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. Under consideration and analyze them. The spatio-
1 Introduction temporal distribution of the concentration of radiation
defects is determined by solving the following system of
Wide use of heterostructures for the manufacturing of  equations [6-10]
devices of solid-state elec-tronics leads to the need to
improve their properties. The presence of mechanical
stresses in heterostructures can lead to the formation of
misfit dislocations. To de-crease the magnitude of
mechanical stresses, the selection of heterostructure m
materials is carried out with as little mismatch of the lattice
constants [1-3]. Another way to reduce the magnitude of
mismatch-induced stresses is the use of buffer layers
between the main layers of the heterostructure with
intermediate lattice constant values [4,5].

In the framework of this paper, a two-layer heterostructure
consisting of a sub-strate and an epitaxial layer is
considered. The impurity is implanted into this hetero- D
structure as shown in Fig. 1. The purpose of this paper is to
analyze the mutual ef-fect of radiation damage to a D.
heterostructure during ion doping, substrate temperature ’
during doping and mismatch-induced stresses. !

2 Method of Solution p IL_/4 T 1 T 3L:/4| 3

S (x.p.2)

To solve our aim, we determine the spatio-temporal L ) )
distributions of radiation defects in the heterostructure Fig. 1: The two-layer structure under consideration.
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¢ 210y HLE o (g2 T) 0y, 1)Ky (3,2 T)

<1 (x,y,z,t)V(x,y, z,t)+Qa|:D'S Veu (X, y, z,t)LjZI (x, y,W,t)dw:|+
0

oxX| kT

+Q%[E_‘|f V. (% y,z,t)LgI(x, y,W,t)dW} (1)

oV (x, y,z,t)= o
ot o X

+§[D\, (x,Y, z,T)&V (2 Y, Z’t)}—k\,v(x, Y,2,T)V3(x,y,z,t)—K,, (X, y,2,T) x
z z ’ '

x1(x,y,z,t)V(x,y, z,t)+Qai[E‘_’lf Vo (% y,z,t)LjZV (x,y,W,1) dW}+
X 0

0 | Dy Ly
Qa—y[ o Vet (x,y, z,t)gv (x, y,W,t)dW}

With boundary and initial conditions

a1(xy.21) =0, 21 (x,y,2,t) _o 2V xy.zt)

O X 20 X ‘X:LX o oy o =

A1(x,y,2,1) o, 21(x,y,2,t) :0,§I(x,y,z,t)| 0
5 y y=Ly oz ‘z:O oz =L,

ov(xy,zt) _ 0. 2V (xy,zt) _0.9V %y, Z,1)| o, ?
é’ X ‘x:O é’ X |x:LX é’ y y=0

oV (X, y,z,t) —0 oV (X, y,z,t)| -0 oV (X’ y’Z’t)| =0, Kxyz0)=
ay y-L, oz |z=0 Iz |z=|_Z

=fi (x,y,2), V (x,y,2,0)=fv (X,y,2).
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Here the following notations are introduced: Q is the
atomic weight of the impurity; the symbol denotes a surface
gradient; V (x,y,z,t) is the space-time distribution of the
concentration of radiation vacancies; V * is the equilibrium
distribution of vacancies; | (xy,zt) is the space-time
distribution of the concentration of interstitial atoms; I* is
the equilibrium distribution of interstitial atoms;

Lfl (x,y,2,t)d z and LfV (x,y,z,t)d z

are the surface concentration of points at the interface
between the layers (in this case it was assumed that the axis
Oz is perpendicular to the interface between the layers of
the heterostructure); u (X,y,z,t) is the chemical potential due

o®,(x,y,z,t)

to the presence of mechanical stresses; Di(x,y,z,T),
Dv(x,y,z,T), Dis(x,y,2,T), Dvs(X,y,z, T) are the coefficients of
the volume and surface diffusion of interstitial atoms and
vacancies; the terms V2(x,y,z,t) and 12(x,y,z,t) correspond to
the formation of divacancies and analogous complexes of
interstitial atoms (see, for example, [10] and the
corresponding references in this paper); kiv(x,y,z,T),
kii(x,y,z,T) and kyv(x,y,z,T) are the parameters of
recombination of point defects and generation of their
simplest complexes, respectively, k is the Boltzmann
constant; T (x,y,z,t) is the temperature.

Spatio-temporal distributions of the concentrations of
divacancies @y (xy,z,t) and analogous complexes of
interstitial atoms @& (x,y,z,t) are determined using the
following system of equations [9, 10]

ot

D,, T
5x[ (xyz ) OX

oz

+%{D®. (x,y,2T) 2 2e LY. Z’t)}Qa—[D

o, (x,y.2, t)} < [D (x .27 2D y,z,t)}+
y

oy

kdjl'_s v.u(xy,z, t)jCD (X, y,W, t)dw}

V.u(x,y, z,t)T(I), (x, y,W,t)dW}+ K, (X, y,2,T)1?(x,y,z,t)+

+k, (%, v, 2,T)(x,y,2,1) 3)

Qa[%s
oy| kT
oD, (%, y,2,t) _
ot OX OX

oz

o D
|:
6y

kT

Dy S

D
+i[D(D (x,y, Z,T)Of?cpV (x.y. Z’t)}+Qi[
Y oz OX

{D (x,y,2,T) 2Py v(xy,2, t)} 5y[D (x.y.2 T)aqnv(x, y,z,t)}+

oy

Dy S

T v u(x,y, z,t)Lj'ZCDV (x, y,W,t)dW} +

Vou(x,y, z,t)LjZd)v (x, y,W,t)dWi|+ k,, (X, y,2,T)V?(X,y,z,t)+
0

+k, (X, ¥,2,TIV(x,y,2,1)

with boundary and initial conditions

5CD.(X,y,z,t)| _0, 2P, (xy,21) _o oD, (x,y,2,t) _o
O X o O X L, B oy y—o B

é’CD.(X,y,Z,t)| _0 2D, (xy,2,1) 0 o, (x,y,2,) 0
0’7 y y=Ly az 7z=0 ﬂ z z=L,
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oD, (x,y,2,t) _, 2Py (x,y,2,1) _0. 2%y (x,y,2,t) _o0. ®
é) X x=0 é’ X |x:LX é? y y=0
2D, (x,y,7,t) _0 2P (x, y,z,t) _0 29, (%, y,z,t)| 0.
é) y ‘y:Ly a z ‘z:O é) z z=L,

Here Dai(Xy,zT), Dav(xy,zT), Dais (xy,zT) and Where E(z) is the Young modulus, oy is the stress tensor;
Davs(x,y,z,T) are the coefficients of volumetric and 1( du. 4u. ) . . )
surficial diffusions of complexes of radiation defects; — Uj; :—(—'+—’J is the deformation tensor; ui,
ki(x,y,z,T) and kv(x,y,z,T) are the parameters of decay of 2\ 0x; 00X

complexes of radiation defects. _ uj are the components ux(x,y,z,t), Uy(x,y,z,t) and uy(x.y,z,t) of
Chemical potential z4 in Eqg.(1) could be determine by the the displacement vector U(X, y,z,t); X, % are the

following relation [7]
coordinate x, y, z. The Eqg. (3) could be transform to the
H :E(Z)QO'ij [Uij(X,y,Z,t)"‘Uji(X,y,Z,t)]/z, (5) f0||owing form

Yy, Z’t):{aui(x, y.2t), ou,(x.y, z,t)Hl[aui(x, y.zt), ou,(x.y, z,t)}_

OX. O X; 2 O X; O X;

J

o (2)5, [ou,(xy,2,1) QL
~aoy e T 2020 g [k @G (02T 8 | S EG)

where o is Poisson coefficient; & = (as-ae)/aeL is the

otu(x,y,zt) oo (xy,zt) 00,xY.2t) oo (xV,zt
mismatch parameter; as, ag are lattice distances of the p(z) X(aﬁy ): GXX(a J )+ y(ﬁ / )+ UXZ(ay )
X y Z

substrate and the epitaxial layer; K is the modulus of
uniform compression; £ is the coefficient of thermal

expansion; T, is the equilibrium temperature, which (Z\azuy(x,y,z,t) aoyx(x,y,z,t) 00W(X,y,z,t) 60W(X,y,z,t)
= + +
coincide (for our case) with room temperature. Components P ot? 0X ay 01

of displacement vector could be obtained by solution of the

followi tions [6
ollowing equations [° Sotulxvzt) do(xvzt) 90, Y.2t) do.(xv.2t)

where o _ E(z) au,(x, y,z,t)+6uj(x, y,z,t)_iauk(x, Yy, z,t) LK (2)5, x
T 2hvo@)]| ox dx, 3 ax, ’

< auk (g’ Y, Z’t) —ﬂ(z) K (z)[T (x, Y, z,t)—TIr ] o (2) is the density of materials of heterostructure, & Is
Xy

the Kronecker symbol. With account the relation for o last system of equation could be written as

p@Z b p )y (o) B T2t ) EO

ot? 6[1+0c(z)] dx? 3+ o (2)]
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azuy(x,y,Z,t)+ E(z) [52%()(,y,Zat)+52UZ(X,y,Z,t)}+[K(Z)+ [1E(Z) }

OXoy 21+ (2)] oy’ 0z° +0o(2)]
5 azuza(z((,ay;z,t)_ K (z)ﬂ(z)aT (xa ))(/ z,t)
o%u,(x,y,z,1) E(z %u,(x,y,z,t) d%u (x,y,z, X, Y, 2,
P(2) atzy :2[1+(0')(Z)]|: axz +° a(xayy t)}_aT(a;/ U
5 8| E@) [ouxy.zt) au(xy,zt) 6 u,(xy,z, t)
K@)p2)+ {2[1+ ()]{ oz oy oy

X{L&)+K(Z)}+{K(Z)_ £ }aZuy<x,y,z,t>+K(Z)aZuxx,y,z,t)

12[1+ o (z)] 6[1+c(2)] 0yoz OXOy

o*u,(x,y,z,t)  E(z) |&%u,(x ,zt) o%u,(x, ,zt) o%u, (X, zt)
p(2) 8ty 2[1+0'(Z)]|: 6xy ayy axayz

0yoz 0z 0X oy 0z

2Uy(X,y,Z,t)}ri{K(z){@ux(x, y.2.1) 04, (x.y.21) au,(x y,z,t)}}+

1 a{ E(2) [Gauz(x,y,z,t)_aux(x,y,z,t)_é’uy(x,y,Z,t)_auz(X,y,Z,t)}_

+
60z |1+0o(z2) 0z o X oy 0z

_ K(Z)ﬁ(z)w

Conditions for the system of Eq. (6) could be written in the form

aU(O,y,z,t):O ou(L,, yz,t)_o_aU(x,O,z,t)_O_a a(x L zt)

1 yl

OX ox a9y oy

o a(x, y,O,t):O. oa(xy,L,,t)
0z ’ 0z

=0;4(x,y,2,0)=0,; G(x,y,z,0)=0,.

function corrections [11]. Previously we transform the
Egs.(1) and (3) to the following form with account initial
distributions of the considered concentrations

We  determine  spatio-temporal  distributions  of
concentrations of radiation defects by solving the Eqgs.(1)
and (3) framework standard method of averaging of

ol ();i/,z,t): O»i([D' (x, y,z,T)aI (xé))}(/zt)}+ Ofy[D' (x, y,z,T)aI ();;/Zt)}L
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+%[D. (x,y.2.T)2 ();Z’Z’t)}+9 ° [D

o 'SVS,u(xyzt)jl(x y,W, t)dw}

kT

Qaay[l?_'lf Vou(x,y,z t)jl (x,y,W, t)dW} K, (%,y,2,T)I°(x,y,2,t)—
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[D\, (xy,2T) 2V (%Y. z,t)}+ jy{Dv (x,y.2.7) Y (%Y, z,t):|+

oX oy
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oy| kT
kv (X, y,2,T)I(X Y, 2,t)V (X, y,2,t)+ f, (x,y,2)5(t)

od,(xy,zt)_ 2 {le (x y’Z’T)acp,(x, y,z,t)}ri{% (x y,z,T)acD'(X’ y,z,t)}r

ot X OX EN EN

Q- 0 {D'S V. u(x,y,z t)jl (x, y,W, t)dW} K, (X, y,2,T)I?(x,y,2,t)-

2 oD, (x,Y,12,t) 0 | Dy,s -
—I D Y, Z, T ! Q—|—2V Y, Z2,0) [ D (X, y,W,t)dW
210, Gy P20 L Doy, v aw

D H
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ot ox| HrT X ﬁy oy
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D 4
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+kyy (% Y, 2, TIVA(X, Y, 2,t)+ fo (x,y,2)5(t).

© 2019 NSP
Natural Sciences Publishing Cor.



Int. J. Thin. Fil. Sci. Tec. 8, No. 1, 9-29 (2019) / http://www.naturalspublishing.com/Journals.asp NS ey 15

Farther we replace concentrations of radiation defects in  for the first-order approximations of the required
right sides of Egs. (1a) and (3a) on their not yet known concentrations in the following form
average values aa,. In this situation we obtain equations

l Il(x, y,z,t) 1,ZQ o [D.s Veu (XY, 2, t)}LalIQi[z kDT su (X y,2, t)}

ot kT oy
+ f, (X, y,Z)é‘(t)—alzl kI,I(X! yiz'T)_allalvkl,V (X’ Y, Z'T) (1b)
o”V(x,y,z,t) o | D o|_D
1 zQ— | 2BV X,Vy,z,t)|+ (@] Y% X,¥,z,t)|+
. 2 Beveutny | raol ] s vouty2y)]

+ f, (X’ Y, 2)5(t)_ al%/ Ky v (X! Y, Z’T)_allalvkl,v (X’ Y, Z’T)

D D
oD, (;(,ty,z,t):am zQ— 2 [ qull's Vou(x,y,z t)}+amleay[ kqill's Vo u(x, y,z,t)}+

s (x,y,2)8()+k (X, y, 2 T)1(x, y,2,t)+Kk, , (X, y, 2, T)1*(x, y, 2,1) (3b)

oD, (X, Y,z,t 0 | Dg, o [D.,
1v(é’ty ):alq) ZQ@ |: kTS S/J(x, y,Z,t)}+aszQa_y{ kTs VS/J(X, y,Z,t)j|+

+ fo, (%, Y,2)8()+ K, (X, ¥, 2TV (X, y,2,)+ K, (X, ¥, T VA (X, y,2,1).

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

o D, o D,
1, (x, y,z,t)=a1,z§25£ k'F Vu(x,y,z,7)d T+a“ZQ6_y£ k_lf Vu(xy,z,r)dz+
+ fl (X1 y1z)_a12|j.k|,| (X’ y’Z!T)d T_allalvj-kl,v (X1 y7Z’T) dz (1c)
0 0
V,(x,y,2,t)= aleQ I Svou(xy,z r)dr+aleQ I Sveu(xy,z,7)dz+

t t
+f, (xy, Z)_alzvgkv,v (x,y,2,T)d T_allalv.([kl,v (x,y,2,T)dz

<D|S

@, (0,20 =00, 20 2 [P0V (v, 2,0 d 0L [P0V (i, y,2,0)dex

xa, 2+ f, (X, y,z)+jk,(x, y,z,T)I (x,y,z,r)dr+jk|’,(x, y,2,T)1%(x,y,z,7)d ¢ (50)
0

0

t

0
(0 1 Yo lt = Q_
1v(XyZ ) Ay, L axj

0

D«pv s

KT SVSy(X,y,Z,T)de

Vsu(xy.2,7)
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<a, 2+ T, (XY, z)+jk (x,¥,Z,TIV(X,y,2z r)dr+jkvv(x y,2,TV?(x,y,z,7)d .

We determine average values of the first-order approximations of concentrations of dopant and radiation defects by
the following standard relation [11]

Ly yL,

1 ?Ijjpl(x,y,z,t)d zd yd xdt- M

T OLLL

x —y =z

(24)

Substitution of the relations (1c¢) and (3c) into relation (7) gives us possibility to obtain required average values in
the following form

B ®aB+®°L L. L
o — (a, + A) —4[B+ 5 (L, Zalj_a3+A,

4a; a, 4a,

-

1 @ xLyLz
oy, = — [ [f (x,y,Z)dZd ydx_ausuoo_@LxLyLz ’
S|voo &y 000

-

o—,"

y

Where S j')(@) t) J'

o—

K, (X, v,z T)L(x vy, z,t)V)(x,y,z,t)d zd yd xd t, 8 =S X

2 2 LxLVLz
X (SIVOO _Suoosvvoo)' 83 =Sy 0Sii00 + Siveo ~ SooSwao- a,=|[[f (xy,z2)dzdydx x
000

xLy Lz

><S|vooS|2;/oo +S|voo®|—i|—§/|—§ +28vvoo 1100 g £ g fl (X Y, Z)d zdydx-— @ LIL2LES

x —y =z9vwvoo T

-

Lx Ly

_Sﬁ/oojj
00

LyL,

5

N

fl (X1 y,z)d zd yd X, & :SIVOO

o—I"
o—
O —

f,(x,y,2)d zd yd x, 8 = Syye0 X

Ly, 2 ®a
X[IHf. (x,y,2)d zd de} : \/8y+®2a 402, B=""2+3Jq’+p°—q-
000 aZ a4 6a,

2
—qu +p°+q, q= (Daz@m0—®deLfy%j—®2;%[4®af—®2?]—
4

j a4 4
_®3a§ _ LZ L2 L2 @4312 , p:®2 4a0a4 _®LXL LZa1a3 G)a
54a: V7’ 8a? 12a;  18a,
Rll S||20 LXLyLz
o f, (X,y,z)dzd ydx
L ®LL L, OL.L,L, LXLyLZ Hg 0, (6 ¥:2) Y

-
-

R SW 20 xyL,
V1 4

f
o T OL,L,L, ®LJWLZ denggngo“%z)dZdydx
Where R ._j(® t)j”k (X, y,z,T)l}(x,y,z,t)dzd yd xd t-
000

© 2019 NSP
Natural Sciences Publishing Cor.



Int. J. Thin. Fil. Sci. Tec. 8, No. 1, 9-29 (2019) / http://www.naturalspublishing.com/Journals.asp NS ey 17

We determine approximations of the second and higher  Concentrations of radiation defects we replace the required
orders of concentrations of radiation defects framework concentrations in the Egs. (1c) and (3c) on the following
standard iterative procedure of method of averaging of sum anptp n1 (XY.Zt). The replacement leads to the
function corrections [11]. Framework this procedure to  following transformation of the appropriate equations.
determine approximations of the n-th order of

I1,(xy,2t) _ 2 D,(x,y,z,T)all(X’y’Z’t) L2 D,(x,y,z,T)ﬁll(X’y’Z’t) N
ot O X OX oy oy

+%{D, (x, y,z,T)5 Il();; Z’Z’t)}_k,',(x, v, 2,T)[e, + (%, y, 2, =k, (X, y,2,T) x

ety + 1,003,200, Vv, 20102Vt (xy, 20l + 1,00y )]

ka%f}+Qaay{kD1'f V. (X, z,t)zz[az, +1,(x,y,W,1)] dW} (3d)

oV,(xy,2,t) _ & D, (x, y,z,T)aVl(X’y’Z’t) L9 D, (% y’21_|_)0”V1(x, y,Z,t) N
ot O X OX oy oy

oV, (x,y,2,t)
oz

Y :|_ kv,v (X’ Y, Z’T)[alv +V1(X’ Y, Z’t)]z - k|,v (X’ Y, Z'T) x

+£[D\, (x,y,2,T)

Lo+ 1,0,z 0l #4021 @2V (v, 2,0 e, + V40, v, 0)] AW

D, o | D, Lz
> k'If }+Qay{k'lf v (X, y,z,t)g[az\, +V,(x, y,W,1)] dW}
é’CDZI(X, y,Z,t):é7|:D® (X, y’Z’T)é’q)ll (X' y,Z,t):|+é’|:D® (X, y’Z’T)ﬁq)ll (X, y,Z,t):|+
ot oX ! OX oy ! oy

D L,
Qaax{ qul'-s Vsu (X, y'Z’t).[[azqyl + Dy, (X, y,W,t)] dW}+k,’|(x, y,z,T)I1%(x,y,z,t)+
0

D L
Qa_ay{ kqjll-s VS/’l (X’ y1 Zst)f[a2®| +®l| (X’ y1W1t)] dW}+ k| (X! y’ Z’T)I (X’ y’ Z’t)+
0

+ %{D(DI (x,y, z,T)Of)CD1I (;’(zy Z't)} + f, (x,y,2)5(t) (3d)
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Dy, (%, y,2,t) _ D, (x,y. 2 _I_)é@l\,(x Y, Z, t) D, (x,y.2 T)0”<D1V(x, Y, z,t) N
ot ax OX éy oy

D Z
+Q%{ kqilv-s Vs (%, y,z,t)Lj[azq)V + @, (X, y,W,t)] dW}+kV'V(x, y,Z, TIV3(X,y,z,t)+
0

D L
Qaﬁ{ k(D'I\:S Vsu (X, Y, Z,t)f[azcb\, + Dy (X, y,W,t)] dW}"' ky (X’ Y, Z’T)V (X’ Ys Z’t)+
y 0

V7 odb,,(XY,zt
+Z{D®V(X’V’Z’T) N(o”zy )}+fgpv (x,y,2)05(t).

Integration of the left and the right sides of Eqgs. (1d) and (3d) gives us possibility to obtain relations for the required
concentrations in the final form.

a t
1, (x, y,z,t)zﬁgD, (x,y,2,T)

o1,(x, y,z,r)d +£}D,(x, y,z,T)aIl(X’ y,z,r)d
OX Yo oy

2 A1,(x,y,2,7)
- D ) y 1T 1
+az£ (% y,2,T) o1

d r—}k,’, (X, ¥,2,T) [ay, + 1,(x,y,2,7)fd z —
(0]
t a t
_gkl,v (X! Y, Z’T) [a2l + |1(X1 Y, Z’T)][azv +V1(Xf Y, Z’T)] d T"'"agvs:u (X! Y, Z’T)X

D_T ety + 1,(x, y,W,7)] dW d 1+%jvslu (x,y, z,r)Lf[az, +1,(x, y,W, )] x
0 0 0

XQD'Sdez’ (1e)
kT
ot oV, (X, V,1z, ot oV, (X, V,1z,
VZ(X,y,z,t)zﬂgD\,(x,y,z,T) 1(0,,)}(/ T)d +§—y£D\,(X,y,z,T) 1(63}; z-)dr+

AV, (x,y,
oz

v 20,0y, 2SI B G iy T [ V(2o -
0 0

t ot
_gkl,v (X! Y, Z,T) [aZI + |1(X, Y, Z1"')][052v —|—V1(X, Yy, Z’T)] d T"'"&gvsﬂ (X7 Y, Z, 2') x

L, L,
x E\-/I-S .[[azv —|—V1(X, y’\N!T)] dwd 7+%}Vsﬂ (X7 Y, Z, Z')J.[Olzv +V1(X! y,W,Z')] x
0 0 0

xQ%deT
kT

o”d)l,(x,y,z,r)dr+ o to”CI)l,(x,y,z,r)><

o X o”yc{ oy

Ot
cI)2| (X’ Y, Z’t): E.([ Dcpl (X, Y, Z’T)
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od,, (x,y, z,z-)d i
oz

=D, (X,y,2,T)d r+£}D® (x,y,2,T) +Qi}VS,u (X,y,2,7) x
1 520 ! aXO

D L o0 tDg
D3 -g[am. +CDl,(X y,W, T)]deT—FQayg D3 g[ 20, +CI>1,(X, y,W,’Z')]dW x

x
kT
x V. (x,y,z,r)dr+ik,',(x,y,z,T)I 2(x,y,2,7)d 7+ [k, (X, Y, 2, T)I(X,y,z,7)d z (5€)
0 0

5®1V(X’y'z’r)dr+ o t0”(1)1\,(x,y,z,z-)><

O X é’yg oy

Ot
o (x,y.2,8) =2 Dy, (x,y,2.T)

oDy (%,Y,2,7)
é’z

xD,, (x,y,2,T)d r+£} D,, (X, y,2,T) d r+Q%}VS,u (X,y,2,7) x
0

Dy, ,
j[achv +d,, (X, y,W, z-)]dez-+ Lj[azq,v + D, (X, y,W,z-)]dW <
(0]

kT o yo

x V1t (X, y,z,r)dr+jkvyv(x,y,z,T)V2(x, y,z,r)dr+jkv(x, v,2,TIV(x,y,z,7)d 7+
0 0

+ £, (X, y,2).

Average values of the second-order approximations of required approximations by using the following standard
relation [1]

Ly L)’ L,

Xzp = ®|_ L gg{)g[pz(x,yiz,t)—pl(x,y,z,t)] dzdydxdt: 8)

X'~y —z

Substitution of the relations (1e) and (3e) into relation (8) gives us possibility to obtain relations for required average
values a2

2
2a=0, =0, o, = M_4 F 4+ ®aF +O°LL,Lb _b+E
4b; b, 4b,

Cv —0(22\,8\,\,00 —Uyy (2 SW01+SIV1O +0OL,L L )_vaoz _S|v11

X —y =z

ay =
SIVOl*_QZVSIVOO
WherEb =#SZ S _;SZ S ,b3: M(ZSVV01+SIV10+
‘T eLLL, VOTYW® e L L, WeTe OL.L,L,

SyaS K
+®LxLyLz) W(SIVM_FZSIHO+SIV01+®LxLyLz) ﬁ(zswm"'slvm"'

S2 .S S. s
+@)LXLVLZ) @I:E%L%Vi% ! bz ﬁ( vwoz t SIV11+CV)_(SIV1O _ZSVV01+®LxLyX
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><L)2

M(@L L,L, +2S,, + Slv01)+

S bove
¢(S|v01 + 28||1o + 28|v01 + ®LxLy x

OL,L, L, OL,L L,
SZ C,S? 2S
= Lz)(zsvvm +®LxLyLz + SIVlO) @LI\I/_OOL ( v woz _SIV11) G)zl—i;\—/zjcl)—i - G)Lxlli/yli)_z
Sy +Swe + S
X SlVOOSlVOl’ b, =S50 IVﬂ@LX\I/_VyOIZ_Z S (stvm +Syy10 + 6L, Ly Lz) ('DLXIVLO:LZ(®LX Ly x
Sw1S2 S
x LZ + 28II10 + SIVOl)(ZSWOl + SIV1O +®LL Lz) YAO—IVOL o0 (3SIV01 + 28IIlO +
Y OL LyL G)L)(LyLZ
Sio S
+®LxLyLz )(Cv _vaoz _SIV11)+2CISIVOOSIV01’ bo = oL L L (Swoo "‘vaoz)z‘ L, Ililoll_ X
Xy yz
1 ( C, —Syyer — S
x —(OL,L,L, +2S,,,+Syo )J(C, =S )+2C,S2,, —S oz T Ot
Xy —z 1110 1V 01 vwo2 IV11 1V 01 1V 01
@ eL,L,L,
2
< (®LxLyLz _|_25”10 +SIV01)’ CI — & Oy 0o alISIIOO _ SIIZOSIIZO _ S|v11
eL,L,L, eLLLl, oeLLlL, 6LLL,
2 2
Gy = a0, Sy + %y S —Swoz — Swirs E = \/8y+®2 %_4®§, F = 08,
a, a, 6a,
33 2
+\/\/r +s° —r—\/\/r +s®+r.r= ©’ b2 4b, -OL,L,L, bb, | © bé —b, ®2 x
24 b, ) 54b7 °8b;
« (400, —0? % b2 NEEIE o'’ o Mob, —©LLLbb _eb,.
b, Y 8b? 12b? 18b,
Bl2) o ¢
Farther we determine solutions of Egs.(6), i.e. components Uy, (X, Y, 2,t) = U, +K (Z)—)a—ﬂ T(xy,z,7)drd -
of displacement vector. To determine the first-order ( ) p\Z)oXoo
approximations of the considered components framework £(z) 0 <2
method of averaging of function corrections we replace the —-K ( )p(Z) OX o ” T (X’ % T) dzdd
required functions in the right sides of the equations by ( ) ERY.
their not yet known average values ci. The substitution y, (x,y,z,t)=u, +K(z)'8727”T(x, y,z,7)dzd 9-
leads to the following result y ’ p(z)ayoo
p(z) & =2
0% Uy, (X, y, 2t oT (x.y.zt) —K() [IT(xy.z,z)dzd 8
p@) LS LY ¢ () () LUV 2Y ZODNL
t oX
ﬂ(Z) o e
u,(x,y,z,t)=uy, + K(z2)—=—[]T(x,y,z,7)d7d -
p(z)azuly(x, y,Z,t): (Y, 2,8) = Uy ()p(z)az({g (xy,2,7)
ot?
oT (x,y,2,t) p(z) o
- K(z)p(z)— 2L —K(z T(X,Y,z2,r)dzd 9
(05 0 (a7 1Ty, 2.9)
Approximations of the second and higher orders of
o%u. (x,y,z,t oT (x,y,z,t components of displacement vector could be determined by
p(2) lZ(atzy )= -K (z)ﬁ(z)(ay) using standard replacement of the required components on
z .
the following sums ai+ui(x,y,z,t) [11]. The replacement
leads to the following result:
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p(z)azuzx(x,y,z,t):{K(z)+ 5E (2) }azulx(x,y,z,t)+{K(z) E(Z)}

ot? 6[1+o(2)] o x? 3[1+ o (2)]
e
(Z)azuzy(x,y,z,t)_ E(z) azuly(x,y,z,t)+azulx(x,y,z,t) _c’BT(x,y,z,t)><
P ot? - 2+0(z)] o x> OXdy oy
E(z) [ouy,(xy.zt) ou,(xy,zt) 2uy, (%, Y, 2, t)
*K@)pR)+ {2[1+0'(Z)]{ oz | oy } ay
SE (Z) . (Z) azuly(X’ Y Z,t) u, (X’ Y, th)
{12[1+ (z)]+K(Z)} { 2) 6[l+c (z)]} oyoz +K(Z) OX0y
p(z)a Uy, (x,y,2,t) . E(2) [6 u,(x,y,z, t) o%u,(x,y,z, t) o%u,, (X, Y, z, t)
ot? 2 [1+o-(2)] O X2 oy? Oxoz
o%uy, (X, y,z,t) K (2) ou, (x,y,z, t) ou,, (x,y,2,t) aulx(x Y, z,t)
oyoz az O0X oy 0z
B o[ oubyat) ouyzt) du,y.0) ou,ky2t)]
6[1+o(z)]oz 01 ox oy 01
_ouy(x, y,z,t)_ﬁuly(X, y,Z,t)_c?ulz(x, v,z,t) || E(2) T (x,y,2,1)
o X oy oz } 1+0(Z)—K(z)ﬂ(z) oz

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

u, \X z Ii Z)+ SE(Z) u.\x,v,z,7 T + 1 Z)—
Ay 2=t @ 2RO L ey ) ded stk

- EO L2 yzn)dra s B
3[1+a(z)]}axay££ y(xyzr)ded (z)[

t9
2l 1y(X, y,z,7)dzd 9+
00

1 1
+a(z) p(z)ﬁxaz

2
+F}fu12(x, y,z,7)dzd 3} j]?ulz(x, y,z,7)d zd @ {K (z)+
00 00

LZ) Zﬂ(z)at X,¥,z,7)dr —;wgu X, ¥,z,t)d 7 x
3[1+a(z)]} K@) D axi Ty z0)drd 9225 [fu(xy.2,7)dzd 9

1 %@ﬁ%}_{mz)_sf(z) } O fu, v,z e)ard s

><,o(z) o(z +o(z2)]] oxoy

2 5 2 5
L E(2) [:2jfuly(x,y,z,r)drd9+%jfun(x,y,z,r)drd19}—
00

p(2) 2p(@)+o(2)]

_ 1 z)+ E(2) S X,¥,z,7)d ¢ + Uy, + Z'B()
S KO 3 ) aeaz ooy Ddrd a2
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xinT (x,y,z,7)dzd 9

Xoo0

o> e 0% ¢
u,(x,y,z,7)dzd 9+ u,(x,y,z,7)dzd 9
oz nrase 2ty ases)

X
N
~|— I

1+Kz)ﬁzwux211 2 5E(Z)+z><
)oxayif e er)iTed ,,(z){ o)

12[1+o(z

Tug ( )dzd g 9 fu, ( )dzd g
giulx X,y,2,7)dt + 1+0' EMU X,¥,z,7)dzd 9+
)

iUy z.r)d rd ,9}} K (2 )L)

ay

O —y —~

IT (x,y,z,7)drd 9— {i—

[1+ O'(Z)]

1
K(z) —pz

2 o0
u,(xy,z,r)drd 9- E(2) [ 0 jfulx(x,y,z,r)d rd 9+
00

O —
oO—

2
Iz'ulx(x y,z,7)drd S}ﬁ(z) K (z )&IET (x, y,Z,r)drd&—%x
5E(z) .
12[1+ o (2)]

8x8y
2

ax I-([uly(xyzz—)dfd‘g ()azzﬂulx(xer)drdS{

+K(z)} az{ E(ZZ){azggu (x,y,z,r)drd9+%ziulz(X,y,z,r)drdg}}x

1+o(

1 1 E(z) =9
X - Z){K(Z)_(S[l—i-a( )]}ayaz Huly(x, y,z,7)drd 3+uy,

E(z 0% %9 0% =9
uz(x,y,z,t):2[1+(6)(Z)]{6X2g(j)ulz(x,y,z,r)drd19+ 2Mulz(x,y,z,r)drd8+

2

+
0X0zZ

od 1 1
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© 3
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o 2 1 o | E(z2)
azii““(x’y’z’r)dfd‘g}} 6p(2) 02 1+0'(Z)[
a © 3

“axi

003
[fu,(x,y,z,7)dzd $—
00

u,(x,y,z,7)dzd Q—ETfuly(x, y,z,7)dzd S—QTfuh(x, y,z,z)dzd 3|} —
OY oo 0Zbo

— K(z)ﬁ(z)iﬁT (x,y,z,7)dzd @ +u,,-

p(z)oz00

We describe the temperature field by solution of the second Fourier law [12]

(_I_)&T(x y,z,t) _

{ﬁ(x .2 m) 2T y,z,t)}ea@y{i(x’ y,Z,T)M}

O X 0 X oy
0 oT(x,y,2,t)
. g ) AR AR AP ) 9)
+az[/1(x,y,z, ) P }+ p(x,y,z,t)
with boundary and initial conditions
aT(xy.2t) _,, aT (x,y,2,1)| o, oT (x,y,2,1) _o, T (x, y,Z,t) o,
a X x=0 a X x=L, a y y=0 a y x=L,
aT(yzt) _,, dT(y.2) —0, T (xy.2.0)=fr (xy.2). (10)
62 z=0 82 x=L,

Here T(x,y,z,t) is the space-time temperature distribution; ¢
(M=Cass[1-77 exp(-T(X, V,z,t)/T4)] (in the case of greatest
interest, when the temperature is comparable in magnitude
to or greater than the Debye temperature, we can assume
that ¢ (T)=~Cass) [12]; A is the coefficient of thermal
conductivity, the value of which is determined by the
properties of the heterostructure materials and temperature;
the temperature dependence of the thermal conductivity in
the temperature region of greatest interest can be
approximated as follows: A(XY,z,T)=Aass(X,y,2) [1+u
(Ta/T(x,y,z,1))?] (see, for example, [12]); p(x.y,z,t) is the
volumetric power density in the heterostructure; o (X,
y,2,T)=A(x,y,z,T)/c (T) is the coefficient of thermal
diffusivity.

At the first stage, we determine the space-time distribution
of the temperature field. For this, following [13-15], we
represent the temperature-independent factor of the thermal
diffusivity as a sum of constant and variable components: «

ass(X,Y,2) =Aass(X,Y,2)/Cass= oass[ 1+ &1 g1(X,Y,2)].

Next, we seek the solution of (9) in the form of the
following power series [13-15]

T(x,y,2t)= ZgTZy‘T X,¥,2,t).  (10)

Substitution of this series into equation (9) allows us to
obtain a system of equations for the initial approximation of
the temperature Too(X,y,z,t), and also the correction
functions Tij(x,y,z,t) (i1, j>1). These equations are given
in the Appendix. The substitution of the series (10) into the
boundary and initial conditions for the space-time
temperature distribution makes it possible to obtain
boundary and initial conditions for the functions Tj(X,y,z,t)
(i=1, j>1). These conditions are given in the Appendix. The
solutions of the equations for the functions Tij(X,y,z,t) (i=0,
j>0) were obtained by standard methods [16,17] in the
second approximation with respect to the parameters ¢ and
p and are given in the Appendix.

Within the framework of this work, the required
concentrations of radiation defects, as well as the
components of the displacement vector and the temperature
field, are determined in second approximations within the
framework of the solution methods used. The
approximation data are usually sufficient for obtaining
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qualitative conclusions and obtaining some quantitative
results. The results of the analytical calculations were
verified by comparing them with the results of numerical
simulation.

3 Discussion

In this section, we will analyze the redistribution of
radiation defects, taking into account the relaxation of
mismatch-induced stresses and different values of
substrate temperature.

As a result of the analysis of the relaxation of mismatch-
induced stresses and the spatio-temporal distributions of
radiation defects, it was found that the energy of the
implanted ions should be chosen in such a way that the
maximum of the distribution of interstitial atoms (see Fig.
1) would be inside the substrate. Then near the interface
between layers of heterostructure, the number of radiation
vacancies will exceed the number of interstitial atoms. In
this case, value of the mechanical stresses decreases with
the simultaneous decrease in the number of radiation
vacancies. Dependences of the displacement vector and
the concentration of vacancies on the coordinate
perpendicular to the interface between heterostructure
layers are shown in Fig. 2 and 3. Apparently, the decrease
in the number of vacancies is a consequence of the
condensation of the epitaxial layer under the influence of
mismatch-induced stresses. Simultaneously with the
compaction of the epitaxial layer, the value of the
mechanical stresses decreases due to, apparently, an
increase in the density of the atoms of the epitaxial layer.

1.0 A
0.8 +

0.6
U,

0.4

S

0.0 T l

0.0 7 a

Fig.2. the normalized dependences of the displacement
vector component uz on the z coordinate for the epitaxial
layers before the radiation treatment (curve 1) and after the
radiation treatment (curve 2).

Increasing of the temperature of the substrate stimulates the
acceleration of the diffusion of the material of the epitaxial
layer deep into the substrate. The diffusion leads to a
smearing of the boundary between the layers of the

0.6

0.4
V(z)

0.2

0.0 .
0.0 z a

Fig.3. Normalized dependences of vacancy concentrations
on the z coordinate in the unstressed (curve 1) and stressed
(curve 2) defective materials.

heterostructure. Simultaneously, the presence of a smoother
boundary makes it possible to reduce the magnitude of the
mechanical stresses in the vicinity of the interface between
the layers of the heterostructure due to a smoother change
in its properties in a direction perpendicular to the interface
of the heterostructure under consideration. In Fig. 4 shows
the dependence of the value of the displacement vector
component on the coordinate deep into the heterostructure
for a sharp and smooth interface. The resulting decrease in
the value of the mismatch-induced stresses is, probably, a
consequence of the fact that, due to the intermixing of the
layers, the heterostructure properties in the neighborhood of
the interface change more smoothly. An increase in the
temperature of the substrate also leads to spreading of
distributions of the concentrations of radiation defects (see
Fig.5).

1.0 H
0.8

0.6 -
U,

0.4 4

i 2
. _//

0.0 . ,

. a
0.0 z

Fig. 4. The normalized dependences of the component of
the displacement vector uz on the coordinate z for the sharp
(curve 1) and smooth (curve 2) interface between layers of
the heterostructure.

© 2019 NSP
Natural Sciences Publishing Cor.



Int. J. Thin. Fil. Sci. Tec. 8, No. 1, 9-29 (2019) / http://www.naturalspublishing.com/Journals.asp

N SS ey 25

1.0 4

1 1

0.8 2

3

~ 067
=
= 0.4 -

02 -

() T T T 1

0 x a

Fig. 5: Distributions of radiation defects at different values
of temperature of substrate. Increasing of number of
thecurve corresponds to increasing of temperature of

substrate.

4 Conclusions

In this paper, an analysis is made of the mutual effect of
radiation damage to the heterostructure during ion doping,
substrate temperature during doping, and mechanical
stresses. Analytical methods for analyzing the processes of
mass and heat transfer are proposed.
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Appendix

Equations for functions Tij(x,y,z,t) (i=0, j>0)
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Conditions for functions Tij(x,y,z,t) (i=0, j>0)
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Solutions of equations for functions Tij(x,y,z,t) (i>0, j>0) with account appropriate boundary and initial conditions
could be written as
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