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ABSTRACT: In the present work, two types of Cu,ZnSn(S,
Se), (CZTSSe) solar cells, namely cell-MOE (MOE refers to
2-methoxyethanol) and cell-DMSO (DMSO refers to
dimethyl sulfoxide), were fabricated using two Cu,ZnSnS,
(CZTS) precursor solutions: one employing MOE solvent
and Sn* salt (MOE-Sn*), and the other using DMSO
solvent and Sn* (DMSO-Sn?). Effects of the solvent types
and the valence state of Sn on power conversion efficiency
(PCE) of CZTSSe solar cell were investigated. It is found
that the PCE of CZTSSe solar cells prepared with solution
MOE-Sn* is higher than that of those prepared with solution
DMSO-Sn*. The highest PCE reaches 10.17% for cell-
DMSO and 11.25% for cell-MOE. The advantage of MOE-
Sn* solution is attributed to the fact that CZTS precursor
film prepared with MOE-Sn* (CZTS-MOE) possesses a
looser crystal structure and smaller grain size than that
prepared with DMSO-Sn? (CZTS-DMSOQO). These structural

and grain characteristics enable the CZTSSe derived from

‘. Precursor solution

the selenization of CZTS-MOE (CZTSSe-MOE) to exhibit

superior crystallinity compared with the CZTSSe obtained via the selenization of CZTS-DMSO (CZTSSe-DMSO). This
enables CZTSSe-MOE to have a lower hole concentration, fewer band tail states, lower bulk and surface deep-level defect
densities, and a reduced content of the Zn(S, Se) compared with CZTSSe-DMSO. These characteristics in turn endow cell-
MOE with a wider depletion region width, stronger light absorption capacity, and less carrier recombination than cell-DMSO,
thereby contributing to a higher photogenerated current density and a lower reverse saturation current density in cell-MOE

relative to cell-DMSO.

KEYWORDS: Cu,ZnSn(S, Se),, solar cells, dimethyl sulfoxide (DMSO)-Sn*, 2-methoxyethanol (MOE)-Sn*, recombination

1 Introduction

Cuw,ZnSn(S, Se), (CZTSSe) thin film is recognized as an ideal
absorber material for fabricating thin-film solar cells owing to its
superior properties, including high light absorption coefficient, low
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manufacturing cost, and environmental benignity [1-5]. In recent
years, significant progress has been made in the research on
CZTSSe solar cells, and the highest power conversion efficiency
(PCE) reached 16.6% to date [6]. However, this PCE is still much
lower than the highest PCE of CulnGaSe, solar cell [7]. The
primary critical issue limiting the PCE remains the crystalline
quality of both the surface and bulk phases of the CZTSSe thin film.
In order to obtain CZTSSe film with high crystal quality, many
techniques have been used to prepare CZTSSe films, such as,
sol-gel [8-11], the vacuum depositions (vacuum evaporation
deposition and vacuum sputtering deposition) [12-14], and
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electrodeposition technologies etc. Among these techniques, the
sol-gel technique has become the most commonly used method at
present, owing to its simple process, low cost, and the high
crystalline quality of the CZTSSe thin films fabricated by it [15-17].
The evolution of the reaction pathway is tightly correlated with the
valence states of Cu, Zn, and Sn in metal salts and the types of
solvents.

In recent years, research has mainly been carried out using
monovalent or divalent Cu salts as the Cu source, divalent or
tetravalent Sn salts as the Sn source, divalent Zn salts as the Zn
source, and dimethyl sulfoxide (DMSO) and 2-methoxyethanol
(MOE) as solvents. Pan and co-workers have investigated effects of
valence state of Cu on reaction pathway and crystal quality of
CZTSSe [18]. In their study, solutions of monovalent and divalent
Cu salts were prepared using DMSO as the solvent. The results
showed that the crystal quality of CZTSSe film prepared by
selenization of Cu’ film is better than that prepared by selenization
of Cu* film, which is attributed by Pan and co-workers to the fact
that Cu* film contains SnS. Xin and co-workers used DMSO as the
solvent to study the effect of Sn valence on CZTSSe crystal quality
[19]. The crystalline quality of the CZTSSe film prepared by
selenizing the Sn* film is inferior to that prepared by selenizing the
Sn* film, which is attributed by Xin and co-workers to the presence
of secondary phases, including SnS, in the Sn* film. This result
differs from that reported by Pan and co-workers, implying that the
effects of the valence states and species of the three metals on the
crystalline quality of CZTSSe films, especially on the photovoltaic
performance of CZTSSe solar cells, need to be further studied.

Besides the valence states the three metals (Cu, Sn, and Zn) and
species of the three metals’ salts, the solvent is also a critical factor
for preparing high-crystalline-quality CZTSSe films. However, to
our knowledge, comparative studies on the effects of solvents on
CZTSSe films and the photovoltaic performance of CZTSSe solar
cells have rarely been reported. In the aforementioned studies by
Pan and Xin, both research groups used DMSO to prepare
Cu,ZnSnS, (CZTS) precursor solutions and comparatively
investigated the effects of the valence states of Cu and Sn on the
crystalline quality of CZTSSe, while the solvent type was not varied
[18, 19]. In current research on CZTSSe solar cells, the highest cell
efficiency has been achieved using MOE as the solvent. Solvents can
create different environments during the preparation of precursor
solutions. At present, the theoretical mechanism behind the use of
different solvent systems and metal salts with different valences is
not well understood, so further exploration is still needed.

Recent research demonstrates that MOE is a good solvent used
for preparation of CZTS precursor solutions [20-23]. In this work,
two precursor solutions were prepared: one using monovalent Cu
salts and divalent Zn and Sn salts with DMSO as the solvent,
denoted as DMSO-Sn*, and the other using monovalent Cu salts,
divalent Zn salts, and tetravalent Sn salts with MOE as the solvent,
denoted as MOE-Sn*. It is found that the CZTSSe solar cell
prepared with MOE-Sn* (denoted as cell-MOE) possesses higher
PCE than the CZTSSe solar cell prepared with DMSO-Sn* (cell-
DMSO). The enhancement mechanism of the PCE regulated by Sn
valence states and solvents was investigated via two steps: First,
calculating the percentage contribution of electrical parameter
variations from cell-DMSO to cell-MOE to the PCE improvement;
second, clarifying the correlation between such electrical parameter
variations and the differences in the quality and properties of
CZTSSe films, as well as device interfaces between the two solar
cells.
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2 Results and discussion

2.1 Performance of cell-MOE and cell-DMSO solar cells

Two kinds of CZTS precursor solution were prepared by using
CuCl, SnCl,2H,O, ZnCl, thiourea (SC(NH,),), and DMSO,
respectively, as well as CuCl, SnCl,-5H,0, Zn(CH,COO),, SC(NH,),
and MOE, respectively. The valence states of Cu and Zn, as well as
S source, are same in both precursor solutions, but solvent types
and valence state of Sn are different. The precursor solution
prepared with MOE and Sn* ions is denoted as MOE-Sn*, and
precursor solution prepared with DMSO and Sn** ions is denoted
as DMSO-Sn*. In both precursor solutions, Cu/(Zn + Sn) and
Zn/Sn atomic ratios are 0.75 and 1.12, respectively. Two kinds of
CZTS precursor film, denoted as CZTS-MOE and CZTS-DMSO,
were fabricated by spin-coating the MOE-Sn* and DMSO-Sn*
onto Mo-coated soda-lime glass coated (SLG/Mo), respectively, and
then baking. Two kinds of CZTSSe absorbers were produced by
selenizing CZTS-MOE and CZTS-DMSO, respectively, and are
denoted as CZTSSe-MOE and CZTSSe-DMSO, respectively. By
using the CZTSSe-MOE and CZTSSe-DMSO as absorbers, two
kinds of CZTSSe solar cells with conventional structure are
prepared by using traditional process, and denoted as cel-MOE
and cell-DMSO, respectively. The detailed preparation processes are
described in Section 4.

Figures 1(a)-1(d) show statistical chart box of PCE, open-circuit
voltage (Voc), short-circuit current density (J.), and fill factor (FF)
of cell-MOE and cell-DMSO, which indicates that PCE of cell-
MOE is higher than that of cell- DMSO, and the enhancement in
PCE of cell- MOE compared with cell-DMSO is due to an increase
in its Vo and Ji relative to cell-DMSO. These indicate that the
types of solvents and the valence states of Sn exert an influence on
photovoltaic performance of CZTSSe solar cells. Figures 1(e)-1(h)
show statistical chart box of shunt resistance (Ry,), series resistance
(Ry), diode ideality factor (1), and reverse saturation current density
(Jo) of cell-MOE and cell-DMSO, respectively, which imply that the
increase in PCE of cell-MOE compared with cel-DMSO stems
from an increase in Ry, and a decrease in n and J, of cel- MOE
relative to cell- DMSO.

2.2 Quantitative analysis on effect of change of

photovoltaic and electrical parameters induced by change
from cell-DMSO to cell-MOE on PCE

In order to understand the mechanism of influence of the types of
solvent and valence state of Sn on PCE, CZTSSe solar cells with the
highest PCE in the cell-MOE system and the cel- DMSO system are
selected as the research devices, respectively. They are denoted as
Hcell MOE and Hcell-DMSO, respectively. Figure 2(a) shows
current-voltage (J-V) curves of Hcell DMSO and Hcell- MOE,
from which the photovoltaic parameters of the two devices were
extracted, as listed in Table 1. The corresponding electrical
parameters, including Rg, R, n, and J,, as well as photogenerated
current density (J,), were calculated through using the Sites method
and the method reported in Refs. [24, 25], as shown in Table 1. It
can be seen from Table 1 that the PCE of Hcell-MOE is larger than
that of Heell- DMSO. Using the method reported in Ref. [24], we
calculated percentage contribution of the change of Vi, Js, and FF
from Hcell-MOE to Hcell-DMSO to increase in the PCE of Hcell-
MOE relative to Hcel- DMSO (donated as #(PCE) (Voo Jsoo FF)), as
shown in Fig. 2(b). Figure 2(b) indicates that the increase in the
PCE comes mainly from an increase in Ji. of Heell- MOE relative to
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Table 1 Photovoltaic parameters (¥, Jic, FF, and PCE), electric parameters (Rg,, R, #, and J;), and J; of Heell-MOE and Hcell-DMSO solar cells

Devices Voc (mV) Jsc (mA-cm™) FF (%) PCE (%) Ry, (Q-cm?) R (Q-cm?) n Jo (mA-cm™) J. (mA-cm™)
Hcell- MOE 464.77 39.42 61.42 11.25 705.37 1.05 1.86 2.40 x 107 39.42
Hcell-DMSO 450.16 36.51 61.89 10.17 627.60 0.60 2.01 6.27 x 107 36.58

Hcell- DMSO, followed by an increase in its Vi and that the
decrease in its FF has not contributed to the increase in PCE. From
Fig. 2(d), the increased Vi results dominantly from decreased (#,
Jo), followed by the increase of J,, while contribution of
enhancement of Ry, to the increased Vi is negligible. The increased
Jsc comes dominantly from enhancement J;, while contribution of
other electrical parameters is ignorable, as shown in Fig. 2(e). The
decrease in FF is due mainly to increased R, followed by a decrease
in J;. While decreased (n, J,), and increased Ry, have not contributed
to the decrease in, as shown in Fig. 2(f).

e

L
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It is noted that the results of Figs. 2(b) and 2(c) are different from
results reported by Xin and co-workers [19], where the solvents
used for preparation of precursor solution of Sn** and Sn* are both
DMSO. By calculating percentage contribution of changes in
photovoltaic parameters and electrical parameters to change in PCE
using data given in Ref. [24], it is concluded that the increase in
PCE of solar cell prepared by using precursor solution of Sn**
relative to solar cell prepared by using precursor solution of Sn* is
attributed to an enhancement in FF and decreased R, as shown in
Figs. S2(a)-S2(e) in the Electronic Supplementary Material (ESM).

Nano Research, 2026, 19, 94908700
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These indicate that the increase mechanism of PCE is related not
only to valence state of Sn but also to types of solvents used.

It is known that PCE is affected through effects of electrical
parameters and Ji on photovoltaic parameters, while electrical
parameters and J; are directly related to properties of materials used
in solar cells and structure of solar cells. So, to elucidate the
mechanism underlying the variation in PCE induced by the
differences in solvent types and Sn valence states, it is essential to
first identify which among the electrical parameters and J; are key
factors causing the change in PCE. Accordingly, we calculated the
percentage contribution of changes of photovoltaic parameters
from Hcell- DMSO to Hcell-MOE to variation in PCE of the two
devices, and changes of electrical parameters and J; from Hcell-
DMSO to HcellMOE to variation in photovoltaic parameters,
using data of Table 1 and method reported in Ref. [24], as shown in
Figs. 2(c)-2(f). Based on above calculation results, the percentage
contribution of changes of electrical parameters and J; from Hecell-
DMSO to Hcell-MOE to variation in PCE were calculated, as
shown in Fig. 2(c). From Fig. 2(c), the increased PCE of Hcell-MOE
compared to cell-DMSO primarily stems from the increase of its J,
followed by the decrease of its n and J;, while the increase of its Rg
contributes negatively to PCE. These are confirmed by transient
photovoltage (TPV) and transient photocurrent (TPC)
spectroscopy measurement results, as shown in Figs. 3(a) and 3(b),
which show that Hcell-MOE has higher collection efficiency (#,)
and extraction efficiency (#,) than Hcell DMSO, as shown in
Fig. 3(a). The higher #. implies stronger carrier separation
capability, that is, larger J;, and the higher 7. means lower carrier
recombination rate, that is, smaller J,.

2.3 Mechanism of the decreased J, for Hcell-DMSO to
Hcell-MOE

Now, we first study the mechanism affecting decreases in # and J, of
Hcell-MOE compared to Hcell-DMSO. It is known that n and J,

are related to the bandgap (E,), bulk defects, and surface defects of
the absorption layer. In order to investigate the effect of bandgap on
J» the bandgaps of CZTSSe-MOE and CZTSSe-DMSO are
measured by using the measurement of external quantum efficiency
(EQE) of cell-MOE and cell- DMSO, and photoluminescence (PL)
and ultraviolet absorption spectra (UVAS) of the CZTSSe-MOE
and CZTSSe-DMSO, as shown in Figs. 3(c) and 3(d) and Figs. S3(a)
and S3(b) in the ESM. From Fig. 3(d) and Figs. S3(a) and S3(b) in
the ESM, the E, of the CZTSSe-MOE and CZTSSe-DMSO are
extracted to be 1.063 and 1.102 eV, respectively, from EQE
measurement, 0.989 and 1.005 eV, respectively, from PL
measurement, and 1.014 and 1.035 eV, respectively, from UVAS
measurement. The results obtained from all three measurement
technologies demonstrate that the E, of CZTSSe-DMSO is larger
than that of CZTSSe-MOE, which is attributed to the fact that the
S/(S + Se) ratio of CZTSSe-DMSO is larger than that of CZTSSe-
MOE, as shown in Table S2 in the ESM. According to
semiconductor theory, the smaller E, the larger J, [26, 27].
However, from Table 1, the J, of cel- DMSO is not smaller than that
of cell- MOE, though the E, of CZTSSe-DMSO is smaller than that
of CZTSSe-MOE. This means that E, is not dominant factor
affecting J, in the two devices.

Figure 3(e) shows plots of In(~In(1 — EQE)) vs. (E — E,) (E refers
to photon energy) of Hcell-MOE and Hcell-DMSO, from which
the Urbach energy (Ey) values were extracted to be 44.64 meV for
Hcell- MOE and 91.66 meV for Hcell-DMSO. This indicates that
the band tail state density of Hcell- MOE is lower than that of Hcell-
DMSO, which results in a smaller interfacial recombination rate in
Hcell- MOE than in Hcell-DMSO and thus constitutes one of the
factors contributing to the lower J, of Hcell-MOE relative to Hcell-
DMSO [28]. This is confirmed by the Kelvin probe force
microscopy (KPFM) measurement results presented in Fig. S4 in
the ESM and Fig. 3(f), which show that the contact potential
difference (CPD) of CZTSSe-MOE is higher than that of CZTSSe-
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Figure3 (a) TPC, (b) TPV, (c) EQE spectra and integrated Ji. from EQE, (d) (hvIn(1 — EQE))® versus energy plots (here hv is the photon energy, where h is the Planck
constant and v is the photon frequency), and (e) In(-In(1 — EQE)) versus energy plots of Hcell- MOE and Hcell- DMSO device. (f) The surface CPD distribution of

CZTSSe-MOE and CZTSSe-DMSO.
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DMSO. This demonstrates that the surface defect density of
CZTSSe-MOE is lower than that of CZTSSe-DMSQ, which in turn
results in a smaller band tail state density of Hcel- MOE compared
with Hcell-DMSO [29].

Numerous studies have demonstrated that deep-level defects
(such as Sny, and 2Cuy, + Sny,) existing in both the bulk and on the
surface of CZTSSe exert a significant influence on J, [30, 31]. In
order to obtain bulk and interface defects, the capacitance-voltage
(C-V) and drive-level capacitance profiling (DLCP) measurements
were performed for HcellMOE and Hcell-DMSO. Figure 4(a)
shows the plots of the defect densities in the depletion region (Ncy)
and the bulk of CZTSSe (Np,cp) vs. the distance to the junction. The
Nev» Nowor and interface defect density (IN) were extracted from
Fig. 4(a) and listed in Table 2. As shown in Table 2, the bulk and
interfacial defect densities of Hcell- MOE are lower than the
corresponding values of Hcell-DMSO, respectively. Furthermore,
the difference in bulk defect density between CZTSSe-MOE and
CZTSSe-DMSO (1.27 x 10* cm™) is smaller than that in interfacial
defect density (7.78 x 10° cm™). These results indicate that the
reduction in J, for Hcell MOE compared with Hcell- DMSO is
attributed to the lower bulk and interfacial defect densities of Hcell-
MOE. Furthermore, the reduction in the interfacial defect density of
Hcell-MOE relative to Hcell-DMSO is the dominant factor
contributing to the decrease in J,. These are in agreement with J,
obtained by -V measurement (shown in Table 1) and E, -
activation energy (E,) obtained from temperature-dependent J-V/
curves (J-V-T) (shown in Table 2), shown in Fig. 4(b) and Fig. S5
in the ESM. According to literature reports, the smaller the E, — E,

value, the fewer surface interface composites occur, which is also a
key factor contributing to the low J, value of Heell- MOE [32].

To verify the types of surface defects, Raman spectroscopy
measurement was performed on the absorber layers of Hcell-MOE
and Hcell-DMSO, as shown in Fig. S6 in the ESM. According to
literature reported, the vibration peaks at 170, 192, and 235 cm™
belong to the characteristic vibration peaks of CZTSSe [30, 31]. The
vibration peaks at 173 and 235 cm™ are related to the density of
[Va + Zng] and [2Cuy, + Sny,] defect clusters, respectively. The
stronger the intensity of the 235 cm™ peak, the higher the density of
[2Cuy, + Sny,] defect clusters. As can be seen from Fig. S6 in the
ESM, the 235 cm™ peak intensity of the CZTSSe-MOE sample is
the weakest. This indicates that the density of [2Cu,, + Sny,] defect
clusters on the surface of CZTSSe-MOE is lower than that of
CZTSSe-DMSO, suggesting that the reduction of interface defect
density in Hcell- MOE is mainly due to the suppression of the
formation of deep-level defect clusters [2Cu, + Sny,).

The X-ray diffraction (XRD) patterns shown in Figs. 4(c) and
4(d) show that both CZTSSe-MOE and CZTSSe-DMSO consist of
kesterite CZTSSe and Zn(S, Se) [8, 33]. It can be seen from Fig. 4(e)
that the Zn(S, Se) content in the CZTSSe-MOE film is lower than
that in the CZTSSe-DMSO film, while the full width at half
maximum (FWHM) of the XRD peaks corresponding to the
kesterite-structured CZTSSe in the CZTSSe-MOE film is narrower
than that in the CZTSSe-DMSO film, as shown in Fig. 4(e). The
latter result indicates that the crystalline quality of the kesterite
CZTSSe in the CZTSSe-MOE film is superior to that in the CZTSSe-
DMSO film, which accounts for the lower defect density of the
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Figure4 (a) Defect density and depletion region width determined from C-V measurements (Ng,) and DLCP measurements (Np,c). (b) Plots of V—temperature for
Hcell- MOE and Hcell-DMSO. (c) XRD patterns. (d) Enlarged XRD patterns of the CZTSSe (112) peaks. (¢) The FWHM and the area ratio of ZnSe to CZTSSe. (f)
Ultraviolet absorption spectra of CZTSSe-MOE and CZTSSe-DMSO.

Table2 X, Nev, Noer, Nip, and £y of Heelll MOE and Heell-DMSO, and E, of CZTSSe in Hcell-MOE and Heell- DMSO measured by EQE, PL, and UV-Vis
spectrophotometer

Samples X;(nm) Ney(em?) Npp (em™) Ny (ecm™)  Ey (meV) E, (PL) (eV) E, (optical absorption (Abs)) (eV) E, (EQE) (eV) E,-E, (eV)
Hcell MOE 25557 3.90x 10° 5.82x 10" 3.32x 10" 44.64 0.989 1.014 1.063 0.120
HcellDMSO 12749 1.30x 10" 1.85x 10" 1.11x10%* 91.66 1.005 1.035 1.102 0.135
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CZTSSe-MOE film relative to the CZTSSe-DMSO film. The lower
Zn(S, Se) content and defect density in CZTSSe-MOE film result in
a lower carrier recombination rate in CZTSSe-MOE compared with
CZTSSe-DMSO,  thereby constituting another key factor
contributing to the smaller J, of Hcel-MOE relative to Hcell-
DMSO.

Scanning electron microscopy (SEM) and XRD characterization
results indicate that CZTS-MOE film has the looser structure and
smaller grain size than CZTS-DMSO film, as illustrated in Figs.
S7(a)-S7(c) in the ESM, which are related to types of solvent and
valence state of Sn [19]. During the selenization process, these
structural and grain characteristics enhance the reaction degree
between Se and CZTS in the MOE-Sn* film to a greater extent than
that in the DMSO-Sn** film, which in turn promotes the crystal
growth of CZTSSe-MOE and ultimately endows CZTSSe-MOE
with superior crystallinity compared to CZTSSe-DMSO.

24 Mechanism of the increased J; for Hcell-DMSO to
Hcell- MOE

Next, we investigate the mechanism underlying the higher J; of the
Hcell- MOE compared with that of the Hcelll DMSO. It is well
known that J; is mainly affected by the depletion region width (X,)
of p—n heterojunction as well as the absorption coefficient and E, of
absorption layer. From Table 2, the X, of cel- MOE is wider than
that of cell- DMSO. This means that the carrier separation ability of
Hcell-MOE is stronger than that of Hcell- DMSO, which is one
factor responsible for the higher J; of Hcell-MOE compared with
Hcell- DMSO. Hall measurement and KPFM verify that the wider
X, is due to lower hole concentration of CZTSSe-MOE than that of
CZTSSe-DMSO, as shown in Table S3 in the ESM and Fig. 4(f).
From Fig. 4(f), the absorption intensity of CZTSSe-MOE is
stronger than that of CZTSSe-DMSO in the wavelength range of
400-1200 nm. This indicates that the number of photogenerated
electrons and holes in CZTSSe-MOE is greater than that in CZTSSe-
DMSO, which contributes to the higher J; of Heel- MOE compared
with that of Heell-DMSO. It can thus be deduced that the superior
light absorption capability of CZTSSe-MOE over CZTSSe-DMSO
constitutes another crucial factor responsible for the higher J; of
Hcell-MOE than that of Heell-DMSO. From Fig. 3(d) and Table 2,
the E, of kesterite CZTSSe in CZTSSe-MOE is smaller than that in
CZTSSe-DMSO. This means that the smaller E, contributes to an
increase in J; of Hcell-MOE relative to Hcell-DMSO.

2.5 Mechanism of the increased R for Hcell-DMSO to
Hcell-MOE

Finally, we study the origin of the fact that the R of Hcell-MOE
(2.93 Q-cy’) is higher than that of Hcell-DMSO (0.88 Q-civ’). In
this work, R; is related to the resistivity of the absorption layer and
the contact between the absorption layer and the Mo electrode [34].
Hall measurement shows that resistivity of the CZTSSe-MOE is
larger than that of CZTSSe-DMSO, as shown in Table S3 in the
ESM. XRD and SEM characterization results indicate that a MoSe,
layer forms between CZTSSe and Mo electrode in both Heel-MOE
and Hcell- DMSO, and the thickness of the MoSe, in Hcell- MOE is
thicker than that in Heell-DMSO, as shown in Fig. 4(c) and Fig. S8
in the ESM. This leads to the contact resistance of CZTSSe and Mo
in Hcell-MOE being larger than that in Hcell-DMSO, due to high
resistance of MoSe,. The above analysis results indicate that the
higher R of Hcell-MOE compared with Heell- DMSO is attributed
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to the larger resistivity of CZTSSe-MOE and thicker MoSe, in Heell-
MOE than those in Hcell-DMSO.

3 Conclusions

In summary, two types of CZTSSe solar cells, cell-MOE and cell-
DMSO, were prepared by using MOE-Sn* and DMSO-Sn*
precursor solutions, respectively. It is demonstrated that MOE-Sn*
is more beneficial for the enhancement of PCE than DMSO-Sn*,
resulting in the cel- MOE delivering a higher PCE than the cell-
DMSO. The Hcell-MOE cell achieved a maximum PCE of 11.25%,
while the Heell-DMSO cell had a maximum PCE of 10.07%. The
higher PCE is mainly attributed to larger J; of Hcell-MOE over
Hcell- DMSO, next is the lower J,. The larger J; and lower J, stem
from the fact that the CZTS-MOE possesses a looser structure and
smaller grain size than the CZTSSe-DMSO; this, in turn, confers
upon the CZTSSe-MOE superior crystallinity and a lower Zn(S, Se)
content relative to the CZTSSe-DMSO. The superior crystallinity
and lower Zn(S, Se) content lead to the CZTSSe-MOE exhibiting a
lower hole concentration, stronger light absorption capability, and
lower deep-level defect density than the CZTSSe-DMSO, which
results in the Heell-MOE having a larger J; and lower J, than the
Hcell- DMSO.

4 Experimental

4.1 Materials

CuCl (99.7%, Shanghai Aladdin Biochemical Technology Co., Ltd.),
Zn(CH,COO), (99.98%, Shanghai Aladdin  Biochemical
Technology Co., Ltd.), SnCL2H,O (99.998%, Shanghai Macklin
Biochemical Co., Ltd.), SC(NH,), (Shanghai Aladdin Biochemical
Technology Co., Ltd), ZnCl, (99.8%, Shanghai Aladdin
Biochemical Technology Co., Ltd.), SnCl,-5H,0 (99.98%, Shanghai
Aladdin Biochemical Technology Co., Ltd.), 2-methoxyethanol
(99.8%), and dimethyl sulfoxide (99.9%, Shanghai Aladdin
Biochemical Technology Co., Ltd.), CdSO,8/3H,0 (99.99%,
Shanghai Aladdin Biochemical Technology Co., Ltd.), and NH,OH
(analytical reagent (AR), Sinopharm Chemical Reagent Co., Ltd.)
were used and without further purification.

4.2 Preparation of precursor solution

The Cu,ZnSnS,-DMSO (DMSO-Sn*) precursor solution of DMSO
system was prepared by successively dissolving SnCl-2H,0
(3.13 mmol-L™), CuCl (4.75 mmol-L™), ZnCl, (3.63 mmol-L™), and
SC(NH,) (16.79 mmol-L™") in DMSO (10 mL). The Cu,ZnSnS,-
MOE (MOE-Sn*) precursor solution was fabricated by adding
CuCl (4.75 mmol-L™"), SnCl,-5H,0 (3.13 mmol-L"), Zn(CH,COO),
(3.63 mmol-L"), and SC(NH,) (16.79 mmol-L™) to 10 mL of MOE
solution, followed by heating and stirring at 1000 rpm for 2 h.

4.3 Preparation of precursor films and absorber films

First, we cleaned the purchased back electrode (SLG/Mo, Mo-20K-
23) in an ultrasonic cleaner with deionized water and alcohol for
10 min. Then, the precursor solution of MOE-Sn* or DMSO-Sn*
precursor solution was spin-coated onto the cleaned SLG/Mo
surface (the MOE-Sn* processing was conducted in air, and DMSO-
Sn* processing was performed in an Nyfilled glove box).
Subsequently, the wet film coated with the solution was then placed
on a heating plate for drying (the MOE-Sn* system using 280 °C
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hot plate for 2 min, and DMSO-Sn* system using 320 °C hot plate
for 3 min). After repeating the spin-coating and drying process
9 times, precursor films with a thickness of approximately 1.2 pm
were obtained and named CZTS-MOE and CZTS-DMSO,
respectively. The CZTS precursor film was then transferred to a
rapid thermal processing (RTP) furnace for selenization annealing.
Under a nitrogen flow rate of 100 sccm-min™, the temperature was
raised to 560 °C in 80 s and held for 17 min, and then we allowed it
to cool naturally to room temperature to obtain the CZTSSe
absorber layer film.

4.4 Fabrication of devices

We deposited the CdS layer on top of the CZTSSe absorber layer.
The CdS thin films were obtained by sequentially dissolving
Cd(SO,)-8/3H,0 (0.0768 g), NH,H,0 (12.5 mL), and thiourea
(0.11 g) in 200 mL of deionized water, followed by chemical bath
deposition (CBD) at 65 °C for 16.5 min. Subsequently, the ZnO
(50 nm) and indium tin oxide (ITO, 200 nm) layers were
magnetron sputter-deposited under an Ar flow of 22 sccm. After
that, the top Ag grid pattern gate electrode was deposited by
thermal evaporation. Completed devices (glass/Mo/CZTSSe/
CdS/ZnO/ITO/Ag) were mechanically patterned into discrete
photovoltaic units with a 0.19 cm’® total device active area. The
schematic illustration of device fabrication is shown in Fig. S1 in the
ESM.

4.5 Characterization

The crystal structures of CZTSSe films and CZTS precursor films
were characterized using an X-ray diffractometer (XRD Rigaku
SmartLab SE) equipped with a Cu Ka radiation source. The J-V
curves were measured using a Keithley 2400 Source meter under
simulated AM 1.5G solar illumination. The Raman spectrum of the
CZTSSe thin film was measured using a Horiba Jobin Yvon high-
resolution confocal in situ Raman spectrometer (inVia) equipped
with a 532 nm laser. The driver-level capacitance profile (DLCP)
and C-V curves of the solar cell device were measured using a
Keithley 4200A-SCS system. The surface morphologies of CZTS
and cross-section morphologies of CZTSSe films were measured
using a scanning electron microscope (SEM Regulus 8100), and the
CZTSSe film compositions were characterized through the use of
an energy-dispersive X-ray spectroscopy system (EDS, Bruker
XFlash) equipped with a voltage of 15 kV. J-V-T characteristic
curves were measured over the temperature range from 100 to
280 K using an apparatus equipped with a Model 8200 helium
compressor (CTI-Cryogenics, Inc., USA). KPEM scans of grounded
bare absorber layers were performed at Bruker Dimension Icon
using the new Multi75E-G (BudgetSensors) tip at 0.4 Hz. PL
measurements were performed on the device using a HORIBA
iHR550 spectrometer equipped with a 532 nm laser. The optical
properties of the CZTSSe films were investigated using an
ultraviolet-visible (UV-Vis) spectrophotometer (UV-2800(A)).

Electronic Supplementary Material: Supplementary material (PL
spectra, KPFM images, Raman spectra, SEM images, and XRD
patterns) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908700.
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All data needed to support the conclusions in the paper are
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from the corresponding author upon request.
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