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Abstract
Cadmium sulphide (CdS) thin-�lms have been electrodeposited using two electrode system to be used as the hole 
back di�usion barrier (hbdb) layer for graded bandgap solar cells with p-type windows. Cadmium acetate dihydrate 
[Cd(CH3COO)2·2H2O] and ammonium thiosulphate [(NH4)2S2O3] have been used as the cadmium (Cd) and sulphur (S) 
precursors respectively. In this work, CdS layers have been grown on glass/FTO (�uorine doped tin oxide) substrates at 
cathodic potentials ranging from 1300 to 1460�mV in order to �nd the best growth voltage. N-type conductivity is observed 
for all the layers and band-gap ranged between ~ 2.36 and ~ 2.40�eV for as-deposited layers and ~ 2.31 and ~ 2.36�eV for 
air-annealed layers. X-ray di�raction (XRD) analysis revealed cubic/hexagonal mixed crystallinity for the as-grown layers 
which indicates a tendency of transiting towards hexagonal structure upon annealing. Compositional and morphological 
characteristics of the layers have been investigated with energy dispersive X-ray (EDX) and scanning electron microscopy 
(SEM) respectively.

1  Introduction

CdS/CdTe based solar cells, being one of the current mar-
ket leaders for thin-�lm photovoltaics (PV), recorded 22.1% 
highest conversion e�ciency, along with an ~ 18% module 
e�ciency [1 , 2]. The major growth techniques used for large 
area CdS/CdTe-based solar cell fabrication are, close spaced 
sublimation (CSS) [3], sputtering [4] and electrochemical 
deposition (ED) [5]. However, with respect to deposition 
process continuity, doping simplicity, self-purification, 
scalability, manufacturability, economic viability and Cd-
containing waste reduction, electrodeposition (ED) is con-
sidered one of the leading techniques [6–11].

Our group has been working on CdTe-based thin-�lm 
PV research using all electrodeposited semiconductors fol-
lowing the graded bandgap (GBG) device structure. Graded 
bandgap solar cells, �rst conceptualised by Konagai and 
Takahashi [12], was later improved and next-generation 
multilayer graded bandgap solar cells were proposed and 
implemented by our group [11, 13–15]. Between the two 
proposed approaches of graded bandgap devices on n-type 

and p-type window materials, cells fabricated on p-type win-
dows have a potential of achieving high performance due 
to its possibility of producing higher open circuit voltage 
(Voc). This was experimentally demonstrated by achieving 
Voc = 1.175�mV with GaAs/AlGaAs system [16].

Our current e�orts are focused on developing CdTe-based 
graded bandgap devices with p-type windows, using low-
cost and scalable electro-plated materials. For multilayer 
GBG solar cells, apart from the regular window layer and 
absorber layer, improvements can be made by including an 
electron back-di�usion barrier (ebdb) layer and a hole back-
di�usion barrier (hbdb) layer [17]. This will minimize the 
recombination of photo-generated and separated charge car-
riers caused�by thermionic emission over the potential bar-
rier [11, 17], as depicted in Fig.�1. A wide bandgap p-type 
CdTe:Mg material has already been developed and charac-
terised by the group to be used as the possible p-window and 
reported in reference [18].

n-CdS is widely used as the window layer in elec-
troplated graded bandgap solar cells developed with 
n-window approach. The most widely used cadmium 
(Cd) precursor is CdCl2 in this case [19, 20]. But for 
electrodepositing CdS as a wide-bandgap hole back dif-
fusion barrier (hbdb) layer, precursors should be cho-
sen very carefully because, in this case the whole glass/
FTO/p-window/CdTe absorber layer would require to be 
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submerged into the CdS electrolytic bath. Chlorine being 
a very strong corrosive agent and for having the strong 
hydrochloric acidity due to Cl�  and H+ ions in the elec-
trolyte, the underlying device structure can be dissolved 
[21]. Therefore, cadmium acetate [Cd(CH3COO)2] pre-
cursor with weaker acidity has been used in this work.

Moreover, literature suggests sodium thiosulphate 
(Na2S2O3) as the most widely used S precursor for CdS 
electrodeposition. But, this precursor tends to provide 
accumulation of sodium (Na), a p-type dopant in the CdS 
bath, which by incorporating through absorption or reac-
tion may reduce the electrical conductivity of the CdS 
layer [22]. Hence, ammonium thiosulphate [(NH4)2S2O3] 
has been used as the S precursor in this work.

This work focuses on growing ED CdS with the mix-
ture of these precursors for the first time along with inves-
tigating through the growth potential and post-annealing 
characteristics. The aim is to grow n-CdS to be used as 
an hbdb layer suitable to be deposited on glass/TCO/p-
window/CdTe-absorber layer for developing graded band-
gap devices in future.

2 � Experimental procedure

Cadmium sulphide (CdS) thin-�lm layers were grown from 
a 400�ml aqueous solution of 99% pure 0.3�M cadmium 
acetate dihydrate [Cd(CH3COO)2.2H2O] and 99.5% pure 
0.06�M ammonium thiosulphate [(NH4)2S2O3] in de-ion-
ised water. All these chemicals have been purchased from 
Sigma-Aldrich Ltd (UK). The pH and temperature of the 
solution has been kept constant at 3.00 ± 0.02 and ~ 85�°C 
respectively. The pH has been adjusted using either nitric 
acid or ammonium hydroxide (NH4OH). Two electrode 
electrodeposition technique has been used for deposit-
ing the semiconductor materials on glass/TEC-7 Fluorine 
doped tin oxide (glass/FTO) substrates having sheet resist-
ance of ~ 7��/square. High purity carbon rod has been used 
as the anode whereas, cathode (working electrode) has 
been prepared by attaching a glass/FTO substrate to a car-
bon rod using insulating polytetra�uoroethylene (PTFE) 
tape. Prior to electrodeposition, the substrates were cut 
into 3�cm × 3�cm dimension and rinsed thoroughly with 

Fig. 1   Energy band diagram drawn to scale for a short-circuit multi-layer solar cell based on p-type window material (p+–p–i–n–n+ structure). 
P+ and n+ layers act as electron back di�usion barrier (ebdb) layer, and hole back di�usion barrier (hbdb) layer respectively
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de-ionized water after washing with soap solutions using 
cotton buds. The substrates were later dried with nitro-
gen gas. GillAC potentiostat from ACM Instruments is 
used as the power source for the 2-electrode ED system. 
The electrolytic solution was heated and stirred using a 
hot plate and magnetic stirrer. Moderate stirring rate has 
been applied to the bath throughout the electrodeposition 
process.

Cyclic voltammetry has been carried out to determine 
an estimated range of deposition potential where Cd and S 
co-deposition takes place. The deposited layers were inves-
tigated using energy dispersive X-ray (EDX) spectroscopy 
for compositional and material identi�cation analysis and 
X-ray di�raction (XRD) for structural analysis and scanning 
electron microscopy (SEM) for morphological analysis. For 
characterising and optimising electrical and optical prop-
erties of the ED samples, photoelectrochemical (PEC) cell 
measurements and optical absorption using UV–Vis spec-
trophotometry have been carried out.

3 � Results and�discussion

3.1 � Cyclic voltammetric Study

Cyclic voltammograms were separately recorded for 
electro-puri�ed aqueous electrolytes containing 0.3�M 
Cd(CH3COO)2·2H2O, 0.06�M (NH4)2S2O3 and a mixture 
of 0.3�M Cd(CH3COO)2·2H2O and 0.06M (NH4)2S2O3. 
The pH and temperature of the solutions were adjusted to 
3.00 ± 0.02 and ~ 85�°C respectively. The cyclic sweep is 
recorded with a sweep rate of 3�mVs�1  within a cathodic 
potential range of 0.0�mV to 2000�mV. Figure�2 depicts a 
typical voltammogram data plotted with instructive sym-
bols and legends.

Figure�2a depicts, due to the di�erence of redox poten-
tials amongst the consisting ions, in the forward cycle 
of voltammogram sulphur (S) having a redox potential 
(E°) of + 0.449�V (with reference to standard H2 elec-
trode), starts depositing at the beginning at ~ 500�mV. The 

Fig. 2   Typical cyclic voltammo-
gram of aqueous solution con-
taining a 0.06�M (NH4)S2O3, 
b 0.3�M Cd(CH3COO)2·2H2O 
[cadmium acetate dihydrate] 
and c mixture of 0.3�M 
Cd(CH3COO)2·2H2O and 
0.06�M (NH4)S2O3 in de-ionised 
water. pH and temperature 
of the solution were kept at 
3.00 ± 0.02 and �z 85�°C
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