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Abstract—At the present time, 92% of the PV market is made using single crystal or polycrystalline wafer sil-
icon. However, producing power with these cells remains expensive compared to conventional power gener-
ation. Thin film solar cells have been developed to reduce production costs, especially those based on cad-
mium telluride (CdTe) and copper indium gallium diselenide (CIGS). Despite a number of successes in the
development of thin film solar cells, some problems associated with the toxicity of cadmium and with the high
cost of indium and gallium remain, which has prompted researchers to search for alternative materials for
solar cells. Novel low cost and high efficiency zinc tin selenide (ZnxSn1 – xSe) thin film solar cells are without
these drawbacks. However, there is no information in the literature about this new material. The samples of
ZnxSn1 – xSe films were fabricated using the chemical molecular beam deposition (CMBD) method at atmo-
spheric pressure in hydrogen flow. ZnSe and SnSe powders with 99.999% purity were used as precursors. The
temperature of precursors varied in the range of 850–950°C. Films were deposited at substrate temperature
of 500–600°C. Borosilicate glass was used as a substrate. The results showed that the composition of the sam-
ples changed toward ZnSe with the temperature of the substrate. The grain size of the samples increased from
2–5 μm to 15–17 μm at substrate temperatures of 500 and 550°C, respectively. At a substrate temperature of
600°C, the grain size decreased to 3–5 μm, which is possibly due to an increase in the ZnSe content. The X-
ray diffraction pattern has shown that the samples have ZnSe, SnSe, Se, and Sn phases.
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INTRODUCTION
The leading solar cells in the world are solar cells

based on wafer silicon and thin films, Cu(In,Ga,)Se2
and CdTe with an efficiency of 26% and 22.0–23.0%,
respectively [1–3]. Despite the widespread use of
these materials, there are significant restrictions on
their use in the global production of photovoltaic
modules. For example, the main disadvantage of crys-
talline silicon-based solar cells is their high cost, since
the cost of the Si substrate is 50% of the total cost of
these cells. This type of solar cells are made using
high-quality raw materials, whose production is cur-
rently high energy-intensive. Total losses of silicon as
a result of its processing and cutting are large. Due to
the fact that monocrystalline and polycrystalline sili-
con are indirect gap semiconductors, and their
absorption coefficient is low, the thickness of the solar
cells made of them must be hundreds of microns for
effective absorption of sunlight. This leads to signifi-
cant expenses of silicon and the high cost of solar cells.
Meanwhile, for thin-film solar cells based on

Cu(In,Ga,)Se2 and CdTe, their further large-scale use
is complicated due to the limited reserves of In, Ga, Te
in the earth’s crust, as well as the toxicity of cadmium
(Cd), which is part of the structure of the solar cell.

To achieve a high efficiency of thin-film solar cells,
new structures are being developed and studied based
on the compounds SnSe, SbSe, CuSb(S1 – xSex)2,
Cu2(Sn1 – xGax)Se3 (CTGS), and Cu2SnS3. The ele-
ments that make up these structures have a low cost
and are non-toxic. These new materials are attractive
and have the same properties as Cu(In, Ga)Se2, since
their band gap lies in the range of 0.87–1.7 eV [4–10].
The first attempt to obtain film solar cells based on
them gave an efficiency result of 4–9.2% [11–19].

Some characteristics of the films of A2B6 com-
pounds and their ZnCdS, (ZnSe)x(CdTe)1 – x solid
solutions made by chemical molecular beam deposi-
tion were considered in [20, 21]. The results obtained
in these studies showed that a significant influence on
the physical properties of the synthesized solid solu-
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Table 1. Energy dispersive X-ray spectroscopy analysis for the ZnXSn1 – XSe films at different substrate temperatures

Ts, °С ZnSe/SnSe ration in the gas phase Film composition Zn, % Sn, % Se, %

500 х = 0.1 х = 0.026 0.85 54.7 54.57

550 х = 0.1 х = 0.04 2.7 59.4 37.9

600 х = 0.1 х = 0.4 6.4 58.7 34.9
tion films was exerted by the substrate temperature
and their composition.

The physical properties of the new ZnxSn1 – xSe
material were first obtained by chemical molecular
beam deposition and investigated in our study [22].
The further optimization of the technological param-
eters of these materials requires detailed studies of
their structural and electrical properties, depending
on the temperature of the substrate. The results of
these studies are presented in this paper.

EXPERIMENT

The preparation of solid solution films II–VI using
the CMBD method was described in detail in [23].
SnSe and ZnSe powders of purity (99.999%), which
evaporated in hydrogen flow at atmospheric pressure,
were used as the precursor material. The temperature
range of the precursors was 850–950°C, and the sub-
strate temperature varied in the range of 500–600°C.
The hydrogen carrier gas f low was ~20 cm3/min. The
duration of the deposition process depended on the
required film thickness and ranged from 30 to 60 min.
Borosilicate glasses were used as substrates.
Fig. 1. Dependence of the composition of ZnxSn1 – xSe
films on substrate temperature.
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X-ray studies of the samples were performed on a
Panalytical Empyrean X-ray diffractometer (CuKα =
1.5406 Ǻ). The measurements were carried out at
room temperature in the range of angles 2θ from 20° to
80°. Morphological studies were carried out using a
SEM-EVO MA 10 scanning electron microscope;
film compositions were determined using an energy-
dispersive elemental analyzer of the EDX brand
(Oxford Instrument) – Aztec Energy Advanced X-act
SDD.

Silver-ohmic contacts were applied to as deposited
films by vacuum deposition to carry out electrical
measurements. The resistivity of the samples was
determined using the van der Pauw method; the type
of conductivity of the samples was determined by the
thermo-EMF sign. The film thickness (up to 0.5–
3 μm) was determined on a MII-4 microinterferome-
ter, as well as by precision micro-weighing on an FA
120 4C balance (with an accuracy of 0.1mg).

RESULTS AND DISCUSSION

The results of energy-dispersive analysis showed
(Table 1) that the deposited ZnxSn1 – xSe solid solution
films had different compositions at substrate tempera-
tures of 500, 550, and 600°C: x = 0.026 at 500°C, x =
0.04 at 550°C, and x = 0.4 at 600°C. 

In the case of a decrease the temperature of the
substrate, the condensation of tin vapor on the con-
trary begins to prevail. Meanwhile, zinc vapors, not
reaching the substrate, sublimate in a higher tempera-
ture zone on the walls of the reactor and, therefore, the
composition of the films shifts toward an increase in
the content of the narrow-gap SnSe component,
which is described more detail in [23]. This is due to
the fact that thermal stability, sublimation heat, and
lattice formation energy for binary compounds are
directly proportional to the band gap.

Figure 2 shows X-ray diffraction patterns for the
ZnxSn1 – xSe solid solution films at various substrate
temperatures. The main peaks in the X-ray diffraction
pattern were the peaks, which corresponded to the
(400), (600) and (800) planes. The total intensity of
the peaks of the (400), (600), and (800) planes for the
APPLIED SOLAR ENERGY  Vol. 55  No. 5  2019
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Fig. 2. X-ray diffraction patterns of ZnxSn1 – xSe films at different substrate temperatures.
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samples was 90–95% of the intensity of all the peaks of
the ZnxSn1 – xSe films in the X-ray diffraction pattern.
Along with the peaks of the indicated planes, the X-ray
diffraction patterns of the samples also contained
peaks corresponding to the (101), (100), (111), (311),
(501), (200), (511), (402), (502), (022), and (323)
planes, whose intensity was extremely low in compar-
ison with the intensities of the main (400), (600) and
(800) peaks. The additional peaks shown in the spec-
trum are due to the glass substrate, on which the film
was grown. The peaks corresponding to oxide phases
were not observed.

As can be seen from the X-ray diffraction pattern,
almost all the observed peaks of the ZnxSn1 – xSe solid
solution films correspond to the SnSe and ZnSe
phases. A low intensity reflex is also observed at
34.75°, indicating the formation of the Sn phase [24].

As shown in Fig. 2, all the observed peaks of the
ZnxSn1 – xSe solid solution films slightly increased
with increasing substrate temperature. This may be
due to different thicknesses of ZnxSn1 – xSe films. An
increase in the intensities of the two peaks that corre-
spond to the (111) and (200) planes with an increase in
the substrate temperature is associated with a growth
in the molar content of the wide-gap component
(ZnSe).

According to the results of X-ray diffraction analy-
sis, the films had orthorhombic and cubic structures.
APPLIED SOLAR ENERGY  Vol. 55  No. 5  2019
The crystal lattice parameters for the samples were
calculated using the following formula:

where d is the distance between the planes, and h,
k, l are the Miller indices. The lattice parameters of the
films at a substrate temperature of 500°C had the fol-
lowing values: a = 11.487 Å, b = 4.215 Å, c = 4.471 Å;
at 550°C they had values a = 11.475 Å, b = 4.214 Å, c =
4.473 Å, and at 600°C they had values of a = 11.467 Å,
b = 4.205 Å, c = 4.485 Å, respectively. The structural
parameters of ZnxSn1 – xSe solid solution films are pre-
sented in Table 2. As can be seen, the values of the
crystal lattice parameters “a” and “b” for the ZnxSn1 – xSe
solid solution films decrease with increasing substrate
temperature, and the value of “c” increases. Peak
shifts are observed on the X-ray diffraction pattern.
Figure 3 shows the (400) peak. A shift of the maximum
towards an increase in 2θ indicates a decrease in the
interplanar spacing and lattice parameters, respec-
tively.

Figure 4 shows the images obtained by the scanning
electron microscope for all samples deposited at vari-
ous substrate temperatures. Microcrystals for all the
ZnxSn1 – xSe solid solution films are uniformly distrib-
uted over the surface of the substrate. As can be seen
from Fig. 4, the microstructure (shape and grain size)

2 2 2

2 2 2 2
1 ,h k l

d a b c
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Table 2. Structural parameters of the ZnxSn1 – xSe films

Ts, °C Film 
composition 2θ (h k l) Grain size, Å d, Å Parameters of the constant 

lattice, Å

500 х = 0.026 25.3 201 28120 3.72 a = 11.487,
b = 4.215,
с = 4.471

27.14 111 12056 3.23

30.04 111 28765 2.935

31.05 400 28968 2.871

44.2 501 1299 2.04

47.4 600 3316 1.9

60.26 022 228 1.51

64.86 800 4886 1.45

67.9 303 3.9 1.3

550 х = 0.04 23.2 100 28493 3.8 a = 11.475,
b = 4.214,
с = 4.473

27.14 111 28718 3.2

30.04 111 28700 2.93

31.05 400 2647 2.868

60.26 022 594 1.5

64.86 800 5595 1.44

70.8 905 1.33

84.02 323 685 1.15

600 х = 0.4 23.2 100 826 3.7 a = 11.467,
b = 4.205,
с = 4.485

27.14 111 11092 3.2

30.04 111 28505 2.93

31.05 400 28975 2.864

44.2 501 1299 2.04

45.14 220 2659 2.0

47.4 600 11646 1.9

60.26 202/022 513 1.53

64.86 800 1329 1.43

70.8 1438 1.33
of the samples depends on the temperature of the sub-
strate. When substrate temperature grew, the grain
shape of the films did not change, and the grain size
increased. Meanwhile, the grain shapes of all samples
deposited at temperatures of 500, 550, and 600°C were
densified. The grain sizes for all samples were 2–
15 μm and had a polycrystalline structure, but the
grain sizes of the films deposited at a substrate tem-
perature of 550°C increased to 8–20 μm, and the
structure became more densely packed, while the
grain size of the films deposited at a substrate tem-
perature of 600°C decreased. This may be due to an
increase in the molar fraction of ZnSe.

The electrical parameters of the ZnxSn1 – xSe films
(σ, Еac and conductivity type) are given in Table 3. As
can be seen, when the temperature of the substrate
increased, the electrical conductivity of the ZnxSn1 – xSe
films obtained at Ts = 500 and 550°C changed insig-
nificantly, and at Ts = 600°C it decreased significantly
and amounted to σ = 1 × 10–6 (Ohm cm)–1. Mean-
while, an inversion of the conductivity type of the solid
APPLIED SOLAR ENERGY  Vol. 55  No. 5  2019



EFFECT OF SUBSTRATE TEMPERATURE ON THE PHYSICAL PROPERTIES 319

Fig. 3. Shift of the peak (400) of X-ray patterns for
ZnxSn1 – xSe films.
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solution films was detected; in the case of an increase
in the temperature of the substrate, namely, at Ts = 500
and 550°C, the samples had p-type conductivity, and
at Ts = 600°C they had n-type conductivity. A signifi-
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Fig. 4. SEM images of ZnxSn1 – xSe films at different substrate t

2 μm(a) (b)

Table 3. Electrical parameters of ZnxSn1 – xSe film

Ts, °С
Films deposited from the ZnSe a

film composition σ, (Ohm

500 х = 0.026 10

550 х = 0.04 2

600 х = 0.4 1 × 
cant decrease in the electrical conductivity of the
ZnxSn1 – xSe solid solution films at Ts = 600°C is due
to an increase in the molar content of the wide-gap
ZnSe component. The highest value σ = 1 × 102 (Ohm
cm)–1 of the ZnxSn1 – xSe films was observed at Тs =
500°С.

CONCLUSIONS

The ZnxSn1 – xSe solid solution films were obtained
by chemical molecular beam deposition at atmo-
spheric pressure of a hydrogen flow, at various sub-
strate temperatures, in the range of 500–600°C. Inves-
tigated their morphological, structural and electrical
properties.

The results of energy dispersive analysis have
shown that the deposited ZnxSn1 – xSe solid solution
films at substrate temperatures of 500, 550 and 600°C
have different compositions: x = 0.026 at 500°C, x =
0.04 at 550°C, and x = 0.4 at 600°C, respectively.

The data of the scanning electron microscope and
X-ray diffraction analysis have shown the following:
(1) the films have an orthorhombic and cubic poly-
crystalline structure; (2) the grain size of the films is
2–20 microns.

The experimental results of measuring the electrical
properties of the samples have shown that the electrical
conductivity of the ZnxSn1 – xSe solid solution films sig-
nificantly decreased at Ts = 600°C and had an n-type con-
emperatures. (a) Тs = 500°С; (b) Тs = 550°С; and (c) Тs = 600°С.

2 μm 3 μm(c)

nd SnSe compounds with the stoichiometric composition

 cm)–1 Eactivation, eV conductivity type

0 0.02 p

5 0.04 p

10–6 0.22 n
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ductivity. The highest value of σ = 1 × 102 (Ohm cm)–1 of
the ZnxSn1 – xSe films was observed at Тs = 500°С.

An inversion of the conductivity type was observed:
the samples obtained at substrate temperatures of 500,
550°C were of p-type, and at a temperature of 600°C
they had n-type of conductivity.

The results make it possible to manufacture new
and cheap solar cells based on these materials.
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