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CuzVSe4 material has become a new kind of photovoltaic absorber due to its optical bandgap matching light-
absorbing, abundant elements in crust, and high light absorption coefficient. Here, we prepared CugVSey4 thin
films by amine-thiol method and investigated the preparation process of excellent CuzVSe4 absorption layer for
the first time. The effects of various Cu/V ratios on the morphology, structure, and electrical properties of the

films are studied. XRD and Raman results show that pure-phase Cu3VSe4 films are obtained with the Cu/V ratios
lower than 2.9. SEM results simply adjusting the Cu/V ratio cannot obtain a compact selenized CusVSe4 thin
films. The best crystallinity of thin film with 2.8 of Cu/V ratio is named as CuygVSes and selected as the
representative. Though optimizing the selenization conditions, a dense morphology and good electrical prop-
erties of the absorption layer can be prepared under 570 °C of the high-temperature process. Our findings can lay
the favorable foundation for high-efficiency CugVSe4 devices.

1. Introduction

Because they possess the adjustable optical bandgaps and excellent
stability, the copper-based thin film solar cells have been rapidly
developed and have become an important option for renewable energy.
Among these thin film solar cells, CdTe, Cu(In,Ga)Sey, and CuyZnSn(S,
Se)4 materials are representative and have also made great progress
(Kurley et al., 2017; Nakamura et al., 2019; Yang et al., 2024). However,
the scarce In, Ga and Te elements, and the highly toxic Cd element, have
become the restricting CdTe and Cu(In,Ga)Se; developments (Wang
et al., 2020). High harmful defects density is also main limitation of
CuyZnSn(S,Se)4 solar cells. The new copper-based photovoltaic mate-
rials need to be developed. Recently, the ternary copper-based CusMCh4
(M =V, Nb, Ta; Ch = S, Se, Te) semiconductor materials have been
reported, and they have been confirmed as p-type semiconductors
(Kehoe et al., 2015). CugVS4 and CugVSe4 materials have the optical
bandgap matching with sunlight and be regarded as the absorption layer

of photovoltaic devices. At present, there are a few reports of CuzVSy
thin film (Mantella et al., 2018; Wen et al., 2021;), but few reports of
Cu3VSes thin film. Liu et al. fabricated Cu3VSes nanocrystal and
Cu3VSey-FTO thin films with p-type characteristic and photocurrent of
~4 pA/cm? (Liu et al., 2020). Afterward, they reported the preparation
process and properties of CusVSe4 nanosheets (Liu et al., 2020). Wu
et al. prepared CuzVSe4 nanocrystal by one-pot reaction in oil phase (Wu
et al., 2022). Nano-structural CusVSe, synthesis needs usually the long-
chain ligand which is not friendly to the optoelectronic devices.
Therefore, for the future photovoltaic applications, the preparation
process of CugVSey thin films need be studied.

With the advantages of controlling the elemental ratios accurately,
low cost, and simplicity of large-area preparation, the precursor solution
approach is a particularly ideal process for the development and
manufacture of thin-film solar cells (Qin et al., 2022; Zhang et al., 2019).
And the commonly used precursor solution systems include DMSO (Ki
and Hillhouse, 2011; Gong et al., 2020; Xin et al., 2015), DMF (Liu et al.,
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2015; Luan et al., 2019; Collord and Hillhouse, 2016), amine-thiol (Fu
et al., 2018; Tian et al., 2018), MOE (Zhao et al., 2021) etc., here, the
amine-thiol system is used to prepare the thin films. It is well known that
amine-thiol system can dissolve the elemental metal, metal oxide, metal
salt, elemental S, elemental Se powders, and so on (Zhao et al., 2021; Fu
et al,, 2016; McCarthy et al., 2015). Yang et al. prepared the pure
CupZnSnSey thin film solar cells by amine-thiol system (Yang et al.,
2016). Therefore, the amine-thiol system is very suitable for solution-
processed CusVSes thin films. High performance solar cells often
require the dense absorption layer with the pure phase, low density of
harmful defects, and high crystallinity. Whether Cu3zVSey4 thin films
prepared by the amine-thiol system can be used as the absorption layer
of solar cells or not, their preparation process needs to be studied and
optimized.

In this study, based on the thiol-amine solution system, through
tuning the Cu/V feeding ratio in the precursor solutions, CusVSe4 thin
films with various Cu/V ratios could be prepared, and their properties
were also investigated. The optimal crystallinity of thin film with 2.8 of
Cu/V ratio was confirmed. Based on this finding, further investigation
was conducted to explore the influence of selenization conditions on the
properties of CugVSey thin films.

2. Experimental sections
2.1. CugVSe4 precursor solution preparation

Learned from our previous work of CupZnSn(S,Se)4 thin films (Yang
etal., 2015), CugVSey4 precursor solution was prepared as followed: 2 mL
of thioglycolic acid and 3 mL of ethanolamine were placed in a 25 mL of
conical flask and fully mixed under stirring on 70 °C hot plate. Next, 1
mmol C1pH;1405V and 3 mmol C4HgCuO4-H0 were dissolved into this
solution under stirring at 100 °C for 60 min until they were completely
dissolved in this solution. After that, 300 mg Se powder was added under
stirring for 30 min at 70 °C. The obtained viscous solution was cooled to
room temperature. Finally, 7 mL of C3HgO5 was added under stirring for
30 min at 0 °C, forming the clean Cu3VSe4 precursor solution with 3.0 of
Cu/V ratio. By adjusting the amount of C4HgCuO4-H50, the precursor
solutions with different Cu/V ratios were formed.

2.2. CugVSey thin films preparation

The Cu3VSe4 precursor solutions with various Cu/V ratios were spin-
coated on the Mo-sputtered soda-lime glass with 3900 rpm for 40 s,
which was annealed on 320 °C for 1.5 min. This step repeated five times
to obtain the as-deposited Cu3VSey thin films with different Cu/V ratios.
Finally, as-prepared Cu3VSe, thin films were selenized by two-step
selenization processes. These selenization processes consisted of the
same low-temperature condition (400 °C,10 min) and the different high-
temperature conditions (550 °C, 30 min; 560 °C, 30 min; 570 °C, 30 min;
580 °C, 30 min).

2.3. Characterization

The phase purity was achieved by X-ray diffraction (XRD) and
Raman spectra. XRD pattern of thin films was measured on Empyrean
powder, and Raman spectra was recorded on a HORIBA LabRAM
ARAMIS. The micro-morphology was collected using scanning electron
microscopy (SEM, Hitachi SU4800) and atomic force microscope (AFM,
C-ypher,). The compositions of thin films were characterized by Energy
dispersive spectrometry (EDS, built on the SEM). Average surface cur-
rent was acquired using the conductive atomic force microscope (c-
AFM) with a bias voltage of 2 V. Valence state was detected using the X-
ray photoelectron spectroscopy (XPS) by a Thermo CIENTIFIC Nexsa.
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3. Results and discussion

The absorption layer prepared by thiol-amine solution system usu-
ally involves two steps. Firstly, the as-deposited thin films are prepared
by spin-coating precursor solution, and then the as-deposited thin films
are selenized in high-temperature rapid thermal processing furnace to
obtain absorption layer. Note that the extra Se needs be introduced in
the selenization process, which is intended to provide the sufficient se-
lenium vapor to promote the grain growth process and obtain a well-
crystallized film. Here, the as-deposited Cu3VSey4 thin films prepared
by thiol-amine solution system are nanostructured and porous, with a
thickness of approximately 0.99 pm (Fig. S1 and 2). By adjusting the
feed ratios of Cu and V sources, the CugVSe4 precursor solutions with
different Cu/V ratios were prepared, and the corresponding as-deposited
Cu3VSey thin films were also obtained by spin-coating these precursor
solutions. Learned from CupZnSn(S,Se)4 thin films’ experimental expe-
riences, two-step selenization process is helpful for the crystallinity of
the absorber, so all CusVSe4 thin films with various Cu/V ratios could be
selenized by the same two-step selenization process (Yin et al., 2022;
Ren et al., 2020; Mi et al., 2022). The Cu/V ratio in films is observed to
increase proportionally with the increasing Cu/V ratio in precursor so-
lution (Fig. 1a). Fig. 1(b) shows XRD patterns of the selenized CuzVSe4
thin films with various Cu/V ratios. All films present the same diffraction
peaks at 15.9°, 27.7°, 36.1°, 46.1°, and 54.7°, which can correspond to
the (100), (111), (210), (220), and (311) planes, respectively, and
exhibit the standard cubic structure. When the ratio of Cu/V is over 2.8,
the diffraction peaks of CuyS appear. In order to further validate the
phase purity of CugVSe4 films, Raman spectra measurement can be used,
as shown in Fig. S3. All samples have the vibration peaks at around 127,
149, 175, 210, 253, and 337 cm ™! which belong to the CugVSe4 phase,
and no impure phase is observed, which is consistent with the reported
literature (Zhai et al., 2023). Therefore, the pure phase of CuzVSe, films
needs to control the Cu/V ratio is less than 2.9.

In order to investigate the morphology of Cu3VSe, films with various
Cu/V ratios, SEM measurement is carried out to elevate the morphology
of all samples as shown in Fig. 2. When the feeding ratio of Cu/V is
relatively small (~2.6), the enlarged grains are dispersed on the surface
of the selenized Cu3VSey thin films, resulting in a low coverage. As the
feeding ratio of Cu/V increases, the coverage of the film increases and
the film begins to become dense. The selenized CusVSe, thin films
present the best compactness until the Cu/V ratio is 2.8, and the impure
phase (as circled in red) can appear with 3.0 of Cu/V ratio. The region
circled in red can be observed to present a hexagonal phase which is
consistent with the reported CuyS phase (Sigman et al., 2003). Besides,
the diffraction peaks of CuyS phase can be detected in XRD patterns.
Therefore, the region circled in red thought to be CuyS phase. The
presence of impure phase is fatal to high-quality absorption layers. The
selenized Cu3VSe4 thin films with Cu/V ratio higher than 2.9 are not
suitable as candidates for high-quality absorption layers. Meanwhile,
the low coverage of the films with 2.6 of Cu/V ratio is also not consid-
ered further. So, the selenized Cu3VSe4 thin films with Cu/V ratio of 2.75
and 2.85 are supplemented. Fig. 3 and Fig. S4 show XRD patterns and
SEM images of these selenized Cu3VSey4 thin films. All diffraction peaks
are coincident with the above samples’ ones, and can belong to (100),
(111), (210), (220), and (311) planes, respectively. Based on our
experiment experience, (100) is dominant orientation in the CuzVSey4
crystal growth, so the corresponding enlarged (100) peaks can be
observed in Fig. 3b. The crystallinity of films can possess the optimal
with 2.8 of Cu/V ratio, but the compactness of all films is still poor. And
there appears to be a little peak shift, which is attributed to the enlarged
grain. These conclusions indicate the Cu/V ratio has little impact on the
compactness of selenized CuzVSey films.

The electrical properties of microscopic dense regions in above films
are studied and depicted in Fig. 4. The chose scanning region is 3 x 3
um?. The average surface roughness of the samples is calculated, as
shown in Fig. S5. A decreased average surface roughness can be from
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Fig. 1. (a) Relationship Cu/V ratios in films with the feeding ratio of Cu/V in precursor solution and (b) XRD patterns of the selenized CuzVSe, films with various Cu/

V ratios.

Fig. 2. SEM images of Cu3VSe, films with the various Cu/V ratios. (a) 2.6, (b) 2.7, (c) 2.8, (d) 2.9, (e) 3.0.
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Fig. 3. (a) XRD patterns of the selenized CuzVSe, thin films with various Cu/V ratios and (b) the corresponding enlarged (100) peaks.

96.7 nm to 68.6 nm, with the increasing ratio of Cu/V, which should
stem from the improved coverage of films. Afterwards, 2 V bias voltage
is applied to observe the surface current distribution in the films. It can
be seen that the sample with 2.8 of Cu/V ratio has the most and clearest
current distribution, and its average current can reach 1.55nA, which

indicates that it has the best carrier transport performance. All results
show Cu3zVSe4 thin films with 2.8 of Cu/V ratio are valuable for the
absorption layers, and their properties are worth studying. And CusVSe4
thin films with 2.8 of Cu/V ratio are named as Cuy gVSey thin films.
The primary factor for the outstanding absorption layer is a dense
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Fig. 4. AFM and c-AFM images of the selenized Cu3VSe, films with the various Cu/V ratios. (a, a-1) 2.7, (b, b-1) 2.75, (c, c-1) 2.8, (d, d-1) 2.85.
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thin film, and the selenization process of the CuygVSey thin films also
needs to be further optimized. Here, our selenization process is the two-
step selenization method, and its high-temperature process is known to
be closely related to the compactness of the film. Therefore, we opti-
mized the high-temperature selenization (HT) process of the Cuy gVSey
film. Based on our experiment experience (Ren et al., 2024), the optimal
selenization time of Cu3V(S,Se)4 films is confirmed at 30 min, so the
selenization time of the Cuy gVSe, film is also selected as 30 min. Fig. 5
shows SEM images of films with the different temperatures of HT pro-
cess. As the temperature of HT process increases, the crystal size in-
creases, the compactness of Cuy gVSe, films improves, and the large-
grain layer thickens. Under the selenization condition of 570 °C, the
film becomes completely dense, meeting the basic requirement of a
high-quality absorption layer. And the corresponding XRD patterns

Arabian Journal of Chemistry 17 (2024) 105839

(Fig. 6) are used to assess the phase purity and crystal structure of
Cuy gVSey film. Except for Mo peak, all peaks can be attributed to
Cu3VSey4 phase, proving that all films are pure phases. The same peak
positions demonstrate the temperature of HT process affects a little the
crystal structure of Cuy gVSey film, but has the significant impact on the
crystallinity of Cuy gVSes film. According to half-high width of diffrac-
tion patterns (Table S1), An increased average crystal size of Cuy gVSes
film is obtained with the increased selenization temperature, which is
similar to that observed under SEM. And Cuy gVSe4 film with the HT
temperature of 570 °C is defined as the best sample. Besides, the valence
states of main elements in the best sample are also studied, as shown in
Fig. S6. The peak of Cu 2p appears at 932.7 and 952.5 eV, and the
maximum split value is 19.8 eV (Mohammadnezhad et al., 2020; Zhang
et al., 2020). The peak of V 2p is located at 513.9 eV and 521.6 eV, with

Fig. 5. SEM images of Cu, gVSe, films with the different temperatures of HT process. (a, a-1) 550 °C, (b, b-1) 560 °C, (c, c-1) 570 °C, (d, d-1) 580 °C.
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Fig. 6. XRD patterns of CupgVSey films with the different temperatures of
HT process.
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the maximum split value of 7.7 eV (Liu et al., 2020). Se 3d peak is
located at 54.1 eV and 55.2 eV, and the split value is 1.1 eV (Xue et al.,
2021). These split values correspond to Cu™, V°*, and Se* respectively.

Fig. 7 shows the other properties (AFM, c-AFM images, absorption
spectrum and Tauc curve) of the best sample. AFM and c-AFM images
(Fig. 7a and b) show the best sample present the nice topography and
low average surface roughness (~51.516 nm), and the average surface
current can be improved to 1.974nA. The absorption characteristic of
the best film is assessed in Fig. 7c. There are three peaks located at
around 435, 500, and 624 nm, respectively, which indicates the signa-
ture of the nanoscale sulvanites CusVSes; phase. When converting
wavelength in photo energy, these three absorption bands correspond to
3.17 eV, 2.20 eV and 1.83 eV which are in accordance with bandgap of
VB-CB, VB-IB I, and VB-IB II, respectively (Oguchi et al., 1980; Bastola
et al., 2018). This result shows the prepared CupgVSes material pos-
sesses the intermediate bandgap. And there are two tuning points at 1.76
and 2.23 eV in the Tauc curve, which indicates further the intermediate
band of CuygVSes sample. These results demonstrate Cup gVSes film
with the HT temperature of 570 °C can be regarded as the absorption
layer of photovoltaic devices.

4. Conclusion
In summary, CuszVSey4 thin films were prepared by thiol-amine so-

lution system for the first time, and the preparation process of the
excellent CugVSe4 absorption layer was also studied. The feeding ratio of

15 2.0 25
Energy (eV)

Fig. 7. The other properties of the best sample. (a) AFM image, (b) c-AFM image, (c) absorption spectrum, (d) Tauc curve.
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Cu/V need be controlled below 2.9 to obtain pure phase CuzVSey films,
but it has little effect on the compactness of the films. And the reasonable
properties of films with 2.8 of Cu/V ratio (named as Cuy gVSe,4 film) can
present the potential candidate of absorption layer. Based on Cuy gVSes
film, by further optimizing the selenization process of the films, the pure
phase, compact, and benign electrical properties of Cup gVSe4 absorp-
tion layer films can be achieved under 570 °C of the high-temperature
process, which is suitable for the photovoltaic devices.
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Appendix A. Supplementary data

XRD pattern, SEM surface and cross-sectional images of as-deposited
Cu3VSey thin films. Raman spectra of the selenized CugVSey films with
the various Cu/V ratios. Top view and cross-sectional SEM images of the
selenized Cu3VSey films with the various Cu/V ratios. The average
surface roughness of the CusVSe4 with the various Cu/V ratios. Half-
high width of diffraction patterns of films with the different HT tem-
perature. XPS spectra of the best sample. Supplementary data to this
article can be found online at https://doi.org/10.1016/j.arabjc.2024.10
58309.
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