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Abstract

In this paper, we estimate the rate of growth of epitaxial layers from the gas
phase. We study dependence of the rate on the value of the heating of the
substrate. By using the previously introduced approach of mass and heat
transfer analysis, analytical dependencies of the considered rate on the
parameters were obtained. In this paper, based on recently introduced
approach, we analyzed mass and heat transport during growth of epitaxial
layers in reactors for epitaxy from gas phase with sloping keeper with account
native convection. Based on recently introduced approach, we estimate rate of
growth of films and analyzed dependences of the rate on physical and
technological parameters.
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1. Introduction

At the present time, different heterostructures are widely used to
manufacture different devices of solid-state electronics. The most
common methods for growing heterostructures are epitaxy from the gas
and liquid phases, magnetron sputtering, molecular beam epitaxy.
Manufacturing and using of heterostructures have been considered in
large number of experimental works because of their wide using [1-11].
At the same time, a relatively small number of works are devoted to
predicting the processes of epitaxy [12]. The main aim of the present
paper is to analyze the growth of epitaxial layers with changes in the
values of parameters of the growth process taking into account natural

convection.

In this paper, we consider a reactor for epitaxy from the gas phase
(see Figure 1). This reactor consists of a casing, a substrate holder with a
substrate, and a helix around the casing in the region of formation of the
epitaxial layer in order to provide induction heating for activating the
chemical reactions that occur during the decomposition of reagents and
the formation of an epitaxial layer. A gaseous mixture of reagents is
supplied to the inlet of the reaction chamber together with the carrier
gas. The main goal of this paper is to estimate the rate of growth of an

epitaxial layer and to analyze its dependence on the substrate temperature.

Figure 1(a). Structure of reactor for gas phase epitaxy with sloping

keeper of substrate.
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Figure 1(b). View from side of keeper of substrate and approximation of
the keeper by sloping lines with angle of sloping ;.

2. Method of Solution

First of all we analyze spatio-temporal distribution of temperature.
To analyze the distribution we determine the solution of the second
Fourier law [13]

T 0 2, 1)

3 = div{A - grad[T(r, o, z, t)]

- ]7("’ (p7 2’ t) C(T) T(r7 (\D’ Zy t) C(r’ (P, Z’ t)} + p(r’ (P, Z) t)9

(eY)
where U is the speed of flow of mixture of gases-reagents (we consider
gases-reagents as ideal gases); c¢ is the heat capacity; T'(r, ¢, z, t) is the
spatio-temporal distribution of temperature; p(r, ¢, z, t) is the density of
power in the system substrate keeper of substrate; r, ¢, z, and ¢ are the

cylindrical coordinates and time; C(r, ¢, z,t) is the spatio-temporal
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distribution of concentration of mixture of gases-reagents; and A is the
heat conductivity. Value of heat conductivity could be determine by the

following relation: A = vic,p/3, where v is the speed of the gas

molecules, / is the average free path of gas molecules between collisions,

¢, 1s the specific heat at constant volume, and p is the density of gas.

To solve the Equation (1), we shall to take into account moving of
mixture of gases and concentration of the mixture. We determine speed of
the moving and the concentration by solving the equation of Navier-
Stokes and the second Fick’s law, respectively. We also assume that
radius of keeper of substrate R essentially larger, than thickness of
diffusion and near-boundary layers. We also assume, that stream of gas
is laminar. In this situation, the appropriate equations could be written
as

N )
E-i—(v-V)U— V(p)—i—uAu, )
W _ diviD - grad[C(r, 0, 2, )] - 5, @, 2, 1)- C(r, 0, 2, D)}, (3)

where D is the diffusion coefficient of mixture of gases-reagents; P is the
pressure; p is the density; and v is the kinematic viscosity. Let us

consider the regime of the limiting flow, when all forthcoming to the disk
molecules of deposit material are deposing on the substrate, flow is
homogeneous and one dimension. In this case boundary and initial
conditions could be written as

C(r,o, - L, t)=Cy, C(r, - 01, 2, t) = C(r, 1, 2, t) = C(r, t— 9y, 2, t) = C
(r,m+9y,2,t), C(r,¢,2,0)= Cyd(z + L), C(0, 9, 2, 1) # 0, C(r, 9, 2, t)|, =0,

T(ra - 91, 3 t) = T(I", P15 2, t) = T(r’ T =01, % t) = T(T, T + 01, 2, t),

M = 07 — }LM = GT4(R, (P’ z, t), T(r, (P’ z, O) = Tr’
or r=R or S

aT(r’ (P’ Z’ t)l — aT(r’ (P, Z’ t)l , = }\’aT(r’ (P, Z’ t) — GT4(1", (p’ _ L, t),
a(P |(P:0 a(p |(p:21'|; 52 S

4
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ov.(r, 9, 2, t) _ 0 ov,(r, o, 2, t)

=0,
or r=0 or r=R

T(, ¢, z, t) # =,

v(r, =01, 2,8)=v,.(r, 01, 2, t) =v,.(r, n — 91, 2, t) = v,.(r, n + 91, 2, 1),

u(p(r, -1, 2, t) = u(p(r, 01, 2, t) = v(p(r, T— @, 2, t)= u(p(r, T+ ¢, 2, t),
ve(r, =1, 2, 8) = v2(r, 01, 2, 1) = v, (r, m =91, 2, 1) = v, (r, m+ @1, 2, ),
v(r,o,— L, t)=0,v,(r, 9, L, t)=0,v,(0, ¢, 2, t) # o, v, (r, o, — L, t) = Vy,
v,(rtdy /2, 0,ze[-dy/2 dy/2],0)=w-z-coswtg(e;),

U(P(r, o, L, t)=0, u(p(O, 0, 2, t)# 0, v,(r,0,0,t)=0,v,(r, 0, L, t) =V,
v,(0, @, 2, t) # w0, v,(r, 9, 2, 0) = 0, v, (7, @, 2, 0) = 0,

where o =5.67-10°W.-m2. K™, T, is the room temperature, ® is

the frequency of rotation of the substrate.

Equations for components of velocity of flow with account cylindrical

system of coordinate could be written as

ov, 1o ov(r,ezt)] 1 &%0.(r, ¢ 21t 0%0.(r, ¢ 2, t)
A e e s 5 + 5
ot r or or r o oz

(5a)

v, 1o 0 0 2.8)] 1 0%0,(r ¢, 2.t) 0%0,(r, ¢, 2, t)
W —|r————— |+ = +
ot r or or r2 8@2 022

(5b)

—UaUr—U(PaUq)—U al)z li(Pj
" or r o¢ 20z r ’



84 E. L. PANKRATOV

ov, _ U{l i{r ov,(r, o, z, t)} . 1 a2u2(r, 0, 2, t) . 6202(1”, 0, 2, t)}
r or

ot or r? 09> 02”

T U r oo e T

ov, Uy 0vg ov, o (P)
p

(5¢0)

We determine solution of this system of equations by using of method
of averaging of function corrections [14-19]. Framework this approach
first of all we determine the first-order approximation of components of
speed of flow of mixture of gases. To determine the first-order
approximation, we replace of the required functions on their average

values v, — ay,, v, = 044, V; — 0y, in the right sides of equations of

P
system (5). After the replacement and calculation required derivatives,
we obtain equations for the first-order approximations of the components

5V1r__ﬁ(£) 6V1<P__li(£j %__i(ﬁj (6)
o0 or\p) ot rop ’ o oz )

Integration of the left and the right sides on time of the relations (6)
gives us possibility to obtain the first-order approximations of the

components of speed of flow in the final form

¢
P

~N |

d
) o 0z

[
|~
<
N
Il
|
|
—
|~
U
a
—_
2

o
oo

The second-order approximations of components of speed of flow
could be obtain by replacement of the required functions on the following

sums: Vv, — 0y, + Vi, Vo —> Ogq + Vg, V, —> Oy, +Vy,. The average
values ay,, 0gy, 00, are not yet known. Approximations for the

components could be written as
2 2
81/2,. ]_ 8 61/1, 1 6‘ U]_r 6 Ulr 6 P
—=L =y =—|r +— 5+ > AT
ot r or or r? o oz or\ p

ov (Otz +v )61/ ov
- (U“2r + Vlr) arl‘r - = r 2 a;)r - (U“22 + Vlz)a_;r s (Sa)
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aV2(p 10 aVl(p 1 621/1(;) azul(p 10 (P)
== r +— + - =
ot ror or P2 2 022 r op

o0
iy (g + V1) Oy V1
- (a2r + Vlr) 57‘(') - ° r ° a(pq) - ((x2z + Vlz) oz (Sb)
2 2
vy, 10 vy, 1 0%V, 0%V, 0 (Pj
=V =-=|r + — + - =
ot ror or r? og? 022 0z \ p
ov (Otz +v1 ) ov ov
- (a2r + 1’1r) 6;‘2 - e r e a(lpz - (a2z + Vlz) 12 . (8(3)

Integration of the above equations on time leads to the following result:
t v 1 o2 o2 ofpp
Ha( ) ﬂd“ﬁ [
0 r< o 0z i p

t t
ov (Otz + V1 ) ov ov
- J.(a2r + Vlr) a;r dr _I 2 r 2 a(})r drt - J(a22 + Vlz)a_:dr,
0 0

(8d)

t
10 aqu) 1 621/1@ a qu) P
- 75 or i) 2 * T ago
i re oo 02>
¢

¢ ¢
81/1 (az + 121 ) 61}1 61}1
—E').(Oﬁzr +V1r)a—r(PdT—E[ (pr = 6(;) dT—_([(azZ +U12)6_2(Pd

tal

2

(8e)

t 9 t
ve, =V, +UJ 10 ravlz +L62U12+8U12 dt—i Edr
2z 0 ror\  or 2 80 022 oz 4P

t t t
ov (Olz + v ) ov ov

- J(azr +v1,) 6;2 dt —J @ - @ 8(1p2 dt - I(QZZ +v1,) 6;2 dr.

0 0

(8)
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Further we determine the average values ag,, gy, 0tg,. The average
values have been calculated by the following relations [14-19]:

2n

OR
az =~ ][]
" n®R2 00 b

L
J' (v — vy, )dzdodrdt,
L

1 OR 2n L
(12(') = B) Ijrj I (U2(P - Ul(p)dZd(pdrdt,
nOR“L 00 0L

DO

h'—uh

T
|
0 -

where © 1is the continuance of moving of mixture of gases through

(ve, — vy, )dzdedrdt, 9)
TE@R2 2z 1z

Q

o

N

Il
O'—:@
O —y Y

considered horizontal reactor. Substitution of the first- and the second-
order approximations of the required components of speed into the
relation (9) give us possibility to obtain system of equations to determine

required average values
Ajag, + Bjog, + Ciag, = Dy,
Agag, + Byagy + Coog, = Dy, (10)
Agog, + B3ag, + Czog, = Ds,

where

®

R
Vir dededrdt, B, = j © —t)j
0

or

[©] R 2n 2n L 5
j I dodedrdt,
L

A1:1+£(®—t)£r! !_ -
21

NI 1 62 02
ci-ep-gormtn D10 ) 40 2
50 0 L r° o 0z

h'—bh

0 2n L
dzdodr(® - t)dt - ZO2RV{ - J'(@—t)j' j' j' 1'" L dzdodrd
0 —
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L 5 o) R 2n L
j vip 2 dadodr(® — )dt, Ay = I(@ 1) j r j j M dodedrdt,
-L ¢ 0 0 0-L

I

O'—.@

®OR2n L 5 (0] R 2n L ov
Vir _ _ _ le
o [[ ] ] S azdganto -0 oy =of0-of r[ [ | 15[ %0
000-L 0 0 0-L
R 2rn L
02 )
Lo e, Uhp]dzd(pdrdt - I © —1) J r J J Vi, a;;, dzdodrd
oo 0z” 0 0 0-L
[©) R2n L 5
—I(@—t)JI Jqu, gg dzdodrdt - £ O2R*VE, C; =1+ 2 02R*V,
0 00-L

(€] R 2rn L ® 2n L
A = j (@—t)j r J J Y12 dzdedrdt, By = j (@—t)_[ J J Mz godedrdt,
0 0 0-L 0 -L

Dy - u'[(@) - t)J'rJ' J' F%(r %} b e, V;Z}dzd(pdrdt
0 0 0L re oo 0z

2n

® R L
" 02R2V¢ —I(@—t)frj Iulr
0 0 0-L

[©)
2 dzdodrdi - j' ©-1)
0

R 27 L 5
< [r[ [ v FL dzdodrd.
0 0-L

Solution of the above system of equations could be determined by

standard approaches [20] and could be written as
R N 1y
where
A = Ay(ByC3 — B3Cy) — By (A2C3 — A3Cy) + C1(AgBs — A3By),

A, = Dy(ByCs — B3Cy) — By (DyCs — D3Cy) + Cy(DgBs — D3By),



88 E. L. PANKRATOV

Ay = Di(ByC3 — B3Cy) — By (DoC3 — D3Cy) + Cy x (DyBy — D3By),
A, = A;(ByD3 — B3Dy) — By(AgDs — A3Dy) + Dy (AyBs — A3By).

In this section, we obtained components of velocity of stream of
mixture of materials in gas phase, which are used for growth of
heterostructure, and gas-carrier in the second-order approximation
framework method of averaging of function corrections. Usually, the
second-order approximation is enough good approximation to make
qualitative analysis of the obtained solution and to obtain some

quantitative results.

Let us rewrite Equations (1) and (3) by using cylindrical system of

coordinate
2 2 2
. oT(r, ¢, 2, 1) _ , 0 T(r, (2p, z, t) +% o°T(r, (g, z, t) 0 T(r, q2>, z, t)
ot or r o 0z

0 c 0
—o = (0, 21)-Cry 9, 2,0)- T(r, 0, 2, t)]—;%[v(p(r, ¢, 21)-C

(l", 0, 2, t)'T(l", 0, 2, t)]_ Y ’%[Vz(r’ P, 2, t)’ C(Y‘, 0, 2, t)‘ T(Y‘, 0, %, t)]

+ p(r, ¢, z, t), (12)
W _ %%{m W} L2500, 0, 2ty 0, 2, )
R %[D W} e (R TR ) R CE

In this section, we calculate components of speed of gas-reagents,
which are used for growth of an epitaxial layer, and gas-carrier as the
second-order approximations framework method of averaging of function

corrections. Usually, the second-order approximation is enough good
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approximation to make qualitative analysis and to obtain some
quantitative results. Results of analytical calculation have been checked

by comparison with results of numerical simulation.

To determine spatio-temporal distributions of temperature and
concentration of gas mixture we used method of average of function
corrections. To determine the first-order approximations of the required

functions, we replace them on their not yet known average values oy
and oj¢ in right sides of the above equations. Further, we used recently

considered algorithm to obtain the first-order approximations of

temperature and concentration of gas-reagents

t t
T]_(r, 0, 2, t) = Tr + IM dt — a’lTa']_CJ.aur(r,a(ﬁ, <, T) drt
0 0

L ov (r, 9, 2, 1) ta ( )
7o s Wy < VvV \I's P, 2, T
- - c J‘ @ a(p d‘C - oclTach.—z o2 dT,

(14)

t ov,( ) t ofrv,.( )]
Ve 9, 2, T a rv.r, o, z, T
Ci(r, 9,2, t) = - 0‘1T0‘1CJ‘ ) 6(;'3 dr - i‘c .[ ) 6:-') dt

0 0

t t
ov,(r, ¢, 2z, T
_ O(‘].C J. (P( (P )dT _ alcj.avz(r, (pv 27 T) dT.
0

r op 0z (15)
0
The above not yet known average values could be determined by the

standard relations

OR 2n L
oy = ;ZJ‘J.’"J. J. Ti(r, o, 2z, T)dzdedrdt,
mORL 5% 0%
OR 2n L
oye = ;2‘“.;:[ J. Ci(r, o, z, 1)dzdodrdt. (16)
mORTL 59 L
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Substitution of the first-order approximations of temperature and
concentration of gas mixter into relations (16) gives us the following
results [20]:

(0] 2n L
) 1 ov,
ae = CO/L L+ l(@ t)!). J'Lu,(R, 0, 2 t)dzdodt + L |

Ranp(r(p,zt) 0 (€]
a = {Tr R2L J'(@) —t)j I J’ dzd(pdrdtH1+ o { J)’ © 1)

2n L (€] R2n L v
X J I v, (R, ¢, 2, 1)dzdodt — 1 5 I(@ - t)j I J v, (r, ¢, 2, 1)dzdodrdt + —>
0- mOR" 00-L 2

2n L oV -1
_ 0
x |1+ @RL I(@ t)_H; v, (R, ¢, 2, t)dzdodt + —— 7L

The second-order approximations of temperature and concentration
of gases-reagents we determine framework the method of averaging of
function corrections [16-21], i.e., by replacement of the required functions
in right sides of Equations (12) and (13) on the following sums

T — agp + 11, C - 0g9¢ + Cy. Inthis case, the second-order approximations

of the above required functions could be written as

t62T(r(pzr) 1t82T(r(pzr) t
c-To(r, o, 2, t)zkjl’—g”dr+k—2jl’—2”dr+xj
5 or r op

o’y (r, o,
022

¢
) dt + Jp(r, 0, 2, 1)dt — ¢ - % {v,.(r, 0, z, 1) - [agc

O —

0
+Ci(r, 0, 2, 1)) [oap + Ti(r, o, 2, T)|}dT + T, — %% {U(P(r, 9, 2, 1) [oge

O ey
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t
0
+ Cl(rr 0, 2, T)] [a2T + Tl(r’ 0, 2, T)] }dt —-C 'EJ‘{UV(E 0, 2, T)' [OLQC + Cl(r, 0, 2, T)]
0
Nogr + T1(r, 9, 2, 7)]}dx, 17

¢ ¢

10 GCr , 2, T 0 oCy(r, 9, 2, ©
Culr 20 = 1 [ PR 2D e £ [p AR5 D
0

t t
0 oCy(r, o, 2, 1) 10
+§J.D>< Tdr - r![oczc +Ci(r, 0, 2, V)] v, (r, o, 2, 1)dr

N =

¢
0 0
G_I (r, 9, 2, 7). - [age + Cy(r, 0, 2, T)]dT - aj.[%c +Cy(r, ¢, 2, 1)]
0 0

v, (r, ¢, 2, 1)dt + Cod(z + L). (18)
Average values of the second-order approximations of temperature

and concentration of mixture agp and age have been calculated by

using the following standard relations:

R 2n L

®
'[ j r j j (Ty - T} )dzdedrdt,
00 0-L

Oor =
nOR2L

2n

OR
we = o] [r]
n®R2 20 0

Substitution of the first- and the second-order approximations of

L
j (Cy - Cy)dzdodrdL. (19)
-L

temperature and concentration of mixture into relations (19) gives us
possibility to obtain equations to determine required average values

2n L 2n L
aop = cn@ﬂj(@-t)]' J'T‘*(R 0, 2, t)dzd(pdt—J‘(G)—t)J J T,

2n L

. j(@ —t)j jTl(O 0, z, 1)dzdod

cn®OR?L an)R 2

x (R, ¢, z, t)dzdodt
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(S} 2n L
- [©=] [vi(B 0.2 Olase + (R, ¢ 2 T (B, 0. 2 0) - oagonc)
0 0-L

N 1 (] R 2n L
< dedgdt — g~ — ! ©-1) l ! IL v, 0. 2 G, o, 2 1)

(€} R 2n
<lasc + C1,0.2.0]-ayparc fedordrdi -— 2 [(©-0)[ r [ [foac +Co)
nOR“L 0 5 0

2n

!

-Ty(r, o, L, t) - alTOtlc]ngdrdt{l + TCG)RL

=) YO

L
J.UV'(R7 (P7 Za t) [Q’ZC
-L

2n

© R on L
2LJ(®—t)IrI I [ac + C1(r, 0, 2, 0)]
0 5 0L

+ Cy(R, ¢, 2, 1)]dzdo(® — t)dt ——
nOR

-1
v, (r, @, 2, T)dzdedrdt + 2Vy(agc + Co)%} ,

Gy (r, 9, 2, T)
2oL 0z

Qoc =

J‘(®_t)J‘ J‘D{(’)Cl(r 0, 2, T)

®R2 zL:|
(€] 2n L

i~ [©=0] [ tlasc —onc + Ci(B. 0.2, 9] v, (R 0.2, 7)
L 0 0-L

« dodrdt — —L
nOR

R 2n
J.(® - t)j‘ j (a9 — ayc + Co)dzdodrdt.

x dzdodt —
1€

3. Discussion

In this section, we will estimate the rate of growth of epitaxial layers.
The required velocity is determined by the following relation [21]:
Vg ~ DC / 8p, where D is the diffusion coefficient of the gas mixture, C is
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the concentration of the gas mixture, 8 is the thickness of the diffusion

layer, and p is the density of the gas mixture. The thickness of the
diffusion layer can be determined by using the following relation [21]:
5 ~ 1.6 Dv,lv/ o, where v is the viscosity of the gas mixture, o is the

rotation frequency of the substrate holder. The Figure 2(a) shows the
dependence of the considered growth rate on temperature. The Figure 2
shows the dependence of the considered growth rate on temperature for
different values of the inclination angle of the substrate holder and the
pressure in the reactor. It follows from this figure that an increase in the
temperature of the substrate leads to an increase in the rate of growth of
the material depositing on the substrate. The appearance of this effect,
apparently, is due to the fact that as the temperature of the substrate
increases, the decomposition of the reactant gases accelerates and the
material of the epitaxial layer accelerates from the results of their decay.
At the same time, an increase in the growth temperature leads to an
increase in the contribution of natural convection and slowing down the

growth of epitaxial layers.
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\\

Figure 2(a). Dependence of growth speed on temperature of substrate 7.
Curve 1 corresponds to vertical reactor. Curve 2 corresponds to horizontal
reactor. Curve 3 corresponds to average value of sloping angle (i.e.,

vy = 45°) of keeper of substrate in comparison with direction of flow

gazes.

Figure 2(b). Dependence of growth speed on temperature of substrate 7.
Curve 1 corresponds to atmospheric pressure. Curve 2 corresponds to

smaller pressure.
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4. Conclusion

In this paper, we estimate the rate of growth of epitaxial layers from

the gas phase. We study its dependence on the amount of heating of the

substrate. By using the previously proposed mass and heat transfer

analysis, analytical dependencies of the considered velocity on the

parameters were obtained.
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