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Abstract: In this paper, we estimate the rate of growth ot epitaxial layers trom the gas phase. We study dependence ot the
rate on the value of the heating of the sub-strate. 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 depend-ences of the rate on physical and technological parameters.
Keywords: growth from gas phase, changing of growth rate, prognosis of technological process.

1 Introduction

At the present time different heterostructures are widely
used to manufacture different devices of solid-state elec-
tronics. The most common methods for growing hetero-
structures are epitaxy from the gas and liquid phases, mag-
netron 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 analysis the
growth of epitaxial layers with changes in the values of
parameters of the growth process taking into account natu-
ral convection.

In this paper we consider a reactor for epitaxy from the gas
phase (see Fig. 1). This reactor consists of a casing, a sub-
strate 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 reac-
tions that occur during the decomposition of reagents and
the formation of an epitaxial layer. A gaseous mixture of
re-agents 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.

2 Method of Solution

First of all we analyze spatio-temporal distribution of tem-
perature. To analyze the distribution we determine the solu-
tion of the second Fourier law [13]
oT (r, 0,z t) . -
CT = dzv{ A-grad [T(r,w,z,t)]—v (r, o, z,t)-
-c(T)-T(r,(p,z,t)-C(r,(p,z,t)}+p(r,(p,z,t) (1)
where v is the speed of flow of mixture of gases-reagents
(we consider gases- reagents as ideal gases); ¢ is the heat
capacity; T (r,@z,t) is the spatio-temporal distribution of
temperature; p (7,@,z,f) 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 dis-
tribution of concentration of mixture of gases-reagents; A is
the heat conductivity. Value of heat conductivity could be
determine by the following relation: A = vl c,p / 3, where v

is the speed of the gas molecules, | is the average free path
of gas molecules between collisions, ¢y is the specific heat
at constant volume, p is the density of gas.

To solve the Eq.(1) we shall to take into account moving of
mixture of gases and concentration of the mixture. We de-
termine speed of the moving and the concentration by solvi
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Fig. 1a: Structure of reactor for gas phase epitaxy with
sloping keeper of substrate.

Fig. 1b: View from side of keeper of substrate and approx-

imation of the keeper by sloping lines with angle of sloping

o

ing 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

5—§+(§-v)v=—v(£j+vm )
ot Yo
W = div{ D - grad [C (r,(o,z,t)]—

7 (r.0.2.1)-C(r..2.1)} )

Where D is the diffusion coefficient of mixture of gases-
reagents; P is the pressure; p is the density; v is the kine-
matic 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 condi-
tions could be written as

C(i",(/),-L,t):CO, C(V,-(Dl,Z,t):C(l",WI,Z,I):C(I",H-QI,Z,I):
=C(r,zw +ou.z,0), C(r,0z,0)=Cod(z+L), C(0,p.z,1)#0,
C(r,(p, z,t)|s =0, T(r-p,z,0)=T(r,p,z,0)=T(r, 7~ 1,2,f)=

P 1ol G E2) B Ty

87' r=R
—AM =oT*(R,p,2,t), T(0,pz,) %,
or s
8T(r,(p,z,t)| _ 6T(r,¢,z,t)| 6vr(r,(o,z,t) _0
a ¢ |go:0 a (p |(p:27r a r r=0 ’
_/16T(r,(o,z,t) =GT4(F,(p,—L,t), 8v,(r,¢,z,t) _0,
aZ S 8}’ r=R

vr(r-@1,z,0)=ve(r,1,z,0)=vr(r, - 1,2, )=V (r, Tt @1,2,1),
Vo(r-01,2,0)=Vvo(r,@1,2,0) =Vp(r, - 01,2,0) =Vve(r, Tt @1,2,1),
vo(r-@1,2,0)=v:(r,@1,2,0)=V:(r, - @1,2,0)=Vv:(r, T+ @1,2,t),
vi(r,@,-L,)=0, vi(r,,L,1)=0, v(0,p,z,t) =0, vo(r,@,-L,t)= Vo,
vo(rtda/2,p,z€[-d2/2,d2/2],0)=w-z-cos wtg(@), (4)
V. L0, v 0,p.z.0) %0, ve(r,0.0.0)=0, v-(r, p.L.H)= Vo,
vo(r,@,L,)=Vo, v:(0,0,z,t) 0, vi(r,0,2,0)=0, vy(r,p,z,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

dv, _, {15{,5 U,‘(r,co,z,t)}rlza AEEDN 5“Ur(r,¢,z,t)}_

ot ror or 09’ oz
_, 9v Y0 dv, (P (52)
or r 0@ dz or\p
o, 10 an(V,@Z,I) 1 azuw(r,go,z,t) ﬁzuw(r,q),z,t)
=y {-—|r +— . + - -
ot ror or r o 0z
(5¢)

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 approxima-
tion we replace of the required functions on their average
values vi—>aur, Veg—> 1y, V:—>au: in the right sides of equa-
tions of system (5). After the replacement and calculation
required derivatives we obtain equations for the first-order
approximations of the components

ov, _ 0[P} m 10(P
ot or\p) ot rop\p)

v. __0 (P (6)
ot oz\ p

Integration of the left and the right sides on time of the rela-
tions (6) gives us possibility to obtain the first-order ap-
proximations of the components of speed of flow in the
final form.
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v =-2iLar, 1¢=—liIPd
orop opop
w=-2 124, )
1z azop .

The second-order approximations of components of speed
of flow could be obtain by replacement of the required
functions on the following sums vi—a2+vir, Vo—> gt Var,
v:—on-+var. The average values aor, a2y, 0n: are not yet
known. Approximations for the components could be writ-
ten as

av, 1o ov,) 18, o, | ofP
=v|——|r oy - =1~
ot ror or ) r o> 0z | or\p

(a v, \é’v _(a2w+v]¢)ﬁ V"—(a y )ﬂ v, , (8a)
T or r o oy
v, 1o 0v,) 10, v, | 10
=v|——I|r +— + -—— -
ot ror\ or ) r’0¢> 07 ra(p
_(a2r +Vlr)é) Yo - (aZw . vlw)é’ e _(ah +v1z)é7 te (8b)
ar r ¢ Jz
v, 10 ( 6le] 1o, ov,.| @ (PJ
>, r Tt T T
ot rorl or r’op° Oz oz\ p
+
_(a2r+v1,-)avu _(azw Vlf/))é,vlz _(052.+V|z)a‘)1 - (8¢)
aor r ¢ ) Oz

Integration of the above equations on time leads to the fol-
lowing result

. 2 2
vy =vf| 222 ) L0 Oy O (1P,
ol ror\ or r-op° 0z° or\op
_j(a2y+vlr~)ﬂd7_1wﬂd’[—j‘(0{z;+V1:)% T’(gd)
0 ar 0 r ¢ 0 Oz
‘ 8 o’ o : 8e
b [ 1000 LN Py 10 (1P ) (5O
ol ¥ Oor 6r r- o 0z roplop
‘ Vi t 0 17
~[(e,, +v,) V"”dr—f(a ) v"”dr j(a +v, )idz"
0 or 0 oz
b [L2( 20, L2 3 P ac)-
’ ol ror\ or op z p
: ey, +v, )
—{(ah-rv { . ga +v, )
(8

Farther we determine average values azr, a2y, ao-. The av-
erage values have been calculated by the following rela-
tions [14-19]

T I )dzdpdrd
B t
@, = ﬂ@RLJ‘.([ro_va" v, )dzdopdr
OR 2x L
9
0{24; @RL{IrgJL(VQ‘/’_vlw)dZd(ﬂdrdt ()

£ . D9
OR 27 L

a r v, —v, )dzdoedrdt
2: = @RL'([!). (J;JL(zz lz) zage

where ® 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

Aa,, + Bla2(p +Ca,. =D,

Ao, + Bzaw +Ca,, =D, (10)
A, + B3a2(p +Ca,, =D,
0 R 271 0
where 4, =1+ [(©~¢)[r] j 1’dzd(oa’rdt = [(0-1)x
0 0 0-L 0

N dzdpdrdt, C =C, —-@ R,, D, =v %
¢

I(@ t)zrzf TL[r ar[ avlr] LZ szr

SiiF

0

v“:idzdgodrdt—

(€] R 27 L
SOV [©-d)ir] [v,
0 0-L

0

ﬁvlr

dzd(udrdt—[(@—t)x

0

2z L

R
x[ [ jvm%dzd(pdrdt, 4, = ” j j I’dzdgodrx
00 -L o¢ 00 0-L
(€] R2z L
x(©-t)dt, B,=1+[(©-1)] | jﬁ ]’dzd(odrdt
0 00-L
OR 27 L 0 az
_V””f I{__( vm] L Vl; Vw:ldzdgox
o-L| ror r* o 0z

«(©-0)drdi-{©-0)rf

0

r

-L r 0

L (€]
[ v U;’V”dzd(pdrdt—j@—t)x

R27w L
x[[ Iw, av}’dzd(/adrdt—zG)szVoz, C3=1+£®2R2V0,
vo-L = ¢ 8 2
o R R
4, =[(©-1)]r H ‘Zdzdgodrdt = [(@—1)[rx
0 0 -L 0 0
27 L R 27 L 2
x ] | Lhe TN dzdpdrdt, Dy=v [(@—t)[r] | 8v122+
0 -L 0 0-L z

o
2 ©
+li o +L2 Vlzz dzd(pdrdt—z(aszVoz—J(@—
ror\ or - o0p 8 0

lz QR L ﬁvlz
—t)jrj jvl, dzd¢drdt—jjj [ v, dzdgox
000 -L

0 0-L

xrdr(@—t)dt.

Solution of the above system of equations could be deter-
mined by standard approaches [20] and could be written
as
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)
where A= 4,(B,C, - B,C,)- B,(4,C, — 4,C,)+C,(4,B, -

- A3Bz): Ar = D1(32C3 - B3C2)_ BI(D2C3 - D3Cz)+ Cl X

X (DzBa -D;B, ) > A(p =D (B2C3 - B3C2)_ B, (D2C3 _D3C2)+
+ Cl (DzBs _D3Bz ) > Az = AI(BZD3 - BsDz)_ (A2D3 - A3D2) X

x B, +D,(4,B, — 4,B8,).

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

Now let us rewrite Egs.(1) and (3) by using cylindrical sys-
tem of coordinate

aZr:Ar/A’ a2¢1:Aw/A’ aZz:Az/A’

OT(rg.20) _ T (rezt) A OT(rezt) 0T (re.z10)
c =1 +— +1 -
at ort r 2 ¢* oz*

—C.ai[vr(r,goazat).C(rago,zat)'T(r’(p’z’t)]_
r

___[ r 0,2, t) C(r,(p,z,t)-T(r,(/J,z,t)]—
rop-’

—Ei[vq,(r,(p,z,t)'C(r,go,z,t)~T(r,(p,z,t)]—

30 (12)

—c-ai[vz(r,go,z,t)~C(r,go,z,t)~T(r,go,z,t)]+p(r,go,z,t),
z

2Chpzt) 12| oClhezd)| 1 o, oC(lhpzl)|
ot _rﬂr or ’,.2 ﬁgo ﬁ@
1
__ i[r C(r,(p,z,t)vr (r, o, Z,t)]—
ror
1

——i[C(r,(p,z,t)v(ﬂ(r,(p,z,t)]+ (13)

rogp

0 5C(r,(p,z,t) 0
| pL\¥et)
+§z{ 5, } ﬁz[C(r 0,z, t) (r,w,z,t)]

In this section we calculate 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 aver-
age of function corrections. To determine the first- order

approximations of the required functions we replace them
on their not yet known average values air and aic in right
sides of the above equations. Farther we used recently con-
sidered algorithm to obtain the first-order approximations
of temperature and concentration of gas-reagents

The second-order approximations of temperature and con-
centration 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

TI(V,(D,Z,t):Tr +jwd7 alralcjwd‘[—
0 ¢ 0 or

_alTalcj-avw(ragoazyr)dr_alTaleaV (r ¢’Z T)d , (14)
rooo o I
Cl(i’,(p,z,t) alTaleWd _
fejornloondly, e Zutond,,
roo or ! Er
_alcj%mdr 1)
0 z

The above not yet known average values could be deter-
mined by the standard relations

OR 27 L
a, = m”r{ _jLT(r p,z,7)dzd pdrdt ,
1 OR 27 L
e =— L({H jLC (r.@.z,7)dzd pdrdt . (16)

Substitution of the first-order approximations of tempera-
ture and concentration of gas mixter into relations (16)
gives us the following results [20]. Replacement of equa-
tions (12) and (13) on the following sums 7T—onrt+T1,
C—onctCi. In this case the second-order approximations
of the above required functions could be written as

’ﬁT(rgo,zr)dH_/lIJ’.&T(r(/J,zr)d

hlren)=A=—=25 2o o T
) T(r gp,z ‘r)

+/1j dT+jp(r @,2,7)d7— c—j{ (r,p,2,7)-

Z
'[azc +C1(r,(0,z,r)]~ [azr +T1(”:¢”Z>T)]}d7+71 -

c 0t

_(p(j){[azc + Cl(r,¢7,z,r)]~ [azr +Tl(”’§9sz’7)]'

,
a t
vw(r,(p,z,r)}dr —C-E(f){vr(r,(o,z,r)- [azc + Cl(r,gp,z,r)]-

'[a2T+T1(r’§0aZ’T)]}dT’ (16)
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CZ(raq)aZ;t):7E£}’DM 1 &

il 2in,

or r- opo

L OGlezr), 04 2G(nezr)
ﬂ¢ 2z0 Oz

dr—

—li{rj[azc + Cl(r,(p,z,r)]-v,(r,(p,ZsT)dT}—
rorl o

1 2¢
_;5_¢£V¢(r,¢,z,r)-[azc + Cl(r,(p,z,z')]d‘r+ C05(Z +L)_

ot
-— [azc + Cl(r,go,z,r)} v.(re,z,t)dr. (17
0z0
Averages values of the second-order approximations of
temperature and concentration of mixture o»r and axc have
been calculated by using the following standard relations

OR 27 L

1
a,.=——[[r T,-T)dzdopdrdt
o ﬂ®R2L££ “L(Q Jdzdy

1 OR 27 L
azczﬂ®R2L££r£_jL(CZ—Cl)dzd(odrdt. (18)

Substitution of the first- and the second-order approxima-
tions of temperature and concentration of mixture into rela-
tions (18) give us possibility to obtain equations to deter-
mine required average values

Oyr = (L?(®—t)zf T T4(R,(p,z,t)dzdgodt—
0 -L

ct®RL
A © 27 L
_mi‘;(@_t)g JLTI(R’(DJZat)dZd(Ddt{—
A © 27 L o
e @ [H0p20dzdodi-[(0-0)-

2z

L
X {JL{[azC+Cl(Rﬂq)’Z’t)]Tl(Rﬂq)’Z’t)_alTalC}x

1 (]

j(@—t)x

xv I(R,@,z,t)dzd pdt -
(Rg.2.1) P ORL TORL o

R27 L
XJ(; J(; _j'L{Tl(r,go,Z,t)[azc+C1(r,(0,z,t)]— At}
V. (€] R
x v, (r,0.z,7)dzd prdrdt - ﬂ@j’%zL g(@—t)grx

2z
X £ [(a2c +C0)-T](r,gp,L,t)— alraw]dgodrdt{l+ —oRL X

X ?(®_t)2.[” TVr(R’@Z’t)[azc + CI(R,¢,Z,f)]dZd¢dt -
0 0L

OR 27 L

—[ir] j[azc +Cl(r,q),z,t)]vr(r,go,z,r)dzdgodr X
00 0 -L

-
1 0]
R’L + 2V0(azc + Co)z} ’

3 o"Cl(r,go,z,z')

dgodrdt—;
oz TOR

z=—L

2z

x | T[azc—alc+CI(R,¢,Z,T)]-v,(R,(p,z,r)dzdgodt—
0-L

-—— ®(®— )R 2”( —a.+C,)dzdpdrd
tr|\a Q, z rat.
®R2[£ £ { 2C 1C 0

3 Discussion

3.1 Main Relations to Estimate Rate of Growth

In this section, we will estimate the rate of growth of epi-
taxial layers. The required velocity is determined by the
following relation [21]: Vy=D C/dp, where D is the diffu-
sion coefficient of the gas mixture, C is the concentration of
the gas mixture, o 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 using the following rela-

tion [21]: §~1.63/Dv 4/v/w , where v is the viscosity of

the gas mixture, @ is the rotation frequency of the substrate
holder.

3.2 Main Results

The Fig. 2 shows the dependence of the considered growth
rate on the frequency of rotation of the substrate. Curve 1
describes the dependence of the growth rate on the frequen-
cy of rotation of the substrate at atmospheric pressure with-
out taking natural convection into account (at a low growth
temperature, the value of natural convection can be ne-
glected). Curve 2 describes the dependence of the speed of
growth on the frequency of rotation of the substrate at a
pressure that is reduced by an order of magnitude without
taking natural convection into account. Curve 3 describes
the dependence of the speed of growth on the frequency of
rotation of the substrate at atmospheric pressure, taking into
account natural convection. It follows from this figure that
an increase in the frequency of rotation of the substrate
holder leads to a more uniform growth of the material de-
posited on the substrate along its radius. The increasing in
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the growth temperature leads to an increasing in the contri-
bution of natural convection and the slowing down of the
growth of epitaxial layers. The Fig. 3 shows the depend-
ence of the growth speed of the epitaxial layer on the diffu-
sion coefficient D. Curve 1 describes the dependence of the
growth rate on the diffusion coefficient at atmospheric
pressure without taking natural convection into account.
Curve 2 describes the dependence of the growth rate on the
diffusion coefficient at atmospheric pressure with decreased
value pressure on one order than natural convection. Curve
3 describes the dependence of the growth rate on the diffu-
sion coefficient at atmospheric pressure at atmospheric
pressure with allowance for natural convection. From this
figure we see a monotonous increase in the considered ve-
locity. An increase in the value of the diffusion coefficient
leads to an increase in the rate of transfer of the gas mix-
ture, which leads to an increase in the rate of growth of the
epitaxial layer. The value of the diffusion coefficient can be
reduced by decreasing the growth temperature. However, as
the growth temperature decreases, the chemical reaction
slows down. The dependence of the growth rate of the epi-
taxial layer on the kinematic viscosity vis shown in Fig. 4.
The designations of the curves in this figure are the same as
in the previous two. The decrease in the growth rate with
increasing viscosity is due to the slowing down of the trans-
fer of the gas mixture. Dependences of the growth speed of
the epitaxial layer on the speed of the gas mixture at the
inlet to the reaction zone Vo is shown in Fig. 5. Curve 1
describes the dependence of the growth speed on the ve-
locity of the mixture of gases at the inlet to the reaction
zone at atmospheric pressure without taking natural con-
vection into account. Curve 2 describes the dependence of
the growth speed on the speed of the gas mixture at the en-
trance to the reaction zone at decreased value of pressure on
one order, without taking natural convection into account.
Curve 3 describes the dependence of the growth speed on
the speed of the gas mixture at the inlet to the reaction zone
at atmospheric pressure, taking natural convection into ac-
count. An increase in the Vo speed leads to an increase in
the concentration of the gas mixture in the reaction zone
and, as a consequence, to an acceleration of the growth of
the epitaxial layer. It also follows from the analysis that a
decrease in the pressure in the reactor makes it possible to
reduce the inertia of the processes occurring in it. Natural
convection leads to a slowing down of the growth of the
epitaxial layer.

V., nm/s

0 5 10 15
o, rad/s

Fig. 2a: Dependence of growth speed on frequency of rota-
tion of substrate @w. Curve 1 corresponds to vertical reactor.
Curve 2 corresponds to horizontal reactor. Curve 3 corre-
sponds to average value of sloping angle (i.e. y =45°) of
keeper of substrate in comparison with direction of flow
gazes.

V., nm/s

0 5 10 1
o, rad/s >

Fig. 2b: Dependence of growth speed on frequency of rota-
tion of substrate @. Curve 1 corresponds to atmospheric
pressure. Curve 2 corresponds to smaller pressure.

V,, nm/s

0 1 10
D, cmi/s

Fig. 3a: Dependence of growth speed on diffusion coeffi-
cient D. Curve 1 corresponds to vertical reactor. Curve 2
corresponds to horizontal reactor. Curve 3 corresponds to
average value of sloping angle (i.e. w= 45°) of keeper of
substrate in comparison with direction of flow gazes.
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V,, nm/s

T T T L
0 1 10
D, cmils
Fig. 3b: Dependence of growth speed on diffusion coeffi-
cient D. Curve 1 corresponds to atmospheric pressure.
Curve 2 corresponds to smaller pressure.

0 5 10 15

v, m’/s

Fig. 4a: Dependence of growth speed on viscosity v. Curve
1 corresponds to vertical reactor. Curve 2 corresponds to
horizontal reactor. Curve 3 corresponds to average value of
sloping angle (i.e. w=45°) of keeper of substrate in compar-
ison with direction of flow gazes.

V,, nm/s

2

0 5 10 15
v

Fig. 4b: Dependence of growth speed of gases on viscosity
v. Curve 1 corresponds to atmospheric pressure. Curve 2
corresponds to smaller pressure.

V,, nm/s
N

0 5 10 15
V,, nm/s

Fig. Sa: Dependence of growth speed on inlet velocity V.
Curve 1 corresponds to vertical reactor. Curve 2 corre-
sponds to horizontal reactor. Curve 3 corresponds to aver-
age value of sloping angle (i.e. y =45°) of keeper of sub-
strate in comparison with direction of flow gazes.

V., nm/s
—

0 5 10 15
V,, nm/s

Fig. Sb: Dependence of growth speed on inlet velocity V.
Curve 1 corresponds to atmospheric pressure. Curve 2 cor-
responds to smaller pressure.

4 Conclusions

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 de-
pendencies of the considered velocity on the parameters
were obtained.
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