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Abstract. It was determined that at gaps between substrates more than 0.8 mm, the process of mass supply,
when growing epitaxial layers (Gez2)1xy(GaAs)x(ZnSe)y, is also affected by convection flows arising under the action
of gravitational force. It was determined that at the temperature of the beginning of epitaxy T = 750°C, a continuous
layer (Ge2)1xy(GaAs)x(ZnSe)y with nanoislands was grown on Si substrates. This causes the lattice mismatch by 4%
and the difference in the linear thermal expansion coefficients of the substrate and the solid solution component, re-
spectively. The grown film is a substitution solid solution (Gez2)1-xy(GaAs)x(ZnSe)y (0=x<0.53 and 0<y<0.74) with a
gradually changing composition.

Keywords: Substrate, epitaxial layer, convection flow, gravitational force, temperature, nanoislands, solid

solution.

AHHoTaums. OnpefeneHo, Y4To Npu 3a3opax Mexagy nognoxkamu 6onee 0,8 MM Ha npolecc nogayy macchbl
npu BbipalMBaHUM anMTakcuanbHbIX cnoes (Gez)ixy(GaAs)x(ZnSe)y Takke BrNSAIOT KOHBEKLMOHHbIE NMOTOKWU, BO3HW-
KaroLime nog OevcTBMEM rpaBuTauun. YCTAHOBMEHO, YTO Mpu TemnepaType Hadvana anutakcum T = 750°C Ha nog-
noxkax Si BblpalumBaeTcs cnnowHon cnown (Gez)ixy(GaAs)x(ZnSe)y ¢ HaHoOCTpOBKamMKU. ITO NPUBOAMUT K HECOOTBET-
CTBUIO peLleTok Ha 4% u pasHuue B Ko3adhduumneHTax IMHENHOrO TEMMOBOrO PacLUMPEHMS MOAOXKA U KOMMNOHEHTA
TBEpPOOro pacTtBopa COOTBETCTBEHHO. BbipalwieHHas nneHka npeacrtasnseT cobon TBepAblt pacTBOp 3aMeLleHus
Ge2)1-xy(GaAs)x(ZnSe)y (0<x<0,53 n 0<y<0,74) c NOCTENEeHHO MEHSIOLLMMCS COCTaBOM.

KniouyeBble cnoBa: Noanoxka, anMTakcuanbHbIA COW, KOHBEKLMOHHOE TeYeHne, cuna rpaButaumun, Tem-
nepaTypa, HaHOOCTPOBKMW, TBEPAbIA PacTBop.

AHHoTaums. Tarnuknap opacvgarn 6ywnuknap 0,8 MM opTuk 6ynranmaa (Gez)ixy(GaAs)x(ZnSe)y anuTtak-
cvan katnamnapHu yctvpuwaa macca TabMWHOTUY XXapaéHura TOpTULLIMLL Ky4n ocTuaa nango 6ynaguraH KOHBeKCKs
OKUMITApU XaM TabCup KUMNawmM aHUKNaHan. QnuTakumsanaHuWwHKUHE gactnabkm xapopatu T = 750°C ga Si tarnukna-
pvaa HaHooponnapra ara 6ynraH y3nykeuns katnam (Gez)ixy(GaAs)x(ZnSe)y waknnasuwm adnknadgn. by naHxapa
KMAMaTnapuHu Moc kenmacnurnim 4% ra Ba Tarnvk Ba KaTTUK KOPULLIMA KOMMOHEHTUHWHT YA3UKIN TepMar KeHrammil
koedduTceHTNapuaari apkHn Tydaiinu osara kenagu. Yctupunrad (Gez)ixy(GaAs)x(ZnSe)y nnéHka acTa-CekuH
y3rapyB4aH Tapkubra ara 6ynraH YpuH anawmHyBYM KaTTuK Kopuima xucobnadagm (0<x<0,53 Ba 0=in<0,74).

Kanut cysnap: Tarnuk, anuTtakcvMan katnam, KOHBEKCUS OKMMMW, TOPTULLMLL Ky4un, XxapopaT, HaHoopornnap,
KaTTUK KOpULLMA.

1. Introduction

It is known that many A?B® and A®B® com-
pounds are expensive materials, and therefore the
use of massive elements based on them on a large
scale is economically unprofitable. Taking into ac-
count that the active area of optoelectronic ele-
ments is several micrometers, it is reasonable to
grow such compounds on affordable and cheap
substrates, made, in particular, from single-crystal
silicon. However, due to the difference in the lat-
tice parameters and thermal expansion coefficients
of silicon and epitaxial films of A?B® and A°B®
compounds grown on it, it is difficult to obtain
high-quality films directly on silicon substrates.
These inconsistencies can be eliminated by using
an intermediate buffer layer embedded between the
substrate and the epitaxial layer. Recent work

aimed at careful control and design of heterostruc-
ture preparation Ge/Si with Ge quantum dots into
delocalized states of the Si valence band [9]. 100
nm thick germanium buffer layers, then, a Ge
quantum dot layer with an effective thickness was
grown at the appropriate crystallization tempera-
tures. Taking into account the mechanics of the epi-
taxial film and the properties of isovalent interfaces
in the design of the epitaxial structure was used to
create high-quality heterostructures Ge/Si capable
of supporting further growth of GaAs and ZnSe
layers for micro- and optoelectronic devices, since,
Ge with GaAs and ZnSe compounds, which practi-
cally matches in lattice parameter (0.15% lattice
mismatch at 300 K). In addition, the coefficient of
thermal expansion of the GaAs and ZnSe com-
pounds differ by 3% and 15%, respectively. In the
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above studies, (Ge2)1.x(GaAs)x and (Gez)1x(ZnSe)x
epitaxial layers on Si substrates were grown by
metal chemical vapor deposition and molecular
beam epitaxy. However, despite the emerging pro-
gress in integrating GaAs and ZnSe compounds
with Si technology and the emergence of instru-
mental applications, heteroepitaxy of (Ge):-
«(GaAs)x and (Gez)1«(ZnSe)x on Si substrates still
remains a difficult problem.

In this regard, in this paper, experimental
results are presented on the possibility of growing
an epitaxial layer (Gez)ixy(GaAs)x(ZnSe)y on Si
substrates through a Ge buffer layer.

2.  Techniqgue for Growing  (Ge2)ix-
yW(GaAs)x(ZnSe), Epitaxial Films on Si Sub-
strates.

Solid solutions  (Ge2)1xy(GaAs)«(ZnSe)y
were grown on GaAs substrates by liquid-phase ep-
itaxy from a bismuth solution-melt. The substrates
were oriented along the (111) directions. The crys-
tallization onset temperature was 750°C. The com-
position of the solution-melt, corresponding to the
temperature of the beginning of crystallization, was
also determined from the phase diagram of Bi-Ge,
Bi-GaAs and Bi-ZnSe and has the following ratio
of components (in mass percent): Bi:97.63%,
Ge:3.13%, GaAs:1.18 %, and ZnSe:0.48%. The
formation of a solid solution of molecular substitu-
tion between Ge,, GaAs, and ZnSe has been stud-
ied. According to the criteria, the following condi-
tions must be met for the formation of a substitu-
tional solid solution [10]: the sums of the valencies
of the atoms of the molecules of the substituting
components of the solid solution must be the same;
the sums of the covalent radii of the atoms of the
molecules of the substituting components should
not differ by more than 10%. According to calcula-
tions, Ge,, GaAs, and ZnSe can form a continuous
substitutional solid solution with molecular substi-
tution (Fig.1), but they cannot be done with atomic
substitution.

Scientific Bulletin.

Fig. 1. Spatial configuration of letrahedral bonds
of molecules of continuous solid solutions
(Ge2)1xy(GaAs)x(ZnSe)y
0-Ge.9-Ga,@-As,0-71n.@- Se
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Fig. 2. Dependences of the bonds of thickness of
epitaxial of solid solutions (Ge2)1xy(GaAs)«(ZnSe)y

on the gap between the  substrates.
a - for the upper substrate,
b - theoretical dependence,

¢ — the lower substrate.

The experimental data are given in Fig 2,
within the thickness measurement errors, lie on line
described by the expression

54 b A
i6e) ., (), e, = [j(l -x-y)+ ix + i}’] '%[Q 161G (1)

Until a gap ~ 0.8 mm is reached, after
which the experimental curves for both the lower
and upper substrates strongly diverge from the the-
oretical ones. Where, x and y are the content of
GaAs and ZnSe in the solid solution, A1, Az Az A
and p1, p2, ps, p are the molecular weights and densi-
ties of germanium, gallium arsenide, zinc selenide
and bismuth, respectively: Cq, C,, Csmolecular frac-
tions germanium, gallium arsenide and zinc sele-
nide in the liquid phase: & size of the gap between
the substrates. Since the molecular weights and
densities of germanium and zinc selenide are very

. . Al A2 A3
close in magnitude— ~ — =~ —, then the slopes of

pl  p2 p3
the theoretical straight lines described by expres-
sion (1) are almost the same for different "x" and
"y". It should also be noted that the structural per-
fection of the layers of solid solutions grown on the
lower and upper substrates also differ from each
other. More perfect epitaxial layers with a smooth
surface, other things being equal, are obtained on
the lower substrates. We also note that with an in-
crease in the temperature of the onset of epitaxy,
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the structural perfection of the layers grown both
on the lower and upper substrates improves.

cassette substrate

b
777,

___________ ME:::EG

substrate

Bi melt-solution

Fig. 3. Scheme of the distribution of components
in the solution-melt located between the substrates
at 6>0.8 mm during crystallization.
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Fig. 4. Temperature dependence of Ge,, GaAs, and
ZnSe solubility in Bi.

The obtained dependences of the thickness
of the epitaxial layers on the size of the gap “6” at
large gaps can be explained as follows (Fig3). In a
melt solution kept at a certain temperature, the dis-
solved components are distributed uniformly
throughout the entire volume of the melt solution,
and since the melt solution was saturated both with
respect to germanium and respect to zinc selenide,
a solid solution (Ge2)1xy(GaAs)x(ZnSe)y in the lig-
uid phase, which begins redistributing in the solu-
tion-melt under the influence of the gravitational
field. Thus, convection flows arise in the solution-
melt. Since, the density of the solid solution (Ge,).-
«y(GaAs)«(ZnSe)y is less than that of the solvent,
such convection flows enhance the supply of the
mass of the solid solution to the upper crystalliza-
tion front. Therefore, ceteris paribus, the actual
growth rate of the layers on the top substrate is
much higher, which probably contributes to the
formation of thicker films. An increase in the
growth rate also leads to a deterioration in the

Scientific Bulletin.

structural perfection of the layers. With gaps small-
er than 0.8 mm, the conditions for the formation of
convection flows in the solution-melt are probably
insufficient and growth occurs only due to molecu-
lar diffusion of the components.

To prepare a melt solution, the solubility of
Gez, GaAs, and ZnSe in Bi in the temperature
range of 750+650°C was studied by the mass loss
method of Ge, , GaAs, and ZnSe samples placed in
liquid bismuth and kept in it until the solution satu-
rates. The composition of the Bi - Ge - GaAs-ZnSe
melt solution at 730°C was as follows: Bi: 100 g,
Ge: 3 g, Ge: 2 g and ZnSe: 1 g bismuth at the tem-
perature of liquid phase epitaxy (750°C), which are
mainly in the form of molecules. This assumption
is based on the analysis of the solubility of Ge,
GaAs and ZnSe in Bi . Decomposition of Ge,
GaAs and ZnSe atoms upon dissolution in Bi into
separate Ga, As atoms Zn and Se, according to the
state diagram of the alloys, is equivalent to the
simultaneous dissolution of Ga, As Zn and Se to Bi.
As is known, all these quadrants of the substance
Ga, As Zn and Se and Bi are in a molten state at
750°C (since their melting points are lower
(750°C) and have unlimited mutual solubility.

Fig. 4 shows data on the solubility of Ge,,
GaAs and ZnSe in Bi as a function of temperature.
From Fig. 4, it can be seen that the solubility of Ge,,
GaAs and ZnSe in Bi is clearly limited, and they
are only 3.1 mole% (for Ge), 1.18 mole% (for
GaAs) and 0.57 mole% (for ZnSe ) at 750 °C, re-
spectively, which indicates that the dissolved Ge,,
GaAs and ZnSe in the bismuth melt solution are
mainly in the form of Ge-Ge molecules Ga-As ,
Zn-Se. In addition, one of the main conditions for
liquid-phase epitaxy is that the solution-melt must
be supersaturated. The fact that epitaxial growth of
(Ge2)1xy(GaAs)x(ZnSe)y is observed under these
conditions indicates that the solution-melt of tin is
saturated with Ga-As , Ge-Ge Zn-Se and that these
molecules do not disintegrate into individual atoms.
Based on the principle of similarity, that is, “like
dissolves in like”, it can be assumed that at the ini-
tial moment of growth of the epitaxial layer, ger-
manium layers crystallize, since at the selected epi-
taxy temperature the solution is saturated with Ge.
At lower temperatures, conditions are favorable for
growing of the (Ge,)1«y(GaAs)x(ZnSe)y alloy, since
the melt solution becomes oversaturated with Ge
and ZnSe at these temperatures. The samples were
grown at different values of the liquid-phase epi-
taxy parameters. The distance between the upper
and lower substrates (3), as well as the beginning
and end of the crystallization temperature (T) and

Physical and Mathematical Research Vol. 5 Iss. 2 2023
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the rate of forced cooling of the tin melt solution
(9) varied.

3. Electron microscopic examination and X-ray
microprobe analysis of solid solutions (Gez)ix-
y(GaAs)x(ZnSe)y,.

The morphology of the layers was studied
at the Solver-NEXT atomic force microscope.
Fig.5 shows that at the temperature of the begin-
ning of epitaxy T=750°C, a continuous layer with
islands was grown on Si substrates. However, such
layers had a matte surface and many nanoscale ob-
jects, i.e. nanoislands. This result should be ex-
pected, since the lattice mismatch (asi = 5.43 A)
(Acans = Ace = Aznse = 5.65 A) in this case is 4%. In
addition, the linear coefficients of thermal expan-
sion differ greatly from each other: at room tem-
perature asi = 5.1-10° deg?, age = 6.1:10° deg?,
0caas = 5.9-10° deg? and aznse =710 deg?®. Such
the lattice mismatch and difference in thermal ex-
pansion coefficients [11] probably led to forming
nanoislands of the epitaxial layers of solid solu-
tions (Gez)1xy(GaAs)x(ZnSe),, which were ob-
served in experiments.

Fig 5. Atomic - force microscopic image of the

surface of a solid solution (Gez)ix
y(GaAs)«(ZnSe), grown at T.. = 750°C.
100 =g <,
80 \niez ZnSe
**** o—o
° /
604 \ G%AS / \* o
é: n)<,. .°< \t/
= 40 o *
AN
20 o/ o I:l\ \::710-0_0&9:%’
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Fig 6. Distribution profile of Ge;, GaAs and ZnSe
molecules in the epitaxial layer (Gez)ix-

y(GaAs)x«(ZnSe)y, d = 0 corresponds to the boundary
between the substrate and the film

The study of the chemical composition of
the grown epitaxial layers (Gez)1-xy(GaAs)x(ZnSe)y
was carried out on an X-ray microanalyzer “ Jeol ”
JSM 5910 LV - Japan . Based on the results of X-
ray microprobe analysis, the distribution profile of
Ge, molecules was determined GaAs and ZnSe de-
pending on the depth of the epitaxial layer. Fig.6
shows that with the growth of the solid solution
(Ge2)1xy(GaAs)«(ZnSe)y, the molar content of
GaAs and ZnSe in the epitaxial layer first gradually
increases, reaching the maximum value x = 0.53
and y = 0.74 respectively. This indicates a high su-
persaturation of the solution-melt at the crystalliza-
tion front of GaAs and ZnSe. Further, the molar
content of GaAs and ZnSe slowly decreases, reach-
ing the values x = 0.15 and y = 0.12 in the near-
surface region of the film.

Since the growth of the epitaxial layer is
carried out from a limited volume of the solution-
melt and since the solubility of GaAs is 3 times,
and ZnSe 5 times lower than the solubility of Ge in
bismuth, after the intensive introduction of GaAs
and ZnSe into the solid phase, the solution-melt
becomes depleted, which subsequently causes a
gradual decrease in molar content of GaAs and
ZnSe in the growth direction [12]. At a depth of 1
um from the film surface, the molar content of
GaAs and ZnSe does not exceed 15% and 12%, re-
spectively.

Thus, the grown film is a substitution solid
solution (Ge2)1xy(GaAs)«(ZnSe)y (0<x<0.53 and
0<y<0.74) with a gradually changing composition.
A broadband layer enriched in GaAs and ZnSe is
formed between the substrate and the surface re-
gion of the film.

Conclusion

Thus, based on the analysis of the techno-
logical modes of growing epitaxial films (Gez)1x-
y(GaAs)«(ZnSe)y on Si substrate and the results of
morphological and X-ray microprobe analysis of
studies, the following conclusions can be drawn: It
was determined that at gaps between substrates
more than 0.8 mm, the process of mass supply,
when  growing epitaxial layers  (Ge2)ix-
y(GaAs)(ZnSe)y, is also affected by convection
flows arising under the action of gravitational force.
It was determined that at the temperature of the be-
ginning of epitaxy T = 750°C, a continuous layer
(Ge2)1y(GaAs)«(ZnSe)y with nanoislands was
grown on Si substrates. This causes the lattice
mismatch by 4% and the difference in the linear
thermal expansion coefficients of the substrate and
the solid solution component, respectively. The
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