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Abstract

The semiconductor thin films have been synthesized through a chemical process and studied for
their physical, optical, and photoelectrical characteristics. Based on the X-ray diffraction patterns, the
material is found to be crystalline, with clear peaks that correspond to specific crystallographic planes such as
(111), (200), (220), (222), and (420). When it comes lo the optical properties of the thin films, the material
shows strong absorption in the UV—visible range. Using the Tauc plot, the optical band gap of the material is
calculated to be approximately 1.85 eV. From the electrical measurements, a linear relationship between
current and voltage is observed, indicating that the material exhibits ohmic conductivity. The significant
increase in photocurrent compared to the dark current suggests that the generaled charge carriers are
efficiently transported through the material.
Keywords: Lead sulphide thin film, XRD analysis, FESEM, optical properties, electrical properties,
photoconductive properties.

Introduction

PbS thin-film semiconductors have gained significant attention because of their wide
applications in optoelectronics, including detectors, solar cells, sensors, and energy conversion
systems [1—4]. The performance of these materials is strongly influenced by their structural,
morphological, optical, and electrical properties [57]. Understanding how the microstructure of
these materials affects charge transport can help in improving the performance of semiconductor-
based devices. Furthermore, PbS has high carrier mobility and a significant Bohr exciton radius
(~18 nm), which support effective charge transport and exciton separation in nanoscale
applications [6-97 Field emission scanning electron microscopy (FESEM) is a common technique
used for characterizing thin film morphology and grain sizes. The structural parameters of the thin
films such as grain boundaries, surface roughness, and particle agglo play an important role in
optical and electrical properties. Grain structure influences the charge transport properties, and a
connected uniform grain structure will enhance electrical conductance properties by minimizing
scattering and recombination.

Apart from morphology, the current-voltage (I-V) characteristics help in investigating
the electrical conductance properties of materials. The I-V graph provides information regarding
whether the material exhibits ohmic or non-ohmic conduction and also about electrical contact
characteristics. In addition, conducting I-V analysis under both dark and light conditions will
enable investigation of photocurrent generation and transport characteristics of the material.
The optical characteristics, including the absorption characteristics and energy bandgap, influence
the interaction capability of the substance with light and production of charge carriers. Substances
that have energy gaps in the visible spectrum range are more appropriate for the conversion of
solar energy and photodetector applications. The structural features derived through XRD studies
add value to such investigations by ensuring phase formation and crystallization. This paper
explores the fabrication and characterization of semiconductor PbS thin film based on a chemical
process and utilizes techniques such as XRD, UV-Visible spectroscopy, FESEM, electrical and
photoconductive properties.
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Experimental Methodology

PbS nanostructures were synthesized via a three-step chain reaction process using a chemical bath deposition technique at
room temperature (~27°C). Initially, Cd (OH), nanoparticles were deposited on clean glass substrates by immersing them in a 0.1
M CdCl; aqueous solution, followed by controlled addition of ammonia to maintain an alkaline pH (~12). The substrates were kept
inclined (~45°) in the bath for 16 hours, then rinsed and air-dried. Subsequently, cation exchange was carried out by immersing
the Cd (OH); coated substrates in 0.15 M lead acetate solution for 10 hours, resulting in the formation of Pb (OH),. After washing
and drying, the substrates were further treated in a 0.1 M sodium sulfide (Na,S) solution for 21-24 hours, leading to the
conversion of Pb (OH); into PbS.

Characterization Techniques

To study the synthesized PbS thin films, several analytical techniques were used to examine their structural, physical,
optical, and electrical properties. X-ray diffraction (XRD) was performed using Cu-Ka radiation (wavelength of 1.5406 A) to
identify the crystal structure and the different phases present in the PbS film. A Field Emission Scanning Electron Microscope
(FESEM) was used to examine the surface morphology and structure of the film.
To determine the optical properties, UV—Visible spectroscopy was conducted over a wavelength range of 350 to 1000 nm. The
optical band gap was calculated using the Tauc plot method. Electrical properties were assessed through -V measurements to
understand the material’s conductivity. Additionally, resistivity was measured at various temperatures. To investigate the
photoconductivity of the PbS thin film, photoconductivity tests were carried out using an external light source such as a halogen
lamp.

Results & Discussions
1. Diffraction (XRD) Analysis
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Figure 1: XRD graph of synthesized PbS thin film.

The structure of the PbS thin film was studied using X-ray diffraction (XRD). The diffraction pattern, measured in the
angular range of about 20° to 80°, showed several clear peaks, indicating that the sample has a crystalline structure. These peaks
correspond to the crystal planes with Miller indices (111), (200), (220), and (222), as listed in JCPDS Card no. 05-05092 [10,117].
The strongest peak, corresponding to the (200) plane, suggests that the crystals grow preferentially in that direction, indicating
anisotropy in the structure. The presence of several strong peaks with very little background noise shows that the film is well
crystallized and has a pure structure. No extra peaks due to impurities were observed in the diffraction pattern. The crystallite size
of the thin film was calculated using the Scherrer equation [127:

D =0.91/ B cos(B)

Where, D is the crystallite size, A is the wavelength of Cu-Ka radiation (1.5406 A), B is the full width at half maximum (FWHM)
of the diffraction peak, and 6 is the Bragg angle. The calculated crystallite size was 9.25 nm, which shows that the film has a
nanocrystalline structure. The narrow width of the peaks also suggests better crystallinity and fewer lattice defects.

2. Surface morphology

Figure 2: FESEM image of synthesized PbS Thin Film
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The surface morphology of the synthesized PbS thin films was investigated using field emission scanning electron microscopy
(FESEM), as presented in Fig. X. The micrograph reveals that the film consists predominantly of platelet-shaped nanostructures
distributed uniformly over the substrate surface.
The grains exhibit irregular geometries with relatively smooth surfaces and well-defined boundaries, indicating controlled
nucleation and growth of PbS crystallites. The nanoplate are found to be closely packed and partially overlapped, resulting in a
continuous and compact film with good surface coverage. The absence of noticeable cracks and pinholes suggests that the
deposited films possess high uniformity and structural integrity.
In addition, a layered arrangement of the nanoplate is observed, which can be attributed to anisotropic crystal growth during the
deposition process. Such morphological features are commonly reported in PbS thin films synthesized via low-temperature or

solution-based techniques [187. A slight degree of agglomeration is also evident, which is typical for nanocrystalline materials due
to their high surface energy.

3. Optical Absorption and Bandgap Analysis
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Figure 3: Absorbance spectra of the PbS thin film

Optical analysis of the synthesized PbS thin film was carried out using UV-visible spectroscopy, ranging from 850-1000 nm. In
the absorbance curve, the maximum absorbance occurs at lower wavelength values, i.e., UV-visible range, followed by a gradual
decrease in the absorbance value as the wavelength increases. This high absorbance in the UV region implies that the thin film is
capable of efficiently absorbing photons through electronic transition between the valence and conduction bands.

In addition, there is a sudden absorption edge in the visible part of the spectrum, implying fundamental absorption related to
bandgap absorption of the material. In addition, there is a gradual decrease in the absorbance value beyond this region, indicating

weak interaction of photons beyond the absorbance edge. There is no abrupt change in absorbance, which implies uniformity in
film formation without any defects.

Bandgap Determination
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Figure 4: (ahv)? against photon energy (hv)

The optical bandgap of the thin film was calculated based on the Tauc equation for a direct allowed transition. The graph plotted

between (ahv)*2 and the energy of the photon (hv) reveals a straight-line segment close to the absorption threshold. From this
graph, the optical bandgap is obtained by extrapolating the straight-line segment to the energy axis.
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ahv = A(hv-Eg)'/2

From the extrapolation of the graph, the optical bandgap energy (Eg) is estimated at about 1.85 eV. It can be noted that the
energy gap falls within the visible spectrum range of electromagnetic radiation [137.

The straight-line shape of the Tauc graph indicates a direct allowed transition characteristic of the material. The small bandgap
implies strong optical absorption capability and high charge carrier generation efficiency [14-157.

4. Current—Voltage (I-V) Characteristics of PbS Thin Films
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Figure 5: I-V graph of synthesizes PbS thin film

Current—voltage (I-V) characterization of the synthesized sample was conducted over the voltage range of 5-30 V. As depicted in
Figure X, there is a linear rise in current when the applied voltage varies over the studied range, showing that the current and
voltage have a proportional relationship. This linear relationship proves that the sample adheres to the principle of Ohm's law,
which can be expressed as

[=V/R

The linear relationship of the plot implies that there is no deviation from ohmic contacts on the part of the electrodes and the
sample since this indicates low contact resistance and effective charge carrier transfer.The slope of the I-V curve shows that the
resistance of the sample hardly changes with voltage, showing that the electrical conduction is stable and does not deviate due to
the phenomenon of Joule heating and trap-controlled conduction. Also, there are no non-linear sections implying that barrier-
controlled transport does not occur in this sample.

Ohmic conductivity is usually characteristic of samples having homogeneous morphological structure and good crystallinity
because charge carriers experience fewer barriers during transport through the sample.

5. Temperature-Dependent Resistivity
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Figure 6: In(p) Vs 1/T

Temperature-dependent resistivity values of the prepared thin film show that the samples exhibit semiconductor-like behavior.
Resistivity decreases as the temperature rises in accordance with the negative temperature coefficient of resistivity (NTCR). Such
behavior indicates that the electron transport mechanism in this system takes place by means of thermally activated electrons.

In case of low temperatures, resistivity values are relatively high since the number of charge carriers is not sufficiently large. An
increase in temperature leads to adequate thermal excitation of electrons to the conduction band from localized states or from the
valence band, respectively. No abrupt changes observed in the resistivity versus temperature plot suggest that no phase transition
processes are involved and indicate uniform crystalline structure of the prepared sample.
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Moreover, resistivity values obey Arrhenius equation:
p = poe E4/KBT [167.

In summary, the electrical behavior of the material synthesized clearly shows that it exhibits thermally activated
conductivity with stable transport properties. These properties make it very useful in electronic applications where thermal
properties are critical.

6. Photoconductivity Studies
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Figure 7: I-V graph of PbS thin film (I.- Dark current and I.— Photocurrent)
Photoconductivity of the fabricated PbS thin films was studied under illumination with halogen lamp serving as light source. From
the I-V plots obtained, the current-voltage relation shows nearly linear relation, indicative of the ohmic conduction property and
excellent electrode-film contact.
In terms of the experiment results, there is a significant increase in the measured current when subjected to illumination. The
change in current is illustrated by the measured current increasing from ~10° at low voltages to ~10° when voltages are
increased. There is an immense increase in the conductivity of the thin film due to illumination [17]
The increase in the photocurrent measured is attributed to the absorption of light whose photon energy is almost equal to that of
the bandgap (~1.85eV). This energy causes the valence electrons to be excited to the conduction band, resulting in the generation
of electron-hole pairs which conduct electricity. The absence of saturation in the I-V curve indicates minimal recombination losses
and stable carrier dynamics within the material. The high magnitude of photocurrent reflects strong light absorption capability,
efficient photocarrier generation and good charge carrier mobility and transport
In general, the obtained results demonstrate that the PbS thin film has excellent properties of light responsiveness and stability
under light illumination, and can be applied to produce optoelectronic devices such as photodetectors and optical sensors.

Conclusion

The PbS films were successfully prepared through a chain reaction process using a chemical bath deposition approach in room
temperature conditions. The result from the X-ray diffraction measurement showed the presence of a polycrystalline form of PbS
with well-resolved diffraction peaks. From the FESEM image analysis, there were well-distributed grains within the film surface,
suggesting that charge transport would be easy.IFrom the optical property analysis, there was a good absorbance of the light by
the sample material, and the optical bandgap was determined to be 1.85 eV, which made it a promising light harvesting material.
The electrical measurements indicated that it was a semiconductor material because its resistivity decreased with increasing
temperatures.

The photoconductivity study under the illumination of the halogen lamp showed that the current significantly increased to the
order of 10° to 10° pA.
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