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Abstract—(ZnSe),(SnSe), _ , films have been produced using chemical molecular beam deposition (CMBD)
from an ZnSe and SnSe compound with a stoichiometric composition at a substrate temperature of 500°C.
The structural, morphological, and electrophysical properties of (ZnSe),; (SnSe), o films are studied. The
size of film grains is 5—6 wm. The results of X-ray diffraction analysis of specimens have revealed that the
films have a crystalline (orthorhombic) structure. The structural parameters of the produced films are pre-
sented. The electrical conductivity of the films measured using the Van der Pauw method varies within 15—

0.6QcmL
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INTRODUCTION

Thin film solar cells based on CdTe and Cu(In,
Ga)Se, are among the most suitable for large-scale use
due to their basic properties. These cells have an opti-
mal band gap width at room temperature £, = 1.5 eV
for CdTe and 0.9—1.7 €V for Cu(In, Ga)Se,, they cover the
entire of infrared and visible spectrum of sunlight, and they
have a high absorption coefficient (~10*—10° cm™'), with
which incident sunlight is absorbed to a thickness of
several microns. This significantly reduces material
consumption compared to silicon solar cells.

Table 1 gives the latest advances in the efficiency of
thin film solar cells achieved by the various methods
and scientific centers. As is seen, the efficiency of film
solar cells increases from year to year. The leading
companies in this field are First Solar and ZSW, which
obtained the highest efficiency values for solar cells
based on CdTe and Cu(In, Ga)Se, in laboratory con-
ditions: 22.1 [1] and 22.3% [2]; in modules, 16.1% [3]
and 17% [4], respectively.

Despite the high efficiency of solar cells based on
these materials, their further use on a wide-scale basis is
limited due to the low content of In, Ga, Te in the Earth’s
crust; as well, gallium (Ga), which is included in the
structural composition, is exorbitantly expensive.

That is why many scientific centers and laborato-
ries are engaged in research to replace these expensive
materials with widely available elements, such as
Cu,ZnSnS, (CZTS). The main optical properties of

these materials are similar to Cu(In, Ga)Se,. An
advantage of these elements is their low cost (natural
abundance) and nontoxicity.

As is seen from Table 1, 12.6% efficiency of solar
cells based on Cu,ZnSnS,Se, _ , of [5] has been
achieved by the IBM research center within the past
20 years. However, this efficiency is significantly lower
compared to Cu(In,Ga)Se,. According to studies by
the researchers [6], the low efficiency is explained by
the complexity of the methods for producing and con-
trolling the film composition.

To achieve high efficiency with thin film solar cells,
novel structures are being developed and studied:
SnSe, CuSb(S; _,Se,),,Cu,(Sn, _ ,Ga,)Se; (CTGS),
and Cu,SnS;. The elements included in the composi-
tion of these structures are also low-cost and nontoxic.
These new materials are attractive and have the same
properties as Cu(In, Ga)Se,, such as a band gap width
within the range of 0.87—1.7 eV [7—9]. The first
attempt to produce thin film solar cells on their basis
yielded an efficiency result of 4—6% [10—13]. At pres-
ent, researchers are working to increase the efficiency
of such solar cells.

Despite the fact that there is no information in the
world literature about zinc and tin sulfoselenide (Zn,._
Sn, _,Se,S, _ ) in the form of thin films, this promis-
ing new material is suitable for use in photovoltaics. It
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is formed by widely available and environmentally safe
elements with excellent physical properties:

—The band gap width can vary within a wide range
(0.9—-2.7 eV), which is suitable for the absorbing layer
with the optimal band gap width within the range of
1.45 eV. Using this material, a thin film solar cell can
be produced with an efficiency of photovoltaic energy
conversion of 20—25%.

—The absorption coefficient is within the range of
10*—10° cm~". This means that an absorbing layer 0.5—
1.0 um thick is sufficient to produce high-efficiency
solar cells.

The mobility of holes within the range 500—
1000 cm?/(V s) is observed in thin SnS and SnSe films
[14] and in the thin films ZnSe, which demonstrate
hole mobility significantly exceeding 100 cm?/(V s)
[15]. Therefore, the value for the hole mobility of a
mixed Zn,Sn, _,Se,S, _,compound is 100 cm?/(V's) or
more.

Earlier, the authors studied the physical properties
of the films CdTe [18], SnSe [19], SbSe [20] and Zn,._
Cd, _ S [21] produced using the method of chemical
molecular beam deposition in the hydrogen flow.

This study investigates the physical properties of
the films (ZnSe),(SnSe), _ , with the composition x =
0.1 and produced at a substrate temperature of 500°C
using chemical molecular beam deposition (CMBD).

EXPERIMENTAL

A polycrystalline (ZnSe),(SnSe), _ ,film was pro-
duced according to the method described in [22]. The
synthesis of (ZnSe),(SnSe), _ , films by the CMBD
was carried out as follows. Powders of the SnSe and
ZnSe compound with a stoichiometric composition
were loaded into each container. Then, the system was
brought to the operating conditions and blown with
hydrogen to remove atmospheric contaminant gases.
Then, the external furnace of the soaking chamber was
activated. The heating level was determined by the
specified deposition temperatures. When the required
heating level of the substrate was achieved, the furnace
for individual heating of the SnSe, ZnSe compound
was activated and brought to the required evaporation
temperature. The temperature evaporation interval to
grow the films is within 850—950°C, and the substrate
temperature varied within 500—600°C. The gas flow of
the hydrogen carrier was ~20 cm?/min. The duration
of the deposition process depended on the required
film thickness within the range of 30—60 min. Borosil-
icate glass was used as the substrate.

The crystalline structure and phase composition of
the materials were studied by XRD using a Panalytical
Empyrean diffractometer with CuK,, radiation (A =
1.5418 A) measurement of 20 within the range 20°—
80° and pitch of 0.01°. The phase composition was
analyzed with the Joint Committee on Powder Dif-

APPLIED SOLAR ENERGY Vol. 54

No.4 2018

257

fraction Standard (JCPDS) database. Morphological
studies were performed on an EVO MA 10 scanning
electron microscope (SEM).

Ohmic contacts were applied to the as-deposited
films by vacuum deposition for electrical measure-
ments. Silver and silver paste were used as ohmic con-
tacts with the hole conductivity films, and an indium
or indium—gallium alloy was used with electron con-
ductivity films. The type of conductivity for the speci-
men was determined according to the sign of the ther-
mal electromotive force. A film thickness of 1—3 um
was determined on an MII-4 microinterferometer, as
well as by precision microweighing on FA 1204C
scales (with an accuracy of 0.1 mg). After production
of the ohmic contacts, the “dark” characteristics of
the film were measured. Analysis of the dark volt-
ampere characteristic of the films (ZnSe),(SnSe), _,
showed that all specimen were “ohmic”; i.e., they did
not detect any rectifications within the range of mea-
sured voltages (U= 0.01-2 V).

RESULTS AND DISCUSSION

The (ZnSe),;(SnSe),, films produced at a sub-
strate temperature of 500°C had a smooth surface
without cracks or pores and densely covered the sub-
strate surface. The physical properties of the film
depending on the deposition conditions are presented
below.

Figure 1 shows the X-ray pattern for
(ZnSe), ;(SnSe), 4 films produced at a substrate tem-
perature of 500°C. The main peaks in the X-ray pat-
tern were those corresponding to the (400) and (800)
planes (Fig. 1). The total intensity of the peaks of the
(400) and (800) planes for the specimens was 90—95%
of the total intensity of all peaks of the
(ZnSe)y;(SnSe)y o films in the X-ray pattern. The
peaks corresponding to the (200), (201), (111), (400),
600), (511), (402), (502), (303) and (323) planes, the
intensity of which was very low compared to the inten-
sity of the (400) and (800) peaks, were also present in
the X-ray patterns of the specimens together with the
peaks of the specified planes. As seen from the X-ray
pattern, almost all of the observed peaks of the
(ZnSe), ;(SnSe) ¢ films correspond to the peaks pres-
ent in the SnSe phase. According to the XRD analysis
results, the films has an orthorhombic structure. The
parameters of the crystal lattice for the specimens were
calculated by the formula

2 2 2

it

where d is the distance between the planes and A,k,/
are the Miller indices. The parameters of the lattice
constant for the films deposited from ZnSe and SnSe
compounds at a substrate temperature of 500°C have
the following values: a = 11.48 A, b =3.78 A, c = 4.47 A.
Table 2 gives the structural parameters of the
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Fig. 1. X-ray patterns of films produced from ZnSe and
SnSe compound at substrate temperature of 500°C.

(ZnSe),;(SnSe), o films: the values of crystal lattice
parameters a and b for the (ZnSe),,(SnSe)q, films
decrease, and the c value increases as compared to the
crystal lattice parameters of the (ZnSe),(SnSe), _ .
films for x = 0. The structural parameters of the
(ZnSe),(SnSe); _ (x=10) films are given in [19]. These
changes may occur because with an increase in the
molar content of ZnSe in the vapor phase as the

(ZnSe), ;(SnSe), ¢ films are produced, the Sn atoms
are replaced by Zn atoms. It is known that the ion
radius of zinc (Zn* 0.88 A) is less than the ion radius
of tin (Sn* 0.93 A).

Figure 2 shows SEM images for the specimens
deposited from the ZnSe and SnSe compound with a

stoichiometric composition at a substrate temperature
of 500°C.

As is seen from Fig. 2, the shapes of the specimen
grains deposited at a temperature of 500°C had a simpli-
fied form and the size of the film grains was 5—6 um. The
microstructure of the (ZnSe),(SnSe),, films
revealed no visible change in the size and shape of
grains corresponding to the film having the composi-
tion with x = 0.

The specific resistance of the films was measured
using the Van der Pauw method to study the influence
of the ratio of the ZnSe and SnSe molecular beam
intensities in the vapor phase on the electrical proper-
ties of the (ZnSe),(SnSe), _ ,films. Thermoelectrical
studies showed that all produced films had p-type
conductivity. Table 3 gives the obtained results for
(ZnSe),(SnSe), _ , films with the following composi-
tions x = 0; 0.1 (o, p, and type of conductivity).

As seen from Table 3, an increase in the specific
resistance (6 x 1072 Q c¢m) of (ZnSe),,(SnSe), o films
was observed compared to p (6.2 £2 cm) of SnSe films.
The increased specific resistance of (ZnSe),;(SnSe), o
films with increasing the ZnSe content of the wide

Table 2. Structural parameters of (ZnSe), ;(SnSe), ¢ films produced at substrate temperature of 500°C

Films (ZnSe),(SnSe), _ , deposited from ZnSe and SnSe composition

film composition

x=0.1 x=0
crystal lattice parameters, A 20 (hkD d A crystal lattice parameters, A
a=1148 15.4 200) 5.75 a=11.52
b=23.78 b=14.16
c=4.47 25.3 201) 3.51 c=4.43
27.14 (I1n 3.28 [19]
31.06 “400) 2.87
47.4 600) 1.9
49.6 (511 1.8
51.9 “402) 1.75
57.7 (502) 1.59
60.26 202) 1.5
64.86 800) 1.4
67.9 (303) 1.3
84.02 (323) 1.15
APPLIED SOLAR ENERGY  Vol. 54 No. 4 2018
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Fig. 2. SEM images of surface of (ZnSe),(SnSe); _ ,films having composition with x = 0 and x = 0.1.

Table 3. Electrical parameters of (ZnSe),(SnSe); _ , films

(ZnSe),(SnSe); _ x=0 x=0.1
Conductivity type p p
Electrical conductivity o, (Q cm)~! at 300 K 15 0.16
Specific resistance p, Q cm at 300 K 6 x 1072 6.2
Substrate temperature 7, °C 500 500
bandgap component is determined by the decrease in REFERENCES

the concentration of free carriers.

CONCLUSIONS

The morphological, structural, and -electrical
properties of (ZnSe),;(SnSe), films produced at a
substrate temperature of 500°C have been studied.

The results of SEM and XRD analysis data show
that the films have an orthorhombic polycrystalline
structure; the sizes of film grains is 5—6 um.

The results from measuring the electrical proper-
ties of the films show that the electrical conductivity of
the films with a molar content of ZnSe x = 0.1
decreased compared to SnSe, and the films have p-
type conductivity.
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