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1. Introduction

Kesterites Cu2ZnSn(S,Se)4 (CZTSSe) are promising earth-
abundant element-based alternatives to the existing chalco-
genide absorbers thin-film technologies[1]. CZTSSe-based 
solar cells have improved during the past decade until to 
reach the record efficiency of 12.6% in 2013 [2]. Because of 
this distinguished performance in the field of photovoltaics, 
they have been implemented in photoelectrochemical de-
vices for water splitting. Photocathodes have been fabri-
cated with the same configuration of a solar cell, with pho-
tocurrents for hydrogen generation comparable to the 
short-circuit current (Jsc) values obtained from a photovol-
taic device. Ros et al. showed that the Jsc of the photovoltaic 
device Mo/CZTSe/CdS/i-ZnO/ITO/TiO2 and the photocurrent 
(Jph) produced by water reduction on the photocathode 
Mo/CZTSe/CdS/i-ZnO/ITO/TiO2/Pt were similar, 30mA cm-2. 
Although the high short-circuit current values, CZTSSe de-
vices suffer from low open-circuit voltage associated with 
the high density of defects due to the multielement compo-
sition nature of the quaternary CZTSSe phase [3]. This is not 
limited to photovoltaic devices, and this disorder also causes 
a decrease in the onset potential of photocathodes, conse-
quently decreasing the solar-to-hydrogen conversion effi-
ciency (HC-STH). The partial substitution of Cu+ by Ag+ in 
Cu2ZnSnS2 (CZTS) has been successfully demonstrated to en-
hance onset potential due to the annihilation of the CuZn and 
ZnCu antisites. Because of the benefits caused by Ag-substi-
tutions on the CZTS photocathode performance, in this 
work, we show the same effect is also obtained for partially 
substituting Ag in CZTSSe. To demonstrate that the Ag-sub-
stitution vanquishes the Cu/Zn-related defects, we compare 
the photoelectrochemical results to the characterization of 
the CZTSSe films by photoluminescence. 

2. Experimental

2.1. Molecular precursor solutions 

The molecular precursor solutions were prepared based on 
the method described by Colllord and Hillhouse [4]. Briefly, 
the CZTSSe precursor solution were prepared by sequen-
tially 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 dimethylforma-
mide, 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) pre-

cursor solution was prepared by the same procedure de-
scribed above, adding 0.05 mol L-1 AgCl (99.99%) to obtain a 
film with the composition of (Cu0.9,Ag0.1)2Zn Sn(S,Se)4.  

2.2. CZTSSe film deposition and devices fabrication 

The chalcogenides films were deposited onto Mo-coated 
soda lime glass (MSLG) substrates 2.5 x 2.5 cm. The films 
were annealed on a hot plate at 300 oC for 90 s and then 
allowed to cool. The spin casting and annealing procedures 
were repeated 6 times to obtain a film thickness equal to 
~1200 nm.  The as deposited CZTSSe films were selenized at 
520 oC for 20 min under an Ar flow of 100 cm3 min-1. The 
devices were completed by further deposition of a 40 nm 
CdS buffer layer by chemical bath deposition (CBD) tech-
nique [5]. The substrates were immersed in 150 ml of deion-
ized 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 oC 
during 10 min. The electron transport layer of TiO2 was de-
posited over the CdS/CZTSSe by spin coating. The precursor 
solution was comprised by 20% of titanium isopropoxide in 
isopropanol. The amount of solution deposited was 400 μl 
to achieve the desired thickness. The process was spun at 
3000 rpm for 1 min, and the films were annealed at 
200°C/30 min afterwards.  A Pt cocatalyst layer was photoe-
lectrodeposited at 0 V vs Ag/AgCl under 100 mW cm-2

 during 
30 s. The photoelectrodeposition was carried out in a three-
electrode cell, where TiO2/CdS/CTZSSe/Mo was the working 
electrode, Pt as counter electrode and Ag/AgCl electrode as 
reference in an aqueous solution of 10 µ𝑀 H2PtCl6.  

2.2 Film characterization and photoelectrochemical perfor-
mance  

(SEM) micrographs and energy-dispersive X- ray spectros-
copy (EDX) were collected with a FEI microscope. X-ray dif-
fraction (XRD) was performed with Cu Kα radiation at room 
temperature. The UV-Vis spectra of the chalcogenide films 
were measured between 400 and 1400 nm.  

3. Results and Discussion

3.1 Characterization of Ag-alloyed CZTSSe films 

Ag substituted CZTSSe films were obtained from seleni-
zation of solution-processed nanocrystalline CZTSSe precur-
sor films. Figure 1 shows the profile of the chemical compo-
sition of CZTSSe and ACZTSSe obtained by glow-discharge 

optical emission spectrometry (GDOES).  
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Figure 1 – Elemental profile obtained by GDOES of (a) CTZSSe and 

(b) ACTZSSe films. 
 

All the films were prepared under Cu-poor, I/(II+IV) = 0.75, 
and Zn-rich conditions, II/IV = 1.05. The elemental analysis 
shows that the Cu-poor condition is maintained throughout 
all compositions with I/(II+IV) approximately 0.75. Although 
II/VI elemental ratio varied between 1.06 and 1.19, all the 
samples are also Zn-rich. The S/(S+Se) ratio is approximately 
5% for both films. For the Ag substituted film Ag/(Ag+Cu) is 
equal to 10%. The crystal structure and quality of the spin-
coated and selenized CZTSSe and Ag+-substituted one, 
ACZTSSe, thin films were characterized by X-ray diffractom-

etry. These samples exhibit diffraction peaks at 2 corre-
sponding to the (112), (204)/(220) and (312)/(116) reflection 
planes of the tetragonal crystal structure. The substitution 
of Ag(I) into the Cu(I) sites in the CZTSSe film promote the 
shifts of all the peaks in the diffractogram. This indicates the 
expansion of the lattice structure caused by the substitution 

of the larger ionic radius of Ag+ (radius = 1.15 Å) into Cu+ 

sites (Cu+ radius = 0.74 Å ). Diffraction peaks other than 
those for CZTSSe phase indicate that no significant impurity 
phases were identified by XRD. Impurity phases derivatives 
from the substituent transition metals, have not been de-
tected in the Ag alloyed CZTSSe films. The SEM images of the 
surface of CZTSSe and ACZTSSe show the effect of the Ag 
substitution on the morphology of the films. The surface of 
the non-alloyed CZTSSe is formed with grain with an average 
size equal to ~1 µm. The surface of ACZTSSe film shows large 
grains with a size of over 3 µm. 
 
3.2. Solar-driven water splitting on Ag-substituted CZTSSe-
based photocathodes 

 
To enhance the photoelectrochemical activity, a thin buffer 
layer of CdS, and a protective layer of TiO2 were deposited 
on ACZTSSe and CZTSSe photocathodes. In addition, Pt na-
noparticles cocatalysts covered the photocathode surface to 
increase the kinetic charge transfer on the interface semi-
conductor/electrolyte. Figure 2a shows the current density–
potential curves for the photocathodes in 0.5 mol L-1 H2SO4 
solution under chopped simulated sunlight (100 mW cm-2). 
Based of that, the half-cell solar-to-hydrogen efficiency (HC-
STH) plot was obtained according to the equation below and 
it is shown in Figure 2b.  
 

𝐻𝐶 − 𝑆𝑇𝐻(%) =
𝐽𝑃𝐻× (𝑉−𝑉

𝐻2 𝐻+⁄ )×100%

𝑃𝑡𝑜𝑡𝑎𝑙
                                                        

 

The Pt/TiO2/CdS/CZTSSe photocathode exhibited a photo-
current density of -6.2 mA cm-2 at 0 VRHE and an onset po-
tential of 0.22 VRHE. With the partial Cu+ substitution by Ag+, 
the onset potential significantly improved (Von~0.4 VRHE) 
with high photocurrent density (Jph = -16.8 mA cm-2

 at 0 
VRHE). The increased onset potential can be attributed to the 
reduction of the concentration of deep defects [6]. Further-
more, the increased photocurrent for Pt/TiO2/CdS/ACZTSSe 
can be explained by the improved grain morphology. The Ag 
cation incorporation causes the grain to expand laterally and 
along the depth direction, which can enhance light absorp-
tion and carrier collection. Therefore, the solar-to-hydrogen 
efficiency for Pt/TiO2/CdS/ACZTSSe photocathode (1.27 %) 
was more than 6 times higher than that for the CZTSSe pho-
tocathode (0.20%).  

 

 
Figure 2 – (a) Current density–potential curves of 
Pt/TiO2/CdS/ACZTS and Pt/TiO2/CdS/CZTS in a 1.0 mol L-1

 H2SO4 so-
lution (pH 0.4) under chopped simulated sunlight (1.5G filter and 
100 mW cm-2) and the correspondent (b) Half-cell solar to hydro-
gen efficiency (HC-STH).. 

4. Conclusions 

In summary, we have demonstrated that the partial substi-
tution of Cu+ by Ag+ in CZTSSe thin may mitigate the pres-
ence of antisite defects such as CuZn and ZnCu, which are 
point out as the main responsible for the band tailing and 
low onset potential in CZTSSe based photocathodes for PEC 
water splitting. The fabrication of the spin-coated 10% sub-
stituted ACZTSSe thin films was confirmed by the elemental 
profile obtained by GDOES and DRX, which show no signifi-
cant impurity phases. In terms of photoelectrochemistry, 
the partial substitution of Cu+ by Ag+, increases the onset po-
tential from 0.2 to 0.4 VRHE, resulting in an increment of 10.6 
mA cm-2

 in the photocurrent, and more than 6 times the so-
lar-to-hydrogen efficiency confirms the drop of the antisite 
defects.  
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