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From a limited tin solution-melt in the temperature range of 950–700◦C, Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z structures on Si 〈111〉 sub-
strates were grown by liquid-phase epitaxy in a single technological cycle. Using a scanning electron
microscope, the layered composition of the grown films was determined. X-ray diffraction studies of
the structure showed the dependence of the crystalline perfection of the film on the technological
growth regime. The optimum mode of forced cooling rate (1 deg/minute) was established during cultiva-
tion. Some electrophysical and photoelectric properties of Si–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z–
Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z structures were determined.
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1. Introduction

Obtaining structurally perfect Si–Al1−yGayAs
heterostructures based on semiconductor materi-
als Si (substrate) and Al1−yGayAs (film) with spe-
cific electrophysical and photoelectric properties is
a very urgent task from the point of view of the
prospects for their use in the field of optoelectron-
ics. In particular, promising photodetectors, photo-
converters, and cascade structures can be fabricated
on their basis [1, 2].

However, the mismatch between the lattice pa-
rameters of Si and Al1−yGayAs limits the possibil-
ity of growing Al1−yGayAs epitaxial films with suf-
ficiently low dislocation densities in the heteroint-
erface and along the growth direction [3–5].

Methods for growing various semiconductor solid
solutions on a relatively cheap Si substrate (with
good thermal conductivity and lower specific grav-
ity) and obtaining heterostructures with desired
photoelectric properties have been studied by
many authors [6–10]. Various technological meth-
ods were used, including the growth of epitaxial
layers with different thicknesses (from nm to µm)
by liquid-phase epitaxy. In [6], the combined use
of liquid-phase and molecular-beam epitaxy was
tested to obtain Al1−yGayAs on a Si substrate.
The authors of [7] showed that samples grown by

liquid-phase epitaxy with a double junction based
on a lower silicon layer are promising for solar en-
ergy. In article [11], by chemical vapor deposition of
organometallic compounds with a Si1−xGex transi-
tion layer on a Si substrate, a GaAs film with dis-
location densities Nd ' 8×105 cm−2 was obtained.
The minority carrier lifetime was 10 ns. The ob-
served time is the result of eliminating antiphase
domains and maintaining the density of threading
dislocations.

Some authors have used electron cyclotron res-
onance chemical vapor deposition (ECR-CVD) to
grow thin epilayer Ge (100 nm) on Si. Then, GaAs
epitaxial layers are grown on Ge/Si using metal-
organic chemical vapor deposition (MOCVD) [12].

In this work, in a single technological cycle,
Si–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z–Si1−x
Gex–(Si1−xGex)1−z(Al1−yGayAs)z structure with
buffer layer Si1−xGex was grown on the Si substrate
using simpler technological approaches.

The solid solution Si1−xGex, (Si1−xGex)1−z
(Al1−yGayAs)z allows one to vary the main elec-
trical parameters of the semiconductor material
and structures based on them within certain
limits with a change in their chemical compo-
sition. It becomes possible to choose materials
with specific characteristics when creating specific
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semiconductor devices. The growth of Si1−xGex,
(Si1−xGex)1−z(Al1−yGayAs)z epitaxial layers on Si
substrates reduces to a minimum the stresses aris-
ing due to the mismatch between the crystal lattices
of the substrates and the layers being grown, which
causes the crystalline perfection of films and struc-
tures based on them.

Thus, the prospects of using liquid-
phase epitaxy to obtain Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z heterostructures
on the surface of single-crystal silicon substrates in
a single growth cycle, are the reduction of energy
costs, the time of the technological process and the
number of chemical components used.

2. Methodology of the experiment

Using the method of liquid-phase epitaxy,
we obtained in the temperature range of 950–
700◦C from a tin solution-melt in a single
technological cycle the heterostructure Si–
Si1−xGex(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z.

As substrates, plates of a Si single crystal with
a diameter of 40 mm and a thickness of 400 µm, ori-
ented along the (111) direction, and having p-type
conductivity with specific resistances ρ ≈ 0.5 Ω cm
and concentration n = 3× 1017 s/m3, were used.

For growing heterostructures Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z, we used a vertical
type quartz reactor with horizontal substrates
in an EPOS facility. The growth of the epitaxial
layer was carried out from a small volume of a tin
solution-melt limited by two substrates in an at-
mosphere of hydrogen purified by palladium, which
made it possible to minimize the amount of the
spent solution-melt. First, a vacuum was created
in the reactor to a residual pressure of 10−2 Pa,
then purified hydrogen was passed through the
reactor for 20 min, and then the heating process
began. When the temperature reached the required
value, the system switched to an automatic mode.
The solution-melt was homogenized for 40–60 min.
Then, the substrates on the graphite holder were
brought into contact with the solution-melt, and
after filling the gaps between the substrates with
the solution-melt, they were raised by 1 cm above
the level of the solution. The growth of epitaxial
layers Si1−xGex was stopped at the right time
by draining the solution-melt from the substrates
using a centrifuge. The composition of the melt
solution consisting of Si, Ge, Al, Ga, As, and
Sn was determined from the phase diagram of
the Sn–Si, Sn–Ge, Sn–Al, and Sn–GaAs binary
alloy [13–15].

In the growing process, respectively, the chemi-
cal composition and structure, thickness, and vari-
zonality of the solid solution are controlled as fol-
lows. First, the compositions of the components and

the solvent are selected, taking into account the
state diagram of the solubility of the components
at a certain temperature, which is the temperature
of the beginning of crystallization. Depending on
the crystallization onset temperature, we can choose
the composition of the melt solution and, accord-
ingly, the initial chemical composition of the epitax-
ial layer in contact with the film substrate. At the
next stage, by choosing the temperature of the end
of crystallization, we can control the film thickness,
i.e., establish the composition of the components
on the surface of the film, by stopping its growth at
a certain stage.

Also, a smooth change in the composition of the
film (varizon) along the direction of growth is con-
trolled with a gap between horizontally located sub-
strates, and the volume between them is filled with
a solution-melt. Forced program cooling at the be-
ginning of the growth of epitaxial layers makes it
possible to control the film growth rate (which is
one of the main determinants of film quality).

The process of growing epitaxial layers and struc-
tures based on them is limited in terms of capa-
bilities, but it gives a significant advantage for the
growth of a solid solution with variable composi-
tions. Thus, based on technological capabilities, the
chemical composition of the solid solution is con-
trolled.

Heterostructural samples were grown in a single
technological cycle from a limited tin solution-melt
at a temperature range from TOC = 950◦C (crystal-
lization onset temperature) to TEC = 700◦C (crys-
tallization termination temperature). The rate of
forced cooling during growth was 1 deg/min.

To obtain Si–Si1−xGex–(Si1−xGex)1−z
(Al1−yGayAs)z–Si1−xGex–(Si1−xGex)1−z
(Al1−yGayAs)z the intermediate Si1−xGex epitax-
ial layer served as a buffer. The intermediate layers
reduce the mismatch between the lattice param-
eters of the Si substrate (aSi = 5.431 Å) and the
AlGaAs film (aAlGaAs = 5.654 Å, aGe = 5, 658 Å)
due to smoothing.

The grown epitaxial layers and heterostructures
were studied using a Tescan Vega 3 LMH scan-
ning electron microscope equipped with a Bruker
XFlash 5010 characteristic X-ray detector. An ex-
ample and a sketch (model) of elemental maps ob-
tained on a transverse cleavage of a sample are
shown in Fig. 1a and b.

3. Results and discussion

In this work, a general quantitative analysis
of the composition from the side of the end
(from the substrate to the film surface along
the direction of growth in a stepwise mode)
of Si–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z–
Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z is
performed. Examples of EDS spectra ob-
tained from different cleavage areas are shown
in Fig. 2a and b.
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Fig. 1. (a) Elemental maps obtained from
the cleavage of structures Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z. The length of
the horizontal side is 55 µm. (b) Sketch of the
elemental map obtained from the cleavage of struc-
tures Si–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z–
Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z.

Fig. 2. (a) An example of the EDS spectrum
of a cleavage of the structure Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z. (b) An example
of an EDS spectrum obtained from the side of
the end (from the substrate to the film surface
along the direction of growth) of structures
Si–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z–
Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z.

The quantitative composition of the middle
(Fig. 2a) and surface (Fig. 2b) of the cleavage of the
grown structures shows changes in the components
along the direction of film growth with alternating
layers.

Fig. 3. Distribution of components over the
thickness of the epitaxial layers of the structure
Si–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z–
Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z. (When
quantifying the EDS spectrum for all impurity
elements, mainly sorbed from the atmosphere, the
“only deconvolution” mode was chosen).

The results showed that on a silicon substrate
with 〈111〉 orientation there is a layer of Si1−xGex
with a thickness of 12–14 µm. This layer is de-
posited from a saturated solution-melt of Si–Ge–Al–
Ga–As–Sn, due to its limited volume. This makes
it possible to obtain graded-gap epitaxial layers
with a variable chemical composition along the
film growth direction. At the next stage of growth,
Al–Ga–As components are deposited, with which
the solution-melt is saturated at a given temper-
ature. It should be noted that the orientation of
the single-crystal substrate in the 〈111〉 direction
is the most favorable for the described growth
process.

At the next stage, the concentration of germa-
nium and silicon in the solution-melt increases.
Due to this, the Si1−xGex buffer layer grows
again. The next Al1−yGayAs epilayer continues
the existing crystallographic orientation of the
previously formed structures. Its growth contin-
ues after the solution-melt is depleted of silicon
and germanium (Fig. 3). Due to the succes-
sive alternation of these processes, which occurs
naturally, it was possible to obtain a four-layer
Si–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z–Si1−x
Gex–(Si1−xGex)1−z(Al1−yGayAs)z heterostruc-
ture.

Thus, the possibility of obtaining Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z structures from
a melt solution in a single technological growth
process is shown.

X-ray diffraction studies were performed using
a D2 Phaser-Bruker X-ray diffractometer. The sur-
vey was carried out in the Bragg–Brentano geome-
try. Cu Kα radiation and β rotation of the sample
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Fig. 4. X-ray diffraction pattern ob-
tained from a sample of Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z structures grown
with speed of 1 deg/minute forced cooling.

were used. An example of the obtained X-ray pat-
tern is shown in Fig. 4. The inset presents an en-
larged segment showing low-intensity peaks.

A feature of the obtained X-ray patterns is the
extremely high intensity of the main peak, against
which the rest of the reflections present in the X-ray
patterns are lost. This type of X-ray diffraction pat-
tern is typical for single crystals, but it is difficult
to analyze.

The interplanar spacing corresponding to the
most intense peak is close to the interplanar spac-
ing of silicon (111). This, along with the absence of
reflections that could be attributed to other crys-
tallographic planes, indicates the single-crystal na-
ture of the sample. Small differences between the
observed interplanar spacing and the expected one
are probably associated with the formation of solid
solutions.

A sample of Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z grown at a rate
of 1 deg/minute forced cooling is the most perfect
crystallographically. It is characterized by the
minimum half-width of diffraction lines and the
smallest number of spurious reflections (Fig. 4).

The sample grown at a rate of 1.7 deg/min by
forced cooling looks the least perfect (Fig. 5). In
addition to the presence of many sidelines, the half-
width of the main peak slightly increases. On its
diffraction patterns, in addition to the peak from
a single crystal of silicon, reflections are observed
that can be compared with a solid solution of ger-
manium and aluminum gallium arsenide.

In this case, the observed peaks of the solid solu-
tion (111), (220), and (311) belong to different fam-
ilies of crystallographic planes. This indicates the
polycrystalline nature of the layer formed on the
surface of this sample. Also, hard-to-identify peaks
are observed on the X-ray patterns, indicating the
low quality of the coating obtained under these tech-
nological conditions.

Fig. 5. X-ray diffraction pattern ob-
tained from a sample of Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z structures grown
with speed 1.7 deg/min forced cooling. The un-
signed diffraction pattern shows the Miller indices,
which were assigned to the Si–GaAs solid solution.

Fig. 6. Photosensitivity of the structure
pSi–Si1−xGex–n(Si1−xGex)1−z(Al1−yGayAs)z–
nSi1−xGex–n(Si1−xGex)1−z(Al1−yGayAs)z in the
photodiode mode at a temperature of 300 K.

Electrophysical and photoelectric stud-
ies of heterostructures Si–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z–Si1−xGex–
(Si1−xGex)1−z(Al1−yGayAs)z showed their
promise for solving applied tasks. The films
had n-type conductivity, with resistivity ρ = 0.5–
12 Ω cm. Using Hall measurements, the mobility
(µ) and charge carrier concentration (n) of the
film were determined as µn = 500–1100 cm2/(V s),
n = 5 × 1017–2 × 1018 cm−3 (at a temperature
of 300 K).

The dependence of the photosensitiv-
ity of heterostructures pSi–nSi1−xGex–
n(Si1−xGex)1−z(Al1−yGayAs)z–nSi1−xGex–
n(Si1−xGex)1−z(Al1−yGayAs)z on the energy
of incident quanta was obtained in photodiode
mode. The contacts were made from the side of the
substrate and the film. Illumination was carried
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out from the side of the films. Figure 6 shows that
the spectral dependence of the photosensitivity
pSi–nSi1−xGex–n(Si1−xGex)1−z(Al1−yGayAs)z–
nSi1−xGex–n(Si1−xGex)1−z(Al1−yGayAs)z het-
erostructures has a wide spectral band in the range
from 0.72 to 1.9 eV.

This is due to a smooth change in the film
composition along the growth direction. Along
with the change in the composition of the epitax-
ial layers, the optical properties of the film also
change smoothly. The photosensitivity in the short-
wavelength region is explained by the relatively
weak absorption of this radiation by the solid so-
lution. Short-wavelength quanta are partially ab-
sorbed in the upper Al1−yGayAs layers, and those
that have not had time to be absorbed in the up-
per layers of the solid solution with a narrow band
gap penetrate into the film and are absorbed in the
Si1−xGex layers.

4. Conclusion

The paper shows the possibility of obtain-
ing Al1−yGayAs epitaxial layers and structures
Si–Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z–
Si1−xGex–(Si1−xGex)1−z(Al1−yGayAs)z using the
method of liquid epitaxy (Al1−yGayAs)z on a sub-
strate (relatively cheap compared to other semicon-
ductor materials) Si 〈111〉 from a tin solution-melt.
Using Si1−xGex epitaxial layers as a buffer layer
between Si substrates and Al1−yGayAs films (that
is, by smoothing out the difference in the lattice
parameters of the substrate-film) and taking into
account the saturation of the chemical composition
of the Sn–Si–Ge–Ga–As melt solution at a certain
interval temperature (950–700◦C) for the first
time in a single technological cycle, structures
pSi–Si1−xGex–n(Si1−xGex)1−z(Al1−yGayAs)z–
nSi1−xGex–n(Si1−xGex)1−z(Al1−yGayAs)z are
obtained, with a surface layer that can be de-
scribed as Al0.08Ga0.06As0.14. The study of some
electrophysical and photoelectric properties of the
films showed that these films and structures have
a specific character. The above features of the
technological process of obtaining these epitaxial
layers and structures based on them in the future
will make it possible to use the obtained het-
erostructures in the production of optoelectronic
devices.
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