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Effects of the substrate temperature on structural and optical properties of the

PbS thin films synthesized using pulsed laser deposition are investigated. The
main focus of the present study is to optimize various parameters for good quality
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films. The study reveals the preferred orientation of (200) reflection plane with

compressive stress (-0.31211 GPa) at only 200°C substrate temperature. However,
the lowest roughness of the film is also observed at 200°C by using atomic force
microscope. Only reflectance spectra are used to determine the band gap of these

films in weak absorption region.
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Introduction

Thin films are used or applied to an almost limitless range of
applications i.e., optical devices, mirrors, semiconductor devices,
magnetic media, food wrap, etc. The ability to verify quality is
critical to correlating performance of the thin films. Thin films of
IV-VI compounds have been considered as the most attractive in
semiconductors technology, because of their various applications
in the infrared technology. These materials are produced in
the crystalline and polycrystalline forms and used as detectors,
emitters, as well as solar control coatings [1-5]. Because of the
presence of m—rmt narrow band gap (0.41 eV) in PbS semiconductor
[6-9], exhibits its importance in highly efficient photovoltaic
conversion devices, optical switching, and related photoelectric
devices [10].

The PbS among the lead salt family materials is known as a famous
compound and is used as IR detector. This material is fabricated
mostly in the form of sensitized polycrystalline film. In the last
decade, many research works have been conducted to prepare
and increase the photoconductive properties of lead sulfide thin
films [11-13]. The development of laser technology has opened
up new applications for these compounds. The laser diodes based
on lead chalcogenides and their alloys are important sources for
the tunable radiations in the mid infrared wavelength region. They
are considered to be advantageous for detecting hydrocarbon
pollutants in atmosphere, high resolution spectroscopy, trace gas
analysis and optical fiber communication system over super long
distances [14,15]. The issues for maintaining the stiochiometry
can be resolved by using the Pulsed Laser Deposition method to
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fabricate to make it more effective material [16-18]. However,
PbS shows a lower crystalline, therefore films are highly defective
and their structural properties are mainly linked to the growth
processes used for the layer deposition [19,20]. The target ablated
by laser can create a highly energetic growth precursor, leading to
non equilibrium growth conditions. Therefore high quality films
can be obtained at a fairly low substrate temperature.

In the present study, PbS thin films are deposited using pulsed
laser deposition (PLD) technique, in order to maintain the
stoichiometry of ablated target into the deposited layer [21-23].
The present study mainly focuses on the investigation of the
substrate temperature on the crystalline quality and the surface
morphology.

Experimental Details

The UV—-PLD is performed with a KrF laser which operates at 248
nm with a repetition rate of 10 Hz and flux density 3.5 J/cm?,
PbS films were deposited on corning glass substrates by ablating
stoichiometric home-made targets. Pressure was maintained 10°
torr during the film deposition on different substrate temperature
(100, 200,300, 400 and 500°C). In order to investigate the effect
of substrate temperature on the surface stress, and structural
properties of PbS thin film, a series of samples were deposited
at different substrate temperature. X-ray diffraction analysis was
performed by using Bruker D8 Advance diffractometer using
CuK_(A=1.54 A) radiation. Surface morphology and roughness of
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the deposited films were studied using atomic force microscopy
(NT-MDT Ntegra). Room temperature reflectance spectra were
measured in the spectral range from 300 to 2500 nm using a UV-
Vis-NIR spectrophotometer (Varian Cary 5000).

Results and Discussion

Figure 1(a) shows the XRD patterns of the PbS films which are
deposited at different substrate temperature of 100°C-500°C
and compare with PbS powder . All the samples revealed the
growth of cubic phase but with different growth directions as
the former depicted the growth along (a00) and along (abO0)
directions and later (abc) direction (PCD no 5-0692). The effect of
the substrate temperature on the lattice constant (a), particle size
and stress has been obtained by the XRD shown in Table 1. Lattice
parameter for cubic phase structure was calculated using the
equation @ = d(h> + k> +17)"?, where d is the interplanar
distance and a is the lattice parameter. The XRD spectra is used
to calculate the size of the particles with increase in temperature
by using Sherrer’s formula [24]. We have also incorporated the
instrumental broadening (~ 0.1°for microcrystalline Si powder)
for the size calculations to estimate maximum particle size 57 nm.
The lattice parameter and particle sizes as a function of substrate
temperature are shown in Figure 2. The internal stress in the film
has been calculated by the relation S =[ a, —a)/a,|Y /20
, wherea, and @, are the lattice parameters of the thin film
samples and bulk samples, respectively. We considered the
powder sample as the bulk sample. Y and o are the Young’s
modulus and Poisson's ratio of the bulk sample, respectively. For
PbS, the value of Y is 70.2 GPa and o is 0.28 [24].

The XRD peak intensity is observed to increase with increase in
substrate temperature as expected. However at temperature
200°C preferred (200) orientation peak with maximum intensity
has been observed at the cost of disappearance of (111) reflection
plane with the fact that PbS grew along (200) plane that possess
lowest surface energy for cubic structure. Therefore, the growing
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film develops a crystallographic structure with minimum total
energy of the system and expect to have fast grain growth of stable
nuclei along (200) and it attributes to the fact that 10-50% of the
atoms are surface atoms. Due to large fraction of these surface
atoms, the contribution of surface energy dominates the overall
energy of the system that favors the high energy configuration. It
also may be the compressive stress at this particular temperature
due to the differences in mechanical and thermal properties that
exist between the film and substrate. This compressive stress
may be the reason for small grain size because if compressive
stress applied the lattice spacing it used to decrease lattice space
for the plane perpendicular to the stress direction and increase
for plane parallel to the stress direction. The (111) plane has
been reappeared at 300°C substrate temperature and reaches
maximum intensity at 500°C with decreasing the (200) reflection
peak intensity, which may be due to lattice spacing increase for
perpendicular in the stress direction as seen in the Table.1

Grains have been counted at the surface of the film by the NOVA
software after analysis of the AFM images, taken by the NTGARA
MDT Scanning probe microscope and depicted in Figure 3. These
results show the morphology of the film surface at different
substrate temperatures. We count the less number of the grains
on the surface of the film fabricated at 200°C, which indicates the
high surface density of fine particle because of negative thermal
stress. That could be the reason of low surface roughness on
the surface. Fig 3F shows the roughness increasing after 200°C
substrate temperature.

Figure 4 shows the optical reflection spectra of PbS films
deposited by PLD at different substrate temperatures. The
reflection spectra have been taken between a wide range of the
spectrum and divided into three regions (i.e., Strong absorption,
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Figure2 Particle size and lattice constant of PbS powder and thin
films at different substrate temperature. 0°C represents
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Absorption and Weak absorption) to understand the behavior of
films in each region. While during the increase in temperature
the grain boundary are formed by clusters and droplets in the
processes of film deposition. These grain boundaries give rise to
the internal scattering of light on the surface. As shown in the
Figure 4 increasing in the temperature the reflectance intensity in
all regions decreases that can be attributed to the increased surface
roughness with increase in substrate temperature. Figure 5 show
the band gap has been calculated by using reflection spectra of
weak absorption region using Tauc Relation. A graph between
(cthv)? Vs (k) has been plotted, where a is proportional to
h (R, —R,, ) R—R,, ] wherethereflectancefallsfrom
R . toR . due to the absorption by the thin film material and R is
the reflectance for any intermediate energy photons. So, we have
used a in the terms of reflectance as & [ Ryw —Rui)/ R—R,,.. 1
[25]. A very small change has been found in the energy band gap
(Eg), which shows that the substrate temperature has no much
effect on the thickness and other electronic parameters of the
film but it has considerable influences on structural parameters
(like surface roughness and morphology) . It has been observed
that the band gap (Eg ~0.5 eV ) for all films is close to the value of
bulk lead sulphide (0.44eV) [23], which might be due to quantum
confinement.

Conclusion

The influence of the substrate temperature on Pulse laser
deposited Lead Sulphide polycrystalline film has been observed
in this work. 200°C temperature has been found as the optimized
temperature for a good quality film of lead sulphide fims. Effect
of substrate temperature on band gap of these films has been
found negligible after determined by only reflection spectra with
high reflectivity of the optimized film.
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Table 1 The effect of the substrate temperature on the lattice constant (A), particle size and stress has been obtained by the XRD.

100C w0 5.9084 151836

300C 5.9156 1.21468

500°C 57

5.912 1.36652
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Figure 5 Band gap calculation of lead sulphide film by only reflectance in weak absorption region.
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