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High-quality CdS nanocrystalline thin films were grown by sol-gel spin coating method at different solution temperatures
on glass substrates. As-deposited films exhibited nanocrystalline phase with hexagonal wurtzite structure and showed good
adhesion and smooth surface morphology. It was clearly observed that the crystallinity of the thin films improved with the
increase in solution temperature. Crystallites sizes of the films also increased and were found to be in the range of 10 mm to
17 nm. The influence of the growth mechanism on the band and sub-band gap absorption of the films was investigated using
UV-Vis and photothermal deflection spectroscopy (PDS). The band gap values were calculated in the range of 2.52 eV to
2.75 eV. The band gap decreased up to 9 % with the increase in solution temperature from 45 °C to 75 °C. Absorption coef-
ficients estimated by PDS signal showed the significant absorption in low photon energy region of 1.5 eV to 2.0 eV. The dark
and illuminated I-V characteristics revealed that the films were highly photosensitive. The results demonstrated the potential
applications of sol-gel grown CdS nanocrystalline thin films as photoconductors and optical switches.
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1. Introduction

Recently, an increasing interest has been de-
voted to the development of II-VI group binary in-
organic low dimensional materials via simple and
inexpensive chemical route. This kind of material
is highly desired for various potential applications
in the field of advanced electronic and optoelec-
tronic devices. CdS is one of important candidates
of II-VI group binary inorganic semiconductors for
optoelectronic applications. It has direct band gap
of 2.42 eV at room temperature and high photo-
sensitive properties [1-5]. CdS nanocrystalline thin
films have recently received much attention be-
cause of their unique physical, chemical and me-
chanical properties as compared to the bulk coun-
terpart [6-8]. They are extensively used in opto-
electronic devices because they tune emission in
the visible region of the electromagnetic spectrum
by the change in particle size. CdS thin films are
also useful in the fabrication of thin film transistors,
light detectors, solar cells [9-11]. Fundamental
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properties of a semiconducting material, such as
optical, electrical and magnetic can be tailored by
controlling the size, structure and surface states of
nanocrystalline materials.

Optical absorption in low-dimensional semi-
conducting materials has attracted much attention
due to their significant applications especially in
light detecting and trapping devices [12]. There-
fore, the exact value of absorption coefficient of
semiconductor nanocrystalline thin films plays a
major role in the fabrication of efficient devices.
Recently, photothermal deflection spectroscopy has
emerged as a powerful tool for the determination
of optical absorption of nanomaterials with a high
precession. It is versatile technique and can be suc-
cessfully applied in the measurement of absorption
coefficients of semiconductor thin films or the in-
vestigation of density of gap states in inorganic and
organic semiconductor thin films. The PDS tech-
nique is mainly based on the heating of the samples
under investigation by a normally incident beam of
monochromatic light, inducing a gradient of refrac-
tive index in the surroundings of the medium. Light
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from a probe laser, essentially grazing the surface
of the material, experiences a periodic deflection
synchronous with the modulation in the intensity
of the light from the pump. The amplitude and
phase of this periodic deflection can be monitored
with a position sensor and a differential AC syn-
chronous detection scheme. If the wavelength of
the pump light is varied, the deflection of the probe
laser becomes a measure of an optical absorption
spectrum of the material. The relation between am-
plitude of PDS signal A and absorption coefficient
« is given by [13, 14]:

A =Asu(1—exp(—al)) (1)

where A is the PDS signal amplitude, 1 is the thick-
ness of the film and Ay is the saturated ampli-
tude which depends on the geometrical parameters
of the experimental setup. On the other hand, CdS
also has photoresistive properties. The resistance
of photoresistor changes with the light intensity.
With the increase in light intensity, resistance of
the film decreases. It exhibits the photoconductive
properties.

In the present work, high quality nanocrys-
talline CdS thin films were grown on glass sub-
strates by sol-gel spin coating method at different
solution temperatures. Structural and morphologi-
cal properties of thin films were studied from XRD
spectra and FE-SEM micrographs. The influence of
solution temperature on the band gap and sub-band
gap was investigated by UV-Vis and PDS. Photo-
conductive properties of the films were investigated
in details.

2. Experimental

2.1.
ples

Growth and characterization of sam-

CdS nanocrystalline thin films were deposited
on glass substrates by sol-gel spin coating method.
The size of substrate was 1.5 cm? x 1.5 cm?. All
chemicals, purchased from Merc Co., were of an-
alytical grade with the purity of 99.99 %. First,
we have prepared CdS sols for spin coating by
dissolving cadmium acetate (CH3COO),Cd-2H,0
and thiourea (NH,CSNH,) as Cd and S sources,

respectively, in 2-methoxyethanol separately and
kept them under constant stirring for 1 h. Then, we
mixed both the solutions and stirred for half an hour
at 45 °C, 55 °C, 65 °C and 75 °C, separately. The
cadmium acetate and thiourea concentration were
1.0 M. The molar ratio of Cd/S was kept constant at
unity. Monoethanolamine (MEA:H,N(CH;),OH)
was added to obtain the desired sols. Solution was
aged for 3 h to gain the thermal stability. Secondly,
the glass substrates were cleaned using detergent
and washed ultrasonically with acetone and dis-
tilled water. The glass substrates were kept in an
oven at 85 °C for 15 min. Fresh solution was used
for fabrication of thin films at 3000 rpm for 30 s.
This process was repeated for seven times to in-
crease the film thickness. Finally, to remove the de-
fects and organic unwanted particles, the CdS thin
films were post-annealed at 200 °C for 2 h in the N,
atmosphere. The grown nanocrystalline thin films
are shown in Fig. 1. The chemical reactions which
took place in preparing the parental solution were
as follows [15]:

Cd(CH3CO0), — Cd** +2(CHCOO)™  (2)

Cd** ++ nHO(CH),NH, — Cd[O(CH,),NH,)*™"

3)

NH,CSH,N — (NH,),C*" +8*~ (4)
Cd[O(CH,),NH,]> " + 82~

— CdS+ nHO(CHg)zNHZ (5)

In the reactions, solvent acts as a catalyst to
carry out the reactions. Firstly, mediate cadmium
complex is formed. The sulphide ions interact with
the cadmium complex to form CdS. The con-
trolled growth of CdS was achieved using the
chemical precursors comparatively to the other in-
organic chemical precursors. After post-annealing
the unwanted organic parts were evaporated. The
ready samples were characterized using different
characterization techniques. The structural prop-
erties of the films were investigated using Pana-
lytical X-ray diffractometer model PW3710. Opti-
cal absorbance spectra of the films were recorded
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with a double beam spectrophotometer model
JASCOV570 in the range of 250 nm to 1100 nm.
Surface morphology was examined by field emis-
sion electron microscope model Carl-ZEISS EVO-
40. For measurement of absorption coefficient,
tungsten-halogen lamp was used to pump the sam-
ple, which generated heat within and around the
sample surface. The monochromator was used to
prevent light dispersion. Light beam, after pass-
ing by the monochromator was further passed
through the low-pass filter and then focused on
the sample. The light was mechanically chopped at
20 Hz. The CCly liquid was used as a surrounding
medium, due to its very high coefficient of varia-
tion of refractive index with temperature (dn/8T =
5x 10~* K~1). To confirm that the surrounding ma-
terial does not influence the film surface and sig-
nals, the optical absorbance of films immersed in
CCly for 5 h was also measured which did not show
any significant change. The He—Ne laser with the
power of 5 mW was used as a probe beam, just to
graze the sample surface. The lock-in amplifier was
used to amplify the detector signal. The signal was
recorded using four-quadrant detector. First, silver
electrodes were deposited on the films by thermal
evaporator at a vacuum of 1.22 x 1073 Pa. The
gap between two electrodes was 2 mm for mea-
surement of photoconduction properties. The dark
and illuminated I-V measurements were made us-
ing DC Keithley 487 multimeter. White light lamp
of 200 W was used for illumination of the samples,
and to avoid heating effect in the samples, the lamp
was placed at a height of 35 cm.

3. Results and discussion

3.1. X-ray diffraction analysis

XRD spectra of CdS nanocrystalline thin films
obtained by using sol-gel spin coating method at
different solution temperatures are shown in Fig. 2.
It has clearly been observed that the crystallites and
crystallinity of CdS thin films has changed with the
change in solution temperature. The films grown at
45 °C and 55 °C show a broad hump at an angle of
26.38°. No sharp peak is observed. The films grown
at 65 °C and 75 °C confirm crystalline nature with

preferred orientation along (0 0 2) plane at an angle
26.38°. It is in a good agreement with the hexago-
nal structure of CdS thin films [16]. The sample
grown at 75 °C shows superior crystalline nature
in comparison to the films grown at lower temper-
atures. The crystallite size of the films was calcu-
lated using Debye-Scherer formula and the value
of crystallites size was found to be in the range of
10 nm to 17 nm. In addition, the XRD spectra re-
veal that the films are nanocrystalline in nature and
the crystallite size of the films is increasing with the
increasing in solution temperature. The increase in
crystallites size may be due to the enhancement in
the chemical reaction rate and rapid nucleation of
CdS nanocrystals with the increase in temperature.

Fig. 1. Sol-gel grown CdS nanocrystalline thin films at
different solution temperatures.

3.2. FE-SEM analysis

Micrographs of CdS nanocrystalline thin films
are shown in Fig. 3. From Fig. 3 it is observed that
the films have smooth, compact morphology and
are free from voids and cracks. The micrographs
also show good adhesion to the substrates. The
morphology of the films changes significantly with
changing solution temperature. The films grown at
45 °C do not show clear round shapes but tightly
packed nanocrystals with the size of few nanome-
tres. The films grown at 75 °C solution temperature
have similar shape and morphology of particles
but the size of the particles increased, which can
be observed clearly. It is also confirmed by XRD
results analysis.

3.3. UV-Vis analysis

Room temperature absorbance spectra of CdS
nanocrystalline thin films in the range of 250 nm to
1100 nm are shown in Fig. 4. From Fig. 4, the influ-
ence of solution temperature on absorbance spectra
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Fig. 2. XRD patterns of CdS nanocrystalline thin films
at different solution temperatures.

Fig. 3. FE-SEM micrographs of CdS nanocrystalline
thin films obtained at different solution temper-
atures.

is clearly observed. All the samples exhibit a sharp
band edge at 450 nm to 500 nm; this confirms the
formation of uniform nanoparticles. Absorption co-
efficients & were calculated using equation 6 [17]:

oD
== (6)

where OD is the optical density and d is the film
thickness. The high absorption region of 2.5 eV to
3.0 eV is governed by the Urbach relation:

(ahv) =A(hv — Eg)?

o

(N

where A is a function of index of refraction and
hole/electron effective masses. The band gap of
thin films was estimated from the Tauc plots. The
Tauc plots of thin films (achv)? vs. hv are shown in
Fig. 5. Direct optical band gap was determined by
extrapolating the straight line to the zero absorp-
tion coefficient on photon energy axis of (othv)?
vs. hv graph. The value of band gap of the films
was found to be 2.57 eV to 2.75 eV which is well
agreed with the earlier reported values [18-20]. All
the thin films have higher band gap values than the
bulk CdS material. It may be due to the quantum
confinement effect occurring in the CdS thin films.
In addition, an influence of solution temperature
on band edge was observed. On increasing the so-
lution temperature, the band gap of the films de-
creases. It confirms that the increase in particle size
with an increase in solution temperature, hence, the
band gap decreases. The particles size was also de-
termined using the Brus equation [15]:
2.2 2
AE, % (L*_i_i*) 1.8
my  my dregyR

e

®)

where m; and m; are the effective masses of an
electron in the conduction band and a hole in the
valence band, respectively, h is the Planck con-
stant, e is the electron charge, € is the permittiv-
ity of free space (8.854 x 10712 C2N"'.m2),
is the relative permeability (5.7), E; is the energy
gap of bulk CdS, and R is the particle size. Parti-
cle size estimated by Brus equation 8 shows a good
agreement with the particle size determined from
FE-SEM results.

3.4. PDS analysis

The absorption coefficients of CdS nanocrys-
talline thin films deduced from PDS measurements
are shown in Fig. 6. The values of absorption co-
efficients o« were calculated from PDS signal us-
ing equation 6. From Fig. 6, it can be observed
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Fig. 4. Absorbance spectra of CdS nanocrystalline thin
films obtained at different solution tempera-
tures.
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Fig. 5. Plots of (ahv)? vs. hv of CdS nanocrystalline
thin films obtained at different solution temper-
atures.

that two saturation regions exist in high and low
photon energy regions. In the band gap region, ab-
sorption coefficients become saturated due to high
value of absorption coefficients. In forbidden en-
ergy gap region, the films reveal weak absorption;
it may be attributed to the defects, grain bound-
aries and extended states of nanocrystals of the thin
films. Two main factors suggest a weak absorp-
tion: one is dangling bond like defects and the sec-
ond major reason is the accumulation of impuri-
ties and adsorbate at the surface of thin films dur-
ing the growth process [21, 22]. In high energy re-
gion of 2.4 eV to 3.0 eV, absorption coefficients of
thin films have the same value like in traditional
UV-Vis spectroscopy. The influence of solution

temperature on sub-band gap (weak absorption) of
the films was also investigated. Overall absorption
in the sub-band gap region was high for the thin
film grown at 75 °C. It may be due to the enhance-
ment in surface defects or extended states of the
grown nanocrystals with the increase in solution
temperature. Weak absorption in forbidden energy
region can play an important role in designing op-
toelectronic devices based on sol-gel grown CdS
nanocrystalline thin films.
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Fig. 6. Absorption coefficients of CdS nanocrystalline
thin films obtained at different sols tempera-
tures.

3.5. I-V characteristics

Dark and illuminated I-V characteristics of sol-
gel grown CdS nanocrystalline thin films are shown
in Fig. 7. It can be seen that the CdS nanocrystalline
thin films show ohmic behavior. Electric current
measurement under illumination conditions reveals
a pronounced increase in conductivity of the films.
Moreover, excellent photoconduction has been de-
tected in sol-gel grown CdS nanocrystalline thin
films. This behavior is consistent with an increase
in the number of free carriers in the semiconduc-
tor under illumination, as expected from the optical
properties of both bulk and nanoscale CdS [23, 24].
This confirms that the sol-gel grown CdS thin films
show light sensitive properties. The conductivity of
the films increases also with an increase in solution
temperature. It can be noticed that I-V character-
istics for dark and illuminated conditions exhibit
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linear behavior, which is similar to that of CdS thin
films grown by sol-gel method [25].
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Fig. 7. I-V characteristics of CdS thin films deposited
at different solution temperatures of 45 °C and
75 °C in dark and illuminated conditions.
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Fig. 8. Photoresponse of CdS thin films deposited at so-
lution temperature (a) 45 °C and (b) 75 °C.

3.6. Photoresponse

Photoresponse of the nanocrystalline films
grown at 45 °C and 75 °C occured between low

and high conductance states when the white light
was turn on and off, as shown in Fig. 8. It can be
seen that the response time of sol-gel grown films is
fast, with a typical rise time of 1 s and decay time of
2.85 s. It is quite certain that the rise time is shorter
than the decay time which has been confirmed
by systematic measurements. The characteristics
of sol-gel grown CdS nanocrystalline thin films
suggest that they are good candidates for opto-
electronic switches, with the dark insulating states
as “OFF” and the light-exposed conducting state
as “ON”. The mechanism of photoconductivity
has already been studied previously for polycrys-
talline thin films, but a typical process of electron-
hole pair generation, trapping and recombination
within CdS is complex [26]. Despite the detailed
mechanism of CdS nanocrystalline thin films pho-
toconduction has not been fully clarified, we sug-
gest that a similar mechanism as for other poly-
crystalline films would be applicable. Adsorption
of oxygen molecules on the surface of thin films is
possible due to general properties of metal chalco-
genide material. Oxygen molecules are adsorbed
on the nanocrystalline thin films as negatively
charged ions by capturing free electrons from n-
type CdS thereby creating a depletion layer with
low conductivity near the surface of the films. Since
the thickness of the films is ~150 nm, only a
weak depletion layer effect is observed. In the il-
luminated state, the absorption of light with en-
ergy greater than the band gap generates elec-
trons in conduction band, which increases free
carriers density and, in consequence, conductivity
of nanocrystalline thin films. These photo-induced
conductivity changes allow us to reversibly switch
the nanocrystalline films between OFF and ON
states as shown in Fig. 8, which is an optical gat-
ing phenomenon analogous to the commonly used
electrical gating [27].

4. Conclusions

High quality CdS nanocrystalline thin films
were fabricated successfully by sol-gel spin coating
method at different solution temperatures on glass
substrates. XRD analysis showed that the crys-
tallinity of thin films improves with the increase in
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solution temperature. Crystallites size of thin films
was found to be of few nanometres. Micrographs
of thin films revealed compact spherical nanoparti-
cles. The particle size assessed from the FE-SEM
images was found to be 2 nm to 5 nm. The par-
ticle size of the films increased with the increase
in solution temperature. Band gap of thin films de-
creased with the increase in solution temperature.
It may be due to the accelerated chemical reac-
tion with the increase in solution temperature. The
value of band gap was estimated in the range of
2.50 eV to 2.75 eV. The absorption coefficients of
thin films were calculated from UV-Vis and PDS
spectroscopy. Significant amount of absorption was
observed in forbidden energy gap region. I-V char-
acteristics of the CdS thin films were determined
under 200 W visible lamp.
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