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was introduced with account the spatial and temporal variations of their parameters,
as well as the nonlinearity of the considerate processes.

Analytical approach for prognosis

1. Introduction

Currently one of the intensively solving problems is increasing of performance of solid-state
electronics devices (diodes, field-effect and bipolar transistors, ...) (Lachin and Savelov, 2001;
Polishscuk, 2004; Volovich, 2006; Kerentsev and Lanin, 2008; Ageev et al, 2009; Tsai et al, 2009).
Also, the influence of various types of radiation processing on semiconductor materials is currently
being investigated (Tarnavsky and Vorozhtsov, 2010; Ivchenko, 2013; Barbashov and Kalashnikov,
2017). Different approaches to reduce influence of the radiation processing on the considered materials
are revealeding (Lebedev et al, 2004; Kalinina et al, 2010; Lebedev et al, 2015). In this paper we
consider a multilayer structure, which is presented on Fig. 1. Next, the ion doping of the epitaxial layer
is considered in order to manufacture several elements of integrated circuit (Pantratov et al, 2022).
With time annealing of radiation defects was considered (La Via et al, 2023). Main aim of this paper
is to analyze the redistribution and interaction of point radiation defects, as well as their simplest
complexes in the materials of the considered multilayer structure after radiation exposure.
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Fig. 1. Three-layer structure, which includes into itself a substrate,
epitaxial layers and buffer layer (view from side)

2. Method of solution

To solve our aim, we calculate and analyzed distribution of concentration of point radiation defects
in space and time in the considered multilayer structure. We calculate the distribution by solving the
second Fick's law in the following form (Zhang and Bower, 1999; Landau and Lifshits, 2001; Kitayama
et al, 2000a; Kitayama et al, 2000b)
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Here are | (x,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials with the
equilibrium distribution 1”; V (x,y,z,t) is the spatio-temporal distribution of concentration of radiation
vacancies with the equilibrium distribution V*; Di(x,y,z,T), Dv(x,y,z,T), Dis(x,y,z,T), Dvs(x,y,z,T) are the
coefficients of volumetric and surficial diffusions of interstitials and vacancies, respectively; terms
VZ(x,y,z,t) and 1%(x,y,z,t) correspond to generation of divacancies and diinterstitials, respectively (see,
for example, (Vinetskiy & Kholodar, 1979) and appropriate references in this book); kiv(x,y,z,T),
kii(x,y,z, T) and kvv(xy,z,T) are the parameters of recombination of point radiation defects and
generation of their complexes; € is the atomic volume of dopant; Vs is the symbol of surficial gradient;

L, L,
j | (x, Y, z,t)d Z and jV (x, Y, Z,t)d Z are the surficial concentrations of interstitials and vacancies
0 0

on interface between layers of heterostructure (in this situation we assume, that Z-axis is perpendicular
to interface between layers of heterostructure); « (x,y,z,t) is the chemical potential due to the presence
of mismatch-induced stress in the considered multilayer structure. Distributions of divacancies @y
(x,y,z,t) and diinterstitials @& (x,y,z,t) in space and time could be calculated by solving the following
system of equations (Fahey et al, 1989; Vinetskiy and Kholodar', 1979):
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Here Dai(X,y,z,T), Dav(X,y,2,T), Dais (X,y,2,T) and Davs(x,y,z,T) are 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 1 in Eq.(1) could be determine by the
following relation (Zhang and Bower, 1999):

w=E@2)Qaij [uij(x,y,z,1)+u;i(x,y,z,1)]/2, (5)
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where E(z) is the Young modulus, gjj is the stress tensor; u; = l{aui +%] is the deformation
"o2(ox; ox
j i

tensor; ui, uj are the components ux(xy,z,t), uy(x,y,z,t) and uz(xy,z,t) of the displacement vector
U(X, Y, Z,t); Xi, Xj are the coordinate X, y, z. The Eq. (5) could be transform to the following form

u(xy, z,t)=[5”i(x’ y.2.1), 0,0V, Z’t)HE[ﬁui(x, y.2.1) (%Y. z,t)}_
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1-20(2) OX,

where ois Poisson coefficient; ey = (as-aeL)/aeL is the mismatch parameter; as, agL are lattice distances
of the substrate and the epitaxial layer; K is the modulus of uniform compression; £ is the coefficient
of thermal expansion; Ty is the equilibrium temperature, which coincide (for our case) with room
temperature. Components of displacement vector could be obtained by solution of the following
equations (Landau and Lifshits, 2001)
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heterostructure, g;j Is the Kronecker symbol. With account the relation for gj; last system of equation
could be written as
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Conditions for the system of Eq. (6) could be written in the form

aﬁ(o,y,z,t)_o_ GU(LX,y,z,t)_O_ 8U(x,0,z,t)_0_ ou(xL,,z, t)
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(a—zy):o; (ai ) =0; G(x,Y,2,0)=0,; G(X,y,2,0)=0,.

We calculate distributions of concentrations of radiation defects in space and time by solving of the
Egs.(1) and (3) framework standard algorithm of method of averaging of function corrections
(Sokolov, 1955; Pankratov and Bulaeva, 2013; Pankratov and Bulaeva, 2015). Previously we transform
the Egs. (1) and (3) to the following form with account initial distributions of the considered
concentrations:
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Farther we replace concentrations of radiation defects in right sides of Egs. (1a) and (3a) on their
not yet known average values aip. 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 the Egs. (1b) and (3b) on time gives us possibility to obtain
relations for above approximation in the final form
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We determine average values of the first-order approximations of concentrations of radiation
defects by the following standard relation (Sokolov, 1955; Pankratov and Bulaeva, 2013; Pankratov
and Bulaeva, 2015):
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Substitution of the relations (1c¢) and (3c) into relation (7) gives us possibility to obtain required
average values in the following form
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We determine approximations of the second and higher orders of concentrations of dopant and
radiation defects framework standard iterative procedure of method of averaging of function
corrections (Sokolov, 1955; Pankratov and Bulaeva, 2013; Pankratov and Bulaeva, 2015). In the
framework of this procedure to determine approximations of the n-th order of concentrations of
radiation defects we replace the required concentrations in the Egs. (1c), (3c) on the following sum
anptp n-1(X,Y,2,t). The replacement leads to the following transformation of the appropriate equations
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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
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D,k 0 tD, <L
X kq)_lv_s (f)[azq,v +CI)1V(X, y,W,T)]deT+Qa—y(j) kq)'\ll's g[azq,v +CI)1V(X, y,W,z')]dW N

x V. (X, y,z,r)dr+jkvvv(x, y,2,T)V?(x, y,z,r)dr+jkv(x,y,z,T)V (x,y,z,7)d 7+
0 0
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Average values of the second-order approximations of required approximations by using the
following standard relation (Sokolov, 1955; Pankratov and Bulaeva, 2013; Pankratov and Bulaeva,
2015):

Lx Ly Lz

L (iggi[pz(x,y,z,t)—pl(x,y,z,t)]dzd ydxdt. (8)

a,, =———
% @LLL

X~y =z

Substitution of the relations (1e), (3e) into relation (8) gives us possibility to obtain relations for
required average values a2p
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Farther we determine solutions of Eqgs.(6), i.e. components of displacement vector. To determine
the first-order approximations of the considered components framework method of averaging of
function corrections we replace the required functions in the right sides of the equations by their not
yet known average values «i. The substitution leads to the following result

o’ u,, (x, ,zt) oT (x,y,2,t) 0% uy,(x,y,2,t)
pl2) =22 B K (2)B(2) =2 LAY p(a) =

-k @@ IR, T LD i) T2

Integration of the left and the right sides of the above relations on time t leads to the following
result:
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Approximations of the second and higher orders of components of displacement vector could be
determined by using standard replacement of the required components on the following sums
aitui(x,y,z,t) (Sokolov, 1955; Pankratov and Bulaeva, 2013; Pankratov and Bulaeva, 2015). The
replacement leads to the following result:
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Integration of the left and right sides of the above relations on time t leads to the following result

u, (X yA ZL Z)+ SE() 82 th XY, 2,7 T -i-L Z)—
Syt POy an)araset k)

E(z) | & 2 E(z) [ &2 t2
‘3[1+(;(z)]}axay££““(x’y’“)O"d‘9+zp(z){ay2ii“ly(x’y’z’f)"'”“9+

1 1 &

’ 1+a(z)+p(z)8xaz

}fulz(x, y,z,7)dzd .9} jfuu(x, y,z,7)dzd 9 {K (2)+

2

ED ) w0 s ars?
) K@ED iy sras-

T‘J?ulx(xi Y le-)d 7d 9 x
00

3[1+o( p(z)ox
< +LZ)— z)- E(2) o (fu,(xy,2,7)d 7d 9 x
@ k- BTy ras

2

u,(x,y,z,7)dzd 9+ 882

09
> [ Ju,(x,y,z,7)d zd ,9}—
00

0X01z (2)

i)

LZ){K(Z)Jr E2) } al T]?Ulz(X,y,Z,T)drd3+uOX+K(Z)IB(Z)X

??T (x,y,z,r)dzrd @
00

2
u,(x,y,z,7)dzd 9+ afayizun(x, y,z,7)d zd 19} X

X + (Z) az tgu X, Y,Z,7)art + L 5E(Z) + Z)rX
ay iy zeldeds p(z){12[1+a(z)] K()}

L9 1 0| E(z) | 0t
ggulx(x, y,z,7)dzd 8+2p(z)5{1+0( ){Egguw(x, y,z,7)dzd 9+

Pankratov, J. Mater. Environ. Sci., 2023, 14(11), pp. 1160-1178 1175



+ oty aras |-k @G (yzoaras-{ L0

(2) 61+0(2)]

—K(z)}L o }fuly(x, y,z,7)dzd $— E(2) { o T]gulx(x,y,z,r)d rd 9+

T‘fulx(x’ y,z,7)dzd 3}; K (z )ﬂ( ;ﬁT (X,y,Z,T)drdB—@x

1+0(2) pl(z p(2)

T 1 9% = 5E(z)
Huly(X, y,z,7)dzd S_Tz)a . Hulx(x y,z,7)dzd 8{m+

+K (z)}—i{ E(2) [iﬁuly(x, y,z,7)dzd 8+%T]gulz(x, y,z,7)dzd 8}}x

E(z) 0% ¢
K(Z)_6[1+a(z)]}6yaz gguly(x, y.z,7)dzrd 3+uy,

u(x,y,zt)= o G(Z)]szz Hulz(x y,z,7)dzd 19+a > Hulz(x y,z,7)dzd 9+

0 3 2 03 1
Ly, z,7)drd $+ [Ju,(x,y,z,7)dzd 9

i -
0xdzoo oydzoo T p(z2) p(2)

><i K(z) iOjofulx(x, y,z,7)dzd 9+ioffulx(x, y,z,7)dzd 9+
0z OX00 OY oo

X

0 =9 1 0| E(z) |, 0 =
82(J)"(EUlX(X’y,Z’T)de9:|}+6p(Z)E{l+O'(Z)|: Egguh(x,y,z,r)drdg—

0.3

0 0 %% 0 %9
———(fu.(x,y,2,z7)drd $—— [ [u, (X, y,z,7)dzd 3—— [ [u, (X, V¥,z,7)d 7d @ |} —
£ utoyar oo 2l fuy o) aras- 2 oo dcasl|

K (z ) Bz )—HT(X y,z,7)dzd 9+u,,.
( )8 Zoo
In the framework of this paper, we determine concentration of radiation defects and components of
displacement vector by using the second-order approximation framework method of averaging of
function corrections. The approximation is usually enough good approximation to make qualitative
analysis and to obtain some quantitative results. All obtained results have been checked by comparison
with results of numerical simulations.
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3. Discussion

In this section, we will analyze the redistribution of radiation defects during annealing of them with
into account relaxation of mismatch-induced stresses. Typical distributions of concentrations of point
radiation defects (for both types of radiation defects, the distribution of concentrations will be similar
to each other) in the considered multilayer structures are shown on Fig. 2 for the case, when the
diffusion coefficient of defects in the buffer layer is larger, than the same coefficient in the epitaxial
layer. One can find qualitatively similar distributions of concentration for point defect complexes. It
follows from these curves, that the inhomogeneity of properties of the multilayer structure could
decrease quantity of radiation defects in the working region of integrated circuits of the multilayer
structure.

Buffer layer

1(x,t)

Epitaxial layer

1
1
1
1
1
1
1
1

X

Fig. 2. Typical distributions of concentration of interstitial atoms (distributions of concentrations of other

types of defects are similar to distributions of concentration of interstitial atoms). Increasing of number of
curves corresponds to increasing of annealing time

Conclusion

In this paper we introduce an approach for organization of a drain of radiation defects, which were
generated during ion doping or other types of radiation processing of the working area of integrated
circuits, manufactured in the framework of a multilayer structure. The approach based on the difference
of properties of materials of the layers of the considered multilayer structure. An analytical approach
for analysis of mass and heat transfer in a multilayer structure was introduced with account the spatial
and temporal variations of their parameters, as well as the nonlinearity of the processes under
consideration.
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