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Abstract: Today, an actual task of photovoltaics is the search for new light-absorbing materials
for solar cells, which will make them more efficient and economically affordable. Semiconductor
CupNiSn(S,Se)s (CNTSSe) thin films are promising materials due to suitable optical and electrical
properties. This compound consists of abundant, inexpensive, and low-toxicity elements. However,
few results of studying the properties of CNTSSe films have been presented in the literature. This
paper presents the results of studying the morphology, phase composition, and crystal structure
of the CNTSSe films, which were first obtained by high-temperature annealing of electrodeposited
Ni/Cu/Sn/Ni precursors on glass/Mo substrates in chalcogen vapor. The films were studied using
X-ray diffraction, scanning electron microscopy, and energy-dispersive X-ray spectroscopy. It has
been found that sequential electrochemical deposition makes it possible to obtain the Ni/Cu/Sn/Ni
precursors of the required quality for further synthesis of the films. It is shown that high-temperature
annealing in chalcogen vapor in air makes it possible to synthesize stable polycrystalline CNTSSe
films. The obtained results confirm that the production of CNTSSe films is suitable for use in solar
cells by the proposed method, which can be improved by more precise control of the precursor
composition and annealing conditions.

Keywords: metal precursors; electrodeposition; annealing; chalcogen; CNTSSe; thin films; morphology;
crystal structure

1. Introduction

Today, the most common solar cells (SCs) are based on silicon and thin films of copper
indium gallium selenide and cadmium-telluride due to their high efficiency [1]. However,
silicon solar cells have one of the highest costs due to the difficult and energy-intensive
manufacturing technology [2]. The copper indium gallium selenide and cadmium-telluride
thin films are composed of toxic, low abundant raw materials, and expensive elements. This
is predicted to severely limit the production, mass deployment, and economic sustainability
of SCs [3,4]. Thin films based on earth-abundant, inexpensive, and low-toxicity elements,
specifically CupZnSnSy, CupZnSnSey, and CupZnSn(S,Se), solid solutions, have been ex-
tensively researched as absorber materials in recent years [5,6]. These compounds have
attracted much attention due to their optimum optical band gap values (about 1.0-1.5 eV)
and high absorption coefficients (~10* cm~1) for potential application in thin-film SCs [5,6].
The efficiency of SCs based on Cu;ZnSnSeys, CupZnSnSy, and CupZnSn(S,Se)y films is
11.95% [7], 11.0%, and 12.6% [1], respectively, with a theoretical possible efficiency of
about 30% [8]. The low open-circuit voltage and fluctuations in the band gap of the
CuyZnSn(S,Se)y films due to their structure and narrow single-phase region of existence
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are the causes of the low efficiency of SCs [9,10]. It is assumed that a large number of
anti-structural defects are formed in the films due to the proximity of the ionic radius of
Zn?* and Cu*. These defects cause disorder in the CuyZnSn(S,Se), crystal lattice and act as
photogenerated current carrier traps. To overcome this problem, it is proposed to replace
Zn with another chemical element with the same valency such as Mn, Fe, Co, and Ni.
CuyNiSn(S,5e)s (CNTSSe), one of the semiconductor materials, has recently received a lot
of interest. Theoretical calculations affirm that the substitution of Zn with Ni in the CZTS
compound could potentially enhance electrical conductivity and reduce the optical band
gap [11]. There are several works on CNTSSe solid solutions in the literature, most of which
relate to the synthesis and study of films based on pure sulfur (CNTS). In [12,13] the spin
coating method was used to create thin films of CNTSSe nanocrystals on glass substrates.
The XRD analysis exhibited the formation of a kesterite phase with peaks corresponding to
polycrystalline CNTSSe with a tetragonal structure. The direct band gap and absorption
coefficient of the film were 1.29 eV and over 10* cm™!, respectively. Two SCs based on
CNTS films have been reported: a device glass/Mo/CNTS/CdS/Al-ZnO/ Al with 0.09%
efficiency [14] and another structure of ITO/ZnO/ZnS/CNTS/Au was 2.71% [15]. An effi-
ciency of 17.06% of SCs based on CNTS films with the CNTS/ZnS/Zn(O,S)/FTO structure
has been reported, which was calculated using a solar cell capacitance simulator (SCAPS)
program with an illumination spectrum of 1.5 AM [16]. As can be seen, few data on the
synthesis and study of solid-solution CNTSSe films have been presented in the literature.

Therefore, this paper presents the results of a study of the morphology, phase compo-
sition, and crystal structure of the CNTSSe films. The CNTSSe films were obtained by a
non-vacuum two-stage method, where, in the first stage, metal precursors were obtained
by electrochemical deposition, and in the second stage, they were annealed in chalcogen
vapor at high temperatures. Electrochemical methods are of particular interest to obtain
semiconductor thin films due to their scalability and potential low cost compared to vac-
uum methods [9,17-19]. A two-stage electrochemical deposition method was used to
successfully produce Cu(In,Ga)(S,Se), thin films [20]. The efficiency of the solar cell and
the module based on them was 17.3% and 14.0%, respectively [20].

2. Materials and Methods
2.1. Synthesis of Thin Films

The CNTSSe thin films were fabricated by the two-step method. In the first step, the
Ni/Cu/Sn/Ni precursors were obtained by the sequential electrochemical deposition of
metallic layers of nickel, copper, tin, and nickel (Ni/Cu/Sn/Ni) on a glass/Mo substrate
in galvanostatic mode. A reasonable order of metal layers in a Cu-Sn—-Ni(Zn) precursor
for the synthesis of C(N,Z)T(S,Se) films is substrate/Cu/Sn/Ni(Zn). However, the copper
deposited on the molybdenum sublayer had bad adhesion in this work. A similar behavior
of electrochemically deposited copper on a molybdenum layer was observed in [21,22].
Therefore, nickel was used as a sublayer for copper [23] and as a top layer to prevent the
loss of volatile tin during subsequent high-temperature annealing. The Ni layers were
deposited from aqueous solutions containing NiSOy4, NiCl,, H3BOs3, and organic additives
with pH a2 3.5-4 at T ~ 50 °C and the cathodic current density of ], = 20 mA /cm? (sublayer)
and 25 mA/cm? (top layer). The Cu layers were deposited from an aqueous solution
containing CuSOy, K4P>07, NayHPO,4, and KNaCuH;Og with pH ~ 8-8.5at T ~ 40 °C
and the cathodic current density of J. = 8 mA/cm?. The Sn layers were deposited from
an aqueous solution of SnSO, and H,SO4 at room temperature and the cathodic current
density of J. = 10 mA /cm?.

The second step is high-temperature annealing of the deposited Ni/Cu/Sn/Ni pre-
cursors in chalcogen (sulfur and selenium) vapors in the air. The Ni/Cu/Sn/Ni precursors
were annealed at 580 °C for 30 min in the one-zone tube furnace. Then, they were naturally
cooled in a furnace to room temperature. The precursors, selenium, and sulfur powder
were loaded in a quartz box and inserted in the furnace. Selenium and sulfur powder were
the sources of chalcogen.
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2.2. Characterization Methods

The microphotographs and elemental composition of the fabricated samples were
obtained using scanning electron microscopy (SEM) and X-ray spectral microanalysis (EDX)
on a ZEISSEVO (Zeiss, Oberkochen, Germany). The phase composition and crystalline
structure of the films were studied using an X-ray diffractometer (XRD) D8 Advance
(Bruker AXS, Billerica, MA, USA) with CuK« radiation. Analysis of the phase composition
was performed with the use of the Crystallography Open Database (COD) in the “Match”
program. For study, the lattice parameters of the films were used with the Rietveld analysis,
implemented in the “FullProf” program.

3. Results and Discussion
3.1. Analysis of Morphology of Precursors

For the synthesis of the CNTSSe films, Ni/Cu/Sn/Ni precursors with elemental
compositions such as Cu—15.9 at.%, Sn—20.5 at.%, and Ni—63.6 at.% with a total thickness
of 700-900 nm were used (Figure 1). The EDX mapping images of the cross-section of the
precursors in Figure 1 showed mutual diffusion of the deposited metals, which may indicate
the formation of binary and/or ternary intermetallic compounds [21,24]. For example, it
was noted in [25] that the Cug 265n5 (or CugSns) phase in the Cu-Zn-5n electrodeposited
precursors could form at room temperature. Copper and nickel are completely miscible in
both the liquid and solid states [26]. Cu-Ni alloys crystallize over the whole concentration
range [26]. In addition, the observed diffusion confirmed good adhesion between the
deposited metal layers as well as to the substrate. Nevertheless, two regions could be
distinguished on the EDX mapping image of Ni (Figure 1), where Ni diffused throughout
the thickness of the precursor (right image area) and two Ni layers were visible (left image
area): a sublayer and a top layer.

Figure 1. The SEM and EDX mapping images of the cross-section of the Ni/Cu/Sn/Ni precursors on
a glass/Mo substrate.

The electrodeposited metal layers of the precursors had a uniform distribution over
the surface (Figure 2). However, as can be seen from the EDX mapping images (Figure 2),
there were several small dark regions on the tin map (highlighted in white), while in
these regions, the distribution of copper and nickel was uniform. These dark regions were
depleted in tin due to the technology of the electrochemical deposition of tin from aqueous
electrolytes or the aggregation of Ni and Cu metals.
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Ni/Cu/Sn/Ni

Figure 2. The top view of the SEM and EDX mapping images of the Ni/Cu/Sn/Ni precursors.

3.2. Analysis of Morphology of Thin Films

The elemental composition of the synthesized CNTSSe films is presented in Table 1.
The elemental composition of the films was close to the stoichiometric ratio. However, the
Cu/(Ni + Sn) and Ni/Sn ratios indicated a deficiency of copper and nickel in the films. In
addition, the films were enriched in chalcogen (chalcogen/metal ~ 1.3). The EDX spectrum
of the synthesized CNTSSe films indicated the absence of impurity elements, particularly
oxygen, in their composition (Figure 3).

Table 1. The elemental composition and atomic ratio of the CNTSSe thin films.

Elemental Composition, at.% Ratio
Cu Ni Sn Se S Cu/(Ni + Sn) Ni/Sn S/(S +Se)
20.20 11.60 12.47 22.72 33.00 0.84 0.93 0.59

Intensity, cps/eV
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Figure 3. A typical EDX spectrum CNTSSe thin films on a glass/Mo substrate.

Figure 4 shows typical SEM images of the surface and cross-section of the CNTSSe
thin films. As can be seen (Figure 4a), the surface of the film was a homogeneous structure
without cracks and with densely packed faceted crystals and single pores. The size of the
crystals on the surface of the films was greater than one micron, which agglomerated in
large grains. Large crystals in the form of stretched petals upward surrounded the pores
on the surface of the film. From the cross-sectional images (Figure 4b), the thickness of
the films was about 2.4 um. This value was three times the thickness of the Ni/Cu/Sn/Ni
precursors due to the insertion of S and Se atoms in the crystal lattice.
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Figure 4. The top view (a) and cross-section (b) SEM mapping images of the CNTSSe thin films on a
glass/Mo substrate.

The EDX mapping images of the CNTSSe films showed that the small grains clustered
(highlighted in white) on the surface of the films were Ni-rich, Sn-, Cu-, and S-poor while
Se was distributed evenly over all of the investigated surfaces (Figure 5). Nevertheless, all
constituent elements had a uniform distribution over the surface of the film.

Figure 5. The top view SEM and EDX mapping images of the CNTSSe thin films.

3.3. X-Ray Analysis of Thin Films

A typical X-ray spectrum of the CNTSSe films obtained on glass/Mo substrates is
shown in Figure 6. The X-ray diffraction pattern for the films indicated their polycrys-
talline nature and demonstrated intense peaks (111), (200), (220), and (311) at 26 ~ 27.97°,
32.93°,46.48°, and 55.10°, respectively. Peaks (111), (220) and (311), as can be seen from
Figure 6, were between the positions of the diffraction reflections from cubic CNTSe (COD
no. 00-026-0551) and CNTS (COD no. 00-026-0552) of the space group F-43m. The crystal
structure of the CNTSSe compound was similar to that of CNTSe and CNTS, but due to
a change in the lattice parameters, its reflections in the X-ray diffraction patterns were
shifted. The low intensity reflection at 26 ~ 32.93° corresponded to the CNTS phase. These
XRD results indicate the formation of an ordered CNTSSe solid solution of a cubic crystal
structure. In most works on the synthesis of the CNTS films [27-29], it has been found
that the films crystallize in a cubic structure. However, it has been reported that the CNTS
and CNTSe films have a wurtzite crystalline structure [30,31]. Moreover, the CNTS and
CNTSSe films were obtained with a tetragonal crystalline structure [13,32,33].
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Figure 6. A typical X-ray pattern of the CNTSSe thin films on a glass/Mo substrate. Reference
patterns from COD: NizSe4 (no. 96-900-9245), Ni,S; gSep 2 (no. 96-153-8792), Se (no. 96-901-3135),
Ni (no. 96-901-3008), MoS; (no. 96-153-5541), Mo (no. 96-901-1607), Cup;NiSnSey (no. 00-026-0551),
CuyNiSnSy (no. 00-026-0552).

The X-ray diffraction pattern of the CNTSSe films clearly showed a shift of the (111),
(220), and (311) diffraction peaks toward large angles, which indicated a decrease in the
lattice parameters due to the substitution of Se for S. The results obtained show that Se
atoms can easily replace S with an arbitrary S/Se ratio and form CNTSSe solid solutions.
In calculating the unit cell parameter of the CNTSSe solid solution films using FullProf,
in the case of using the initial data for a sulfur-based compound, it was found that the
a cell constant was 0.551(7) nm. The value obtained was between the values for CNTS
(COD no. 00-026-0552, a = 0.5425 nm) and CNTSe (COD no. 00-026-0551, a = 0.57050 nm).
The calculated value of the lattice constant was closer to CNTS because the CNTSSe films
contained more sulfur than selenium (Table 1).

In addition, the X-ray diffraction patterns of the CNTSSe films showed reflections from
cubic Mo (COD no. 96-901-1607) and trigonal (hexagonal) MoS; (COD no. 96-153-5541)
that formed during the annealing of precursors in an atmosphere containing chalcogen.
X-ray analysis indicated the absence of the MoSe; layer in the CNTSSe films. This may
indicate that MoS, prevents the formation of MoSe;. A similar obstacle to the formation of
the MoSe; layer due to the MoS, layer was established in other works during the synthesis
of CupZnSn(S,Se), thin films by the selenization of deposited Cu/Sn/ZnS precursors by
magnetron sputtering on glass/Mo substrates [34,35].

The X-ray diffraction patterns of the CNTSSe films contained a reflection at 20 ~ 45.31°.
This peak was not associated with CNTSe and its identification was difficult. Nevertheless,
this peak probably belongs to the hexagonal Ni (COD no. 96-901-3008), cubic Se (COD
no. 96-901-3135), hexagonal NiyS; gSeg» (COD no. 96-153-8792), or monoclinic NizSeq (COD
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no. 96-900-9245) phase. Taking in account the synthesis conditions and the obtained results
of EDX mapping images of the CNTSSe films (Figure 5), we can rule out the presence
of the pure nickel phase. According to the Crystallography Open Database, the most
intense peak from cubic Se (no. 96-901-3135) is at 26 =~ 45.45°. While for hexagonal
NiyS1 85ep2 (COD no. 96-153-8792) and monoclinic NiszSes, the most intense peak is at
20 ~ 34.24° and 33.37°, respectively. This may disprove the existence of these phases in the
composition of the CNTSSe films. However, according to the COD, the diffraction peak
from NipS; gSep 2 at 28 ~ 45.34° is the second in intensity and from Ni3Sey4 at 20 ~ 45.18° is
the third in intensity in diffraction patterns. According to the COD, the strong MoS; peak
is at 14.5°, and the peak at 40.48° should be more intense than at 33.8°. Considering this,
we can conclude that the contribution from the NiyS; §Seg» or NizSes phase increases the
intensity of the peak at 26 ~ 30.8° compared to the peak at 40.48° belonging to MoS; and
Mo. The contribution from the MoS, phase increases the intensity of the peak by about
45°. This may confirm the formation of the hexagonal Ni,S; §Sep, or monoclinic NizSey
phase. In addition, the asymmetric broadening of the peaks at 33.8° and 51.7° may indicate
the existence of the Ni3Ses phase along with MoS,. In [36], the fabricated nickel foam
alloys on the carrier NiszSe4 and Ni3S,; were doped with sulfur and selenium, respectively,
using a light hydrothermal anion exchange reaction. The samples had a similar surface
morphology to the CNTSSe films synthesized in this work. The presence of other impurity
phases, for example, Cu(S,Se), Sn(S,Se), and Cu,Sn(S,Se)s, in the synthesized CNTSSe films
was not found.
The crystallite size (D) of the CNTSSe films was determined from the Scherrer equa-
tions as follows [37,38]:
D =0.9A/Bcosb 1)

where A is the x-ray wavelength; B is the full width of the peak at half maximum (FWHM);
6 is the Bragg angle (in radian).
Dislocation density () and microstrain (¢) were calculated using Equations (2) and (3),
respectively [38].
5=1/D? )

e = B/4tanf 3)

The crystallite size, dislocation density, and microstrain for the synthesized films
were about 34 nm, 0.00087 nm~2, and 4.2 x 1073, respectively. For example, in [37], for
the Cd;_xZn,S films, the dependence of the electrical conductivity on the grain size was
shown, and it was found that the electrical conductivity had a maximum for the film
with a grain size of about 36.445 nm (5 x 1079 (O-m)™). The electrical conductivity of
SnS films with crystallites of 55.05 nm is 2.364 x 107 (Q-cm) ™! (6 =3.30 x 10 m=2 and
e =231 x 107%) [38].

4. Conclusions

This article presents the results of a study on the morphology and crystal structure of
the CupNiSn(S,Se)s (CNTSSe) thin films, which were first obtained by high-temperature
annealing of layer-by-layer electrochemically deposited Ni/Cu/Sn/Ni precursors on
glass/Mo substrates in chalcogen vapor. The main conclusions can be drawn as follows:

(1) The Ni/Cu/Sn/Ni precursors had a uniform distribution of the deposited metal
layers. The EDX mapping images showed a mutual diffusion of sequentially applied
elements, which may indicate the formation of a binary or ternary intermetallic
compound in the precursors.

(2) It has been found that subsequent annealing in chalcogen vapor in air at 580 °C for
30 min makes it possible to obtain stable polycrystalline CNTSSe films.

(3) The CNTSSe films crystallized in a cubic structure. The films had small deviations
from stoichiometry in the cation as well as an anion sub-lattice. The diffraction peaks
from the CNTSSe on the X-ray patterns were between the positions of the peaks from
CNTSe and CNTS. The calculated unit cell parameter for CNTSSe (a = 0.551(7) nm)
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was between the values for CNTSe and CNTS, and was closer to the values for CNTS.
This was due to the higher content of sulfur in the films than that of selenium. Using
X-ray diffraction, along with the CNTSSe main phase and CNTS phase, the presence of
the NiyS; §Sep 2 or NizSey phase was detected. No characteristic peaks corresponding
to other impurities such as Cu(S,Se), Sn(S,Se) or Cu,Sn(S,Se)s were observed at the
detection limit of the XRD apparatus. This shows the phase purity and good quality
of the films.

(4) Annealing of the precursors led to an increase in their thickness from 700 to 900 nm to
~2.4 um due to the insertion of sulfur and selenium atoms in the crystal lattice. It was
found that the surface of the CNTSSe films is a homogeneous structure with densely
packed large crystals and single pores.

Thus, the obtained results demonstrate the production of the CNTSSe thin films using
the proposed method, which can be improved by more precise control of the composition
of the initial precursors and heat-treatment conditions.
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