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Abstract

In this paper, we introduce an approach to reduce mismatch-induced stress in a heterostructure by using radiation
processing of the substrate prior to epitaxial layer growth from the gas phase. Within the framework of the
approach, mismatch-induced stresses in the heterostructure can also accelerate recombination and the diffusion
of radiation defects from the damaged region during growth from the gas phase at high temperature. We also
consider an analytical approach for analyzing mass and heat transfer. The approach allows simultaneous
consideration of spatial and temporal variations in the parameters of mass transfer. At the same time, the

approach allows for the consideration of the nonlinearity of the processes under consideration.

Keywords: Heterostructure, Mismatch-induced stresses, Radiation processing, Growth from gas phase, Radiation
processing analytical approach for analyzing mass and heat transfer.

1| Introduction

The widespread use of multilayer structures for the manufacturing of solid-state electronic devices
necessitates improving the properties of their constituent epitaxial layers. At present, several technological
processes are used to grow multilayer structures: molecular beam epitaxy, gas-phase epitaxy, and magnetron
sputtering. A large number of works consider the growth and use of heterostructures, given their widespread
use [1-10]. It is well known that heterostructures experience strain due to lattice mismatch. In this paper, we
consider the possibility of reducing mismatch-induced stress by radiation-processing the substrate before
epitaxial layer growth. After that, we consider the heterostructure during its growth in a reactor from the gas
phase (see Fig. 7). We also introduce an analytical approach for analyzing mass and heat transport. The
approach allows simultaneous consideration of both spatial and temporal changes in mass-transfer
parameters. The approach also allows consideration of the nonlinearity of the processes.
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b.
Fig. 1. Gas-phase epitaxy reactor with a sloping substrate holder: a. reactor structure,

b. side view of the holder and its linear approximation with slope angle @1.

2| Method of Solution

To achieve our aim, we calculate the spatio-temporal distributions of radiation defect concentrations by

solving the following system of equations [11-14].
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Here I (1,¢,2,t) is the spatio-temporal distribution of concentration of radiation interstitials with equilibrium
distribution V*; V (1,9,2z,t) is the spatio-temporal distribution of concentration of radiation vacancies with
equilibrium distribution V*; Di(r,@,z, T), Dv(t,0,z, T), Dis(t,9,z, T), Dvs(t,9,z, T) are the coefficients of
volumetric and surficial diffusions of interstitials and vacancies, respectively; terms V2(r,@,z,t) and 12(r,@,z,t)
correspond to generation of divacancies and diinterstitials, respectively (see, for example, [14] and appropriate
references in this book); ki, v(t,@,z, T), ki, 1(t,@,z, T) and kv, v(r,@,z, T) are the parameters of recombination of
point radiation defects and generation of their complexes. Spatio-temporal distributions of divacancies ®v (z,

z, t)) and diinterstitials @y (t, z, t)) could be determined by solving the following system of equations [13],
[14].
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Here Dai(x,y,z, T), Dov(x,y,z, T), Dais (x,y,2, T) and Devs(x,y,z, T) ate the coefficients of volumetric and
surficial diffusions of complexes of radiation defects; ki(x,y,z, T) and kv(x,y,z, T) are the parameters of decay

of complexes of radiation defects.

Chemical potential [ in Egs. (7) and (2) can be determined by the following relation [11].
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where G is the Poisson coefficient; €0 = (as-agr)/agr is the mismatch parameter; as, agr are lattice distances of
the substrate and the epitaxial layer; K is the modulus of uniform compression; B is the coefficient of thermal
expansion; T: is the equilibrium temperature, which coincides (for our case) with room temperature.
Components of the displacement vector can be obtained by solving the following equations [12].
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We determine the spatio-temporal distributions of radiation defect concentrations by solving Egs. (7) and (2)
in the framework of the standard method of averaging of function corrections [15-18]. Previously, we
transformed Egs. (7) and (2) to the following form, taking into account initial distributions of the considered

concentrations:
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Further, we replace the radiation defect concentrations on the right-hand sides of Egs. (7.a) and (2.a) with
their not yet known average values Oup. In this situation, we obtain equations for the first-order

approximations of the required concentrations in the following form.
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Integration of the left and right sides of Egy. (7.5) and (2.5) over time gives us the possibility to obtain relations
for the above approximation in the final form
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We determine the average values of the first-order approximations to the concentrations of radiation defects
using the following Relation (16) [15-18].
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Substitution of the Re/ations (15) and (2b) into Relation (7) gives us the possibility to obtain the required average
values in the following form.

0 - (a3+A)2_4 g, @aB+27LR'®a ) a+A
. 4a’ a 4a,

4 4

jﬁr-fﬂ(l‘,gp,z)drdzd(p S, 00— 27Z'LR2®:|,

”Tkp'p(r,(o,Z,T)lli(r,gp, 2tV (r,p,z,t)drdzd pdt, a, =S, x
000

(Suzvoo Slloosvvoo)’ 85 =Sy 0S)100 +S|2v00 = Syi009w00r @, = ”Or' fp(raCD: Z)d rdzdex

00

oo

XS 00Stre AT LR*OS 0 +2S,00Swv0 IH r-f (rpz)drdzde-47"’R°©S

27L R 27L R

—ShwJ[[r-1,(ro.z)drdzde, =S, []rf,(nez)drdzd g, 8 =Swuwx
00 000

27L R 2 2
x[j fr- fp(r,gp,z)d rd Zd¢} , A=\/8y+®2:§—4®az, B:f;)aaz+3 VI +pi—g-
000

4 4 4



87 Pankratov | K. Multidiscip. Int. Sci. J. 3(2) (2026) 78-105

3
gt +p*+q, q= ?46‘2 (4a0—27zLR®a1aj e (4®a —or% J

2 a 8a’ a

4 4

-©'(a +277°L°R*@a’a, )/54a, p=[3a,0°(2a,a, ~7LROaa,)-0a,a,|/18a,,

R|1 SII20 2L
r-f(r,p,z)drdzd
%o =5 RO 27LRO 2;;|.RM (r9.2) ¢
R/]_ SVVZO 27LR
= + r-f(r,p,z)drdzde:
w5 LRO® 27LRO 27:LR£££ (r.2) i

L

where R | =?(®—t) k (r,o,z,T)l(r,p,z,t)drdzd o.

o=y
o—x1

We determine approximations of the second and higher orders of the concentrations of radiation defects
using the standard iterative procedure of the method of averaging of function corrections [15-18]. In the
framework of the procedure to determine approximations of the n-th order of concentrations of radiation
defects I (1,0,2,t), V (1,0, zt), D1 (1,0,2,t) and v (r,9,z,t) we replace the required concentrations in Egs. (7.5)

and (2.5) with the following sum: @p+pn-1(t,9,z,t). The replacement leads to the following transformation of
the appropriate equations
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oD, (rzt) 1 a{r D, (.0, ,T)é’CDU(r,(p,z,t)} 17

ot ror or r’oe
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ottt 00 f0
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o

Qo (D, L
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Integration of the left- and right-hand sides of Egs. (7.¢) and (2.¢) gives us the possibility to obtain relations
for the required concentrations in the final form

@ 0

|2(r,¢,z,t):ijr{ LY ,T)ﬁ'l(rﬁ’?z’f)m}lj[jo,(r,w,z:)x

Xo”ll(;(gz,r)d T}LjZB D,(r, o, z,T)ﬁIl(;’,qZ)’Z’T)d r}—i[all +1.(r,p,2,7)f x

L

t D
<k, ,(r,p,z, T)dﬁLQ;r{rjk_'l_S Vu(r,pz,7) [a2,+ll(r,(p,W,r)]der}+ (1.d)
0 0

+Q 0 {j D'SV ,u(r,go,z,r)ﬂoc2I +Il(r,go,W,r)]der}—jk,v(r,(o,z,T)x
r 6¢ kT 0 0o

X [alv + Il(r,(p, Z,r)][alv +V1(r,(0, Z,r)] dr,
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10 AV.(r, 0,1, 1 0 |t
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Average values of the second-order approximations of the required approximations are obtained using the
following standard relation [15-18].

fJT(pz p)dzdedrdt. ®)

Substitution of the Relations (1d) and (2d) into Relation (§) gives us the possibility to obtain relations for the

required average values O 2p
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Further, we calculate solutions to Eq. (0), i.e., the components of the displacement vector. To calculate the
tirst-order approximations of the considered components in the framework of the method of averaging of
function corrections, we replace the required functions in the right-hand sides of the equations by their not

yet known average values ou. The substitution leads to the following result:

o*u,(r,p,z,1) B(2)a[r-T(r,zt)
o702ty )Rl Tron)]

o'u,,(r.p.z,t) B(z) 0T (r,p,2,1)
Py =K E P

o’u,,(r,p,z,t) oT (r,p,2,1)
o)l 2 (q) )T 020)

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

B(2)

u,(r,ezt)=K(z) %[r-ijT(r,gp,z,r)d rd 19}—

r-p(z)
pz) o1 1
_K(Z)r-p(z)a[r'ﬂ T(r,p,z,7)dzd Q}LUW,
o (o2 =K (@)L 25t (rp2e)dcd g

r-p(z)op

~K(z) 'B(Z) iﬁT(r,q),Z,z')drd&‘Jruo(p,

u,(r,e,z,t)= K(z)ﬁiﬁT (r,p,z,7)drd 3—

Approximations of the second and higher orders of components of the displacement vector could be

determined by using standard replacement of the required components in the following sums oi+u;(t,Q,z,t)
[15-18]. The replacement leads to the following result:

or

ot? r

p(5)2 tulr ) 1{K(z)+5E(Z)}5[rM(r,mt)}l{ E(2)

r 6[1+0(2)] or r* |3+ o (2)]



On preliminary processing of substrate to decrease of mismatch-induced stresses in a heterostructure
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Integration of the left and right sides of the above relations over time t leads to the following result:
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Now we determine and analyze the spatio-temporal distribution of temperature. To analyze the distribution,

we determine the solution of the second Fourier law [19].

CﬁT (r,p,2,t)

T =div{A-grad [T (r,p,z,t)]-V(r,,2,t)-c(T)-T (r,@,2,t)-C(r,,z,t)} +

©))

+p(r,p,z,1).

Here ¥ is the speed of flow of mixture of gases-reagents (we consider gases- reagents as ideal gases); c is the
heat capacity; T (1,Q,z,t) is the spatio-temporal distribution of temperature; p (t,9,2,t) is the density of power
in the system substrate-keeper of substrate; r, @, z and t are the cylindrical coordinates and time; C (r,9,z,t) is
the spatio-temporal distribution of concentration of mixture of gases-reagents; A is the heat conductivity. The

following relation can determine the value of heat conductivity: A=¥lc p/3, where ¥ is the speed of the gas
molecules, 1 is the average free path of gas molecules between collisions, ¢y is the specific heat at constant
volume, and p is the density of gas.

To solve Eg. (9), we shall take into account the movement of the mixture of gases and the concentration of

the mixture. We determine the fluid velocity and concentration by solving the Navier-Stokes equation and
the second Fick's law, respectively. We also assume that the radius of the substrate keeper, R, is essentially
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larger than the thicknesses of the diffusion and near-boundary layers. We also assume the gas stream is
laminar. In this situation, the appropriate equations could be written as

@+(v-v)vz—v(5]+mv, (10)
ot Yo,
aC(;(tp’ 2l div{D-grad[C(r,¢,z,t)]-V(r,p,2,t)-C(r,p, 2,t)}, (1

where D is the diffusion coefficient of the mixture of gases-reagents; P is the pressure; p is the density; v is
the kinematic viscosity. Let us consider the regime of the limiting flow, in which all molecules of the deposit
material approaching the disk deposit on the substrate; the flow is homogeneous and one-dimensional. In

this case, boundary and initial conditions could be written as

C (r’(p’-L’t) = CO’ C (r,-(pl,Z,t) =C (r,(pl,Z,t) =C (r,TC-(pl,Z,t) =C (r,TC+([)1,Z,t), C
(r,p,z,0) =
Cod (z+L), C (0,9.z) o0, C(r,p,2,t)[, =0, T (r-@r,z,t) = T (rpr,zt) = T

(r,m-@1,2,t) =

C(r,p,z,t) o _ZaT(r,go,z,t)

=oT*(R,p,2,t), T
or \ or ° ((pz)

T (r,t+o1,2,1), 0

r=R S (12)
(re.z,0) =
T 8T(r,gp,z,t) _6T(r,¢,z,t)
| a¢ ¢=0 aQ) (p=27r’
30T (rhezt) = 6T (ro-L,t),
0z .

0 ov. (r,p,z,t)

T 00z) 2w, Q@2 o a
;

=0, Vi (r-01,2,t) = v
or

r=R

r=0
(r,p1,2,t) =

Vr (r,m-01,2,t) = vr (r,m+@1,2,1), Vo (r,-01,2,t) = Ve (1,01,2,1) = Vo (I,7-01,2,t) = Ve
(r,m+1,2,t),

Vz (1-91,2,t) = vz (1,01,2,t) = vz (r,m-01,2,t) = Vv, (r,m+91,2,1), Ve (1,9,-L,t) = 0,
vi(r,o,L,t) =0,

Vr (0,9,2,t) # oo, Vo(r,0,-L,t) = Vo, Vz(r£d2/2,0,2€[-d2/2,d2/2],0) = ® -z-cos y tg
(p),

Vo (r,0,L,t) = 0, Vo(0,0,2,t) # oo, Vo(r,e,0,t) = 0, vo(r,p,L,t) = Vo, Vo(r,p,L,t) =
Vo,

V2(0,0,2,t) # oo, Vi(r,9,2,0) = 0, ve(r,9,2,0) = 0,

where 6 =5,67-108 W-m2-IK:4, 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
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o v, la{ ov,(r gp,zt} Lo rgp,zt) o, (r,¢,2,t)
2

0”1: ar 2 622
(10.2)
p b %Y | Ou 0P
"Or r 2o o1 orlp
ov, _, 10 r60¢(r,¢,2,t) +i6 Uw(r,(o,z,t)_i_@ uw(r,gp,z,t) ~
ot ror or r 3¢ 572
(10.b)
B ﬁv &é’u@_uauz_la P
“Ar r So 01 rdplp)
dv, _ |10 rauz(r,qo,Z,t) 1 d%,(r, ¢,zt) o’v,(roz,t)|
ot ror or re Bl 022
(10.c)

P

v Jv, v, 0V, _ dv, 0[P
or r o o 01 01

We determine the solution of this system of equations using the method of averaging of function corrections
[15-18]. Within the framework of the approach, we first determine the first-order approximations of the
components of the mixture's flow speed. To determine the first-order approximation, we replace the required
functions with their average values vr((1r, v(((1(, vz((1z on the right-hand sides of the equations of systez (10).
After the replacement and calculation of the required derivatives, we obtain equations for the first-order
approximations of the components:

oV, __0(P) v, 10(P %__i P
ot orlp) ot rop\p) ot oz

Integration of the left and the right sides with respect to time of the Relations (12) gives us the possibility to

obtain the first-order approximations of the components of speed of flow in the final form.

1 0tP otP
Ver—EJ dr, Vl —F—I dr, v __5'([;(12—. (13)

The second-order approximations of components of speed of flow could be obtained by replacement of the
required functions on the following sums vi—>0lor+Vir, Vo—>0l2¢F Var, V,—>0l2,+v2r. The average values oz, Olog,

Q2 are not yet known. Approximations for the components could be written as

o”vzr_v 10 ravlr 10, +62vlr _0(P)_
ot ror\ or r’op®> 0z° | or\p

é)vlr _(a2¢+vlfp)§vlr _(a +V
é,r r é’(ﬂ 2z 1z

(14.2)

)0” Vlr

_(azr +Vlr) ey
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oV, 1o( 0v,) 10V, oVv,| 10 (P
=v|-—|r— |+t 5+t |———| — |-
ot ror\ or r-oep° 0z ropl\ p

P ( )0’> 5 (14.b)
\Y +V V \Y
- (a2r +Vlr) — az{p = - _(azz +Vlz)—1¢’
or r o o1
é)VZZ =y li ravlz +iazvlz +82Vlz _i E _
ot ror or ) r?oep* 07" | 0z\p
(14.c)
+V
_(a2r +V1r)é’ VlZ - (aZ(/’ 1‘/’) 0/? VlZ _(aZZ +Vlz)ﬁ VlZ '
or r op 7
Integration of the above equations over time leads to the following result:
t 2 2 t
Vzr:V.[ li r% +128_V12r+a_\/12r dz-_i jEdT —
ol ror\ or r-op” 012 or\op
( ) (14.d)
t t +V t
_I(a2r+vlr)§VlrdT_J. az‘/’ = aVlrdlz-_J.(aZZ-i_Vlz) lrdz—’
0 74 0 r 0"(0 0
v, =v |12 OV |, 10V, OV |, 108(P,
¥ alrorl or ) r?Pog® o7 roplop
(14.¢)
t t +Vv, JOV t
—[(a,, +V, )—2d j(azq’ m) Y dr—[(a, +Vv,)—2dr,
0 r 0 r o 0 Z
t 2 2 t
VRO S LA TE AN P (L
ol ror\ or r-oep” 012 oz\op
( ) (14.9)
t oV t\Q,, +V,, ) OV t oV,
_ +V 1z d _ 2¢ 1p 1z d _ +V 1z d )
.([(aZr lr)é,r T -C[ r 5¢ 2 g(an 12)0»)2 T

Further, we determine average values O, Ozg, O2.. The average values have been calculated by the following
relations [15-18].
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OR 2z L
Gy = — T g.([r!;_IL(VZr_Vlr)dZd¢drdt’
1 OR 27 L
a2¢:7z®R g(j)rg_jL(vz(p—vm)d zdepdrdt, 15)
®OR 27 L
oy, = 7Z'®R LJ..([rg_J.L(VZZ _Vlz)dZd(Ddrdt’

where © is the continuous movement of a mixture of gases through the considered horizontal reactor.
Substitution of the first- and the second-order approximations of the required components of speed into the

Relations (15) gives us the possibility to obtain a system of equations to determine required average values:
Aa,, +Ba,, + Ca,, =D,

Aa,, + Bz‘Zz@ +Cy,, =D, (16)
Aa,, + B3a2¢7 +C,a,, =D,
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The solution of the above system of equations could be determined by standard approaches [20] and could
be written as

U =A A, ap, = A, A, oy, =A, /A, a7)

where A=A (B,C, —B,C,)-B,(AC, - AC,)+C,(AB,~AB,), A, =D,(B,C,-B,C,)-
- Bl(D2C3 - D3C2)+ Cl(DZB3 - DsBz)’ A, = Dl(BZC3 - B3C2)— Bl(DZCS - D3C2)+C1 X

(D B D B ) Al(B D B D ) 1(A2D3_A3D2)+ Dl(AzBs_AsBz)'

In this section, we obtained components of the velocity of the stream of a gas-phase mixture used for the
growth of a heterostructure, and the gas carrier in the second-order approximation framework for averaging-
function corrections. Usually, the second-order approximation is sufficient for a qualitative analysis of the
solution and for obtaining some quantitative results. Let us rewrite Egs. (70) and (77) by using a cylindrical
coordinate system:

T (r,go,z,t)_/1§2T (r,go,z,t)+ A 07T (r,p,2,1) laZT (rpzt)
ot or? 2 0¢° 017

0 c o
—C'a[Vr(r,(P, 2,t)-C(r,¢, Zat)'T(MD,Z,t)]—F%[V(p(r,%Z,t)'C(r,(ﬂ,Z,t)' (18)

-T(r,(p,z,t)]—c-%[vz(r,go,z,t)-c(r,go,z,t)-T(r,go,z,t)]+ p(r.p,z,t),

oC(r,p,2,t) 15[ 5C(r,¢),z,t)} 10

E EF o —FE[rC(r 0,2,V (r,0,2,t)]+

1 0| 0C(rpzt)| 10
+F0'7§D|:D 0'7¢ :|—Fé,—go[C(r,(ﬁ,Z,t)Vq)(r,(D,Z,t)]'i‘ (19)

= Eh = C(r,p,z,t)v,(r,0,2,1)].

L9 {Dac(r,(p,z,t)} 0 (

In this section, we calculate the components of the speed of the gas reagents used to grow an epitaxial layer
and the gas carrier, using a second-order approximation framework for averaging function corrections.
Usually, the second-order approximation is sufficient for qualitative analysis and for obtaining some
quantitative results. The results of the analytical calculation have been checked against those of the numerical
simulation.

To determine the spatio-temporal distributions of temperature and the gas mixture concentration, we used
the method of averaging function corrections. To determine the first- order approximations of the required
functions, we replace them with their not-yet-known average values oir and otic) on the right sides of the
above equations. Further, we used the recently considered algorithm to obtain the first-order approximations
of temperature and concentration of gas-reagents:
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The standard relations could determine the above not-yet-known average values.
OR 27 LT( )d Hodrd
@ rezz)dz rdt,
v rorL ] Mozt
2 (22)
T L
* ri JC(r.pz,r)dzdpdrdt.
1c = @R L££ £7J-L l( ®» ) Q

Substitution of the first-order approximations for the temperature and gas concentration in Relation (22)
yields the following results [20].

1 (€] 2z L @V
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0-L 0 00 -L 2
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X T - v ’ 121
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The second-order approximations of temperature and concentration of gases- reagents we determine frame
the method of averaging of function corrections [15-18], i.e. by replacement of the required functions in right

sides of Eguations (18) and (19) on the following sums T—o0r +T1, C—0c +Ci. In this case, the second-
order approximations of the above required functions could be written as
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0

Average values of the second-order approximations of the temperature and concentration of the mixture (2T

and 2C) have been calculated using the following standard relations.

(T (T, ~T,)dzd pdrd
r - Z r t,
Y = OR? Lcj)g gj 2 ¢

‘L
L 1T T(c,-c)dzdpdrdt -
= [Jr zdpdrdt.
* n@RZLH H v

Substitution of the first- and the second-order approximations of temperature and concentration of mixture
into Relations (24) gives us the possibility to obtain equations to determine required average values
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In this paper, we calculate the concentration of radiation defects, components of the displacement vector,
and the speed of flow of the mixture of gases-reagents, as well as the growth temperature, using the second-
order approximation framework and averaging of function corrections. The approximation is usually good
enough to support qualitative analysis and to obtain some quantitative results. All obtained results have been
checked against numerical simulation results.

3| Discussion

In this section, we analyze the dynamics of mass and heat transfer during the growth of films in reactors for
epitaxy from the gas phase to determine conditions that improve the properties of epitaxial layers. The main
aim of this paper is to analyze the influence of substrate radiation processing on the mismatch-induced stress
in the grown heterostructure. Fig. 2 shows distributions of concentrations in the considered heterostructure
(a is the thickness of the epitaxial layer after completion of growth) and dependences of the component of
the displacement vector u, on the coordinate z.
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Fig. 2. Normalized distributions in irradiated epitaxial layers: a. displacement
component (u_z) along the (z)-coordinate, b. vacancy concentration along
the (z)-coordinate for unstressed and stressed layers.

Analysis of the considered processes shows that preliminary radiation processing of the substrate allows
decreasing mismatch-induced stress in the considered heterostructure during growth at high temperature.
However, one can find a smoother interface between the layers of the heterostructure.

4| Conclusion

In this paper, we introduce an approach to reduce mismatch-induced stress in a heterostructure by radiation
processing of the substrate before the growth of epitaxial layers from the gas phase. In this situation, one can
observe a decrease in mismatch-induced stress in the heterostructure. Also, one can observe an acceleration
of recombination and the diffusion of radiation defects in the damaged area during growth at high
temperature. At the same time, the interface between the layers of the heterostructure became smoother. We
also consider an analytical approach for analyzing mass and heat transfer. The approach allows simultaneous
consideration of spatial and temporal variations in the parameters of mass transfer. At the same time, the
approach allows for the consideration of the nonlinearity of the processes under consideration.
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