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The influence of the technological conditions on the structure of ZnSe thin films deposited by the close-
spaced sublimation method onto SnO;/glass and ITO/glass substrates was studied. The manufacturing
parameters were optimized by varying substrate temperature. The X-ray diffraction analysis of the ZnSe
thin films showed that films deposited at both types of substrates were polycrystalline in nature with
zinc-blende structure, and a preferential peak corresponded to (400) plane for SnO2/glass regarding
the substrate temperature, while for ITO/glass substrate with increasing substrate temperature, it was
changing from (111) to (220). The elemental composition of ZnSe thin films deposited onto SnO3/glass
and ITO/glass substrates was confirmed by the energy-dispersive and X-ray photoelectron spectroscopy
techniques. Also, ZnSe/ShySes heterostructures have been fabricated with SnO3/glass and ITO/glass
substrates and investigated for their use in photovoltaic applications. This paper also examined how
varying the type of transparent electrode used in solar cell fabrication impacts the device’s photovoltaic
parameters.
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1. Introduction

A literature analysis reveals that in the past, at-
tempts were made by several scientists, to obtain
reproducible ZnSe films for device applications [1-
3]. More progress has been achieved in the fabrica-
tion of blue light-emitting diodes [4], dielectric mir-
rors [5], filters, blue laser diodes, and other optically
sensitive devices [6-8]. There are a number of re-
ports on the different structural, optical, and electri-
cal properties of ZnSe polycrystalline thin films pre-
pared by various techniques such as chemical vapor
deposition [9], metal-organic chemical vapor depo-
sition (MOCVD) [10], electrodeposition [11], chem-
ical bath deposition (CBD) [12], pulsed laser deposi-
tion [13], and thermal evaporation [14]. Because of
its large band gap of 2.67 eV, ZnSe has been used
as a window layer for the fabrication of solar cells.
ZnSe thin film has higher transmittance, which
allows incoming light to collide enormously with
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the p—n junction placed below the window layer.
It also has lower reflectance because of its wider
bandgap and polycrystalline behavior in the visi-
ble and ultraviolet regions. Thus, the incident pho-
ton trapping increases the resulting enhancement
of the photoelectric effect, causing current density
to increase. The use of ZnSe films as a heterojunc-
tion partner in II-VI thin-film solar cells has been
shown to be promising for solar appliances [15]. The
ZnSe/CdTe solar cells grown by close-spaced sub-
limation have yielded fairly good results, with an
efficiency of 4.7% [16]. Parent et al. [17] reported a
4.27% efficiency on the photoassisted metal-organic
vapor-phase epitaxy (MOPVE) ZnSe/GaAs hetero-
junction solar cells. The researchers obtained so-
lar cells with V., Js, and fill factor (FF) of
0.411 V, 1.245 x 10~® A, and 43.3%, respectively.
Also, ZnSe/GaAs solar cells were fabricated us-
ing molecular beam epitaxy (MBE) with an effi-
ciency of 4%. The close-spaced sublimation method
is considered one of the most promising techniques
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Fig. 1. X-ray diffraction patterns of ZnSe thin

films on SnQO2/glass substrates at different substrate
temperatures.

for A;Bg thin film growth. Therefore, we have used
the close-spaced sublimation method (CSS) for the
deposition of the ZnSe thin films at different sub-
strate temperatures to prepare SnOs/ZnSe/ShySe;
and ITO/ZnSe/SbySe; photovoltaic devices. This
paper will discuss ZnSe thin films obtained by the
CSS technique on ITO/glass and SnOy/glass sub-
strates.

2. Experimental details

The ZnSe thin films were obtained using a high-
vacuum deposition system, specifically the BUII-4
installation, operating at a high vacuum pressure of
1.5 x 1075 Torr. The deposition process was car-
ried out on ITO/glass substrates, with three sub-
strate temperatures (T,;) maintained: 450, 500,
and 550°C. For ZnSe deposited on SnOs/glass sub-
strates, the substrate temperatures were kept at
500, 550, and 600°C. Throughout the deposition,
the source temperature (T¢,) was maintained at
700°C to ensure uniform evaporation of the source
material. The deposition duration was also kept
constant at 3 min to achieve a consistent thickness
and quality of the ZnSe films across all samples.

All SbySes thin films were obtained using sub-
strates with ZnSe thin films deposited at an evap-
orator temperature of 700°C and a substrate tem-
perature of 500°C for 3 min. The set obtained on
Sn0Os/ZnSe substrates was performed to study ab-
sorber layer thickness on photovoltaic parameters
(varying parameter was deposition time). Deposi-
tion temperatures were 450°C for the substrate and
550°C for the evaporator. Another set obtained on
ITO/ZnSe was made with different deposition tem-
peratures and a deposition time of 3 min.
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TABLE I

The microstructural parameters of ZnSe thin films
deposited on SnO;/glass substrates.

Samples Lattice constant D [om] s(><10’4)
afA] | c[A]
ZnSe_ 500°C | 5.6707 - 28.0 1.0
SnO, 4.7502 | 3.1932 63.5 1.5
ZnSe_ 550°C | 5.6572 - 31.7 1.6
SnO;, 4.7365 | 3.1881 57.9 2.1
ZnSe_600°C | 5.6571 - 33.7 2.3
SnO, 4.7392 | 3.1871 64.7 2.1

The crystal structure was studied by X-ray
diffraction using a Bruker AXS, D8 ADVANCE
diffractometer (Cu K, radiation, 40 mA, 40 kV),
with a Ni filter, in the 260 range of 20°-80°, with a
scanning speed of 0.5° /min. The XRD analysis was
performed using Rigaku software PDXL. The en-
ergy dispersive spectroscopy (EDS) analysis of the
samples was performed with a JEOL JSM-6390LV
scanning electron microscope, operating in high vac-
uum and low vacuum modes, offering a resolution
of up to 3 nm at 30 kV. Information on surface
elemental composition and chemical states of the
elements present at the sample surface was also
derived from theX-ray photoelectron spectroscopy
(XPS) measurements carried out using a PHI 5000
VersaProbe photoelectron spectrometer. The XPS
spectra were recorded using monochromated Al K,
radiation (1486.7 €V), and the C 1s core level signal
was used for calibration of the binding energies in
the XPS spectra. The binding energy values were
accurate within +0.2 eV.

3. Results and discussion

The X-ray diffraction (XRD) patterns of ZnSe
thin films deposited on SnOs/glass substrate at
varying substrate temperatures from 500 to 600°C
are shown in Fig. 1. The XRD pattern re-
veals strong peaks corresponding to the polycrys-
talline SnQO; tetragonal crystallographic system,
P42/mnm space group, along with some weaker
peaks associated with the ZnSe phase. The mi-
crostructural parameters of the ZnSe thin films
are summarized in Table I. According to them, the
ZnSe grains on the SnO substrate are smaller com-
pared to the SnO5 grains. The change in the lattice
constant of ZnSe with different substrate tempera-
tures is not very prominent and suggests that the
film grains are stressed. This stress could be due to
lattice mismatch and/or differences in the thermal
expansion coefficients between SnO- and the glass
substrate.
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Fig. 3. The XRD patterns of ZnSe thin films

deposited at different substrate temperatures on
ITO/glass substrate.

The intensities of the (111), (220), and (311)
peaks are low in comparison with the (400) one.
This indicates a preferential orientation of micro-
crystallites with the (400) direction. The (400) peak
intensity decreases with increasing substrate tem-
perature.

The increase in the strain with increasing sub-
strate temperature indicates the formation of higher
quality films at lower substrate temperatures. At
the substrate temperature above 500°C, their crys-
tallinity degrades due to the high thermal energy of
the adatoms of the ZnSe thin film. This result may
be ascribed to low atomic mobility at low substrate
temperatures, thereby leading to the formation of a
preferred orientation along the (400) plane, which
corresponds to the ZnSe phase. At 550°C, the inten-
sity of the (311) plane, which belongs to the ZnSeOgs
phase, starts to increase.

Figure 2 presents the energy dispersive X-ray
(EDX) analysis of ZnSe thin films deposited at a
substrate temperature of 600°C. Data for films de-
posited at other substrate temperatures are not
shown, as they exhibit very similar characteristics.
The ZnSe films are observed to be Zn-deficient. This
deficiency is attributed to the higher vapor pressure
of Se compared to Zn and the differing sticking co-
efficients of the two elements.
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Fig. 4. The XPS survey scan spectra of ZnSe thin
films deposited at 450°C and 500°C.

TABLE II

The microstructural parameters of ZnSe thin films
deposited on ITO/glass substrates.

Tsub a d[1 11] 1[1 11] D €
rc) | [A] [A] | [counts] | [nm] | (x1073)
450 | 5.7165 | 3.3004 4795 280.24 3.24
500 | 5.7129 | 3.2984 639 108.70 2.53
550 | 5.7076 | 3.2953 465 45.11 0.84

The XRD patterns of ZnSe films deposited on
ITO/glass substrate prepared at different Ty, are
presented in Fig. 3.

Thin films obtained at 450°C exhibit a pro-
nounced orientation along the (111) plane, observed
at 260 = 27.01°. As the substrate temperature in-
creases, the growth orientation of ZnSe shifts to the
(220) plane. The X-ray diffraction patterns confirm
that the ZnSe films are polycrystalline with a cubic
structure, which at higher Tj,; indicates random
orientation of crystallites in these films (JCPDS
card No. 05-0522). Table II provides microstruc-
tural parameters of studied samples.

The average size of the crystallites decreases
as the substrate temperature increases, from
280.24 nm at 450°C to 45.11 nm at 550°C. Simulta-
neously, the lattice constant decreases from 5.7165
to 5.7076 A with the rise in temperature from 450
to 550°C and is higher than the value observed in
films deposited on SnOs/glass substrates, where it
is 5.6572 A at 550°C. The lattice strain ¢ also de-
creases from 3.24 x 1073 to 0.84 x 1073, This re-
duction in lattice strain with increasing substrate
temperature suggests that the film grains are un-
der stress, likely due to changes in the nature and
concentration of native defects. Additionally, this
decrease may indicate an improvement in the crys-
tallinity of the film.

Figure 4 shows the survey X-ray photoelectron
spectroscopy (XPS) spectra of ZnSe films obtained
at 450 and 500°C, covering the entire binding en-
ergy region. The spectra reveal characteristic peaks
corresponding to O 1s, Se 3d, and Zn 2p and the
chemical composition is presented in Table III.
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Fig. 5. The XPS spectra of Zn 2p thin films de-
posited at 450°C and 500°C.

TABLE III

Chemical composition of ZnSe thin films.

Tous [°C] Atomic [%)]
Zn 2p O 1s Se 3d
450 35.4 34.3 30.3
500 36.7 33.3 30.0

The C 1s core level for the sample deposited
at 450°C 1is located at a binding energy value
of 285.3 eV, while for the ZnSe deposited at 500°C,
the value shifts to 285.7 eV. These values were used
as a reference for correcting the charge shift.

Figure 5 displays the high-resolution Zn 2p3/,
and Zn 2p, /, doublet for ZnSe thin films deposited
at 450 and 500°C, which serves as a key indicator
of the chemical state of zinc in the material. De-
convolution of these spectra reveals two prominent
peaks at 1022 and 1045 €V, as well as a weaker
peak around 1042 eV. The main peaks at 1022 and
1045 eV correspond to Zn 2p3/p and Zn 2p; /o of
ZnSe, respectively. The variations in substrate tem-
perature could influence the local state of zinc and
selenium, thereby affecting the exact positions of
the peaks. The weak bands at 1042.45 eV at 450°C
and 1040.87 eV at 500°C may suggest the presence
of zinc oxide.

Figure 6 shows the high-resolution Se 3d spec-
tra for ZnSe thin films deposited at 450 and 500°C.
Deconvolution of these spectra reveals a prominent
peak at 54.46 eV for the sample deposited at 450°C
and at 54.49 eV for the sample deposited at 500°C,
which typically corresponds to Se 3ds/3 in ZnSe.
Also, deconvolution shows that there are peaks at
54.91 eV for 450°C and 55.09 eV for 500°C which
correspond to Se 3ds/, spectral line which was re-
ported by other researchers [18].

The minor shift in the 55 eV peak position be-
tween the two samples may indicate a change in the
chemical state of selenium or in the local structure
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Fig. 6. The XPS spectra of Se 3d thin films de-
posited at 450°C and 500°C.

of the material at different substrate temperatures.
A weaker peak was observed at 59.77 eV for the
450°C sample and at 59.89 eV for the 500°C sam-
ple, suggesting the presence of SeQs, specifically for
the 3ds/2 line, which is consistent with literature-
reported values [19].

Figure 7 shows the high-resolution O 1s spectra
for ZnSe thin films deposited at 450 and 500°C.
Deconvolution of these spectra reveals a promi-
nent peak at 532.1 eV associated with zinc oxide
(Zn0O), which may form because of the oxidation of
ZnSe. The high binding energy component located
at 532.52 eV is associated with O-2 ions in oxygen-
deficient regions within the matrix of ZnO, which
are present as inherent deficiency states in the ZnO
matrix.

So, composition analysis by XPS shows that
films are composed of a mixture of ZnSe, ZnO,
and ZnSeQj3 phases. Additionally, XPS suggests the
presence of oxidized states of selenium, such as SeO4
or SeOs3.

4. Photovoltaic parameters of ZnSe/SbsSes
thin-film solar cells

The antimony selenide (SboSes) thin films are a
promising photovoltaic (PV) absorber with steadily
increasing power-conversion efficiency (PCE) com-
pared to other emerging compounds.

According to [20], SCAPS-1D simulation software
shows that ZnSe satisfies the fundamental criteria
of having good carrier mobility, high electrical con-
ductivity, and an appropriate energy band align-
ment with minimum conduction band of antimony
selenide (SbaSes).

The photovoltaic characteristics of ZnSe/SbaSes
thin-film solar cells were investigated using the wide
SnOs and ITO band gap components at room tem-
perature (300 K) and 100 mW /cm? illumination.
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Fig. 8. The J-V characteristics of SnOz/ZnSe/

SbaSes/Ag structures for different deposition time
of SboSe3.

TABLE IV

The photovoltaic parameters of SnOz/ZnSe/
SbaSes/Ag structures for different deposition times
of ZnSe.

t Voc Jse FF Rs Rsh
S| V| maAsem?] | %l | ko) | ko)
60 0.11 0.04 34.6 11.4 145.3
10 0.16 0.04 26.7 28.6 55.4
30 0.13 0.07 35.2 9.0 95.5
5 0.09 0.06 34.1 8.8 49.5

The density current—voltage (J-V') characteris-
tics of SnOy/ZnSe/ShySes/Ag thin-film solar cells
are presented in Fig. 8. The photovoltaic parameters
of SnOs/ZnSe/SbsySes/Ag structures are presented
in Table IV.

The density current—voltage (J-V) characteris-
tics of SbySes solar cells with ZnSe/ITO glass
substrates are illustrated in Fig. 9. ZnSe thin
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TABLE V

Photovoltaic parameters of ITO/ZnSe/SbaSes/Ag
structures for different technological parameters of
ShaSes.

Tsub | Tev | Voc Jsc FF | Rs | Rsn
[°Cl | [°CT | [V] | [mA/em?] | [%] | [kQ] | [kO]
280 | 450 | 0.23 | 0.12 | 37.6 | 8.4 | 58.2
330 | 500 [ 0.22 |  0.09 | 39.8| 7.2 | 104.9
380 | 550 [ 0.30 | 0.08 | 44.6 | 8.3 | 138.0

films were also obtained at an evaporator tem-
perature of 700°C and substrate temperature of
500°C for 3 min. The deposition time of SbySes
layers is 10 min. The photovoltaic parameters of
ITO/ZnSe/SbySes /Ag structures are presented in
Table V.

The highest value of the open-circuit voltage
is obtained for ITO/ZnSe/SbySes/Ag structures,
while the short-circuit current density values are
quite modest.

5. Conclusions

In summary, ZnSe thin films were prepared un-
der different growth temperatures on SnQOy/glass
and ITO/glass substrates using the CSS method.
Performing structural analysis of the samples and
calculating full width at half mazimum (FWHM)
values of peaks and the crystalline sizes, we could
deduce that for ZnSe deposited on SnOs/glass, bet-
ter crystal quality can be achieved at relatively high
growth temperatures such as 550°C or 600°C, while
for films deposited on ITO/glass at low tempera-
ture of 450°C. EDS results revealed that ZnSe films
deposited on SnO,/glass are Zn-deficient, while ac-
cording to XPS results, the ZnSe films deposited
on ITO/glass are composed of a mixture of ZnSe
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and ZnO, in which we can clearly see Se defi-
ciency. The peaks observed in XPS measurements
suggest the presence of oxidized states of selenium
and zinc, such as ZnO, ZnSeO3, SeOs, or SeOs.
Current—voltage characteristics measured in AM1.5
condition show that ZnSe films are suitable for
photovoltaic applications and better voltages can
be obtained for ZnSe deposited on ITO/glass sub-
strates. The efficiency and overall performance of
solar cells are influenced by various factors, includ-
ing the incorporation of series resistances (Rg) and
shunt resistance (Rgp). The power conversion effi-
ciency (PCE) is very modest for both types of solar
cells because the values of the series resistance are
high. The series resistance arises due to the resistive
losses in the conductive elements of the solar cell
and causes a drop in the fill factor and efficiency.
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