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A B S T R A C T   

Cu2ZnSn(S,Se)4 (CZTSSe) is a promising material as a photocathode for photoelectrochemical (PEC) water 
splitting because it is inexpensive and composed of earth-abundant elements. However, it has a high density of 
deep defects, such as CuZn and ZnCu antisites, which is pointed out as the main cause of band tailing and low 
onset potential-based PEC devices. By substituting 10% of Cu+ by Ag+, the onset potential shifts positively from 
0.2 to 0.4 VRHE, the photocurrent is almost three-folded, and solar-to-hydrogen efficiency is 6 times higher than 
that for the Ag-free photocathode. Absolute intensity photoluminescence (AIPL) in different light intensities was 
used to demonstrate that the Ag-substitution vanquishes the Cu/Zn-related defects. The quasi-Fermi level 
splitting (QFLS) values are obtained fitting the Katahara-modified model of the Planck Law, and the curve QFLS 
versus light intensity provides the quasi-Fermi Level pinning. The low QFLS pinning for CZTSSe indicates midgap 
states act as recombination centers, which are detrimental to the photocathode. The increased QFLS pinning for 
ACZTSSe evidence that Ag-partial substitution vanquishes the Cuzn-related defects, decreasing recombination, 
enhancing the charge carriers transport, and consequently, improving the hydrogen production.   

1. Introduction 

Kesterites Cu2ZnSn(S,Se)4 (CZTSSe) are promising earth-abundant 
element-based alternatives to the existing chalcogenide absorber thin- 
film technologies [1–4]. CZTSSe-based solar cells have improved dur-
ing the past decade until to reach a record efficiency of 12.6% in 2013 
[5]. Because of this distinguished performance in the field of photo-
voltaics, they have been implemented in photoelectrochemical devices 
for water splitting. Photocathodes have been fabricated with the same 
configuration as a solar cell, with photocurrents for hydrogen produc-
tion comparable to short-circuit current (Jsc) values obtained from a 
photovoltaic device. Ros and coworkers. showed that the Jsc of the 
photovoltaic device Mo/CZTSe/CdS/i-ZnO/ITO/TiO2 and the photo-
current (Jph) produced by water reduction on the photocathode 
Mo/CZTSe/CdS/i-ZnO/ITO/TiO2/Pt were similar, equal to approxi-
mately 30 mA cm− 2 [6]. Although the high short-circuit current values, 
CZTSSe devices suffer from low open-circuit voltage (Voc) associated 
with the high density of defects due to the multielement composition 
nature of the quaternary CZTSSe phase [2,7]. This drawback is not 
limited to photovoltaic devices, in which this disorder also causes a 

decrease in the onset potential of photocathodes, consequently 
decreasing the solar-to-hydrogen (STH) conversion efficiency. The high 
density of available states inside the band gap near the band edges 
originates a band tail [1,8] attributed to the phenomenon called Cu/Zn 
disordering [9,10]. Because of their similar ionic radii and comparable 
valences, Cu+ and Zn2+ leads to a local disorder with a low enthalpic 
cost for the site exchange, creating Cu/Zn-based bulk defects [11,12]. 
The CuZn and ZnCu defects identified by Raman spectroscopy led to an 
onset potential below 0.35 V versus the reversible hydrogen electrode 
(RHE). The annihilation of defects can result in more positive onset 
potentials, and consequently, may increase the STH conversion 
efficiency. 

Bulk defects can be mitigated by isovalent cation substitution in 
CZTSSe [12–14]. It can increase the energetic barrier to I-II site ex-
change and increase the dielectric constant in the absorber layer 
reducing the charge defects, and consequently, the band tailing [15]. In 
addition, cations with different sizes from Cu and Zn (ionic radii Cu =
Zn = 0.74 Å) can improve ordering [2,15,16]. The partial substitution of 
Cu+ by Ag+ in Cu2ZnSnS2 (CZTS) has been successfully demonstrated to 
enhance onset potential due to the annihilation of the CuZn and ZnCu 
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antisites. By substituting until 10% of Cu+ by Ag+, the onset potential 
has increased up to 0.85 VRHE, resulting in an increment of 10 mA cm− 2 

in the photocurrent, and a maximum EQE higher than 80% [17]. 
Hillhouse group has shown the relation between the open-circuit 

voltage (Voc) of chalcogenide solar cells and the quasi-Fermi level 
splitting (QFLS) values obtained from absolute intensity photo-
luminescence (AIPL) [18,19]. QFLS is estimated by fitting the 
Katahara-modified LSW photoluminescence model to the room tem-
perature PL spectrum [18]. Gunawan and coworkers have demonstrated 
that the Fermi level pinning in the curve of light intensity vs Voc is caused 
by the high density of bulk defects in CZTSSe [20]. 

Here, we demonstrate that the partial substitution of Cu with Ag in 
CZTSSe promotes an enhancement on the photoelectrochemical activity. 
The photoelectrochemical results was compared to the characterization 
of the CZTSSe films by photoluminescence to demonstrate the decrease 
in the Cu/Zn-related defects with the Ag-substitution. Therefore, by 
plotting the QFLS as a function of the light intensity, we demonstrate 
that vanquishing the Cu/Zn-related deep defects by Ag-substitution 
promotes enlargement of the quasi-Fermi level pinning in comparison 
with pristine CZTSSe. This method would allow the screening of a va-
riety of candidates CZTSSe films with different cation substitutions and 
diverse fabrication approaches before the photoelectrochemical appli-
cation and help to achieve more efficient photocathodes. 

2. Experimental 

2.1. Molecular precursor solutions 

The molecular precursor solutions were prepared based on the 
method described by Colllord and Hillhouse[21]. Briefly, the CZTSSe 
precursor solution was prepared by sequentially dissolving 5 mol L− 1 

thiourea TU (99%), 0.48 mol L− 1 Cu(CH3CO2H)2 (99.99%), 0.37 mol 
L− 1 ZnCl2 (99.99%), 0.35 mol L− 1 SnCl2 (99.99%), and 0.03 mol L− 1 LiCl 
in dimethylformamide, DMF(99.98%). Elemental ratios were 
Cu/(Zn+Sn) = 0.75 and Zn/Sn = 1.05 to obtain a Cu-poor and Zn-rich 
CZTSSe composition. The Ag alloyed CZTSSe (I2-II-IV-VI4) precursor 
solution was prepared by the same procedure described above, adding 
0.05 mol L− 1 AgCl (99.99%) to obtain a film with the composition of 
(Cu0.9,Ag0.1)2 Zn Sn(S,Se)4. 

2.2. CZTSSe and ACZTSSe film depositions and devices fabrication 

The chalcogenide films were deposited onto Mo-coated soda lime 
glass (MSLG) substrates 2.5 × 2.5 cm, which were cleaned sequentially 
in deionized water, acetone, and 2-propanol, under sonication, and 
dried with N2. 

The precursor solutions were filtered using a 0.45 μm PTFE filter and 
spin-coated onto MSLG substrate at 3000 rpm for 1 min. The films were 

annealed on a hot plate at 300 ◦C for 90 s and then allowed to cool. The 
spin coating and annealing procedures were repeated six times to obtain 
a film thickness equal to approximately 1200 nm. 

The as deposited CZTSSe films were selenized at 520 ◦C for 20 min 
under Ar flow of 100 cm3 min− 1. 

The CdS buffer layer with a thickness of 40 nm was deposited by 
chemical bath deposition (CBD) technique[22]. The substrates were 
immersed in a solution containing 150 ml of deionized water, 22 ml of 
0.015 mol L− 1 CdSO4 solution, 22 mL of 0.75 mol L-1 thiourea solution, 
and 28 ml of NH4OH at 65 ◦C for 10 min. At the end, the electrodes were 
rinsed with ultrapure water and dried under N2. 

The electron transport layer of TiO2 was deposited over the CdS/ 
CZTSSe by spin coating. The precursor solution was comprised of 20% of 
titanium isopropoxide in isopropanol, in which 400 μl was necessary to 
achieve the desired thickness. The electrodes were spun at 3000 rpm for 
1 min, and the films were annealed at 200 ◦C for 30 min afterward. 

Finally, a Pt cocatalyst layer was photoelectrodeposited at 0 V vs Ag/ 
AgCl under 100 mW cm− 2 for 30 s. The photoelectrodeposition was 
carried out in a three-electrode cell, where TiO2/CdS/CTZSSe/Mo was 
the working electrode with Pt and Ag/AgCl as the counter and reference 
electrodes, respectively, in an aqueous solution of 10 µM H2PtCl6. 

2.3. Film characterization and photoelectrochemical activity 

The electrode surface was analyzed by scanning electron microscopy 
(SEM) technique with FEI Sirion XL30 microscope using a 5 kV accel-
erating voltage. Energy-dispersive X-ray spectroscopy (EDX) data were 
collected with an Oxford EDX detector using an accelerating voltage of 
20 kV to verify the elemental composition. The X-ray diffraction (XRD) 
was performed with Cu Kα radiation (40 kV, 30 mA) using a Shimadzu 
model XRD 6000 diffractometer with 0.5, 0.5, 0.3 mm slits for entrance, 
scattering, and exit, respectively, at room temperature. The UV–Vis 
spectra of the chalcogenide films were obtained between 400 and 1400 
nm using a Cary5G Varian UV–Vis-NIR spectrophotometer. 

The AIPL was collected using a calibrated confocal PL instrument 
Horiba. The samples were excited with a 785 nm diode, and the emitted 
light was passed to an InGaAs detector. The band gap (Eg) and the QFLS 
were calculated by fitting the LSW photoluminescence model modified 
by Katahara (supplementary information). 

Photoelectrochemical measurements were performed using a con-
ventional three-electrode cell with a Pt, Ag/AgCl, and CZTSSe or 
ACZTSSe as the counter, reference, and working electrodes, respec-
tively. Measurements were conducted by linear sweep voltammetry at 
10 mV s − 1 using 0.5 mol L− 1 H2SO4 solution, deaerated with N2 gas for 
15 min, under 100 mW cm− 2 chopped sunlight simulated illumination 
(AM 1.5G) using a solar simulator LCS-100 (Oriel, Newport) equipped 
with a 100 W Xe lamp as the light source. 

Fig. 1. The elemental profile obtained by GDOES of (a) CTZSSe and (b) ACTZSSe films.  
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3. Results and discussion 

3.1. Characterization of Ag-alloyed CZTSSe films 

Fig. 1a and b shows the elemental distribution profile along the 
CZTSSe and ACZTSSe thickness obtained by glow-discharge optical 
emission spectrometry (GDOES), respectively. Notably, the composition 
of CZTSSe and ACZTSSe does not change significantly across the 
thickness of the films. Furthermore, the increase of Se and Mo intensities 
for depth bigger than 0.8 μm indicates, as expected, the formation of 
MoSe2 in the interface (A)CZTS/Mo. Also, as the increment of Zn in-
tensity is not an evident close region of the interface (A)CZTS/Mo, it can 
be suggested that there is no formation of ZnSe in the interface. The 
segregation of ZnSe or ZnS in CZTS films has been reported in the 
literature [23,24]. 

All the films were prepared under Cu-poor, I/(II+IV) = 0.75, and Zn- 
rich, II/IV = 1.05, conditions. These ratios prevent the formation of low 
bandgap ternary phases, such as Cu2SnS3, which are favored in Cu-rich 
compositions [25]. The elemental analysis shows that Cu-poor condition 
is maintained throughout all compositions with I/(II+IV) approximately 
0.75 (Figure S1a). Although II/IV elemental ratio varied between 1.06 
and 1.19 (Figure S1b), all the samples are also Zn-rich. The S/(S+Se) 
ratio is approximately 5% for both films (Figure S1c). For the Ag 
substituted film Ag/(Ag+Cu) is equal to 10% (Figure S1d). 

Fig. 2a shows the XRD pattern of the CZTSSe and ACZTSSe samples 
which agrees well with the tetragonal kesterite structure (JCPDS No. 96- 
722-0527) [26–29]. The peak positions in the Ag-substituted film are 
shifted to lower 2θ angles in comparison with the non-modified CZTSSe 

structure, as shown by the magnified view of (112) reflections in Fig. 2b. 
Since the ionic radius of Ag+ (1.15 Å) is larger than that of Cu+ (0.74 Å), 
the observed shifts are strong evidence of the partial Cu replacement to 
form Ag-substituted kesterite crystals instead of the formation of sepa-
rate phases [30]. It should be noted that the absence of diffraction peaks 
other than those for the CZTSSe phase indicates that no significant im-
purity phases were identified by XRD. The presence of ZnSe secondary 
phase is quite difficult to be identified by XRD once ZnSe diffraction 
peaks overlap CZTSSe main peaks [24]. SnSex impurity phases are ex-
pected in the Cu-poor and Zn-rich film compositions, however, diffrac-
tion peaks attributed to these phases are challenging to be detected once 
they can present very low intensity due to small concentration [31,32]. 
Impurity phases derivatives from the substituent transition metals, such 
as Ag2Se, and Ag8SnSe6, reported in the literature for Ag2ZnSnSe4 [33, 
34], have not been detected in the Ag alloyed CZTSSe films. The 
diffraction peaks at 42◦ and 33◦ are related to the Mo substrate and the 
formation of MoSe2 layer during selenization, respectively [35,36]. 

Fig. 2c and d show the analyses of grain-size distributions and the 
top-view SEM images of CZTSSe and ACZTSSe films, respectively. The 
surface images revealed that both films were composed of densely 
packed crystal grains without void formation. Based on the analyses of 
grain-size distributions, it is possible to verify that the partial Cu- 
replacement with Ag promoted a threefold increased grain size 
(Fig. 2d) in comparison with the non-modified CZTSSe (Fig. 2c). Ag- 
induced grain growth has been reported by Huang and co-workers 
[34]. According to the authors, during selenization, low melting point 
compounds, such as Sn-Ag-Cu alloy and Ag-related chalcogenides are 
formed, which induces liquid-assisted grain growth. 

Fig. 2. (a) XRD patterns of CTZSSe and ACTZSSe films and (b) magnified view of XRD spectra of the CZTSSe and ACZTSSe films to verify the shift in peak position at 
2θ of 26.8◦− 27.6◦ Size distributions of grains in (c) CZTSSe and (d) ACTZSSe films were obtained by measuring the major diameter of all grains in 100 µm x 100 µm 
images. Insets: Top-view SEM images. 
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3.2. Solar-driven water splitting on Ag-substituted CZTSSe-based 
photocathodes 

Fig. 3a shows the current-density potential curves for the prepared 
photocathodes in 0.5 mol L− 1 H2SO4 solution under chopped simulated 
sunlight. The Pt/TiO2/CdS/CZTSSe photocathode exhibited a photo-
current density of − 6.2 mA cm− 2 at 0 VRHE and an onset potential of 0.22 
VRHE. The partial Cu+ substitution by Ag+ promoted a significant 
improvement in the onset potential (Von ~0.4 VRHE) with high photo-
current density (Jph = − 16 mA cm− 2 at 0 VRHE). The observed onset 
potential increase can be attributed to the reduction of the deep effects 
concentration [14,37,38]. Furthermore, the increased photocurrent 
observed for Pt/TiO2/CdS/ACZTSSe can be explained by the improved 
grain morphology (Fig. 2d). The Ag cation incorporation causes the 
laterally expanding of the grain along the depth direction, which can 
enhance both the light absorption and carrier collection [34]. 

Fig. 3b presents the half-cell applied bias photon-to-current effi-
ciency (HC-ABPE) efficiency plot obtained according to Eq. (1). 

HC − ABPE(%) =
JPH ×

(
V − VH2/H+

)
× 100%

Ptotal
(1) 

Therefore, the HC-ABPE efficiency for Pt/TiO2/CdS/ACZTSSe 
photocathode (1.27%) was more than six times higher than that for the 
CZTSSe photocathode (0.20%). 

To promote a better understanding of the positive effect of the partial 
Cu+ substitution by Ag+ on the radiative recombination pathway, AIPL 
analysis was performed. Through the model of photoluminescence 
proposed by Katahara and Hillhouse [18] applied to semiconductors 
with direct gap absorption coefficients, the AIPL spectra were fitted to 
calculate the values of the direct bandgap (Eg) and the QFLS. The fully 
fitted AIPL spectra acquired with an excitation of 785 nm for CZTSSe 
and ACZTSSe can be seen in Fig. 3c. The Eg values obtained from the fit 

for both films are commensurate with those extracted from the Tauc plot 
(Figure S2b). Ag alloying caused an increase of approximately 100 meV 
in the bandgap (Table 1). The bandgap variation with Ag alloying can be 
attributed to the valence band maximum (VBM) change due to the an-
tibonding component of the p-d hybridization between Se2− (S2− ) and 
Cu+(Ag+) [14]. 

Under irradiation, the density of the electron-hole generation is 
related to the amplitude of the quasi-Fermi level splitting (QFLS) [39]. 
The QFLS determined by fitting the AIPL data is shown in Table 1, and 
the values for CZTSSe and ACZTSSe were 0.469 eV and 0.627 eV, 
respectively. Since the ACZTSSe showed a higher value for the QFLS it is 
possible to infer that the Ag alloying promoted a decrease in the 
band-tailing states which, in turn, caused an onset potential shift to more 
positive values in the ACZTS film. 

The Urbach tail energy (Eu) was extracted by the inverse of the slope 
from the linear region below Eg from the plot ln(α) versus photon energy 
(Figure S2) [40]. The results reveal that the Eu decreases with 
Ag-substitution. The Urbach tail energy for the CZTSSe film was equal to 
29.8 meV. This high Eu value above the kBT is associated with the large 
density of I-II defects which leads to the band tailing, consequently 
causing a cathodic shift in the onset potential. On the other hand, the 
lower Eu value of 18.5 meV associated with the ACZTSSe film indicates a 
decrease in the antisites defects and a favorable anodic shift in the onset 
potential. 

Fig. 3. (a) Current density–potential curves of Pt/TiO2/CdS/ACZTS and Pt/TiO2/CdS/CZTS in a 1.0 mol L− 1 H2SO4 solution (pH 0.4) under chopped simulated 
sunlight (1.5G filter and 100 mW cm− 2) and the correspondent (b) Half-cell solar to hydrogen efficiency. 

Table 1 
Eg and Eu of the absorbers obtained from UV–Vis-NIR spectroscopy, and the 
parameters obtained from the AIPL of the CZTSSe and ACZTSSe films by LSWK 
plotting model.  

Absorber Optical Eg (eV) Eu (meV) PL Eg (eV) QFLS (eV) 

CZTSSe 1.03 29.8 1.01 0.469 
ACZTSSe 1.11 18.5 1.10 0.627  
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Bulk defects, including band tailing, introduce extra states in the 
bandgap that could pin the Fermi level [20]. Light intensity vs Voc 
measurements is often used to determine the Fermi level pinning in 
photovoltaic devices [41]. Similarly, here, AIPL spectra were acquired in 
different light intensities. The QFLS of each spectrum was determined by 
fitting the model, and QFLS vs light intensity plot is shown in Fig. 3d. 
The curves showed that QFLS increased with light intensity until 1000 
Suns, and then, they were pinned in high intensities. The QFLS pinning 
for CZTSSe occurred in approximately 0.47 eV, meanwhile, for the 
Ag-alloyed CZTSSe the QFLS pinned in approximately 0.63 eV. The low 
QFLS pinning for CZTSSe indicates the presence of mid-gap states from 
defects and band tailing, as already identified from the Eu values. With 
increasing irradiation intensity, the quasi-Fermi level splitting proceeds 
until the population of defects becomes efficient recombination centers 
inhibiting further quasi-Fermi level to split, consequently, pinning 
(Fig. 4) [21]. The low efficiency of the CZTSSe photocathode have been 
assigned to the formation of the band tails and the large rate of 
recombination of charge carriers caused by Cu/Zn antisites which 
originates due to the close ionic size of Cu+ and Zn2+. 

The large value of the QFLS pinning for ACZTSSe confirms that Ag- 
alloying vanquishes the deep defects. The QFLS pinning for ACZTSSe 
is approximately 150 meV larger than that for CZTSSe, which corre-
sponds to the same value for the onset potential shift for the ACZTSSe 
photocathodes. This indicates a direct relationship between the QFLS 
and the onset potential. The larger ionic size of Ag+ (1.05 Å) than Cu+

and Zn2+ (0.74 Å) avoids the Cu/Zn antisites defects and, consequently, 
promotes the decrease in the charge carrier recombination and band tail 
states. Therefore, the evident enhancement of the photoelectrochemical 
performance of Pt/TiO2/CdS/ACZTSSe is directly related to the partial 
Cu+ substitution by Ag+ in the CZTSSe film. 

4. Conclusions 

In summary, the Cu+ substitution by Ag+ in the CZTSSe photocath-
odes was carried out. The substitution was demonstrated by the peaks 
shifts in the XRD diffractogram. In addition, the SEM micrographs show 
a grain size increase in the ACZTSSe when compared with the CZTSSe. 
As a result of the Ag-partial substitution, the Pt/TiO2/CdS/ACZTSSe 
photocathode presents a six times higher STH efficiency than that was 

observed for the CTZSSe. The band-tailing states decrease in the 
ACZTSSe was demonstrated by AIPL analysis, in which the determined 
QFLS values were 0.627 eV for the ACZTSSe, in comparison with only 
0,469 eV for CZTSSe. In addition, the reduction in the CuZn antisites 
defects was shown in the ACZTSSe photocathode by the lower Eu value 
equal to 18.5 meV, in comparison with 28.9 meV for the CZTSSe film. 
Most importantly, the vanquish of the deep defects in the ACZTSSe 
photocathode was well supported by the value of the QFLS, which was 
approximately 150 meV larger than that for CZTSSe photocathodes. The 
findings in the present work provide additional insights into the Cu+
substitution by Ag+ to vanquish the CuZn-related defects as a strategy to 
improve the charge carrier transport in addition to decreasing the 
recombination. This method has been proposed as a good alternative to 
preparing CZTSSe thin film with an improved performance to hydrogen 
production. 
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