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Abstract. In this study, cadmium sulphide (CdS) thin layers are deposited at different deposition time periods
(2.5, 3.5 and 5 h) on glass substrate by chemical bath deposition (CBD) technique at 60◦ C. The Seebeck effect, XRD
and Raman spectra, SEM images and EDX analysis indicated the formation of n-type, amorphous nanograins, with
relatively low sulphur deficiencies. The optical characterisations showed that the optical band gaps of the layers are
varying in the range of 2.10–2.30 eV, as a result of band tail width originated from the sulphur vacancies acting as
native donor-like levels distributed close to the conduction band edge, consistent with the EDX analysis. We also
found that through the annealing treatments, the diameters of the nanograins are increased, the crystallinity of the
layer has improved, and more importantly its electrical conductivity has largely increased (∼ 8 times), which is
very important in CdS-related heterostructure photovoltaic applications.
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1. Introduction
Cadmium sulphide (CdS) is a very important II–VI
group element semiconductors with a direct gap width
of about 2.42 eV at room temperature [1]. Therefore, it
is a good candidate for commercial photocatalyst and
also optoelectronics devices, such as visible range photodetectors [2], optical filters [3], multilayer LEDs [4],
photodiodes [5] and phototransistors [6]. According to
the published articles [7–9] this material could grow
in hexagonal and/or cubic structures, depending on the
growth conditions. CdS is also utilised widely as window layers in solar cells [10]. There are various methods
for the preparation of CdS layers: sol–gel [11], spin coating [12], chemical bath deposition (CBD) [13], physical
vapour deposition [14], thermal evaporation [15], spray
pyrolysis [16] and RF magnetron sputtering [17,18].
Among these, CBD offers various advantages such as
simple manufacturing process without vacuum necessity, low deposition temperature and low cost. A few
studies, in fact only three, have reported the effect of
deposition time on physical properties of CdS films
prepared by CBD method, using different Cd source
materials. Among these, Maghouli and Eshghi [19] studied the effect of deposition time (30–50 min) using
0123456789().: V,-vol

0.033 M cadmium acetate (Cd(OOCCH3 )2 · 2H2 O) and
0.067 M thiourea (H2 NCSNH2 ). Ammonia solution
(NH4 OH) was also added in order to achieve pH=11. In
this research, the bath temperature was relatively high,
about 90◦ C. They found that by increasing the deposition time, the grain diameters are decreased from about
100 to 60 nm. The XRD patterns showed that all layers have single cubic phase along (111) direction, and
by increasing the deposition time the crystallinity of
the layers are gradually degraded. From the photoluminescence spectra, they found various emission peaks
between 540 and 728 nm, with peaks of moderate height
(around 540–623 nm), related to the sulphur vacancies (VS ), acting as band tails close to the conduction
band edge; and also the higher peak intensities around
630 nm, belonging to interstitial Cd (ICd ) and cadmium
vacancies (VCd ) as deep defect levels in the band gap.
Moualkia et al [20] studied the effects of deposition
time (15, 30, 60 to 90 min) and temperature (55 to
75◦ C) on the optical and structural properties of CdS thin
films, using cadmium sulphate (CdSO4 ) and thiourea
(CS(NH2 )2 ) as Cd and S sources in the bath solution,
respectively. They found a phase transition from cubic,
for 15 min deposition time samples, to a combination
of cubic and orthorhombic for longer time (beyond 30
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Figure 1. SEM images from top and cross-section views; also EDX spectra of the layers, respectively: S1 (a,b,c); S2 (d,e,f);
S3 (g,h,i).

min). They also found that by increasing the deposition
time, the crystallite sizes of their samples were increased
(35.2–69 nm). Liu et al [21] investigated the effect of
deposition time using microwave-assisted chemical bath
deposition for the fabrication of CdS thin films. In this

research, they studied the grown layers with varying
deposition time (5 to 30 min) and microwave powers
(200 and 300 W). The main materials in their chemical solution were: cadmium chloride (CdCl2 · 2.5H2 O)
and thiourea. Also in order to achieve a bath solution of
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Figure 2. Seebeck effect in the studied samples.
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pH = 12 they used ammonia solution (NH3 ·H2 O). They
found that microwave irradiation plays a crucial role in
the film growth and the formation of micro/nanobinary
structures. In addition, the intensities of the diffraction
peaks were increased by extending the reaction time
under microwave irradiation.
In this study, CdS thin layers are deposited on the
glass substrate by CBD technique and compared to other
related works using cadmium acetate as the main Cd
source [19]. We have investigated the physical properties of the synthesised layers at relatively longer
deposition time (2.5–5 h) and colder bath temperature
(i.e. 60◦ C). We have also examined the influence of
annealing process on morphology and electrical properties of the sample with the best chemical stoichiometry
(i.e. closer to the ideal elemental proportionality).
2. Experimental details
Cadmium sulphide (CdS) thin layers were deposited
on glass substrate by CBD technique. Substrates were
washed with water and soap and placed in the beaker
with ethanol, acetone and distilled water in an ultrasonic device. The chemical solution contains 25 ml (2.4
mM) cadmium acetate (Cd(CH3 COO)2 ·2H2 O), 25 ml
(6 mM) thiourea (H2 NCSNH2 ) and 25 ml of ammonia
solution (NH4 OH) in order to achieve pH = 11. Bath
temperature was kept at 60◦ C. The thin layer formation process is expected to occur during the following
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Figure 3. The XRD patterns of the grown layers.

reactions [8]:
2+
+ 4NH3
Cd(NH3 )2+
4 → Cd

(1)

SC(NH2 )2 + 2OH → S
Cd2+ + S2− → CdS.

(2)
(3)

−

2−

+ CH2 N2 + 2H2 O

Different deposition time periods: 2.5, 3.5 and 5 h
(labelled as: S1, S2 and S3, respectively) were first
studied as variable parameters. Subsequently, S1 was
annealed at 400o C for 1 h in the air atmosphere (labelled
as S1-400).
The surface morphology of the fabricated layers was
determined by a VEGA\\TESCAN-XMU SEM device.
For structural properties we used a D & Advance-Bruker
X-ray diffractometer using CuKα wavelength radiation
(0.15406 nm). For further investigation of the structural
properties of the grown samples, Raman measurements
were carried out with an excitation wavelength of 532
nm. The optical spectra (absorbance and transmittance)
of the samples were measured using Shimadzu-1800
spectrophotometer in the wavelength range of 300–1100
nm. Finally, electrical properties (I –V characteristics)
were studied by PGS 2065 system, under dark and room
temperature conditions.
3. Results and discussion
3.1 The effect of deposition time

Table 1. The EDX analysis of the studied samples.
Sample
S:Cd (at.%)
[S:Cd]
Deviation
from ideal
stoichiometry

S1

S2

S3

5.92:6.60
0.9:1
Minimum

4.34:5.19
0.84:1
Maximum

9.42:10.83
0.87:1
Medium

3.1.1 Surface morphology and EDX analysis. Figure 1
shows the top and cross-section views of SEM images of
the studied CdS layers. According to these images, with
increasing the deposition time (a) the surface of the layers are covered with nanograins, while their diameters
are increased (from about 45 to 55 and 80 nm, respectively), (b) the surface porosity and roughness of the
layers are increased and (c) the thicknesses of the layers
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Figure 4. Raman spectra of (a) S1, (b) S2, (c) S3 and (d) all three samples.

S2
S1

90

S3

85
80
75
70

400

600

800

1000

Wavelength (nm)

(b)

0.10

S3

0.05

S1
S2

0.00

400

600

800

1000

Wavelength (nm)

Figure 5. (a) Optical transmittance and (b) absorbance spectra in the studied layers.

are gradually increased (from about 490 to 530 and 950
nm, respectively).
Figure 1 (the right column) shows the EDX spectra and table 1 represents the measured and normalised
atomic percentages (at.%) of the elements in the layers
(it should be noted that the contributions of Si and O
atoms as the chemical compositional elements of glass
substrate are not mentioned here). As it is clear, compared to ideal elemental proportionality ratio in CdS
composition (i.e. 1:1) all grown samples suffer from sulphur deficiencies. According to other reports [2,7,22]

in this material, VS plays as localised energy states
close to the conduction band edge (CBE), resulting in
n-type semiconducting character in CdS layers [2]. Our
Seebeck effect measurements (figure 2) confirmed the
n-type conductivity of these layers. As expected from
Seebeck theory, in general the Seebeck coefficient is
inversely proportional to the carrier concentration [23].
Based on the measured data, the Seebeck coefficients
for the grown samples (i.e. S1, S2 and S3) are: ∼ 1.75 ×
10−3 , 4.75×10−4 and 9.75×10−4 mV/C◦ , respectively,
which are consistent with the EDX analysis (table 1).
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Figure 6. (a), (b) and (c) variation of (αhυ)2 vs. hv in the studied samples; (d) band-gap variations (± 0.02) vs. deposition
time.

Figure 7. SEM images of the as-grown layer S1 (a,b) and S1-400 (c,d) in two different scales. The insets show the cross-section
views, used for thickness estimation.
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Figure 8. (a) XRD and (b) Raman spectra of S1 and S1-400.

spectra in the transparency range can be mainly controlled by the thickness and surface roughness of the
layers, which are evident by the SEM images (figure 1).
Using the absorbance (A) spectra, the absorption
coefficient (α) of the sample is obtained using the equation:
α = 2.303A/t,
(4)
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Figure 9. I −V characteristics of S1 and S1-400 samples
before and after annealing. For more clarity, the inset shows
the data in a closer look.

3.1.2 Structural properties. X-ray diffraction patterns
were used to study the structural properties of the samples (figure 3). Based on these results, all the three
samples have amorphous structures. This could be due
to the relatively low growth temperature (60◦ C) of the
layers inside the bath.
Figure 4 shows the Raman spectra of the samples.
All samples show a broad peak, related to the interaction of light with the longitudinal optical phonon
modes (1LO), which are located at 298.3, 296.8 and
299.5 cm−1 , respectively. The slight shift in the peak
position can be attributed to the difference in the
induced microstrains between the chemical bonds of the
layers [24].
3.1.3 Optical properties. Figures 5a and 5b show the
UV–Vis transmittance and absorbance spectra of the
studied layers, respectively. According to these results,
in the transparency range (above 580 nm) the transmittance of the layers is more than 80% and the absorbance
data confirm the presence of a step-like shape around the
absorption edge (∼ 580 nm). The vertical order of these

where t is the thickness of the layer. The direct optical
band gap (E g ) of the studied samples was then calculated using Tauc relationship:


(5)
(ahv)2 = B hv − E g ,
where hv is the photon energy and B is a constant. The
direct band gaps of the grown materials are determined
by extrapolating the straight-line portion to the energy
axis, i.e. (ahv)2 = 0. The details of the analysis are
shown in figures 6a–6c and the final result is plotted
in figure 6d. The V-like shape variation of E g in these
samples are well matched with the band-tail width variations originated from the VS acting as donor-like levels
close to CBE, as confirmed by EDX spectra of the samples (table 1). Based on these data, S1 with minimum
VS has the highest band gap and S2 with maximum VS
concentration has the lowest band gap.
3.2 The annealing effect
As per the aforementioned results (table 1), the S1 sample with minimum VS concentration (i.e. closer to the
ideal elemental proportionality) was selected for the
annealing study. The idea behind this process was to
achieve a reorganised lattice leading to a crystalline
ordered film, and also a higher electrical conductivity,
which is a very important property in many electronics
and optoelectronics thin film device applications. On the
basis of Metin and Esen report [25], some of the sulphur
leaves the film at temperatures higher than 375◦ C. This
effect will tend to produce non-stoichiometric film, i.e.
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Figure 10. Optical transmittance (a), absorbance (b) spectra of the studied layers before and after annealing process; (c)
details of band-gap determination.

Cdx S1−x where x > 0.5, and therefore improves the
electrical conductivity of the film. Accordingly, S1 was
annealed at 400◦ C for 1 h in air ambient furnace, and
labelled as S1-400. Figure 7 shows the SEM images
of this layer, before and after annealing. According
to these images, after annealing, not only the roughness of the surface, but also the constituent grain sizes
are slightly increased from 45 to 55 nm, which is
consistent with other reports [25,26]. Based on crosssection images, it is clear that annealing process has
not changed the thickness (∼ 530 nm) of the layer
considerably.
For the structural study of the films, the XRD and
Raman measurements were carried out (figure 8). Figure 8a shows the XRD patterns (JCPDS card No.
06-0314) of S1 and S1-400. Despite the amorphous
structure in S1, after annealing it is improved to a polycrystalline hexagonal phase with characteristic peaks
positioned at 24.830, 26.450, 28.218 and 51.879o corresponding to (100), (002), (101) and (112) directions,
respectively. Figure 8b shows the Raman spectra of the
studied sample. As it is clear after annealing, the broad
characteristic peak at ∼ 298.3 cm−1 in S1 has sharpened
and blue shifted (∼ 297.0 cm−1 ), which is a sign for a

better crystallinity of the layer, consistent with the XRD
patterns. This shift could be attributed to induced strains
between the bonds and also grain dimensions (i.e. the
grain size effects) on the vibrational properties [27–30].
It should be noted that neither XRD nor Raman spectra show any sign for CdO structure in S1-400, after
annealing.
For studying the layers from the point of view of
electrical properties, the current–voltage (I –V ) characteristics of the samples were studied in the ±1 V voltage
range in dark conditions (figure 9). These results indicate that the resistivity of the as-grown layer (i.e. S1)
is about 16 M, which after annealing, is considerably
reduced (∼ 0.2 M) (about 8 times). This increment in
electrical conductivity of S1-400 layer could be due to:
(1) higher mobility of the carriers as a result of bigger
grain sizes and improvement in the crystallinity of the
layer; (2) higher amount of free carriers, as a result of
variation in stoichiometry of the material due to VS sites
in the lattice [25].
Figures 10a and 10b show the optical transmittance
and absorbance spectra of S1 and S1-400, respectively.
As is clear, in the transparency range, S1-400 has
lower transmittance and higher absorbance, compared
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to S1. These variations can be explained by considering
higher surface porosity and also higher scattering centres due to higher amount of VS sites after annealing.
It is well known that a layer with high surface porosity and defect sites can lead to higher photon scattering
events than one with a flatter surface and lower defect
content.
Using the absorbance spectra data (A) in eq. (4), the
direct band gap (E g ) of sample S1-400 was then evaluated by Tauc relationship (eq. (5)). The details of this
analysis are shown in figure 10c. According to these
results, the direct band gap is decreased from 2.30±0.02
in S1 to 2.10 ± 0.02 eV in S1-400. This reduction
is due to the increment of the defect-related band tail
width which is well matched with I −V data of the
samples (figure 9). For further confirmation, we have
calculated the widths of the tails using Urbach empirical
rule [31]:
α = α0 exp (hv/E U ) ,

(6)

where α is the absorption coefficient, α0 is a constant and
E U is the Urbach energy (i.e. band tail width). Taking
the logarithm of the two sides of the last equation, one
can get a straight line equation:
ln α = ln α0 + hv/E U .

(7)

Therefore, E U can be deduced from the slope of the
straight line of plotting ln(α) against the incident photon energy (hν). Our calculations showed that this
quantity is about 0.47 and 0.72 eV in S1 and S1-400,
respectively.

4. Conclusions
In this study, we have deposited the nanostructured cadmium sulphide (CdS) thin layers on glass substrates by
CBD technique at different deposition time periods (2.5,
3.5 and 5 h). The SEM images indicated the formation
of nanograins on the surface of the samples. Both the
grains sizes and thicknesses of the layers are increased
with deposition time. The XRD spectra of samples indicated that all three samples have amorphous structures.
The thermoelectrical characterisations (Seebeck effect)
revealed n-type electrical conductivity in these samples.
Considering the EDX data, it is found that variations of
the direct band gap of the layers are controlled by band
tail width originated by VS sites. Annealing process on
S1, with highest chemical composition stoichiometry,
showed that, through this process not only the diameters
of the nanograins are increased, but also the crystallinity
of the layer has improved. The I –V data confirmed
that after annealing, the electrical conductivity of the
layer has increased (about 8 times). These variations are
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ascribed to the crystallinity and increment of VS , acting
as native donor-like levels close to CBE. The improvement of electrical conductivity of CdS layer is a very
important parameter in the efficiency of CdS-based solar
cells.
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