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INFLUENCES OF THERMAL ANNEALING ON THE STUCTURAL, OPTICAL
AND ELECTRICAL PROPERTIES OF NANOSTRUCTURED CADMIUM
SULPHIDE THIN FILMS

G. BAKIYARAJ, N. GOPALAKRISHNAN® and R. DHANASEKARAN®"
#Crystal Growth Centre, Anna University , Chennai - 600025, India.
®Department of Physics, National Institute of Technology, Tirchirappalli —
620015, India.

Cadmium sulphide (CdS) nano-crystallites thin films have been grown on an amorphous
glass substrate in a polymer (polyvinyl alcohol) matrix solution using chemical bath
deposition process. The samples annealed in air for 1 h at various temperatures and they
are characterized for their structural, optical and electrical properties. It was confirmed
from X-ray diffraction analysis that all the films exhibited a polycrystalline nature and
hexagonal structure with (002) as the preferred orientation. The structural parameters such
as particle size, strain, dislocation density and number of crystallites per unit area were
calculated. The surface morphology of CdS thin films was analyzed by scanning electron
microscope. Optical band gap studies indicated that the band gap of as-deposited sample
has blue shift with respect to the corresponding value for the bulk CdS material. The band
gap of the annealed samples decreased with the increase in annealing temperature i.e., a
decrease in band gap value from 3.5 eV to 2.9 eV. Resistivity, Hall mobility, and carrier
density were evaluated by Hall effect measurement at room temperature.
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1. Introduction

Current research on the study of nanometer-scale materials (usually 1-100 nm, also called
nanomaterials) generates intense interest because it exhibits new or enhanced size-dependent
properties compared with the larger size particles of the same material [1]. In tandem with surface-
area effects, quantum effects can begin to dominate the properties of matter as size is reduced to
the nanoscale. These can affect the optical, electrical and structural properties of materials [2]. In
principle; the properties of semiconductor materials can be tuned by varying their size and shapes.
Thus, the preparation of semiconductor nanostructured materials of controlled size and shape are
of special interest. CdS belonging to the 11-VI group is one of the promising materials for use in
photoelectric conversion in solar cell [3], thin film transistor (TFT) [4], nonlinear optics [5],
semiconductor laser [6] and flat panel display [7].

In the past few decades, several techniques were used for the preparation of
nanostructured CdS thin film like molecular beam epitaxy (MBE) [8], chemical vapor deposition
[9], electro deposition [10], spray pyrolyis [11] and chemical bath deposition [12]. CBD is a
simple, low temperature, inexpensive and large-area deposition technique and it does not limit the
choice of the substrate material. The low temperature deposition avoids oxidation and corrosion of
the metallic substrate. The CBD grown CdS nanostructure thin films are strongly dependent on the
preparation conditions such as temperature, stirring time, relative concentration and type of
reactants [13-15]. In some of the solution-phase deposition methods, controlling size, shape and
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dispersion of nanostructures have been achieved by using the templates (porous alumia [16],
mesoporous silica [17]), zeolite [18], and in polymer matrix [19]. The use of polymers is a
prominent method for the synthesis of semiconductor nanoparticles. The reason is that the polymer
matrices provide for solubility, and control of the

growth and morphology of the nanoparticles. The PVA (polyvinyl alcohol), which is a
water-

soluble polymer, has an excellent effect on the growth of CdS nanocrystals [20]. The role
of thermal annealing (or) doping ion process is very important in achieving high performance
devices. Therefore, studies of annealing effect on the surface morphology, the structural, optical
and electrical properties are important in enhancing device efficiency [21-23]. Ghosh et al reported
a field-emission properties of nanocrystalline CdS thin films grown by chemical bath deposition
(CBD) within the pores of polyvinyl alcohol (PVA) on Si and glass substrates [24]. An aqueous
solution system for growing hydrophobic honeycomb network of CdS thin film was investigated
via PVA assisted route [25]. In this article, it is reported that a systematic study of the effect of
annealing on morphological, structure, optical and electrical properties of CBD grown
nanostructured CdS thin films in PVA matrix solution.

2. Experimental
2.1. Substrate cleaning

The substrate cleaning is very important in the deposition of thin films. Commercially
available glass slides with a size of 75 mm x 25 mm x 1.35 mm were cleaned by a mild soap
solution. The glass slides were degreased with acetone, etched with 5% of HCI for 30 min.,
ultrasonically cleaned by de-ionized water and finally dried in the air.

2.2. CdS thin film deposition

Cadmium sulfide thin films were deposited on glass substrate by chemical deposition
method using analytical grade polyvinyl alcohol, cadmium chloride, ammonium chloride, 25%
liquor ammonia and thiourea. To obtain deposition, 2 g of PVA (-C,H;0), (MW = 1750) were
dissolved in 250 ml of double distilled water and this mixture was kept at constant stirring at a
constant temperature (75 °C) until a viscous transparent solution was obtained. Subsequently the
temperature of the PVA solution was reduced to 40 °C. A mixture of NH,Cl and CdCl, dissolved
in NH,OH containing 25% NH; (density of 0.91 g/m®) was added to the PVA solution, again
heating and stirring was continued. After complete desolation, thiourea dissolved in 30 ml distilled
water, was added to the above solution. After the required temperature of 75 °C is reached, a
cleaned glass substrate was mounted vertically into the above solution with the help of substrate
holder. After deposition of 20 min, the substrate was taken out, thoroughly washed and rinsed with
double distilled water and dried in the air.

2.3. Annealing of CdS thin films

The postdeposition thermal annealing processes were performed in an open horizontal
tubular furnace in the temperature range of 300, 400, 500 °C for a fixed time of 1 hour. The
samples were introduced into the furnace and removed at the annealing temperature to ensure a
rapid heating and cooling of the samples.

2.4. Characterization techniques

The crystalline structure of the films was studied by x-ray diffraction measurements
obtained with a Rigaku X-Ray Diffractometer (XRD) in the 20 range of 10°- 80° using CuK,
radiation of wavelength A=1.5406A. X -ray tube was operated at 40 kV (Voltage) and 30 mA
(current) with scanning speed of 0.5°/min. The surface morphology of the films was studied using



421

a LEO 440 STEROCAN (LEICA) scanning electron microscope. Optical absorption spectra of
films were recorded with a SHIMAZDU 1700 UV-Vis spectrometer over wavelength range from
200 to 800 nm. Resistivity, Hall mobility, and carrier density were evaluated by Hall effect
measurement at room temperature in a van der Pauw four-point probe configuration, using silver
paste as contact, in an automated Hall effect system equipment (ECOPIA HMS - 3000). The
thickness of the films was measured using filmetrics thickness measurement system.

3.Results and discussion
3.1. X-ray Diffraction Study

The diffraction spectra for as-deposited and postdeposition thermal annealed samples are
shown in Fig. 1.The figure shows that the diffraction peaks appear weak by a low grain size and/or
a thin sample presenting a broad noisy background [26]. The XRD pattern of the as-deposited
sample exhibits only sharp diffraction peaks at 26 = 26.5° which could be produced either by (002)
the hexagonal (JCPDS- 89-2944) or (111) the cubic (JCPDS- 89-0440). It is quite difficult to
differentiate the cubic from the hexagonal structure because the cubic (111) and the hexagonal
(002) lines coincide with in 1% [27]. Many workers reported that the CdS film grown by CBD
with ammonia based recipes have a high preferred orientation along with the (002) hexagonal
structure [28-30]. There was no further analysis carried out to solve this uncertainty. When the
annealing temperature is increased, the (002) peak intensity gradually increases and FWHM
decreases indicating an improvement in the crystallinity of the film as shown in table 1. However,
we remark that, at a high annealing temperature (500 °C), the hexagonal-phase presence can be
clearly observed from the appearance of other one well defined characteristic peak at 20 = 28.1 for
(101) of hexagonal structure. Since this seems to be more stable structure, it is preferable to solar
cell applications [31]. The average size (1) of CdS clusters can be estimated using the Scherrer
equation [32].

T=KMBcos6 (D)

where K is the shape factor of a value of 0.9, A is the wavelength of the incident X-ray, [ is
FWHM in radians and 0 is the Bragg’s angle. When the (002) diffraction peak in Fig. 1 is chosen
for the calculation, it has been observed that the average crystallites size of the deposited film
increases from 6 to 14 nm when the film is annealed at 500 °C.

The micro strain (g), dislocation density (6) and number of crystallites per unit area (N)
[33-35] have been calculated using the following relations and their values are given in the table 1.

Micro strain (¢) = B cos 6/4 2
Dislocation density (8) = 1/ 1° (3)
Number of crystallites per unit area (N) = t/t° (@))

where t is the thickness of the film. It is interesting to note that the annealing temperature increases
the dislocation density and decreases the strain in the films.
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Fig. 1. XRD spectra of CdS thin films (a) as-deposited (at 75 °C), (b) annealed at 300 °C,
(c) annealed at 400 °C, (d) annealed at 500 °C

Table. 1. Structural parameters of CdS thin film samples before and after annealing

treatment
Sample FWHM Grain size Dislocation Number of Strain
(x10*(rad.)) (nm) density grains/unit area

(10" lines/m?) (10" m? (10

As- 21.980 6.48 24.414 42.340 53.462
deposited

Annealed 16.048 8.87 12.913 17.168 39.039
at 300 °C

Annealed 12.036 11.51 7.181 7.120 30.091
at 400 °C

Annealed 9.420 14.71 4.627 3.683 23.550
at 500 °C

3.2 Morphology of CdS thin film

The scanning electron microscope (SEM) images of as-deposited samples are shown in
Fig. 2 (a). From the figure, it is observed that the grains are in regular size and shape and the films
are not well covered on the glass substrate. The grain sizes can be controlled by using parameters
such as concentration of ingredients in the solution, bath temperature and time of the deposition.
During the growth of the film, the PVA molecules acting as a stabilizer of CdS crystals being
formed, interrupting their growth at the stage of nanoparticle formation. This means that the PVA
reduces the agglomeration of nanoparticle on the substrate. This has resulted in a noticeable
discontinuity between the grains and the voids in the layers of as-deposited sample. The crystallite
size obtained from XRD Scherrer’s equation (~6nm) was lower than the observed value from
SEM. This may be due to the average size of crystallites obtained from XRD whereas from SEM,
the obtained sizes were from the surface of the grains. Ozsan et al reported transmission electron
microscopy measurements that these CdS grain aggregates are composed by much smaller
crystallites with an average size very similar to that determined from XRD measurement [36]. Fig
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2 (b) show the SEM images of the films annealed at 500 °C respectively. From this figure it is
observed that the increase of annealing temperature, grain size of CdS film becomes larger.

Fig. 2. SEM images of CdS thin films (a) as-deposited (at 75 °C), (b) annealed at 500 °C

3.3 Optical properties

UV-visible absorption spectra of as-deposited samples and annealed samples are shown in
Fig. 3. The fundamental absorption, which corresponds to electron excitation from the valance to
conduction bands, can be used to determine the nature and value of the optical band gap. The
optical band gap (Eg) has been calculated using Tauc’s formula [37],

o = (A/hv) (hv-Eg)" (5)

where a is the absorption coefficient, (hv) is the incident photon energy, A is a constant, and the
exponent n assumes the values %, 2, 3/2 and 3 for allowed direct, allowed indirect, forbidden
direct and forbidden indirect transitions, respectively. As CdS is a direct band gap material, n = %
for the allowed transition

ohv= A(hv-Eg)1/2 (6)

The band gap has been calculated by extrapolating the linear region of the plots (ahv)? vs
hv on the energy axis, as shown in Fig. 4. Which are higher than that of the bulk value of CdS
(2.42 eV at 300 K). The decrease of band gap (red shift) with the increase in annealing temperature
is observed as shown in Fig. 5. It was clear that the band gap is decreased due to an increase of the
cluster size or grain size and this is known as the quantum size effect. The enhancement of band
gap is attributed to the quantum size effect of these small crystallites, although the diameters of the
nanoparticles are quite larger than the excitonic Bohr radius (~3.5 nm) of CdS [19,38,39]. It may
be noted that, when the as-deposited sample was annealed at 500 °C, the band gap decreases from
3.5 to 2.9 eV due to the increase of crystallite size. The crystallite size increases at a higher
annealing temperature, as predicted by the thermodynamical behavior of growth of colloidal
nanoparticles.
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Fig. 3. UV-VIS absorption spectra of CdS thin films
(a) as-deposited (b) annealed at 300 °C,
(c) annealed at 400 °C, (d) annealed at 500 °C

Fig. 4. A plots of (anv)* Vs. nv of CdS thin films
(a) as-deposited (b) annealed at 300 °C,
(c) annealed at 400 °C, (d) annealed at 500 °C

3.4 Electrical properties

The resistivity p, Hall mobility py, and carrier concentration n of as-deposited and
annealed samples were determined using Hall effect measurement and the values are shown in
Table 2. The electrical resistivity at room temperature was in the order of 10° Q cm for as-
deposited CdS thin films which was decreased to 10° Q cm after annealing at the temperature of
500 °C. The electrical resistivity of as-deposited CdS film is greater when it is compared to the
values reported in literature [40,41]. It may be due to the nanocrystalline nature of thin film,
crystallite boundary discontinuities, presence of surface states and small thickness of the film. It is
evident that the value of electrical resistivity decreases with the increase in annealing temperature
which confirms the semiconducting behavior of CdS film. The decrease in electrical resistivity
with the increase in annealing temperature is due to the improvement in crystallite and/or grain
size, decrease in defects and grain boundary discontinuities. The as-deposited film has a carrier
concentration (C.C) of about 7.138 x 10" cm™. The C.C value increases with the increase of
annealing temperature and it reaches a value of about 1.169 x 10** cm™ at annealing temperature of
500 °C. The negative sign in Hall coefficient and C.C indicates that the as-deposited and annealed
CdS thin films have n-type conductivity. The change in the conductivity due to annealing is shown
in table 2. All the results shown above illustrate that the annealing treatment has a strong influence
on the electrical properties of CdS thin films and that it is a good technique to improve the
electrical conductivity of the as-deposited CdS thin films.

Table. 2. Electrical properties of CdS thin film before and after annealing

Sample Resistivity Mobility Carrier Conductivity
(Q cm) (cm?/V/s) concentration (Qcm)?
(cm®)

As-deposited 1.473 x10° 5.936 x10" -7.138 x10™ 6.787 x10°

Annealed at 7.440 x10° 0.872 x10! -8.499 x10™ 1.344 x10™
300 °C

Annealed at 3.079 x10° 2.408 x10! -8.418 x10% 3.248 x10™
400 °C

Annealed at 1.858 x10° 2.878 x10? -1.169 x10" 5.383 x10™
500 °C
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4.Conclusion

CBD is a simple technique to prepare CdS nanocrystalline thin films at low temperature.
These CdS deposits are uniformly distributed particles, each consisting of many smaller
nanocrystllites (~6 nm). The nanostructure of CdS was confirmed by XRD. When the sample is
annealed at 500 °C, it has (101) additional peak at 28.1° which confirms the single phase of
hexagonal structure. The surface morphology and grain size of CdS films are found to vary with
the thermal annealing temperature. With the increase in annealing temperature, the grain size
becomes larger and it becomes denser. From optical absorption measurements, it is found that the
optical band gap reduces from 3.5 eV to 2.9 eV, i.e. optical band gap of semiconductor
nanocrystals can be tuned as desired by using the annealing temperature. Electrical measurement
confirms that the resistivity decreases to the order of 10° Q cm and increase in electrical
conductivity due to annealing.
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