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Optical studies of chemically deposited PVA-capped PbS

nanoparticle thin films
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PVA-capped PbS nanoparticle thin films were deposited by chemical bath deposition (CBD) method onto the glass
substrate from an aqueous alkaline bath at room temperature. Lead nitrate and thiourea were used as Pb?*" and S? ions
sources, respectively. The optical studies of the films were carried out by optical absorption measurements using a double
beam Perkin-Elmer UV-VIS Lambda 35 spectrometer in the wavelength range of 200 — 1000 nm. The calculated direct
allowed band gap energy lies in the range of 2.3 — 2.6 eV. The crystallite size measured by XRD studies was found to be

31.45 nm.
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1. Introduction

Solar energy is one of the most convenient non-
conventional energy resources to be considered for the
power requirements of the 21° century. The studies of
semiconductor nanoparticles have shown that they exhibit
novel optical properties. These unique properties led to the
appearance of many new application areas, such as their
use in solar cell, photodetectors, light-emitting diodes and
switches [1].

Polymer capped inorganic thin film is the focus of
many research groups [2 — 8]. For example, CdSe-polymer
composites can be used to make blue light emitters [2].
Silver nanoparticles have been incorporated in the
polyvinyl alcohol (PVA) matrix in order to improve its
properties such as higher glass transition temperature and
elastic modulus than only PVA [3]. Pattabi et al [5]
prepared PVA capped CdS nanoparticles which showed
better photoluminescence properties. Nanocrystalline thin
films are also polycrystalline in nature but with sizes of
crystallites of the order of a few nanometers. Extensive
literature on size reduction effect is available [9 - 13]. Thin
film deposition carried out within the pores of PVA is an
effective means of modifying the sizes of the crystallites
[9, 10, 14].

PbS is an important binary IV — VI semiconductor
material with a narrow band gap (0.41eV) at room
temperature. The band gap can be blue shifted from the
near infrared to the visible region by forming
nanocrystallites. In view of this, PbS nanoparticles have
been successfully applied as IR detector, display devices,
Pb®" ion selective sensors, solar control coatings and
electroluminescent devices such as LED [15 — 19].
Properties of nanostructured materials are different and

often superior to those of conventional coarse-grained
materials and also of amorphous alloys of the same
configuration [20].

The CBD method for metal chalcogenide thin film
preparation is attracting considerable attention, as it is
relatively less expensive, simple and convenient for large
area deposition. A variety of substrates such as insulators,
semiconductors or metal can be used, since it is a low
temperature process. The basic principle of CBD method
has been already reported [21 — 24]

In the present investigation, nanocrystalline PbS thin
films have been deposited using CBD method at room
temperature, within the self-organized pores of polyvinyl
alcohol. The structural, surface morphological and optical
characterizations were carried out.

2. Experimental details

The chemical bath used for the preparation of the thin
films in PVA matrix in this work was prepared in the
following manner. First the PVA solution was prepared
by adding 900ml of distilled water to 1.8g of solid PVA (-
C,H40), (where n=1700), and stirred by a magnetic stirrer
at 90°C for lhour. The solution was aged until the
temperature drops to room temperature. Analytical reagent
grade lead nitrate and thiourea were used for the
deposition of PbS thin films. The PbS films were grown
on glass substrate from an alkaline bath. The films were
prepared by dipping previously cleaned glass substrates in
a mixture of solution of (0.1M) lead nitrate, (1.0M)
thiourea, (1.0M) sodium hydroxide and PVA solution. The
substrates were vertically immersed into the solution and
supported on the walls of the beaker. The substrates were
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taken out of the beaker after 3hrs, rinsed with distilled
water allowed to dry. The films were annealed in the oven
at a temperature of between 150 and 350°C

The samples were characterized with SEM, XRD and
UV-VIS Spectrophotometer. Optical properties of
chemical bath deposited PVA-capped PbS nanoparticle
thin films were measured at room temperature by using a
double beam Perkin-Elmer UV-VIS Lambda 35
spectrometer. Optical band-gaps were calculated from the
absorption spectra. The XRD patterns for the samples
annealed at 150°C was recorded using D/max-2000
Rigaku powder X-ray diffractometer in the 20 range 20° -
80° using CuK,, radiation of wavelength A = 1.5408A. The
grain size of the film was viewed by using scanning
electron microscopy (SEM) technique.

3. Results and discussion

3.1 Structure and surface morphology

X-ray diffraction (XRD) is an efficient tool for the
structural analysis of crystalline materials. The XRD

pattern for the sample annealed at 150°C is shown in
figurel0.
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Fig.1. XRD result for PbS nanoparticle thin film.

The XRD pattern of the PbS thin film into the
polymer matrix (Fig. 1) shows broadening of the peaks
which indicates that PbS is nanocrystalline in nature into
the amorphous polymer PVA matrix [8]. Prominent among
the diffraction peaks are 20 values of 25.92, 30.04, 43. 12
and 63.98°. These were assigned to the diffraction lines
produced by (111), (200), (220) and (400) planes of the
face-centered-cubic (fcc) rock-salt structure of PbS [8].

The PbS thin films grain size (D) were determined by
measuring the full width at half maximum (B) using the
Scherrer formula D = kA/ Bcosf, where k is a constant
taken to be 0.94, A the wavelength of X-ray used (A =
1.541&). Using Scherrer’s formula grain size was found to
be of the order of 31.45nm.

Scanning electron microscopy (SEM) (fig. 2) is a
convenient method for studying thin films. The structure

of the PbS film were almost homogeneous and without
many cracks and covered the substrate well. The presence
of over grown PbS particles were also observed.
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Fig. 2. SEM of PbS thin film.

3.2 Optical studies

3.2.1 Variation of the absorbance, transmittance and
reflectance of the films with wavelength.

The optical absorption spectra of the films deposited
onto glass substrate were studied in the range of
wavelengths 200 — 1000nm. The variation of absorbance
with wavelength for the samples annealed at different
temperature and the as-grown are shown in fig. 3. The
figure shows that the films have good absorption in the
visible spectrum of solar radiation. The absorbance
decreases almost linearly with wavelength from350nm up
to 700nm.

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 3. Absorbance vs. wavelength for PbS nanoparticle
thin films.

The spectral dependence of transmittance (T) as a
function of wavelength for as-grown and annealed films of
nanoparticle PbS thin films with different annealing
temperature were also studied. Fig.4 shows that the
transparency varies from 50 — 85% in the visible and NIR
region of the solar spectrum.
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Fig. 4. Transmittance vs. wavelength for PbS
nanoparticle thin films.

The figure shows that high temperature annealing has
significant effect on the transmittance of the films. This
can be seen from the high transmittance value displayed
by the film annealed at 350°C.

Fig. 5 shows the spectral reflectance against
wavelength for nanoparticle PbS thin films deposited in
this work. .With the exception of the film annealed at
350°C, all the films show a reflectance of more than 15%
in the VIS and NIR regions of the solar spectrum.

The thin films with high transmittance and low
reflectance are good material for antireflection coatings of
solar thermal devices. It has been shown that high
transmittance and low reflectance properties of thin films
in the visible region are the desired properties for their
application in solar thermal control coatings [25]. The
application of solar energy as a source of heat in chick
breeding requires thin films with high absorbance in the
VIS, high transmittance in the NIR with moderate
reflectance.
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Fig. 5. Reflectance vs. wavelength nanoparticle PbS thin
films.

The high transmittance in the NIR exhibited of this
films therefore make them good materials for the
construction of poultry roofs and walls. This has the
potential to minimize the cost of energy consumption
associated with the use of electric bulbs, heater, stove etc
and the hazards associated with them, while at the same
time protecting the chicks from UV radiation. The strong
absorbance of PbS nanoparticle thin films in the visible

region also suggests that the films could be used for the
fabrication of solar cells.

3.2.2 The absorption coefficient and optical energy
gap

The details of the mathematical determination of the
absorption coefficient (o) can be found in literature [11,
12] while the plots of absorption coefficient against photon
energy is shown in Fig. 6.

These absorption spectra, which are the most direct
and perhaps the simplest method for probing the band
structure of semiconductors, are employed in the
determination of the energy gap, E,. The E, was calculated
using the following relation [11-13]:

a=A(hv - E,)" /hv,

1 15 2 2.5 3 hn (ev) 3.5 4 4.5

Fig. 6. The absorption coefficient nanoparticle PbS thin
films.

Where A is a constant, hv is the photon energy and a
is the absorption coefficient, while n depends on the nature
of the transition. For direct transitions n = % or %, while
for indirect ones n = 2 or 3, depending on whether they are
allowed or forbidden, respectively. The usual difficulty in
applying this concept to polycrystalline thin films with
nanometer-scale crystalline grains is the size distribution
of grains and consequent variation in the band gap due to
quantum confinement effects. Thus the straight-line
portion may not extend beyond a few tenths of an
electronvolt, and hence value of the band gap could turn
out to be very subjective [15].

00°c

350°C

0 1 2 3
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Fig. 7. (ahv)’ vs. hv for PbS nanoparticle thin film.
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The best fit of the experimental curve to a band gap
semiconductor absorption function was obtained for n = Y.
The calculated values of the direct energy band gap, from
Fig. 7 lie in the range of 2.3 — 2.6eV. Annealing the
sample in the oven lowers the value of coefficient of
absorption of the films and thus increases the band gap
energy. This may be a consequence of the decrease in
crystallite size associated with high temperature annealing.
The band gap energies obtained here are high compared
with the room temperature value of 0.37 — 0.4eV [26].
However, they compare well with the values 2.4 — 2.8eV
[28] and 1.6 — 2.44eV [9], reported elsewhere. The high
band gap energy in relation to the room temperature bulk
value has been attributed to quantum confinement effect of
PbS nanocrystals. The properties of nanocrystalline
materials change from their bulk properties because the
sizes of the crystallite become comparable to the Bohr
excitonic radius [28]. It has also been reported that thin
film deposition carried out within the pores of a polymer
matrice is an effective means of reducing the size of the
crystallites [9, 10, 14]. This fact is thus responsible for the
general high value of the band gap energy reported here.
We thus infer that any process that increases the particle
size of the crystallites tend to decrease the band gap
energy of PbS thin films.

3.2.3 Other optical properties
The average values of other optical properties studied

in this work are summarized in table 1. These values were
obtained from Figs. 8,9 10 and 11.

Table 1. Average optical properties for PbS nanoparticle

thin film.
n k g &
As-grown 1.78 34.00 341 128.10
150°C 1.64 29.29 2.99 99.33
200°C 1.83 25.10 3.55 100.12
350°C 1.66 13.39 2.88 48.06
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Fig. 8. Refractive index vs. photon energy for PbS
nanoparticle thin film.
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Fig. 9. Extinction coefficient vs. photon energy for PbS
nanoparticle thin film.
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Fig.10. Real dielectric constant vs. photon energy for
PbS nanoparticle thin film.
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Fig. 11. Imaginary dielectric constant vs. photon energy
for PbS nanoparticle thin film.

4, Conclusions

PbS nanoparticle thin films have been successfully
deposited onto glass slide using chemical bath deposition
technique. The optical studies showed that the films have
good absorption in the visible spectrum of solar radiation.
The absorbance decreased almost with wavelength
from350nm up to 700nm.The properties of high
absorbance in the VIS and wide band gap energy exhibited
by the films make them suitable as window layers for solar
cell application. XRD studies show that the PbS
nanoparticle thin films prepared by CBD technique have
face-centered-cubic  (fcc) rock-salt structure. The
crystallite size was found to be 31.45nm.
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