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Abstract Present study expounds how post-deposition

annealing affects the various structural and optical proper-

ties of CdS thin films deposited by chemical bath deposition

technique. The structural and morphological changes have

been observed by X-ray diffraction (XRD), field emission

scanning electron microscopy, Transmission electron

microscopy and atomic force microscopy studies; however,

the optical and electrical properties of the as deposited and

annealed films were studied by UV–Vis spectroscopy and

four probe method, respectively. The energy dispersive

X-ray analysis confirmed that all as-deposited and annealed

films showed almost stoichiometric composition. XRD

pattern of the thin films clearly shows the transformation

from the cubic structure to the hexagonal structure induced

by annealing. The band gaps of the as deposited films were

found in the range of 2.41–2.47 eV, while after annealing it

decreases due to the decomposition of hydroxides. The

electrical resistivity found to decrease approximately 10

times after annealing the as-deposited CdS thin films.

1 Introduction

It is well known that crystalline silicon solar cells have

good efficiency, but their uses are restricted due to the high

cost. Hence, the efforts were done to develop new tech-

nology which is cost efficient; this led to the idea of Thin-

film solar cells. Thin-film solar technology offer several

advantages over traditional silicon panels such as less

bulky and easy incorporation into existing structures.

Amongst all the thin film solar cells CIGS (Cu(In,Ga)Se2)

is one of the most promising materials because such pho-

tovoltaic module having several key features for example

high efficiency, stability, low cost and adaptability to var-

ious applications [1]. Recently, the record efficiency for

CIGS cells is close to 21.7 %, which has been achieved by

Centre for Solar Energy and Hydrogen Research group,

ZSW [2]. During the manufacturing of these solar cells, the

p-n heterojunction is formed by depositing a thin n-type

buffer layer of CdS which plays an important role.

CdS films have been prepared by various techniques such

as sputtering [3], MOCVD [4], close space sublimation

(CSS) [5, 6], chemical bath deposition (CBD) [7–9], spray

pyrolysis [10], pulsed-laser deposition [11] etc. Among all

those methods, CBD is most widely used deposition tech-

nique for CdS thin films. Themain interest in depositing CdS

via CBD, stems from the fact this growth method yields

stable, adherent and hard CdS films with good repro-

ducibility [12]. Beside, there is no sophisticated instrumen-

tation needed and the synthesis of the films is very simple.

In spite of the deposition technique, the quality of the

deposited films and optimization of the deposition process

is still an open subject. Several studies have been carried

out to produce CdS thin films with good optoelectronic

properties appropriate for photovoltaic devices. For the

above mentioned purpose, few necessary properties for the
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CdS thin films are: (1) high transparency (2) not too thin to

avoid the short circuiting and high conductivity.

Many research groups have studied and demonstrated

several CBD procedures to produce CdS thin films. In fact

most CBD depositions have been carried out at temperatures

and pH between 70–90 and 10–12 �C, respectively [8, 13,

14]. However, CdS films deposited by CBD tend to form the

cubic phase, having poor crystalline quality. Hence, the

crystalline quality and other properties can be improved by

the annealing treatment. In last some years, many groups

have reported the improved properties of the CdS thin films

by annealing in different atmospheres [15, 16]. Recently,

Han et al. [17] have reported the annealing effects on the

chemical deposited CdS films and found that the perfor-

mance of the solar cell increases when CdS is annealed with

oxygen as compare to the CdS is annealed with argon–hy-

drogen. Recently, exciton dynamics of CdS films have been

investigated using ultrafast laser spectroscopy by Cooper

et al. [18] while structural, optical andmagnetic properties of

Ni-doped CdS thin films have been studied by Premarani

et al. [19]. Also, a composite window layer of the sandwich

structure containing CdS/ZnS multilayer for CdTe thin film

solar cell has been designed by Liu et al. [20].

The present work describes the deposition of CdS thin

films via CBD at four different deposition temperatures

(70, 75, 80 and 85 �C) and elucidates the improvement in

CdS thin films by annealing in air atmosphere. The evo-

lution of the optical, structural, morphological and elec-

trical properties of the annealed films have been studied by

energy dispersive X-ray analysis (EDS), X-ray diffraction

(XRD), UV–visible spectroscopy, field emission scanning

electron microscopy (FE-SEM), transmission electron

microscopy (TEM), atomic force microscopy (AFM) and

four probe method.

2 Experimental

2.1 Chemical bath deposition

All the chemicals have been purchased from Sigma Aldrich

having purity C99.0 %. CdS films were deposited on soda

lime glass substrates of size 76 mm 9 16 mm 9 1 mm.

The cleaning of the glass slides is most important part,

before it is used as a substrate for the film deposition. Glass

substrates were cleaned in an ultrasonic water bath for

20 min and then dipped in HCL and acetone for 5–10 min

independently. Finally, slides were rinsed with DI water

and dried in oven before use as substrate.

A substrate Holder was made such that four substrates

can be introduced at a time with their back sides facing each

other into the chemical bath solutions. The deposition

arrangement consisted of a water bath on a hot plate. We

used a 300 ml borosilicate glass flat bottom beaker

(100 mm diameter) for CdS deposition. The CdS thin films

were deposited onto glass slides from an aqueous chemical

bath containing 0.06 M cadmium sulfate (CdSO4�5H2O),

0.12 M thiourea (CS(NH2)2), and 1.74 M ammonia (NH3).

Here, CdSO4 and CS(NH2)2 were used as a sources of Cd

and S, respectively while ammonia was used as complexing

agent. The pH of the solution was adjusted and fixed to 11

by adding the ammonia solution drop wise to the CdSO4

solution, and then thiourea was added to it. Immediately

after the addition of thiourea, the pre-cleaned glass sub-

strates were vertically immersed into the chemical bath

solution. The reactions were carried out at temperatures 70,

75, 80 and 85 �C, for 80 min. The mixture was stirred

continuously at 200 rpm during the deposition process. At

the end of the deposition process, the substrates were

removed from the chemical bath. The deposited CdS films

were washed ultrasonically to remove the loosely adhered

CdS particles on the film and finally dried in air. To observe

the effect of annealing, the films were heat treated at 400 �C
for 20 min in air, in furnace.

2.2 Characterizations

The structural characterization of the films was carried out

by the X-ray diffraction (XRD) technique using D8

advance (Bruker). The operating conditions were as fol-

lows: target Cu-ka1, voltage 40 kV, current 40 mA, scan

range 10�–60�, step size: 0.02�. The films grain size was

estimated from the XRD pattern analysis. The transmission

spectra were recorded in the range of 350–1100 nm by a

UV–visible–NIR spectrophotometer (SPECORD� 210

plus, Germany). The surface morphology of the CdS films

were analyzed by FE-SEM (Model: Sigma, Carl Zeiss),

HRTEM (Model: JEOL 2010) and AFM (Model: MFP 3D,

Asylum Research). Thickness of the films was measured by

surface profiler (Model: XP-1, Ambios Technology) having

1A� resolution. The four point probe method (Keithley

2400 source meter) was used to measure the resistivity of

the as deposited as well as annealed CdS thin films. In

order to perform the resistivity measurements, the samples

were first cut into 1 cm 9 1 cm squares and silver contacts

were given at each corner of the film. All contacts were

tested prior to measurement.

3 Results and discussion

3.1 Film growth and composition analysis

The formation of the CdS takes place mainly through two

processes: (1) heterogeneous nucleation (on the glass sur-

face) and (2) homogeneous nucleation (in the solution due
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to the spontaneous precipitation of CdS). The homoge-

neous deposition is highly undesirable since it results the

formation of powdery and non-adherent films. The rate of

CdS formation can be controlled by bath temperature and

pH of the solution. For good quality films, heterogenous

process is highly desirable, in which adsorption of Cd2?

and S2- ions takes place. The reactions for both the pro-

cesses are given as follows:

Cd2þ þ S2� ! CdS ðheterogeneous nucleation)

Cd NH3ð Þþ2
n $ Cdþ2 þ nNH3 ðhomogeneous nucleationÞ

nCdþ2 þ 2n OHð Þ�! Cd OHð Þ2
� �

n

Cd OHð Þ2
� �

n
þ nS2� ! nCdSþ 2nOH�

All the as-deposited films were mostly yellow in color,

smooth and adherent; scanning electron micrographs

showed uniform microstructure of the film surface. It was

observed that the thickness slightly increases after annealing.

Thickness of as deposited films was found to be in the range

of 70 nm while after annealing it was found 80 nm.

The EDS technique was used to estimate the composition

of the as deposited and annealed CdS thin films. Figure 1

shows the average atomic ratio of Cd/S as a function of

deposition temperature. It can be observed that Cd/S ratio

varies in the range of 1.11–1.13 in as deposited CdS thin

films while after annealing the Cd/S ratio increases and

varied from 1.18 to 1.21. Cortes et al. [21] have also

observed Cd/S ratio approximately 1.2 in CdS thin films

annealed at 450 �C. The increase in Cd/S ratio indicates that

sulfur vacancies are created which can be due to the coex-

istence of CdS with other cadmium compounds, which are

also intermediates or products of the CBD reaction [22].

3.2 Structural properties

The XRD patterns of the films (as deposited and annealed)

at different deposition temperatures are shown in Fig. 2a, b.

Figure 2a belongs to the as deposited CdS films whereas

Fig. 2b belongs to the similar samples after annealing in air

at 400 �C for 20 min. The spectra were obtained by scan-

ning 2h in the range 10–60�, with a step resolution equal to

0.02�. The identification and assignments of the observed

diffraction patterns were made using the JCPDS data and

reported literature [23]. As is well known, CdS can exist in

two crystalline modifications: the hexagonal (wurtzite)

phase and the cubic (zincblende) phase. For solar cell

application, hexagonal CdS films are preferable due to its

excellent stability [24]. The results of X-ray analysis agreed

well with the earlier reported results [8, 23]. In Fig. 2a, the

diffraction patterns showed three diffraction peaks at 26.7�,
44.3�, and 52.3� which correspond to the (111), (220), and

(311) planes of the cubic CdS structure. In addition, peaks

with peak intensities are seen at 24.77�, 28.18� and 48.02�
which are ascribed to the hexagonal phase of CdS. This

indicates the coexistence of both the cubic phase and the

hexagonal phase in the as deposited films. The integrated

areas under the most intense peaks of both the phases were

calculated and it was seen that the percentage of the

hexagonal phase varies from 13 to 18 % for the as prepared

films. The intensity of the hexagonal phase was seen to

increase after annealing the films at 400 �C. Areas were

calculated similarly and it was seen that the percentage of

the hexagonal phase varied from 27 to 33 %. It is well

known that the hexagonal phase is thermodynamically more

stable, and invariably forms if the cubic phase is heated

above 300–400 �C. The low-temperature chemical deposi-

tion method therefore can allow the formation of the cubic

phase, and this phase is commonly obtained in chemically

deposited CdS films. Very often, a mixture of wurtzite and

zincblende phases has been reported in the literature.

It is worth noting that the broadening of the XRD

diffraction peaks can be due to the crystallite grain size and

(or) to the stress in the grain. The crystallite size (D) of the

grains can be estimated from the full-width half-maximum

(FWHM) values of the diffraction peaks. An average

crystallite size (D) in the films has been evaluated by using

Scherrer’s formula [25].

D ¼ Kk
b cosðhÞ ; ð1Þ

where K is a constant (0.94), k the wavelength of the X-ray,
b broadening of diffraction line measured at the half of its

maximum intensity (in radian), and h Bragg’s diffraction

angle. The variation of the measured grain size of as

deposited and annealed CdS thin films with the deposition

temperature is reported in Fig. 3. It can be seen from

70 75 80 85
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Fig. 1 Atomic ratio of Cd/S for as deposited and annealed CdS thin

films
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Fig. 3, the grain size decreases with the increasing depo-

sition temperature. Such behavior has also been observed

by Wenyi et al. [13] in CdS thin films deposited at different

temperatures. Reduction in the grain size with the

increasing deposition temperature indicates that the

smoother surface morphology could be obtained with ele-

vated temperature as pointed out before [13].

The dislocation density (d), which gives direct infor-

mation about the defects in the crystal structure, can be

calculated using the relation [29, 30]

d ¼ 1

D2
; ð2Þ

The dislocation density is defined as the ‘‘length of dislo-

cation lines per unit volume of the crystal,’’ and higher

values of d indicate lower crystallinity levels for the films.

Furthermore, the number of crystallites per unit area (N) is

calculated by using the formula:

N ¼ t

D3
; ð3Þ

where t is the thickness of the films. The variation of the

calculated d and N of as deposited and annealed CdS thin

films with the deposition temperature is shown in Fig. 4. It

can be seen that both the parameters d and N increases with

the deposition temperature which gives the indication that

by increasing the deposition temperature the defects are

increasing. However; significant reduction in both the

parameters (d and N) can be observed by heat treatment or

annealing of the as deposited films. Hence, one can con-

clude that annealing improved the properties of the CdS
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thin films, which will be confirmed in subsequent sections

by further studies and discussions.

3.3 Optical properties

The optical transmittance spectra of (a) as deposited and

(b) annealed CdS thin films, in the wavelength range of

350–1100 nm, are shown in Fig. 5. It can be clearly

noticed that all the CdS films (as-deposited and annealed)

showed good optical properties with high transmittance

([80 %). The transmittance of the films was found to be

slightly decreasing after annealing;- which may be because

of increased roughness of the films which causes scattering

of light [26]. In conclusion, all the films have high trans-

mission in the visible region, so that these films could be

used as the buffer material in solar cells.

Furthermore, the absorption coefficient a of the thin

films was calculated from the transmittance spectra using

Beer-Lambert’s law. The variation of the coefficient of

absorption with the wavelength energy was used to cal-

culate the film optical gap Eg. A plot of (ahm)2 and photon

energy (hm) is shown in Fig. 6a, b for the as deposited and

annealed CdS thin films. The linear dependence of (ahm)2

with hm was indicative of the direct band gap material. The

band gap energy Eg was determined by extrapolating the

straight line to the energy axis whose intercept to the x-axis

gives the optical band gap.

The calculated band gap energy of the as deposited CdS

films was found in the range of 2.41–2.47 eV, which is in

good agreement with the reported literature [8, 21, 23]. On

the other hand, decrease in the band gap values have been

observed in the annealed thin films as compare to the as-

deposited CdS films. The probable reason may be during

annealing temperature decomposition of hydroxides, which

reduce the bandgap, similar observation have been recently

reported by Ahmad et al. [23].

3.4 Surface morphology

Morphology of the as deposited and annealed films were

studied by AFM and FE-SEM. However the TEM analysis

was used to confirm the particle size of the deposited

nanocrystals. The AFM images are shown in Fig. 7(i) as

deposited CdS films (a–d) and (ii) anealeled CdS films (e–h).

It can be seen thatwith increase in deposition temperature the

CdS films showed the smoother and compact structure [see

Fig. 7(i) (a–d)]. This can be because of increased nucleation

and deposition rates, with increasing deposition tempera-

tures [8]. Figure 7(ii) (e–h) shows the globular morphology

Fig. 5 UV–visible

transmittance spectra of the CdS

films a as deposited films,

b annealed at 400 �C with

various deposition temperatures

Fig. 6 Optical band gap for

a as deposited CdS films

b annealed CdS films
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of the CdS films after annealing. The particles form aggre-

gates because of coalescence of small grains to form spher-

ical clusters. Thus annealing causes strain relaxation and

creation of pinholes [7]. After annealing particles adopted

sharper edges and increased grain size than as deposited films

[21]. The roughness values of the CdS films on 25 lm2 area

are given in Table 1. Slight decrease in the roughness values

were observed with increasing the deposition temperature,

which is consistent with the reported literature [13]. How-

ever; the roughness values increased remarkably after

annealing because annealing acts as thermal etching of the

film surface [27]. During annealing agglomerated particles

are formed due to coalescence of small grain together, this

also led to increased roughness value [21].

The TEM images of annealed CdS films (deposited at

70 �C) are shown in Fig. 8a, b. The particle sizes obtained

from the micrograph is about 30 nm which is in good

agreement with the sizes calculated from Scherrer equa-

tion. A close-up of the particle shows a deviation from

spherical shape which might be a result of fast nucleation

and growth of the CdS nanoparticles on the surface of the

surface.

The SEM images of as deposited and annealed CdS

films at different deposition temperatures are shown in

Figs. 9, 10. It can be seen that as grown films are uniform

and having spherical morphology of CdS particles. The

coverage area increases with increase in deposition tem-

perature. Annealing the films in air atmosphere causes

some small pores to appear which may be due to release of

hydroxide molecules from the film at high annealing tem-

perature, subsequently results structural change as well as

changes in the crystalline property of the film. Annealing

of CdS thin films above 300 �C and subsequent pores

formation have been reported previously [23, 27]. It has

also confirmed with the XRD that phase transformation

(cubic to hexagonal phase) in CdS thin film takes place

after higher temperatures annealing, this may also con-

tribute in formation of pores [28].

3.5 Electrical properties

The electrical resistivity of as deposited and annealed CdS

thin films have been measured using four point probe

method. The obtained results are shown in Fig. 11. It can

be noticed that electrical resistivity of the films decreases

with increase in the deposition temperature however the

significant decrease in resistivity can be observed after

Fig. 7 AFM images of CdS films deposited at 70, 75, 80 and 85 �C. (i) As deposited CdS films (a–d) and (ii) annealed CdS films (e–h)

Table 1 Roughness of CdS films deposited at different temperatures

before and after annealing

Sample name ( �C) Roughness (nm) as

deposited CdS films

Roughness (nm) after

annealing CdS films

CdS-70 8.9 27.4

CdS-75 6.8 18.5

CdS-80 5.1 13.8

CdS-85 4.6 11.2
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annealing the as deposited CdS thin films. Resistivity of as

deposited films found to be in the range of 3.3 9 105 to

9.4 9 104 X-cm, our measured values of resistivity are

well in agreement with the reported literature [14]. The

resistivity further decreases approximately to 10 times after

annealing the as-deposited CdS thin films, which indicates

the remarkable enhancement of electrical conductivity after

annealing. The increased conductivity after annealing can

be related to increased Cd/S ratio. As it is known that

annealing of CdS films increases the density of sulfur

vacancies, subsequently the Cd/S ratio of the films

increased. Increase in the carrier concentration due to the

increase in the density of sulfur vacancies after annealing

above 300 �C has been recently reported by Ahmad et al.

[23]. In conclusion, electrical conductivity of the CdS films

can enhanced by heat treatment at appropriate temperature.

Fig. 8 HR-TEM images of

after annealed as deposited

a 70 �C CdS films b Enlarge

view of the film

Fig. 9 FE-SEM images of as deposited CdS films at a 70 �C, b 75 �C, c 80 �C and d 85 �C
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4 Conclusion

The structural, morphological, electrical and optical prop-

erties of chemically bath deposited films were investigated.

The effect of annealing and deposition temperature on

these films characteristics have been thoroughly studied

and found that annealing may improve all the properties of

the as deposited films. XRD patterns of these films clearly

show the transformation of CdS film from the cubic

structure to the stable hexagonal structure. All the films

grown at different deposition temperatures had very good

transmittance. The band gaps after annealing found to

decrease due to decay of hydroxides. The electrical con-

ductivity after annealing the as-deposited thin films found

to increase; the sulfur vacancies are mainly responsible for

contributing carriers for conduction.
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