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Abstract

In the research, to describe the spinodal decomposition of A®B® semiconductor solid so-
lutions, in which the substitution of the main components occurs simultaneously in each of
the sublattices of the sphalerite crystal structure, the Cahn-Hilliard concepts are extended.
The resulting system of differential equations is applied to describe the effect of composition
modulation in GagzIn;_.PyAs;_, solid solutions grown on InP substrates. In this case, the
elastic deformation energy of a thin layer of Ga,In;_,P,As;_, solid solution is calculated on
the assumption of its coherent conjugation with a massive InP substrate. The excess mix-
ing energy of the components in the solid phase is evaluated in accordance with the simple
solution model. The temperature-concentration ranges, in which the conditions for the oc-
currence of an oscillatory mode of relaxation of the supersaturated metastable state of the
solid phase are realized, are found by analyzing phase portraits of the system. The performed
analysis shows that the effect of modulation of the material composition is connected with the
resonance of total entire excess energy and elastic energy. The parameters of the oscillatory
process are compared with data on the effect of composition stabilization, which is experi-
mentally observed in the growth of elastically stressed heterostructures GazIni_,PyAsi_y —
InP substrate.

Key words: semiconducting III-V materials, solid solutions, phase equilibrium, spinodal
decomposition, stresses, crystal structure

1. Introduction
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To improve the operational characteristics of semi-
conductor modern optoelectronics devices, it is neces-
sary to use ultra-thin layers of material in them with
increased structural perfection. At present, A®B® qua-
ternary solid solutions are used as the material for the
active layer of an optoelectronic device based on a het-
erojunction. An increase in the number of components
in the solid solution made it possible to independently
control both the crystallographic and optical param-
eters of the heterostructure. This promoted the cre-
ation of highly efficient optoelectronic devices based
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on heterojunctions with properties of the perfect in-
terface.

At the same time, the decrease of the layers’
growth temperature is limited by the possibility of
the figurative point leaving the region of the pri-
mary crystallization of the solid solution as it moves
along the phase diagram during the growth process.
This statement becomes especially relevant for mul-
ticomponent materials in accordance with the fol-
lowing thermodynamic considerations. Indeed, an in-
crease in the number of components in a solid solu-
tion inevitably leads to a decrease of the size of the
primary crystallization phase space on the multidi-
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mensional state diagram of the multicomponent sys-
tem.

Indeed, the total number of mole (atomic) fractions
of the initial components of the multicomponent sys-
tem is equal to one. For binary systems, this number
of mole fractions of a substance is distributed between
the two initial components of the system. As the num-
ber of components in the system increases, the same
unit is distributed over more and more components. In
this case, the composition of the phases (concentration
axis) on the state diagram from the line for a binary
system is transformed into a triangle for a ternary sys-
tem, for a quaternary system — into a tetrahedron, and
SO on.

However, for all types of geometric interpretations
for the concentration space of phase diagrams, the sum
of the lengths of the sides of the spatial figures describ-
ing the composition of the solution in accordance with
the normalization condition for mole fractions is equal
to one. As a result, it turns out that the sizes of possi-
ble areas of change in concentrations for each compo-
nent, at which the existence of the required phase is
ensured, decrease. This reasoning is a theoretical sub-
stantiation of the well-known requirement in practice
to increase the accuracy of controlling the composition
of the initial growth medium and other parameters of
the technological process when obtaining multicompo-
nent solid solutions with specified parameters.

An increase in the number of solid solution com-
ponents leads to an increase in the number of ther-
modynamic degrees of freedom in the growth system.
Therefore, in the case of the decomposition processes
in multicomponent systems, the stated problem is for-
mulated as a problem touching upon the influence of
an increase in the degrees of freedom of the system
on the process of spinodal decomposition in unstable
multicomponent materials. The answer to the question
about such an effect is difficult to find experimentally
because of the need to conduct a large number of pre-
cision experiments. The use of theoretical models for
this and the implementation of numerical simulations
on their basis will allow us to evaluate the influence of
this factor on the process of spinodal decomposition
of the A3B® multicomponent solid solutions.

The transition of the system to the region of ther-
modynamic instability of the phase is accompanied
by its spinodal decomposition, which often results in
the formation of a structure with micro-fluctuations
in the solid solution composition. Such oscillations
were found experimentally in ternary and quaternary
A3B?® solid solutions. This effect is known as the ef-
fect of modulation of the solid solution composition
[1-4]. The appearance of inclusions of new phases
leads to a change in the optoelectronic properties of
the hetero-composition. According to the data of [4],
these oscillations of the composition appearing in the
GagIny_,PyAs;_, solid solutions grown on the InP

substrate at temperatures below 600°C were responsi-
ble for the decrease of the charge carriers’ mobility in
the material. An increase in the synthesis temperature
brought the growth system out of the region of ther-
modynamic instability of the solid phase, eliminated
its spinodal decomposition, and ensured the growth
of the material with a composition constant over the
layer. The latter increased the crystallographic perfec-
tion of the layer due to the departure of the system
from the state of spinodal decomposition. In this case,
the effect of the mechanism of scattering of charge
carriers on the inhomogeneities of the composition of
the solid solution became insignificant. This explained
the increase in the mobility of charge carriers in layers
grown at higher temperatures.

The processes accompanying spinodal decay led to
the formation of a structure that is periodic in com-
position and optoelectronic properties. Such a struc-
ture with a superlattice is formed naturally and can
have unique electrical and optical parameters [1, 3, 5,
6]. This stimulates a theoretical analysis of the pro-
cess of its formation. Moreover, the purpose of such
modeling is to find methods for controlling the am-
plitude and period of these oscillations when creating
a composition-modulated structure for optoelectronic
devices.

The possibility of realizing such a situation in
ternary and quaternary AB® systems was analyzed in
several theoretical works [3, 5-9]. The results of these
theoretical studies were confirmed in the description
of experimental data on composition modulation ef-
fect in A3B5 ternary and quaternary solid solutions.
The use of the analytical method to describe this ef-
fect in ternary solutions made it possible to explain
the appearance of micro-oscillations in the composi-
tion of the layers [3, 5, 6]. A direct numerical solution
of the Cahn-Hilliard spinodal decomposition equation
made it possible to show that the phenomenon of res-
onance between the mixing energy of the components
and the energy of elastically deformed inclusions of a
new solid phase into which the material decomposes is
responsible [7-9]. This effect is responsible for a signif-
icant increase in the amplitude of oscillations in the
composition of the material to a value that can be
experimentally detected.

Among A3B® quaternary solid solutions, the
GagIny_,PyAs;_, system occupies a special place.
The thermodynamic properties and technological pro-
cesses of its production are now thoroughly studied.
One of the main features of these materials is the fact
that, under the most typical temperature conditions of
the growth process, the most important compositions
of these materials are located in close proximity to the
decomposition spinodals on the phase state diagram
of the system [1, 9-12]. According to the theoretical
data of many authors, the lattice-matched conditions
of GazIn;_,P,As;_, solid solutions to InP substrates
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pass most closely near the spinodal surface when the
material composition is designed to operate at a wave-
length of 1.4 mkm. At the same time, the compositions
of material most important in practical terms, used in
optoelectronic devices for fiber-optic communication
lines, operate at 1.3 and 1.55 mkm wavelengths. For
such compositions of the material and at typical tem-
peratures of their synthesis, the thermodynamic situ-
ation in the system is very close or even lies within the
boundaries of absolute phase instability. Obviously, a
further decrease in the growth temperature will in-
evitably aggravate the situation with the thermody-
namic stability of the material. It should also be noted
that, due to the practical importance of the indicated
compositions of these solid solutions, the technologi-
cal processes for obtaining the material and its prop-
erties in this range of compositions have been studied
quite intensively by researchers. This made it possible
to detect micro-oscillations in the composition of the
solid solution, i.e., the composition modulation effect
for this class of materials.

The assertions mentioned above allow one to form
the main purposes of the theoretical studies of the pro-
cess of spinodal decomposition of Ga,In;_,PyAs;_,
quaternary semiconductor solid solutions:

— to extend the approach of Cahn and Hilliard to
the description of the process of spinodal decomposi-
tion of A3B® quaternary solid solutions;

— using this extension and the model of simple so-
lutions to obtain the system of differential equations
describing the spinodal phase decomposition;

— to perform an analysis of equations to state the
thermodynamic conditions under which the system of
equations possesses periodic solutions;

— under the conditions of the existence of periodic
solutions of equations to simulate the effect of compo-
sition modulation of the solid solution, which occurs
due to the spinodal decomposition of the material.

Thus, we start from the derivation of a system of
differential equations for the decomposition of quater-
nary solid solution, in which the substitution of com-
ponents is carried out both in the metallic and in the
metalloid sublattices of the sphalerite structure.

2. Adaptation of the Cahn-Hilliard equations
to the description of the spinodal
decomposition of A3B® semiconductor
quaternary solid solutions

For the thermodynamic description of the process
of spinodal decomposition, we used the approach de-
veloped by Cahn and Hilliard [13, 14]. The adaptation
of the Cahn-Hilliard decomposition equation for the
thermodynamic description of the process of spinodal
decomposition of quaternary solid solutions of semi-
conductors was carried out in the following way:

Let us consider the process of spinodal decomposi-
tion as a process occurring in two energetically weakly
coupled subsystems, which are created by the metallic
and metalloid sublattices of the sphalerite structure.
Then the variations in the composition of the solid so-
lution in each sublattice can be related to the change
in the free energy of the entire solid phase. In this
situation, the final (stationary) composition distribu-
tion in each sublattice obeys the following system of
differential equations [9, 15]:

G (z,y) d?x _
P f1 3z M=o @
0G (zy) , d%

B

where G(x, y) is the Gibbs free energy of a quaternary
solid phase depending on the current composition z,
y, the parameters 8, and Py stand for expansion co-
efficients in a power series of the Gibbs free energy in
a compositionally inhomogeneous solid solution [13,
14], and z is the coordinate along the selected crystal-
lographic direction in the solid solution crystal.

The presented Egs. (1) were obtained by mathe-
matical transformations, which are described in detail
in [6]. The difference between the above formulas is
that they form a coupled system of equations that
describe variations in the composition of a decompos-
ing solid solution in two sublattices of the sphalerite
crystal structure. The quantities p; and po represent
the constants of integration of the Cahn-Hilliard equa-
tions for the stationary state. They are interpreted in
[16] as chemical potentials in the corresponding sub-
lattice (subsystem) of the solid phase crystallizing in
the sphalerite structure.

To apply these equations to the description of the
process of spinodal decomposition, an analytical form
of the dependence of the excess Gibbs energy on the
composition of the material is required.

The most fruitful method for describing the en-
ergy state of the solid phase of A3B® semiconductors
is based on the model of simple solutions. According
to these concepts, the excess energy of the quaternary
solid phase with simultaneous substitution of compo-
nents in two sublattices of the sphalerite structure is
written in the form [17]:

G"=RT[zlnz+yhy+ (1 —2)In(l —z)+
(1—y)In(l —y)] + aha(l —2) +

as,y(1 —y) + acwy, (2)
where o}, and af, are reduced mixing energies (in-
teraction parameters) between metallic and metalloid
components in the corresponding sublattices of the
sphalerite structure, a¢ is the combination of ener-
gies of pair interactions between nearest tetrahedrally
coordinated atoms located in different sublattices, R
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and T are the gas constant and temperature, respec-
tively.

According to the simple solution model, the pa-
rameter ac can be evaluated via the formula [17]:

ac = AFsi(FTﬂ —T)+ %S§3gT2F3, ~T) -
AST3(Ty5 — T1) - A'15'24(T214 -T)+
0.5(a3 + g — g3 — ayy), (3)

where ASZ-FJ- and Tg stand for the entropy and melting
point of the compound #j being a part of the solid
solution; ai ; are the parameters of interaction between
the components 4j of a binary compound in the liquid
phase.

In Eq. (3), as applied to the Ga,In;_,P,Asi_,
solid solution, the following indexing is used: Ga —
1;In-2;P—-3; As — 4.

To calculate the component of energy of solid-
phase interaction ac in expression (2), its relation-
ship with the melting parameters of the correspond-
ing compounds is used. Despite the fact that the vast
majority of modern technologies for the synthesis of
solid solutions of the A3B® system involve crystalliza-
tion from a gas phase, the use of thermodynamic func-
tions describing the process of material melting in the
problem under consideration seems to be justified. The
main reason for this approach is that the thermody-
namic data on the description of the interaction of
components in the liquid phase are found with signif-
icantly higher reliability than similar parameters for
synthesis reactions from the gas phase [17, 18].

It is worth noting that the energy of interchange
between atoms of metallic components depends on
the composition of the nonmetallic sublattice and vice
versa. To take this effect into account in the quater-
nary system A;B,C;_,D,, the parameters ozisj should
be considered as linear functions of the composition
[17):

0422 = ya%C—Bc + (1 — y)aap—BD,
a3y = Tapc_ap + (1 — z)aBc-BD- (4)

This approach allowed one to successfully simulate
the energy state of the solid phase and quite satis-
factorily describe p-T-X phase equilibria not only in
A3B® multicomponent systems, but also in A?B® sys-
tems [18-21].

The consequence of spinodal decomposition is the
appearance in the parent lattice of inclusions of a new
phase, crystal lattice parameter (CLP), which differs
from the CLP of the original material’s matrix. The re-
sulting elastic energy of coherently conjugated phases
is taken into account in the expression for the total
energy balance of the system. To calculate this com-
ponent of the energy of the solid phase, the expres-
sions from [3, 18] are used, where they were obtained
for different crystallographic orientations of coherently

conjugated layers.

Since the effect of composition modulation in lay-
ers of GagIn;_,PyAs;_, solid solutions grown on an
InP (111) substrate will be simulated in this work, the
expression for calculating the molar energy for a layer
of the indicated crystallographic orientation is given
only:

o 6Cu(Ci +2C19) . ala —ag)?
T Cu +2C12 +4Cy 4 (5)
a(a — ag)?
4 k)

= )\111

where C; are elastic moduli, a and ag are current and
averaged CLP of the layer (CLP of the initial matrix
of the solid solution or CLP of the substrate, depend-
ing on the conditions of coherent phase conjugation
in the structure), Ny is Avogadro’s number, and Aj1;
is the combination of elastic moduli for a given layer
orientation [3, 18].

Thus, the joint consideration of the mixing en-
ergy of the components and the energy of elastically
stressed precipitates of a new phase allows us to ar-
rive at the following form of stationary equations for
the analysis of concentration fields after a spinodal
decomposition:

d?z
61@ =RTl[zlnx+ (1 —2)In(1l —2z)]+
o5yx(1 — z) + aczy +
)\ijka(a - as)2/4 — M1 = Fl(xvy)a
d2
fay = RTlylny + (1 - y)In(1 — y)] +
a34y(1 —y) + acay +
Nijrala —as)?/4 = pz = Fy(z,y).  (6)

To close the problem, we take into account the rela-
tions for the average concentration of each of the com-
ponents in the corresponding sublattice of the quater-
nary solid solution:

L
T = %/x(z)dz,
1 ° (7)
0

where L is the period of composition variation.

The last equations are the consequence of the mass
conservation laws during the redistribution of com-
ponents after the decomposition of a supersaturated
solid phase.

The final formulation of the problem under con-
sideration for calculating the distribution of the com-
position of a solid solution over the thickness of the
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Table 1. Crystal lattice parameters of the initial binary compounds of GazIn;_,P,Asi—, solid solution at T' = 298 K
and thermodynamic parameters of binary and ternary systems forming the Ga-In-P-As system [3, 18]

Compound Cn Cia Cus CLP TY Asff. o
(GPa) (GPa) (GPa) (mm) (K) (J mole™" K™1) (J mole™")

GaP 141.2 62.6 70.5 0.54509 1740 72.4 8876-18.6 T

InP 102.2 57.6 46.0 0.58688 1511 69.67 21604-38.35 T'

GaAs 118.1 53.2 59.4 0.565325 1343 63.64 19963-20.14 T

InAs 83.3 45.3 39.6 0.60586 1215 60.80 16161-41.87 T

af ; (kJ mole™ ")

S S

AGaP—GaAs 1.67 QInP—InAs 1.67

AGaP—InP 14.65 XGaAs—InAs 12.56

deposited layer assumes the choice of boundary con-
ditions.

The classical boundary conditions for such prob-
lems are the conditions that determine the values of
the initial concentration of each component and the
value of its derivative at the point z = 0.

The choice of the initial content of the component
in the solid solution will make it possible to set the
concentration interval in which the solution of the
boundary value problem will be searched. The values

d
of the derivatives —x(z =0) = 0 define the point’s

position for which gﬁe value of the initial concentra-
tion of the component is set. If we assume that the
value of the desired derivative is equal to zero, then
this will mean that the maximum possible deviation
of the composition of the solid solution from its aver-
age value is set at the boundary. Following the above
considerations, the final formulation of the boundary
value problem includes the following additional con-
ditions:

Tbhoundary = L0 = const,

Yboundary = Yo = const, (8)

dzx dy
- —0.
dz(z=0)  dz(.=0)

Thus, differential Eq. (6) with boundary conditions
(Eq. (8)) and mass conservation laws (Eq. (7)) form
a boundary value problem that completely character-
izes the redistribution of the composition in quater-
nary semiconductor substitutional solid solutions of
class A®B®, which are synthesized under thermody-
namic conditions close to the boundary of the material
spinodal decomposition.

The relations derived for calculating the redis-
tribution of components over corresponding sublat-
tices of the solid solution are a system of integro-
differential nonlinear equations. This problem’s for-
mulation makes it quite complex and interrelated.
Therefore, this system of equations is solved using nu-
merical methods. Issues related to the development of

a mathematical tool for solving the problem are given
special attention in the work.

3. Initial thermodynamic parameters
for modeling

From the thermodynamic assertions presented
above, it follows that the distribution of the concentra-
tion of components over the layer of the solid solution
after its spinodal decomposition is determined by the
set of excess mixing energies of the components in the
solid phase afj, the parameter ac and elastic parame-
ters of the solid solution matrix, i.e., elastic constants
Cij.

Thermodynamic parameters and the elastic con-
stants, used at modeling, for the initial semiconductor
compounds forming Ga,In;_,P,As;_, solid solutions
are presented in Table 1. The elastic parameters of the
solid solution and CLP for each of its current composi-
tions are modeled using linear approximations written
for each of the material parameters.

An important stage in solving the problem is tak-
ing into account the temperature dependences of all
parameters. The available data on their changes with
temperature show that the variations of the indicated
parameters of the material do not exceed a few per-
cent in the transition from synthesis temperatures to
room temperature [10, 18]. Taking into account the
existing inaccuracy both in the experimental determi-
nation of the parameter values and their temperature
coefficients, it was decided in the research to neglect
the change in the values with temperature and use
their values at room temperature in the analysis.

The data on the melting temperatures and en-
tropies of the initial compounds and the parameters
of the liquid-phase interaction for the components of
their constituents are generally well-known. The data
on these parameters, which were obtained by various
authors, are in good correlation with each other. This
serves as a justification for their use in the thermody-
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namic calculations of these studies.

The choice of the parameters o of the solid-
phase interaction between the main components of the
Gay,In;_,PyAs;_, solid solution is fundamentally im-
portant.

These parameters characterize the excess mixing
energy in the solid phase and is closely related to the
critical temperature of spinodal decomposition and
the position of the unstable regions boundaries on the
composition-temperature diagram [3, 22, 23]. At the
same time, the position of these boundaries is deter-
mined by the intervals of thermodynamic parameters,
where the application of this analysis is justified, and
the results of its application are the most informa-
tive.

As a rule, these parameters and their temperature
dependence are found by processing data on phase
equilibria in the system. For the most important tem-
perature ranges, where the spinodal decomposition of
solid solutions is most probable, the values of the in-
teraction parameters averaged for these temperatures
were used in the calculations. This means that the en-
ergy state of the solid phase is modeled by the strictly
regular approximation of the simple solution theory.
The use of parameters found from averaging over a
wide temperature range up to the melting tempera-
ture of the initial compounds for modeling the ther-
modynamic situation in the low-temperature part of
the phase diagram cannot be considered justified. The
use of interaction energies for their averaging over
such a wide range often leads to unreasonably sharp
temperature dependences, which are difficult to phys-
ically interpret. Therefore, in subsequent calculations,
the solid-phase interaction parameters from [10] were
used, which are presented in Table 1 and satisfy the
specified requirement.

The value of the critical temperature of decompo-
sition of the GagIn;_,P,As;_, solid solution corre-
sponding to the accepted interaction parameters was
T. = 1156 K with the composition of the material z. =
0.515 mol.fr and y. = 0.55 mol.fr.

The results of calculations of the critical tempera-
ture value clearly confirm the previously stated state-
ment that for Ga,In;_,P,As;_, solid solutions lat-
tice matched to the InP substrate, the thermodynamic
conditions of layer growth turn out to be very close to
the boundaries of the unstable state of the solid phase.

According to the experience of modeling the
process of spinodal decomposition in the system
Ga,In;_, P, when choosing the intervals of the system
parameters for calculations, special attention should
be paid to the parameters that are located near the
spinodal line. It is for these compositions the experi-
mental observations of the solid solution composition
modulation effect are most probable. The theoretical
justification for such an assertion will be discussed fur-
ther.

¥ (mol.fr.) S x(mol.fr.)

o

s -~
o

00
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Fig. 1. The surfaces of the functions Fi(z,y) and Fa(z,y)

defined by Eq. (6) at a temperature 873 K depending on

the composition of the GazIni_,P,As;i_, solid solution

coherently conjugated to the InP (111) substrate. Here

p1 = 2300 Jmole™ and pe = 2340 Jmole™'. Blue areas

correspond to the intersection of the indicated functions of
planes Fi(z,y) = Fa(z,y) = 0.

4. Search of the conditions providing the
periodic solutions existence and the other
mathematical tools to solve the problem

As it was mentioned above, Eq. (6) describing the
distribution of the composition of the solid phase, the
thermodynamic state of which is near the boundary
of spinodal decomposition, form the nonlinear system
of second-order differential equations. To find special
domains of the system’s parameters providing the pe-
riodic solution existence, qualitative analysis methods
were used.

Based on these methods, the stationary points of
Eq. (6) and the system’s behavior in the vicinity of
these points are considered. Figure 1 shows a typi-
cal form of the excess energy functions Fj(x,y) and
Fy(z,y) for elastically deformed solid solutions, the
thermodynamic state of which is close to the bound-
ary of spinodal decomposition. Naturally, the energy
of elastic deformations of the layers was calculated
with respect to the CLP of the InP (111) substrate.

It is worth note that, as in the case of the
GagIng_, P ternary system coherently conjugated to
the GaAs substrate, the elastic strain energy of the
layers significantly exceeds the excess mixing energy
of the solid phase. Therefore, the main contribution to
the energy balance of the system is formed precisely
due to the elastic deformation energy of the thin layer.
This also explains the absence of extremum points
(minimum and maximum) on the dependence of the
excess energy of the system on composition (Fig. 1),
which are typical for a phase that is in a thermody-
namically unstable state. We also note the important
feature of the mutual location of the isoenergetic cross
sections for dependences Fi(z,y) and Fa(z,y) (Fig. 2)
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Fig. 2. Isotherms Fi(z,y) = Fa(z,y) = 0 of the sys-
tem’s energy functions at a temperature 873 K for the
GazIny_,PyAsi—, solid solution coherently conjugated
with the InP (111) substrate (sections that are highlighted
in blue in spatial Fig. 1). The points C;, i =1, 2, 3, 4 stand
for the positions of the stationary points of the system (6).
Red curve corresponds to Fi(z,y), black line — Fa(z,y).
Curves 1 and 2 stand for solid solution compositions the
lattice matched to the InP and GaAs substrates. The pa-
rameters for calculations are the same as for Fig. 1.

relative to the spinodals and the binodals of the solid
solution Ga,In;_,P,As;_, decomposition. A direct
comparison of the position of zeros of the excess en-
ergy functions, which are used in equations (4), with
the lines of the state phase diagram of the material, is
illegal, because these energies relate to different ther-
modynamic processes. The position of the spinodals
and binodals of decay in Fig. 1 is set only by the val-
ues of the excess mixing energy of the components in
the solid phase. The process of spinodal decomposition
assumes participation in the interaction of the elastic
energy of inclusions of a new phase. In this respect, the
positions of the zeros of the functions are better suited
for describing the positions of the coherent spinodals
of the system.

The comparison performed is useful since it fol-
lows from this that the ranges of compositions, where
fluctuations in the composition of the solid solution
and the effect of composition modulation should be
observed, are located precisely in the regions between
the spinodals and binodals of material decomposition.
This predetermines the shift in emphasis in further
studies to the compositions of the solid solution that
are in the metastable region, i.e., between the binodal
and spinodal of solid phase decomposition at the cho-
sen temperature.

We should recall an important feature of the ther-
modynamic situation that develops during the depo-
sition of a Ga,In;_,P,As;_, solid solution on an InP
substrate. Comparison of the position of the spinodal
curve from [1-3] with the position of zeros of the func-
tions F; and F, shows that at typical temperatures

of layer’s synthesis, they are located in close proxim-
ity and even cross the line of lattice matched of solid
solution to the InP substrate. This should be consid-
ered as a theoretical substantiation of the possibility
of realizing the effect of composition modulation in
layers grown under such thermodynamic conditions.
However, the noted fact cannot be considered as a
sufficient condition for the occurrence of composition
oscillations in the layer.

From Fig. 2 it follows that in the general case for
the considered system of equations there are four sta-
tionary points C; for which the conditions F(z,y) =
Fy(xz,y) = 0 are simultaneously satisfied. An analy-
sis of the behavior of these functions in the vicinity
of points C; and C4 showed that the sign of the first
derivative of these functions with respect to the com-
position of the solid solution is positive. This means
that if the system in its thermodynamic evolution
turned out to be in the vicinity of these points, then
the only possible way to change the composition to-
wards a stable equilibrium state of the system would
be to change them according to an aperiodic process.
In such a situation, the conditions for the appearance
of oscillations of the composition of the solid solution,
i.e., there are no conditions for the appearance of the
composition modulation effect. Therefore, these states
of the system were not considered.

A different situation develops when the system is
in states close to points Cy and Cj3. For these states,
the sign of the derivatives is negative. This means that
when the system deviates from its equilibrium state,
thermodynamic forces arise in it, which tend to re-
turn it to its original state. These forces are associ-
ated with the appearance of elastic deformations in
newly formed inclusions of the solid phase. The state
Cj5 is characterized by a very significant deviation of
the composition and, accordingly, of the CLP of the
solid phase from the CLP of the substrate. The magni-
tude of this discrepancy reaches a few percent, which
is very large. There is no reason to hope that, at such
values of the CLP mismatch, coherent phase conjuga-
tion will be preserved in the heterostructure.

An estimate of the critical film thicknesses, at
which its coherent conjugation with a massive sub-
strate is still possible, shows that this value is much
smaller than the thicknesses of layers deposited even
by nanotechnologies. Therefore, the state of the sys-
tem corresponding to the point C3 cannot be imple-
mented in practice, and it should also be excluded
from consideration. This means that the state of the
system in the vicinity of the point Cs is of the great-
est interest. Therefore, the further system’s studies are
carried out in the vicinity of this state.

The above considerations about the implementa-
tion of the decomposition process allow us to conclude
about the possible amplitudes of fluctuations in the
composition of the solid solution. Taking into account
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the magnitude of critical strains in the film, the ap-
plication of the written equations should be limited to
sufficiently small oscillation amplitudes in the vicin-
ity of the stationary point. At the same time, it is
known from experiments on studying the composition
modulation effect in solid solutions that the shape of
composition oscillations differs significantly from har-
monic and is quite close to rectangular (concentration
domains). The appearance of such types of oscillations
is possible only in a situation where non-linear com-
ponents in the initial equations are significant. This is
possible in a situation where the oscillation amplitudes
are large enough, and the dependence of the elastic
and thermodynamic properties of the solid phase on
its composition is clearly manifested.

The most effective method for the final search for
intervals of the initial parameters of the system (g,
Yo, M1, t2), when oscillatory solutions with a large am-
plitude will be observed in it, is based on constructing
a phase portrait for the system of differential Eq. (6),
i.e., the dependence of the value of derivatives dz/dz
and dy/dz on the composition of the solid solution
2(z) and y(z). This approach proved to be effective
when searching for the conditions for the occurrence
of composition oscillations in the Ga,In;_,P ternary
system [6, 7].

It is worth note that from a mathematical point
of view, the parameters ;2 provide a scale transfor-
mation of the z and y profiles, leaving the oscillation
type of the system’s behavior unchanged. Therefore,
at this stage of the analysis, we can put p12 = 1.
The parameter forming the set of level lines (isoen-
ergetic lines) is the value of the total system energy
Eiotal = Fel+ Fex+ 11+ 12, and the input parameters
for their formation are the quantities 1 and pso.

Calculations show that in the vast majority of
cases, which corresponds to an arbitrary choice of the
values of the integration constants, the phase trajec-
tory turns out to be open. This means that to obtain
the conditions for periodic changes in the composition,
i.e., to observe the effect of composition modulation,
is possible only in strictly defined ranges of variations
of these parameters. Such phase portraits, both with
broken and closed phase trajectories, were observed
for the Ga-In-P ternary system [6, 7].

The phase portrait for system (6) is a spatial pat-
tern. The typical phase portrait of the periodic sys-
tem’s trajectory is shown in Fig. 3. Such phase trajec-
tories can be observed if the system evolves in the im-
mediate vicinity of the stationary state Cs. For clarity,
projections of the functions under consideration onto
the coordinate planes of the solid phase composition
are also presented there.

The resulting phase portraits have fundamental
differences from the phase portraits for the ternary
system. According to the theory of differential equa-
tions, system (4) is characterized by quasi-periodic so-

Y (rel.un.)

(b)

I . . Y (mol.fr.)
/006

Fig. 3. Phase trajectories and their projections (side pan-

els) for Eq. (6) when the thermodynamic state of the

GazIny_,PyAsi_, solid solution is localized in the vicinity

of the stationary point C2. Temperature 873 K, InP (111)

substrate. The thermodynamic parameters for calculations
are the same as for Fig. 1.

lutions, for which the oscillation period is not constant
and is a weakly changing quantity [24]. The absence
of an exact period in such interrelated oscillatory pro-
cesses can be easily explained using the representa-
tions of a classical oscillatory system, where noncon-
servative forces act. Indeed, energy losses in such an
oscillatory system led to a change (increase) in the pe-
riod of its own oscillations. In the case of two coupled
oscillation subsystems, a continuous energy exchange
occurs between the metallic and metalloid sublattices
of the sphalerite structure, and the appearance of con-
tinuous variations in the oscillation period of the com-
positions is inevitable. Mathematically, this effect is
primarily associated with the appearance in the ini-
tial equations of the energy component as a function
of the composition of each of the sublattices: aczy. It
is also necessary to point out the dependence of the
reduced mixing energies of the components in one of
the sublattices on the composition of the other. This
feature of the energy interaction in the system was
considered in the dependences of the parameters af,
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and a5, on the composition of the solid solution. To
what has been said, one should add the existence of de-
pendences of the elastic constants and, consequently,
the elastic energy in each sublattice on the composi-
tion of the other interacting with it. It is the complex
interchange of energy between the subsystems that is
reflected in the quasi-periodicity of oscillations in the
composition of the solid solution.

This effect is reflected in the shape of the phase
portraits of oscillations in the system. The absence
of a strict period for the considered oscillatory pro-
cesses leads to the fact that the phase portrait is not
stationary. Thus, Fig. 3 shows a typical form of spa-
tial dependences for the phase trajectories of composi-
tion oscillations in sublattices during 5 periods of the
process, when the effect of composition modulation
should be observed in the system. These phase trajec-
tories and their projections on the composition planes
correspond to the conditions when the decomposition
of a supersaturated solid solution occurs according to
a periodic law. If the analysis of the projection forms of
phase trajectories on the plane of compositions shows
that they are quite close to closed forms, then the
consideration of spatial patterns shows their complex
variations. This effect is clearly illustrated by the 3D
images of the phase curves in Fig. 3, which show the
dependences of derivatives on the composition of the
solid solution on the composition of the material itself.
As already mentioned, the interval for which the evo-
lution of the phase portrait was calculated in Fig. 3,
was limited to 5 oscillation periods. Careful consider-
ation of the phase portrait shows that the phase tra-
jectory in the space of material compositions is open.

However, due to the relatively not very strong en-
ergy interaction between the oscillatory subsystems,
the variations in the period of oscillatory processes are
still not very large. Therefore, the phase trajectories
are located close enough to each other. This makes it
possible to interpret such a solution of the system of
equations as a quasi-periodic one. The observed effect
is reflected in the smearing or thickening of the lines
on the graph of the phase trajectory projections for
the variable z when its phase trajectories somewhat
change their position on the graph in Fig. 3a. For the
same conditions, the oscillatory process in the metal-
loid sublattice of the sphalerite structure in Fig. 3b
follows a rather complex form, which corresponds to
the complex form of the oscillation itself. However,
even in this case, its phase trajectory changes its po-
sition from one oscillation cycle to the next insignifi-
cantly: changes in the vicinity of its stationary state.
These features of interrelated oscillatory processes are
attributes of quasi-periodic oscillations [24].

The absence of a strict periodicity in vibrations
introduces some uncertainty in the calculations of the
average compositions of the solid solution in accor-
dance with Eq. (3) due to the uncertainty in the value

of the period L. At the same time, such data are neces-
sary to compare the calculated and experimental re-
sults on the composition of the solid solution. The
problem was solved by averaging the composition of
the solid solution, which changes as a result of the
composition modulation effect, over 5 periods. Increas-
ing the accuracy of calculating the average composi-
tions and, accordingly, the average mismatch of the
CLP in the heterostructure seems to be inappropriate
due to the accuracy of the experimental measurement
of the indicated quantities themselves.

To specify the phase trajectory, parameters p1 and
e are used. These parameters are responsible for the
position of the energy function with respect to the
composition plane z-y and set the amplitude of com-
position oscillations in its sublattice of the solid phase.
Studies of the influence of parameters p;2 on the
shape of trajectories have shown that their absolute
values determine the position of the point C5, in the
vicinity of which oscillatory solutions of the equations
are observed, and the difference between them con-
trols the oscillation amplitude. In this case, the initial
concentrations xy and yg should be chosen slightly to
the left of point Cs.

Calculations show that even with small variations
in the initial parameters leading the system away from
point C5, the phase trajectories are not closed. At the
same time, the closeness or equality to zero of the ex-
cess energies in each sublattice of the sphalerite struc-
ture from the physical point of view means that the
system has the most favorable conditions for the com-
plete transition of the excess mixing energy, which ini-
tiates phase decomposition, into the energy of elastic
deformations of the precipitating new phase. In this
case, the complete equality of the indicated energies
means the appearance of the effect of a kind of res-
onance. Calculations show that this phenomenon is
observed in a very narrow range of both parameters
11,2 and initial composition zg, yo of the solid solution
for which the decomposition is modeled.

According to our studies, a variation in the total
energy of the system, even by less than 1%, can lead
the system away from the desired mode of formation
of intense oscillations.

Obviously, the study of the behavior of solutions
of the system of Egs. (6)—(4) under these conditions is
of particular interest since it is in this range of initial
values that all the previously stated conditions for the
manifestation of composition modulation effect with
a complex character of oscillations are realized. An
analysis of the position of point C5 at a temperature
of 850 K on the thermodynamic phase diagram shows
that this point is in close proximity to the decay spin-
odal and falls into the region of the metastable state,
which lies between the lines of the spinodal and the
corresponding binodal. We point out that, near the
boundaries of unstable states, we previously observed
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the appearance of regions with an anomalously high
sensitivity of the compositions of Ga,In;_,PyAs;_,
quaternary solid solutions grown on an InP substrate
to small changes in the parameters of the growth pro-
cess [10, 18, 19]. A similar situation is observed in the
case under consideration. When the initial concentra-
tion is located somewhat to the left of point C5, the
solution of the boundary value problem shows a sharp
increase in the oscillation amplitude in the composi-
tion distribution over the film thickness. This allows
us to hope that in oscillations with such initial param-
eters, the nonlinear properties of the system of Eqs.
(6)—(4) will clearly manifest themselves.

The above considerations and the experience of
computational work for a similar problem in the
ternary system Ga,In;_,P made it possible to con-
struct the following algorithm for solving the integro-
differential problem (Egs. (6)—(4)). The solution of the
problem began with the calculation of the thermody-
namic and elastic properties of the Ga,In;_,PyAs;_,
solid solution for a given average composition of the
material. Then, for a preliminary assessment of the
possible values of the initial compositions xg, yo, and
parameters p1 2 in the “manual” mode, the position
of the graph of the total energy of the system was
analyzed with the search for zeros of the functions
Fy and F5. According to the preliminary analysis, the
set of input data of interest from physical considera-
tions for calculations should be chosen somewhat to
the left of the point C3 on graph. This provided a
search for a solution to the boundary value problem
in the required concentration range. The chosen val-
ues (o, yo) allowed us to start solving the system
of differential equations. For integrating the equation,
the in-built functions of the software Mathematica
are used. Further, the obtained dependences z(z) and
y(z) entered the block for finding their average value,
which was calculated by integrating the found depen-
dences over the average oscillation period in accor-
dance with formulas (3). If the obtained average did
not coincide with the previously specified one, then
at the next cycle of solving the problem, a correction
was made to the value (zo; yo);. Correction and cal-
culation of a new, current value, was performed by
the secant method. The result of the work of such
a computational cycle was the value of the average
concentrations T, ¢, which were self-consistent both
in solving the differential equation and in calculat-
ing the thermodynamic and elastic properties of the
material. The developed algorithm formed the basis
of software for modeling the process of spinodal de-
cay, i.e., the effect of composition modulation dur-
ing the formation of a heterostructure based on a
GagIny_,PyAs;_, quaternary solid solution and an
InP substrate.

5. Simulation of the composition modulation
effect for the Ga,In;_ P,As;_, — InP
heterostructure formation

The developed thermodynamic ideas about the
process of spinodal decomposition were applied to the
conditions for the formation of a heterostructure based
on a GagIn; _,P,As;_, solid solution — InP (111) sub-
strate. For this system of solid solutions, there are
experimental results on the discovery of the effect of
modulation of the material composition, some data
on its parameters of composition oscillations are re-
ported, information is given on the technological pro-
cess of their synthesis by various epitaxial methods in
slightly different temperature-time regimes [4, 11, 12,
20, 22, 23].

At the first stage of modeling, the search for
model parameters was carried out that would pro-
vide the best agreement between the calculations and
the available experiments. As already noted, the fit-
ting parameters of the model are the parameters /31 2
of the power-law expansion of the free energy of a
solid solution inhomogeneous in composition, the con-
stants 1,2, and the initial composition of the material
(0,y0). The constants 1 2 specify only the period of
oscillations in the composition of the solid solution in
each of the sublattices of the sphalerite structure. The
parameters /17 2 set the position of the zeros of the en-
ergy functions Fj 2 and control the amplitude of the
oscillatory processes in their sublattice. Naturally, the
choice of the values of these parameters was carried
out in accordance with their indicated physical mean-
ing.

To estimate the parameters 3 2, we used experi-
mental data on the oscillation period of the compo-
sition and CLP in the layers of the Ga,In;_,P solid
solution deposited on the GaAs (111) substrate from
its own liquid phase [5], and in the heterostructure
based on the GagIn;_,P,As;_, solid solution and
substrates InP (111). According to the experimen-
tal data [1, 2, 4, 11, 22, 23], the grown layers had
an average period of change in their composition at
the level of 200-300 nm. This result on the oscillation
period is reported for both ternary and quaternary
solid solution. Based on the low accuracy of the indi-
cated data on the oscillation period, and also taking
into account the incompleteness of the reported infor-
mation, for example, on the temperature-time condi-
tions for the synthesis of layers, in further modeling
of the spinodal decomposition, it was decided to ac-
cept 81 = B2 = 1.4 x 10° Jnm? mole™?, as in [5] for
systems Ga,In;_,P. Since the temperatures of mate-
rial synthesis on GaAs and InP substrates are differ-
ent and amount to about 750°C in the first case and
650°C in the second case, then under this assumption
it is automatically assumed that the parameters /3; »
in these calculations do not depend on temperature.
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Fig. 4. Distributions of the composition (a), (b) and
the lattice parameters mismatch (c) over the layer of
GagIni—oPyAsi—, solid solution coherently conjugated
to the InP (111) substrate. Temperature is 873 K, u1 =
2700 J mole ™!, po = 3200 J mole™!; average solid solution
composition Z = 0.472 mol.fr.; § = 0.109 mol.fr.; initial
compositions zo = 0.480854 mol.fr., yo = 0.108791 mol.fr.;
the average mismatch between the layers in the structure
is — 0.39 %. Experimental data on the amplitudes of com-
position oscillations are taken from [12, 22, 23].

According to the fundamental works [13, 16], the pa-
rameters 31 2 are the coefficients of the expansion of
the Gibbs free energy of the solid phase in terms of its
composition and, naturally, depend on temperature.
However, it seems that at the current stage of the the-
oretical study of the effect of composition modulation
in semiconductor materials, nevertheless, such a sim-
plification of the problem is quite justified, since only
such an approach makes it possible to obtain quanti-
tative data on the effect under study.

The main results of modeling the composition
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Fig. 5. Distribution of phosphorus over the layer of

GazIny_,PyAsi_, solid solution coherently conjugated to

the InP (111) substrate. Temperature is 873K, pu; =

2700 J mole ™!, p2 = 3300 J mole™!; average layer compo-
sition: Z = 0.468 mol.fr. and y = 0.115 mol.fr.

modulation effect in a heterostructure based on a
GazIny_,PyAs;_, solid solution and an InP (111)
substrate are shown in Figs. 4 and 5.

Among all possible compositions of the material for
calculations, we chose compositions that, in terms of
the CLP, are close to the lattice of the InP substrate.

In this case, the band gap of the material of this
composition ensures its optical sensitivity at a wave-
length of about 1.55 pm. Modern fiber communication
lines operate in this wavelength range.

A typical distribution of the composition and mis-
match between the crystal lattices parameters in a
heterostructure is given both depending on the math-
ematical parameter U = 32z, and on the actual coor-
dinate directed perpendicular to the (111) plane.

From Figs. 4 and 5 one can see the quasi-periodic
structure of the distribution of the composition of the
solid solution. Careful comparison of the oscillation
modes of the composition makes it possible to find dif-
ferences between the parameters of even neighboring
oscillations. So, in Fig. 4, the variation of the oscilla-
tion periods is quite clearly visible. Indeed, the length
of the oscillation half-wave near U = 1.0 turns out to
be somewhat larger than, for example, the half-wave
at U = 2.0.

If the shape of the curves for the variation of the
composition in the metal sublattice (function z(z)) in
different parts of space turn out to be approximately
the same, then for the oscillatory process in the metal-
loid sublattice (function y(z)) not only different values
of the maximum deviations of the composition are ob-
served, but also a difference in the form of oscillations
as they propagate through the crystal. Indeed, in the
vicinity of U = 1.0, the values of three local maxima,
which are located at the minimum content of phos-
phorus in the solid solution, differ significantly from
their analogs, which are located at U = 2.0. Naturally,
the complex form of the oscillatory process in the met-
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alloid sublattice of the solid phase, i.e., the complex
form of the function is also reflected in the peculiar
and complex form of the phase portrait for changing
this parameter of the system in Fig. 3b.

The concentration profiles of the solid solution
components in the metallic and metalloid sublattices
of the sphalerite structure z(z) and y(z), which are
obtained as a result of calculations, differ significantly
from the form corresponding to harmonic oscillations.
Their shape is more reminiscent of rectangular pulses
for oscillations z(z) or the result of the superposition
of two rectangular pulses for y(z). Therefore, it can
be argued that the calculated result in Figs. 4, 5 illus-
trates the process of formation of concentration do-
mains in the solid phase when it is in the thermody-
namic state close to the boundaries of spinodal de-
composition. Note that the found input parameters
for the calculations in Figs. 4, 5 (see the caption) in
the square of the material compositions are located
somewhat to the left of the point Cs, i.e., lie on the
surface describing the resonance between the excess
mixing energy, which causes the decomposition of the
solid solution, and the elastic energy, created by the
inclusions of the new final phase.

It is important to note once again that the desired
solution with respect to the initial composition zq, yo
in the problem under consideration is close to a sharp
resonance maximum. Therefore, even a small variation
of the parameters ji; 2 leads to a significant change in
the calculated shape of the composition oscillations.
Thus, Fig. 5 shows the calculated dependence for vari-
ations in the composition of the metalloid sublattice of
the solid solution, when the parameter p2 was changed
with respect to the data in Fig. 4 by only 100 J mole~!.
Even such a small change in the integration constant
significantly changes not only the amplitude of oscil-
lations, but it was also reflected in the appearance on
the graph of additional vibrational modes inherent in
a nonlinear system.

Figures 4 and 5 also show data on the amplitude of
composition oscillations, which were observed experi-
mentally in [5]. The agreement between the calculated
and experimental values in terms of oscillation ampli-
tudes was achieved by a proper choice of the param-
eters j1,2. When solving this part of the problem, it
was noticed that the concentration interval between
points C; and Cy (Fig. 2), in essence, set the am-
plitude of the oscillatory process. It should be noted
that such an arrangement of the total energy graph
relative to the equilibrium position of the system can
only be provided by a special relationship between the
mixing energy, elastic energy, and chemical potentials
of the system. If the maximum of the total energy
is located in such a way that the points C; and Cj
are significantly spaced relative to each other, then
the oscillation amplitude will be large. A significant
composition variation in such a process will cause the

appearance of large mismatches on the CLP of coher-
ently matched materials. In such a situation, the pa-
rameters of the system can exceed their critical values
with the formation of dislocation networks and dis-
ruption of the coherent state of the phases. The latter
will inevitably lead to the disruption of the oscillatory
process, and in this case, the model under consider-
ation is not applicable. This reasoning suggests that
the effect of composition modulation must manifest it-
self quite rarely during the synthesis of semiconductor
solid solutions.

It is of interest to compare the value of the tem-
perature range in which modulation effect can be de-
tected in quaternary and ternary solid solutions. The
appearance of composition oscillations in a solid solu-
tion is associated with the condition that the initial
figurative point for the thermodynamic state of the
system is located in the vicinity of its spinodal on the
phase diagram. According to the notation adopted in
the work, this is point C5 in Fig. 2 for the quaternary
system. The position of point Cs is set by the value of
the excess energy of mixing of the solid phase and the
value of the elastic energy of the newly formed inclu-
sions. The elastic energy must be calculated with re-
spect to the CLP of the initial matrix of the solid phase
in which these inclusions are formed. If a thin layer is
grown on a massive substrate, as occurs when creating
a heterostructure, then the elastic deformations must
be calculated with respect to the CLP of the substrate.
If a solid solution layer is synthesized on an amorphous
substrate or on a substrate that does not provide co-
herent conjugation of the contacting phases, then the
elastic deformations should be calculated with respect
to the average CLP of the initial matrix of the solid
phase. Naturally, the magnitude of the elastic energy
in the mentioned cases of synthesis will be different.
This means that the position of the point C5 cannot be
identified with the position of the chemical spinodal of
the system when only the chemical component of the
mixing energy is taken into account in the analysis.
Most likely, it is located on the coherent spinodal, but
it is only necessary to indicate with respect to which
lattice parameter the elastic energy in the system is
calculated.

The computational programs developed by us,
which simulate the spinodal decomposition in ternary
and quaternary A3B5 semiconductor solid solutions,
make it possible to estimate the temperature range
near the decomposition spinodals, when intense oscil-
lations are still possible. In practice, this means that
it is possible to evaluate the influence of the num-
ber of components (the number of degrees of freedom
of the system) on the possibility of experimental ob-
servation of the effect of composition modulation in
semiconductor solid solutions.

The solution of this problem was carried out
according to the following algorithm. For systems
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GazIn;_,P — GaAs (111) substrate and GazIn;_,P,
Asy_, — InP substrate (111) for their typical crys-
tallization temperatures, the conditions for the ap-
pearance of an oscillatory mode of solving the decay
equations were found. The systems were located in
the vicinity of figurative points, which ensure the ap-
pearance of resonance between excess energies in the
systems. Then the decay equations were solved with
simulation of the composition modulation effect. Af-
ter that, the temperature in the simulated process
changed and its value was fixed at which the oscil-
lations disappeared. Calculations have shown that the
temperature interval in which the oscillatory regime
is detected for a ternary system is larger than for a
quaternary system by about 20 K. This means that
the effect of composition modulation is easier to ex-
perimentally detect in ternary systems than in qua-
ternary systems when the range of system parameters
that provides effective spinodal collapse narrows.

At the same time, the need to create heterostruc-
tures for optoelectronic devices operating at 1.3-
1.55 um a wavelength predetermined intensive and
precision studies of the synthesis process and the
properties of Ga,In;_,P,As;_, solid solutions lattice-
matched to the InP substrate. A large number of high-
precision experiments on layers growth, carried out
under conditions of proximity of the growth system to
the boundaries of thermodynamic instability, made it
possible to experimentally detect the discussed effects
for the quaternary system. We also add that quite of-
ten, the growth of Ga,In; _,P,As;_, solid solutions is
carried out with continuous cooling of the initial liquid
phase. The decrease in temperature of the system in-
creases the probability of passing the figurative point
in the vicinity of the resonance point (point Cs in the
work) and thereby realizes the conditions for the oc-
currence of the composition modulation effect. This
method of obtaining layers was used in [2, 4, 10-12],
when a layer of solid solution was grown from a super-
saturated liquid phase with its continuous subsequent
cooling (supercooling method).

According to the available experimental results
[10-12, 18, 19, 23], the concentration profiles of the
components in the composition modulation effect have
a pronounced rectangular shape. In this case, the
lengths of each of the half-waves of the oscillations
are approximately the same. According to the per-
formed calculations, sufficiently extended concentra-
tion domains should be formed in the material, which
are separated by relatively thin walls. This result cor-
responds to the theoretical concepts of the domain
structure of the material after its spinodal decompo-
sition [10, 11].

In this regard, the presence of a contradiction be-
tween the calculated representations and the available
experimental data on the distribution of the composi-
tion of the material in different regions of the domain

structure should be recognized. The high “off-duty ra-
tio” of the concentration profiles, which follows from
the calculations, nevertheless seems to be closer to re-
ality. The appearance of a domain structure in which
the length of the interdomain wall and the size of
the domain itself were approximately equal is unlikely.
The solution to this issue should be postponed until
new experimental results are obtained, and their rela-
tionship with the technological regimes of layer syn-
thesis is studied.

The appearance of periodic variations in the com-
position with a period of tens of nanometers should be
taken into account when forming ultrathin or nanos-
tructures based on A3B® solid solutions, when the
thicknesses of the deposited layers become commen-
surate with the modulation period.

6. Conclusions

Based on the results of these investigations, the
following conclusions can be drawn:

— The Cahn-Hilliard equation was adapted to de-
scribe the formation of concentration domains during
the spinodal decomposition of A3B® quaternary solid
solutions, when the substitution of components occurs
in the metallic and metalloid sublattice of the spha-
lerite structure.

— The obtained model representations are applied
to the description of the composition modulation ef-
fect of Ga,In;_,P,As;_, solid solutions, which are de-
posited under conditions of coherent conjugation with
the InP (111) substrate at temperatures close to the
regions of the metastable state of the material.

— Quantitative information was obtained on the
distribution of the composition of the Ga,In;_,P,
As;_, solid solution after its spinodal decomposition
depending on the composition of the solid solution and
temperature. It is shown that the effect of oscillations
in the composition of the solid phase is associated with
the appearance of a resonance between the mixing en-
ergy of the components in the corresponding sublat-
tices and the energy of elastic stresses arising in elas-
tically deformed inclusions of the new phase.

— A comparative assessment of the possibility of
experimental observation of the effect of composition
modulation in ternary and quaternary A3B® solid so-
lutions has been carried out.
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