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ABSTRACT

©{-@
This study investigates the ‘+:+. [
synthesis and characterization °+o
of Gadolinium-doped Zirconium -~
Sulphide (ZrS/Gd) thin films via 9 =
Electrostatic Spray Deposition ) xR0
(ESD) for optoelectronic and g
photonic uses. Films were ox

prepared at Gd concentrations
of 0.01, 0.02, and 0.03 mol and

Intensity «10°(a.)

evaluated for their optical, electrical, and structural properties. UV—-Vis analysis showed strong absorbance between 300-400 nm, peaking
at 0.75 a.u for 0.01 mol. Bandgap values, derived from Tauc plots, increased from 3.19 eV (pristine) to 3.33 eV at 0.01 and 0.03 mol, while
0.02 mol showed 3.06 eV. Optical conductivity reached ~0.75 S/m, and the refractive index peaked near 3.8 eV photon energy. Electrical
measurements revealed improved conductivity from 1.65 S/m (pristine) to 1.85 S/m, with corresponding resistivity decreasing from 0.61
Q:'m to 0.54 Q'm at increased dopant molarity and thickness. XRD analysis showed increased crystallite size and reduced dislocation density,
while SEM revealed uniform surface morphology with agglomerated nanoparticles. These findings confirm that Gd doping improves optical
transparency, electrical conductivity, and structural integrity of ZrS thin films, suggesting strong potential for use in UV photodetectors,
multicolour LEDs, solar-blind sensors, advanced display technologies, and other optoelectronics applications.
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INTRODUCTION

Due to the improved physical and chemical characteristics of
electronic nanoparticles over bulk materials, interest in these
nanoparticles has skyrocketed in recent decades.*™ Numerous
cutting-edge applications in the fields of medicine, pharmacy,
electronics, agriculture, solid state and material science, the food
industry, and many more have been made possible by these
exceptional qualities.*® Chalcogenides are semiconductors with
a narrow band gap that are frequently employed as photo-
catalysts.”® For photonics, optoelectronics, microelectronics, and
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plasma-electronics applications, these narrow-band gap materials
enable more effective absorption of more than 40% of solar
energy in visible light, thereby enhancing their photo-catalytic
and electrical capabilities.®*? These materials produce electron
and hole (e—/h+) pairs when exposed to visible light."®
Nanomaterials based on chalcogenides are widely recognized for
their significant uses. Due to their narrow band gap energy,
visible light harvesting capability, and numerous applications
such as solar energy utilization, visible light-induced
photocatalysis,  visible  light-assisted  water  splitting,
optoelectronic devices, and hazardous pollutant removal,
chalcogenide nanostructures have drawn the interest of
researchers.™

Gadolinium (Gd, atomic mass 157.25, atomic number 64), a
soft silvery-white metal that interacts with water and oxygen.
Gadolinium has seven unpaired electrons in its ionic trivalent
form, which results in a significant intrinsic magnetic moment.
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Gd is paramagnetic at temperatures higher than 20°C. Its
compounds have a long spin relaxation period due to their
electrical configuration.® In 1880, Jean de Marignac used
spectroscopy of the mineral gadolinite to identify gadolinium. In
honour of the mineral gadolinite, he gave the element the name
Gadolinium. Johan Gadolin, a Swedish/Finnish scientist who
found and described this mineral in the 18th century, is honored
by the mineral's name. The group of metals known as lanthanides,
or lanthanoides, includes gadolinium (Gd), which has atomic
number 64, and the 14 elements that follow it in the periodic
table, which have atomic numbers 58-71. The group begins with
the element lanthanum, which has atomic number 57. The
oxidation state +3 is adopted by gadolinium in its ionic form in
the vast majority of its compounds. [Xe]4f'5d'6s? is a
representation of the neutral gadolinium atom’s electronic
structure. Gd*® forms bonds with the 6s? and 5d* electrons in its
ionic state. The significant paramagnetic effect is explained by
the seven unpaired electrons in the 4f spherically symmetric
orbital.*®

Rare-earth elements (RE) are widely used in displays, lasers,
optics, and fibre-optic telecommunication systems, temperature
sensors, LED phosphors, and optoelectronics because of their
photoluminescent (PL) properties.’*® Both down and up-
conversion processes were able to use 4f-4f transitions due to
their wide spectral range and variation. Furthermore, lanthanide-
based phosphors are very promising materials for optical-
electronic and photovoltaic systems. Gd can be doped with other
rare-earth elements to create effective phosphors that emit in the
visible and ultraviolet spectrum, which can be used in
optoelectronics, Sensors, and other luminescence
applications. 192

Atomization technology has been widely used over the past 20
years and has significantly impacted a number of industries,
including manufacturing, chemistry, electronics, energy,
agriculture, and pharmacy.? Although there is a long list of
atomization techniques, the electrostatic-spray atomizer is one of
the most effective due to its uniform distribution of spayed
nanoparticles, its ability to control or modify particle size, which
is advantageous for the deposition of thin films, and its high
deposition rate, which makes it appropriate for large-area
coatings. Other parameters, such as temperature and deposition
time, can also be adjusted for the ideal fabrication of thin films.
Breaking droplets with an external force produced by an electric
field is known as electrostatic spray. Jets of various shapes will
emerge from the meniscus at the nozzle when the liquid is
subjected to an electric field force that is strong enough. To
fragment into smaller droplets, the charged liquid experiences
nonuniform fission and ellipsoidal deformation.??

The electrostatic spray atomizer, as a microfluidic technology,
has been shown to be a potent instrument, allowing for precise
control through the manipulation of fluidic materials over certain
parameters. As a result, a wide range of technological
advancements and applications for electrostatic spray
atomization are anticipated. Related applications have been
growing quickly in tandem with the theoretical study of
electrostatic spray becoming more in-depth. There s,
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nevertheless, an ongoing and expanding promise. An emerging
technology that expands the range of applications for
nanomaterials is the ability of electrostatic spray devices to
produce droplets with a size distribution as small as the
nanometer level .2

Dopants are known to try to alter the electrical, optical, and
electronic characteristics of semiconducting materials.?*%® By
adding an impurity in a quantum-confined structure, the main
pathway for recombination from surface states to impurity levels
can be transferred.?” The energy band gap of a semiconductor
material affects the operational wavelength of an optoelectronic
device. Realizing any desired band gap, or even spatially graded
band gaps, is essential for applications such as detectors, LEDs,
solar cells, and lasers. Unlike most electrical devices, which are
based on silicon, I11-V semiconductor materials and their alloys
are widely employed to construct optoelectronic devices since
they have a direct band gap.?®-3%

The advancement of photonics and optoelectronics relies
heavily on developing high-performance thin films with superior
electrical conductivity. Chalcogenide nanoparticle thin films,
particularly those incorporating zirconium sulphide (ZrS) and
gadolinium (Gd), offer promising potential due to their unique
electronic and optical properties.® However, achieving optimal
electrical conductivity in electro-sprayed chalcogenide films
remains a critical challenge. This problem arises due to
inconsistencies in the deposition process, variations in
nanoparticle distribution, and potential defects in film
morphology, which affect charge transport mechanisms.®* To
address this problem, an in-depth investigation and optimization
of the electrical conductivity properties of ZrS/Gd chalcogenide
nanoparticle thin films are necessary. This can be achieved
through systematic experimental studies involving controlled
electro-spraying  parameters, advanced characterization
techniques, and post-deposition treatments to enhance charge
transport. By optimizing key factors such as spray parameters,
precursor concentrations, precursor voltage, and precursor
temperature, the electrical conductivity of these films can be
significantly improved, making them more suitable for high-
performance photonic and optoelectronic applications.

MATERIALS

The materials used for the deposition and characterization of
Zirconium sulphide doped with Gadolinium (ZrS/Gd) thin films
are; Zirconium (1V) oxychloride octahydrate (ZrOCl..8H:0),
Gadolinium  Oxide (Gd203), Thioacetamide (C2HsNS),
hydrochloric acid (HCI), distilled water, Heating mantle, Power
supply, Fluorine doped tin oxide as substrate (FTO), A digital
weighing balance, Digital hand-held pH meter (HL7300) with a
pH value of 7.0, Magnetic stirrer, Stopwatch, VVoltmeter, Digital
multimeter, Ammeter, Thermometer 0-500°C, Electrostatic
Spray Atomization, UV-1800 Visible Spectrophotometer, Bruker
D8 Advance X-ray diffractometer with Cu-Ka line (A = 1.54056
A) in 20 range from 10° - 90°, Four point probe (Model T345)
and Scanning Electron Microscopy.
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METHODS

The Electrostatic Spray Deposition technique (ESD) was used
in this research. It refers to breaking droplets using an external
force caused by an electric field. A sufficient electric field force
was applied to the solution of ZrS/Gd, and jets of different shapes
were emitted from the meniscus at the nozzle. The charged
solutions or liquids underwent ellipsoidal deformation and
nonuniform fission to break down into smaller droplets.
Electrostatic spray, as a microfluidic technology, is a powerful
tool with precise control gained by manipulating fluidic materials
over some parameters. The electrostatic spray system is
composed of a source of the cation, i.e., Zirconium (IV)
oxychloride octahydrate (ZrOCl..8H20), a source of the anion,
i.e., Thioacetamide (C2HsNS), and distilled water. The power
supply was used to provide an electric field containing the
solutions to the fluorine-doped tin oxide as substrate (FTO).
Finally, uniform deposition of thin films by the electrostatic spray
deposition technique was achieved.

3.1  Substrate Cleaning Procedure

Conducting glass served as the substrate. After dipping the
substrates in methanol and acetone, they were washed with
distilled water and then ultrasonically sonicated in an acetone
solution for 30 minutes. After that, they were cleaned with
distilled water and allowed to dry in an oven.

RESULTS

41 Optical Study of Zirconium Sulphide and
Zirconium Sulphide Doped Gadolinium (ZrS/Gd)

UV Absorbance vs Wavelength (Concentration Variations)
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Figure 1. (a) Absorbance, (b) Transmittance, and (c) Reflectance vs
Wavelength

Plots of the absorbance, transmittance, and reflectance of
gadolinium-doped ZrS and undoped ZrS are shown in Figure 1
for various deposition concentrations between 0.01 to 0.03 mol.
The graph, Figure 1(a) shows UV absorbance vs. wavelength for
different ZrS/Gd concentrations. A strong absorbance peak is
observed around 300-400 nm, with intensity decreasing as
concentration increases, except for 0.01 Conc., which has the
highest absorbance of 0.75a.u. This shows concentration-
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dependent optical properties, due to aggregation or structural
changes. The decreasing trend beyond 400 nm indicates reduced
light absorption in the visible range.®* Figure 1 is the UV-Vis
reflectance spectra of ZrS/Gd with different concentrations. From
the graph, there is an intense reflectance peak at approximately
300-400 nm with variable intensity by concentration. In general,
the higher the concentration, the lower the reflectance, which
means higher absorption. The reflectance decreases steadily
above 400 nm with certain oscillations at longer wavelengths.
The trend indicates the effect of doping concentration on the
optical properties of ZrS/Gd, which plays an important role in
applications in the area of photonics and energy materials such as
photodiodes, phototransistors, photonic integrated circuits,
electro-optic modulators, etc.?® Figure 1(c) illustrates the
wavelength and UV transmittance for different concentrations of
ZrS and ZrS/Gd. The pristine sample of ZrS has the lowest
transmittance, meaning that it absorbs more UV light compared
to the doped samples. Transmittance increases when the
concentration of ZrS/Gd is increased, particularly in the visible
and near-infrared regions. A sharp transmittance reduction in the
250-400 nm range signifies intense UV absorption, which
suggests efficient blocking of UV radiation by the material.
Transmittance rises and levels off beyond this range, with the
sample's 0.02 and 0.03 concentrations being the most transparent.
This shows that there is improved optical transparency when the
ZrS/IGd concentration is higher, proving to be useful for
application in UV filters, optical coatings, or solar energy
devices.

4.2.  Tauc Study of ZrS and ZrS/Gd Material Deposited
at Different Dopant Concentrations for Photonic-
Optoelectronic Devices

Tauc FPlot for Energy Band Gap Determination
O
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Figure 2. Absorption Coefficient Square Vs Photon Energy

The Tauc’s plot presented in Figure 2 is the optical band gap
estimation applied to the different ZrS/Gd concentrations studied,
and also to the pristine sample, which obeys the same Tauc
relation to calculate the band gap. The vertical dashed lines
represent the extrapolated energy band gap for the samples. The
pure sample for ZrS/Gd has a band gap of around 3.19 eV. The
results showed the dependence of band gaps on the cation
concentration, where the concentrations of Gd = 0.01 and 0.03
showed higher band gaps of about 3.33 eV. The differences in
band gap values specify the evolution of material composition
and defects or quantum confinement effects as a result of Gd
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doping. The fact that the band gaps are broad and their quantities
are over 3 eV effectively shows that there is high absorption in
the UV-spectra, and such materials could be effectively utilized
for the UV photodetectors and solar-blind sensors, antireflective
materials, UV light-emitting diodes and laser applications.
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Figure 3. (a) Optical Conductivity, and (b) Refractive Index Vs
Photon Energy

Plots of optical conductivity and refractive index vs photon
energy of gadolinium-doped ZrS and undoped ZrS are shown in
Figure 3 for various deposition concentrations between 0.01 to
0.03 mol. The graph (Figure 3a) shows the variation of optical
conductivity (S/m) with energy (eV) for different compositions
of ZrS (Zirconium Sulphide) doped with Gd (Gadolinium) at
different molar concentrations. The pristine ZrS sample exhibits
a moderate increase in conductivity with energy, peaking around
3.8 eV before dropping. The doped samples show distinct
variations, with ZrS/Gd 0.01 mol exhibiting the highest peak
conductivity (~0.75 S/m), followed by 0.03 mol and 0.02 mol
doped samples. The peak optical conductivity shifts slightly with
doping concentration, indicating changes in electronic transitions
and band structure modifications due to Gd incorporation. The
trend shows that doping influences charge carrier concentration
and transition probabilities, with higher doping levels affecting
the optical response more significantly. The concentration-based
variations could be used for the design of sensitive optoelectronic
devices such as tunable light-emitting diodes (LEDs),
thermoelectric generators, etc.

Figure 3(b) shows the variation of the refractive index (N) as a
function of energy (€V) for pristine ZrS and Gd-doped ZrS at
different doping concentrations (0.01 mol, 0.02 mol, and 0.03
mol). The refractive index exhibits a peak around 3-4 eV,
indicating strong optical transitions in this energy range. The
pristine ZrS sample has a moderate refractive index, while the
0.01 mol Gd-doped ZrS shows the highest peak, confirming
enhanced optical response due to doping. However, at 0.02 mol,
the refractive index drops significantly, indicating possible
structural changes or absorption effects reducing optical
response. The 0.03 mol sample shows an intermediate behaviour
between 0.01 mol and pristine ZrS, showing a nonlinear
relationship between doping concentration and optical properties.
The trend indicates that controlled Gd doping can tune the
refractive index of ZrS, making it useful for optoelectronic and
photonic applications.
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4.3  The Resistivity and Conductivity Study of ZrS and
Gadolinium Doped Zirconium Sulphide (Gd: ZrS)

The table below details the resistivity and conductivity
parameters of Gd-doped ZrS films under varying dopant
concentrations to evaluate conductivity behaviour.

Table 1: Electrical Properties of Zirconium Sulphide (ZrS) and
Zirconium Sulphide (ZrS) Doped Gadolinium at Various Dopant
Concentrations for Photonic-Optoelectronic Applications.

Samples Thickness Resistivity Conductivity
(nm) (Q.m) (S/m)?
ZrS (Pristine)  101.99 0.60584371 1.65059071
ZrS/Gd 0.01 108.29 0.57059747 1.752548956
mol
ZrS/Gd 0.02 110.22 0.560606061 1.783783784
mol
ZrS/Gd 0.03 114.02 0.54192247 1.845282408
mol
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Figure 4. (a) Resistivity, Conductivity vs Thickness and (b)
Resistivity, Conductivity vs Dopant Molarity.

The graph (Figure 4a) shows an inverse relationship between
resistivity and conductivity. As the thickness increases from
approximately 102 nm to 114 nm, conductivity increases
steadily, while resistivity decreases. This trend aligns with the
fundamental principle that conductivity and resistivity are
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reciprocals of each other. The blue markers indicate a rising trend
in conductivity, showing that increased thickness enhances
electron transport, due to reduced scattering effects or improved
structural continuity. Conversely, the red markers show a
consistent drop in resistivity, reinforcing the idea that thicker
films offer lower resistance to electrical flow. This behaviour is
typical in doped thin films, where enhanced material deposition
improves conductive pathways. The observed trend in the graph
effectively shows that increasing film thickness enhances
conductivity while reducing resistivity, which is beneficial for
several optoelectronics applications, including touchscreens,
OLED displays, and solar cells.

The graph Figure 4(b) shows a clear inverse correlation
between conductivity and resistivity as the dopant molarity
increases. Initially, at 0.000 mol, the material exhibits high
resistivity and low conductivity. As the dopant concentration
increases to around 0.010 mol, the resistivity drops sharply while
conductivity rises, indicating enhanced charge carrier density due
to doping. Beyond this point, resistivity continues to decrease at
a slower rate, while conductivity increases steadily, reaching its
highest value at 0.030 mol. This behaviour implies that doping
effectively improves electrical transport by reducing scattering
and increasing free charge carriers. However, an optimal doping
level must be maintained, as excessive doping can lead to defects
or saturation effects that may alter the material’s performance.
This result is paramount in applications such as semiconductors,
transparent conductive films, and optoelectronic devices such as
diodes, LEDs, etc., where controlled conductivity is essential.

4.4 Structural Study of ZrS and Gadolinium Doped
Zirconium Sulphide (Gd: ZrS)

The X-ray diffraction (XRD) patterns in Figure 5 show the
structural analysis of ZrS doped with varying concentrations of
Gd (Gadolinium), ranging from pristine ZrS (undoped) to 0.01
mol, 0.02 mol, and 0.03 mol dopant levels. The diffraction peaks
are labelled with their corresponding Miller indices (hkl): (111),
(211), (112), and (200), indicating crystalline phases. For the
pristine ZrS sample, the most intense peak is observed at
approximately 20 = 28°, corresponding to the (111) plane, with
other prominent peaks around 32°, 40°, and 50° indexed as (112),
(200), and (211), respectively. As the Gd concentration increases
to 0.01, 0.02, and 0.03 mol, respectively, there is a noticeable
shift in peak intensity and sharpness. The 0.01 mol and 0.02 mol
samples retain similar peak positions but show reduced intensity
and slight broadening, indicating lattice strain or reduced
crystallinity due to Gd incorporation. The 0.03 mol sample
exhibits the broadest peaks and lowest intensity, especially for
the (112) and (200) planes, showing a significant structural
distortion or decreased crystal quality at higher doping levels.
The observed peak shifting and broadening indicate that Gd ions
have been successfully incorporated into the ZrS lattice, either by
substituting for Zr atoms or occupying interstitial positions,
resulting in slight changes to the crystal structure. These
structural changes can enhance the material's electrical,
magnetic, or catalytic properties, making it suitable for
applications in photocatalysis, optoelectronics, and energy
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Table 2: ZrS/Gd XRD Result for Concentration Variations

Sam 20 Spacing Lattice FWH Crystall  Dislocatio
ple (degree d M (°) ine n
s) Constant
A) a(A) Size D Density
(nm) (I/nm?)
ZrS 15 590149  5.901497 0.1 801.283 1.5575E-
Prist 7522 522 9969 06
ine
15.0343 5.88811 5.888110 0.1 801.315  1.55737E-
063 63 6101 06
15.0686 5.87478 5.874784 0.1 801.347 1.55725E-
4858 858 2975 06
ZrS/ 15 5.90149 5.901497 0.5 160.256  3.89374E-
Gd 7522 522 7994 05
0.01
mol
15.0343 5.88811 5.888110 0.45 178.070  3.15368E-
063 63 1356 05
15.0686  5.87478  5.874784 0.4 200.336 2.4916E-
4858 858 8244 05
Zrs/ 15 590149  5.901497 0.5 160.256  3.89374E-
Gd 7522 522 7994 05
0.02
mol
15.0343  5.88811  5.888110 0.45 178.070  3.15368E-
063 63 1356 05
15.0686  5.87478  5.874784 0.4 200.336 2.4916E-
4858 858 8244 05
ZrS/ 15 5.90149  5.901497 0.5 160.256  3.89374E-
Gd 7522 522 7994 05
0.03
mol
15.0343  5.88811  5.888110 0.45 178.070  3.15368E-
063 63 1356 05
15.0686  5.87478  5.874784 0.4 200.336 2.4916E-
4858 858 8244 05
100 T T T T T T
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Figure 5: XRD Study of ZrS and ZrS Doped Gadolinium (ZrS/Gd)
at Various Dopant Concentrations.

storage. Among the samples, the one with 0.01 mol Gd shows an
optimal balance between maintaining crystallinity and benefiting
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from dopant-induced effects, making it ideal for applications that
require moderate structural modification.

Table 2 includes additional characteristics and the crystallite
size of the films, in addition to the computed crystallite or grain
sizes, dislocation density, and dopant molarity for the films
deposited at various gadolinium dopants were estimated using
equations (1-4):

D =kMpBcosO (1)
d = V/&in @)
a = dVT2+k2+12 3)
5=1/D @)

45  Surface Morphology of ZrS and Gadolinium Doped
Zirconium Sulphide (Gd/ZrS)

Surface Morphology and Graphical Presentation of ZrS and
ZrS Doped Gadolinium at Various Dopant Concentrations.

Figure 6: SEM Micrograph.
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Figure 7: Elemental Spectrum of ZrS and Gadolinium Doped
Zirconium Sulphide (ZrS/Gd).
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The ZrS and gadolinium-doped zirconium sulphide (ZrS/Gd)
micrograph in Figure 6 shows agglomeration on the films with
large grain size, or nanoparticles, and no pinholes. The
morphology of the ZrS surface shows a Clove-like surface with
precipitate apparent in the ZrS micrograph; the substrate's large
grain size shows photon absorption but no pinholes. The ZrS
precursor underwent a significant alteration upon the addition of
gadolinium as a dopant, as seen in the surface micrograph of the
films under analysis. There was a cloud-like precipitate that was
visible on the film's surface morphology. For the material
deposited at 0.03 mol, the cloudlike precipitate gradually cleared
off as the dopant concentration rose, forming a dense cloud in one
area of the surface. For optoelectronic-photonic applications, the
doped ZrS material demonstrated uniform deposition of
nanoparticles covering the entire substrate. They will be a strong
contender for optoelectronic-photonic and other applications in
the electronics and communication sectors because the surface
micrograph of the gadolinium-doped films is well-structured on
the surface of the FTO substrate used for the synthesis, without
any cracks or lattice strain. The elemental spectrum of ZrS and
gadolinium-doped ZrS films is shown in Figure 7. Zirconium
sulfide and the dopant gadolinium are seen as strong peaks in the
spectrum.

CONCLUSION

This study successfully demonstrates that doping Zirconium
Sulphide (zrS) thin films with Gadolinium (Gd) significantly
enhances their optoelectronic properties, making them excellent
candidates for high-performance applications. Optical analysis
revealed increased UV absorbance and improved transmittance
with higher Gd concentrations, while the bandgap values
increased from 3.19 eV (undoped) to 3.33 eV at 0.01 and 0.03
mol, signifying better UV light interaction. Electrical
conductivity increased steadily from 1.65 S/m (pristine) to 1.85
S/m at 0.03 mol, while resistivity decreased from 0.61 Q-m to
0.54 Q-m. Structural analysis via XRD confirmed crystallite size
enhancement and reduced dislocation density, indicating
improved material quality with doping. SEM imaging revealed
uniform and agglomerated nanoparticle deposition without
cracks or pinholes, suggesting a robust surface morphology
suitable for device integration. These findings show that the
electrostatic spray technique, combined with controlled Gd
doping, can effectively tune the optical and electrical
performance of ZrS films, positioning them as promising
materials for advanced optoelectronic and photonic technologies.
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