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Abstract: In this article single-crystal films of the Ge1-xSnх solid solution from a limited tin solution-melt in the 
temperature range of 893-723 K at a cooling rate of 0.5-1.5 K/min on an EPOS installation were grown epitaxial layers of 
Ge1-xSnx on Ge(111) and GaAs(100) substrates with carrier concentration n=(1÷5)·1017cm-3, n=(4÷7)·1017cm-3, 
respectively. The gap between the substrates was 0.65÷1.2 mm. Technological conditions have been achieved for obtaining 
a GaAs- Ge1-xSnx heterostructure with a smooth substrate-film boundary, with the supercooling temperature being T=6.2 
°C. The single crystallinity of the Ge1-xSnх  (0 ≤ х ≤0.03) film was determined by X-ray diffraction. The photosensitivity of 
the film covers the spectral region of 0.5-1.9 eV. 
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1. Introduction  

Currently, one of the important and open problems of 
sputtering physics is still the presence of emission 
sputtering products of multimolecular clusters [1-3]. The 
very nature of the processes underlying the formation of 
clusters during sputtering remains largely unclear. This 
moment the collision cascade model during sputtering is 
one of the main models explaining this process. However, 
how and how the clusters leave the surface can be different.  

The growth of semiconductor solid solutions is of 
undoubted interest for the development of modern 
semiconductor instrumentation, since a solid solution 
synthesized from several semiconductor components can 
combine the advantages of each of them. It should be 
noted that expanding the photosensitivity spectrum of 
semiconductors in the IR region is one of the pressing 
problems of instrument engineering [1, 2]. One of these 
materials is Ge1-xSnx solid solutions covering the spectral 
region of the Ge range and below. Ge1-xSnx semiconductor 
alloy is attractive for mid-infrared photodetector 
applications due to its narrow bandgap. Therefore, Ge1-

xSnx is promising for the manufacture of photodetectors 
and laser devices in the near and mid-infrared range [3,4]. 
In [5], using low-temperature molecular beam epitaxy, it 
was possible to grow Ge1-xSnx films on Ge/AlAs/Al2O3 
substrates. However, XRD study shows that the grown 
samples have tetragonal deformation. The presence of 
twins increased significantly for the sample grown with a 
higher chemical content of Sn (5.2%) compared to the 
sample grown with 3.6% Sn. By growing a much thicker 
layer, it was possible to suppress the presence of defects 

in the epitaxial layers. To obtain crystalline perfect Ge1-

xSnx layers, InP(001) substrates were used. It was possible 
to grow Ge1-xSnx using low-temperature molecular beam 
epitaxy at growth temperatures of 70 and 100 °C with a 
composition x ~ 0.25. However, during the heteroepitaxy 
of Ge0.75Sn0.25, Ge1-xSnx regions with a low Sn content are 
locally formed. TEM analysis has shown that low-tin Ge1-

xSnx is formed by agglomeration of tin to form In-Sn 
alloys [6]. In work [7] presented the growth of Ge and 
GeSn at growth temperatures of 500–600 °C on GaAs 
(001) substrates using two different buffer layers 
consisting of Ge/GaAs and Ge/AlAs using molecular 
beam epitaxy. The quality of Ge layers was studied using 
X-ray diffraction, atomic force microscopy, and 
photoluminescence methods. Using a Ge buffer layer, the 
direct transition shifted after the indirect transition to a 
longer wavelength region, which allowed the authors to 
suggest the presence of a GeSn material with a direct 
bandgap. Ge1-xSnx films with a thickness of 100 nm were 
also obtained by magnetron sputtering in the temperature 
range of 220–330 K. Studies of the Seebeck coefficients 
(α) and power coefficients show that, at 0.09 ≤ x≤ 0.15 in 
the chemical content range, the films have high meanings. 
However, the low electrical conductivity of the films 
complicates its application in the field of 
thermoelectricity. However, using dopings, Ge1-xSnx is 
interesting for complementary metal oxide 
semiconductors [8]. In order to develop high-performance 
short-wavelength infrared photonic devices based on low-
dimensional group IV structures containing tin, 
Ge0,883Sn0,117/Ge was grown by molecular beam epitaxy 
under rapid thermal annealing (RTA) conditions. 
Analyzes of XRD, TEM, AFM, Raman studies show that 
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the GeSn/Ge structure maintains coherent deformation at 
a temperature of 400 °C and the sensitivity of the sample 
is improved by 4.15 and 3.78 times at wavelengths of 1.55 
and 2.0 μm, respectively. However, at higher annealing 
temperatures, Sn segregation and Ge interdiffusion occur 
[9]. From the point of view of manufacturing optical 
devices, it is very important to obtain a direct-gap 
semiconductor material. To obtain GeSn alloys with a 
direct band gap (for Sn concentrations above 8%), the 
authors of [10], which have an indirect band gap, doped 
Ge with the semimetal Sn (E = -0.41 eV). Ge-buffered Si 
substrates were used as templates for epitaxy of GeSn 
layers and mitigated the lattice parameter mismatch 
between GeSn and Ge, Si (aSn = 0.6489 nm, aGe = 0.5658 
nm, and aSi = 0.5431 nm). They are first seeded with ~0.1 
µm thick Ge at 400°C on a Si(001) substrate, then coated 
with ~2.4 µm Ge at 750°C. However, short-term thermal 
cycling at temperatures from 750 °C to 875 °C led to the 
appearance of threading dislocations. We have also shown 
the possibility of growing from the liquid phase on 
gallium arsenide substrates crystalline perfect epitaxial 
layers of solid solutions (Sn2)1−x(InSb)x (0<x<0.95) with a 
narrow width band gap Eg = 0.11 ÷ 0.12 eV in the growth 
temperature range 598÷533 K [11,12]. The main difficulty 
in obtaining high-quality structures of such composition 
was the difference in the lattice parameters of the 
substrate (aGaAs = 0.5654 nm) and the film (a(Sn2)1−x(InSb)x = 
0.6486 nm), which negatively affected the electrophysical 
and photoelectric properties. Therefore, of particular 
interest are the possibilities of synthesizing semiconductor 
solid solutions with a high degree of perfection based on 
the best-studied narrow-gap materials. From the above, 
we can say that to obtain crystalline perfect Ge1-xSnx solid 
solutions, quite a lot of theoretical and experimental work 
has been presented in the literature, and significantly 
successful results have been obtained. However, obtaining 
Ge1-xSnx single crystals with high tin contents (x>0.01) is 
difficult due to the inclusion of an insufficient amount of 
tin in the solid solution and the growth of epitaxial layers 
oriented in the direction of the substrate. In this work, the 
principles of obtaining Ge1-xSnx solid solutions and GaAs-
Ge1-xSnx Ge-Ge1-xSnx structures based on them were 
studied. A study of some of their structural, 
electrophysical, and photoelectric properties was carried 
out. Taking into account the similar values of the lattice 
parameters of the GaAs and germanium compound (aGaAs 
= 0.5654 nm, aGe = 0.5658 nm), as well as the similar 
values of their thermal expansion coefficients (αGaAs = 
5.93 10-6 K- 1; αGe = 6.1·10-6 K-1) of great interest is the 
production of GaAs-Ge1-xSnx heterostructures (0<x< 
0.03), although the indicated base materials have different 
band gaps (ΔEGaAs = 1.43 eV; ΔEGe = 0.67 eV) [13,14]. It 
should be noted that a small amount of Sn (0<x<0.03) in 
the chemical composition of the Ge1-xSnx solid solution 
does not significantly affect the values of the lattice 
parameters and the coefficient of thermal expansion of 
epitaxial layers, however, leads to a shift in the 

photosensitivity of the film to the IR region [15].     

2. Method and results 

We have studied the process of water film sputtering, which 
contains Na+ ions in its composition. This process is a very 
interesting mechanism for sputtering molecules and atoms 
in the form of large clusters. The sodium ion located inside 
the film forms ionic bonds with its molecules. These bonds 
primarily depend on the charge of the ion. i.e., if the ion is 
positive, then negative molecular components accumulate 
around it, or vice versa. In our simulation, we used method 
of molecular dynamics. Numerical solutions of Newton's 
equations for interacting with particles is the basis of the 
method of molecular dynamics. This method often uses the 
Lennard-Jones potential. Epitaxial films were grown using 
a vertical-type quartz reactor with horizontally located 
substrates. To prevent the entry of uncontrolled impurities 
from the atmosphere into the reactor, the process of 
growing epitaxial layers was carried out in a hydrogen 
atmosphere. The composition of the melt solution, 
consisting of Ge and Sn, was determined from the state 
diagrams of Sn–Ge binary alloys. To prepare a liquid melt 
solution, the literature data described in [16-18] were used. 
The substrates were chemically pure (99.999%) Ge(111) 
and GaAs(100) plates with charge carrier concentration 
n=(1÷5)·1017cm-3, n=(4÷7)·1017cm-3, respectively, donor 
type of conductivity. The diameter and thickness of the 
substrate were 20 mm (Ge) and 350-400 μm (GaAs). To 
obtain a certain composition of the melt solution based on a 
tin solvent, germanium powders were used.  The surface 
morphology of the grown films was studied using scanning 
electron microscopy (SEM EVO MA 10 (Zeiss)). 
Structural-phase studies were carried out on high-resolution 
diffractometers D2 PHASER/Bruker (GID and GONIO 
modes using HR-XRD, Panalytical/Empyrean). Specific 
resistance, mobility and concentration of the main charge 
carriers were determined using an HMS-5500 installation 
(Hall effect measurement system). The spectral 
characteristics of the samples were measured using a 
monochromator with a slit diameter of 0.2 mm. 

3. Experimental and Discussion 

Based on the above, from a tin solution-melt in a 
temperature range of 893-723 K  with a cooling rate range 
of 0.5-2 K/min Ge1-xSnx epitaxial layers were grown on an 
EPOS installation. The substrates were Ge(111) and 
GaAs(100) plates with carrier concentration n=(1÷5)·1017 
cm-3, n=(4÷7)·1017 cm-3, respectively, of donor conductivity 
type. The diameter and thickness of the substrate were 50 
mm (Ge) and 350-400 μm (GaAs). The composition of the 
Sn + Ge melt solution, and the corresponding growth 
temperature range corresponded to those described in [19]. 
The composition of the Ge1−xSnx solid solution and the 
distribution of components in the grown epitaxial layers are 
studied and presented in Fig. 1 
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Fig. 1: Energy spectrum of the surface of Ge1-xSnx epitaxial 
layers obtained from a melt solution on a Ge substrate 

The most optimal cooling rate for obtaining mirror-smooth 
layers of the Ge1−xSnx solid solution turned out to be 0.5-1.0 
K/min, which corresponded to the actual cooling rate 
Stallization of layers 0.13-0.2 µm/min. The structural 
perfection of the grown layers, other things being equal, 
also depended on the size of the gap between the 
horizontally located substrates. The most optimal cooling 
rate for obtaining the most structurally perfect layers of 
solid solutions both on the upper and lower substrates were 
grown at gap values δ lying in the interval 0. 65÷1.2 mm. 
At values of δ>1.2 mm, the quality of the layers grown on 
the lower and upper substrates varied greatly, and the 
quality of the layers grown on the lower substrates was 
always higher than on the upper ones [20]. Qualitative 
assessment of the distribution of solution-forming 
components over the thickness of Ge–Ge1−xSnx and 
epitaxial films GaAs–Ge1−xSnx indicated an almost uniform 
distribution of components (Figs. 2, 3). 

       
Fig. 2: Distribution of components and microstructure of 
the cross section of the Ge–Ge1−x Snx epitaxial film (x = 
0.03) 

 
Fig. 3: Distribution of components and microstructure of 
the cross section of the GaAs-Ge1−xSnx epitaxial film (x = 
0.03) 

Ge1−xSnx epitaxial films are grown from a Ge + Sn melt 
solution onto a Ge substrate without technological 
difficulties due to the saturation of the liquid phase relative 
to Ge; this prevents melting of the surface layer of the 
substrate-film interface at the crystallization front. If 
growth is carried out on a “foreign” GaAs substrate, then 
due to the unsaturation of the Ge + Sn system of the 
solution-melt relative to GaAs, the substrate will lead to 
dissolution. To prevent such a process, an equilibrium state 
of the system must be established between the liquid 
(solution-melt) and solid phase (substrate). Therefore, the 
liquid phase must be supercooled relative to the solid 
phase-substrate. Based on theoretical calculations, the 
supercooling temperature for the solution-melt of the Ge + 
Sn system was determined in advance and applied in the 
technological growth process. It has been established that 
when growing a Ge1−xSnx solid solution on a GaAs 
substrate from the liquid phase, the optimal supercooling 
temperature is ΔТ= 6,2°С. Thus, the technological 
conditions for obtaining a GaAs- Ge1−xSnx heterostructure 
with crystalline perfection and a smooth substrate-film 
interface have been achieved. Analysis of raster patterns 
and morphological studies of Ge1−xSnx solid solutions 
showed that defects appearing at the substrate-film 
interface depend on the value of x. The difference between 
the lattice parameters of the first crystallizing layer and the 
substrate is maximum. The relaxation of the significant 
coherent stresses that arise as a result leads to the formation 
of dislocations. With the growth of subsequent epitaxial 
layers, this difference decreases, since the role of the 
substrate is already played by the first formed film layer, in 
which the difference between the values of its lattice 
parameter and the second layer will already be smaller than 
in the previous case, and so on. As a result, a 
heterointerface is formed, the thickness and perfection of 
which can be controlled by changing growth regimes. It 
was found that with increasing tin content in the Ge1−xSnx 
solid solution, the structural perfection of the layers sharply 
deteriorates and even precipitates of the second phase 
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appear.  Crystalline perfection and changes in lattice 
parameters of the solid solution were studied using the 
XRD method (Fig. 4). Precision measurements of the lattice 
parameters of the substrate and the grown film differed 
slightly (aGe = 0.5656 nm, aGe1-xSnx = 0.5681 nm), and the 
absence of other diffraction maxima indicated the single-
crystallinity of the resulting epitaxial layers. 

  
Fig. 4: Diffraction maxima (222) from lattices (Ge) and the 
Ge-Ge1−xSnx solid solution (x = 0.03) 

Subsequently, some electrical properties of the resulting 
films were studied: the resistivity, Hall mobility and charge 
carrier concentration at a temperature of 300 K were 
determined: ρ = ρ = (3÷7)∙10-2Ohm∙cm, µp = 50÷110 
cm2/V∙s, np = (5÷7)∙ 1018 cm−3. The films had hole type 
conductivity. Gold ohmic contacts were deposited onto Ge1-

xSnx epitaxial layers and GaAs-Ge1-xSnx structures by 
vacuum deposition and their photoelectric properties were 
measured. The photosensitivity of the nGaAs-pGe1-xSnx 
structure was measured in photodiode mode, illuminating 
the samples from the film side at a temperature of 300 K 
(Fig. 5). The photosensitivity of heterostructures covered a 
fairly wide range of the spectrum: from 0.5 eV to 1.9 eV, 
having two maxima (0.65 eV and 1.43 eV), which are 
associated with the band gap of the Ge1-xSnx solid solution 
and the contact region of the p-n junction of nGaAs-pGe1-

xSnx structures. Short-wave quanta are partially absorbed in 
the upper layers of the film. Photons that have penetrated 
the outer layers of the solid solution are absorbed already in 
the contact region, reaching the p-n junction of the nGaAs-
pGe1-xSnx structures. The shift in the photosensitivity range 
of the structures to a longer wavelength region of the 
spectrum (0.5 eV) is probably due to the presence of Sn in 
the composition of the Ge1-xSnx films. Despite the narrow 
band gap of the grown Ge1-xSnx films relative to the GaAs 
substrate, photon energy tunnels when the heterostructure is 
illuminated from the film side. The penetration of photons 
through a thin Ge1-xSnx (d=4÷6 µm) epitaxial layer onto the 
nGaAs-pGe1-xSnx region (substrate-film) of the 
heterojunction creates a photovoltage in the infrared region 
of the spectrum. 

 
Fig. 5: Photosensitivity of the nGaAs-pGe1-xSnx structure in 
photodiode mode at a temperature of 300 K. 

4. Summary 

Thus, the possibility of growing crystalline perfect epitaxial 
layers of solid solutions from a limited tin solution-melt has 
been demonstrated. Ge1-xSnx cores (0 ≤ x ≤0.03) on GaAs 
substrates with (100) orientation and Ge with (111) 
orientation. Based on theoretical calculations, the 
supercooling temperature for the solution-melt of the Ge + 
Sn system was predetermined, which is equal to ΔТ = 6.2 
°C. The technological conditions for obtaining a solution-
melt of GaAs-Ge1-xSnx heterostructures from the Sn-Ge 
system without sub-dissolution of the “foreign” substrate 
using supercooling have been established experimentally. 
The photosensitivity of heterostructures covered a fairly 
wide range of the spectrum: from 0.5 eV to 1.9 eV, having 
two maxima (0.65 eV and 1.43 eV), which are promising 
for use in the IR spectrum. 
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