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Abstract: In the realm of renewable energy harvesting, nanomaterials doping with rare-earth ions is
gaining traction. Lanthanum-doped ZnO thin films were synthesized using the sol-gel technique,
with various La weight percentages. The X-ray diffraction (XRD) findings indicated that the hexagonal
wurtzite structure of lanthanum-doped ZnO was maintained at various La weight percentage, despite
a variation in the average crystallite size from 39 nm to 26 nm. The granule-like structure was
examined using scanning electron microscopy (SEM), and the morphology remained unchanged
with the inclusion of lanthanum. The direct energy bandgap was estimated to extend from 3.55 eV
to 3.40 eV, revealing a discernible shift as the lanthanum concentration increased. The dc electrical
conductivity of the films improved as the lanthanum doping in the ZnO lattice structure increased.
Furthermore, increasing the La content altered the water contact angles from 51.5° to 26.4°, making the
surface more hydrophilic. These findings can allow for the ubiquitous development of nanostructures
for photoanode materials made of metal oxides with future applications in DSSC devices.

Keywords: dye-sensitized solar cell; lanthanum doped ZnO; photoanode; optoelectrical properties;
hydrophilic

1. Introduction

Renewable energy is advantageous because it helps reduce greenhouse gas and air
pollution emissions [1,2]. The photovoltaic technology directly converts sunlight into
electricity without using any mechanical components. The first-generation photovoltaic
solar cells, known as conventional cells, consist of single-crystal silicon wafers. The second
generation is based on polycrystalline silicon and involves the application of amorphous
thin-film methods. The third generation of PVSCs is currently in development and includes
perovskite, polymer hetero-junctions, and DSSC thin-film technologies [3]. The DSSC
technology has gained attention due to its affordability, simplicity, and high photo-to-
electric conversion efficiency. However, there are still significant challenges to be faced to
enhance their efficiency. DSSCs consist of a photoanode, a sensitizer, a counter electrode,
and a redox-coupled electrolyte, with the photoanode being the most important component.
The photoanode performs critical functions such as dye loading, electron collection, and
electron transportation. A high-performance solar cell requires a photoanode with desirable
qualities, including a significant surface area, a smooth surface morphology, and minimal
grain boundaries to allow a fast electron transportation [4].

The photoanodes used in solar cells are typically made of metal oxide semiconductors
with a wide bandgap (>3 eV), such as titanium dioxide, zinc oxide, tin oxide, and niobium
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oxide. These materials are preferred because they possess desirable electrical properties and
are resistant to photocorrosion [5,6]. The performance of semiconductors may be hampered
by photo corrosion, which occurs when holes (produced during bandgap stimulation)
are oxidized by redox electrolytes. The best photoanode material in DSSCs nowadays
is represented by TiO, nanoparticle because of its excellent efficiency. TiO; also has the
advantages of being inexpensive, easily accessible, non-toxic, and biocompatible. Due
to its broad bandgap semiconducting properties, however, TiO, presents no visible-light
absorption [6]. ZnO is being considered as a potential candidate for use in photoanodes
for DSSCs. This is due to its favorable characteristics such its appropriate direct bandgap
and a conduction band that is comparable to that of TiO,. Furthermore, ZnO offers two
significant advantages over TiOp: ZnO has substantially better electrical mobility, less
charge recombination, and its nanostructures’ shape are simple to modify. ZnO structure
was designed using VESTA software (version 3) and is shown in Figure 1.
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Figure 1. ZnO structure simulated using VESTA software (version 3).
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Rare-earth ions, such as lanthanum (La), can be used as dopants in zinc oxide (ZnO)
for dye-sensitized solar cells (DSSCs) because they have unique optical and electronic
properties that can enhance the performance of DSSCs [7]. One important property is
their ability to increase the absorption of light in the visible and near-infrared regions of
the electromagnetic spectrum. This is because rare-earth ions present f-shell electronic
transitions that are relatively narrow and well-defined, which can lead to sharp absorption
peaks in this spectral range. By doping ZnO with rare-earth ions, the absorption of light
in the visible and near-infrared regions can be increased, which improves the efficiency
of DSSCs. In addition, rare-earth ions can also improve the charge transport properties
in DSSCs by reducing the recombination of electrons and holes at the semiconductor—
electrolyte interface. This can result in DSSCs with higher efficiency and stability [8]. In this
research, a wet chemistry method was applied to produce thin films of ZnO that were either
pure or doped with La at various weight concentrations. The produced thin films were
then analyzed using different characterization techniques to determine their crystalline
structure, a s well as their morphological, functional group, optoelectrical, and wettability
features. These techniques included XRD, SEM/EDS, FTIR, UV-Vis, Hall Effect, and water
contact angle measurements.

2. Experimental Setup

To produce zinc oxide films, the sol-gel method was employed, and different amounts
of lanthanum were added (0%, 2.5%, and 5%, wt. %). The primary materials were zinc
acetate dehydrate and lanthanum nitrate hexahydrate. The glass substrates used were
either ordinary glass or conducting glass FTO, both with a size of 2 x 2 cm? and a thickness
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of 2.2 mm. Ethanolamine, absolute methanol, and absolute ethanol with a purity level of
99.9% were utilized; they were obtained from Sigma-Aldrich (St. Louis, MO, USA).

A coating solution was produced by dissolving zinc acetate dihydrate and lanthanum
nitrate hexahydrate in anhydrous ethanol and methanol. An equimolar amount of the sol
stabilizer monoethanolamide (MEA) was added to the solution. The solution contained
a total concentration of 0.5 mol/L of Zn?* and La®" ions. The solution was stirred and
refluxed at 70 °C for 3 h, obtaining a clear and uniform solution. After aging the solution for
24 h, it was spin-coated onto the substrate at 2500 rpm for 30 s. The films were preheated
at 180 °C for 5 min, to remove volatile compounds from the substrate surface. To obtain a
thickness of 700-800 nm, the thin film deposition process was performed six times. The films
were then subjected to annealing at 450 °C in air for one hour to promote crystallization.
This process was undertaken to modify the films” physical and chemical properties for use
in a range of applications, such as electronic devices, sensors, or optical coatings.

Numerous analytical techniques were employed to examine the ZnO thin films: PXRD
to determine their purity and crystalline structure, SEM to examine the surface morphol-
ogy, FTIR and UV-Vis spectrometry to determine the structural, functional, and optical
properties, Hall Effect measurements to evaluate the electrical properties, and tensiometer
to measure the water contact angle and assess the wettability and dye adsorption potential
in solar applications.

3. Results and Discussion
3.1. Phase Analysis

The crystal structure of undoped and La-doped ZnO thin films was examined using
XRD. Both types of films presented clear peaks in the 20-70-degree range, as shown in
Figure 2, indicating that they were crystalline after annealing at 450 °C. The peaks were
identified as corresponding to the (100), (002), (101), (110), (103), and (112) planes of ZnO,
according to the JCPDS Card No. 36-1451. The XRD pattern showed that La-doping did
not introduce any secondary phases and resulted in a hexagonal wurtzite phase. The (002)
peak in the La-doped film shifted to higher angles, suggesting the successful integration of
rare-earth ions into the ZnO lattice. The intensity of the peak decreased as the concentration
of lanthanum increased up to 5 wt. %, which could be due to the influence of lanthanum
on ZnO nucleation. The crystallite size was determined using the FWHM of the XRD peaks
and the Scherer formula, reported in Equation (1):

0.9A

D= Beost g
where Ds, A, k, 6, and § are symbols used in X-ray diffraction analysis to represent the
size of a crystallite, the wavelength of the X-ray, the shape factor, the Bragg diffraction
angle, and the FWHM, respectively [9]. In the XRD pattern depicted in Figure 2, the
(002) characteristic peak of the La-doped ZnO thin film shifted to a higher angle (34.42°)
compared to the peak of the undoped ZnO film (34.35°). This shift can be attributed to the
successful incorporation of the lanthanum ions into the ZnO lattice, leading to a strain or a
distortion of the lattice. The insertion of La®* ions into the ZnO lattice might cause lattice
expansion, which would increase the distance between the (002) lattice planes and cause the
peak to shift towards higher angles. Therefore, the peak shift in the XRD pattern indicated
that the lanthanum ions were effectively introduced into the ZnO crystal structure, altering
its lattice parameters. The introduction of rare-earth metal dopants caused a decrease in
the typical crystallite sizes from 39 nm to 26 nm, as determined by the Scherrer formula.
This was also observed by Anandan et al., who suggested that the suppression was directly
linked to the distortion of the crystal lattice resulting from the larger ionic radius of the
lanthanum cation (1.15 A) compared to the zinc cation (0.74 A)[10].
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Figure 2. XRD diffractograms of bare and 5 wt. % La-doped ZnO.

3.2. Morphological Analysis

SEM analysis was used to examine the surface morphology, particle size, and growth
rate of the synthesized samples. The films exhibited a granular structure with closely
packed grains as depicted in Figure 3a,b. By using Image J software (https://imagej.net/
ij/), the particle size distribution of the granules was determined as shown in Figure 3c,d,
and it was found that the particle size decreased from 54 nm to 36 nm as lanthanum doping
increased up to 5 wt. %, consistent with the XRD analysis. This study investigated the
effects of La doping in ZnO for photoanode materials. La addition did not extensively
alter the morphology of the pure ZnO thin film, suggesting a little impact on the growth
mechanism and crystal structure, which was confirmed by the XRD analysis. The chemical
analysis confirmed the purity of the films and the successful incorporation of La without
additional impurities.

Figure 3. Cont.
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Figure 3. (a—e). Scanning electron microscopic images. (a) Bare ZnO, (b) 5 wt. % La-doped ZnO,
(c) particle size distribution curve of ZnO, (d) particle size distribution curve of La doped ZnO,
(e) energy-dispersive X-ray (EDX) spectra of 5 wt. % La-doped ZnO.

3.3. Structural Inspection

FTIR analyses use infrared radiation to identify the functional groups and structural
characteristics of a material. In this case, the La-doped ZnO thin films were studied
using FTIR analysis after being annealed at 450 °C, as shown in Figure 4. The analysis
provided information about the types of chemical bonds and the structural properties
of the films, which can be useful for understanding their properties and potential ap-
plications. Due to the presence of stabilizers, ethanol, and methanol, the doped ZnO
thin film exhibited small intense peaks corresponding to C-C, C=C, and hydrogenated
carbon at 1300-2360 cm ! [11,12]. The peaks at 591 cm ! and 687-756 cm ! indicated
a stretching vibration of zinc and oxygen associated with the oxygen sublattice (Eyp)
vibration, oxygen vacancies, and the successful integration of lanthanum into the ZnO
lattice structure, respectively [13]. These peaks were caused by the deformation of the
vibrational mode. The solvents adsorbed in the Zinc oxide structure determined a wide
adsorption band corresponding to the hydroxyl group (-OH) in the 3200-3700 cm !
region, as shown in Figure 4 [11]. FTIR subsequently measured the Zn-O vibrational
mode with a wurtzite hexagonal structure, which revealed the presence of lanthanum in
the zinc oxide lattice structure.

3.4. UV-Vis Spectrophotometry

As depicted in Figure 5, both the pure and the La-doped ZnO exhibited strong absorp-
tion in the UV range, specifically in the 300-400 nm range. The band-edge absorption of
the synthesized materials was found in the near-UV region, approximately at 348-365 nm.
The addition of lanthanum to the ZnO lattice caused a significant reduction in the energy
bandgap (Eg), which decreased from 3.55 to 3.40 eV as the doping concentration increased
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from 0 to 5 wt. %. The Eg for the direct transition was calculated using Equation (2), plotting
(hv)? versus hv and extrapolating its linear portion to (hv? = 0) [14]:

= (;2)) [ho — Eq]™ )

where « is the absorption coefficient, h is the Planck’s constant, v is the frequency, and
Eg is the optical bandgap. The reduction in the bandgap of ZnO doped with 5 wt. % of
La can be explained by the incorporation of La®" ions into the ZnO lattice. Photoanode
materials such as ZnO doped with La3" ions exhibit lattice defects due to the larger ionic
radius of La®* compared to Zn2* ions. These defects introduce new energy levels within
the bandgap, acting as traps for electrons and holes. As a result, impurity levels form,
reducing the bandgap energy [15]. The overlap between impurity levels and the valence or
conduction bands enhances the photoelectrochemical properties, increasing the probability
of electron-hole pair generation and making these materials suitable candidates for the
production of efficient photoanodes for various applications.
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Figure 4. FTIR spectra of the 2.5 wt. % La-doped ZnO film.
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Figure 5. Absorption spectra of pure and doped ZnQO; insert: spectra of the direct band.
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3.5. Hall Effect Measurement

The Hall Effect measurement is used to determine the electrical properties of materials.
The conductivity of the ZnO lattice improved, and its resistivity decreased after doping
with La because La doping introduced free carriers in the material. The La®* cations re-
placed the Zn?* cations in the ZnO lattice, generating oxygen vacancies and free electrons.
These free electrons acted as charge carriers in the material, leading to an increase in elec-
trical conductivity. The introduction of La®* ions through Zn2* ion substitution led to an
increased concentration of charge carriers within the material, consequently improving its
electrical conductivity. The electrical resistance of the thin films decreased with increasing
lanthanum concentrations, and the minimum resistance of 3.36 x 10! Q).cm was obtained
for a film with a 5 wt. % lanthanum content as shown in Table 1. The conductivity of the 5%
lanthanum-doped ZnO was 1.55 x 1072 S/cm, i.e., within the conductivity range of semi-
conductors. The carrier concentration for pure ZnO was 2.4 X 1013, while it was 3.2 x 1012
for 5 wt. % lanthanum-doped ZnO. This increase in carrier concentration indicated an
increase in bulk concentration and charge mobility. The rise in carrier concentration and
conductivity in lanthanum-doped ZnO was due to the interaction between electrons and
impurities, as well as by the Coulomb interaction between carriers [16]. Generally, the
doping of La of a ZnO lattice structure introduces free carriers in the material, leading to
an increase in electrical conductivity and mobility of the charge carriers. These leads to a
decrease in the electrical resistivity and an increase in carrier concentration compared to
pure ZnO. The values obtained for electrical resistance, conductivity, and carrier concentra-
tion in this study suggest that La-doped ZnO can be used in photoanodes and transparent
conductive layers that require good electrical conductivity.

Table 1. Illustration of the electrical response for bare and doped ZnO specimens.

Electrical Parameters

Sample ID P o nyg
(10! O.cm) (10-2 1/Q.cm) (cm—3) Type
Pure ZnO 24.7 0.32 24 x 1013 n-type
2.5wt. % LZO 16.5 0.89 7.3 x 1014 n-type
5 wt. % LZO 3.36 1.55 3.2 x 101 n-type

Note: p, resistivity, o, conductivity, nH, bulk concentration.

3.6. Water Contact Angle (WCA) Measurement

A surface’s wetting properties are highly significant for a range of reasons, both
practical and scientific. To determine a surface’s adhesion and free energy properties, it is
necessary to evaluate both its roughness and its composition [17]. A surface is considered
hydrophilic if a water droplet can wet it and form an angle between 0° and 90°, while as
it is deemed hydrophobic if the liquid cannot wet it and forms an angle between 90° and
180°. Equation (3) is commonly used to calculate the WCA, which depends on both the
surface free energy of the material and the work of adhesion between the liquid and the
solid surface:

cosf = (ysv —vs1)/1v 3)

The symbols s, 75, and 7, represent the surface tensions between the solid and
the vapor phases, the solid and the liquid phases, and the liquid and the vapor phases,
respectively [18].

The water contact angle (WCA) of pure ZnO was found to be 51.5°, while after
doping with La, it decreased to 26.4°, as shown in Figure 6. This change in the WCA
could be attributed to various factors such as alterations in the microstructure and residual
stresses resulting from doping [19]. La doping caused the formation of a hydrophilic
surface on the material with high surface energy. The alignment of ZnO thin films along a
particular axis was significantly reduced after doping with 5.0 wt. % of La. The surface
free energy densities were 9.9, 12.3, and 20.9 eV / nm? for the (002), (110), and (100) planes,
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respectively [20]. The decrease in the WCA values could be due to an increase in the
material’s surface free energy as the doping level increased, as the preferred orientation
along a particular axis was significantly suppressed after doping with La. Therefore, this
finding indicated that a material’s hydrophilic property can enhance dye adsorption within
the photoanode material.

(a) ' Pure ZnO (b) - 2.5% La-ZnO

(c) B 5% La-zZno

264

Figure 6. Water Contact Angle under for La wt. percentages. (a) WCA for pure ZnO, (b) WCA for
2.5 wt. % La-doped ZnO, (c¢) WCA for 5 wt. % La-doped ZnO.

4. Conclusions and Future Recommendations

Pure and La-doped ZnO thin films were synthesized using wet chemistry, and their
properties in relation to DSSCs were studied. The XRD analysis showed that the films
had a hexagonal wurtzite structure, and the SEM analysis revealed granular and sphere-
like shapes. The bandgap energy decreased with increasing La concentrations, and the
minimum resistance of the film with a 5 wt. % La content was found to be 3.36 x 10! Q) cm.
The increase in carrier concentration due to the presence of La®* cations helped to improve
the electrical conductivity. The hydrophilicity of the films increased with increasing La
concentrations, indicating an increase in surface free energy due to the suppression of a
preferred orientation along a particular axis of the ZnO thin films with La doping. This
increased hydrophilicity could enhance dye adsorption in photoanode materials. This
study provides important insights into the properties of La-doped ZnO thin films and their
potential applications in the field of renewable energy, particularly for the development of
nanostructures for photoanode materials to be used in DSSCs devices.
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