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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 .1ϕ  

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] 

( ) { ( )[ ]tzrTt
tzrTc ,,,graddiv,,,

ϕ⋅λ=
∂
ϕ∂  

( ) ( ) ( ) ( )} ( ),,,,,,,,,,,,, tzrptzrCtzrTTctzr ϕ+ϕ⋅ϕ⋅⋅ϕ− ν  

(1) 

where ν  is the speed of flow of mixture of gases-reagents (we consider 
gases-reagents as ideal gases); c is the heat capacity; ( )tzrT ,,, ϕ  is the 
spatio-temporal distribution of temperature; ( )tzrp ,,, ϕ  is the density of 
power in the system substrate keeper of substrate; ,,, zr ϕ  and t are the 
cylindrical coordinates and time; ( )tzrC ,,, ϕ  is the spatio-temporal 
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distribution of concentration of mixture of gases-reagents; and λ  is the 
heat conductivity. Value of heat conductivity could be determine by the 
following relation: ,3ρ=λ νν cl  where ν  is the speed of the gas 

molecules, l  is the average free path of gas molecules between collisions, 
νc  is the specific heat at constant volume, and ρ  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 

( ) ,ννννν ∆+






ρ

−∇=∇⋅+
∂
∂ P

t  (2) 

( ) { ( )[ ] ( ) ( )},,,,,,,,,,graddiv,,, tzrCtzrtzrCDt
tzrC

ϕ⋅ϕ−ϕ⋅=
∂
ϕ∂ ν  (3) 

where D is the diffusion coefficient of mixture of gases-reagents; P is the 
pressure; ρ  is the density; and ν  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 

( ) ( ) ( ) ( ) CtzrCtzrCtzrCCtLrC =ϕ−π=ϕ=ϕ−=−ϕ ,,,,,,,,,,,,, 1110  

( ) ( ) ( ) ( ) ( ) ,0,,,,,,,0,0,,,,,,, 01 =ϕ∞≠ϕ+δ=ϕϕ+π stzrCtzCLzCzrCtzr  

( ) ( ) ( ) ( ),,,,,,,,,,,,, 1111 tzrTtzrTtzrTtzrT ϕ+π=ϕ−π=ϕ=ϕ−  

( ) ( ) ( ) ( ) ,0,,,,,,,,,,,0,,, 4
r

SRr
TzrTtzRTr

tzrT
r

tzrC
=ϕϕσ=

∂
ϕ∂

λ−=
∂
ϕ∂

=
 

( ) ( ) ( ) ( ),,,,,,,,,,,,,, 4

20
tLrTz

tzrTtzrTtzrT
S

−ϕσ=
∂
ϕ∂

λ−
ϕ∂
ϕ∂

=
ϕ∂
ϕ∂

π=ϕ=ϕ
 

(4) 
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( ) ( ) ( ) ,0,,,,0,,,,,,,0
0

=
∂
ϕ∂

=
∂
ϕ∂

∞≠ϕ
== Rr

r

r

r
r

tzr
r

tzrtzT νν  

( ) ( ) ( ) ( ),,,,,,,,,,,,, 1111 tzrtzrtzrtzr rrrr ϕ+π=ϕ−π=ϕ=ϕ− νννν  

( ) ( ) ( ) ( ),,,,,,,,,,,,, 1111 tzrtzrtzrtzr ϕ+π=ϕ−π=ϕ=ϕ− ϕϕϕϕ νννν  

( ) ( ) ( ) ( ),,,,,,,,,,,,, 1111 tzrtzrtzrtzr zzzz ϕ+π=ϕ−π=ϕ=ϕ− νννν  

( ) ( ) ( ) ( ) ,,,,,,,,0,0,,,,0,,, 0VtLrtztLrtLr zrrr =−ϕ∞≠ϕ=ϕ=−ϕ νννν  

[ ]( ) ( ),cos0,2/,2/,,2/ 1222 ϕψ⋅⋅ω=−∈ϕ± tgzddzdrzν  

( ) ( ) ( ) ( ) ,,,,,0,0,,,,,,0,0,,, 0VtLrtrtztLr zz =ϕ=ϕ∞≠ϕ=ϕ ϕϕ νννν  

( ) ( ) ( ) ,00,,,,00,,,,,,,0 =ϕ=ϕ∞≠ϕ ϕ zrzrtz rz ννν  

where rT,KmW1067.5 428 −−− ⋅⋅⋅=σ  is the room temperature, ω  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 

( ) ( ) ( )












∂

ϕ∂
+

ϕ∂

ϕ∂
+





∂
ϕ∂

∂
∂=

∂
∂

2

2

2

2

2
,,,,,,1,,,

z
tzrtzr

rr
tzrrrrt

rrrr υυυυ 1ν  

,






ρ∂

∂−
∂
∂

−
ϕ∂

∂
−

∂
∂

− ϕϕ P
rzrr

z
z

r
r

υ
υ

υυυ
υ   (5a) 

( ) ( ) ( )













∂

ϕ∂
+

ϕ∂

ϕ∂
+








∂
ϕ∂

∂
∂=

∂
∂ ϕϕϕϕ

2

2

2

2

2
,,,,,,1,,,

z

tzrtzr

rr
tzr

rrrt
υυυυ 1ν  

,1







ρϕ∂

∂−
∂
∂

−
ϕ∂

∂
−

∂
∂

− ϕϕ P
rzrr

z
z

r
r

υ
υ

υυυ
υ   (5b) 
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( ) ( ) ( )
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z
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.






ρ∂

∂−
∂
∂

−
ϕ∂

∂
−

∂
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z
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υ  (5c) 

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 ,1rr α→ν  zz 11 , α→α→ ϕϕ νν  in the right sides of equations of 

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

.,1, 111 






ρ∂

∂−=
∂
∂








ρϕ∂

∂−=
∂

∂







ρ∂

∂−=
∂
∂ ϕ P

zt
P

rt
P

rt
zr ννν  (6) 

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 

.,1,
0

1
0

1
0

1 τ
ρ∂

∂−=τ
ρϕ∂

∂−=τ
ρ∂

∂−= ∫∫∫ ϕ dP
zdP

rdP
r

t

z

tt

r ννν  (7) 

The second-order approximations of components of speed of flow 
could be obtain by replacement of the required functions on the following 
sums: .,, 222212 rzzrrrr νννννν +α→+α→+α→ ϕϕ  The average 

values zr 222 ,, ααα ϕ  are not yet known. Approximations for the 

components could be written as 






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
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

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



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∂
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∂
+


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



∂
∂

∂
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∂
∂ P
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rrrr

2
1

2

2
1

2

2
12 1 ννν1νν  

( )
( )

( ) ,1
12

1121
12 zrr

r
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rr
rr ∂

∂
+α−

ϕ∂
∂+α

−
∂
∂

+α− ϕϕ νννννν  (8a) 
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

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Integration of the above equations on time leads to the following result: 
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2
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0
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(8d) 
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Further we determine the average values .,, 222 zr ααα ϕ  The average 

values have been calculated by the following relations [14-19]: 

( ) ,1
12

2

000
22 drdtdzdr
LR

rr

L

L

R

r ϕ−
Θπ

=α ∫∫∫∫
−

πΘ

νν  

( ) ,1
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2

000
22 drdtdzdr
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2

000
22 drdtdzdr
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−

πΘ

νν  (9) 

where Θ  is the continuance of moving of mixture of gases through 
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 
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Solution of the above system of equations could be determined by 
standard approaches [20] and could be written as 

,,, 222 ∆∆=α∆∆=α∆∆=α ϕϕ zzrr   (11) 

where 

  ( ) ( ) ( ),233212332123321 BABACCACABCBCBA −+−−−=∆  

 ( ) ( ) ( ),233212332123321 BDBDCCDCDBCBCBDr −+−−−=∆  
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 ( ) ( ) ( ),233212332123321 BDBDCCDCDBCBCBD −×+−−−=∆ϕ  

 ( ) ( ) ( ).233212332123321 BABADDADABDBDBAz −+−−−=∆  

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 
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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 T1α  

and C1α  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 
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The above not yet known average values could be determined by the 
standard relations 
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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]: 
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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  

., 1212 CCTT CT +α→+α→  In this case, the second-order approximations 

of the above required functions could be written as 

( ) ( ) ( ) ∫∫∫ λ+τ
ϕ∂

τϕ∂
λ+τ

∂

τϕ∂
λ=ϕ⋅

ttt

dzrT
r

d
r

zrTtzrTc
0

2
1

2

0
22

1
2

0
2

,,,1,,,,,,  

( ) ( ) { ( ) [ Cr

tt

zrrcdzrpd
z

zrT
2

00
2

1
2

,,,,,,,,,
α⋅τϕ

∂
∂⋅−ττϕ+τ

∂

τϕ∂ ∫∫ ν  

( )] ( )[ ]} ( ) [{ C

t

rT zrr
cTdzrTzrC 2

0
121 ,,,,,,,,, α⋅τϕ

ϕ∂
∂−+ττϕ+α⋅τϕ+ ϕ∫ ν  



ON THE EFFECT OF SUBSTRATE HEATING ON THE … 91

( )] ( )[ ]} { ( ) [ ( )]τϕ+α⋅τϕ
∂
∂⋅−ττϕ+α⋅τϕ+ ∫ ,,,,,,,,,,,, 12

0
121 zrCzrzcdzrTzrC Cr

t

T ν  

( )[ ]} ,,,,12 ττϕ+α⋅ dzrTT  (17) 

( ) ( ) ( )
τ

ϕ∂
τϕ∂

ϕ∂
∂+τ

∂
τϕ∂

∂
∂=ϕ ∫∫ dzrCD

r
dr

zrCrDrrtzrC
tt

,,,1,,,1,,, 1

0
2

1

0
2  

( ) ( )[ ] ( )












ττϕ⋅τϕ+α
∂
∂−τ

∂
τϕ∂

×
∂
∂+ ∫∫ dzrzrCrrrdz

zrCDz rC

tt

,,,,,,1,,,
12

0

1

0

ν  

( ) ( )[ ] ( )[ ]τϕ+α
∂
∂−ττϕ+α⋅τϕ

ϕ∂
∂− ∫∫ ϕ ,,,,,,.,,,1

12
0

12
0

zrCzdzrCzrr C

t

C

t

ν  

( ) ( ).,,, 0 LzCdzrz +δ+ττϕ⋅ ν  (18) 

Average values of the second-order approximations of temperature 
and concentration of mixture T2α  and C2α  have been calculated by 
using the following standard relations: 
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Substitution of the first- and the second-order approximations of 
temperature and concentration of mixture into relations (19) gives us 
possibility to obtain equations to determine required average values 
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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]: 

,δρ≈ DCVg  where D is the diffusion coefficient of the gas mixture, C is 
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the concentration of the gas mixture, δ  is the thickness of the diffusion 
layer, and ρ  is the density of the gas mixture. The thickness of the 

diffusion layer can be determined by using the following relation [21]: 

,6.1 3 ω≈δ ννD  where ν  is the viscosity of the gas mixture, ω  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 T. 
Curve 1 corresponds to vertical reactor. Curve 2 corresponds to horizontal 
reactor. Curve 3 corresponds to average value of sloping angle (i.e.,        
ψ  = 45°) of keeper of substrate in comparison with direction of flow 

gazes. 

 

Figure 2(b). Dependence of growth speed on temperature of substrate T. 
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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