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ABSTRACT

In this paper we analyzed mass and heat transport during growth filmsin a
vertical reactors for gas phase epitaxy with account native convection by
using recently introduced analytical approach for prognosis of the above
processes. Native convection takes a significant influence on growth of
films at high temperature. We determine several conditions to increase
homogeneity of epitaxial layers with varying parameters of technological

process. © 2016 Trade Sciencelnc. - INDIA

INTRODUCTION

Inthe present timedifferent heterostructuresare
using to manufacture solid state el ectronic devices.
The most common methods for growing
heterostructures are epitaxy from gas and liquid
phase, magnetron sputtering, molecular beam epit-
axy. Their are many experimental works describe
manufacturing and growth of heterostructures*. At
the same time essentially smaller quantity of works
describes prognosis of epitaxy processesd*d. Main
aim of the present paper is prognosis changing of
properties of growing of epitaxial layerswith chang-
ing of parameters of technological process with ac-
count native convection.

In this paper we consider a vertical reactor for
gas phase epitaxy (see Figure 1). The reactor con-
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sist of an external casing, keeper of substratewith a
substrate and a spiral around the casing in area of
the substrate to generate induction heating to acti-
vate chemical reactions of decay of reagentsand to
growth of the epitaxial layer. A mixture of gas re-
agentsand gas-carrier inputsinto inlet of the reactor
from Figure 1. Mainaim of the present paper isanaly-
sis of changing of properties of growing epitaxial
layerswith changing parameters of growth with ac-
count native convection.

Method of solution

To solve our aims we determine spatio-tempo-
ral distribution of temperature. We determine the
spatio-temporal distribution as solution of the fol-
lowing the second Fourier law(*?

CaT (r,p,zt)

ot p(r,p,z,t)+div{1-grad[T (r,p,zt)]-
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Figure 1 : A reactor for the gas phase epitaxy in neighborhoods of reaction zone
~[v(r.0,2t)-T(r,0,2,t)]- c(T)-T(r.0,2t)-C(r,0.2.t) } (1)
where yj isthe speed of flow of mixture of gases; cisthe heat capacity; T (r,p,z,t) isthe spatio-temporal
distribution of temperature; p (r,¢,z,t) isthedensity of power in the system substrate - keeper of substrate;
r,, z and t are the cylindrical coordinates and time; C (r,¢,z,t) is the spatio-temporal distribution of
concentration of mixture of gases; A isthe heat conductivity. Value of heat conductivity could be determine

by the following relation: A=-Vlc,p, where v is the modulus of mean squared speed of the gas

Wik

molecules, which equal to V = q/2kT/m, | isthe average free path of gas molecules between colli-

sions, ¢, isthe specific heat at constant volume, p isthe density of gas.

To solve this boundary problem we shall takeinto account moving of mixture of gases and concentra-
tion of the mixture. We determine the required values by solving the equation of Navier-Stokes and the
second Fourier law. 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 gasislaminar. In this situation the
appropriate equations could be written as

ﬂ+(\7-v)\7:—v[EJ+vA\7 @
ot o, ’
%z div{D-grad[C(r,¢, 2 t)]-[V (1,0, 2,t)-V]-C(r, 0, 2t)} 3)

where D isthediffusion coefficient of mixture of gases (gases-reagentsand gas- carrier); Pisthe pressure;
p isthe density; v is the kinematic viscosity. Let us consider the regime of the limiting flow, when all
forthcoming to the disk molecules of deposit materia are deposing on the substrate, flow is homogenous
and one dimension. In this case boundary and initial conditions could be written as

C (no,-Lt)=C, C(r,01)=0,C(r0zt) = C(r2nzt), C(r,e,2,0) = Co (z+L),

oC(r,p,zt) 0 oC(r,p,zt) _oC(rezt) )
C (O,([),Z,t) # 0, 8 r R ' 8€0 0 8€0 wzzﬂ-, T (r,(P,Z,O) - Tr’
_lGT(r,go,Z,t) T Ro21) aT(ré,go,z,t)% :8T(ra,go, z,t)% |
or r=R ¢ »=0 ¢ p=21
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oT(r,p,zt ov.(r,p,zt
-4 (a(P _) :GT4(r,€0,—|—st),T(r,O,z,t):T(r,2n,z,t), M :O,
z z=—L ar r=0
ov,(r.g.zt) :8v¢,(r,(p,z,t) ov,(r,,2t) :avw(r,go,z,t)|
aq) ‘(pzo aq) ‘(p:Zn, agD ‘(0:0 a¢ ‘(p:271', (4)
ov (r,p,zt oT(r,p,z,t
r(éf‘o )| :0, —ﬂ% :GT4(|‘,¢), Z’t),T(O,(p,Z,t);toO, % (rp,-L,t) =0,
r=R z=L

v (re,0) =0, v (re,L,t)=0,v(r0zt) =v(r2rz1), Vv (0,9,z1) # oo, v, (rne.0t)=wr,

v, (oLt =0v, (reLt)=0,yv (r0zt) =V (r2r,z), Vv (0,9,21) = o, v (oL =V,

Vz(r , go,O,t) =V, v (re,L,t)=0,v(r0zt) = v (r2rz1), Vv, (0¢,z1) =, Vv(e,z0) =0,

V(P(I’,(p,Z,O) =0,v,(re,-L,0)=V,

wherec =5,67-10°W-m=.K*, T istheroom temperature, » isthefrequency of rotation of substrate. Value
of velocity of mixture of gasesin the end of reactor (for z = L) has been chosen as zero to decrease energy
cost during growth of heterostructure.

Equations for components of velocity of flow with account cylindrical system of coordinate could be
written as

oV, ov, v, 0V, 0V, o, o, o, N o(P
= V |4 + — (53)

=-V + 5 - 2 —| —

ot or rﬁgo o0z or: odrdz o0z Jdrdz) or

ov, ov, vﬁv oV,
= -V,

=-v
ot “Or 1 dg 0z

{1 o, 20N, 1 0, azv(pj 18[PJ
+v|= —

+ —_
rérﬁgp 12002 12000z 072 roplp (35)
ov, v, V, 0V, v, o, o, 10, 0[P
:_Vr V +vVv 2+ 2+—2 > |7 A2l (5¢)
ot or op o0z oz Or° r° oo o0z\ p

We determine sol ution of this system of equations by using of method of averaging of function correc-
tiond+19, Framework this approach to determinethefirst-order approximation of components of speed of
flow of mixture of gases we replace of the required functions on their average values v —a., v —a, ,
v —a,, inright sides of equations of system (5). After the replacement we obtain equations for the first-
order approximations of the components

W% __0fP| oY% __10(P %__i P
ot orlp) ot  roelp) ot oz ©)
Solutions of the above equations could be written as
otP 101tP otP
Vi :__,[ dr V(p :___.[ dT Vip=—73C .[ dT (7
orop opop 0Zop
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The second-order approximations of components of speed of flow could be obtain by replacement of
the required functions on the following sumsv —a. , v —a, , v,—> a,,. Approximations for the compo-
. 0] ¢! "z 1z
nents could be written as

OV _ (é’zvlr A Y T j 0 (Pj_

ot or2 oréz o072 drdz) arlp

oV, y, + Vi, ) OV, oV,
(a2r+vlr) ﬁr% _( 2¢’r 1¢)a; _(a22+vlz) a; , (8a)
OVay _ (107, 20, 1 0% V| 10(P)
ot roréoe r?0e> r°dedz I07° ropl p
oV, (ay, +v,)oV oV
\7 Tl 2p " Vg lp 1p
—(a,, +V, - —(a,, +Vv,)—=
( 2r ) ar r ﬁ(p ( 2z 12) A7 (8b)
OV,, o, o, 17%,) 0P
5 7 2 + 2 +_2 2 | Aol LT
ot 0z or r-ode o0z\ p
oV, (Oc +V, )ﬁv oV,
| i P 20 ' g 1z 12
a,, +V, - — +V,
( 2r 1r ) or r 0,,(0 ( 2z 12)52. (8c)
Integration of the above equations|eadsto the following result
2 2 2
vjﬁv“ OV, _5V12r+5V12 d——j dr—
or? oréz 07 oroz or\op
; 6V1 t(a2¢+v ) Vi oV,
— (e, +V, "dr - "dr - rdr
g( 2r 1r)§r .!; r ﬁ(p g( )az , (8d)
t o, 2 OV, t
J. ﬁvlr 2 12 a lr + 12(‘0 dz'_li Edz— —_
0 ﬁr&go 209" r*depdz oz roplop
t OV, (a v, ) OV t oV
a Tl g (P2 Ydr-[(a,, +V,)—2dr
g( or T )ﬂr J r 5(p J(;( 2z )52 , (8e)
t( A2 2 2 ¢
i f[ D P L%y 0 (1P )
o\ dz® or roe o0z\op
t (e, +V,) oV, t oV,
— (e, +V, 12 ~20 Wl o, +v, —2dr—[(a,, +V 2dr
.!;( 2r )0», .(.; r ( 2¢ 1(/))0»,(0 .!;( 2z 12)0»,2 . (8f)

We determine average values a.,,, Oy, Oy, by the following relations

———, Pty Science
%ﬂ?MnW




368 Variation of properties of filmsduring growth in a vertical reactor MSAIJ, 14(9) 2016

Pull Paper =

1 ®OR 2 L( )d d d dt
= r Z r
Y = oreL o b [V W )d2dg
1 ®OR 27 L
y =— o 1] _jL( o~V )dzdpdrdt ©
®OR 2 L( )d d d d
r V,, —V. Z rat
%22 = ﬂ@RZLJc;Jc; J J Vo v, Jd zdpdrdt,

where © isthe continuance of moving of mixture of gasesthrough reactor. Substitution of thefirst- and the
second-order approximations of the required components of speed into the relation (9) give us possibility
to obtain system of equationsto determine required average values

A, + Blam + Cl(XZz =D,
A, + 82a2¢ +C,a,, =D,

(10)
Ay, + B3a2¢> +C,a,, = D;

) R 2z L Ay ) R27 L
where A =1+ [(©@~t)[r [ [ —~dzd pdrdt Blzj((a—t)jjj ”dzdgodrdt
0 0o o-L OF ; 0 00-L

OR 2r L( 5%y ézv o, %,
C.=C,=ZoRY, D=v]]r ( Vo, O Ny
00

{)I or? arﬁz 0z Ordz

L

szdwdr(

® R 2z L ®R27z L
_t)dt-Ze RV - [@-t)rT [v, 2 dzdedrdt—{] [ [ v, 2% dzdpdr x
8 0 o oL Or 00o-L g
_Te-ir T2 lrcl dpdrdt B,=1+[]] [ 2% dzdpdr(6-
x(@-t)dt, A =] I [ dzdpdr I = dzdedr
0 0 0-L 000-L OQ

R 27 L 2 0’72V 2 52\/
~t)dt, D» —Vf(@) t)JVH Lo, +£2 12 . dzdedrdt-
o oLl radrde r 5(0 r-cdepdz ol

27 L
[ Tv, “dzdgadrdt’
0

-L

fo-0rT v, 2 dzdpdrdt-"e’RV2 - [(@—t)]

or 8 0

R 2z L R 2z L
A = ?( t)fr jj lzdzdgodrdt B, = ?((E)—t)jrjj lZdzdgodrdt C,=1+
0 0 0-L 0 0 0-L

2r L (62 1r azvlz

R 1 v,
7 o2 D, = ® t)[r + 12 dzdedrdt- ® t)x
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R 2z L R 2z L V T 2 2
xjrjjv” lZdzdgodrdt-—j(@ tﬂrjjv caﬂdzdwdrdt—E()RﬂQ_
Q
Sol ut| on of the above system of equatl ons coul d be determined by standard approaches*® and could be
written as

a2r:Ar/A’azsz(ﬂ/A’aZz:Az/A’ (11)
where A = A!L(BzC3 - B3C2)_ Bl(AzC3 - A§C2)+C1(AzB3 - ASBZ)’ Ar = D1(82C3 - B3C2)_
- Bl(DZCS - D3C2)+ Cl(DzBs - DsBz)’ Af/’ = Dl(BZC3 - BSCZ)_ Bl(D2C3 - D3C2)+ Cl X

X (DzBs - D3Bz)' Az = 'Al(B2D3 - BsDz)_ Bl(AzDs - AsDz)"‘ Dl(AzBs - AaBz)'

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 frame-
work method of averaging of function corrections. Usually the second-order approximation is enough good
approximation to make qualitative analysis of obtained solution and to obtain some quantitative results.

Let usre-write Egs.(1) and (3) by using cylindrical system of coordinate

2 2 2
AT zt)_[0T(e2t), 1 0T(e.2t), ITO0 2] 0 ooy,
ot or? r o ¢° o0z or

T(p20) W(p 290200 (o 20300, 20] Cp.zt)

T(r.pzt)- Ca—{[V(r 0,21)-V,(r,0,2t)]- C(r,0,2t) T(r,0,zt)j+ p(r.p. 2t) (1

oC(rp,zt) 10 rD&C(r,(p,z,t) 190 Dac(r,go,z,t) .\
ot ror or r’oe oQ

N % {Dac(rﬂ”zit)}_li{rc(r ?,2,t)- v (r,o, Z,t)—\_/r(r,(D,Z,t)]}—

0z 0z ror
_lﬁi{r C(r.p.zt)-[v,(r.p.zt)-,(r,0,2,t)]}-
roe
_ %{C (r,p,2,t)-[v,(r, 0. 2,t)-V,(r,0,2,t)]} (13)

To determine spatio-temporal distribution 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 o, and a.,. in right sides of the above
eguations. Farther we used recently consider algorithm to obtain the first-order approximations of tem-
perature and concentration of gas mixture

Tl(r,(o,z,t):Tr+jMdT_al alC.[ [ (r ®,2Z, Ta)rv (r Q0,2 T)]dz'—

va 1cf v, (I’(DZZ'a)ZV(r(DZT)] e

aga, j@[vw(r,go,z,r)—%(r,go, z,r)Jd
r 0 5(0
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_~_actotrv(rne,zr)-v(rezt)l
Cl(r,(p,z,t)—CO r{ dr

or
_ O j ﬁ[vw(r,go, 2,7)-v,(r,9, ZsT)J Iﬁ[v (r,p,2,7)-V,(r,p,z T)]dr
J¢ e EF: (15)
The above not yet known average val ues could be determined by the standard relations
®OR 27 L

r{ [T(r,p,z7)dzd drdt
G = ®R2L££ | [lrp.zz)dzdg

1 OR 27 L

rj [Clr,p,z,r)dzdedrdt
oriL ) ] [Gnear)dzde (0

Substitution of thefirst-order approximations of temperature and concentration of gasmixter intorela-
tions (16) gives usthe following resultg®!

1 L oV,
L e (O [GY SR ALY )

jp(r.0.21) (p’Zt)d quodrdt}(ﬁ

L

alC

2

f

| T o [0 SRRI[CR

N

ya

x {_IL[Vr(R,(D,ZT) V.(Roz )]dzd(pdt—(izu[ v, (r,e,z,t)-v.(r,p,zt)|d zdpdr x
ce-nat- b %Hﬂ@lm‘j;( 0 [t (Rep,2.0) -5 (Rep,2e)] d zd et
+1+0V,/RL}Y).

The second-order approximations of temperature and concentration of mixture of gases we determine
framework the method of averaging of function correctiond?+19, i.e. by replacement of the required func-
tionsinright sides of equations (12) and (13) onthefollowing sums T—a., +T,, C—a,. +C.. Inthiscase
the second-order approximations of the above required functions could be written as
2 t /2 t
ﬂT(rgDZT)dTJrlizja”Tl(r,goz,z,r) Ja?T(r goz,z,r)dH

ro oQ o0z

—C- 5{{[ (r,q), Z,r)—V,(r,go, Z,r)]-[azc +C1(r,go, Z,r)]-[aZT +T1(r,(0, Z,z')]}dz'—

c-T,(r,pzt)= /1j

———j{[azc+C(r 0,2,7 ] [V r 0, Z, z') (r,go,z,r)]-[oc2T +Tl(r,go,z,r)]}dz'—

a—;{[ v (1,0,2.2)=7,(1.0.2,7)] o +Cr.p 2.0 +T(r027 )fdr +
( ro,z, ’L’)dT+T (17)
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C(rgozt) } oG(r go,Zz')dT iz jDaC(r (p’zr)dz'+
ro or r-oe o
+ jz(j)D acl(;f’z’f)dr—%%{rj[azc +Cl(r,go,Z,z')]-[Vr(r,qo,Z,T)—\_/r(r,go,z,r)]dz'}—
l 0

3 j[aZC+C(r 0,2,7)] [v (r,p,2,7)-V (r,(p,z,r)]dr+C05(Z+ L)-

——f[a +C,(r0,27)][v,(r.0,27)-V,(r,0,27)|d 7 (18)

Averages values of the second-order approximations of temperature and concentration of mixture o,
and o.,. have been calculated by using the following standard relations
1 OR 2z L

r T,-T,)d zd drdt
Gor = ®R LM H( Y 4
®OR 27 L
Uye = TOR ngrg_jL(Cz_Cl)dZderdt. (19)

Substitution of the first- and the second-order approximations of temperature and concentration of
mixture into relations (18) gives us possibility to obtain equations to determine required average values

aﬁ( ‘o T(@—t)ZﬁT“(R,go,z,t)dzdgodt—T(@—t)szTl(R,go,z,t)dzdgodt><
ct®RLo 0-L 0 0-L

2 2

[IT(0.p,2t)dzdpdt-(©-1)]

-L

A
C7Z'® RzL Cﬂ@R L

x [ot,e +C(R @, zt)| - a0} V. (R, zt) -V (Rp,zt)|d zd pdt

HT.(Rp,2t)x

-L
O
7ORL 7ORL

1)

<TI0 0,2 + G 20)]- apa F v (r0 2) -9 (10, 2t)] d 2dpdr x
c(o-tat-— Yo Te-tfr], (p,Lt)(azc+CO)—alToch]dgodrdt{ﬂ®RLx
<[@-1] [ (Rp.21)-%(Ro. 2t +C(Rp 2t d zd @t +1- - x

0 0-L 7Z'®R|_
x{( ){rij[ v.(r,0,zt)-v.(r,0,zt)]-[a,. +C(r,@,zt)|d zdpdrdt+(a, +C,)x
+20V,/L}",

o - 1 T(G)—t)TrTD ﬂCl(r,go,Z,r)| _§Cl(r,go,z,z')| dodrdt—

* 7ORLY > o oz | oz |,
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2z L

_E(G)_t)J(; {I’ [azc — O +C1(R,(D,Z,T)]-[Vr(R,(D,Z,T)—\_/r(R,(D, er)]} d qu)dt X

-L

1 V

0

x - ]
TORL 7ORLo

R 27
(@—t)jr j(azc -, +C0)d zdedr dt
0O O

DISCUSSION

In the present paper we analyzed dynamics of mass and heat transport during growth of epitaxial layers
from gas phase to determine conditions to improvement of properties of epitaxial layers. Figure 2 shows
dependence of concentration of material of epitaxia layer on frequency of rotation of substrate. Curve 1
describes dependence of concentration of reagents on the frequency of rotation of substrate at atmospheric
pressure without taking into account native convection (at low temperature of growth one can neglect by
native convection). Curve 2 describes dependence of concentration of reagents on thefrequency of rotation

1.0

: 0.5 4
0.0 I T l T I L] I L} l T |
0 2 4 6 8 10
o. radls
Figure 2 : Dependence of concentration of mixture of gases on frequency of rotation of substrate
1.0
O 054
5 0

0.0 T I 1 I 1 I T I T I

D, cms
Figure 3 : Dependence of concentration of mixture of gases on diffusion coefficient
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Dependence of concentration of mixture of gases on kinematical viscosity v
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Figure 5 : Dependence of concentration of mixture of gases on inlet speed

of substrate at low pressure (10 % of atmospheric
pressure) without taking into account native convec-
tion. Curve 3 describes dependence of concentra-
tion of reagents on the frequency of rotation of sub-
strate at atmospheric pressure with account native
convection. Increasing of temperature of growth
leads to increasing of influence of native convec-
tion on growth process. The Figure 2 shows, that
increasing of frequency of rotation of substrateleads
to more homogenous distribution of concentration
deposited on the substrate material on radius of the

substrate. The Figure 3 shows, that concentration of
concentration of material of epitaxial layer on diffu-
sion coefficient D. Curve 1 describes dependence
of concentration of reagents on the diffusion coeffi-
cient at atmospheric pressure without taking into
account native convection. Curve 2 describes de-
pendence of concentration of reagents on the diffu-
sion coefficient at low pressure (10 % of atmospheric
pressure) without taking into account native convec-
tion. Curve 3 describes dependence of concentra-
tion of reagents on the diffusion coefficient at atmo-

——, P plrily Seience
ﬂaVMnW



374

Variation of properties of filmsduring growth in a vertical reactor

MSAIJ, 14(9) 2016

FPull Paper e

spheric pressure with account native convection. The
figure shows monotonous decreasing of the consid-
ered concentration. Increasing of value of diffusion
coefficient leadsto increasing of speed of transport
of gases |leads to decreasing of quantity of reagents
in reaction zone due to high speed of gases. In this
case one can obtain decreasing of speed of growth
of epitaxia layer. Value of diffusion coefficient could
be decreased by decreasing of temperature of grown.
However decreasing of temperature of grown leads
to deceleration of chemical reaction.

Dependence of concentration of mixtureof gases
on kinematical viscosity v is presented on Figure 4.
Designations curvesinthisfigurearethesameasin
the previous two. Decreasing of the concentration
with increasing of the viscosity isareason of decel-
eration of gas transport. Dependence of the consid-
ered concentration oninlet speed of gasesV  ispre-
sented on Figure 5. Curve 1 describes dependence
of concentration of reagents on the speed V  at at-
mospheric pressure without taking into account na-
tive convection. Curve 2 describes dependence of
concentration of reagents on the speed V at low
pressure (10 % of atmospheric pressure) without
taking into account native convection. Curve 3 de-
scribes dependence of concentration of reagents on
the speed V| at atmospheric pressure with account
native convection. Increasing of the speed V  leads
to increasing of concentration of reagents in reac-
tion zone and to increasing of speed of growth of
epitaxia layers.

The above anaysis shows, that decreasing of
pressure in the reactor leads to reducing the inert-
ness of the considered processes of mass and heat
transport. Native convection leads to deceleration
of growth of epitaxial layers. It should be a so noted,
that it is attracted an interest choosing of value of
power of induction heating of growth areato com-
pensate heat loss due to convective heat?V. In this
case heating time 3 could be estimated framework
recently introduced approach?@ and could be cal-
culated as 9 ~(6n -1)R%24) , where A is the aver-
age value of heat conductivity. In this case power,
which is necessary for compensation losing of heat
during manufacturing of epitaxial layer, could be
estimated by using the following relation:

Wtenioly Science - mmm——

[r-p(r.o.zt)dr ~o TR @, 2)+0-v.(R o, 2,t)/47 LR,

0

CONCLUSION

In the present paper we analyzed dependences
of dynamics of mass and heat transport in reactors
for epitaxy from gas phase on physical and techno-
logical parameters. We compare growth regimes at
atmospheric and at low pressure and analyzed in-
fluence of native convection on growth of epitaxial
layers. Accounting the cal culated resultsit have been
formul ated recommendationsto improve properties
of epitaxia layers.
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