaction zone. In
the considered system, mass and heat transfer processes proceed in a cylindrical reactor, which
makes it appropriate to use a cylindrical coordinate system. At the same time, the substrate holder
with the substrate breaks the cylindrical symmetry of the system. We shall consider the substrate
holder approximately rectangular along the z axis with those indicated in Fig. 1(b) in size. To go to
a single (cylindrical) coordinate system, we approximate the natural obstacle for gases in the reactor
(substrate holder) by two inclined straight lines passing through the center of the substrate holder
(see Fig. 1(b)). In this case, due to the usual relationship between the size of the substrate holder d
<< d, the angle of inclination of the straight lines ¢ is small. The boundary and initial conditions
in the considered system with the considered approximations could be written as

C1 (r, O, -L, t) =C (r, o, -L, t) = Co, Cs (I', O, -L, t) = 0;

Ci(r,-o, 2,) =Ci(r, o, 2, ) = Ci (r, =, 2, ) = Ci (1, 7t ¢, Z, 1);
Ci(r,p,2,0)=Co(r, ¢, 2,0)=Coo(z+L),Cs(r, ¢,2,0)=0;
Ci(0, o, z,t) £0; Ci(r,¢,2,t)|s = 0;

T -0, 2,0)=T(r, o, 2, ) =T (r, 7=, 2, t) = T (1, 7+, Z, ¥);

oT(r¢.zt) 4 . OT(r,¢.zt) AT (r,$,z,t)
—A——— =o0T*(R t), ———= =284
6r s o ( ) ¢; Z; )l a¢ ¢=0 54) ¢=2T[1
T(r,(p,Z,O)=Tr;T(O,go,z,t);too;w =0:
r=R
S EAGL7A0) 1 gy dw@eznl o 4)
A—= = oT*(r,¢,—L,t); o M 0;

Ve (-, 2, ) = Ve (1, @1, 2, ) =V (1, 7=, 2, ) =V, (1, wt o, Z, 1);

w =0,V (r, -0, 2,Y) =V, (I, 1,2, 1) =V, (1, 701, 2, 1) =V, (1, 7+, Z, 1),
r=R

Vo (r -, 2, ) =vo (r, o, 2, ) =V, (F, 7=, 2, £) =V, (1, wt e, 2, 1) Ve (1, @, -L, 1) = 0;

ve (r, @, L, 1) =0; v, (0, ¢, 2, t) # o0; v, (1, @, -L, t) = Vy;

Vv, (r£d2/2, @, ze[-d2/2, d2/2], 0) = w -z-cos wig (¢u); Vo (1, @, L, 1) =0; v, (0, @, Z, t) # o0;
Vo (r, ¢,0,0)=0; v, (r, @, L, t) = Vo, Vo (1, @, L, t) = Vo, vz (0, ¢, 2, t) = o0; Vi (I, ¢, 2,0) =0;
Vo (r, 0,2,0)=0; v, (r, ¢ 0, 1) = ar,

where o=5,67-10° W-m™2.K*, T is the room temperature, e is the rotation frequency of the substrate.
We consider cylindrical reactor for gas phase epitaxy. In a cylindrical coordinate system, the
equations for the velocity projections have the following form

v, 10| ov.(r,¢p,z1t) N 10%v,.(r,¢,z,t) N 0%v,.(r,¢,z,t)
ot ror| or r? 0¢p? 0z?

v, Vg vy dv, 0 (P) (52)
R T—— P Y297 " or p
v, {1 0 [ 0vy(r ¢,z t)] N 1 0%vy(r, ¢, z,1t) N 0%vy(r, ¢, 2, t)}
2 N7l a4, | T2 2 2
at ror ar r dao dz (5b)

—v% v¢6v¢ v% 10 (P)
"or r 0p 20z Trop

rag\p
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v, (19 avz(r, ¢,z,t) N iazvz(r, ¢,z,t) N 0%v,(r, ¢, z,t)
ot ror| r 2 d¢p? 0z2

0V, Vg 0vg dv, 0 (P) (5)

Uor T a9 oz oaz\p

Let us determine solution of this system of equations using the method of averaging functional
corrections (Sokolov 1955, Pankratov and Bulaeva 2013a, 2016a, b, Pankratov 2017a, b). In the
framework of this method, to determine the first approximation of the projections of the gas flow
rate of the gas mixture, we replace them with the yet unknown mean values v, — aar, Vo = a1, Vs
— a1, in the right side of the equations of system (5). After such a substitution, we obtain the
equations for the first approximations of the desired components in the following form

vy, 0 (P) 0v1¢ 10 ( ) v, 0 (P) ©)
at ~ or\p/’ at_raqb ot dz\p/

Solutions of these equations could be written as

a (tp 10 0
Vlr:_af —dr, U1¢:—;% dT U1z=—a—zf EdT- (7)
0

The second-order approximations of the velocity projections can be obtained by replacing the
desired projections in the right-hand side of the equations of system (5) by the sums v — ar + Vi,
Vp —> 2+ V1g, V2 = a2z + V1. The equations for these projections have the form

0vyr  [10 ( Ovy, 1 0%vy, 0%vy,| 0 (P vy,
ot [r or (r or )+ T2 > Yo | Tor (p) (@ + vlr) (8a)
((de, + U1¢) 6v1r 6v1r
- " 36 (az; + 171z)
ov 10 ( ov 1 0%v 0%v 19 (P ov
20—yl (r =22 )+ o2 22 ———(—)—(a2T+v1T)—1¢
ot ror or r2 0¢? 0z? rdg \p or (8b)
(a2¢ + U1¢) 6v1¢ 6v1¢
- " P — (azz + V1) —
dv,, 10 6v12> 10%v,, 0%vy,| 0 (P) 0vy,
ac " [r or (r ar )72 2 Tz | e p (@r + 1) 50 or (80)
((12¢ + U1¢) 61712 aUlZ
- " 7% —( 2z+171z)—az

Integration of these equations leads to the following result

avlr 162v1r 0%vy, a ((tP
f [rar a2 0¢p? Tz dr = or f_dT (8d)
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ov laye + v1g) 0V
f (0(27" + vlr) 1T _j ( 26 r 1¢) 1rd _j (QZZ + vlz)
0

av1¢ 1 azvld) azvld) 1 a
U2¢—Vf [T@T‘( >+T_2 6¢2 + 572 dT—;% f—dT

tlayy + vig) 0V t ov
f (ap, + vlr) 1¢ dt f ( 20 14)) 10 47 — f (az; + 1) a—l
0 0 0

r d¢

61712 1621712 0%v,, a(rtp
=V, — Ly g — (| Zd
0+Vf [rar 2 0¢p? N j 4

azp +v av z
—f (azr +171r) 6 J. ( 2¢ 14)) - f (az, +U1z)
0

Average values ar, oz, ao, have been determine by the following relations

1 © (R p2m L
Ay = n@RZL_L J; rj; f_L(UZr — vy, )dzdgdrdt,
1 0 (R 2w L
1 6 R 21 L
Ay, = n@RzLJ;, fo rfo f_L(vzz — vy,)dzddrdt.

(8d)

(8e)

(8f)

©)

where ® is the continuance of the flow of the mixture of gases. Substituting the first two
approximations of the velocity projections into relations (9) allows us to obtain a system of equations

for the required average values.

AchZT + Bla2¢ + C1a22 = D1
Azazr + Bza2¢ + CzaZZ = DZ
A3azr + B30(2¢ + C30(22 = D3

[} R 2m L v
where A; =1 +f CE t)f rf f E);r dzdgdrdt,
2T -

B, = j ®

C1 - CZ ES _OZRZVO,

2n oviyy | 10%0,  0°
D, =v f D f f f [r - v" T v” dzdgdrdt
L

r2 0¢p?
21
A
—f = t)f rf f vlra—”dzdcpdrdt—g@szVoz
0 0 0 J-L r

J-@ R r2m (L avlr
-1 (6 - t)f f f Vip ——dzdedrdt,
0 0o Jo J-L 1o d¢

(10)
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0 R 2w L 0171
A, =f € —t)f rf f " dzd¢drdt,
0 o Jo Jo oor
%) R (21 Lavlr
BZ=1+f (G—t)xf f f 30 dzdgdrdt,
2n 6v1¢ 1 62U1¢ 6
Dz—vf (Q—t)f J. fL[r6r< >+r2 Py + dzd¢drdt
2
—f @ -1 xf rf f vlra—lrdqubdrdt
% Ropom o P ’
—f (@—t)f j f V1 ;(;szdgbdrdt—g@szVoz,
21 a vy,
A; = f (R t)f f dzd¢> X rdrdt,
-L

B3—f(6—t)f fznf 39 Zdzdgdrdt,

o avlz 102y, 02 vlz
D3—j f f _[L[TOT r )+T_2 a¢2 + ]dde)dTXv(@—t)dt_BQZRZVOZ

f f fmf 02 brdepirdt f@(@ t)f fznf 0 ydepdrde
— T Vv, ——dz rdt — - r v z rdt,
o Jo 0o J-L T oor 0 0 0o J-L 10 a¢

T 2p2
C3 =1+ X O2R?V,,

Solution of the above system of equations could be determined by standard approaches (see, for
example, Korn and Korn 1968) and could be written as

ayr = A /A, Az = Ay /A, ay, = A, /A, (11)

where A = A;(B,C3 — B3(C;) — B1(A4,C5 — A3Cy) + C1(A2B3 — A3B;), Ay = D1(ByC3 — B3(y)
—B1(D;C5 — D3C;) + C1(DyB3 — D3B,), Ay = D1(B,C5 — B3C;) — B1(D,C5 — D3Cy) + €4
(D;B3 — D3B;), A, = A1(ByD3 — B3D;) — B1(A;D3 — A3D;) + D1(A;B3 — A3By).

In this section, we obtained the projections of the flow rate of the mixture of gas-reagents used
to form the epitaxial layer and the gas-carrier in the second-order approximation by the method of
averaging functional corrections. Usually, the second-order approximation is sufficient to conduct a
gualitative analysis of the solution obtained and to conduct some quantitative estimates. Next let us
transform Egs. (1) and (3) in a cylindrical coordinate system

(')T(r ¢,z,t) /1(')2T(r, ¢,z,t) i(’)zT(r, ¢,z,t) 0%T(r, ¢, z,t)

ot or?2 72 a¢2 + 4 922 +p(7‘, b, z, t)

o LG, 20 [, (b2, 8) — 5y, 2,D) T, 2,0}

6
7‘0(].’) {[UT(T d) Z, t) UT(T, ¢' Z, t)] : CZ‘(T' ¢' Z, t) : T(T' ¢l Z, t)}

—C- 5{[172(7‘: (bl Z, t) - ﬁz(r' ¢' Z, t)] : CZ‘(r' ¢' Z, t) : T(T, ¢v Z, t)}u

(12)
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oC,(r,,z,t) 10 aCl(r (,b z,t) c’)Cl(r, ¢,z,t) 0 aC,(r,¢,z,t)
— o ror|™ ] Zaqb 3¢ +£[Dl ]
10
———{TCl(T ¢,z,t)  [v,(r,d,2,t) — 5,.(r,$,2,1)]}
13
———{rCl(r ¢,z,t) - [v¢(r $,z,t) —vy(r, ¢, 2, t)]} (132)
- &{Cl(r' ¢' Z, t) ' [UZ(T‘, ¢'Z' t) - 172(7”' ¢' Z, t)]}
_kl(r' ¢, Z, t) ' Cl(r' ¢' Z, t);
0C,(r, ¢, z,t) 1 il aCz(r ¢ z,t) GCZ(r, ¢,z,t) d 0C,(r, ¢, z,t)
T o9t ror "Dz ] r2 a¢ ¢ * @[DZ ]
10
———{TCz(r ¢.z,t) [v,(r,d,2,t) — 5. (r, b, 2,1)]}
c (13b)
—;%{r S(r, ¢, z,t) [v¢(r $,z,t) —vy(r, 9, 2, t)]}
- E{CZ(TJ ¢,Z, t) : [UZ(T, ¢' Z, t) - 132(7", ¢' Z, t)]}
_kZ (T', ¢l Z, t) : CZ (T', ¢: z, t):
0C5(r, ¢, z,t) 1 i} 0C5(r, ¢, z,t) 10 0C5(r, ¢, z,t) i} 0C5(r, ¢, z,t)
T—;a[”%—ar ]*ﬁ%[l) 6 ]*5[”3—az ]
10
———{TCg(r ¢,z,t) [v,(r,¢,2,t) — 5. (r,$,2,0)]}
(13c)

———{rC3(r ¢,z,t) - [v¢(r ¢, 2,t) — Uy (r, b, 2, t)]}

—E{C3(r, ¢, z,t) - [v,(r,p,z,t) — 0,(r, ¢, z, t)]}
—ks(r,¢,z,t) - C5(r, P, z, t).

To determine the spatio-temporal distributions of temperature and concentration of the gas
mixture, we use the method of averaging functional corrections. To determine the first-order
approximations of the unknown functions, we replace them with as yet unknown mean values it
and aiic in the right sides of these equations. Using the above algorithm, we obtain the relations for
the first approximations of temperature and concentration of a mixture of gases in the following
form

Lolv.(r,¢,2,7) — 0, (1, ¢, 2,7)]
— A7 f p dt
0

_argc ft a[v¢ (r,¢,2,1) =0y (r, d, 2, T)] dr (14)
0

T,(r,¢,zt) =T,

r 0
tolv,(r, ¢, z,7) — 0,(r, ¢, 2,7)] to(r,d,2,1)
-7 c f dr + f —dr,
0 o c

0z
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C11(T, ¢’ Z, t) - _ d11c jt a{r[vr(r, ¢, Z, ‘[) — ﬁr(‘r’ (,b,Z, T)]}
0

t
r or dt — ayq¢ fo ki(r,¢,z,1)dt
_ “HCJta[%(T' ¢,2,7) — by (r, ¢, 2,7)] it
r Jo ap
ft a|:"‘JZ(T'I ¢I ZI T) - ﬁz(r: ¢l Zl T)]
—Q11c 3
0 Z

+C, (152)

dr,

dt

C21(T, (]5, Z, t) — aZTIC ft a{T[‘UT(r, ¢, Z, T) — 137«(7‘, ¢), Z, ‘[)]}
0

ar
¢

+Co — “21Cf k,(r, ¢,z 1)dt
0

e j‘t O[vy(r, ¢,2,7) — Dy (r, $,2,7)] 4
r 09

T ov,(r,¢,z,1) — 0,(r,¢,2,7)]
—a21cf0

(15b)

0z dr,

t = t
Corr b2 t) = _agrlcf o{r[v,(r, ¢,Z,‘L'39r o, (r, ¢'Z'T)]}df+a31cf ko b, 2,0)d
0 0
0(310 ta[vd)(r, d); Z, T) - 1}¢(TJ ¢I Z, T)]
- J;) 09 dt
ta[vz(r' d)! Z, T) - 7-_72(7", ¢!Zr T)]
_6131010 9z

(15¢)

dr.

Now we calculate not yet known average values of the first-order approximations of the
considered functions by the following relations

1 @ R 21 (L
=— Ti(r, ¢,z t)dzdpdrdt,
aqr TCQRZLLL’”L £L1(T¢ZT)Z¢7”

1 2] R 21 L
Qiic = mfo fo rfo f_LCil(r' ¢, z,t)dzdpdrdt.

Substitution of these first-order approximations of concentrations and temperature into relations
(16) leads to the following results

(16)

1 %] 2w L ov,
Qe = CO/L . {1 + mfo (CE t)fo f_L[Vr(R, ¢,z,t) — 0.(R, P, z, t)]|dzdpdt +—0},

RL
1 o Rr2m clp(r,¢,z,t)
=7 +—— - £
A [ r+n@R2L,f0 C] t)J; Tfo f_L . dzdgdrdt

COL—Z 0 r2m L )
<1 T {fo fo f_L[Ur(R"P'Z'T) = 7 (R, ¢,2,1)]dzd¢ x (0 — t)dt

A 1 6 R r2m L ]
+7_ n@RZJ; 6 - t)fo fo f_L[vr(r,¢,z, t) —7.(r, ¢,z t)]dzdd)drdt}
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ov, ) 2m L -1
fle ot — o x fo © -1 fo f_ (R, 9 20 (R 9.2 T)]dzdd)dt} )

We determine the second-order approximations of temperature and concentrations of gases by
using standard procedure of method of averaging of function corrections (see, for example, Sokolov
1955, Pankratov and Bulaeva 20163, b) (1), Pankratov and Bulaeva (20164, b) (2), Pankratov (2017a,
b) (1), Pankratov (20173, b) (2), Pankratov and Bulaeva (2013a) (1)), i.e., by replacing of required
of these functions in right sides of Egs. (12) and (13) on the following sums T — azr + T1, C — aiac
+ Ci1. In this case the second-order approximations of the required functions could be written as

c-Ty(r,¢,zt)
to?T,(r, qb,z,r) 0%T,(r, ¢, 2,7)
= Tr +A—L T —j 6¢2 — "~ dt
taZT ’ ) )
+/1] #dr+—[ p(r, ¢,z 1)dt
0

o j ([0, (r 6, 2,0) — 5,(r, &, 2, D)@z + o1 (rr .2, D)[agr + Ta(rr 2, DPdr - &7

———f {[v¢(r ¢,2,7) — Uy (1,9, 2, D|lazc + Cs1(r, ¢, 2, D]lazr + Ty (r, ¢, 2,0)]}dT

—C—f {lvz(r, ¢, 2,7) = 0,(r, ¢, 2, Dllazc + C51(r, ¢, 2, D]lazr + Ti(r, ¢, 2, )]}dT

CZl(r' ¢'f' t) :
10 0C11(r,¢,2,7) 10 0C11(r,¢,2,7)
_;6_7"]0 T'DTdT-F Za¢ DTdT
a t aC I SRl
+_f D 1 ¢,2,1)
0z J, 0z

10 ¢ _
—;E{T‘L [aiz¢ + C11(r ¢, 2,D)] - [v,.(r, ¢,2,7) — 0,.(7, ¢, 2, T)]dr}
10 (¢
—;% [a1zc + Cll(r, ¢, Zz, T)] . [U¢(T', ¢; z, T) - 1_7¢(T, d)i Z, T)]dT + C05(Z + L)
0

t

d
_& [aIZC + Cll(r' (,b; z, T)] : [UZ(T', d)i Z, T) - ﬁZ(T, ¢: Z, T)]dT
0

dt — aq5¢ f ki(r,¢,z,0)[a1c + Ci1(r, ¢, z,7)]dT
0
(18a)

CZZ (T' d)r tZ, t) .
10 ac L), Z, 1 0 ac

=__f D 11(T¢ZT)dT+__ D 11(7”¢ZT) de
ror ), or r2o¢ J, 310

+iftD aCll(rl ¢’ Z, T) (18b)
d 0z

dt + Cy6(z+ L)

10 t
— T 4. {r j [aZZC + CZl(T, ¢l Z, T)] : [vT (r' d)l zZ, T) - 1_71” (rl ¢l Z, T)]dT}
0

ror
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t
—azzcj ki(r,¢,z,D)[azyc + Co1 (1, p,2,7)]dr
0
10 (¢
rae¢ J,
t

0
- 6_2 [azoc + Co1(r, ¢, 2,T)] - [v,(r, @, 2,7) — V,(r, ¢, 2,7)]dT
0

[a22¢ + Co1(r, ¢, 2,7)] - [U¢ (r,¢,2,7) = 0y(1, $, 2, T)|dr (18b)

C32 (T, d’! tZ, t) .
10 0C3,(r, 0, z, 1 0 0C3,(r, 0, z,
=__f D 51(r, ¢, 2,7) t+——| D 31 ( ¢ZT)dT
rar ), or r2d¢ J, ¢
d (¢ 0C(r,d,2z,T t
+—f Dwdr+a3zc‘f ks(r,d,z,7)[azyc + C3.(r, @, 2,7)]dt
0z J, 0z 0

10 t
- T . {T' f [a32C + C31(T, ¢; Z, T)] : [Ur (T; ()b! zZ, T) - ﬁr(rl ¢; Z, T)]dT}
0

ror
19 (¢t

09 g
t

d
- & [a32C + C31(T, ¢: Z, T)] ' [UZ(T, ¢; z, T) - ﬁz (T', (;b! z, ‘[)]d'l'.
0

(18c)

[azoc + C31(r, ¢, 2,7)] - [v¢ (r,¢,2,7) —0y(r, ¢, 2, 7)]dr

Average values of the second-order approximations of temperature and concentrations of gases
oot and apic were determined by standard relations

1 ® R 21 (L
= — T, — T;)dzd¢drdt
arr ﬂGRzLLLrJO J_L(z 1dzdpdrdt,

1 ® ~R 2w L
Ay = mj; J(-) T.[;) f_L(CZ — Cy)dzdgdrdt.

Substitution of the first- and the second-order approximations of temperature and concentrations
in relations (18) gives a possibility to obtain relations for required average values

(19)

/10. [C] 2w oL
— _ 4
Ay = (—Cn ORL jo (CEE3) JO j_ LT (R, ¢, z, t)dzdpdt

A
cmORZL

] 2w L
fo (e — t)fo f_LTl(R,¢, z,t)dzdpdt + T ORZL

X f@(e — t)fznfLTl(o, ¢, z, t)dzdpdt
0 0 -L

1 C] 2m oL
n@RLJ; ©- t)j(-) f_L{Tl(R' ¢, z,t)[azc + Cs1 (R, P, 2, )] — ayrayc}

X [v.(R,},z,t) — 7,.(R, P, z, t)|dzd pdt
1 0 R p2m L
| ©=0[ [ 1665000 + 0. 0,20) - )
0 o Jo Joo
X [v.(r, ¢,z t) — 0.(r, P, z,t)|dzdprdrdt
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VO e R 21
_n(E)RZLJ; ©- t)fo rJ; [Ty(r, @, L, ) (azc + Co) — ayrascldpdrdt

TORL

VO 1 (C] R 2w L )
+20 (Z Ayic + CO)T_ML (CEs t)J; rfo J-_L[vr(r,da,z, t) —o,.(r, ¢,z t)]

i

1 (€] 2w oL
1+—— | (8- (R, $,2,t) — 0, (R, , 2, e + C(R,®, 2, )] dzdd
x{ + fg( t)fo f_L[v( .2,0) - ,( ¢zt)]Z[azc+ (R ¢,2,0)] dzdgdt

-1

(0] R 2w oL
0 - (¢, z,t) — 0,.(r, §, 2, t)] - i2c + Cii(R, ¢, z,t)] dzdpdrdt;
fo( t)forfo f_L[v(rqbzt) 5.(r, .2, 0)] Z[ac+ (R, ¢,2,0)] dzddrdt

1

1 (€] R 21
Apic = mjo CE tf)f0 rjo [Coi(r, @, 2,T) — Cy; (1, @, 2, T)|dpdrdst.

3. Discussion

In this section, we will analyze the dynamics of mass and heat transfer during the growth of
epitaxial layers from the gas phase in order to determine the conditions from which the properties
of the epitaxial layers could be improved. In Fig. 2 shows the dependence of the concentration of
the growth component on the frequency of rotation of the substrate. Curve 1 describes the
dependence of the concentration of the growth component on the frequency of rotation of the
substrate @ at atmospheric pressure without taking into account natural convection (at low growth
temperatures, the value of natural convection can be neglected). Curve 2 describes the dependence
of the concentration of the growth component on the frequency of rotation of the substrate at a
reduced pressure by an order of magnitude without taking into account natural convection. Curve 3
describes the dependence of the concentration of the growth component on the frequency of rotation
of the substrate at atmospheric pressure, taking into account natural convection. It follows from this
figure that an increase in the rotational speed of the substrate leads to a more uniform distribution
of the concentration of the material deposited on the substrate along its radius. An increase in the
temperature of growth leads to an increase in the contribution of natural convection and a slowdown
in the growth of epitaxial layers. In Fig. 3 shows the dependence of the concentration of the gas
mixture on the diffusion coefficient D. Curve 1 describes the dependence of the concentration of the
growth component on the diffusion coefficient at atmospheric pressure without taking into account
natural convection. Curve 2 describes the dependence of the concentration of the growth component
on the diffusion coefficient at atmospheric pressure with reduced pressure by an order of magnitude
without taking into account natural convection. Curve 3 describes the dependence of the
concentration of the growth component on the diffusion coefficient at atmospheric pressure at
atmospheric pressure with allowance for natural convection. This figure shows a mono-ton decrease
in the concentration under consideration. An increase in the value of the diffusion coefficient leads
to an increase in the rate of transfer of the gas mixture, which leads to a decrease in its amount in
the reaction zone. As a result, the growth rate of the epitaxial layer decreases. The value of the
diffusion coefficient can be reduced by reducing the temperature of growth. However, with a
decrease in growth temperature, the chemical reaction slows down. The dependence of the gas
mixture concentration on the kinematic viscosity vis shown in Fig. 4. The designations of the curves
in this figure are the same as in the previous two. The decrease in concentration with an increase in
viscosity is caused by a slower transfer of the gas mixture. The dependence of the concentration of
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Fig. 2 The dependence of the concentration of the mixture of gases on the frequency of rotation of the substrate
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Fig. 3 The dependence of the concentration of the mixture of gases from its diffusion coefficient
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Fig. 4 The dependence of the concentration of the mixture of gases from the kinematic viscosity

the gas mixture on its velocity at the entrance to the reaction zone Vj is shown in Fig. 5. Curve 1
describes the dependence of the concentration of the growth component on its velocity at the
entrance to the reaction zone at atmospheric pressure without taking into account natural convection.
Curve 2 describes the dependence of the concentration of the growth component on its velocity at
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Fig. 5 The dependence of the concentration of the mixture of gases from its input velocity

the entrance to the reaction zone with pressure reduced by an order of magnitude without taking into
account natural convection. Curve 3 describes the dependence of the concentration of the growth
component on its velocity at the entrance to the reaction zone at atmospheric pressure, taking into
account natural convection. An increase in the velocity of Vj leads to an increase in the concentration
of the gas mixture in the reaction zone and, as a consequence, to an acceleration of the growth of the
epitaxial layer. From the analysis carried out it also follows that reducing the pressure in the reactor
reduces the inertia of the processes occurring in it. Natural convection slows the growth of the
epitaxial layer.

It should be noted that it is of interest to choose the power of induction heating of the zone of
formation of the epitaxial layer in order to compensate for heat losses due to convective heat transfer
(see, for example, Pankratov and Bulaeva 2015). In this case, the time for establishing the stationary
mode of heating & can be estimated in the framework of the previously proposed method (see, for
example, Pankratov and Bulaeva 2013b) (2)) and has the value $~ (67 -1)R*/24 4, where A is the
average value of the thermal conductivity coefficient. In this case, the power required to compensate
for the cooling of the region of the formation of the epitaxial layer can be estimated from the

following relation fOR r-p(r,¢,z,t)dr ~o-T*(R,$,z,t) + 0 - v,(R, ¢, z,t) /ATLR?
(Pankratov and Bulaeva 2016b).

4. Conclusions

In this paper, using the recently introduced analytical approach for the analysis of mass and heat
transfer during film growth in reactors for epitaxy from the gas phase, these processes are analyzed
taking into account natural convection and the possibility of changing the rate of chemical
interaction between reagents. As a result of the analysis, the conditions under which the homogeneity
of the grown epitaxial layers increases with a change in the values of the parameters of the growth
process are formulated.
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