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Abstract

In this paper we analyze influence of the temperature of growth of epitaxial layers during this technological process.
Several conditions to increase homogeneity of the considered epitaxial layers were formulated. An analytical approach for
analysis of mass and heat transfer was introduced. The approach gives a possibility to take into account changes of pa-
rameters of processes simulta-neously in space and simultaneously in time. At the same time the approach gives a possi-
bility to take into account nonlinearity of the considered processes.
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1. INTRODUCTION

Development of solid-state electronics and a
wide application of heterostructures for manufactur-
ing of electronic devices leads to the need for an
improvement of properties of the materials used. For
the manufacturing of heterostructures one can use
different methods such as molecular beam epitaxy,
epitaxy from the gas phase, magnetron sputtering. A
large quantity of works about manufacturing and
experimental studies of hetero-structures were pub-
lished. For example, Stepanenko (1980), Gusev and
Gusev (1991) and Lachin and Savelov (2001) de-
scribe main classical ideas of epitaxy processes.
Vorob’ev et al. (2003), Sorokin et al. (2008), Lundin
et al. (2009), Li et al.(2006), Chakraborty et al.
(2004) and Mitsuhara et al. (1998) describe different
developments of epitaxy to growth of specific optoe-
lectronic and power applications. At the same time
smaller number of papers, see for example (Talalaev
et al., 2001), is devoted to predicting epitaxy pro-
cesses. In the present paper a two-layer structure has

been consider. This structure consists of a substrate
and a growing epitaxial layer (see figure 1). The
main aim of the paper is an analysis of changes of
the temperature during growth on properties of the
layer. An accompanying aim of the paper is devel-
opment of analytical approach for analyzing of mass
and heat transfer, which simultaneously takes into
account changes in the parameters of processes both
in space and in time, as well as the nonlinearity of
these processes.
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Fig. 1. Heterostructure, which consist of a substrate and an
epitaxial layer.
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2. METHOD OF THE SOLUTION

To solve aim of the present paper concentration
of the growth component C(x,t) has been considered.
The required concentration has been determined by
solving of the following boundary value problem:

5C(x,t)_i b Jd C(xt) (1)
ot ox| ° Ix
oC(xt) _0 oC(x,t)|
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It should be noted that the material of the epitax-
ial layer does not reach the boundary x = L. For this
reason, we can assume that C(L,t) = 0. In relations
(1) and (2), the following notation is introduced: T is
the temperature of growth, D¢ is the coefficient of
mutual diffusion, v is the speed of epitaxial growth.
Value of the coefficient of mutual diffusion depends
on properties of materials of layers of the multilayer
structure, rate of heating and cooling of the multi-
layer structure. Dependences of the diffusion coeffi-
cient on the parameters could be approximated by
the following relation, see for example (Gotra,
1991):

©)
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Here D, (x,T) is the dependence of the considered
diffusion coefficient on coordinate x (due to depend-
ence of properties of the heterostructure on coordi-
nate) and temperature; P(x,T) is the limit of solubili-
ty of material of epitaxial layer (if we consider only
epitaxial layer than &= 0); determined by the proper-
ties of the material, parameter y could be integer
with values in the following interval y € [1,3], see
for example (Gotra, 1991). The concentration de-
pendence of the diffusion coefficient wss discussed
in detail in (Gotra, 1991). Next, we replace variables
x and t and the dif-fusion coefficient D (x) to the
dimensionless variables y and ¢ and the normalized
diffusion coefficient A(x) introduced by the follow-
ing relations x—>y = (x + vt)/a, t>v = tDg/a’ and A
= D.(x)/Dy, where Dy is the average value of the
diffusion coefficient. Using the replacement leads to
transformation of diffusion equation (1) to the fol-
lowing form:
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Here 1 = va/D,. Boundary and initial conditions
take the new form: C(x+Z,0) = f(y), J (0, &) =0,
C(X+Z,9) = 0, where X =L/a, £ = va.$3/Dy. Since
near the boundary x = L (i.e., y =X + E) of the multi-
layer structure considered in figure 1, the term = can
be neglected in comparison with the term X. The
approximation gives a possibility to write the last
boundary condition in a simplified form: C(X,$) =
0 and to analyze mixing of materials of the multi-
layer structure in a moving region with the length X.
To estimate the spatio-temporal distribution of mate-
rial of epitaxial layer, analytical approaches attracted
higher interest in comparison with numerical ones,
due to greater visibility of solution as a function of
physical and technological parameters. The analyti-
cal estimation of the function C(y,$) could be done
by solving equation (4). Next the equation is trans-
formed to the equivalent integro-differential form.
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Solution of equation (5) is obtained by using of
method of averaging functional corrections, see for
example (Sokolov, 1955). To obtain the first-order
approximation of the considered concentration by
using the above method the function C(y, ) and its
derivatives should be replaced by their average val-
ues on the right side of equation (3): C(y,%)—>a,
0C(x, 3)108 —p; and 6C(y, 3 )0 y—> an. Further the
required solution has been calculated. However, to
increase speed of convergence of the method of av-
eraging functional corrections and to calculate func-
tion C(y,4) with higher accuracy, more accurate
zero-order approximation in the right side of equa-
tion (5) has to be used. As a more accurate zero-
order approximation of function C(y,$) we use the
solution of the diffusion equation in the simplest
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case: with averaged diffusion coefficient and fixed
in time boundaries of the structure of the epitaxial
layer - substrate. It can be shown, see for example
(Pankratov, 2004), that averaged diffusion coef-
ficient Dy is usually the most appropriate zero-order
approximation of changes in the diffusion coeffi-
cient in the case, when these changes are not very
large. The solution of the diffusion equation with
averaged diffusion coefficient could be obtained by
standard methods, see for example (Tikhonov &

Cl(;(, 9) = ﬂgZeXp[
n=0
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Samarskii, 1972; Carslaw & Jaeger, 1964), and writ-
ten in the following form:

f ;()COSI:ﬂ(rH—O.S);(]d 4
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Substituting of relation (6) into equation (5)
gives a possibility to obtain the first-order approxi-
mation of the concentration of the epitaxial layer
material in the substrate:
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The second-order approximation of the function
C(y, ) can be obtained by the standard replacement
on the right side of equation (4), see for example

xexp[

cz(;(,g)zj (1 jac( dudv j

A(2.9)y

x)cos| 7(n+05) y]d ¥

(Sokolov, 1995), i.e. C(x,9) > + Ci(y,$). The
replacement leads to the following result:

Parameter a, could be determine by the following relation (Sokolov, 1955):

C(r.9)]d xd 9
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Substitution of relations (7) and (8) into (9) leads to the following result:
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The second-order approximation of the material
concentration gives a possibility to obtain the main
physical results of analysis of the spatio-temporal
distribution of the considered concentration in dif-
ferent regimes of growth of the considered multi-
layer structure. If necessary, approximations of the
third, fourth, etc. orders could be obtained by analo-
gous way with the second order approximation. In

-4 -

G(1.9) 9G(2.9) °X0C,(1.9) yd zd 9]
e 26 ] |

ox P(x.9)

order to verify the obtained results, numerical meth-
ods were also used. But numerical methods are less
visual than analytical ones.

3. DISCUSSION

In this section the spatio-temporal distribution of
the concentration of the material of the epitaxial
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layer in the considered heterostructure is analysed.
Some examples of calculated spatial distributions of
the considered material are presented in figure 2 in
comparison with experimental data for different
values of temperature of growth and at the same
continues of growth. This figure shows an increasing
homogeneity of concentration of the material of the
epitaxial layer with increasing growth of tempera-
ture. At the same time the sharpness of the interface
between the layers of the heterostructure decreases.
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Fig. 2. Distributions of concentration of material of epitaxial
layer in considered multilayer structure at different values of
temperature of growth. Increasing of number of curves
corresponds to increasing of temperature of growth. Points are
experimental date, which were obtained by Nazmul et al. (2003).

Figure 3 shows distributions of concentration of
material of epitaxial layer in considered multilayer
structure at different values of continuance of the
growth. Increasing of number of curve corresponds
to increaseing of continuance of growth. In this situ-
ation again sharpness of the interface be-tween the
layers of the heterostructure decreases. At the same
time magnitude of the missmutch induced stresses in
the heterostructure, caused by the mismatch of the
lattice constants of the materials of the epitaxial
layer and the substrate, decreases, see for example
(Pankratov & Bulaeva, 2015).
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Fig. 3. Distributions of concentration of material of epitaxial
layer in considered multilayer structure at different values of
continuance of growth. Increasing of number of curves
corresponds to increasing of continuance of growth.

Figure 4 shows comparison of normalized de-
pendences of component of displacement vector on
coordinate X, which is perpendicular to interface
between layers of considered multilayer structure,
for heated and nonheated multilayer structure. The
comparison shows, that heating of the considered
multilayer structure leads to decreasing of mismatch
induced stresses.
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Fig. 4. Normalized dependences of component of displacement
vector on coordinate x for nonheated (curve 1) and heated
(curve 2) multilayer structure.

4. CONCLUSIONS

In this paper an influence of the temperature of
growth of epitaxial layers during this technological
process was analyzed. Several conditions to increase
homogeneity of the considered epitaxial layers were
formulated. An analytical approach for analysis of
mass and heat transfer was introduced. The approach
gives a possibility to take into account changes of
parameters of processes simultanciosly in space and
in time. At the same time the approach gives a pos-
sibility to take into account nonlinearity of the con-
sidered processes.
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PRZEWIDYWANIE ZMIAN WELASNOSCI
EPITAKSJALNYCH WARSTW POPRZEZ DOBOR
POLA TEMPERATURY PODCZAS WZROSTU

Streszczenie

W artykule opisano analiz¢ wptywu temperatury na wzrost
epitaksjalnych warstw w procesie technologicznym. Sformuto-
wano szereg warunkow dla poprawy jednorodnosci badanych
warstw. Wprowadzono analityczne rozwigzanie dla réwnania
transportu masy i ciepta. To rozwigzanie umozliwito uwzgled-
nienie zmian parametrow procesu zard0wno w przestrzeni jak i w
czasie. Ponadto przeprowadzone rozwigzanie pozwolito na
uwzglednienie nieliniowosci badanego procesu.
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