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Cadmium sulphide (CdS) and cadmium telluride (CdTe) thin films are deposited by electron beam evaporation.
Atomic force microscopy (AFM) reveals that the root mean square (RMS) roughness values of the CdS films increase
as substrate temperature increases. The optical band gap values of CdS films increase slightly with the increase in the
substrate temperature, in a range of 2.42–2.48 eV. The result of Hall effect measurement suggests that the carrier concentration decreases as the substrate temperature increases, making the resistivity of the CdS films increase. CdTe films
annealed at 300 ◦ C show that their lowest transmittances are due to their largest packing densities. The electrical characteristics of CdS/CdTe thin film solar cells are investigated in dark conditions and under illumination. Typical rectifying and
photovoltaic properties are obtained.
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1. Introduction
Cadmium sulphide (CdS) and cadmium telluride (CdTe)
thin films have attracted extensive interest due to their potential applications in solar cell devices. CdS is an n-type semiconductor with a wide direct band gap (2.42 eV), generally
used as the window layer deposited on p-type CdTe [1–3] or
copper indium selenide (CuInSe2 ) [4] in hetero-junction thinfilm solar cells. [5] CdS and CdTe thin-film solar cells are both
generally considered to be one of the most promising candidates for the second generation solar cells, due to their diversified low-cost fabrication techniques and high efficiency. [6]
So far, several deposition techniques of CdS or CdTe
film have been developed, including physical methods such
as sputtering, [7] vacuum evaporation, [8] close-spaced sublimation (CSS), [1,9] spray pyrolysis, [10] chemical bath deposition (CBD), [1,11,12] and electrodeposition. [13,14] Compared
with chemical methods, physical methods help to achieve flow
production since the absorption layers are generally deposited
by sputtering or evaporation, [1,6] and do not discharge wastewater. Physical methods used for the deposition of CdS films
are considered to be a promising substitute for the traditional
chemical methods.
Electron beam evaporation (EBE) technique has many advantages over other methods, such as low cost, a high degree
of control, convenience, and environmental friendliness. However, insufficient attention has been paid to the depositions of
CdS and CdTe films by the EBE technique. In this paper, CdS

and CdTe films are successfully prepared by using the EBE
method. The influences of the deposition parameters on the
properties of thin films are investigated and the potentials of
the prepared CdS and CdTe films for solar cell applications
are explored.

2. Experimental detail
Thin films of CdS were deposited by electron beam evaporation on silicon and glass substrates at different substrate
temperatures, in a range of 25–200 ◦ C. CdS and CdTe thinfilm solar cells were fabricated by depositing CdS, CdTe, and
back contact layers successively on ITO-coated glass substrates. The substrates were first cleaned in alcohol ultrasonically, then rinsed in deionized water, and dried in nitrogen.
CdS and CdTe powder of 99.99% purity were used as the
source material. The powder was heated by electron beam
at pressures of less than 10−3 Pa. The deposition rate was
maintained at 0.2 nm/s and the thickness was 150 nm for the
CdS films, while the deposition rate was 0.4 nm/s for the CdTe
films, measured by a quartz crystal monitor.
The surface morphology was studied with an atomic force
microscope (Veeco, NS3D). Both the optical transmission and
reflection spectra of CdS thin films were obtained using a
UV–VIS–NIR spectrophotometer (Shimazu, UV 3600). The
current–voltage analysis of CdS/p-Si heterojunction was performed using a digital electrometer (Keithley, 2611A). A halogen lamp was used as the light source and the light intensity
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was measured with a solar power meter (Newport, Sol2A).

3. Results and discussion
3.1. AFM analysis of CdS films
Atomic force microscopy (AFM) is used to study the morphologies of CdS thin films. The surfaces of the films are
smooth and continuous, which will help to minimize the number of conducting paths between the electrode and absorption
layer. The evaluated root mean square (RMS) roughness val-

ues of the films are 2.38, 3.08, 5.77, and 11.13 nm for films
deposited at different temperatures, as shown in Fig. 1. These
results suggest that the surface quality of CdS film declines
slightly with the increase in substrate temperature. As the
roughness is generally known to depend strongly on the grain
size, [7] it is clear that the growth of grains is promoted by increasing the substrate temperature. Still, it is important to note
here that surface smoothness is a highly desired parameter for
the CdS films in optoelectric applications to reduce the reflection loss due to roughness-induced surface scattering. [15]
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Fig. 1. (color online) AFM images of CdS thin films deposited at different temperatures.
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The electrical properties of CdS films also play an important role for the performance of solar cell. The substratetemperature dependence of the electrical resistivity of CdS
film is investigated by the Hall effect measurement. No significant change in carrier mobility is observed. The variations
of resistivity and carrier concentration with temperature are
shown in Fig. 2.
The resistivity and carrier concentration are found to increase with increasing substrate temperature. As mentioned
above, CdS film deposited at a higher temperature is a composition with a lager S/Cd ratio, and the decrease of Cd was
reported to reduce the electron density of the film. [16] Thus,
the increasing substrate temperature can reduce the Cd/S ratio, leading to the decrease in the carrier concentration and
leading the resistivity of the CdS film to rise. As the rise in
the resistivity of CdS film would reduce the efficiency of solar
cell, many efforts have been made to dope CdS film in order
to obtain a CdS film with a low resistivity and a wide band
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3.2. Hall effect measurement of CdS films
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Fig. 2. (color online) Substrate temperature dependences of resistivity and carrier concentration of CdS films.

3.3. Optical analysis of CdS and CdTe film
Comparing the reflection curves of CdS films deposited at
different temperatures on silicon substrates in Fig. 3, it can be
found that the reflection of CdS film decreases with increasing
substrate temperature. This result is in good agreement with
the conclusion obtained from AFM analysis. The reflectance
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of the film annealed at 200 ◦ C reduces 5% compared with that
at 25 ◦ C at wavelengths longer than 700 nm.
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700 nm in thickness absorbs nearly 100% of the incident light
in the visible region of the solar spectrum. The value of optical band gap is calculated using the Tauc method mentioned
above, and found to be around 1.5 eV. Also, it is found that
film annealed at 300 ◦ C exhibits the lowest transmittance regardless of film thickness. The packing density of the film increases with increasing annealing temperature, so the increase
in the packing density leads to the decrease in transmittance.
Owing to the decrease in film thickness by thermal etching at
high annealing temperature, the transmittance of the film annealed at 300 ◦ C is lower than that annealed at 400 ◦ C.
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Fig. 3. (color online) Optical reflectance spectra of CdS films deposited at different substrate temperatures.

For a direct transition semiconductor, the optical band gap
Eg is calculated using the experimentally determined data of
absorption coefficient α from the following equation: [18]
(αhν)2 = A(hν − Eg ),
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where A is a constant, and hν is the energy of incident photon.
The energy band gap is estimated from the Tauc plot of (αhν)2
versus the photon energy (hv), through extrapolating the linear portion of each curve back to the energy axis in Fig. 4. The
values of the band gap energy of CdS thin films are found to
be in a range of 2.42–2.48 eV and slightly increase with increasing substrate temperature. Such a variation is clearly an
advantageous property for CdS film serving as window layer
in hetero-junction solar cell since it extends the range of the
spectral transmission just into the maximum part of the solar emission spectrum. [19] The sticking coefficient of Cd is reported to decrease as substrate temperature increases, resulting
in a change in the stoichiometry of CdS film. [20] Thus, the CdS
film deposited at a higher temperature is a composition with a
lager S/Cd ratio. It was reported that the rise in the S/Cd ratio
leads to an increase in the band gap of CdS film. [21]
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Fig. 4. (color online) Tauc plot of (αhν)2 versus (hν) for CdS
films deposited at different substrate temperatures.

CdTe films with different values of thickness (d) are deposited by the EBE technique and annealed at different temperatures (Tann ) in nitrogen. Figure 5 shows the transmittance
spectra of CdTe films. Steep absorption edges are observed for
all the films, suggesting that film of 700 nm or even more than
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Fig. 5. (color online) Optical transmittance spectra of as-deposited
and annealed CdTe films with (a) d = 500, (b) 700, (c) 1000, (d)
2000 nm.
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3.4. CdS/CdTe solar cells
To further explore the potentials of the CdS and CdTe
films prepared by EBE technique for thin-film solar cell applications, 150-nm CdS film is deposited on ITO-coated glass
substrate at 200 ◦ C as a window layer with a large band gap.
A 2-µm-thick CdTe film is then evaporated also by the EBE
technique. Au is adopted as a bottom electrode. The current–
voltage curves shown in Fig. 6 are measured in dark condition and under AM 1.5 global spectrum at room temperature.
It is found that the device shows a typical rectifying property
and photovoltaic effect. The open-circuit voltage, short-circuit
current density, and fill factor of Sample 1 are, respectively,
567 mV, 6.92 mA/cm2 , and 31.61%, leading to an efficiency
of 1.24%.
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4. Conclusions
A simple and convenient EBE technique is successfully
employed to fabricate CdS and CdTe thin films with a good
surface quality, leading to typical optical and electrical properties. The band gap of CdS film is found to increase with
increasing substrate temperature. Hall effect measurement
shows that the carrier concentration of CdS film declines as
substrate temperature increases, causing the rise in resistivity.
CdTe film annealed at 300 ◦ C possesses the lowest transmittance. The photovoltaic behavior of CdS/CdTe thin-film solar cell provides further evidence that the EBE technique is
attractive to low-cost massive production and large area CdS
coatings for solar cell applications.
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It is found that both devices show typical rectifying properties and photovoltaic effects. The open-circuit voltage,
short-circuit current density, and fill factor of Sample 1 are
567 mV, 6.92 mA/cm2 , and 31.61%, respectively, leading to
an efficiency of 1.24%. They are are 567 mV, 10.34 mA/cm2 ,
and 30.04% for Sample 2, resulting in an efficiency of 1.73%.
Obviously, the Cux Te layer can reduce the contact resistance
between p-type CdTe film and back electrode, thus increasing the short-circuit current density and efficiency of the solar
cells. In this case, the rate of Te/Cd and the thickness of Cux Te
still need to be optimized to obtain high-efficiency solar cells
with a high fill factor.
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Fig. 6. (color online) The J–V plots of CdS/CdTe (a) with and (b)
without light irradiation.
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