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Abstract  Cadmium sulphide (CdS) is a II-VI compound with a wide band gap energy that enables it to be used as a 

window material in the CdTe based solar cells. In this work the absorption edge of indium doped cadmium sulphide (CdS:In) 

thin films was investigated. The films were prepared on glass substrates using the spray pyrolysis technique at a substrate 

temperature Ts = 490°C. X-ray diffraction (XRD) and scanning electron microscopy (SEM) revealed that the films are 

polycrystalline. The films displayed a wurtzite hexagonal structure with some indications of the presence of the cubic zinc 

blind phase. The transmittance of the films was measured at room temperature in the wavelength range 400–1100 nm and 

used to deduce the absorbance. The second derivative of the absorbance revealed the existence of the free exciton peaks of the 

wurtzite phase. The A and B free exciton peaks showed a merged peak and the C free exciton peak was apparent. These 

results were compared with those obtained by different authors. The separations of the aforementioned peaks were deduced 

and found to be in good agreement with the values found in the literature. 
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1. Introduction 

Cadmium sulphide CdS is a wide band gap II-VI 

compound semiconductor. It has direct band gaps (Eg) of 

2.57 and 2.40 eV, at room temperature for hexagonal and 

cubic structures respectively [1]. CdS films have a great 

application potential such as the use in optoelectronic 

devices and solar cells [2, 3]. CdS is used as heterojunction 

partner for polycrystalline CdTe to fabricate CdTe/CdS solar 

cells, where a CdS layer is used as the n-type window layer 

[3]. To take advantage of the optoelectronic properties of 

CdS by producing n-type films, extrinsic doping is required. 

Several methods have been developed to grow n-type CdS 

films: for example; the variation of the reagent precursors 

concentration in order to vary the Cd:S ratio, or the doping 

with silver [4], chlorine [5] or indium atoms [6-9]. In this 

work indium was used as a dopant to produce n-type CdS 

thin films. 

There are different techniques that can be used to obtain 

CdS thin films, such as rf sputtering [10], close spaced vapor 

transport (CSVT) [11], chemical bath deposition (CBD)   

[3, 12], close-spaced sublimation (CSS) [12], pulsed laser 

deposition (PLD) [13, 14], and spray pyrolysis (SP) [15-33]. 

However, the  SP technique is a  very low cost and simple  
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technique that enables intentional doping and getting large 

area and uniform thin films. 

In this work, the valence-band splitting of the wurtzite 

CdS:In thin films arising from the crystal field could be 

observed in the second derivative of the absorbance in the 

region of the absorption edge. The maxima related to the free 

exciton peaks of the wurtzite structure of CdS:In thin films 

were apparent and their positions and separations were 

deduced and compared with those obtained by other authors.  

2. Experimental Procedure 

The films were prepared by the spray pyrolysis (SP) 

technique on glass substrates as described elsewhere [15-19]. 

The dimensions of the slides are (6cm × 2.6 cm × 0.1 cm)  

and the substrate temperature is 490°C. Approximately a 

stoichiometric solution of thiourea ((NH2)2CS) and cadmium 

chloride (CdCl2.H2O) in distilled water was used. Indium 

chloride (InCl3) was used as the source of indium, where the 

ratio of the concentration of indium ions to that of cadmium 

ions ([In]/[Cd]) in the sprayed solution was 10-2.  

X-ray measurements were recorded by a Philips PW1840 

Compact X-ray diffractometer system with Cu Kα (λ = 

1.5405 Å ). Both of the SEM micrographs and compositional 

analysis were taken by a FEI scanning electron microscope 

(Inspect F 50), which is supplied by X-ray energy dispersive 

spectroscopy (EDS) apparatus. 

Transmittance of the films was measured by using a 

double beam Shimadzu UV 1601 (PC) spectrophotometer 
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with respect to a piece of glass similar to the substrates in the 

wavelength range 400-1100 nm. The thickness of the films 

was estimated by using the transmission spectra of the films 

and Lambert law of absorption in a semiconductor.  

3. Results and Discussion 

Fig.1 shows the X-ray diffractogram (XRD) of one of 

CdS:In thin films prepared in this work. As seen in the figure 

the film is polycrystalline and it displays a predominantly 

wurtzite hexagonal structure. Weak lines of the zinc-blind 

phase can be observed such as C(2 2 0) and C(1 1 1) which 

overlaps with the (0 0 2) line of the hexagonal phase and the 

line C(3 1 1) which also overlaps with the H(1 1 2) of the 

hexagonal phase. 

 

Figure 1.  XRD diffractogram of one of the CdS:In thin films prepared by 

the SP technique 

 

Figure 2.  SEM image of one of the CdS:In thin films prepared by the SP 

technique 

Fig.2 displays the SEM micrograph of one of the 

as-deposited CdS:In thin films under study. The mixed phase 

can be noticed through the deformed hexagonal and cubic 

shapes of grains in the SEM micrograph. The grain size is 

approximately in the range 0.1-0.5 µm. 

The composition of the films was explored using x-ray 

energy disspersive spectroscopy (EDS), and Fig.3 displays 

the EDS spectrum of one of the films. From the EDS report it 

is found that the ratios of Cd: S in the film is 51.05: 46.98 

at.%, or 1.09. This means that the films are Cd rich, which is 

favoured for the use of the films as window layer in 

CdS/CdTe thin film solar cells, because this improves the 

n-type conductivity of the films. The ratio of In: Cd in the 

film is 1.97: 51.05, or 3.86%. Indium doping of the films is 

necessary to improve their n-type conductivity, where In 

replaces Cd, and it increases the number of free charge 

carriers. 

 

Figure 3.  EDS spectrum of one of the CdS:In thin films prepared by the 

SP technique 

 

Figure 4.  Absorbance of CdS:In thin films of different thickness against 

the photon's energy (hν) 

The transmittance of the films was measured at room 

temperature in the wavelength range 400-1100 nm and used 

to deduce the absorbance. Fig.4 shows the absorbance of 

four CdS:In thin films of different thickness in the range 

180-800 nm. As the figure shows the absorbance increases 

with film thickness in the high energy side after the 

absorption edge. The reason of this increase is the increase  

in the number of free charge carriers (electrons in this case). 
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It is noticed that the absorption edge shifts towards lower 

energy with film thickness too. This shift is related to the 

increase in grain size with film thickness and hence the 

gradual disappearance of the quantum size effect. The 

sharpest absorption edge in the figure is that of the film of 

greatest thickness (800 nm) where the quantum size effect is 

the smallest. The absorption edge of the film of thickness 

430 nm is the shallowest one in the figure. In the discussion 

of the second derivative of the absorbance of this film, 

evidence will be given that the growth of wurtzite and cubic 

phases is in an early stage in this film, and hence the 

crystallites have small sizes such that quantum size effect is 

effective.  

 

Figure 5.  The second derivative of CdS:In thin films of different thickness 

To detect the maxima in the absorbance, its second 

derivative was deduced and displayed in Fig.5 for the same 

set of films. In Fig.5a two apparent minima were observed at 

499 and 483.5 nm. These are the free exciton peaks of the 

wurtzite phase where the first peak which corresponds to 

2.485 eV represents the merged peak of the A and B free 

exciton peaks and the second which corresponds to 2.567 eV 

represents the C free exciton peak since the energy separa- 

tion between them is 82 meV. This film did not show a 

minimum corresponding to the zinc-blind phase. 

In Fig.5b the situation is different where the peak at 499 

nm is weak, while two strong peaks at 486 and 476.5 are 

observed. It is expected that the smallness of grain size of 

this film caused a shift towards higher energy in the positions 

of the free exciton peaks. The new positions are those of the 

merged peak of the A and B free excitons which corresponds 

to 2.551 eV (486 nm) and that of the C free exciton peak 

which corresponds to 2.602 eV (476.5 nm). Hence the 

separation between the two peaks is 51 meV. The presence 

of the 499 nm peak (merged A and B free excitons in Fig.5a, 

may be due to a small density of larger grains such as those in 

the film of Fig.5a. This means that there are different sizes of 

crystallites in the film that produce different sets of exciton 

peaks. The peak at 534 nm (which corresponds to 2.322 eV is 

a hidden peak) represents the cut-off wavelength of the 

zinc-blind phase. These results are consistent with the 

explanation given before about the absorption edge of this 

film in discussing Fig.4. So, the bandgap energy of the 

zinc-blind phase from this figure is approximately 2.322 eV 

which is consistent with the value obtained by Fangyang Liu 

et. al [34] for CdS thin films prepared by chemical bath 

deposition (CBD) where they got sub-band gap of 2.30–2.34 

eV at deposition temperature below 75°C and assigned it to 

the cubic phase. 

In Fig.5c two strong minima at 499 and 483.5 nm (i.e. 

2.485 and 2.565 eV) are observed, which are the same as 

those in Fig.5a. So they are assigned to the merged A and B 

free exciton peaks and the C free exciton peak. The energy 

separation of these peaks is 80 meV. Similar to the film of 

Fig.5a, there is no minimum corresponding to the zinc-blind 
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phase in this film. 

In Fig.5d a strong minimum at 498.5 nm (2.487 eV) 

-which is approximately the same observed in Fig.5a-c- is 

seen beside a set of weak minima in the higher energy side. 

Depending on the energy separation between the peaks, this 

peak was assigned to the merged peak of the A and B free 

excitons and the one at 487.5 nm (2.544 eV) was assigned  

to the C free exciton peak. Hence the energy separation 

between them is 57 meV. Also this film did not show a  

peak related to the zinc-blind phase and hence it has 

approximately just a wurtzite structure such as the films in 

Fig.5a and c. 

Ando et. al [35] gave the known A, B, and C exciton 

energies as 2.554 eV, 2.569 eV, and 2.632 eV in bulk CdS 

crystals at 4.2 K, respectively. These values are larger than 

the values obtained in this work. A main reason is that those 

of the bulk are given at 4.2 K while these values are obtained 

at room temperature, where location and intensity of exciton 

peaks depend on temperature [36]. Ando et. al [35] obtained 

two peaks for CdS nanocrystals in Al2O3 matrices formed  

by sequential ion implantation at 2.611 and 2.681 eV 

respectively where they ascribed the first one to the merged 

A and B exciton peaks and the second to the C free exciton 

peak. The larger values obtained by Ando et. al [35] are due 

to quantum size effect of nanocrystals.  

The values that obtained in Fig.3b are close to the values 

obtained by Dułak and Męczyńska [37] for CdS thin films of 

thickness 700-900 nm prepared by the SP technique where 

they studied the optical properties of the excitonic region as a 

function of ph. They [37] found the best values of the three 

characteristic exciton peaks of CdS at ph = 5.7 and peak A is 

at 487.5 nm, peak B at 484.4 nm, and peak C at 472.5 nm. 

Also they found that the position of the C peak was shifted 

by 1.5 nm with respect to the single CdS crystal.  

From these results the average energy separation between 

the merged A and B free exciton peaks and the C free exciton 

peak is 67.5 ± 15.8 meV. The large error is due to the overlap 

of the different peaks beside the quantum size effect which 

made a shift of the positions as mentioned before. This value 

is in good agreement with the known value for the difference 

between B and C free exciton energies in the bulk CdS which 

is 63 meV. On the other hand, it is closer to the separation 

between the mean energy of the A and B excitons and the C 

exciton energy in bulk CdS crystals which is 70.5 meV. 

4. Conclusions 

Indium doped cadmium sulphide thin films were produced 

on glass substrates by the spray pyrolysis technique. XRD 

diffractogram showed that the films have predominantly 

wurtzite structure. SEM micrographs showed that that the 

films are polycrystalline with grains of deformed hexagonal 

and cubic shapes. EDS report showed that the films are 

cadmium rich and contain indium. The second derivative of 

the absorbance was used to detect the peaks in the absorption 

spectrum. The merged A and B free exciton peak and C free 

exciton peak of the hexagonal phase were observed and their 

energies were deduced and compared with those obtained by 

different authors. The separation between the merged A and 

B free exciton peaks and that of the C free exciton peak was 

calculated and found to be in good agreement with that of the 

bulk and with that obtained by different authors. The 

bandgap energy of the zinc-blined was obtained and found to 

be in good agreement with that in the literature. 
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