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1. INTRODUCTION

To manufacture various devices of solid-state electronics, heterostructures of different
configurations are frequently used. For their growth different methods could be used: gas-phase and liquid-
phase epitaxy, sputtering of materials in magnetrons, and molecular beam epitaxy. The manufacturing and
use of heterostructures in different devices were described in a large number of experimental works [1]-[11].
At the same time, fewer works are describing the prediction of epitaxy processes [12], [13]. In this paper, we
consider a vertical reactor for gas phase epitaxy as presented in Figure 1. The reactor consists of an external
casing, a substrate holder with a substrate, and a spiral around the casing in the area of the substrate to
generate induction heating to activate chemical reactions of decay of reagents and to the growth of the
epitaxial layer.

A gaseous mixture of reagents together with gas-carrier inputs into the inlet of the reaction chamber.
At the first stage of the growth of the heterostructure, a buffer layer was grown on a substrate. Next the
obtained structure was annealed. After that an epitaxial layer was grown on the buffer layer. The main aim of
this paper was analyzed of changing of the properties of the final heterostructure under influence of the
considered annealing after grown of the buffer layer. Additionally, we introduce an analytical approach for
analysis of mass and heat transfer in multilayer structures with account their nonlinearity, changes of
parameters of processes in space and time, mismatch-induced stresses.
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Substrate Spiral Keeper of substrate

Figure 1. A reactor for the gas phase epitaxy in neighborhoods of the reaction zone

2. METHOD OF SOLUTION

The aim of the present paper will be solved by analyzing the Spatio-temporal distribution of the
distribution of temperature and the concentration of the deposited material. The required temperature
distribution was calculated by solving the following boundary value problem [14].

% =p(r, ¢,z t) + div{d - grad[T(r, ¢, z, t)]—[ﬁ(r, ¢, z,t) — o(r, ¢, z, t)] -¢(T) -
T(r,¢,z,t) - C(r,¢,z,t)} (1)

Where the vector ¥ is the speed of flow of the considered mixture of gases; parameter c is the capacity of
heat; function T (r,¢,z,t) is the distribution of temperature in space and time; function p (r,¢,z,t) describes the
power density, which stands out in the considered system substrate - keeper; r, ¢ and z are the cylindrical
coordinates; t is the current time; function C (r,¢,z,t) describes the distribution of concentration of mixture of
gases in space and time; parameter A describes the conductivity of heat. The value of heat conductivity could
be determined by the relation: A = vlc,p/3, where ¥ is the modulus of the mean squared speed of the gas

molecules, which equal to 7 = /2kT /m, [ is the average free path of gas molecules between collisions, ¢, is
the heat capacity at constant volume, p is the density of the gas.

To solve this boundary problem, one shall take into account the moving of a mixture of gases and
the concentration of this mixture. We calculate the required values by solving the equation of Navier-Stokes
and the second Fourier law. We also assume that the radius of the keeper of substrate R is essentially larger
than the 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 (2) and (3).

g+w-mﬁ=—vgymmﬁ @)
% = div{D - grad[C(r, ¢,2,t)] — [6(r, $,2,t) — D] - C(r, $,2, )} ®)

Where D is the diffusion coefficient of a mixture of gases (gases-reagents and gas-carrier); P is the pressure;
vis the kinematic viscosity. Let us consider the regime of the limiting flow, when all forthcoming to the disk
molecules of depositing material are deposing on the considered substrate, flow is homogenous and one-
dimension. In this case, initial and boundary conditions could be written as (4).

C (r,p-L,t) = Co, C (r,9,0,t) =0, C (r,0,2,t) = C (r,27,2,t), C (r,0,2,0) = CoS (z+L),

ac(r,p,zt) ac(r,p,z,t) _0C(r¢,zt)

C(0,p.2,t) # o0, —- "N M v T(r,pz,0)=T,
= = =4TT

aT(r,¢,z,t) 4 aT(r,¢,z,t) oT(r,¢,2,t)

—QZEL2Ol - — 5T(R, ¢, 2,1), =
ar r=R ( ¢ ) ¢ =0 a9 $=2m

—ATEEEE| =0T g, ~L,0), T (02 = T (r2mzt), 2| =,
vy (r,¢,z,t) _ 6v¢(r,¢,z,t)| 6v¢(r,¢,z,t)| _ vy (r.o,zt) (4)

a0 lyg 00 lp_or' 00 g, G P

Int J Adv Appl Sci, Vol. 11, No. 4, December 2022: 345-355



Int J Adv Appl Sci ISSN: 2252-8814 a 347

e8] =0, -ATEID| = oT4(r,$,2,0), T (Q.p2t) # 2, vt (1,p-L) =0,
ar r=R 0z z=L

vr (r,0,0,t) = 0, vi(r,p,L,t) = 0, vi(r,0,2,t) = vi(r,27,2,1), vr (0,,Z,t) # o0, Vo (r,0,0,t) = @ 1,
Vo (ro,-Lt) =0, vy (r,o,L,t) =0, vy(r,0,2,t) = vy(r,27,2,t), Ve(0,0,2,t) = oo, vy(r,¢,-L,t) = Vo,
v,(r, 9, 0,t) = 7, vi(r,o,L,t) = 0, vo(r,0,2,t) = vy(r,27,2,t), V2(0,0,2,t) = o0, vi(r,¢,2,0) = 0,
Vo(r,2,0) = 0, vy(r,¢,-L,0) = Vo.

Here parameter o is equal to ¢ =5.67.10% W.m2.K*, parameter T, describes the room temperature,
parameter  describes the frequency of rotation of the substrate. Equations for components of velocity of
flow with account cylindrical system of coordinate could be written as (5a)-(5¢).

vy ovy Vg vy v, (62vr 2%v,  0%v, 62172) 2 (P)

T U T e T Ve, - ——= 5a
at T or r 9¢ z tv or? + ordz  9z? + ordz or \& (52)
ovgy v vy Vg 0y vy gy 1 %v, 2 32V¢ 1 0%v, 32V¢ 19 (P) (Sb)
at T or r ¢ V2%, rordg | r2 ap2  r2agdz | 0z2 rop \&

v, vy Vg 0vg sz (Bzvr %v, 1 62vz) ] (P)

k- U o g V27 tv 822 + ar2 | r2 92 9z \& (5¢)

We determine the solution of this system of equations by using the method of averaging function
corrections [15]-[20]. Framework this approach to determine the first-order approximation of components of
the speed of flow of a mixture of gases we replace the required functions on their average values vi— aar,
Vo—>aig, V;—> a1z in right sides of equations of system (5). After the replacement, we obtain equations for the
first-order approximations of the components.

-0 Ben i) - -2() 0

at ar\&)' ot roap \&)' ot 9z \&

Solutions to the above equations could be written as (7).
d tpP
f 74T v = ra¢f =-hzdr ()

The second-order approximations of components of the speed of flow could be obtained by
replacement of the required functions on the following sums vi—aar, Vo—> 19, V2—> aa,. Approximations for
the components could be written as (8a)-(8c).

var _ (azvlr 4 Pvr 0oy aZvlz) _9 (P) (@ + v )avlr (a29+v1¢) dvar
ot or? oroz 922 oroz or \& 2r ir r ¢
avlr
(@, +v1,) 5 - (8a)

v 192 2 3%v 1 92 9%y 10 (P v
¢ — (— ar y 7 e C Ay 1¢> ( ) (ayr +v14) 1¢

at rordp  rZ 9¢? 12 090z az2 o
(a2¢+v1¢) 0v1¢ av1¢
f ( A2z + 12) (8b)
Aaz _ (azvlr 32vy, iazvlz) _a (P) avlz _ (a2¢t719) dv1,
ac Y\ oz + arz | 12 92 9z \& (e + U”) r ¢
0171
(QZZ + vlz) . (80)

Integration of the above equations leads to the following result.

t (0%v1y . 0%v1,  0%vqy 621712) a( tpP t vy
Vyr =V — dr — — —dr) — a v dt
r X ( oz T oz a2z T aroz ar Iy £ Jy(azr +v1r) ar

t (@2p+v1g) 0v1y t vy
L (5)
_ 102 vir 2 9%vyp _13%w, 32”1¢) 198
Vf (T 0r6¢ rz a2 r2 9oz + 922 r 0¢ (f )
t (azgp+v )av
f (azr + Vlr) 1¢ dr f T 1¢> dr — f (az; + 1712) dr, (8e)

r
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_ 9%v, 2v, 1 0%vq a tpP t v,
Vf( - 6r22+r_2 a¢zz) T__(f —d‘r)—f(a2r+vlr) or 4T~

f;w (a2¢ + v1¢) W1z gr — f (az, + v1,) dt (8f)

Bvlz

We determine average values aor, a2g, a2 by (9).

= ﬁff fOR rfozn f_LL(UZr — vy,)dzdgdrdt,

o = —— [ o7 Iy [L (v2g — v1g)dzdpdrdt,

try = —— I3 [ [ [, (02, — v1,)dzdpdrat, ©)

Where O is the continuance of moving of the mixture of gases through the reactor? Substitution of the first
and second-order approximations of the required components of speed into the relation (9) give us the
possibility to obtain a system of equations to determine required average values.

A1dyr + Biaggy + Ciay, = Dy
Ayayr + Byayg + Coay, = Dy (10)
A3y, + Bayg + (305, = Ds

Where 4, = 1+ [[(0 — ¢) [}'r [7" [*, 22 dzddrdt, B, = [, (0 —©) [ [ [*, a;;’d zdpdrdt,

02vy, | 0%vy,  0Pwi, | 07wy,
G=0C 250 R*Vo, Dy =vf0 fo rfoznf—L(a:; + arljalz - alz}; *3 > )dde)dr(@_

T %} R 27 a Uiy 2
_t)dt—§@2R2V02_f (@—t)f rf f Vip —=— o dqubdrdt—f f f f v1¢ 5¢ " dzdpdr x

X (0 —0)dt, Ay = [7©O —0) [ [7 1, f”’”d dedrdt, B, =1+ [} [ fz”fLL";;rd zddr (6 —

2 10%v1y 2 0%y 1 0%vy, 0%
—t)dt, DZ:Vf © -0/, rfonf—L(?ar;tp—Fr_z a¢12¢_r_za¢valz+ 1“’>dzd¢drdt—

- f © =) fyr [;" [L, vy S dzddrdt — ZO2R2VE - [0 —6) [ [ L, vig a;;rdqu,’)drdt,

= [J© -0 [ " [\, 22 dzdpdrdt, By = [0 —¢) [ r [T" [, "’;’;d zdgdrdt, C; =1+

2 0%vy,  0%v1; 1 0%vi, o
+Z @RZVO,Dg—vf ©@ -0 fyr [ (S + 54 +r—za;§)dzd¢drdt—f ©—t) x

X f r [ vy, 0;“dzd¢)drdt— INCET R S a;;zdzd¢drdt——@2R2V0 :

The solution of the above system of equations could be determined by standard approaches [21] and
could be written as (11).

Ao = Ay /4, @39 = Ay /4, @z, = 4,/4, (11)

Where 4 = A;(B,C5 — B3C;) — B1(A,C3 — A3C;) + C1(A;B; — A3B,), 4, = D;1(B,C3 — B3(,) —
_Bl(D2C3 - DSCZ) + Cl(DZB3 - D3BZ)! A(;b = Dl(BZC3 - BBCZ) - BI(D2C3 - D3C2) + Cl X
X (DZBS - D3BZ)I Az = A1(32D3 - B3D2) - Bl(A2D3 - A3D2) + Dl(AZB3 - A3BZ)'

In this section, we obtained components of velocity of the stream of a mixture of materials in the gas
phase, which are used for the growth of heterostructure, and gas-carrier in the second-order approximation
framework method of averaging function corrections. Usually, the second-order approximation is enough
good approximation to make a qualitative analysis of obtained solution and to obtain some quantitative
results. Let us rewrite (1) and (3) by using a cylindrical system of coordinates.

Car(r;f,z,t) _ A[BZT;r;f,z,t) +rizazrl(3rjza,z,t) n aszar,f,z,t) _ c-i{C(r b,2,t) -
T(r, ¢,zt) - [v.(r,p,z,t) — 0.(r, P, z, )]} {[v¢(r b,z,t) —y(r, $,2, t)] C(r,¢,z,t) -
T(r,¢,z,t)}—c- %{[vz(r, ¢, z,t) —0,(r, P, 2, t)] C(r,p,z,t) - T(r,p,z,t)} +p(r, ¢,z t) (12)
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ac(r,¢zt) li 6C(rqbzt) 6C(r¢>zt) li .
at T ror [rD rz a¢ b ] ta az [D ] {rC(r $,2,t)

[v.(r, ¢, z,t) — D.(r, ¢ z,t)] }———{rC(r ¢ z,t) - [v¢(r P, z, t) — v¢(r P, z, t)]}—
E{C(T, ¢1Z! t) : [UZ(T, ¢v z, t) - UZ(T, ¢v Z, t)]} (13)

ac(r, ¢ Z, t)]

We calculate the distribution of temperature in space and time and the same distribution of
concentration of the mixture of gases we used the method of an average of function corrections. To determine
the first-order approximations of the required functions we replace them on their not yet known average
values ear and aac on the right sides of the above equations. Further, we used a recently consider algorithm
to obtain the first-order approximations of the temperature and concentration of the gas mixture.

TI(T', 0,7, t) T, + ftp(rqbz‘r) dt — aypay, ft 6[vr(r¢>z‘r;rvr(r¢zr)] dr —

a1TA1C ft dvg (o, Z‘ra)¢17¢(r P, ZT)] dt — aypdty; ft v, (1.9, ZT;ZVZ(T $27)] dt (14)
—7 7] ,$,2,T) =D Pz,
C(r b 2,1) = Co — ﬂft a{r[w(r.tﬁ.z,;)r oy (r,,2,0)1} dr — %fot [ve(r ¢”;¢“¢(r $.27)] dr —
e fta UZ(Td)ZT;ZUZ(Td)ZT)] dr (15)

The above not yet known average values could be calculated by using the standard relations.

— [ [T [T L Ty, ¢,2,7)dzddrdt,
25 [2T 8 €, ¢, 2,0 dzddrdt. (16)

a =
ir n@RZL

a =
ic n@RZL

Substitution of the first-order approximations of temperature and concentration of gas mixture into relations
(16) gives us the following results [20].

e =Co/L-{1+——[7O0—0) [[" [* [ (R, ¢, 2,6) — 5,(R, §, 2, t)]dzd¢dt + 20},
R L N CEY Nl e dqubdrdt] (1 +—{I @ -6 x
X fozn f_LL[v,(R, ¢,2,7) — 9.(R, $, T)]dZd¢dt - fo fo fozn f_L [v.(r, $,2,t) —

5,(r, §,z,O))dzdpdr x (6 — t)dt —— + ﬁ} {ﬁ 1@ =0 [ v (R, ¢,2,7) -

©OR? 2

7.(R, ¢,z,7)]dzdpdt + 1 + OV, /RL}™)

The second-order approximations of temperature and concentration of the mixture of gases
we determine the framework for the method of averaging of function corrections [15]-[20], i.e. by
replacement of the required functions on the right sides of (12) and (13) on the following sums T— ot +Tj,
C—ac +Ci. In this case, the second-order approximations of the above-required functions could be written
as (17a) and (17b).

Ty, 28) _Afta Tl(rd)zr)d +/1 fta Tlé;(zpzt)d +/1J-t6 T1(r¢z‘r)d +
—C'—f {v,(r,¢,2,7) — 0(r,$,2,7)] - [szc + G (r¢,2,0] - [ayr + To(r, ¢, 2,7)]}dT
ra¢f {[azc +Ci(r,¢,2,7)] - [v¢(r $,z,7) — 17¢(T' P, z, T)] lagr + Ty (r, ¢, 2, T)]}d'[
;fo{[vz(h $,2,7) = U,(1,¢,2,0)] - [azc + €, (1, ¢, 2, D] - [azr + T1(r, ¢, 2,T)]}dr
+ fotp(r, ¢,z,1)dt + Ty, (17a)

CZ(T ¢,Z, t) 1 af D6C1(r¢vzr)d +r26¢f Dacl(npzr)d +:_ZIJD661(;,;/>,Z,T) dr
—22{r s age + Colr 2,1 [0, 27) — 5., ¢,z,r)]dr}
ft[azc +C(r,¢,2,1)] - [v¢(r, $,2,7) — 0y (r, 9, 2, ‘r)]d‘r +Cy6(z+ L)

_1 a
04)
- afg [aZC + Cl (T, ¢' Z, T)] ' [172 (T, ¢: Z, T) - 1_72(7", ¢; Z, T)]dT- (17b)
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Averages values of the second-order approximations of temperature and concentration of mixture
ot and axc have been calculated by using the following standard relations.

1 @ rR 2 L
tor = —— [ Jo 7 Jy " J_,(T2 = Ty)dzddrd,

R 2 L
o = —— 7 Jo T I3 2, (C, — C)dzdgdrdt. (18)

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

ar = (ol © 05" L, TR 2, Ozt ~ [0 -

t) [" [1 Ti(R, ¢, 2,t)dzddt x @RZL cmn —= 2O —t) []" [ Ti(0,¢,2,t)dzdpdt —

1@ =6 " [L AT (R, ,2,6) x Ttz + Co(R, 2, )] — asras e}, (R, b, 2,1) —

2 (R, §,2,01dzddt —— = ——=x [0 [ [ [L Ty (r, ¢, 2, O0laze + G0 6,2, 0] = arratsc) -
[v.(r,d,2,t) — ,(r, ¢, z, t)|dzdpdr x (@ — t)dt — @Rsz -/ rfzn [Ty(r, ¢, L, t)(azc +

Co) — ayrascldedrdt {_ Xf @ -1 fznf [v,(R,¢,2,t) — 5.(R, ¢, z, )] [ayc +

ORL
C1(R, ¢, 2, t)]dzdpdt + 1 — ———x @-o [ [ ¢,z - 0,0, ¢,20)]
[ayc + Cy(r, ¢, z, t)]dzd¢drdt + (azc + Cy) X +260V,/L}1,
1 2] R 2 aCq(r,¢,2,7) aC(r,¢,2,7) o
aZCZT[@RZLfo (@_t)fo rfonD[ 122“ =1 lgz = ]dq,’)drdtf G

t) fzn fL {rlayc —aic + Ci(R, ¢,2,7)] - [V, (R, $,2,7) — D, (R, b, 2, 7)| }dzdpdt X
f -1, rfzn(azc aic + Co)dzdgdrdt.

@RZL

n@RZL

After growing the buffer layer, we consider annealing the resulting two-layer structure. During the
annealing, one can find diffusion mixing of the heterostructure layers. Thermal diffusion in this case will be
one-dimensional and perpendicular to the interface between the layers. But due to the mismatch of the lattice
constants of these layers, one can find mismatch-induced stress. In this situation to describe the mixing of
layers, we use the second Fick's law in the following form [22], [23].

ap(’;f'“) 2o a”("””] + 02 [ Vu(x,y,2,) ;7 pCey, W, AW | +
ay po= 25 gou(x,y, 2, t)f p(x, y,W t)dW] (19)

With initial and boundary conditions.

dp(xy.z,t) -0 9p(x,y,z,t) =0 0p(x,y,z,t) =0 dp(x,y.zt) =0
ox x=0 ' ox x=Ly ' dy y=0 ' oy x=Ly '
17} V,Z,t 17} V.2t
M - 0’ M — 0’ P (lelz’o):fp (X’y’z)
0z z=0 dz =L,

In the above relations, the following denotations were introduced: Q is the atomic volume of the
dopant; V; is the symbol of surficial gradient; o (x,y,z,T) is the diffusant concentration; fOLZp(x, v, z,t)dz is

the surficial concentration of the considered diffusant on the interface between layers of heterostructure; u
(x,y,z,t) is the chemical potential due to the presence of mismatch-induced stress; D and Ds are the
coefficients of volumetric and surficial diffusions. Values of dopant diffusions coefficients depend on
properties of materials of the heterostructure, speed of heating and cooling of materials during annealing, and
Spatio-temporal distribution of concentration of dopant. Dependences of dopant diffusions coefficients on
parameters could be approximated by the following relations [23].

_ pY (xy,zt) _ pY (x,y.zt)
De = D,(x,y,2,T) |1+ 5220 Dg = Doy (x,y,2,T) |1+ &5 52220 (20)
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Here D. (x,y,2,T) and Dis (x,y,z,T) are the spatial (due to accounting for all layers of heterostructure)
and temperature (due to Arrhenius law) dependences of dopant diffusion coefficients; T is the temperature of
annealing; P (x,y,z,T) is the limit of solubility of dopant; parameter y depends on properties of materials and
could be an integer in the following interval y e[1], [4], [23]. The concentration dependence of diffusion
coefficients was described in detail in [23]. Chemical potential « in (19) could be determined by the
following relation [24].

1 =E@)Qaj [uij(x,y,z,0)+uji(x,y,z,1)]/2, (21)

ouj\ . .
Where E(z) is the Young modulus, aj is the stress tensor; u;; = <Z”’ + %) is the deformation tensor; ui, u;
L

are the components Ux(x,y,z,t), uy(x,y,z,t) and u,(x,y,z,t) of the displacement vector u(x, y, z, t); X, X; are the
coordinate x, y, z. The (21) could be transformed into the following form.

#1(95'3’,2' t) E(Z)

0(2)8i; [oug(x,yzt)
1-20(z) Oxy

[auL(xyzt) au,(x:vzt) { [6ul(xyzt) 4 duleyz0

e S
ax ax; ] 00ij +

J

—%J—M@M@Wm%zw—%MJ

ou;(xy,zt)  Oujxyzt)] (1|ou;(xy.zt) & oujxyzt) 0(2)8;j [ug(x,y.zt)
iy 4+ 2 1]0u;(xy 49 _gosij + ij k(Y _
Ox;j 0x; 1-20(z) oxy

pGy 0 = |
38| = KDBDIT(x,y,2,6) = Toldy} 5 E @),

6Xj

Where o is Poisson coefficient; & = (as-aeL)/aeL is the mismatch parameter; as, ag. are lattice distances of the
substrate and the epitaxial layer; K is the modulus of uniform compression; S is the coefficient of thermal
expansion; T, is the equilibrium temperature, which coincides (for our case) with room temperature.
Components of displacement vector could be obtained by solution of the following [24].

ux(x,y,2t) _ doxx(x,y,2t) | 00xy(xy,2t) | 8oy (x,y.zt)
,D( ) x = — XX + xy + Xz
at ox [i5% 0z
%uy(x,y.2,t) doyx(x,y,z,t) 0oy, (xy,zt)  doyz(xy2zt)
p(z) =2 _ 99yx + 2% + %z
at ox [i5% 0z
%u (xy.zt) _ d0g(xy.zt) | 00zy(xy.zt) | do,(xy.zt)
,D( ) Z = — ZX + zy + Y44
at ox ady 0z

Where

E(2) [aui(x,y,z,t) + ou;(xyzt) 8y auk(xyz t)

_ dur(xyzt) _
9ij = 2[1+0(2)] dx; dx; 3 ] + K(Z)(S” x Axy P@K@IT(x,y,2,0) = T]

p (2) is the density of materials of the heterostructure, d; Is the Kronecker symbol. With account the relation
for o last system of the equation could be written as (22).

2 aZ V,Z,
(Z)a Uy (x,y,zt) {K( )+ 5E(z) }6 Uy (x,y,2,t) +{K(Z) _ E(z) }X uy(xyzt)+

at2 6[1+0(2)] ax2 3[1+0(2)] dxdy
E(z) [azuy(x,y,z,t) uz(x,y,z,t)] [ E(z) ] %u,(x,y,2,t) 6T(x V,Z,t)
2[1+0(2)] dy? + 9z2 + K(Z) + 3[1+0(2)] X 0x0z K( )'8( )
%uy(xyzt) _ E@@)  [0%uy(xyzt) | 0%uy(xyzt) aT(x v,2,t)
() at2 T 2[1+0(2)] Ax2 axdy X K(2)B(2) +
a3 { E(2) duy(x,y.z.t) n duy(x,y,z,t) } 0%uy (x,y.2,t)
z (2[1+0(2)] 0z dy?
5E(z) __E@ 02uy(x,y,z,t) 8%uy (x,y.2,t)
x {12[1+a(z)] + K(Z)} + {K(Z) 6[1+a(z)]} dydz + K(Z) axdy
(2) uy(xyzt) _  E@)  [ouz(xyzt) | 0%uz(xyzt) | 02ux(xy.z t) 0%uy(x,y,2, t)] +
piz at2 T 2[1+0(2)] dx2 dy?2 axdz dydz
aux(xyzt) Ouy(x,y,z,t) aux(xyzt)]} { E(2) duz(x,y,z,t) _ duy(x,y,z,t) _
0z {K( ) [ + ay + 6 0z (1+0(2) 0z ax
Uy (x,y,2,t) au (x,y,2,t) aT(xyzt)
LIAD PP~ K(2)B(2) T (22)

Conditions for the system of (8) could be written in the form.
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u0yzt) _ 0 dullxyzt) _ 0 duCx0.2t) _ 0 0%(x,Ly,z,t) — 0
ox ! ax ! ay ! ay !
9U(x,y,0,t) L 0U(x,y,Lgt) L -
Y2 = 0; Y222 = 0;1(x, y,2,0) = Uy, U(x,y,2,©) =1,

0z 0z

The distribution of the concentration of the diffusing substance has been calculated by using the
method of averaging functional corrections. The first-order approximation could be determined by the
following relation.

a (t z &sa?
pl(x'y!z! t) = alcnafo DSL(fova T)Vslul(x Y,z T)_[l +#;§T)] dr +

a rt §
e [y Doy, 2. TVstt (53,20 [1 4+ 5555 dr + £, (x,7,2) (192)

PY(

The average value of the considered approximation of the considered function could be calculated by using
the standard relation [15].

T1p = @LxLyLZf fo fLy fLZ p1(x,y,z, t)dzdydxdt (23)

Substitution of relation (19a) into relation (23) allows obtaining the desired average values in the

following form: a;, = — fL"fLnyzfp(x y,z)dzdydx. Next, we calculate the second-order
xLyl

approximation of the conS|dered concentration of the diffusant by using the standard iterative procedure of
the method of averaging functional corrections [16]. The required approximation was calculated by the
following relation.

a rt a(,,,) [azctpi(xy,zD)]Y
Pz(x Y,2,8) = o f1 Dy (x,y,2,T) 2E2E0 1 4 ¢ ““,,y‘;;jj;’ Yar+ (6, 3,2) +

tD tD Ly
el k; Veu(x,y,z, T)f g, + pl(x y,W,7)]dW dt + 0 fo k; Vsu(x,y,z,7) [, %[z, +
p1Cx,y, W, T)]dW dr. (19b)

The average value of the second-order approximation of the required concentration o, is determined using
the standard relation [15].

I 0 Sy Tpa (., 2,8) = pa (%, y, 2, O)]dzdydxdt (24)

U2p = @LxLyLZ

Substitution of relations (19a) and (19b) into relation (24) gives a possibility to obtain a relation for
the required average value: az,=0. Next, let us solve equations of system (22), i.e., to obtain components of
the displacement vector. Equations for the first-order approximations of the considered components after
appropriate substitution into the (22) take the form.

,D( )0 ul,;(txzyzt) K(Z)ﬁ( )6T(xyzt)
p() TG — K () (r) 22D (224)

%uq, aT
p(2) T ED — e (7)) 220

Integration of the left and right sides of the (1b), (3b), and (5b) on time gives us the possibility to obtain
relations for the above approximation in the final form.

B(z) @

9 B&) 8 9
) f Jo T(x,y,z,0)drd9 — K(2) === [* [" T (x,y,z,1)drd,

p(z) 9x -0

ulx(x'yﬂzlt) = Upx +K( )

9t (O 9 9
Uy, (x,y,2,t) = ugy + K(z )ﬁga f Jo TGy, z,0)drdd — K(z )ﬁgzia Jy J3 T(x,y, z,0)drdd,

B(z) 8

U.1z(x: v,z t) = Upg, + K( )p(z) 0z

f f T(x,y,z1)dtdd — K(z )ﬁgi ;Zf fOﬁT(x,y,z,T)d‘rdﬁ.
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Approximations of the second and higher orders of components of displacement vector could be

determined by using standard procedure. The equations for the required components after the standard
substitution takes the following form:

2 62 V,Z,
p(z)a uz,;(txzyzt) {K(Z)+ 5E(z) }6 ulx(x,y,z,t) {K(Z) E(2) } uly(xyzt)_l_

6[1+0(2)] ax2 3[1+0(2)] dxdy
62u1y(x,y,z,t) E(2) 62u1y(x,y,z,t) 0%u4,(x,y,2,t) _ 0T(xy.zt) »
dxdy 2[1+0(2)] dy? 0z2 ox
E(2) } 0%uq,(x,y,z,t)
x K(Z)B(Z) T {K(Z) t 3[1+0(2)] 0x0z
( )62u2y(x,y,z,t) _ E@®@ 62u1y(x,y,z,t) azulx(x,y,z,t)] _ OT(xy.zt) »
piz at2 T 2[1+0(2)] dx2 0x0y oy
E(z) [uiy(xy.zt) | dui(xyzt) } 0%u4y(x,y.2,t)
x K(Z)B(Z) ta { 2[1+0(2)] 9z + ay + dy? X
5E(z) } { __E® }azuly(x.y,z,t) 0214y (x,y.2,t)
x {12[1+o(2)] + K(Z) + K(Z) 6[1+0(2)] 0yoz + K(Z) dxdy
Puy,(xyzt) _ E@ [0Puaz(yzt) | 02usp(yzt) | 0fusx(xyzt)
p(2) at? T 2[1+0(2)] dx? + ay? 9xdz +
uly(x V,Z, t)] { [6u1x(x,y,z,t) Ouyy(x,y.zt) | dugx(x,yzt) }
302 +—1K(2) ox + 3y + +
E(z) i[ 6ulz(x V,Z,t) _ 0uq,(x,y,zt) _ Ou1y(x,y,2,t) _ 0uqz(xy,zt) _
6[1+0(2)] 0z dz ax ay az
_ U1 (x,y,2,t) _ Ouyy(x,y,2,t) _ AU 5(x,y,2,t) } E(2) _ ( ),8( ) aT(xyzt)
dx ay dz 1+0(2)

Integration of the left and right sides of the above relations on time t leads to the following result:

5E(2) 1
U (X,7,2,8) = (Z){ @)+ 22N E () ulx(x y,2,7)drdd +—{K(2)-
E(2) E(2)
- [1+cr(z)]} 6x6yf f Uy (1, y, 7, T)drdd +2p(z) ay
6zzf f u,(x,y,z, T)drdﬁ] oo p(z) e fo fo uy,(x,y,2,7)drdd {K(2)+

E(2) B(z) @ 9% o 9
3[1+U(Z)]} - K( )p(z)afo fo T(x,y,z 1)drdd — ﬁfo fo U (x, y,z, 7)drd9 X

1 5E(z) E(2) 92 o0 O
X B{K(z) + 6[1+0(2)] } { ( ) - 3[1+0(2)] }Bxayf f uly(x Y,z ‘l')d‘[dﬁ X
1 E(z)

XS " @ 6y2f f Uy (x,y,2,7)drdd + - Zf f uy,(x,y,2, T)d‘[dﬁ]

E(2) a2 ﬁ(Z)
p(z){ (2) + 3[1+U(z)]} Bxazf f u,(x,y,z,7)drd9 + ug, + K(z)

afo J.0 T(x,y,z t)dtdd

E(z)

Uyy (X, ¥,2,t) = m axzf f U (x,y,2,0)drdd + - — f f uL(x,y, 2, T)drdﬁ] +

1 K(z) 82 5E()
1+o‘(z) p(z) 6xayf f uly(x v, z, T)d‘[dﬁ + {m K(Z)} X
E(2)

f f u (%, y, 2, 7)drdd + —— zp(z) % {1+a'(z) 6zf f Uy, (x,y,z,7)drdd +
B(z) E(z)
_f fy u”(x .2, 0dwdd |} = K@ TS [ Iy TGz, 0)dedd — {80 -
—-K(2)}—

p(z) 6yazf f uly(x y,z,7)dtdd —
6xayf f Ui (%, y, 2, T)drdﬁ] 1+c (z) K(z )ﬁgf f T(x,v,z,7)dtdd — KEZ;
5E(z)

Iy f gy (x, y,z 7)dtd9 —an N f ulx(x y,z,T)drdV {m
+K(2)} ——{ E@) f f wy (x,y,2,1)dedd + - f f u,(x,y,2, ‘r)d‘rdﬁ]}

1+0(z)
1

E(2) 92
x 2p(2) p(z){ @) - 6[1+a(z)]} ayazf f Uy (x,y,2, r)drdﬁ + Uoy
u,(x,y,2,t) = 2[1E+(jzz)] afo f uy,(x,y,z,1)drdd + f f uy,(x,y,z,1)drdd +
1
+6xazf f U (x, v, z, T)drd9 + 5 azf f uyy,(x,5,2, ‘r)d‘rdﬁ] pre p(z) X
X —{K(z) [—f f u(x,y,2, r)drdﬁ + @fo fo U (x,y,z,1)dtdd +

E(z) 0 (o 9
6zf f UL (x,, 2, ‘r)d‘rdﬁ]} 6p(z) - {— Efo Jo w1z(x,y,2,7)drdd —
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d o 9 a o 9 d (o 9
_afo fo ulx(x!ylzﬂ‘[)d‘[dﬁ _EJ‘O fo uly(x:y!Z!T)deﬂ _a.fo fo ulz(x:y:Z;T)deﬁ]}_

B(2) & o (O
—K(2) p(z)afo Jy T(x,y,2,0)drd9 + ug,.

In this paper, we calculate concentrations of a mixture of gases and a diffusing material in the
considered heterostructure, distribution of temperature, and components of displacement vector as the
second-order approximations in the framework of the method of averaging functional corrections. This
approximation is usually enough good for obtaining qualitative conclusions and obtaining some quantitative
results. The results of analytical calculations were verified by comparing them with the results of numerical
simulation.

3. DISCUSSION

In this section, we analyzed the diffusion mixing of the heterostructure layers during annealing with
account for the relaxation of mismatch-induced stresses. Typical distributions of diffusant concentrations in
the considered heterostructure are shown in Figure 2 for the different continuance of annealing time. The
conclusions, in this case, are standard: an increase in the duration of annealing leads to a more homogenous
distribution of the diffusant. At the same time mixing of heterostructure materials leads to decreasing in
mechanical stresses as shown in Figure 3. It should be noted that the porosity of the buffer layer leads to
increasing this effect.
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Figure 2. Spatial distributions of diffusant in the Figure 3. Normalized dependences of the component
considered heterostructure at different values of the  of the displacement vector u; on the z coordinate (a is
continuance of annealing time. Increasing of the thickness of the buffer layer). Increasing of
number of curves corresponds to increasing the number of curves corresponds to increasing the
continuance of annealing time continuance of annealing time

4. CONCLUSION

In this paper, we analyzed the effect of processing the substrate, which precedes the growth of new
epitaxial layers, on the properties of the grown heterostructure. It has been shown, that growth of the new
epitaxial layer on the buffer layer after preliminary (before the start of growth) annealing decreases the value
of mismatch-induced stresses. An analytical approach has been introduced for the analysis of mass and heat
transfer in a multilayer structure with account mismatch-induced stress.
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