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Fabrication of high-quality ZnS buffer and its application 
in Cd-free CIGS solar cells∗ 
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This paper provides the fabrication of Cd-free Cu(In,Ga)Se2 (CIGS) solar cells on soda-lime glass substrates. A high 

quality ZnS buffer layer is grown by chemical bath deposition (CBD) process with ZnSO4-NH3-SC (NH2)2 aqueous 

solution system. The X-ray diffraction (XRD) result shows that the as-deposited ZnS film has cubic (111) and (220) 

diffraction peaks. Scanning electron microscope (SEM) images indicate that the ZnS film has a dense and compact 

surface with good crystalline quality. Transmission measurement shows that the optical transmittance is about 90% 

when the wavelength is beyond 500 nm. The bandgap (Eg) value of the as-deposited ZnS film is estimated to be 3.54 

eV. Finally, a competitive efficiency of 11.06% is demonstrated for the Cd-free CIGS solar cells with ZnS buffer layer 

after light soaking. 
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Chalcopyrite-based Cu(In,Ga)Se2 (CIGS) thin film solar 

cells have been considered as one of the most promising 

solar cells for cost-effective power generation. Currently, 

the best efficiency of 20.4% has been demonstrated, 

which is comparable with that of the best multi-crystal-

line silicon cells[1-3]. These high efficiency devices are 

typically fabricated by using a high-toxic cadmium sul-

fide buffer layer deposited by chemical bath deposition 

(CBD) process. It is reported that CdS buffer layer can 

protect the pn junction region from sputtering damage 

during the sequent ZnO deposition[4-6]. In spite of this, 

previous work by Jiang et al, which is on the built-in 

electrical potential of CIGS solar cells by using the scan-

ning Kelvin probe microscopy, suggests that the pn junc-

tion is a buried homojuction located in the CIGS film 

and 30–80 nm from the CdS/CIGS interface[7,8]. This is a 

result that the CIGS surface layer is inverted n-type from 

p-type by Cd2+ doping. However, environmental con-

cerns and hazards related to the heavy metal Cd element 

should be considered during mass production of CIGS 

modules. Additionally, the quantum efficiency of 

CdS/CIGS solar cells is decreased at short wavelengths 

due to the optical absorption from the CdS layer. There-

fore, it is necessary to replace CdS (Eg=2.4 eV) with 

wider bandgap alternative buffer layers. ZnS film with 

bandgap energy of about 3.8 eV has been considered as 

an ideal alternative buffer layer for high efficiency 

Cd-free CIGS solar cells[9,10]. 

In our previous study, the CIGS thin film solar cells 

with the conversion efficiency over 15% have been re-

ported[11]. Based on the high quality CIGS absorber layer, 

we try to fabricate Cd-free CIGS thin film solar cells in 

this paper. 

CIGS thin films were deposited onto the Mo coated 

soda-lime glass (SLG) substrate by co-evaporation proc-

ess from the independently controlled Cu, In, Ga and Se 

sources[12]. In the first stage, an In-Ga-Se precursor was 

deposited onto the substrate at about 350 oC. Subse-

quently, the precursor was exposed to Cu and Se fluxes 

to form Cu-rich CIGS films. In the third stage, small 

amounts of In, Ga and Se were evaporated to form 

slightly Cu-poor CIGS film. During the second and the 

third stages, the substrate temperatures were kept at 450 
oC. Typical thickness of the CIGS films is from 1.5 μm to 

2.5 μm. The chemical composition of the films was de-

termined by X-ray fluorescent spectrometer (XRF-800) 

with an Rh-anode. The optical transmittance and reflec-

tance were measured by a Cary 5000 UV-VIS-NIR spec-

trophotometer. Spectral resolution for optical transmis-

sion was measured at UV-VIS range (λ≤ 0.048 nm) and 
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NIR range (λ≤ 0.2 nm). The surface morphologies were 

measured by JEOL JSM-6700 scanning electron mi-

croscopy (SEM). The solar cell of Al/ZnO/CdS or 

ZnS/CIGS was completed by the standard process[13,14]. 

The current density-voltage (J-V) measurements were 

performed under the standard AM1.5 spectrum for 100 

mW/cm2 at 25 oC after a light soaking for 20 min. The 

light source of solar simulator was calibrated by a stan-

dard single crystal Si solar cell. 

ZnS buffer layers were grown on CIGS absorber using 

ZnSO4-NH3-SC(NH2)2 aqueous solutions at different 

temperatures from 60 oC to 80 oC by a chemical bath 

deposition (CBD) process. 15 mL N2H4 (80%) solution 

was used as complexant. By optimizing the deposition 

conditions (deposition temperature, growth duration and 

solution concentration), ZnS layer with thickness of 

about 70 nm was prepared. And the optimum deposition 

parameters are summarized in Tab.1. 
 

Tab.1 Optimum deposition parameters of ZnS buffer 

layer via CBD process 

Solution 
Concentration 

(mol/L) 

Deposition 

temperature 

(oC) 

Growth duration

(min) 

ZnSO4 

SC(NH2)2 

Ammonia 

0.025–0.300 

0.25–0.30 

2.5–3.0 

81 20–30 

 

At the beginning of the reaction, NH3·H2O and 

N2H4·H2O possibly combine with Zn2+ to form complex 

ions, which greatly reduces the concentration of free 

Zn2+ in the solution: 

Zn2++4NH3 ↔ [Zn(NH3)4]
2+,                  (1) 

Zn2++3N2H4 ↔ [Zn(N2H4)3]
2+.                (2) 

NH3·H2O and N2H4·H2O hydrolyze in the aqueous so-

lution to form an alkaline environment as 

NH3·H2O ↔ NH4
++OH–,                     (3) 

N2H4·H2O ↔ N2H5
++OH–.                    (4) 

Thiourea is used as the S2- source through hydrolysis 

in alkaline medium: 

( ) 2 -

2 3 32
SC NH +3OH CO +HS +2NH

− −→ ,        (5) 

2

2
HS OH S 2H O

− − −+ → + .                   (6) 

[Zn(N2H4)3]
2+ complex ions with stability constant 

k=105.5 are more stable than [Zn(NH3)4]
2+ with k=108.9. 

Thus, [Zn(NH3)4]
2+ is the major precursor in the hetero-

geneous growth of ZnS thin films. The overall reaction 

of ZnS thin films can be given as 

[Zn(NH3)4]
2++SC(NH2)2+2OH- ↔  

ZnSsubstrate+3NH3+CH2N2+2H2O.               (7) 

When Zn2+ and S2- concentration product is greater 

than the solubility product of ZnS, the precipitation in 

solution instead of heterogeneous reaction takes place. 

X-ray diffraction (XRD) of ZnS grown on SLG sub-

strate was measured with the θ–2θ mode using CuKα 

radiation, as shown in Fig.1. The XRD pattern shows 

mainly cubic (111) and (220) ZnS diffraction peaks. 

Compared with the results from Ref.[15], our ZnS film 

has good crystalline quality with sharp (111) peak. 

 

 

Fig.1 XRD pattern of the as-deposited ZnS films 

 

Fig.2 shows the SEM morphology of ZnS film grown 

by our process. The ZnS film shows a compact and uni-

form structure with better crystalline quality, which is 

consistent with the XRD result.  

 

 

Fig.2 Surface morphology of the as-deposited ZnS 

films 

 

The optical transmission spectrum of ZnS film grown 

on SLG substrate with thickness of about 70 nm is 

shown in Fig.3. We can see from Fig.3 that the transmis-

sion of the as-deposited film is greater than 90% in the 

visible range. The high optical transmittance can be util-

ized with buffer layer for CIGS thin film solar cells. 

The absorption coefficient α is analyzed for near-edge 

optical absorption of semiconductors by using  

αhν=k(hν–Eg )
n/2,                            (8) 

where k is constant and n is a constant that is equal to 1 

for direct bandgap semiconductors. The bandgap Eg is 

determined from the intercept of the straight-line portion 

of (αhν)2. The inset of Fig.3 shows the relation between 

(αhν)2 and the incident radiation energy hν. Eg about 3.54 

eV can be calculated from the linear fitting, which is 

consistent with other results [15,16]. 
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Fig.3 Transmission spectrum of the as-deposited ZnS 

films 

 

We made CIGS solar cells with an active area of 1 cm2 

by using CdS and ZnS as buffer layer, respectively. CIGS 

films with compositional ratios Cu/III of 0.94 and Ga/III 

of 0.32 were applied to the device preparation. The con-

version efficiency of 11.06% is obtained for the CIGS 

solar cell with ZnS buffer after light soaking, and the 

parameters are short current density Jsc=32.9 mA/cm2, 

open circuit voltage Voc=480.0 mV and fill factor 

FF=71%. Such an efficient Cd-free CIGS solar cell 

should be related to the better structural and optical 

properties of our ZnS buffer. The CIGS solar cell with 

CdS buffer has the following cell parameters: Jsc=28.2 

mA/cm2, Voc=594.8 mV, FF=73.1% and η=12.3%. 

Compared with CdS buffer, the device parameters of 

CIGS cells with ZnS buffer are limited by their relatively 

low Voc and FF. Voc may be dominated by the more re-

combination occurring in CIGS/ZnS interface because of 

no buried pn junction and big conduction band offset 

between CIGS and ZnS[17]. Further investigation is re-

quired to understand the discrepancy. 

Fig.4 shows the comparison of the external quantum 

efficiency (EQE) data of the CIGS devices with CdS and 

ZnS buffer layers. As can be seen clearly in Fig.4, the 

quantum efficiency of the device utilizing a CBD-ZnS 

buffer layer is higher than that of the device using a 

CBD-CdS buffer in 400–500 nm range since CBD-ZnS 

has a wider bandgap than CBD-CdS (2.4 eV), which 

 

 

Fig.4 EQEs of the CIGS solar cells with CdS buffer 

and ZnS buffer 

results in an increased value of Jsc. The small difference 

in cut-off wavelength at approximately 1 100 nm is at-

tributed to the difference in junction characterization[11]. 

In conclusion, a high quality ZnS buffer layer is suc-

cessfully fabricated by CBD process. Structural and op-

tical properties are characterized by XRD, SEM and 

transmittance spectra measurements. The as-deposited 

ZnS film indicates cubic (111) and (220) ZnS diffraction 

peaks and a dense and compact surface with good crys-

talline quality from XRD and SEM results. The optical 

transmittance is about 90% for the wavelength range 

above 500 nm, indicating a highly transparent film. The 

bandgap (Eg) for ZnS buffer layer is about 3.54 eV. A 

competitive efficiency of 11.06% is obtained for Cd-free 

CIGS solar cells with ZnS buffer layer after light soaking. 
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