ISSN : 0974 - 7486 Volume 14 Issue 6

A Tndian ournal

— Ful] Paper

M SAIJ, 14(6), 2016 [191-201]

On optimization of regimesof epitaxy from gasphasein a horizontal
reactor

E.L .Pankratovi®*, E.A.Bulaeva®?
INizhny Novgorod Sate University, 23 Gagarin avenue, Nizhny Novgorod, 603950, (RUSSIA)
2Nizhny Novgorod State University of Architecture and Civil Engineering, 65 II’insky street, Nizhny Novgorod,
603950, (RUSSIA)
®Nizhny Novgorod Academy of the Ministry of Internal Affairs of Russia, 3 Ankudinovskoe Shosse, Nizhny
Novgorod, 603950, (RUSSIA)
E-mail: elp2004@mail.ru

ABSTRACT

In this paper we analyzed mass and heat transport in a horizontal 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

technological process.

INTRODUCTION

Devel opment 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 workg*4, 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 technological (tem-
perature of growth, pressure of grown materials et
a) and physical (diffusion coefficient, viscosity et
all) processes. Several recommendations have been
formulated to improve properties of epitaxia lay-
ers, decreasing of losing of using for epitaxy mate-
rials (for example, some part of materials will be
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loosed through gap between keeper of substrate and
external casing), decreasing of energy cost. How-
ever mathematical modeling of physical (including
technological) processes gives a possibility to de-
crease cost of investigation of possibility toimprove
technological process. Necessity using mathemati-
ca modeling leads to development approaches to
solve equations. Usually numerical approaches are
developing and/or using in literature’®3, However
analytica approachesattracted aninterest dueto their
visibility.

In this paper we analyzed mass and heat trans-
port in a horizontal reactor from gas phase during
growth an epitaxial layer. As a future development
of workg*>%¥ we obtain several conditions to im-
prove properties of the epitaxia layer. Structure of
reactor with induction heatingis shownon Figure 1.
We compare recently obtained in> -8 results for
vertical reactor with new results for horizontal re-
actor.
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Figure 1a: A horizontal reactor for the gas phase epitaxy in neighborhoods of reaction zone ze[-L,L]. Here z isthe
coordinate along reactor axis, R is the radius of reactor, o is the frequency of rotation of keeper of substrate

Figure 1b : View from side on keeper of substrate and approximation of the keeper by oblique lines with angle @,
Method of solution

First of al we analyze spatio-tempora distribution of temperature. To analyze the distribution we
determine the solution of the second Fourier law™

c% =div{a-grad[T (r,p,zt)]-V(r,0,zt)-c(T)-T(r,p,zt)-C(r,p, z,t)} +
+p(r,p,2,t), 1)
where v isthe speed of flow of mixture of gases-reagents; c isthe heat capacity; T (r, ¢,z,t) isthe spatio-
temporal distribution of temperature; p (r,9,z,t) isthe density of power in the system substrate-keeper of
substrate; r, @, z and t are the cylindrical coordinates and time; C (r,,z,t) isthe spatio-temporal distribu-
tion of concentration of mixture of gases-reagents; A isthe heat conductivity. Value of heat conductivity

could be determine by the following relation: A = \7I_cv o, / 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 solvethe Eq.(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
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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

ov . ~ P _
€229 _yip. grad[C(r ., 2t v(r.0, 2t)-C(r.p,2t)), ®

ot
where D isthediffusion coefficient of mixture of gases-reagents; Pisthepressure; p isthedensity; visthe

kinematic viscosity. Let us consider the regime of the limiting flow, when al 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(re-Lt)=C,C(r-9,zt)=C (re,zt) = C (r,m-¢,zt) = C (rin+e,,zt), C (r,,z,0) =

=Cp (z+tL), C (0,9,zt) # oo, C(I‘,(D, Z,t)‘S = 0, T(r-9,.zt) =T (re,zt) =T (rm-@,zt) =
=T (r,m+@,zt), T (r,z,00) = T, T (0,9,2,t) # o, v,(r,9,0,t) = 0, v (r,,L,0) =V, vq,(r,q),z,O) =0,

T t T t
_/laT(r,go,z,t) 6T (R 21) oT(r..z,t) _0T(r,e.2, ) | @
8!’ < ' 8(0 ‘(pzo a¢ ‘(/J=272‘

8C(r,g0, z,t)| _0 8Vr(r,(p, Z,t) _0

or - i or o ’
ov. (r,p,zt

r (aI(,D )| = O! Vr (r!'(Pllth) = Vr (r,(pl,z,t) = Vr (r,TE'([)l,Z,t) = Vr (r’n+(Pl'Z't)' V(p (r’-(Pl'
r=R

zt) = Ve (re,zt) = v, (rm-@,zt) = Ve (rm+e,zt), v, (r-9,zt) = v, (rne,zt) = v, (rm-e,zt)

=v, (re+e,zt)v, (rne,-L,t)=0Vv(reL.t) =0,v (0,¢,zt)# o, v,(re-L,0) =V, v,(+d/2

¢.2e[-d,/2,d/2],0) =& Z, V'P(r:l:dZIZ,(p,ze[—d2/2,d2/2],0) tg ((p),vq, (rie.-L,t) =0, V (reLt)=V, V'P(O,q),z,t) # o, V (I,
L.t)=V,v,(relL.t)=0,v,00,zt) #o,v(ez0) =0,

wherec =5,67-10° W-m*K+, T isthe room temperature, o isthe frequency of rotation of the substrate.
Equations for components of velocity of flow with account cylindrical system of coordinate could be
written as

o,
=V
ot

- +
ror or r?

10 raur(r,(o,z,t) +i820r(r,go,z,t) oy, (ro.zt)|
op° 07

V)

dv, v, v, P, 8(PJ
(52)

—_—— _U _ —
"or r dep “Jdz orlp

dv, 10 r@uw(r,q),z,t) . 1 820(p(r,q),z,t)+ﬁzuw(r,go,z,t)
) [ —
ot ror or re o0¢* 0z’
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dv, v,dv, v 15(PJ

"Or r dp ‘iz rop\p (3b)
dv, |10 rauz(r,go,z,t) +i8202(r,¢,z,t)+azuz(r,q),z,t) ~
ot ror or r o¢° 07
ov, v,0v, ov, 0[P
—U I -U, s B (5¢)
or r Jde oz 0z\p

We determine sol ution of this system of equations by using of method of averaging of function correc-
tiond*&2l, 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 functionson their averagevauesv —a. , V, 0, V, 0, 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 __ 0P} vy 10(P)Jdv,_ 0P
ot orlp) ot  roplp) ot az\p) ©)

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 thefinal form
otP 101tP otP
vy =——-]—d7 v

=—-—|([—dr v,=——[—dr
orop r8go£p o 82£p ' )

The second-order approximations of components of speed of flow could be obtain by replacement of
the required functions on the followi NG SUMS V, =L, HV,, V =0+ Vyy, V00, V. The average values
OL,s 0L, Oy, BFENOL yet known. Approximations for the components could be written as

oV, 10( ov,) 10%, o, | o(P
— =V | ——| — +—2—2+—2 — | — |~
ot ror\ or r-op” 0z or\ p

4

ov, la, +v,)ov v
) 1r 29 1p 1r 1r
—(a,, +V, - —(a,, +v, )—*
( 2r ) ﬁr r ﬁ@ ( 2z 12) 0»,2 y (8&)
ov,, 10( 0v,) 10%, 0V, | 10 (P
=v|=—|r += + -= — |-
ot ror\ or r’op> 0z | rop\p

N vlw_(a2¢+v1¢)o”vl¢_(a y )0” v,
2r i/ or r 0/,(0 2z 1z 07" (8b)

oV, 10( ov,) 10, o4, o(P
=v|——I|r ot =] — |~
ot ror or r - oge 0z oz\ p

A (0, +Vi,) 0 v, (

2r 1r /) ﬁr r é,go - aZZ

oV,
+Vlz) PR (8¢c)
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Integration of the above equations on time leads to the following result

t 2 2 t
f 8v1r 18 +8v12r dr—i jEdr B
0 8r or r op® 0z or\op

ety +v, )i,vrlrdr-i("‘w*Vw)”"Vudr_j( V) Ve d 7

o r X 0 @or TVee oz (8)
8v o, 0%V t
Vzwzvj 1o 1 2 +—2 dz'—Ei jEdr -
rorl or r op® 0z roplop
t oV tar,, +v,) 0V, t ZRY
_.([(a2r+vlr) hpdT .[ r Of,;wdf_](;(azz"_vlz) O,,;(pdr, (8e)

2 2 ¢
v,, =V, +Vj li oV, 1 oV, +8—V12Z dr—i jEdr —
ror\ or r op® 01z 0z\op

t oV t\a,, +V,, ) oV, t oV
Sy vu) D [ P, )2

Farther we determine average values o, ) Oy 0Ly, . The average values have been calculated by the
following relationg62

LT (v, v, )dzdpdrdt
= V4 r
D = Rty | [V TV zde
1 ®R 27 L
a2¢=ﬂ®R2L££r£_jL( V,, —V,, )dzdgdrdt ©
L 0T (v, —v,)d zdpdrdt
= r V4 r
# 7z®R2L££ “ 22 e v

where © isthe continuance of moving of mixture of gasesthrough considered horizontal reactor. Substitu-
tion of thefirst- and the second-order approximations of the required components of speedinto therelation
(9) give us possibility to obtain system of equations to determine required average values

Aa, + BlaZgo + C1a22 =D,

Aa,, + BZ(XZ(p +C,a,,=D,

(10)
A, + B3a2(p +Cy,, =D,
) R 27 L Ay ) R27 L
where A =1+ [(@~t)[r [ [ —2-dzd pdrdt Blzj((a—t)jjj ”dzdgodrdt
0 0 o-L OFf ; 0 00-L 2@

or 2zL1 1 9 ( OV 1av oV
-C. =202 D=v|[r S| r—x +— |dzdedr (G-
G=C O°RY,, b, !l H{r 8r( or ] r? 8(0 azz} pdr (
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2z

i

®
av;’dzdgodrdt—j
0

L
v, avl’dzdgodr X
L O

2

11

<

L
[ 7Y% dzdpdr(©-
—L @

R
J
0
(©]
rdzdpdrdt B,=1+]
0

112

-

9 Y% |4 2dpdr dt— (O -t
i 02 822} v (©-1)x

avJ 10V, O
—+_

oV, T 2o 2
a—(pd Zd@drdt—g(’:‘) RZ\/O ' C3:1_|_

27 L

ZHLaV Q) R
[ [ =dzdpdrdt Bgzj((a—t)jrjj “dzdgodrdt
o-L Or ! 0 0 o0-

2. [C]
10f 0|, 10N OV lgoq,drdt-" 'RV - (O~
rorl ar ) r2og* oz 8 °

2RV, A =?(®—t)ff

a3
2 0

27 L 27 L

—t)jr”v avlzdzdgodrdt—j((a t)jrjjv “dzdgodrdt

1r

Solution of the above system of equations could be determ| ned by standard approaches?? and could be
written as

aZr:Ar/A’azsz(ﬂ/A’aZz:Az/A’ (11)
where A = AL(BZC3 - B3C2)— Bl(Azcs - A3C2)+ Cl(AZB3 - As,Bz)’ A, = Dl(Bzcs - B3C2)—
- B].(DZCS - D3C2)+ C1([)283 - DsBz)’ Af/’ = Dl(BZC3 B BSCZ)_ Bl(D2C3 o D3C2)+ Cl X
X (DzBs - DsBz)’ Az = A&(BzDs - BsDz)_ Bl(AzDs - AsDz)‘i' Dl(AzBs - AsBz)'

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 isenough 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):i& T(r,gg,z,t)+£2§ T(r,q;,z,t)j%yé T(r,gg,z,t)_
ot or r oQ 02

—c:-ai[vr (r,go,z,t)-C(r,go,z,t)-T(r,go,z,t)]—Eai[v(p(r,go, z,t)-C(r,p, z,t)-
r rog

'T(r,(p,Z,t)]—C-%[Vz(f,(p,z,t)-c(r,(p,Z,t)-T(mo,Z,t)]+ p(r.p,zt), (12)

oC(r,p,zt) 10 rDé’C(r,q),z,t)
ot ror or
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1 0| 0C(r,p,zt)
+r—2§¢{D 70 } r&go[c re,zt)v,(r, go,zt)] (13)

oz oz

In this section we cal cul ate components of speed of gas-reagents, which are used to growth 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 approximation to make qualitative
analysis and 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 o, and a.,. 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-reagents

T,(r,p,2t)=T +}—p(r’(€’z’7)dr 1oV (r,(o,z,r)d
0

+ 2 |:D 6C(r’q)’z’t):| - O?Z[C(r’(p’ Z,t)VZ(r,(P, Z’t)]'

oo
sae] "0

_ % Qe 't[avw(r,q),z,r) Lov,(r,e,2, T)

dr —
ro o9 T—QyQ 1cf 07 , (14)

Cl(r,gp’z’t) alTaleaV (r,(P,Z,T)dT Otlcj. [rv (r 0,2, T)]dr—

0 or r o or

_alcjﬂv(p(r,go,z,r) Cjav (r, (D’Zr)dr
ay .

ro op 0z

The above not yet known average val ues could be determined by the standard relations
OR 27 L

r{ [T(r,e,z7)dzd drdt
roRLLr | [Hrozdzes

1 OR 27 L

rj [Clr,p,z,r)dzdedrdt
Oc = G)RLM; gfL ( @ T) @ (16)

Substitution of thefirst-order approximations of temperature and concentration of gas mixter into rela
tions (16) gives us the following results?2

%:co/L.{uﬁ@lRL;(@ o v (Re.z) iﬂ

0

(15)

Qi =

1 R 2z L pfr, go,zt) C [6
| T+——[(®@=t)[r dzdedrdt |[{1+—2 | [(® -t
% {”U:@RZL!)( )£ M 24 T TORL i( )%

(C]

<1 [v(R.20) -1

L T 0

2z

£

L
[v,(r,p,z7)d zd¢drdt+%}x

-L
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-1
® 27 L @V
Cle- 0f [v,(Re,21) :
72' ®RLo 0-L RL '
The second-order approximations of temperature and concentration of gases- reagents we determine
framework the method of averaging of function corrections!!®2, 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 2 2
T I L L PR i 0P PSP L Pl

+:j} p(r,go,z,r)dr —C-%i{vr (r,go, Z,r)- [azc +C1(r,go,z,r)]- [aZT +T1(r,g0, Z,z')]}dz' -

+T, _E%i{vw(r’@ 2,7)- [azc T Cl(rWD’Z’T)]' [aZT +T1(r’¢’z’r)]}dr B

ro
8 t
¢ Eg{v, (re,27) [ase + C(r,0,2,7)] [ag +Tu(r,0,2,7))ld T .
Cz(r,gp,z’t)—}ij Dﬁcl(r’w’z’r)dpriz 0 jDé’Cl(r,go,z,z-)dTJrijD y
ro or r? 6o 20 02%

y ﬁcl(r,(p,z,r)dr_l 0

= ; E{r :j)[azc +C(r,0,z7)]-v,(r,p,27)d 7 } —%%:f)v¢(r,¢), 2,7)-

ot
-[oczc +Cl(r,go,z,r)] dr—zg[am + Cl(r,go, Z,r)]-vz(r,go, z,7)d7+C,5(z+ L). (18)

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

1 2n
—(r T,-T,)d zd drdt
Y = OR? LH H( Y 4
1 ®OR 27 L
Ay = [fr] [(C,-C,))dzdedrdt

TORL 00 oL (19)
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

o :[CL?(®—t)Z§ _}LT4(R,¢, 2,t)d zdgodt—?(@—t)zjﬂ _TTl(R,go,z,t)d 2dpdtx

ZORL
y) y) © 27 27 L
Ot 0.0.2t)d zd odt — [(®t Rzt
XC”®R2L+C”@R2L£( )gI (0,p,zt)d zd g( )HV( 0,Z,t)x
1 1 o
X {[aZC +C1(R’(0’ Z’t)] Tl(R’(D’ Z’t)_alTalc} d qu)dt - J.(® _t) X

TO®RL 7OR’Lo
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[ Tvr(r,go, 2,7){T,(r,¢, 2t o, + C(r, 0, 2t)|- oy } d zdgordrdt—v—zx
0-L 7O®RL

!

N

b
X

o—-3

2z

!,

2z

® R 1
X J(G)_t)jr | [(azc + Co)'Tl(r’§0’ L’t)_aﬂalc]d(ﬁd r dt{l"‘
0 0 T7O®RL

0

Tvr (R, zt)x

-L

2r

rorrl©-0lr]

= IH:szc + Cl(l‘,gp,z,t)]x

-L

x[a,e +C(Rp,zt)]d zdp(© —t) dt -

1
v.(rp.2,7)dzd pdr dt+ 2V (a +co)%} |

1 © Rz | 0C(rpz7)  0C(r,pz7)
=— = [(®-t)[r[D - dedrdt-—
“e = orr @] { 0z 0z oar

z=L z=—L

1
b 100 [l - +CRo20] 0 (Ro.2) d2dpat -
0 L

N

V R 2n
mg( )_(';r_(’;(azc—alc +Co)d2d¢)drdt

DISCUSSION

In the present paper we analyzed dynamics of mass and heat transport during growth films from gas
phase in a horizontal reactor to determine conditions to improve properties of epitaxial layers. Figure 2
shows dependence of concentration of material of epitaxial layer on frequency of rotation of keeper of
substrate o (curve 2) in comparison with analogous curve for vertical reactor (curve 1). The Figure 3
shows, that dependence of concentration of material of epitaxial layer on diffusion coefficient D for verti-
cal and horizontal reactors (curves 1 and 2, respectively). Thefigure shows monotonous decreasing of the

1.2 9 substrate @

1 1.0 5
1.0 4 ]

0.8 1

CIC,

0.6 4 _
U3
] “ 014

0.0 g T g T : 1

0 5 10 15 0.0 AL T
® 0 1 10

Figure 2 : Dependence of concentration of mixture of ) o ) )
gases on frequency of rotation of substrate ® Figure 3 : Dependence of concentration of mixture of

gases on diffusion coefficient D
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Figure 4 : Dependence of concentration of mixture of
gases on kinematical viscosity v

considered concentration. Increasing of value of dif-
fusion coefficient leads to increasing of speed of
transport of gases|eadsto decreasing of quantity of
reagentsin reaction zone dueto high speed of gases.
In this case one can obtain decreasing of speed of
growth of epitaxial layer. Value of diffusion coeffi-
cient could be decreased by decreasing of tempera-
ture of grown. However decreasing of temperature
of grown leads to deceleration of chemical reac-
tion.

Dependence of concentration of mixtureof gases
on kinematical viscosity v is presented on Figure 4
for vertical and horizontal reactors (curves1and 2,
respectively). Decreasing of the concentration with
increasing of the viscosity is areason of decelera-
tion of gastransport. Dependence of the considered
concentration on inlet speed of gases V , is presented
on Figure5. Increasing of speed V  leadstoincreas-
ing of concentration of reagentsin reaction zoneand
to increasing of speed of growth of films.

It isknown, that surface of manufacturing of an
epitaxial layer in a horizontal reactor is
inhomogenous (see, for example,?¥). Increasing of
temperature of growth leads to activation chemical
reaction of gas-reagents and growth of films. At the
same time one can find activation of diffusion of
material of the manufacturing film. The acceleration
leads to increasing homogeneity of surface of the
film.

It is attracted an interest choosing of value of
power of induction heating of growth areato com-
pensate heat loss due to convective heat™. In this

Wtenioly Science - mmm——

v,
Figure 5 : Dependence of concentration of mixture of
gases on inlet speed V

casetime of heating of reactor zone 3 could be esti-
mated framework recently introduced approachi?!
and could be calculated as 8 ~(6n -1)R?%/242, , where
A, isthe average value of heat conductivity. In this
case power, which is necessary for compensation
losing of heat during manufacturing of epitaxia layer,
could be estimated by using the following relation:

?r p(r,p,zt)dr ~o- TR p,zt)+0-v,(Ro,zt)/47LR
0

It should be also noted, that all results, presented in
Figures 2-5, have been calculated by using method
of averaging of function corrections. Our several re-
cent analytical results have been checked with nu-
merical and experimental one.

CONCLUSION

In the present paper we analyzed mass and heat
transport in a vertical reactor for epitaxy from gas
phase. The result gives a possibility to formulate
several recommendations to improve properties of
epitaxia layers.
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