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Abstract

An approach to decreasing mismatch-induced stress in a heterostructure by radiation processing during growth from the gas
phase is introduced in this paper. Within the framework of the approach with decreasing mismatch-induced stresses, one can
find the acceleration of the recombination and diffusion of radiation defects generated during radiation processing. An analyti-
cal approach for analyzing mass and heat transfer is also introduced. The approach provides the opportunity to simultaneously
take into account spatial and temporal variations of mass transfer parameters. At the same time, the approach allows the non-
linearity of the considered processes to be taken into account.
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1. Introduction

The extensive use of multilayer structures for manufac-
turing solid-state electronics devices leads to the need
to improve the properties of their constituent epitaxial
layers. At the present time, several technological pro-
cesses are used for the growth of multilayer structures:
molecular beam epitaxy, epitaxy from the gas phase,
and magnetron sputtering. A large number of papers
have considered the growth of heterostructures (Bra-
vo-Garcia et al., 2015; Chakraborty et al., 2004; Gu-
sev & Gusev, 1991; Lachin & Savelov, 2001; Li et al.,
2006; Lundin et al., 2009; Mitsuhara, 1998; Vorob’ev
et al., 2003; Sorokin et al., 2008; Stepanenko, 1980;
Taguchia et al., 2016; Talalaev et al., 2001). It is known
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that heterostructures have mismatch-induced stress due
to the mismatch of the crystal lattice constants. In this
paper, the possibility of decreasing mismatch-induced
stress due to radiation processing of the considered het-
erostructure during its growth in a horizontal reactor
is considered (see Fig. 1). Using radiation processing
during the growth of heterostructure provides the op-
portunity to remove the annealing of radiation defects:
the growth of heterostructure from the gas phase is usu-
ally done at high temperatures. In this situation, one can
obtain the acceleration of the recombination of radia-
tion defects in the damaged region and their diffusion
from the region simultaneously during the growth of
the heterostructure. At the same time, an analytical ap-
proach for the analysis of mass and heat transport has
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been introduced. The approach provides the opportuni-
ty to simultaneously take into account spatial and tem-
poral changes of the parameters of mass transfer. The
approach also allows the nonlinearity of the considered
processes to be taken into account.

Fig. 1. Structure of the reactor for gas phase epitaxy with

a sloping keeper of substrate (a) and view from the side of

the keeper of substrate and approximation of the keeper by
sloping lines with an angle of sloping ¢, (b)

2. Method of solution

To obtain an appropriate solution, one should calcu-
late the temperature distribution in space and time. The
considered distribution has been calculated as a solu-
tion of the second Fourier law in the following form
(Carslaw & Jaeger, 1964):

oT (r,9,z,t)
C—
ot

div{ A grad[T(r,(p, z,t)]—
[ﬁ(r,(p,z,t)—\zz(r,(p,z,t)]x
C(T)~T(r,(p,z,t)~C(r,(p,z,t)}

where: Vv — speed of flow of the mixture of gas-
es; ¢ — parameter describing the capacity of heat;

p(r.@.z,0)+

()

T (r,p,z,t) — function describing temperature distribu-
tion in space and time; p(r,¢,z,f) — function describ-
ing power density in the considered system (substrate
and keeper of the substrate); , ¢ and z — the coordi-
nates of a cylindrical system; ¢ — the current time;
C(r,p,z,f) — function describing the distribution of
concentration of a mixture of gases in space and time;
A = (vlc,p)/3 — conductivity of heat; v =/2kT/m —
function describing the absolute value of the mean squared
speed of molecules of gas; / — parameter describing aver-
age value of free path of molecules of a considered mix-
ture of gases between collisions; ¢, — parameter describing
specific heat at a constant value of volume; p — parameter
describing the value of gas density.

The solution of the considered boundary value
problem leads to the necessity of accounting for the
movement of mixture considered gases-reagents and
gas-carrier with an account of the value of the concen-
tration of the considered mixture. One can calculate the
required values by the solution of a system of equa-
tions: the Navier—Stokes equation and the second law
of Fourier. Also, the following approximation should be
assumed: the radius of substrate keeper R is essentially
larger in comparison with the thickness of near-bound-
ary and diffusion layers. One can also consider a stream
of gas as laminar. The considered assumptions leads to
the need to solve the following systems of equations:

%+(\7-V)\7:—V[§j+vA\7 @)
oC(r,o,z,1)
T = dzv{D'grad[C(r,(p,z,t)]—

- (3)
[\7(;’, ®,z,1)- \7] . C(r,(p,z,t)}

Here parameter D describes a mixture of gases of
diffusion coefficient; parameter P describes pressure in
the considered reactor; parameter p describes the den-
sity of the considered gases; parameter v describes ki-
nematic viscosity. Now one can consider the limiting
flow regime. In this case, all molecules of the deposit
material forthcoming to the substrate keeper are de-
posed on the considered substrate. One also consider
homogenous and one dimension flow. In this situation,
initial and boundary conditions could be written in the
following form:

C(rv(pail‘at) = Coa C(I",(P,O,t) = 03 C(V,O,Z,t) =
C(r2m,z,0), C(r,0,2,0) = C 6 (z + L), C(0,9,2,0) # 0,
oC(r,9.20)| . 0C(r.0.2.1)| _ 0C(r.0.2.1)|
ar T a9 9 |,

=R ¢=0

T (r,0.20)=T,v (r9,0,) =0, T(0,9,2,t) # o,
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T (r0.z0=T (r2nzt),
_;LM :(;T“(r,(p,—L,z)
0z .
ov, (r,0,2,1) 0
or o
6vq,(r,(p,z,t)| :6V¢(V,(P,Z,f)| @)
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z
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v(r, @, L, )=0,v(r,0,z ) =v(r,2m,z 1),

v(0, 9,z 1) # oo, v, (r,9,0,1)=or, v, (r,0,-L,H)=0,
v, (r,o,L,H)=0, vq)(r, 0,z )= vq)(r, 2m, z, 1),
V(D(O, ¢, z,8) 0, v(r, ¢, =L, )=V, v (r,9,0,0) =V,
v(r, @, L, 0)=0,v(r,0,z ) =v(r,2m, z, 1),

v 0,9,z )0, v(r, 9,z 0)=0, vq)(r, 0, z,0)=0,
v(r,e,—L,0)=V,

Here parameter o is equal to 6=5,67 - 108 W-m?2- K%,
parameter 7 is equal to room temperature; parameter ®
describes the frequency of rotation of substrate.

Equations to calculate components of the velocity
of flow in the cylindrical system of coordinates take
the form:

ov, ov, v, 0v,  0Ov,
—L =y L2y 4
ot or r 0o Oz
v, o, v, O, o(P
\ + - + - =
or’ 0rdéz 0z° 0rdz) or\p
0 0
i:—vral_v_q)&_vz 8\/2 + (5)
ot or r oo 0z
16, 20% 1 & v, 10(P
viI-= tS oo t— o |TTAol T
roroe r- 0@ r 0pdz 0z roe\ p
ov, ov, _V_(p%_ ov,
ot "o0r roe "0
2

Then the solution of the considered system of
equations can be calculated by the standard method of
averaging function corrections (Pankratov, 2012; Pank-
ratov & Bulaeva, 2012, 2013; Sokolov, 1955). Using
the approach for the calculation of the first-order ap-
proximation of the considered components of the speed
of mixture of gases flow, one should replace the re-
quired functions on their not yet known average values
V>0, VO, V> 0 in right sides of the above
equations of system (5). The replacement leads to the
transformation of the above equations to the following

form:
ow, __0(P
ot or\ p

ov, 10(P
a1 roelp (©)
ot rop\ p

ow, __0(P
ot oz\ p

The solutions of the above equations are the first-
-order approximations of the considered components:

=———|—d1 (7)

One can obtain approximations of components of
the speed of flow of a mixture of gases with the sec-
ond-order by replacement of the considered functions
by the sums v — a , Vo > Oy V, > 0L Approxima-
tions for the components could be written as:

+ aZvlr _azvlr + azvlz _i £ _
ordz 0z° 0rdz) or\p
ov

(o, ) e A Dy )2

r 00 z
vy, v(l v, 20,

%—V 62‘}]’
ot or’

20 13w, T
rorde 1t 09> rogdz 0z (8)
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To obtain the considered approximations, one
should integrate the above equations on time. The inte-
gration leads to the following results:

t 2 2 2 2
zy:VJ. 8v12r v, 0 v12r+ o, dre
o\o0r" 0roz 0z 0roz
o(tP r
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1o(¢P f |
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% %
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The calculation of averaged values a., , 0y Oy, of
the considered approximation could be done by using
the following standard relations:

1 OR 2n L
azr:n®R2LIjr-[ I(VZV_vlr)dZderdt
00 0-L
1 OR 2n L
az¢_n®R2L_([_([rI[JL(v2¢—v1¢)dzd(pdrdt (10)
1 ®OR 2n L
o,, :nG)RzL”r.[ _‘-(vzz—vlz)dzd(pdrdt
00 0-L

Parameter ® describes the continuance of the
technological process. Substitution of the considered
approximations of the above components of speed to
the above relation (10) leads to the possibility of ob-
taining a system of three equations to calculate the
above-average values:

AI(X’Zr + Bla2w + Cl(x’Zz = Dl

Here:
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The solution of the considered system of equa-

L
[ v Ve yzdpdrdi- o' RV?
Y 00 8

A0, + By, +Cya,, = D, (11) tions (11) CE.IIl be calculat.ed by s.tandard approaches
for the solution of algebraic equations (Korn & Korn,
A0, + By, + €0, = D, 1968) and can be written in the following form:
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G’Zr :A}'/A
oy, =A, /A (12)
(X’Zz :AZ/A

Here:

A=4,(B,C,-B,C,)-B (4,C, - 4,C,)+C, (4,B, - 4,B,)
A, =D, (B,C, - B,C,)- B (D,C,-D,C, )+C,(D,B, - D,B,)

( )
A, =D, (B,C, - B,C,)-B,(D,C, - D,C,)+C,(D,B, - D,B,)
( :)

(
A, = 4,(B,D,-B,D,)-B (4,D, - A,D,)+ D, (4,B, - 4,B,)

In the present section, components of the stream
velocity of a mixture of gas-reagents and gas-carrier
are calculated, and used for the growing of a hetero-
structure, by using the second-order approximation of
the standard method of averaging function corrections.
Usually, the considered approximation is good enough
to make a qualitative analysis of considered processes
and to obtain some quantitative results. Now equations
(1) and (3) can be re-written in a cylindrical system of
coordinates:

2
T
La (r,(p,z,t) .

ot or r 6([)2

82T(r,(p,z,t) 0
—5z —C-E{C(r,(p,z,t)~T(r,(p,z,t)><

C&T(r,(p,z,t) :k{azT(r,(p,z,tL_

[ (r,,z,1)—V,
Ve (r,(p,z,t)]~C(r,(p,z,t)~T(r,(p,z,t)}—
%{[ (r,0,z,0)=V_(r, .z, t)] C(r,¢,z,t)x

T(r,(p,z,t)}+p

v, (r. 9.z, t)}} —;%{[v(p (r.@.z,1)—
(13)

(r,¢,2,1)

8C(r 0, z, t) :lﬁ{rD(?C(r (p,z,t)}_

La{ GCr(p,Zl‘)} { GCr(P,zt}

r’ 0o 0z

%ai{ C(r.g.z.t)-[v, (r.9.2.1) =7, (r,¢,2.1) ]} o

%%{rc(r,(p,z,t)[ (r.0,2,1) =, (r.0,2,) J}
%{c(r 0.20)-[v. (r,0,2,0) =7, (r,0,2,1)]}

To calculate the distribution of the temperature
field and concentration of a mixture of gases in space

and time, the method of an average of function correc-
tions in the standard form is again used. To calculate
the first-order approximations of the above functions,
one should replace them on their average values o,
and a, ., which are not yet known, in the right sides
of the considered equations. Now a recently consid-
ered algorithm for obtaining the considered first-order
approximations of temperature and concentration of
a mixture of gases can be used:

t
Tl(r’(p’z’t)zTrJr,[Mdr_
0
Lo vAr,Q,z,T _‘7r 92,1
OuTOCch. [ ( ;r ( )]dT_
0 (15)
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r v a(P

dt—
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dt—
0

o, ja[vw r.9,2,7) (r,(p,z,r)}d
roy o0
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f a[v r , 0,2, 1:)
!

T—

(16)

(r,gD,Z,’E):| e
v, (r,0,2,7) |

o dr

0z

The recently considered but not yet known aver-
aged value of temperature and components of the speed
of gas flow could be calculated by using the recently
considered standard relations:

2n

1!

7

TI 70,2, T dzd(pdra’t
(17)
C (r.¢.z,t)dzdodrdt

R’L

o
il

t‘\,'—.l\ h"—'l“

oy

Tt@R

[\

Substitution of the above first-order approxima-
tions into the considered relations (17) leads to the fol-
lowing results (Korn & Korn, 1968):

2n L

1 (€]
—c/rh o-
e O/{Jrrc@RL-([( t)H

Jj[vr(R,(p,z,t)—
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2n

R
0)]r]

0 0
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2n
JI
0 -
7
2

H
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n@RL
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The second-order approximations of the considered
functions are calculated by the standard method of aver-
aging function corrections (Pankratov, 2012; Pankratov
& Bulaeva, 2012a, 2013a, 2013b; Sokolov, 1955). In this
case, one should replace the considered functions on the
right sides of the above equations (13) and (14) on the stan-
dard sums 7— o, + T, C a, .+ C . After the replacement,
the second-order approximations of the considered func-
tions are obtained in the following form:

o]

Averaged values of the considered approximations
of concentration and temperature of a mixture of gases a.,,.
and a.,, were calculated by using these standard relations:

1 OR 2n L
O,y = n@RzL'”r-[ [(r,-T)dzdpdrdt
00 0-L
e e (20)
2 n@RzLj-[r-[j(C C)dzdodrdt
00 0-L

The substitution of both the considered approxi-
mations of concentration of a mixture of gases and tem-
perature into Equation (20) leads to equations for the
calculation of required averaged values of considered
functions:
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Now a spatio-temporal distributions of concentra-
tions of radiation defects can be determined by solving
the following system of equations (Fahey et al., 1989;
Landau & Lifshitz, 2001; Zhang & Bower, 1999):
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with boundary and initial conditions:
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where: I(r, ¢, z, t) — the spatio-temporal distribution
of concentration of radiation interstitials with equilib-
rium distribution V*; V(r, o, z, t) — the spatio-temporal
distribution of concentration of radiation vacancies with
equilibrium distribution V*; D (r, @, z, T), D (r, @, z, T),
D (r,9,2,T),D,(r, 9,z T)—the coeflicients of volumet-
ric and surficial diffusions of interstitials and vacancies, re-
spectively; Q —the atomic volume of dopant; V*(r, ¢, z, ),
E(r, @, z, t) — terms corresponding to generation of di-
vacancies and diinterstitials, respectively (see, for exam-
ple, Fahey et al. 1989) and appropriate references in this
book); &, (r, ¢, z, T), k, (r, ¢, z, 1), k,, (r, @, z, T) — the
parameters of recombination of point radiation defects
and generation of their complexes.

Spatio-temporal distributions of @ (, ¢, z, #) and
® (7, ¢, z, t) can be determined by solving the following
system of equations (Fahey et al. 1989; Landau & Lif-
shitz, 2001):

0Q,(r.9.zt) 10 oD, (r,0,2,7) N
0t ra or

ky (r,9,2,T)I(r,0,2,0)++k; , (r,9,2,T) I (r,0,2,1)+

(O]
li{Dq) (V,(P,Z,T)—a : (r’(p’z’t)}+
roe| ' 0o

0 6(13,(r,(p,z,t)}+

{r Dy, (r,(p,z,T)

—| D, T
aZ|: D, (’”a(P,Za ) 62

Qo

L
r—= r,0,z,t (I) r ,Wt dw |+
r 81[ kT Sul @ '([ e }

Qo i
r@(p{kT sHy rqnzt!@, r(p,WtdW}
[0} ()
09, (re.21) V(r’(p’z’t):li{qu, (r,<P,z,T)—a V(r,(p,z,t)}L
ot ror g or

ky (r,0. 2TV (r,@.z,8)+kyy (r,0,2,T)V (r,0,2,1) +

®
li{% (MP,Z,T)M}+ 23)
p

Fol) 00
%%{r% sy (79,21 :[d)V r, @, W.1) W}
%%B‘DT sy (7, 2,1 _L([d)y r,o.W,t) W}

with boundary and initial conditions:

oD, (r,9,2,t)
or

oD, (r,9,2,t)
Oz

=0

r=R z=0
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0, (re.z0)|  _ 0% (et
oz . ’ or =R
oD, (r,9,2,t) 0 oo, (r,(p,z,t) ~o
Oz 0 oz . (24)

D,(r,0,2,0)=0,D,(0,¢,z,1) 0, P, (r,9,20)=0,
D0, ¢,z, ) 20, D (r, =0, 2, ) = D[, ¢, 2, 1) =
O(r,m=0,z,0)=0(r,t+,z1), 00,z 1) =
O,7,¢0,z,0)=0, 1=,z ) =P (,1+0¢,21)

Here D (x, v, 2, T), Dy (X, ¥, 2, T), Dy X, v, 2, T)
and D, (x, y, z, T) are the coefficients of volumetric
and surficial diffusions of complexes of radiation de-
fects; k(x, y, z, T) and k (x, y, z, T) are the parameters
of decay of complexes of radiation defects. Chemical
potential p, in equations (21) and (23) could be deter-
mine by the following relation (Zhang & Bower, 1999):

u[j(rﬂ(pazﬂt)-'_uji(r,q)azat)

5 (25)

u, = E(2)Qo,

where: E(z) — the Young modulus, c,~ the stress tensor;
[(au/ax) + (6u/6x )] / 2 — the deformation tensor;

— the components u(r, ¢,z 0, uq)(r, o, z, t) and
u (r 0, z, t) of the displacement vector; x,, x; — the co-
ordinate r, @, z.

uu

The Equation (24) can be transform to the follow-
ing form:

u, (r,(p,z,t) = E(z)z{

ox, ox,
1 aui(r’q)’z,[)_i_Buj(l”,(Paz,t)
2 6)6‘/. 6xi
6,5, + G(Z)Sij a”k(’”a(paz’t)_?,ao -
7 1-20(2) ox,

K(BE[T(r020)-T,]5,)

where: 6 is Poisson coefficient; &, = (a, — a,,)/a,, — the
mismatch parameter; a, a,, — lattice distances of the
substrate and the epitaxial layer; K — the modulus of
uniform compression; 3 — the coefficient of thermal ex-
pansion; 7 — the equilibrium temperature, which coin-
cides (for our case) with room temperature.

Components of displacement vector can be ob-
tained by the solution of the following equations (Lan-
dau & Lifshitz, 2001):

O u, (r,0,z,1)

=16 [r-cry(r,(p,z,t)] .

p(z)

or’ r or
100, (re.21) 00, (r,.21)
r o 0z

Q| ou,(r,9,z,1) s ou, (7’,(;),z,t)}><

0 u, (r,0,2,1) 1fﬁ[?'cap,(mp,z,t)]+

p(Z) PYE :; oy
laGRD(P(r’(P’Z’t) actpz(r’(pazat)
- +
r oy Oz
o*u, (r,9,z,t) 10|r-c.(r,0,z1
o(z) ( Z(P ):_ [ ( )]+
ot r or

100, (r,¢,2,1) . oo (r.¢.z,1)
r 100} Oz

where:
E
o E()

7 2[1+0(2)
iauk (r,(p,z,t) vy Ou, (r,(p,z,t)

3 ox, Y ox,
B(z)K(z)[T(r,(p,z,t)—Tr]
p(2) is the density of materials of heterostructure and §,
is the Kronecker symbol. ‘

With the relation for o, last system of equations
can be written as:

p(z)wzl{w)

or r

g{rﬁur(w,zgt)}a [ru

{(%{i (r,¢.z,t) . Ou, (r,0,z,1)

ox. ox

J 1

xK(z)—

SE(z) }
6[1+0(z }

(r 0.z, t)} 1
oroe r

(r’ (p’ Z9t) +

E(z) } E(z) {102
3[1+o(2)]| 2[1+o(z)]|*  o¢’

Nl

or ox

{K (2)-

82uz(r,(p,z,t) 1 E(z) quz(r,(p,z,t)_
0z }+V{K(2)+3[l+c(z)}} 0roz
K(Z)ﬁ(Z)%—a[ F'Tgrr’(p’z”)l 26)
o u, (r,(p,z,t)

___E() mw}
or’ 2[1+G(Z)] ror or
o | ou (r,ezt) B(z)a[r-T(r,(p,z,t)]
E{r 6:”) }}—K(z) r f6J0) "
i{ E(z) {6%(r,(p,z,t)+lauz(r,(p,z,t)}}+
0z |2[1+0(z)] 0z r G0
1] SE(z) k(s 82u¢(r,(p,z,t)+
2{12[1+G(z)] K )} 09’

}azuy (r,(p,z,t) .

090z

1 E(z)
?{K(z)_é[lm(z)]
K(z) 0 [r-utp(r,q),z,t)J

r oroo
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2
p(z)a uz(r,ztp,z,t)= E(Z) 10 r@uz(r,(p,z,t) .
ot 2[1+0(z)} ror or
1 62uz(r’(p,z,t)+52[r-ur(r,(p,Z,t)L_162%(1’,([),2,1) i
r ¢’ 0roz r 090z

9
az{K(Z) B 20

(r (P,Zt 6u (r,(p,z,t)_
682 1+(5 0z
)]

1 6[r u (r 0,2, t 1 ou (r 0,2, t) 6uz(r,(p,z,t)ﬂ_

r 0z
K(Z)B(Z)GT(r,q),z,t)

0z
Conditions for the system of the above equations
can be written in the form:

o u(r,p,z,t) _o: 0 u(r,e,z,t) o

or or
o u(r,p,zt) _o: o u(r,¢,z,1) 0
oz oz

z=0 z=L

i(r,2m,z,t); i(r,9,2,0) =14,

10u (r 0,2, t) 10u (r’(P’Z’t)+

zi(r,O,z,t):
iu(r,p,z,0) =1,

The spatio-temporal distributions of concentra-
tions of radiation defects are determined by solving
the equations (20) and (22) with standard method of
averaging of function corrections (Pankratov, 2012;
Pankratov & Bulaeva, 2012, 2013a, 2013b; Sokolov,
1955). Previously the equations (20) and (22) were
transformed to the following form with an account of
initial distributions of the considered concentrations:

1 1

0 (r,(p,z,t) 10 {rDla (r,(p,z,z‘)}r
ot ror or

in D, oI (r,¢,z,t) L0 D, oI (r.¢,z,1) |

r- oo oN0) Oz 0z

10

; E[ r1(r,g,z,1)v, (r,(p,z,t)]—%%[[(;ﬂ,@%;)x

0
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27)
Qaf b, ; (
; 6}[ kTVSul(r 0,2, t){[](r,(p,W,t)dW}+
Qo i
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ki (r9.2,T) I (r,9,2,0) =k, (r,0,2,T)1 (r,¢,2,1)x
V(r@,z0)+ f,(r, 0,2 )3(1)

8V(r,(p,z,t) 10 {rDV aV(r,(p,z,t)}r
ot ror or
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r acp oo oz 0z
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D, T
o1 r@{r (o) —5
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8(131(1’,([),2,1)} 0 6CD1(r,(p,z,t)}+

00 oz 0z

D,, (r,9,2,T)

Vb, (r,0,2,1)x

Q0| Dys
k T\ I* —_— i8
1 (19,2, T) I (r,,2,0)+ r 61[1/ kT

L
ICD (r.o.W, t)dW}+9%{DM Vb, (r,0,2,1)x
0

kT

[, (r,(p,W,t)dW} (28)

0

0D, (r,o,z,1) 10

:——{r D, (r.¢,z,T)

o0, (r,0,2,1) s
ot ror

or
ky (r,9,2,T) V(r,(p,z,t)+li[D (r,9,2,T)x
' rooe ®

o, (r,(p,z,t)} 0 6<I>V(r,(p,z,t)}+

—| D 799T
20 by (02 T) =5

Qo D,
kVaV (r’(P’Z’T)VZ (r,(P’Z,t)+7E|:r k(DTS VSMI (ra(P:Zat)X

.L[CD (r.o.W,t)dw +9i 2V o (7,9, 2,8) %
3 roel kT

L
J.CDV(V,(p,W,t)dW}

0

Further, concentrations of radiation defects are re-
placed on the right sides of equations (27) and (28) on
their not yet known average values a,- In this situation,
equations for the first-order approximations of the re-
quired concentrations are obtained in the following form:
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ol (r,0,z,t Qo| D
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o, L—
e

{ SV (7,0,2, t)}

ﬁa[’”"’r r,0,z,t ]_& 8vq)(r,(p,z,t)_
r or r R0)
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0z
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Q0
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Integration of the left and right sides of the equa-
tions (29) and (30) on time gives a possibility to obtain
relations for the above approximation in the final form:

Qlol Dy ¢
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Average values of the first-order approximations
of concentrations of radiation defects can be deter-
mined by the relation, analogous to (20) (Pankratov,
2012; Pankratov & Bulaeva, 2012, 2013a, 2013b;
Sokolov, 1955). Substitution of the relations (31) and
(32) into relation (19) gives a possibility to obtain re-
quired average values in the following form:

(a +A)2
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_ 2
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Approximations of the second and higher orders
of concentrations of radiation defects are determined by
the standard iterative procedure of a method of averag-
ing of function corrections (Pankratov, 2012; Pankratov
& Bulaeva, 2012, 2013a, 2013b; Sokolov, 1955). With
this procedure to determine approximations of the n-th
order of concentrations of radiation defects /(r, o, z, ?),
W, ¢,z,1), D (r, ,z,t)and ® (7, ¢, z, {) one can replace
the required concentrations in the equations (31), (32)

on the following sum o, tp,,r ez f). The replace-
ment leads to the following transformation of the ap-
propriate equations:
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Integration of the left and the right sides of equa-
tions (33) and (34) gives a possibility to obtain relations
for the required concentrations in the final form:
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Average values of the second-order approxima-

’ oV,
Vy(r,0,2,1) = 10 r -IDV (r,(p,z,T)Mdr} +  tions of required approximations are obtained fol-
rorl r lowing standard relation (Pankratov, 2012; Pankratov
1 0% v, (r,(p,z,r) (35) & Bulaeva, 2012,2013a, 2013b; Sokolov, 1955), which
P IDV(r,q),z,T) x— 277 Jdt |+ ) . .
d0|1 0 ¢ is analogous to relation (21). Substitution of the rela-
; tions (35) and (36) into relation (21) gives a possibility
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Further, solutions of equations (25), i.e., compo-
nents of the displacement vector are determined. To
calculate the first-order approximations of the consid-
ered components, the required functions in the right
sides of the equations are replaced by their not yet
known average values a,. The substitution leads to the
following result:
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Integration of the left and the right sides of the
above relations on time ¢ leads to the following result:
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Approximations of the second and higher orders
of the components of the displacement vector can be
determined by the standard replacement of the required
components on the following sums o, + u(r, @, z, )
(Pankratov, 2012; Pankratov & Bulaeva, 2012, 2013a,
2013b; Sokolov, 1955). The replacement leads to the
following result:
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Integration of the left and right sides of the above
relations on time ¢ leads to the following result:
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Then concentration of radiation defects, com-

ponents of displacement vector and speed of flow of

a mixture of gases-reagents, as well as the temperature

of growth, are calculated by the second-order approx-

imation method of averaging of function corrections.

This approximation is usually satisfactory to make

qualitative analysis and to obtain some quantitative re-

sults. All of the obtained results have been checked by
comparison with the results of numerical simulations.

3. Discussion

In this section, the dynamics of mass and heat transfer
during the growth of films in reactors for epitaxy from
the gas phase were analyzed to determine conditions to
improve the properties of epitaxial layers. The main aim

o ﬁul (r,0,z,1 deSH—K(Z)B(Z

r , 0,2, ’I: d'cdS———

o 9
=3 r{r}[}[ulr (r, 0,2, r)dtdS}
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]E.TT(F,(p,Z,’E) dtdS+u,,
00

of this paper was to analyze the influence of radiation pro-
cessing of materials on the value of mismatch-induced
stress in the grown heterostructure. Figures 2 and 3 show
distributions of concentrations of vacancies in the consid-
ered heterostructure (a is the thickness of the epitaxial lay-
er after finishing of growth) and dependences of the com-
ponent of the displacement vector _ on the coordinate z.

It can be seen that the interstitial atoms which are
generated during radiation processing leave the dam-
aged region faster due to the larger value of the diffu-
sion coefficient. After that, under the influence of me-
chanical stresses in the neighborhood of the interface
between the layers of the heterostructure becomes their
compression with decreasing quantity. At the same
time, the value of mismatch-induced stress stresses de-
creases. All of the considered processes will be activat-
ed with increasing temperature of growth.
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U 05

00

Fig. 2. Normalized dependences of the component of the

displacement vector u_on the z coordinate (a is the thickness

of the epitaxial layer) for unirradiated (curve 1) and irradiated
(curve 2) epitaxial layers

4. Conclusion

In this paper, we considered the possibility of decreas-
ing mismatch-induced stress in a heterostructure by
using radiation processing during growth from the gas
phase. To decrease the considered stress, radiation pro-
cessing of the heterostructure during the growth was
introduced. The combination of the growth of the het-
erostructure and radiation processing provides the op-
portunity to remove the annealing of radiation defects
because the growth of the heterostructure from the gas

| 1
V2 02
_"/z/
00 ,
d p4 L%

Fig. 3. Normalized dependences of concentration of vacancies
on coordinate z in unstressed (curve 1) and stressed (curve 2)
irradiated epitaxial layers

phase is usually done at high temperatures. In this sit-
uation, one can obtain the acceleration of the recombi-
nation of radiation defects in the damaged region and
their diffusion from the region simultaneously during
the growth of the heterostructure. An analytical ap-
proach for analyzing mass and heat transfer was also
introduced. The approach provides the opportunity to
simultaneously take into account spatial and temporal
variations of mass transfer parameters. At the same
time, the approach allows the nonlinearity of the con-
sidered processes to be taken into account.

References

Carslaw, H.S., & Jaeger, J.C. (1964). Conduction of heat in solids. Clarendon Press.

Chakraborty, A., Xing, H., Craven, M.D., Keller, S., Mates, T., Speck, J.S., Den Baars, S.P., & Mishra, U.K. (2004). Nonpolar
a-plane p-type GaN and p-n-Junction Diodes. Journal of Applied Physics, 96(8), 4494-4499.

Fahey, P.M., Griffin, P.B., & Plummer, J.D. (1989). Point defects and dopant diffusion in silicon. Reviews of Modern Physics,

61(2), 289-388.

Gusev, V.G., & Gusev, Yu.M. (1991). Elektronika. Vysshaya Shkola [T'yces, B.I", I'yce, FO.M. (1991). Drexmponuxa. Beiciuas

Ixonal.

Korn, G., & Korn, T. (1968). Mathematical Handbook for scientists and engineers. Definitions, theorems and formulas for

reference and review (2™ ed.). McGraw-Hill.

Lachin, V.I., & Savelov, N.S. (2001). Elektronika. Feniks [Jlaunu, B.1., & Casenos, H.C. (2001). Drnexkmponuxa. denuxc).

Landau, L.D., & Lifshitz, E.M. (2001). Theory of elasticity. Volume 7 of Course of Theoretical Physics, Physmatlit.

Li, Y., Antonuk, L.E., El-Mohri, Y., Zhao, Q., Du, H., Sawant, A., & Wang, Y. (2006). Effects of x-ray irradiation on polycrys-
talline silicon, thin-film transistors. Journal of Applied Physics, 99(6), 064501.

Lundin, V.V., Sakharov, A.V., Zavarin, E.E., Sinitsin, M.A., Nikolaev, A.E., Mikhailovsky, G.A., Brunkov, P.N., Gon-
charov, V.V, Ber, B.Ya., Kazantsev, D.Yu., & Tsatsul’nikov, A.F. (2009). Effect of carrier gas and doping profile on the
surface morphology of MOVPE grown heavily doped GaN:Mg layers. Semiconductors, 43(7), 963-967.

Mitsuhara, M., Ogasawara, M., & Sugiura, H. (1998). Beryllium doping of InP during metalorganic molecular beam epitaxy
using bismethylcyclopentadienyl-beryllium. Journal of Crystal Growth, 183(1), 38-42.

Pankratov, E.L. (2012). Decreasing of depth of p-n-junction in a semiconductor heterostructure by serial radiation processing
and microwave annealing. Journal of Computational and Theoretical Nanoscience, 9(1), 41-49.

Pankratov, E.L., & Bulaeva, E.A. (2012). Decreasing of quantity of radiation defects in an implanted-junction rectifiers by
using overlayers. International Journal of Micro-Nano Scale Transport, 3(3-4), 119-130.

Computer Methods in Materials Science

120

2021, vol. 21, no. 2



On the prognosis of the growth of a heterostructure from a gas phase to analyze the possibility...

Pankratov, E.L., & Bulaeva, E.A. (2013a). Application of native inhomogeneities to increase compactness of vertical field-ef-
fect transistors. Journal of Computational and Theoretical Nanoscience, 10(4), 888—893.

Pankratov, E.L., & Bulaeva, E.A. (2013b). Doping of materials during manufacture p-n-junctions and bipolar transistors. An-
alytical approaches to model technological approaches and ways of optimization of distributions of dopants. Reviews in
Theoretical Science, 1(1), 58-82.

Sokolov, Yu.D. (1955). About the definition of dynamic forces in the mine lifting. Applied Mechanics, 1(1), 23-35.

Sorokin, L.M., Veselov, N.V., Shcheglov, M.P., Kalmykov, A.E., Sitnikova, A.A., Feoktistov, N.A., Osipov, A.V., & Kukush-
kin, S.A. (2008). Electron-microscopic investigation of a SiC/Si(111) structure obtained by solid phase epitaxy. Technical
Physics Letters, 34(11), 992-994. https://doi.org/10.1134/S1063785008110278.

Stepanenko, I.P. (1980). Osnovy mikroelektroniki. Sovetskoye Radio [Crenanenko, WL.I1. (1980). Ocrogwt mukposnekmporuxu.
Coserckoe Paauo].

Talalaev, R.A., Yakovleva, E.V., Karpova, S.Yu., & Makarov, Yu.N. (2001). On low temperature kinetic effects in metal-organic
vapor phase epitaxy of III-V compounds. Journal of Crystal Growth, 230(1-2), 232-238.

Vinetskiy, V.L., & Kholodar’, G.A. (1979). Radiatsionnaya fizika poluprovodnikov. Naukova Dumka [Bunenxwii, B.JI.,
& Xonomaps, I'A. (1979). Paouayuonnaa ¢usuxa nonynposoonuxos. Haykosa Jlymxal.

Vorob’ev, A.A., Korabl’ev, V.V., & Karpov, S.Yu. (2003). The use of magnesium to dope gallium nitride obtained by molecu-
lar-beam epitaxy from activated nitrogen. Semiconductors, 37(7), 838—842. https://doi.org/10.1134/1.1592861.

Zhang, Y.W., & Bower, A.F. (1999). Numerical simulation of island formation in a coherent strained epitaxial thin film system.
Journal of the Mechanics and Physics of Solids, 47(11), 2273-2297.






