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Optical and Structural Properties
of Copper Doped CdS Thin Films
Prepared by Pulsed Laser Deposition

S.M. Mahdavi*, A. Irajizad', A. Azarian' and R.M. Tilaki'

This paper presents the study of the structural and optical properties of copper doped cadmium
sulfide thin films prepared by pulsed Nd:YAG laser. The copper concentration in the targets was
varied from 0.05% to 5% in weight and they were heated at a temperature of 500°C in air for
one hour. It was observed that annealing un-doped and doped thin films at temperatures above
160°C leads to an abrupt increase in the optical transmission, changing from dark brownish to
transparent yellowish. For annealed samples at 300°C, increasing Cu concentration from 0.0%
to 2%, leads to an increase in the optical transmission up to 80%, at a wavelength of about 700
nm. XRD patterns showed the hexagonal phase of cadmium sulfide and a number of CdO peaks
relating to the partial oxidation of cadmium. The XPS spectra of the annealed samples indicate
an accumulation of Cu at the surface. Therefore, Cu impurity can enhance CdS oxidation and
the size of the crystallites. The highest value of the photo-current for the samples is related to

the lowest Cu concentration, i.e: 0.05%.

INTRODUCTION

Cadmium sulfide is an n-type semiconductor that has
been used extensively in many applications, including
photo resistance sensors, low cost solar cells for en-
ergy conversion, light emitting diodes, laser materials,
optical waveguides and nonlinear optical devices [1-4].
Different techniques have been used to fabricate cad-
mium sulfide thin films, such as vacuum evaporation,
chemical bath deposition, sputtering, spray pyrolysis
and recently pulsed laser deposition [5]. Pulsed laser
deposition is recognized as an important technique
for the fabrication of multi-component thin films, due
to flexibility and the stoichiometric deposition of the
materials [6,7].

Copper impurity changes the type of CdS semi-
conductor from n to p [8-11]. The Cu:CdS thin films
have many applications, such as high efficiency pho-
tovoltaic cells (over 8.5%) [12] and light emitters [13].
Moreover, the doping of copper changes the bandgap
energy of CdS and also improves its photoelectrical
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properties [14]. Recently, a few reports have been
published on the properties of Cu:CdS layers; for
example, the studying of Cu:CdS/CdS homo junction
and its rectifying [15]. Different methods have been
used to dope the CdS films by Cu, such as the thermal
annealing of a Cu/CdS bi-layer [1]. The aim of the
present work is to add a few percent of Cu in CdS
targets and study the effect of copper on the optical,
structural and photo-conducting properties of the thin
films prepared by a pulsed laser deposition.

EXPERIMENTAL

A pulsed Nd:YAG laser, with a fundamental harmonic
of 1064 nm, a 10 Hz repetition rate of 130 mJ/pulse
energy and 10 ns duration, was used for the laser
ablation of Cu:CdS targets. The area of the spot size
was 1 mm?. Cadmium sulfide and copper powder were
mixed together thoroughly, then pressed into pellets
and annealed at 300°C and 500°C in air. The copper
concentration was varied from 0.05% to 5% in weight
in the target. The film depositions were carried out in
a vacuum chamber with a base pressure of 1075 torr.
The laser beam was focused at an incident angle of 40°
onto the surface of the target. Samples were kept at a
distance of 20 cm. To avoid the texturing effect and to
get film uniformity, the targets were rotated at 20 rpm.
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Therefore, ablation takes place at different points of the
target. Hence, the concentration of copper in the spot
size of the target is more likely the copper concentration
in the powder.

Scanning Electron Microscopy (SEM) and En-
ergy Dispersive X ray Spectroscopy (EDX) techniques
were used to observe surface morphology and film
composition. The film thickness was also determined
by the Rutherford Backscattering Spectroscopy (RBS)
experiment. To do such a measurement, a 2 MeV
Het beam was used and the detector was placed at
a scattering angle of 165°. The surface of the samples
was investigated by X-ray Photoemission Spectroscopy
(XPS), using a CHA analyzer and a dual Mg and Al
anode X-ray source. In order to study the crystalline
structure of the deposited films, an X-Ray Diffraction
(XRD) measurement was carried out using Cu K,

radiation (A = 1.5418A).

Optical properties are important for sensor and
photovoltaic applications. Therefore, samples were
characterized by a UV/VIS Jasco spectrophotometer.
The band gap energy of the samples was calculated
from their optical transmission spectra.

In order to study the effects of Cu impurity
on thin film photoconductivity, CdS thin films were
illuminated by a tungsten lamp with an intensity of 5 x
1073 Wem™2. Two copper electrodes were evaporated
on top of the surface of the films. The photo/dark
resistance of the films was determined by applying a
constant voltage of 20 V to the electrodes.

RESULTS AND DISCUSSION

Films formed by laser ablation techniques are usually
affected by the splashing of large particles from the
target and are enhanced if the targets are made from
pressed micron sized powder. Therefore, the targets
were annealed at 500°C in air, to obtain higher me-
chanical quality and lower splashing, compared with
those that were annealed at lower temperatures. The
target was also annealed in a nitrogen environment at
a temperature of about 500°C, but lost its size and
weight, showing the sublimation of CdS. For annealed
targets in air, it has been known that annealing leads to
the formation of a very thin layer of CdO at the surface
and this layer protects the target from sublimation [16].
To remove the CdO layer, the rotating target surfaces
were ablated for a few minutes before exposing the
substrates to the ablated species. All films have similar
deposition conditions (number of incident pulses, their
energy and duration time). The results showed that
the target annealing temperature affects the sample’s
optical transparency. The color of the deposited films,
prepared from annealed targets at 500°C in air, are
black or dark brownish, whereas those formed from
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annealed targets at 300°C are transparent yellowish,
which are the same in color as films formed by the
thermal evaporation of CdS powder or films formed
by the chemical bath deposition method [17]. Doping
the targets with a low percentage of Cu did not have
much effect on the color of the deposited samples.
The annealing of un-doped and doped dark films at
temperatures above 160°C leads to an abrupt increase
in transmission, as shown in Figure 1. Annealing
samples at 500°C reduces the optical transmission. The
electrical conductivity measurements showed that all
as deposited films have high electrical resistance. The
electrical conductivity of the films as a function of the
annealing temperature showed similar behavior, i.e. it
increases as the annealing temperature is increased, as
expected.

Doping the samples by Cu concentration up to 2%
enhances the optical transmission. Figure 2 presents
the spectra of the annealed samples at 300°C with
0.0% to 5% impurity. It is observed that 80-90%
optical transmission of CdS films can be achieved
by 2% Cu doping, that is about 2 times more than
similar deposited film without Cu impurity. Higher
Cu concentration in the target results in lower optical
transmission.

The energy gap of the samples was calculated us-
ing their transmission curves and the following formula,
where the films reflectance was ignored:

o= (=1/d)In(I/I,) = A(hv — E,)'/2. (1)
Here, Iy and I are the intensity of the incident and
the transmitted light on/from the sample, respectively.
Moreover, d is the thickness of the layer, hv the energy
of the incident light and E, the band gap of the sample.
A typical graph of (ahv)? versus hv (eV) of the sample
with 0.5% Cu in the target is shown in Figure 3. The
results showed a small decrease in K, from 2.4 & 0.05
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Figure 1. Optical transmission of the deposited and
annealed CdS thin films at different temperatures.
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Figure 2. Optical transmission of the deposited and

annealed CdS samples at 300°C with different percent of
Cu impurity.
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Figure 3. A typical graph of (ahv)? versus hv (eV) of
the sample with 0.5% Cu in the target.

eV for un-doped annealed samples to about 2.35+0.05
eV for doped samples.

In order to determine the crystalline structure
of the target and films and, also, the effect of Cu
impurity on the film structure, XRD experiments were
performed. Figure 4 shows the XRD spectra of the
pressed CdS powder that was annealed at 500°C in air
for one hour. It demonstrates a hexagonal phase that
is similar with the data obtained from the CdS powder.

The XRD pattern of CdS and 1% Cu:CdS sam-
ples, which were deposited under similar conditions,
are shown in Figure 5. As shown, the undoped as
deposited or annealed samples (a&c), have an amor-
phous structure with a few very weak peaks related to
CdS. However, those related to doped films (b&d) show
peaks with relatively higher intensity. It is known that
the annealing process can increase the size of the grains.
In addition, Cu, as an impurity, can help the formation
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Figure 4. XRD pattern of CdS target annealed at 500°C

in air.
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Figure 5. XRD pattern of deposited and annealed CdS
thin films with and without Cu impurity.

of larger crystallites. It was observed that increasing
the Cu impurity enhances CdO, compared with CdS
peaks in the samples. Figure 6 shows the XRD pattern
of similar CdS films with a Cu concentration of about
1, 0.5 and 0.25% in weight in their targets. Intense
peaks at 20 = 33°and 20 = 38.3°are related to the
(111) and (200) planes of the CdO cubic structure.
Cadmium and copper can be oxidized in the ablated
plume by a small amount of residual oxygen and, also,
more oxidation can be resulted during the annealing
process. The crystalline nature improvement of the
films has an important effect on the enhancement of
the optical transmission, as observed in Figure 2. The
crystal size was determined from the XRD spectrum
using the Scherer formula:

D =0.9)\/8cosb, (2)

where D is crystal size, A is the wavelength of the
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Figure 6. XRD pattern of doped with different Cu
concentration and undoped CdS thin films. All samples
were annealed in air at 300°C for 1 hour.

X-ray, # is Full Width at Half Maximum (FWHM)
and 6 is Bragg’s angle. The crystal size of CdS was
calculated from (101) peak samples, while the crystal
size of CdO was obtained from the (111) plane of
the cubic phase of cadmium oxide. By increasing the
copper concentration, the grain size of cadmium sulfide

is increased from 240 £ 20 A for 0.05% Cu: CdS films

to 440 + 20 A for annealed samples with 1% Cu in
its target, whereas the CdO average crystal size for

o
annealed 1% Cu: CdS films is about 673 £ 20 A.

To study the effect of copper concentration on
surface morphology and film composition, SEM, EDX
and XPS experiments were performed. The SEM
micrograph of the results indicated nano-size grains
and micron size splashed particles. With regard to the
limitation of the SEM resolution, it was observed that
adding Cu impurity to the targets increased the size of
the grains in the droplets and their background layer,
as presented in Figure 7.

The atomic number ratio of Cd/S was obtained
from the EDX experiment. For all the deposited
samples, this ratio is about 1.4, whereas, for films
that were annealed in air, it was more than 1.4.
This ratio was about 1 for the targets. Increasing
Cu in the targets or annealing temperatures resulted
in higher Cd/S ratios. For example, this ratio was
about 4 for annealed samples at 300°C, which were
prepared by targets containing 1% Cu. The lower
concentration of sulfur in films is due to the escape
of S from the laser plume and faster S evaporation
from the deposited layers. Therefore, the deposited
films are rich in Cd. So, annealing samples in air
partially oxidized the cadmium atoms and clusters.
In fact, the higher electrical conductance of samples
after annealing at temperatures up to 500°C, is due
to the crystallization of the films and the formation of
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(b)

Figure 7. SEM images of a) Deposited doped thin film
with 1% Cu in weight in its target and b) the thin film
after annealing in air at 300°C.

conductive CdO. By annealing the samples at 600°C, a
decrease in electrical conductance, optical transmission
and photo-conductivity is resulted. This is likely to be
the interface mixing of glass substrate and films.

The excess Cd in the films could adhere to the
glass substrate to form CdO at the interface, therefore,
laser ablated samples should present good adhesion to
glass, compared with chemically deposited films.

The XPS data in Figure 8 shows the surface
composition of the sample that was deposited from a
target doped with 1% Cu, after being bombarded by
Ar ions to remove the adsorbed species. It shows Cd,
S, O, C and a small trace of Cu. A clear oxygen peak
indicates the existence of CdO at the surface. After
annealing the sample in the UHV condition, not only
did the Cu peak intensity increase, but also a new Cu
Auger peak appeared. These results indicate that Cu
accumulates at the surface. The Cd/S ratio is about 1.4
for the sample before annealing, similar to EDX results.
However, this ratio is about 1.2 at the surface after
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Figure 8. The XPS data from the film was deposited

from a target doped with 1% Cu. a) as deposited and b)
after annealing at 300°C in the UHV system.

heating in the UHV. The smaller value, in comparison
with EDX results, is due to a higher S concentration
at the surface in comparison with the bulk.

The effect of Cu impurity on film photo-
conducting was also studied. Figure 9 demonstrates
the relative rise and decay curves for Cu: CdS annealed
samples at 200°C films, with a) 1%, b) 0.5% and c¢)
0.05% Cu concentration in the targets. The highest
value of the photocurrent is related to the lowest
concentration of Cu, as reported by Amalnerkar [18].
If the required time to reach 63% of the final value is to
be considered as the rise response time in the authors’
samples, the values are about 35 to 70 sec.

CONCLUSION

The structural and optical properties of copper doped
cadmium sulfide films, prepared by pulsed Nd:YAG
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Figure 9. Relative rise and decay photoconductivity
curves for Cu:CdS as deposited films at different Cu
concentration in targets.
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laser from annealed pressed Cu: CdS powder, were
studied. Annealing un-doped and doped films at 160°C
and more leads to an abrupt increase in the optical
transmission, changing from a dark color to transparent
yellowish films. Increasing Cu concentration from
0.05% to 2% weight in the targets of the annealed sam-
ples at 300°C, results in higher optical transmission.
The XRD pattern of the annealed films showed the
hexagonal phase of the cadmium sulfide and a number
of CdO peaks.

Cu impurity can enhance the crystal size of CdS
and oxidize the Cd atoms during the annealing process
in air. The band gap energy of the doped samples
obtained from the optical transmission spectra are less
than pure CdS films, without obvious dependency on
Cu concentration up to 5%. The XPS spectra of the
annealed samples indicate an accumulation of Cu at
the surface. The highest value of the photocurrent for
the samples is related to the lowest Cu concentration,
i.e. 0.05%.
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