
Effect of sputtering time and RF power on the properties of CdS thin films
prepared by annealing Cd/CdS precursors

Junwei Zhaoa,b, Rengang Zhanga,*, Tuantuan Wanga, Peilun Lia,b, Huihui Zhoua, Hongyu Liua,
Peng Zhangb,**, Runsheng Yub, Xingzhong Caob

a College of Science, Wuhan University of Science and Technology, Wuhan, 430065, PR China
b Institution of High Energy Physics, Chinese Academy of Sciences, Beijing, 100049, PR China

A R T I C L E I N F O

Keywords:
CdS thin films
Sputtering
Cd/CdS precursors
Annealing
Optical properties

A B S T R A C T

CdS thin films were fabricated by annealing precursors which were deposited using the method of Sputtering,
Evaporation and Sputtering (SES). Effect of sputtering time and RF power on the structural, compositional,
surface morphology and optical properties of CdS thin films was investigated by X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersion spectrometer (EDS), UV-Vis spectrophotometer and
photoluminescence (PL). The results reveal that the properties and growth of the obtained CdS films are greatly
influenced by the second sputtering time rather than the first sputtering time. The deposited precursors are
substrate/Cd/CdS, and transformed to CdS after annealing. The CdS films are hexagonal structure with a
preferred orientation along (002) plane. Besides, the dense CdS films without cracks or pinholes have S/Cd
atomic ratios of 0.87–0.99. Additionally, the grain size, morphology and composition of CdS films change with
increasing RF power from 80 W to 150 W. All CdS films have a high average transmittance and band gaps of
2.25–2.43 eV. The PL emission peaks at 530 nm for CdS thin films are possibly caused by the band edge emission
while the PL emission peaks at 680 nm arise from sulfur vacancies.

1. Introduction

II-VI semiconductor materials have gained more and more attention
due to their numerous optoelectronic applications [1,2]. Cadmium sul-
fide (CdS) is one of the most popular II-VI semiconductors with a wide
direct band gap of 2.47 eV [3], a high refractive index of 2.5, a high
transmittance of about 80 %, a high electron mobility of 350 cm2V− 1s− 1

[4], excellent thermal and chemical stability [5]. CdS has been
commonly used for window layers in high efficiency CdTe solar cells,
due to the formation of a desirable interfacial layer and lowering the
density of interfacial defects [6]. CdTe solar cells, as one of the three
most widely commercialized thin film solar cell, have the best power
conversion efficiency of 22.1 % [7]. Additionally, CdS has other excel-
lent properties, such as high absorption coefficient and electron affinity
[8], high photosensitivity in the range of visible light [9,10], and has
been successfully applied to photodetectors [11–14], chemical sensor
[15], field-effect transistor [16,17], light-emitting diode (LED) [18],
nonlinear optics [19,20], electrochromic devices [21] etc.

During the past decade, the preparation and investigation of CdS thin
films and CdS-based devices have received growing interest. Many
technologies have been implemented to prepare CdS thin films, such as
magnetron sputtering [22,23], molecular beam epitaxy (MBE) [24],
thermal evaporation [25], close spaced vapor transport (CSVT) [26],
electrodeposition (ED) [27], sol-gel method [28], chemical bath depo-
sition (CBD) [29] and chemical vapor deposition (CVD) [30] etc. Among
these technologies, magnetron sputtering is recognized as one of the
most attractive methods, which has the advantages of low substrate
temperature and large variety of film materials available, higher depo-
sition rate, better adhesion between the film and the substrate. Doroody
et al. [29] prepared CdS films by CSVT, CBD and sputtering technology
on ultra-thin glass substrates. Their experimental results recommend
that the CdS thin films grown by the sputtering might be favourable as
the window layer for solar cell application. Latha Marasamy et al. [23]
prepared CdS thin films with high average transmittances and thick-
nesses varying from 40 nm to 100 nm by RF magnetron sputtering to
fabricate ultra-thin CdTe solar cells, with their power conversion
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efficiency increased from 1.18 % to 4.13 %. The physical properties of
CdS thin films depend on sputtering deposition conditions, such as
deposition time [31], sputtering pressure [32], substrate [32,33] and
sputtering power [34] etc. It is well known that CdS ceramic targets used
for the sputtering have poor thermal conductivity, leading to their
cracks during the great-power sputtering process. In contrast, Cd metal
targets possess advantages over ceramic ones, such as good thermal and
electrical conductivity as well as lower costs. Therefore, investigation of
CdS films prepared using Cdmetal targets will help to achieve a low-cost
preparation process and their potential application in optoelectronic
fields.

Recently, our research group have successfully prepared ZnSe films
prepared by annealing SES precursors deposited using metal targets
[35]. The results indicate that the grain size, composition, morphology
and optical properties of the prepared ZnSe films are controlled by
sputtering and evaporation parameters, and the precursors for preparing
ZnSe films are substrate/Zn/Se/Zn structure. In this work, CdS thin films
were fabricated through annealing precursors which were deposited by
SES process using Cd target and sulfur powder. The growth mechanism
of precursors and CdS thin films is investigated in detail. In addition, the
effect of sputtering time and RF power on the properties of the CdS thin
films is discussed.

2. Experimental details

2.1. Materials

Cd targets (4N purity, 6 cm diameter, 0.5 cm thickness); sublimed
sulfur powder (purity ≥99.5 %); quartz glass substrates
(1 mm × 12 mm × 24 mm); a molybdenum boat for evaporation.

2.2. Preparation of CdS thin films

Deposition of precursors was performed in a vacuum chamber
equipped with a RF magnetron sputtering system and a resistive evap-
oration equipment. Before the deposition, the substrates were immersed
in deionized water, acetone, and alcohol for ultrasonic cleaning for
15 min, respectively. The background vacuum of chamber was pumped
to 4.0× 10− 3 Pa. Then the surface oxides of the Cd target were removed
by pre-sputtering for 5 min prior to the formal sputtering process.

The process parameters employed during the preparation of pre-
cursors and the preparation diagram of CdS films are shown in Table 1
and Fig. 1, respectively. The SES deposition process of precursors is as
follows.

(I) Sputtering: The first step was to deposit Cd onto a substrate
surface via RF magnetron sputtering of the Cd target.

(II) Evaporation: The second step was to evaporate sulfur powders
under the vacuum condition of 0.1 Pa using a thermal evapora-
tion system.

(III) Sputtering: The third step was to deposit CdS using the same
process as step (I).

Finally, the precursors were annealed under an argon atmosphere at

400 ◦C for 1 h to form CdS thin films. Before heating, the base vacuum of
the quartz tube in annealing furnace was pumped to 50 Pa using me-
chanical pump.

In this work, the CdS thin films obtained with various sputtering
times and various RF powers were divided into two groups, respectively.

(I) The first group was performed with t1 (the first sputtering time)/
t2 (the second sputtering time) = 2 min/4 min, 3 min/3 min and
4 min/2 min, then annealed for 1 h under argon atmosphere,
which were denoted as C2-4, C3-3, C4-2, respectively.

(II) The second group was performed with t1/t2 = 2 min/4 min and
varied RF powers of 80W, 100W (namely C2-4), and 150W, then
annealed for 1 h under argon atmosphere, which were denoted as
W80, W100, W150, respectively.

In addition, in order to study the formation mechanism of the pre-
cursors and CdS films, we prepared the precursors with t1/t2 = 2 min/
0 min, and 2 min/4 min, denoted as P2-0 (namely the first and second
steps in SES process), P2-4, respectively.

2.3. Characterization of thin films

The crystal phase and structure of the thin films were investigated by
X-ray diffraction (SmartLab SE) using Cu-Kα radiation (λ = 1.5406 Å).
The chemical composition and surface morphology of the thin films
were recorded using field emission scanning electron microscopy (FEI
NOVA 400 NanoSEM) equipped with an energy dispersion spectrometer
(INCAIE350 PentaFETX-3EDS). The transmittance spectra were
measured with an ultraviolet–visible (UV-Vis) spectrophotometer (UV-
2600) in the wavelength range of 200–900 nm. Photoluminescence
measurement was recorded by FL technique (F-7000 FL Spectropho-
tometer). The thicknesses of the films were measured using probe-type
step meter (Alpha-Step D-600).

3. Results and discussion

3.1. Structural analysis

XRD patterns of the precursors and CdS thin films are depicted in
Fig. 2. As can be seen in Fig. 2(a), C2-4, C3-3 and C4-2 show only one
peak at 2θ = 26.5◦, corresponding to the (002) crystal plane of the
hexagonal CdS (PDF#77–2306). It is observed that the intensity of the
26.5◦ peak increases with t2 increased from 2 min to 4 min, indicating
higher crystallinity of the CdS thin films. On the contrary, the intensity
of the 26.5◦ peak decreases with increasing t1. Therefore, it is speculated
that CdS is produced in the second sputtering process (namely the step
(III) of SES), which is conducive to the growth of CdS grains during
annealing. And the second sputtering during SES can be the main factor
affecting the growth and structure of the annealed CdS films. To validate
this hypothesis, we fabricated P2-0 and P2-4 precursors. As shown in
Fig. 2(b), a XRD peak at 2θ = 26.5◦ appears in P2-4 precursor. However,
no XRD peak is observed in P2-0 precursor. It confirms that the CdS in
P2-4 precursor is formed during the second sputtering process of SES,
while S2 originated from evaporated sulfur during the step (II) of SES. It
is considered that the P2-4 precursor formed at room temperature is
substrate/Cd/CdS.

The reactive deposition of CdS during the step (III) of SES is as fol-
lows:

Cd (g)+
1
2
S2 (g) → CdS(s) (3-1)

The reaction was analyzed using the thermochemical arguments, and
equations (3)–(2) was used to calculate the standard Gibbs free-energy
changes (ΔrG0

T) [36]

ΔrG0
T =

∑

B
νBΔfG0

T;B (3-2)

Table 1
The process parameters employed during the preparation of precursors.

Process parameter Value

Background Pressure 4.0 × 10− 3 Pa
Substrate temperature Room temperature
Distance between substrate and target 13 cm
Ar gas flow rate 7.1 sccm
Sputtering pressure 2.8 Pa
The mass of evaporated sulfur 300 mg
Evaporation current 55 A
Distance between substrate and boat 20 cm
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As a result, the ΔrG0
T value for the reaction at room temperature is

estimated to be − 183.562 kJ/mol. Based on ΔrG0
T <0, it is believed that

the reaction is the spontaneous process to the right at room temperature,
thermodynamically confirming that the step (III) of SES is a reactive
sputtering deposition of CdS. The formation process of CdS films is
believed to be as follows:

(1) Cd is deposited on substrate surface during the step (I) of SES.
(2) S2 is generated during the step (II) of SES.
(3) CdS is formed by the reaction (3-1) and deposited on the sub-

strate/Cd surface during the step (III) of SES.
(4) The deposited substrate/Cd/CdS (precursor) is converted to

substrate/CdS during annealing, accompanied by crystal growth.

CdS formation process is different from the previous report about
ZnSe [35]. This can be explained by the different physical and chemical
properties for sulfur and selenium. S has a melting point of 115 ◦C and a
boiling point of 445 ◦C, while Se has a melting point of 221 ◦C and a
boiling point of 685 ◦C, indicating the easy volatilization of sulfur. So
reactive sputtering deposition of CdS rather than ZnSe during the step
(III) of SES can occur.

The XRD patterns of W80, W100 and W150 are depicted in Fig. 2(c).
A prominent CdS (002) peak at 2θ = 26.5◦ is observed for the CdS thin
films. The intensity of the (002) diffraction peak becomes greater as the
RF power is raised from 80 W to 150 W, indicating the increased crys-
tallinity. The reason is that with the increase of RF power, the deposition
rate increases accordingly, therefore the number of sputtered atoms per
unit time is more, resulting in more Cd/CdS deposited on the substrate
surface, which is conducive to the crystallization and growth of the CdS
thin films during annealing precursors. As seen from XRD patterns, it is
found that the intensity of the 26.5◦ peak for all CdS films is considerably
stronger than the other peaks, indicating that the CdS films grow along
the preferential orientation of the (002) plane of hexagonal CdS due to
its lowest surface free energy [9,37,38]. The strong peak of CdS films
prepared by RF magnetron sputtering of the ceramic target was also
observed by Kim et al. [39].

Furthermore, structural parameters were calculated for CdS thin
films as shown in Table 2. The interplanar spacing (Dhkl) of the promi-
nent (002) plane was estimated using Debye-Scherrer formula [40].

Dhkl =
0:9λ

β cos θ
(3-3)

Here, λ is the incident X-ray wavelength (λ = 1.5406 Å, Kα (Cu)). β is
the full width at half maximum (FWHM), and θ is Bragg angle at (hkl)
plane.

The microscopic strain (ε) of the annealed CdS thin films was

calculated by the relation [41].

ε=
β cot θ

4
(3-4)

The dislocation density (δ) was calculated by the relation [42].

δ=
n

D2 (3-5)

Here, D is the average crystallite size. n is the factor, and the dislo-
cation density is minimized when the factor is equal to 1.

As shown in Table 2, the calculated crystallite size of C2-4 is 41 nm,
which is the largest in the first group, implying the best crystallinity for
CdS thin film. In the case of constant total time, with increasing t2 from
2min to 4 min, more CdS are deposited in the second sputtering process,
resulting in the increased grain size of CdS thin films during annealing.
In the annealing process of the SES precursors, annealing temperature is
higher than the melting point of Cd, and the kinetic energies of the inner
atoms of the precursors are higher, which facilitates outward diffusion
and aggregation of Cd and CdS in the precursors, promoting the growth
of CdS grains. Thus, we conclude that both the inner Cd and outer CdS
are beneficial to CdS grain growth during annealing, but the outer CdS
plays a major role in the CdS grain growth. Besides, as shown in Table 2,
the d values of CdS thin films are less than the standard value of
0.3563 nm (PDF#77–2306), indicating that vacancies occur in the films.
As seen from Table 2, with the increase of RF power, due to increased Cd
and CdS deposition, the crystallite size of the annealed CdS thin films
increases. Accordingly the microscopic strain and dislocation density
gradually decrease because of the increased crystallinity of the films. It
indicates that the CdS thin films prepared by annealing SES precursors
have good crystallinity and low dislocation density.

3.2. Compositional analysis

In order to further study the growth mechanism of precursors and
CdS thin films, their chemical compositions were studied by EDS. Fig. 3
(a) and (b) show the EDS spectra for P2-0 and P2-4, respectively. As can
be seen from Fig. 3(a), Si and O elements are attributed to the quartz
glass substrate. The presence of Cd element is found in P2-0, while no S
element is observed. For P2-4, Cd and S elements are observed. The
presence of S element in P2-4 is believed to originate from reactive
sputtering deposition of CdS during the step (III) of SES, which further
confirms the XRD analysis. The formation of P2-4 includes: (1) sput-
tering deposition of Cd in Ar, (2) reactive sputtering deposition of CdS in
Ar and S2 which derived from evaporated sulfur powder during the step
(II) of SES. It is also observed in Fig. 3(b, c) that the S/Cd atomic ratio of
C2-4 increased compared to P2-4, which is related to the volatilization

Fig. 1. Schematic diagram of the CdS film preparation process.
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of Cd during annealing precursor. As seen in Fig. 3(c), with the total time
fixed at 6min, the S/Cd atomic ratio of CdS thin films increases from
0.87 to 0.99 with the prolonged t2, indicating that the increase of outer

CdS in the precursors is more advantageous to obtain better composition
and crystallinity of CdS thin films. Fig. 3(d) shows the S/Cd atomic ratio
of the CdS thin films obtained with various RF powers. As can be seen,
the S/Cd atomic ratio of CdS thin films is in the range of 0.96–0.99. The
EDS results show that the composition of these CdS thin films is close to
the ideal stoichiometric ratio. The atomic ratio of S/Cd in the W100
reaches the maximum value of approximately 0.99. The EDS analyses
are well consistent with the XRD and SEM results, showing that the
growth of CdS thin films during annealing is accompanied by the Cd
volatilization and their good compositions can be obtained by annealing
SES precursors.

3.3. Morphological analysis

SEM images of the CdS thin films obtained with different sputtering
times are presented in Fig. 4(a–c). The obtained CdS thin film is dense,
with no micro-cracks or pinholes. As t2 decreases from 4 min to 3 min,
some great aggregations appear on the surface of the CdS thin film.
When t2 decreases to 2 min, aggregations on the surface of C4-2 are
almost observed. SEM images of CdS thin films obtained with different
RF powers are presented in Fig. 4(d–f). With the increase of RF power,
the grain size of CdS thin films becomes larger and great aggregations
appear, which is related to the increase of CdS film thickness [43]. It
indicates that the high RF power leads to greater mass of Cd and CdS
deposited in the first and second sputtering process, respectively. These
are in agreement with the XRD results.

3.4. Optical properties

The transmittance spectra of CdS thin films obtained with different
sputtering times are presented in Fig. 5(a). It is clearly observed that
compared to P2-4 precursor, C2-4 exhibits higher transmittance in the
visible light range and a steep absorption edge near 510 nm, which
corresponds with the characteristic absorption of CdS. It indicates that
annealing promotes the conversion of Cd/CdS precursor to CdS and
improves the uniformity of CdS thin film, further supporting the XRD
results. As observed in Fig. 5(a), the annealed CdS thin films have high
transmittance of about 80 %. As the t2 decreased to 2 min, the light
transmittance of CdS thin film decreases and the characteristic absorp-
tion edge is not steep. Combined with the transmittance, composition
and crystallinity of the CdS thin films, it is further confirmed that t2
rather than t1 is the main factor affecting the grain growth and prop-
erties of CdS thin films. As seen in Fig. 5(b), the light transmittance of
W80 remains about 60 % due to the poor crystallinity. When the RF
power increases to 100 W, W100 exhibits a steep absorption edge and
good light transmittance, indicating good uniformity and high quality of
the CdS thin film. When the RF power further increases from 100 W to
150 W, the average light transmittance of CdS thin film has little
changes, and the steepness of the absorption edge decreases, possibly
due to the increased film thickness. It is found that among these CdS
films, C2-4 exhibits the best optical performance and film quality.

The variation of (αhν)2 with photon energy hν is shown in Fig. 6 for
the annealed CdS thin films prepared with different sputtering times and
different RF powers. The optical band gaps of CdS films are obtained by
extrapolating the linear region of the absorption curves to hν = 0. As
seen in Fig. 6(a), the band gaps of C2-4, C3-3 and C4-2 are 2.36 eV,
2.38 eV and 2.43 eV, respectively. As seen in Fig. 6(b), the band gaps of
W80, W100 and W150 are 2.25 eV, 2.36 eV and 2.38 eV, respectively.
The CdS thin films prepared by annealing SES precursors have the band-
gap values which are close to those of CdS thin films prepared by RF
sputtering ceramic targets [44].

Room-temperature PL spectra for the CdS films are presented in
Fig. 7. The strong PL emission peak at about 530 nm could be attributed
to the band-edge transition of CdS, which is due to radiative recombi-
nation involving impurity levels near the band edge [45,46]. It is notable
that in Fig. 7(a), the strongest 530 nm emission peak is observed for

Fig. 2. XRD patterns of (a) CdS films obtained with various sputtering times,
(b) the precursors before and after annealing, (c) CdS films obtained with
various sputtering powers.
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Table 2
Structural parameters of CdS films obtained by annealing precursors.

sample Crystalline plane FWHM (deg.) Crystallite size (nm) Dhkl (nm) ε ( × 10− 3) δ ( × 1012)(cm− 2)

C2-4 (002) 0.199 41 0.3356 3.68 0.06
C3-3 (002) 0.215 38 0.3347 3.97 0.07
C4-2 (002) 0.399 21 0.3343 7.35 0.24

W80 (002) 0.220 37 0.3352 4.07 0.07
W100 (002) 0.199 41 0.3356 3.68 0.06
W150 (002) 0.158 52 0.3357 2.93 0.04

Fig. 3. EDS spectra of (a) P2-0, (b) P2-4 precursors and composition of CdS thin films prepared by annealing of SES precursors deposited for (c) various sputtering
times and (d) various RF powers.
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Fig. 4. SEM morphology of the CdS thin films obtained with (a–c) various sputtering times and (d–f) various sputtering powers.

Fig. 5. The UV–Vis transmission spectra of (a) P2-4 precursor and CdS thin films obtained with different sputtering times, (b) CdS thin films obtained with different
RF powers.
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C2-4, indicating its strong band edge emission and good crystal quality.
The 530 nm emission peak of the C4-2 is weak, due to its poor crystal-
linity caused by the smallest deposition time of the CdS in the precursor.
Also, the weak peaks at about 680 nm are observed in Fig. 7(a) for all
CdS films, possibly arising from sulfur vacancies [47]. The weak 680 nm
emission peaks indicate their low defect concentrations. As seen in Fig. 7
(b), the PL emission peak of W80 at 530 nm is very weak, which is
similar to the results of C4-2. This is due to its poor crystallinity of the
CdS thin film and an increased defect concentration caused by low RF
power and low deposition rate being not conducive to the formation and
growth of CdS grains. When the RF power increases to 100W and 150W,
the intensity of the 530 nm emission peak increases, indicating
decreased sulfur vacancies and improved film quality. Therefore it is
believed that increasing the t2 and RF power can effectively enhance the
quality of CdS thin films prepared by annealing SES precursors.

4. Conclusion

We successfully fabricated high-quality CdS thin films by annealing
SES precursors. The results show that the precursors are substrate/Cd/
CdS, which are transformed to CdS after annealing. All CdS films
without cracks or pinholes exhibit a hexagonal structure with a
preferred orientation along the (002) plane. The second sputter-
deposition during SES is the main influencing factor of the growth and

properties of CdS films. With increasing t2, the crystallite size of CdS
films increases from 21 nm to 41 nm, and the S/Cd atomic ratio in-
creases from 0.87 to 0.99, confirming that the increased t2 promotes CdS
crystallization during annealing. The annealed CdS films have high
transmittance of about 80 % and band gap values of 2.36–2.43 eV. Be-
sides, with increasing the RF power, the crystallinity of CdS films in-
creases, while grain agglomerations occur. Moreover, these CdS films
show the 530 nm emission peaks attributed to the band-edge emission,
but the peaks of C4-2 and W80 are obviously weak due to their poor
crystallinity. For all CdS films, the weak emission peaks at about 680 nm
are probably derived from sulfur vacancies, indicating their low defect
concentration. Additionally, further optimization and investigation of
CdS thin films prepared using metal targets and annealing-free process
are crucial for improving film quality, their fundamentals and applica-
tion, which will be implemented in the next stage of our research.
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