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Abstract. The quest for optimal solar energy utilization has prompted an investigation into materials and techniques, establishing luminescent down
shifting (LDS). This method converts short-wavelength photons into longer wavelengths thus expanding the range of absorption. This may further
enhance the efficiency of solar cell power conversion. Herein, the Zinc Oxide (ZnO) nanoparticle is introduced as a promising candidate for LDS,
mainly due to its ability to convert light effectively and cost-savvy. This research delves into enhancing Niobium (Nb) doped ZnO particles that exhibit
photoluminescent characteristics to improve energy conversion efficiency. The synthesis of 1% mol of Nb-doped ZnO nanoparticles on indium tin
oxide (ITO) films was achieved using a low-temperature hydrothermal technique, varying the growth duration. Extensive analysis using XRD, SEM,
and UV-Vis spectroscopy revealed that the optimal outcomes were achieved with an 8-hour growing period. The analysis revealed a hexagonal
wurtzite crystal structure, characterized by prominent peaks on the (111) plane and a crystallite size of 37.18 nm. A morphology study indicated that
the ZnO nanorods exhibited a randomly uniform oriented arrangement and a densely formed structure measuring 0.77 * 0.02 ym. The samples
exhibited promising optoelectronic properties based on the analysis, such as a characteristic bandgap of 3.35 eV, a transmittance of 46.54%, and an
absorbance of 0.33 a.u .Furthermore, the electrical conductivity of the Nb-doped ZnO films was recorded at 1.62 mQ~'cm™.These findings suggest
that controlling the Nb growth offers a promising avenue for optimizing the performance of Nb:ZnO nanoparticles for advanced solar energy
conversion applications.
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1. Introduction Indium Tin Oxide (ITO) thin films are widely used as
transparent conductive oxides due to their low electrical
resistance. Flexible substrates like ITO-coated polyethylene
naphthalate (PEN) and ITO-coated polyethylene terephthalate
(PET) are popular choices for perovskite solar cells (PSCs),
combining affordability, lightweight design, and flexibility
(Eswar et al., 2023).

Zinc Oxide (Zn0O) is an II-VI semiconductor known for its
wide bandgap, approximately 3.37 eV and high exciton binding
energy of around 60 meV (Nguyen et al., 2022)(Alias et al., 2022).
These properties are common in binary compounds. Niobium
(NDb) is a valuable element with strong mechanical, thermal, and
electronic properties. Doping ZnO with Nb is significant
because it introduces additional electrons for electrical
conduction, due to the valence difference between Zn?* and
Nb®* (Cantarella et al., 2024).

Numerous methods exist for synthesizing new materials
(Jafari et al, 2018). Sol-gel (Alias et al, 2022), hydrothermal,
(Colak et al., 2023)(Jusoh et al., 2024), spray-pyrolysis (Khalil et

Solar energy is an important component of renewable energy
sources, and its technology has developed rapidly and shown
the most promising progress. From that, perovskite solar cells
have demonstrated remarkable progress, achieving a power
conversion efficiency (PCE) of 26.1% in a relatively short
timeframe (Alias et al., 2022). This surpasses the development
pace of silicon solar cells, highlighting the potential of
perovskites as a leading renewable energy technology (Alias et
al, 2022). Ongoing research in component optimization,
interface engineering, additive engineering, and functional layer
development continues to drive advancements in perovskite
solar cells (Aliyaselvam et al, 2022; Hammad et al, 2021;
Jalaludin et al., 2025; Wahab et al., 2024). This study explores
the integration of luminescent down-shifting (LDS) layers into
perovskite solar cells, a strategy that has shown promise in
enhancing light-harvesting capabilities in silicon solar cells.
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al., 2014) and thermal decomposition (Gerbreders et al., 2020).
are common techniques for producing doped ZnO particles.
The hydrothermal method is particularly advantageous for ZnO
synthesis due to its simplicity, cost-effectiveness, low-
temperature processing, scalability, and high yield. While many
studies have focused on this method, the goal is to achieve
lower temperatures and faster synthesis times (Mustaffa et al.,
2022).

An extensive study has been carried out on the impact of
dopants on ZnO thin sheet films. Integrating transition metal
oxide dopants, including manganese (Mn) (Chvostova et al,
2011), chromium (Cr) (Fu et al,, 2013), cobalt (Co) (Khare et al.,
2006), iron (Fe) (Hammad et al, 2021)(Hammad & Abdel-
Wahab, 2021) (Hammad et al., 2021), and copper (Cu) (Guzman
et al, 2004), , into the ZnO lattice improves its magnetic
characteristics. These substances, referred to as diluted
magnetic semiconductors, have significant use in spintronic
applications. The increase in electrical conductivity of zinc
oxide (ZnO) by doping it with titanium (Ti) is ascribed to the
30% reduction in radius of the Ti** ion compared to the Zn?* ion
(Hammad et al, 2021; Lu et al, 2004; Ma et al, 2011). In
contrast, the incorporation of dopants such as aluminium (Al)
(Bagiyev et al., 2015), magnesium (Mg) (Dhawan et al., 2019), tin
(Sn) (Ozgiir et al., 2019), and indium (In) (Kotlyarchuk et al.,
2005),leads to the formation of ZnO films that demonstrate both
transparency and excellent conductivity, therefore rendering
them appropriate for use as transparent conductive oxides
(TCO). In addition, rare-earth elements like neodymium (Nd)
and terbium (Tb) improve both clarity and conductivity, as well
as luminosity (El Fakir et al., 2017). ZnO thin films doped with
lanthanum (La) (Pascariu et al, 2019) are known for their
photocatalytic characteristics.

Although numerous LDS materials have been studied for
perovskite solar cells, the potential of Nb-doped ZnO remains
unknown in this context. This highlights a notable deficiency in
existing research, as Nb-doped ZnO showcases encouraging
characteristics, including increased transparency, which
facilitates greater light penetration into the active layer (Sanz et
al., 2006), enhanced interaction with the organic active layer
(Naz et al, 2018), and greater electron extraction (Naz et al.,
2018), potentially resulting in enhanced device performance.
Moreover, the ideal growth conditions for attaining effective
down-conversion in the realm of perovskite solar cells are still
not fully understood. This study seeks to fill important gaps by
synthesizing Nb-doped ZnO nanoparticles with different growth
durations and investigating the relationship between their
structural and optical properties as a luminescent downshift
layer.

2. Experimental Procedure
2.1 Materials

Zinc acetate, Zn (CH3;CO3)2 (>=98%), Hexamethylenetetramine
(CH2)sNa (99%), Sodium hydroxide, NaOH (= 97.0 %) and
Niobium pentoxide, Nb2Os (99.9%) were purchased from QreC,
Scharlab, Merck, Sigma, respectively. All chemicals were
utilized as received, with no further purification of reagents
conducted.

2.2 Synthesis

Nb-doped ZnO powders were obtained using Zinc acetate
dihydrate(Zn(CH,COO0),-2H,0,298%),hexamethylenetetramine
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(CH,,N,, 99%), sodium hydroxide (NaOH, =97.0%), and
niobium pentoxide (Nb,O;, 99.9%) were obtained from QreC,
Scharlab, Merck, and Sigma-Aldrich, respectively. All chemicals
were directly utilised as received without any additional
purification as illustrated in Figure 1. For substrate preparation,
the films coated with ITO were cut into small squares with
dimensions of 2.0 cm X 1.5 cm. The substrates underwent a
thorough cleaning process in an ultrasonic bath using ethanol
for a duration of 10 minute. After completing the initial cleaning
process, the ethanol was substituted with deionized water and
the procedure was repeated. Finally, the substrates were dried
with an air blower. Zinc acetate dihydrate was used as the
starting material. It was dissolved in ethanol, and a separate
sodium hydroxide solution was prepared. The zinc acetate
dihydrate solution was incrementally introduced into the
sodium hydroxide solution at a flow rate of 1 ml per minute. This
process occurred on a hot plate at 60 °C with stirring at 300 rpm.
The substrate was annealed at 80 °C for 3 hour while adding 10
drops of zinc oxide solution. A niobium solution was prepared
by dissolving zinc hydride and 1% mol niobium (1.32 mmol)
within a mixture of ethanol, hexamethylenetetramine, and
deionized water. The niobium solution was then deposited onto
the substrates. This procedure was repeated for substrates with
different growth durations at 100 °C.

2.3 Characterization

The comprehensive characterization of Nb-doped ZnO thin
films involves several crucial analytical techniques to
understand their morphological, crystallinity, optical, and
electrical properties. Surface morphology analysis through SEM
provides detailed insights into the film's surface features and
grain structure at various magnifications, essential for
understanding the impact of Nb doping on film formation. XRD
analysis confirms the crystalline structure and phase
composition, typically revealing a hexagonal wurtzite structure
characteristic of ZnO films. The optical properties examined
through UV-Vis spectroscopy are fundamental for evaluating
the transparency and absorption characteristics of the film
across the UV-visible spectrum, particularly important for
photovoltaic applications. The inclusion of electrical
characterization using the Keithley source meter enables the
assessment of the film's conductivity and photoelectric
response.

2.3.1 Morphology Properties

The morphological properties of Nb-doped ZnO were assessed
using a Zeiss EVO 18 microscope at magnifications of 3000X,
5000x, and 8000%. This method enables the analysis of surface
morphology and particle size distribution of Nb-doped ZnO by
providing high-resolution images that clarify detailed surface
features and particle shapes, resulting in an effective technique
for morphology analysis.

2.3.2 Crystanility Properties

The crystalline structure and phase purity were measured using
the Rigaku Miniflex 600, along with the PANalytical X’PERT
PRO software, which also assesses the impact of Nb doping on
the hexagonal structure of ZnO. To maximize the performance
in applications of the material such as luminescent down-
shifting layers, these methods provide a comprehensive grasp
of its structural characteristics.
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Fig 1. The schematic synthesis of Nb-doped ZnO as the luminescent downshifting layer.

_ K2
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The average size of the crystallites was determined by applying
the Debye-Scherrer equation, where A represents the
wavelength of the X-ray, {3 represents the corrected full width at
half maximum (FWHM) in radians, 6 represents the Bragg angle
in degrees, and K represents the Scherrer constant. The value
of K is influenced by several parameters including crystal
morphology, diffraction line indices, and the dispersion of
crystallite sizes in the powder. In general, the value of K falls
within the range of 0.62 to 2.08 (Uvarov at el, 2013), often
ranging from 0.9 to 1 for spherical particles or in cases when the
shape of the crystallite is not known (Hassanzadeh et el., 2023;
He et al, 2004).

2.3.3 Optical Properties

The optical properties are analyzed through UV-Vis (Shimadzu
1800) spectroscopy, elucidating the absorption characteristics
and the bandgap of the bandgap. This information is essential
for comprehending light absorption and optimizing layers
during the simulation phase.

2.3.4 Electrical Properties

Using a Keithley 2401 source meter is used via 2-probe method
for the electrical characterization on the growth Nb-doped ZnO
layer. The average resistivity, average conductivity of the
samples, and sheet resistance have been measured to further
understand the charge carrier mechanism.

3. Results and Discussion

3.1 Morphology Properties

The morphological characteristics of ZnO nanoparticles on thin
films were examined using SEM. As depicted in Figure 2, the
SEM images reveal the structural features of ZnO nanoparticles

that were deposited onto thin films via the hydrothermal
method. These nanoparticles were synthesized using a
consistent dopant mass ratio but with varying growth durations.
The images provide a visual representation of how the growth
time influences the morphology of the ZnO nanostructures
while maintaining a constant dopant concentration.

The experiments conducted involved the synthesis of ZnO
nanostructures over varying growth periods of 2, 4, 6, 8, and 10
hours. Despite the irregular orientation and diverse aspect ratios
observed, all crystallites consistently exhibited a hexagonal
prismatic form, characteristic of ZnO nanostructures (Fudzi et
al., 2018) mark, the growth process proceeded at a relatively
slow pace. This can be attributed to the low reaction kinetics at
100 °C, which resulted in a gradual ZnO precipitation and
limited particle density formation (Uvarov et al, 2007). The
initial stage of nanostructure development was thus
characterized by this slower growth rate.

As shown in Figure 2(c & d), after 6 and 8 hours of the
hydrothermal method, the nanoparticles began to change into a
spherical shape and started to aggregate into rod-like
structures. Figure 2(e) illustrates that the ZnO nanorods formed
are inhomogeneous and randomly oriented. When the growth
time of the nanostructures was extended to 10 hour, dense
nanorods were observed, indicating a depletion of Zn ions by
the end of the growth process (Fudzi et al., 2018). Hydrothermal
synthesis is a straightforward and effective technique for
crystallizing materials when they are deionized in a solution. By
utilizing an appropriate synthesis architecture, the hydrothermal
method can successfully produce one-dimensional nanorods as
demonstrated above (Uvarov et al, 2007). The yield of the
endothermic reaction during this process is influenced by the
rates of nucleation and crystal growth (Uvarov et al,, 2007).

3.2 Crystanility Properties

X-ray diffraction (XRD) examination was performed to evaluate
the crystallinity and characteristics of the Nb-doped ZnO
synthesized with varying growth durations. The pattern in
Figure 3 shows crystal planes of (100), (002), (101), (102), (103)

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE



Y.N. Jusoh et al

and (202), which correspond well with diffraction peaks of
31.51°, 34.19°, 36.53°, 44.07°, 64.20° and 77.25° respectively.

The XRD pattern of Nb-doped ZnO nanoparticles shows
diffraction peaks at 36.53° indicating the presence of the Nb
phase and confirming Nb (V) in the ZnO matrix (Uvarov et al.,
2007; Uvarov et al, 2013). The strong peak intensity at 20 =
36.53° indicates that highly crystalline, which at this particular
molarity, it is possible to produce c-axis orientated Nb-doped
ZnO thin films (Mohd Fudzi et al, 2018; Tan et al.,, 2021). The
JCPDS file number 00-036-1451 indicates that the diffraction
peaks correspond to the hexagonal wurtzite structure of the
ZnO crystal with cell constants of @ = 0.3249 nm and ¢ = 0.5206
nm (Li et al., 2008).

Table 1 presents crystallite size changed over time as
growing time increased for samples containing 1% Nb. XRD
research demonstrated a consistent pattern in crystallite size
development throughout different growth stages. Initially, at 2
hours of development time, the crystallite size was measured at
45.3 nm, indicating the biggest crystallite formation. As the
growth time increased, the crystallite size gradually decreased,
reaching 41.62 nm at 4 hours and 39.42 nm at 6 hours. After 8
hours, the crystallite size had decreased to 37.18 nm, its lowest
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Fig. 2 SEM micrographs of a Nb-doped ZnO 1%mol a) 2-hour b) 4-
hour c) 6-hour d) 8-hour and e) 10-hour

point. However, after 10 hours of growth, there was a modest
increase to 38.33 nm.
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Fig. 3 X-ray diffraction spectra of ZnO doped with Nb for various
growth durations: (a) 2 hour, (b) 4 hour, (c) 6 hour, (d) 8 hour, and
(e) 10 hour.
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Table 1
The crystallite size with different growth hour of 1%mol Nb-doped
ZnO thin films concentration.

Nb Content Growth Hour Crystallite Size
(%) (H) (nm)
2 45.3
4 41.62
1% 6 39.42
8 37.18
10 38.33

Therefore, the crystallite size increased by approximately
3.09% from 8 hours (37.18 nm) to 10 hours (38.33 nm) of growth
time. This relatively small percentage increase supports crystal
agglomeration occurs through a dynamic process where
particles can break and recombine, leading to size variations
over time (Rodenbiicher et al., 2016). This process can result in
both size reduction and occasional increases in particle
dimensions. Additionally, the growth kinetics in doped systems
show that Nb dopants are typically distributed in a statistically
random manner, which can influence the crystal growth and
recrystallization behaviour (Maghsoodi et al., 2014).

3.3 Optical Properties

Figure 4 depicts the absorbance of Nb-doped ZnO at different
growth hours. The UV-Vis absorption properties of the thin films
were evaluated across a wavelength range of 300 to 900 nm. All
thin films had absorption margins at 320 nm. By extending the
growth time from 6 to 10 hour, the absorption edge displayed a
red shift, indicating a reduction in the width of the energy gap
between the conduction band (Cs) and the valence band (Vs)
(Ananda et al., 2014; Tan et al., 2021). .

Figure 5 illustrates that thin films demonstrate elevated
transmittance in the visible spectrum while exhibiting reduced
transmittance in the ultraviolet spectrum. The 2-hour sample
exhibits the highest transmittance, which declines from
approximately 65% to 45%. The observed reduction can be
attributed to improved scattering effects in Nb-doped ZnO thin
films on a PET substrate (Abdulrahman et al, 2018). The
incorporation of Nb ions into the ZnO lattice leads to the

1.0
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@
T
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Fig.4 Absorbance spectra of the Nb-doped ZnO thin films varied
with different growth hours
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Fig.5 Transmittance of Nb-doped ZnO with different growth
hours.
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Fig.6 The plots of (ahv)’ versus energy and the inset is E for the
Nb-doped ZnO thin films.

creation of oxygen vacancies and intrinsic defects, particularly
at reduced concentrations. These defects act as scattering
centres, thus reducing optical transparency (Ikram et al., 2022).
The topography of the substrate, the thickness of ZnO
nanorods, and the morphology of the nanorods can all influence
optical scattering, resulting in reduced transmittance of ZnO
nanorod thin films (Abdulrahman ez al., 2018).

Based on Figure 6 the corresponding band gap at 2 hours, 4
hours, 6 hours, 8 hours and 10 hours were 3.74 eV, 3.96 eV, 3.58
eV, 3.47 eV, and 4.01 eV respectively. The minimum and
maximum energy band gap is noted on Nb-doped ZnO on 8
hours and 10 hour samples. Although the trend deviates from
the expected behavior for optical bandgap, the addition of Nb
dopants resulted in a bandgap expansion from 3.37 eV (Tan et
al., 2021; Uvarov et al., 2007) to 4.01 eV. This could be due to
surface effects, particularly defects introduced during prolonged
growth. These defects might increase the electron transition
barrier, leading to a further widening of the bandgap (Liu et a/.,
2019).

The Burstein-Moss Effect indicates that with an increase in
Nb concentration (Ikram et al., 2022), the optical bandgap rises
from 3.37 to 4.01 eV. This phenomenon occurs as excess free
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electrons fill the lower levels of the conduction band, resulting
in a higher Fermi level (Saw et al., 2015). The band filling effect
occurs when Nb serves as a donor in ZnO, leading to the
introduction of states above the conduction band minimum,
which results in the Fermi level shifting into the conduction
band. This results in the occupation of the lowest states of the
conduction band by an excess free electron.

3.3 Electrical Properties

The graph demonstrates on Figure 7 the inverse correlation
between average electrical conductivity and resistivity of Nb-
doped ZnO across varying growth durations ranging from 2 to
10 hours. During the initial 2-4-hour period, conductivity
remains relatively stable at approximately 1.4x1073, whereas
resistivity exhibits a notable reduction from 1.4x10° to 7.5x102
Q. At 6 hours, both properties exhibit moderate values, with
conductivity decreasing to 1.2x1072. The system attains optimal
electrical properties at 8 hours, with conductivity peaking at
1.55%107® and exhibiting relatively low resistivity. At 10 hours,
a notable change is observed, with conductivity decreasing to
6.8x107* and resistivity increasing to 1.8x10° Q, indicating a
significant transition in the electrical properties of the material
over prolonged growth periods.

The 8-hour sample demonstrates the lowest bandgap of 3.47
eV and the highest conductivity of 1.54x10-* S/cm. This inverse
relationship is characteristic of semiconductors, wherein a
reduced band gap facilitates electron transition from the valence
band to the conduction band, thereby increasing conductivity.
The improvement is due to the generation of electrons and
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S ~J- Average Electrical Resistivity g
@ 25%10° 4 I 2.4x10° g
£ 2
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T ]
5 L 1.6x10° 2
o | -
7 15410 8
2 I 1.2%10° ,‘a
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=l ]
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Fig.7 Average electrical conductivity and resistivity of Nb-
doped ZnO samples at different growth hours.
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Fig.8 Sheet resistance of Nb-doped ZnO thin films measured at
various sample distances.

donor states within the ZnO bandgap, which together enhance
conductivity (Kumar et al., 2017).

Furthermore, the resistivity graph illustrates a non-linear
relationship with exposure time. Resistivity initially decreases
from 2 to 4 hours, followed by a gradual increase until 8 hours,
and then experiences a sharp rise at 10 hours. The presence of
donor levels in Nb-doped ZnO thin films contributes to the
observed reduction in resistivity between 2 and 4 hours (Zheng
et al.,, 2016). The notable rise in resistivity observed at 10 hours
is ascribed to Nb doping, leading to a considerable
improvement in conductivity by multiple orders of magnitude
(Mostafa et al., 2024).

The sheet resistance of the Nb-doped ZnO thin films
developed in this study shows notable differences compared to
findings from earlier studies (O’Brien et al., 2010; Tonny et al.,
2018). As illustrated in Figure 8, the sheet resistance of the Nb-
doped ZnO thin films is generally lower than that of both bare
ZnO (O’Brien et al., 2010) and Al-doped ZnO (Tonny et al., 2018)
within the measured time frame. The sample taken at four hours
exhibited the lowest sheet resistance at 163.906 x 10° Q/sq.

Both optical transparency and sheet resistance are critical
parameters for metal oxide-based transparent conductive
electrodes (TCEs), which are vital for solar cell applications
(Anand et al., 2021; Ivanova et al., 2022). While the influence of
sheet resistance may be subtle and less straightforward, it plays
a significant role in the overall performance of the device
(Anand et al., 2021; Ivanova et al., 2022).

Based on Table 2 Nb-doped ZnO exhibits significant
potential as a luminescent down-shifting layer, efficiently
converting UV-blue photons into visible light to improve solar
cell efficiency (Zhu n.d). The material exhibits optimal
properties at a growth duration of 8 hours, characterized by a
bandgap of 3.35 eV, which is closest to the ideal ZnO. It also

Table 2
Characterization parameters of control and Nb-doped ZnO sample with different growth hour
Control sample 2H 4H 6H 8H 10H
(Ismail et al., 2016)

Absorbance - 0.223 0.201 0.45 0.33 0.561
Bandgap (eV) 3.3 3.79 4.05 3.67 3.35 5.47
Crystallite size (nm) 30.7 45.3 41.62 39.42 37.18 38.33
Conductivity (S/cm) x10-3 - 1.42 1.26 1.18 1.62 0.66
Resistivity (kQcm) x 103 - 1.38 2.53 0.89 0.95 1.77
Sheet resistance (Q/sq) x103 - 300 163.9 200.153 209.758 385.093
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demonstrates a moderate transmittance of 46.54% and a peak
conductivity of 1.62 x 1073 S/cm, facilitating efficient photon
conversion. The doping modification from the control sample
E,=3.3 eV to enhanced bandgap values range 3.35 to 5.47 eV
indicates successful incorporation of Nb. Additionally, the
decreased transmittance from 63.85% to 26.35% at 10H
suggests improved UV absorption capability (Bazzari et al.
2020). The evolution of crystallite size from 30.7 nm in the
control sample to 45.3 nm at 2H, followed by a gradual
decrease, alongside variations in electrical properties, indicates
that Nb doping significantly alters the structural and optical
characteristics of ZnO. This modification results in an effective
down-shifting layer that enhances solar cell performance by
improving UV light utilization (Apostoluk et al, 2013). Nb
doping significantly modifies the optical, structural, and
electrical properties in comparison to the control sample, with
the 8-hour sample demonstrating optimal performance prior to
degradation at extended growth durations.

4, Conclusion

This study concludes that Nb-doped ZnO shows significant
potential as a luminescent down-shifting layer, especially with
an 8-hour growth time, characterized by optimal electrical
conductivity, a stable bandgap, and advantageous crystallite
size. The material efficiently converts UV-blue photons into
visible light, thereby improving its applicability in solar cell
technologies. The notable changes in optical, structural, and
electrical properties relative to undoped ZnO underscore the
potential of Nb doping. Nb-doped ZnO thin films were
synthesized using a cost-effective hydrothermal method. The
synthesis parameters, particularly growth temperature,
significantly influenced the morphology, crystallinity, and
optical properties. The bandgap ranged from 3.47 to 4.01 eV,
exhibiting significant UV absorption in the 300-400 nm range
and an average visible transmittance greater than 10%. Future
research will concentrate on adjusting the molar concentration
of Nb dopants to enhance these properties and investigate their
full potential in photovoltaic devices. Future research on the
luminescent downshifting layer of Nb-doped ZnO will examine
different Nb concentrations and growth durations to elucidate
the correlation between molar concentration and growth time.
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