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ABSTRACT

In this paper we analyzed mass and heat transport in a reactor from gas
phase during growth an epitaxial layer. Based on results of the analysis
we analyzed dependences of properties of grown layers on parameters of
© 2015 Trade Science Inc. - INDIA

technological process.

INTRODUCTION

Development of solid state el ectronicsand wide
using heterostructures for manufacturing the elec-
tronic devices leads to necessity to improve prop-
erties of these devices. To manufacture a
heterostructureit could be used different approaches:
molecular-beam epitaxy, epitaxy from gas phase,
magnetron sputtering. Manufacturing and using
heterostructures have been described in large num-
ber of workd14, They are many experimental re-
sults have been obtain and reported in literature. It
has been investigated dynamics of growth of epi-
taxial layers on parameters of technologica (tem-
perature of growth, pressure of grown materials et
al) and physical (diffusion coefficient, viscosity et
all) processes. They are have been obtained recom-
mendations to improve properties of epitaxial lay-
ers, decreasing of losing of using for epitaxy mate-
rials (for example, some part of materials will be
loosed through gap between keeper of substrate and
external casing), decreasing of energy cost. How-
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ever mathematical modeling of physical (including
technological) processes gives a possibility to de-
crease cost of investigation of possibility to improve
technological process. Necessity using mathemati-
cal modeling leads to development approaches to
solve equations. Usually numerical approaches are
developing and/or using in literature®*l, Frame-
work the present paper isdevelopment of analytical
approach for analysis of mass and heat transport in
a reactor for gas phase to obtain dependences of
properties epitaxial layers on parameters of techno-
logical process. Analytical approaches give a pos-
sibility to analyze processes more demonstrative.
Main aims of our paper are development of analyti-
cal approaches to analyze technological processes
and formulation recommendationsto improve prop-
erties of epitaxial layers.

M ethod of solution

In this paper we consider vertical reactor for
epitaxy from gas phase (see Figure 1). The reactor
consist of an external casing, a keeper of substrate
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Substrate Spiral Keeper of substrate

z=-L ] = =
External casing

Figure 1 : A reactor for the gas phase epitaxy in neighborhoods of reaction zone ze[-L, L], Here zis the coordinate
along reactor axis, R isthe radius of keeper of substrate, @ is the frequency of rotation of keeper of substrate

with a substrate and a spiral around the casing in area of growth of an epitaxial layer to obtain induction
heating for atomization chemical reaction. In inlet of reaction area mixture of gas-reagents supplied to-
gether with agas-carrier. Main aim of the present paper is devel opment of analytical approach for analysis
and analysis of dependences of properties of epitaxial layer on parameters of technological processes.

First pf al we analyze spatio-tempora distribution of temperature. To analyze the distribution we
determine the solution of the second Fourier law!*®

CﬁT(r,go, z,t)
ot

+p(r,p.2,t), 0

where v isthe speed of flow of mixture of gases-reagents; c isthe heat capacity; T (r, ¢,zt) isthe spatio-
temporal distribution of temperature; p (r,p,zt) isthe density of power in the system substrate - keeper of
substrate; r, ¢, zand t are the cylindrical coordinates and time; C (r,¢,zt) is the spatio-temporal distribu-
tion of concentration of mixture of gases-reagents; A is the heat conductivity. Value of heat conductivity

=div{i-grad[T(r,p,zt)]-V(r,p,zt)-c(T)-T(r,p,zt)-C(r,p,zt)}+

could be determine by the following relation: 4 =Vl ¢, p / 3, where v isthe speed of the gas molecules,

| istheaveragefree path of gas molecules between collisions, ¢, isthe specific heat at constant volume, p
isthe density of gas.

To solve the Eg.(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 a so assume, that stream of gasislaminar.
In this situation the appropriate equations could be written as

0’)\7+(\7-V)\7:—V(E]+VA\7'

a1 p )

AC(r,p,zt)
ot
where D isthediffusion coefficient of mixtureof gases-reagents, P isthe pressure; pisthedensity; visthe

=div{D-grad[C(r,p,zt)]-V(r,@,zt)-C(r,p,2t)} (3)
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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 homogenous and one dimension. In
this case boundary and initial conditions could be written as
C(ro,-Lt)=C,C(re0t)=0,C(0zt)=C(r2nrzt), C(rez0)=Cgo (z+L), C(0,¢,z1)

#o, T(r,0,2t) =T (r,2n,z1), T (rne,z,0) =T, T (re,z,0) =T, T (0,0,2,t) # o0, v, (r,0,-L,t) =0,

oClpzt) _oCUezt) aT(0e.2t) _ 1emp 2n)
a¢ ‘(PZO 6(0 =21 ' 8 r r=R ,
Tlozt) _oTCozd| Tzt oo g
op =0 op o271 0z z=L ’
ov,(r,p,z,t) _ov. (re, zt) ov,(r.e.2) _M
or o or R op =0 0p p-2r
ov,(r,p,zt) _ov,(re, Zt) v, (r.p.2t) - ov,(r..2t)
or r=0 or r=R op 9=0 dp ‘¢=2ﬂ , X
oC r,o,zt oT re,zt
(8?0 )| :0’_1% :o-T“(r,qo,Z,t),\,r (re,0) =0, v (reL,t)=0,
r=R z=L

v (r,0,zt) =v (r,2n,zt), v (0,9,2,1) # oo, v, re0t)=or, v, (r,o,-L,t) =0, v, (r,o,L,t) =0,

vw(r,O,z,t) = v¢(r,2n,z,t), v(p(O,cp,z,t) # o,V (he,-Lt) =V, v (rhe0t) =0,v(reL,t) =0,

v.(r,0,z,t) = v (r,2r,z,t), v.(0,9,2,t) # 0, v (1,¢,2,0) = 0, vw(r,cp,z,O) =0,v,(re,-L,0)=V,

where 0=5,67-10° W-m7>K*, T isthe room temperature, isthe frequency of rotation of the substrate.
Equations for components of velocity of flow with account cylindrical system of coordinate could be

written as

ov. 10| 0v, (r,(p,z,t) 1 0%, (r,(p,z,t) o%v, (r,go,z,t)
=y = r += + —
ot or r 0¢* 07’

ror

dv, v, v, P, 8(PJ

“or 1 dp ‘oz arlp (52)
ov, 10 r@uw(r,qo,z,t) N 1 820¢(r,qo,z,t)+8zu¢(r,¢,z,t)
=V <{— _ —
ot ror or r o0¢* 07°
ov, v,dv, ov, 10(P
- I - - - (5b)
or r Je 2z roplp

2
ov, _, {1 o {r o uz(;,:o,z,t)}rié v,(r,p,z,t)

N o°v,(r.p.zt)|
r 0¢* 07
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ov, v,0v, . ov, 0[P
or r de 0z 0z\p)

We determine sol ution of this system of equations by using of method of averaging of function correc-
tiond*&22, Framework thisapproach first of all we determinethefirst-order approximation of components
of speed of flow of mixture of gases. To determine the first-order approximation we replace of the re-
quired functions on their averagevaluesv -« , voa Vo, in theright sides of equations of system
(5). After the replacement and calculation required derivatives we obtain equations for the first-order

approximations of the components

Ovy __ 0(P) % 10(P)Jv,_ 0P
ot orlp) ot roplp) ot azlp) ©)

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
otP 10¢tP otP
Vy =——]—d7 v, =->—[—dr v,=——]—dr @
orop ropop 0Zop
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, , VotV Vo, Y, The average values
oy, O, a,, arenot yet known. Approximations for the components could be written as

o v, 10( ov,) 10°, 0,| 0[P
— Xy | S|+ = + e e
ot ror\ or r’ op> 0z° | or\p

(5¢)

v, (0!4,-|rl)¢,)0"1)r o v,
(aZr +Ulr) arl - - r - a(pl _(a22+vlz) azl (861)
0, _ |10( 0v,) 100, dv,| 10(P)_
ot ror{ or r’ op®> 07° rop\ p
o v (a +0 )a”v o v
\‘ 1y 2¢ 1o 1p 1p
a, +0o - —\a, +v, ) —=
( 2r ) ﬁr r 0”(0 ( 2z 12) é’Z ) (8b)
dv, _ [10( av,) 1d%, &v,| o(P)
ot ror\ or r’ o> 0z° | 0z\p
v (Of + 0 )0”0 v
) 1z 2¢ 1p 1z 12
+V - - +
(aZr /) a r r ﬁ (0 (aZZ Ulz) a 2 (80)

Integration of the above equations on time leads to the following result

t 2 2 t
v, =v j| 1O r 0|, L OO0 O g, O 1Py )
o| I Or or r-oe 0z or\op
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Ul
‘dr
5 , (8d)

t Jv t(a +0v )a”v t o v
_.([(a2r+ulr) 1(/’d2- ,([ 2(pr = Of,;(pdl-_.([(a&—i_ulz) ﬁ;pdT, (86)
t 2 2 t
v, =V, +v | 20 100 | L0 O g 0[Py )
o| I Or or r-oe 0z 0z\op
t ov t(a +0v ) ou
a, +u, )—=dr— [ Oz 4 7 — a,, +U, zdr
e o) J= o I( ) dr (8

Farther we determine averagevalues «,, o, , @,,. The average values have been cal cul ated by the follow-
ing relationg-2
1 OR 27 L( )d d d d
a, = r V, —V. zZ rat
2r 7Z'® Rz J(;J(; £ 7J-L 2r 1r (0 ,
OR 27 L( )d d d d
o r -V zZ rat
" ®R2L££ J (Ve i Jd 2dpdrat, ©

®OR 27
(04 r
PTe R2 L £ £ £
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

ﬂwz—w)dzd¢drdy

-L

A, + Blam + Cl(XZz =D,
A, + Bzaz(p +C,a,, =D, (10)
Ay, + B3a2¢> +C,a,, = D;

(0] R 27rL0'7V (0] R27 L
WhereA1=1+j(®—t)IrI j—lrdZd(Ddl‘dt Blzj(@—t)jff 1rdZd(DdI‘dt
0 o o-L Or ’ 0 00-L

2 2
Fi[r—a “1fJ+ri2—a Or , 00 ”g}d zdodr (©-

oQ 0z
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® R 27 L ®R2z L
“t)dt- T RVZ - @ -t)r ] [v, “rdzdpdrdt]] ] [v, T dzdpdr x
8 0 o oL Or boo-L O
€] R2zL Ay OR27r L Ay
c(©-1dt, A=]O-T | Mazaparar 8,=1+]] | 2 dzdpar(e-
0 o o-L Or 000-LOQ

o0

R2:L|1o( Ov 1 0°v, 0°v 0
D, r —|r—2 |+=—24_ Y dzdedrdt—[(®-t
~t)dt, D, =v[(©-1)] {IL{ pe rj 7 o azz:| ¢ [(©-1)>

2z

£

v ivr”dzdgodrdt j(@ 077 v, avl’dzdgodrdt—%(asz\/j,C3:1+

L 0’7(0

O~

T1%Y% d2dpdr dt
oL@ '

L

Y §zdpdrdt B, =[(©-t)r
0 0

+
@
Py
<
>
I
[5)

D3=vcf(®—t)fr2ﬁ 1o 9, +i26 Y dzdedrdt-Z@°RV] - Cf(@)—
0 0 0 r 8(p 62 8 0

Zﬁv ﬁv“ dzdedrdt
oL O

L

2z L

—t)jrij ivizdzdgodrdt—(j;((é)—t)fr

Solution of the above system of equations could be determined by standard approaches?! and could be
written as

aZr:Ar/A’az(/’:Aw/A’aZz: /A (11)
where A= A(B,C, - BC,)- B(AC, - AC,)+C,(AB,~ AB,), A, =D,(B,C; - B,C,)~
- Bl(D2C3 - D3C2)+ Cl(DZ B, - DsBz)’ A(p - Dl(BZCS B BSCZ)_ Bl(DzCs - D3C2)+ Cix
X (DzBs - D3Bz)' Az = AL(BZDS - BsDz)_ Bl(AZDS - %Dz)‘Ir Dl(AZB3 - A%,Bz)'

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 usrewrite Egs.(1) and (3) by using cylindrical system of coordinate

2 2 2
C&T(r,go,z,t):iﬁ T(r,¢,z,t)+ia T(r,go,z,t)wa T(r.p,zt)
ot or? r:  d¢° 0 7°

—C-ai[vr(r,go,z,t)-C(r,go, z,t)-T(r,go,z,t)]—Eai[vw(r,(p, 24)-C(r,¢,2,t)-
r roep

T(r, e, z,t)]—c-%[vz(r,go,z,t)-C(r,go,z,t)-T(r,go, z,t)]+ p(r.p,zt). (12)
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oC(rp.zt) 10 {rDé’C(r&D,Z,t)}_l o [rCc(r,p.zt)v, (r,p, 2, t)]+

ot ror or ror

L 10 {D oC(r,p,z,t)

2 2 0 P } ra(ﬂ[c ro,zt) ( ’(P,Z’t)]Jf (13)

+ jz{D o”C(;’Z” Z’t)}_ jz[c(r,@ 1)V, (1.0, Z’t)]-

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 . and o in right sides of the above
equations. Farther we used recently considered a gorithm to obtain the first-order approximations of tem-
perature and concentration of gas mixter

tplr,e,z, tov.(r,p,z,t
Tl(r,(o,z,t):Tr+£—p((€ T)dr— 1TalC£ (af )d —
a.a. LoV, (r,e,27) tov,(r,p,z,t
_ 1Tr 1C£ (08@ dr— alTalC£ (8(2 )dr, (14
Lov(r,p,z, o, L orv.Ar,e, z,
Cl(r,§0,2,t) alTalC.([ (a(f T)dT rlC!) [ (é):D T)]dr_
a ] b ]
‘alci v,(r.e ZT)df—alc}§VZ(r’¢’z’T)dT. -

ro op 0 oz
The above not yet known average val ues could be determined by the standard relations

L0 T(rp.zr)dzdpdrdt
= r ro,Zz, Z r
W= ereL il Mo zr)dzde

1 OR 27 L

= rj [Clr,p,z,r)dzdedrdt
Oyc ﬂ@RZLH) g_fL ( 1% T) @ (16)

Substitution of thefirst-order approximations of temperature and concentration of gas mixter into rela
tions (16) gives us the following results®

alC:CO/L-{1+ 1 j(@ t)j jL v.(Ro,zt) i\d,

T7O®RL o

1 e} R 2z L p(r(DZt) C |:®
=T O-t)r dzdepdrdt {1+ —2—| [(® -t
% |:r+7Z'®R2LJ(;( L 4 *rorc @1
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Xzf” TVr(R’@Z’T) : 2®(®—t)ﬁ” Tvr(r,go,z,r)d zdgodrdt+\ﬁ}<
0-L 0 00-L 2
1
1 ©) 27 L @V
1 ®_t V R’ ’Z’t 0
x|:+7z®RL£( )J(;Lr( Q ) RL} }

The second-order approximations of temperature and concentration of mixter of gases we determine
framework the method of averaging of function correctiond*¢2, i.e. by replacement of the required func-
tionsin right 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 2 2
T zt)= AiﬁT(r"Z’“) 12}5T(r 0.2.7) 4 z}aT(r"Z’Z’T)dH
or 0z
i ot
gp(r ¢,z,7)d7 —C- ag{ v. (1,0, Z,r)-[oz2C +C1(r,go,z,r)]-[a2T +T,(r, 0, Z,r)]}dr+
C
+T, —F%ﬁ (MD,Z,T) [Oczc +C1(r,(p,z,r)]- [aZT +Tl(r,g0,z,z')]}dr—
8 t
—C Eg{vf (r,(p, Z,7)- [azc +C1(r,go,z,r)]- [aZT +T1(r,g0, Z,r)]}dr, (18)
C,(rpzt)=L? }rDﬁcl(l’,go,Z,r)dTJriz % }D&cl(r,go,z,r)dr+ 7 tp
roro or r“-odeo op 0Zo
oC(r,p,2,7) _}i{ t }_Ei
X o dr o r(j)[azc+C1(r,(o,z,r)] v,(r,p,z,7)dr §¢£V (r,p,z,7)-

ot
-[a2C - Cl(r,go, Z,r)] dr—zg[azc - Cl(r,go, Z,r)]-vz(r,go, Z,r)dr +Co5(z+ L). (19)

Averages values of the second-order approximations of temperature and concentration of mixture o,
and a,. have been calculated by using the following standard relations

OR 27L

Qyr =

L T ic,-c)dzdedrdt
a r yA rat
2~ 7TOR’Loo o-L 4 (20)
Substitution of the first- and the second-order approximations of temperature and concentration of
mixture into relations (20) gives us possibility to obtain equations to determine required average values
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ay =| —27_f©-1)] [T*Re.zt)dzdpdt-[(©-1) [T,(Rp 2t)d zdpdtx
ct®RLo 0-L 0 0-L

A A 27 L
t t t-[(©-1)] [v(Re,2t
" crORL cﬂ®R2L£(® )g IL {0p.zt)dzdpd i( )] Rz

1 1 e
X {[azc + Cl(R,go, Z,t)]Tl(R,go, Z,t)—alTalc} dzdedt —ORL 20FRL £(® —t) X

XTT IIVr(r’CD’ Z,T){Tl(l’,(D,Z,'[)[OCZC +C1(r’§0’ Z,'[)] alTalc}dZdCDrdrdt_V—zx
00-L 7O®RL
) R 27 1 et

XJ( )Jrj[(a2c+c) (r (DLt) alTalC]d(pdrdt 1+ JJ er(R,(o,Z,t)X
0 0 0 T7O®RLoo L

[ Jlre +Cirp.20))x

-L

1 (©] R
X [aZC + Cl(R,(D,Z,t)]d Zd Q)(@ —t) dt —mg(@‘)—t)gr

1
V.(r,¢,z,7)dzdpdrdt + 2V,(a,. +CO)%} ,

Oye =—————
* rORL% oz 0z

‘z:L z=-L

1 ?(G_t)}*rzfD{O”Q(r,(p,z’fﬂ _9G(ne.27) }dgpdrdt—

- 100 [l — e + QR 20)v (R 27) ) d2d ot -

V R 2n
mg( )J(;rj(;(azc—alc +C0)dZd(0dl‘dt

DISCUSSION

Inthe present paper we analyzed dynamics of mass and heat transport during growth of epitaxial layers
from gas phase to determine conditions to improve properties of epitaxial layers. Figure 2 shows depen-
dence of concentration of material of epitaxial layer on frequency of rotation of substrate. The figure
shows, that increasing of frequency of rotation of substrate leads to more homogenous distribution of
concentration deposited on the substrate material on radius of the substrate. The Figure 3 shows, that
dependence of concentration of material of epitaxial layer on diffusion coefficient D. The figure shows
monotonous decreasing of the considered concentration. Increasing of value of diffusion coefficient leads
to increasing of speed of transport of gases|eadsto decreasing of quantity of reagentsin reaction zone due
to high speed of gases. In this case one can obtain decreasing of speed of growth of epitaxial layer. Value of
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Figure 2 : Dependence of concentration of mixture of gases on frequency of rotation of substrate
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Figure 3 : Dependence of concentration of mixture of gases on diffusion coefficient
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Figure 4 : Dependence of concentration of mixture of gases on kinematical viscosity v

diffusion coefficient could be decreased by decreas-  on kinematical viscosity vis presented on Figure 4.
ing of temperature of grown. However decreasing Decreasing of the concentration with increasing of
of temperature of grown leads to deceleration of theviscosity isareason of deceleration of gastrans-

chemical reaction.

port. Dependence of the considered concentration

Dependence of concentration of mixtureof gases  on inlet speed of gases V, is presented on Figure 5.
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Figure 5 : Dependence of concentration of mixture of gases on inlet speed
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Figure 6 : Dependences of concentration of mixture of gases on frequency of rotation of substrate for approxi-
mately atmospheric pressure of gases in the reactor (curve 1) and to decreased into ten time pressure of gases

(curve 2)

Increasing of speed V, leads to increasing of con-
centration of reagentsin reaction zoneand to increas-
ing of speed of growth of epitaxial layers.

The Figure 6 shows comparison of dependences
of concentration of mixture of gases of reagents on
frequency of rotation of substrate for different val-
ues of pressurein reactors. Curve 1 corresponds to
approximately atmospheric pressure of gasesin the
reactor (value of pressure at the reactor outlet is
atmospheric P__, value of pressure at the reactor
inlet is atmospheric 1.2P_ ). Curve 2 corresponds
to decreased into ten time pressure of gases. The
figure shows, that decreasing of pressure in reactor
gives us possibility to decrease inertness of pro-
Cesses.

It should be noted, that it is attracted an interest
choosing of value of power of induction heating of
growth areato compensate heat | oss due to convec-

tive heat!?. In this case time of heating of reactor
zone 9 could be estimated framework recently in-
troduced approach? and could be calculated as $
~(67 -1)R?/242,,, where A, is the average value of
heat conductivity. In this case power, which is nec-
essary for compensation losing of heat during manu-
facturing of epitaxia layer, could be estimated by
using the following relation:

Tr p(r,p,zt)dr =o-T*(Rp,zt)+0 x

X VZ(R,(p, Z,t)/47z LR?. It should be also noted,

that all results, presented in Figs. 2-6, have been
cal culated by using method of averaging of function
corrections. Our severa recent anaytical results
have been compared with numerical and experimen-
tal one. After the comparison we obtain deference
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between analytical and numerical/ experimental re-
sults framework several percents or few their de-
cades.

CONCLUSION

In the present paper we analyzed mass and heat
transport in reactors for epitaxy from gas phase.
Based on the analysis we obtain, that increasing of
frequency of rotation of substrate and inlet speed of
mixture of gases|eadsto increasing homogeneity of
properties of epitaxial layer. Power of heating of
reaction zone depends on speed of mixture of gas-
reagents and area of reaction zone. Concentration of
mixture of gases-reagentsweakly depends on diffu-
sion coefficient and viscosity in working area of
parameters. In this paper we also introduce an ana-
Iytical approach to model massand heat transportin
reactorsfor epitaxy from gas phase.
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