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excitation, cathode ray or UV light, yielding similar spectral as
that of photodiodes applied in photoelectric conversions.6,10 In
contrast, GOS:Eu, known for its red luminescence under X-ray
excitation, offers thermal stability, reduced light scattering and
high packing density, making it suitable for radioluminescence,
X-ray scintillators, MRI imaging, field-emission displays, and
red LEDs.6,11 Recent advances have highlighted the use of RE-
metal-doped lanthanide oxysulfides, such as GOS, as DC and
upconversion materials to enhance the photovoltaic (PV)
device performance. These materials improve device efficiency
by converting low-wavelength light into the visible spectrum,
thereby sustaining photogeneration of excitons.12

While GOS is well reported, gadolinium oxyselenide
(GOSe) remains underexamined despite its distinct electronic
properties. This study introduces a modified solvothermal
microwave synthesis of GOSe using ethylenediamine to
enhance the affinity of Se2− ions for Gd3+. By doping GOSe
with Tb and Eu, we developed DC phosphors with potential
for advanced PV applications. These dopants enable broader
light absorption from UV-to-visible regions, improving charge-
carrier generation and the power conversion efficiency (PCE).
The introduction of discrete 4f energy levels facilitates efficient
energy transfer, critical for solar energy conversion.13,14 This
study evaluates the influence of Tb and Eu dopants on particle
size, photoluminescence (PL), morphology, crystal structure,
electron mobility, and PV properties, revealing the interplay
between dopants and host material. The findings highlight the
potential of these nanophosphors for advancing PV tech-
nologies.

■ RESULTS AND DISCUSSION
X-ray diffraction (XRD) analysis revealed temperature’s role in
phase formation. After oven-drying at 60 °C for 24 h, the
materials showed broad amorphous peaks (Figure 1a),

indicating no crystalline phases. A 4 h calcination at 600 °C
produced the hexagonal Gd2O2Se phase (Figure 1b), in
agreement with JCPDS 00-26-1422. Minor peak shifts were
observed, with the 101-plane peak shifting left for GOSeT and
right for GOSeE, reflecting the substitution of Gd3+ by Tb3+

(0.092 nm) and Eu3+ (0.095 nm) while retaining the hexagonal
structure.15 The transition to the hexagonal Gd2O2Se phase at
a high temperature of 600 °C ensures a well-defined crystalline
structure, necessary for effective charge transport. The
crystallite size (D) of GOSe-based nanomaterials was
calculated using XRD data via the Debye−Scherrer equation.
Crystallite sizes (Table 1) averaged 10 nm for GOSe, 5 nm for

GOSeT, and 17 nm for GOSeE, while transmission electron
microscopy (TEM) analysis showed larger particle sizes (39,
26, and 41 nm, respectively). The disparity reflects the
polycrystalline nature of these materials, with smaller crystals
aggregating into larger particles.16

The dislocation density (�), calculated as � = 1/D2, was 0.1
nm−1 for GOSe, 0.2 nm−1 for GOSeT, and 0.06 nm−1 for
GOSeE, indicating fewer lattice dislocations in GOSeE
compared to GOSeT. The smaller crystallite sizes can
positively contribute to efficient charge transport, as grain
boundaries in polycrystalline structures can serve as pathways
for carriers and higher dislocation density for GOSeT may

Figure 1. Powder XRD spectra of GOSe, GOSeT, and GOSeE: analysis of structural modifications at (a) 60 °C for 24 h and (b) 600 °C for 4 h.
Crystal structures depicting atomic bonding and lattice positions of doped atoms in (c) GOSe, (d) GOSeT, and (e) GOSeE.

Table 1. Crystallite Size (�) Estimation in GOSe, GOSeT,
and GOSeE Nanoparticles

sample
2�

(deg) �
�

(deg)
�

(rad)
�

(rad)
D

(nm)
particle

size (nm)

GOSe 54.76 1.05 27.39 0.48 0.02 10 39
GOSeT 54.69 2.04 27.34 0.48 0.04 5 26
GOSeE 55.21 0.63 27.61 0.48 0.01 17 41
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negatively impact device performance by increasing carrier
recombination due to lattice distortions.17

The XRD patterns of GOSe, GOSeT, and GOSeE
confirmed their hexagonal crystalline phase, enabling determi-
nation of lattice parameters, structural modeling, and bond
lengths. The interplanar spacing equation for hexagonal lattices
was used to determine the lattice constant a from the 110
plane and c from the 101 plane, with the values extracted using
MATCH software and compiled in Table 2.

The ideal c/a ratio for hexagonal crystals is 1.63, with
deviations reflecting atomic spacing variations. From Table 2,
GOSeE shows the most compact structure with a higher
atomic packing factor (APF) and contracted volume of the
unit cell (VUC), indicating tighter atomic packing, while
GOSeT exhibits elongated cells and lower APF. These trends
suggest denser atomic arrangements in GOSeE compared to
GOSe and GOSeT.18 The inverse unit cell contraction trend in
GOSeE (Eu3+: 0.095 nm) versus GOSeT (Tb3+: 0.092 nm)
arises from ionic mismatch-induced strain. Tb3+’s slight
deviation from Gd3+ (0.094 nm) creates tensile strain,
elongating cells and lowering the APF in GOSeT. Conversely,
Eu3+’s closer match to Gd3+ reduces distortion, enabling tighter
packing (higher APF and smaller VUC). Eu3+’s enhanced
polarizability may further stabilize the compact structure via
orbital overlap, demonstrating how subtle ionic deviations
affect lattice relaxation over atomic size.19,20

The lattice constants (Table 2) were used to model crystal
structures (Figure 1c−e) with DIAMOND software. GOSeE

has shorter metal−O/Se bond lengths and a denser lattice
compared to GOSe and GOSeT, consistent with its smaller
VUC and higher APF (Figure 1e). In GOSeE, Gd/Eu/Tb−O
and Gd/Eu/Tb−Se bonds measured at ∼0.231 and ∼0.296
nm, while GOSeT showed longer bonds at ∼0.235 and ∼0.315
nm, respectively, with GOSe falling in between. These shorter
bonds and tighter packing in GOSeE, also reflected in
rightward XRD peak shifts, suggest improved structural
compactness, while Tb doping in GOSeT introduces lattice
distortions.19,21 The compact unit cell, shorter bond lengths
and higher APF in GOSeE suggest improved charge-carrier
mobility and fewer defects. Differences in the c/a ratio and
VUC values indicate that Eu doping creates a denser lattice,
likely enhancing light absorption and charge collection.22

Figure 2 shows the Raman spectra of the synthesized
nanomaterials. The vibrational bands of GOSe (Figure2a) at
107−574 cm−1, corresponding to Eg

1, A1g
1 , E2g, A1g

2 , and Eg
2

modes, indicative of A-type hexagonal structures supported by
XRD analysis, confirm a stable crystal framework, essential for
efficient charge transport. The incorporation of Tb in GOSeT
(Figure 2b) shifts vibrational modes to higher wavenumbers,
attributed to the lanthanide contraction effect, which could
enhance carrier mobility but might also induce strain,
potentially affecting long-term stability. For GOSeE (Figure
2c,d), the characteristic bands, alongside unique Eu-lumines-
cence features23,24 such as magnetic-dipole transitions 5D0 →
7F1 (1770 and 1918 cm−1) and hypersensitive 5D0 → 7F2
transitions (2490 and 2902 cm−1), confirm effective Eu doping

Table 2. Crystal Modeling and Lattice Cell Parameters for GOSe, GOSeT, and GOSeE

sample d(110) (nm) d(101) (nm) a (nm) c (nm) c/a APF density (g cm−3) VUC (nm3)

GOSe 0.1946 0.30213 0.3892 0.6816 1.7512 0.6905 20.2789 0.0894
GOSeT 0.19488 0.30843 0.3898 0.7592 1.9478 0.6208 28.6662 0.0999
GOSeE 0.19317 0.29956 0.3863 0.6726 1.7409 0.6946 32.6673 0.0869

Figure 2. Raman spectral analysis of (a) GOSe, (b) GOSeT, and (c) GOSeE at lower Raman shift and (d) GOSeE at higher Raman shift:
highlighting vibrational and nonvibrational bands under 532 nm excitation.
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and improved spectral response in the visible range, crucial for
enhanced light absorption.23,24 However, the absence of
luminescent bands in GOSeT due to the luminescence
quenching indicative of high Tb concentrations, suggests a
potential drawback, as excess dopant levels can introduce
nonradiative recombination centers, which may result in low
PV efficiency.25 The structural stability and tailored optical
properties of GOSeE suggest positive impact on light
absorption and charge separation, while optimizing Tb
concentrations in GOSeT is necessary to mitigate lumines-
cence quenching for enhanced device performance.

Fourier transform infrared (FTIR) analysis (Figure 3)
reveals the surface properties of GOSe, GOSeT, and GOSeE

that could influence their performance as absorber materials
for PV applications. The presence of functional groups such as
carboxylic [v(C−O), 1388 cm−1] and hydroxyl [�(O−H),
3457 cm−1] groups, along with �(Se−O) vibrations (1052
cm−1), suggests the potential for enhanced surface passivation,
which can minimize defect-induced carrier recombination, thus
positively impacting the device efficiency. However, the
detected moisture contamination and the evolution of gases
like CO2 and H2O during thermolysis14 could adversely affect
the material stability and film uniformity, potentially leading to
pinholes or structural defects in thin films. Additionally, the
strong bonding of Gd/Tb/Eu−O (700 cm−1) reflects the
incorporation of RE-metal dopants, which could broaden the
spectral absorption range, improving photon absorption.
Nonetheless, the presence of residual thermolysis products
(e.g., stretching of C−H at 2840 cm−1) may hinder charge
transport by introducing undesired electronic states.26

The uniformly polydispersed nanoplate-like structures and
flowerlike morphology, as revealed by high-resolution scanning
electron microscopy (HRSEM) in Figure 4, provide a high
surface area and tightly packed arrangement, which could
enhance light absorption and carrier collection efficiency in
thin-film PV devices. The negligible morphological changes
due to Tb and Eu doping (Figure 4b,c) indicate that the
optical properties can be fine-tuned without adversely affecting
the parent material’s uniformity, a key factor in maintaining
efficient photon absorption. However, the use of oleylamine
during synthesis, which preserved the nanoplate, flowerlike
morphology,15 is good for achieving high surface area and
enhancing light interaction within the material. The
aggregation of particles, while beneficial for scintillator

applications, could pose challenges in achieving optimal thin-
film uniformity, potentially leading to localized defects or
reduced carrier mobility in PV devices.

Energy-dispersive spectroscopy (EDS)-confirmed chemical
compositions (Figure 4d−f and Table 3), such as
(Gd,Tb)1.9O1.5Se1 and (Gd,Eu)1.6O1.7Se1, suggest effective
dopant incorporation while maintaining the general Ln2O2Se
structure. The chemical similarity between the dopants (Tb
and Eu) and Gd minimizes lattice distortions, ensuring stable
band alignment and electronic properties. The use of
oleylamine during synthesis effectively stabilized the morphol-
ogy and dispersion of particles, which may positively influence
their uniformity and applicability in thin-film fabrication.

The nanoplate morphology and polycrystalline particles
revealed by TEM analysis (Figure 5) can influence the use of
these materials as absorber layers in PV applications. The
nanoplate morphology ensures a high surface area, which
enhances light absorption and facilitates better photon
interaction, crucial for efficient PV energy conversion. The
stability in shape after doping with Tb and Eu, attributed to
oleylamine as a shape-directing agent, could promote
uniformity (Figure 5a−c)11 in film formation, a key factor in
achieving consistent device performance. The lanthanide
contraction phenomenon27 influencing particle size variations
(26 nm for Tb doping and 41 nm for Eu doping; Figure 5g−i)
could impact charge-transport properties because smaller
particles generally exhibit higher surface-to-volume ratios,
potentially enhancing charge separation and carrier mobility.
However, larger particle sizes may reduce surface recombina-
tion by limiting defect states. The polycrystalline nature and
aggregation of smaller crystallites into larger particles (26−41
nm via TEM compared to 5−17 nm from XRD) can positively
contribute to efficient charge transport, as grain boundaries in
polycrystalline structures can serve as pathways for carriers.
The confirmed hexagonal phase, as evidenced by selected-area
electron diffraction (SAED) patterns (insets in Figure 5a−c)
and high-resolution TEM (HRTEM) lattice fringes (Figure
5d−f), aligns with the materials’ structural stability, which is
vital for withstanding operational stress.

The broad absorption range (300−900 nm) and the redshift
observed in GOSeT and GOSeE (Figure 6a) indicate
enhanced light absorption capabilities, particularly in the
visible region, which is critical for maximizing solar energy
conversion. The reduced band-gap values (Figure 6b) of 2.8
eV for GOSeE and 3.1 eV for GOSeT, compared to 3.8 eV for
undoped GOSe, further extend the absorption spectrum into
lower-energy regions, indicating improved photon absorption
and carrier generation. Additionally, the calculated refractive
indices and dielectric properties summarized in Table 5
highlight these materials’ potential for effective light retention
and energy storage. The refractive index value {n [n = (k/
Eg)1/4]} defines the optical confinements within the absorber
layer,28,29 while the dielectric constant values {high-frequency
dielectric constant � ∞ (� ∞ = n2) and static dielectric constant
� 0 [� 0 = 18.52 − (3.08 eV−1 × Eg)]} indicate charge storage
and release,29,30 critical for minimizing energy losses. The
higher band gap of GOSe (3.8 eV) may limit its efficiency
under standard solar illumination, emphasizing the importance
of RE-metal doping in optimizing these properties. The band-
gap narrowing from 3.8 eV in undoped GOSe to 3.1 eV in
GOSeT and 2.8 eV in GOSeE enhances visible-light
absorption, critical for efficient solar spectrum utilization.
This reduction, caused by 4f dopant energy states, can improve

Figure 3. FTIR spectra of GOSe, GOSeT, and GOSeE: highlighting
functional group modifications and doping-induced structural
changes.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.5c01249
ACS Appl. Electron. Mater. 2025, 7, 8895−8911

8898



photon absorption and photocurrent generation.31 The higher
refractive index and dielectric constant of GOSeE further
enhances light retention and energy storage.

The PL (Figure 6c−h) properties of GOSe, GOSeT, and
GOSeE reveal critical insights into their potential as absorber
materials for PV applications. Undoped GOSe, despite
exhibiting no emission between 500 and 650 at 350 nm
excitation (Figure 6c), serves as a host material due to its low
phonon energy, chemical stability, and nontoxicity.32 The
excitation spectrum (Figure 6f) reveals charge-transfer bands
(CTBs) at 399 nm (O2− → Gd3+) and 441 nm (Se2− → Gd3+),
which are indicative of its ability to facilitate energy transfer.32

These CTBs confirm efficient photon absorption by the host

lattice, which subsequently transfers the absorbed energy
internally to dopant ions. For GOSeT (Figure 6d), distinct
green emissions appear at 543 and 574 nm, corresponding to
5D4 → 7F5 and 5D4 → 7F4 transitions, and additional peaks at
476 nm (5D4 → 7F6) and 623 nm (5D4 → 7F3). The chemical
process is a nonradiative energy transfer (Förster- or Dexter-
type), involving resonant energy alignment between host
lattice states and Tb3+ excited states. Following energy transfer,
Tb3+ ions populate excited electronic states, particularly the
metastable excited-state 5D4. The electrons in this excited-state
undergo radiative decay (emission) to various lower 7FJ
ground-state multiplets, producing distinct visible emissions.
These multiple, distinct emission peaks confirm the incorpo-

Figure 4. HRSEM images at 100 nm microscopic resolution of (a) GOSe, (b) GOSeT, and (c) GOSeE, alongside their respective EDS spectra (d−
f).

Table 3. Atomic Percentage Analysis of the Chemical Compositions in GOSe, GOSeT, and GOSeE

sample Gd (%) O (%) Se (%) Tb (%) Eu (%)

GOSe 37.3 ± 1.20 41.84 ± 2.50 20.86 ± 1.60
GOSeT 26.73 ± 1.10 33.6 ± 2.70 22.87 ± 1.70 16.8 ± 1.00
GOSeE 24.17 ± 1.00 39.33 ± 2.30 23.1 ± 1.80 13.4 ± 1.00
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ration of Tb3+ ions into the host lattice, effectively receiving
and converting excitation energy from the host lattice into
characteristic visible emissions.33 Similarly, GOSeE (Figure 6e)
demonstrates red emission at 615 nm due to the hypersensitive
5D0 → 7F2 transition, alongside peaks at 545 nm (5D1 → 7F1)
and 573 nm (5D0 → 7F1), with CTBs (Figure 6h) at 375 nm
(O2− → Eu3+) and 385 nm (Se2−→ Eu3+) supporting energy
transfer. Because O2− and Se2− both donate energy via CTBs,
they effectively load Eu3+ with excitation energy. Once Eu3+ is
in its metastable 5D0 or 5D1 level, it can emit at those
characteristic wavelengths. The hypersensitive nature of the
5D0 → 7F2 transition at 615 nm simply means that small
changes in the local bonding environment such as distortions
around Eu3+, affects its intensity, which is why the red peak is
prominent in the spectrum. These emissions enable effective
DC luminescence, converting high-energy UV photons into
visible-light, thereby enhancing photon harvesting.33 The RE-
metal doping also narrows the optical band gap from 3.8 eV for
GOSe to 3.1 eV (GOSeT) and 2.8 eV (GOSeE), significantly
broadening absorption into the visible spectrum. This band-
gap tuning improves charge-carrier generation and enhances
photon-to-electron conversion efficiency, making these materi-
als suitable for PV applications.25 However, the reliance on RE-
metal doping necessitates precise optimization to balance
luminescence efficiency, charge transfer, and material stability
to maximize the device performance.31 Luminescence quantum

yield (LQY) values for GOSeT and GOSeE nanomaterials
(Table 4) were obtained using the following formula:
LQYsample= [(Emsample/Emref)(Exref/Exsample)LQYref], where
Emsample and Emref are the cumulative intensity of emission
of the sample and reference, respectively, and Exsample and Exref
represent the cumulative intensity of excitation for the sample
and reference, respectively, while LQYref indicates the known
quantum yield of the reference. Rhodamine 6G (R6G) served
as the reference with Emref, Exref, and LQYref values of 13.9,
36.5, and 0.95, respectively. The LQY values of GOSeT (0.17)
and GOSeE (0.22) reveal both potential benefits and
challenges for their application as absorber materials in PV
devices. The low LQY values suggest that, while these
materials possess some degree of luminescence, they may not
efficiently emit absorbed light, which could limit their ability to
enhance photon recycling; a key mechanism for improving
light absorption and charge-carrier generation in PV devices.
However, the distinct luminescence peaks at 543 nm (green)
for GOSeT and 615 nm (red) for GOSeE indicate their ability
to absorb and emit light within the visible spectrum, which can
be harnessed to broaden their absorption range of solar
radiation. This spectrum tunability, aided by RE-metal doping,
is advantageous for maximizing solar energy absorption.31 The
low LQY also implies potential energy losses due to
nonradiative recombination, which may lead to low efficiency
of the device unless these losses are mitigated through material

Figure 5. HRTEM images of (a) GOSe, (b) GOSeT, and (c) GOSeE at a 20 nm microscopic scale, complemented by insets displaying their
respective patterns from SAED. Detailed lattice fringe images of (d) GOSe, (e) GOSeT, and (f) GOSeE. Corresponding particle size distribution
histograms of (g) GOSe, (h) GOSeT, and (i) GOSeE.
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optimization or advanced device engineering. While the
luminescent properties are promising for spectral management,
improving the LQY31 would be essential for realizing their full
potential as effective absorber materials in PV applications.

The luminescence properties of GOSe, GOSeT, and GOSeE
under UV light (Figure 7a) reveal significant insights into their
suitability as good luminescent and absorber materials. The
dark-green hue of GOSeT and the subtle red-pink tint of

Figure 6. Optical analysis showing (a) ultraviolet−visible (UV−vis) spectra, (b) Tauc plots of GOSe, GOSeT, and GOSeE nanomaterials, and PL
spectra showing emission profiles of (c) GOSe, (d) GOSeT, and (e) GOSeE and excitation profiles of (f) GOSe, (g) GOSeT, and (h) GOSeE.

Table 4. Analysis of Optical and LQY Properties for the Nanomaterials

sample Eg(eV) n � ∞ � 0 Emsample(counts) Exsample(counts) LQYsample

GOSe 3.8 2.3089 5.3310 6.8160
GOSeT 3.1 2.4295 5.9025 8.9720 0.00083 0.012 0.17
GOSeE 2.8 2.4921 6.2106 9.8960 0.0025 0.028 0.22
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GOSeE confirm that Tb and Eu ions are integrated into the
GOSe lattice but also highlight the detrimental effects of high
dopant concentrations,34 such as luminescent quenching
caused by nonradiative energy transfers. In PV applications,
these nonradiative losses could negatively impact charge-
carrier generation and efficiency by reducing the photonic
conversion efficiency of the material. These color changes
demonstrate that the dopants are successfully integrated into
the host lattice and suggests that the optical absorption and
spectral response can be fine-tuned by balancing luminescence
strength against quenching through careful control of dopant
levels. The chromaticity coordinates (Figure 7b) and
correlated color temperature (CCT) of GOSe, GOSeT, and
GOSeE nanophosphors, evaluated using the CIE-1931 system,
are pivotal for their application in LEDs, scintillators, and
bioimaging as these parameters define the emission color and
visual appearance. The chromaticity coordinates (x, y),
corresponding to blue (0.1816, 0.1037) for GOSe, green
(0.2674, 0.7239) for GOSeT, and red (0.6731, 0.3267) for
GOSeE, highlight the ability of these materials to emit across a
broad range of the visible spectrum. The CCT values in Kelvin,
determined using the McCamy equation35 [CCT = 449n3 +
6823.3n + 5520.33] and [n = (x − xe)/(ye − y)], where (xe, ye)
= (0.3320, 0.1858) represents the reference white-point
coordinates and (x, y) are the chromaticity coordinates
measured for each nanomaterial, were 2234 K for GOSe,
6362 K for GOSeT, and 3592 K for GOSeE, indicating
emission characteristics that range from warm light to daylight-
like cool light. Such variations are essential for designing LEDs
with tailored emission profiles for specific applications, such as
displays and lighting systems. However, the delta uv (Duv)
values of 0.0184, 0.1298, and 0.1512 indicate a deviation from
the Planckian locus (natural light standard),36 showing non-
natural light quality, which is often a result of luminescent
quenching at high dopant concentrations. While this impacts
the quality and efficiency of LEDs, the tunable emission
properties demonstrated by these materials could also
indirectly inform their potential use in photovoltaics by
offering insights into their interaction with light- and energy-
transfer processes.

The redox behavior of the nanomaterials was evaluated using
0.1 M HCl as the electrolyte and an indium-doped tin oxide
(ITO) substrate as the working electrode. A 0.01 M solution of
nanomaterials in absolute ethanol was deposited on the
electrode surface, dried, and analyzed in the electrolyte.

Electroactive behavior was assessed by scanning the potential
from −1.3 V up to 0.3 V to drive oxidation and then reversing
the sweep back to −1.3 V to probe reduction. Differential pulse
voltammetry (DPV), known for its high sensitivity, was used to
assess the electrochemical characteristics, with positive scans of
bare and modified electrodes shown in Figure 8a−d for bare
ITO, GOSe, GOSeT, and GOSeE, respectively. On bare ITO,
oxidation peaks a1 and a2 were detected at −0.396 and −0.081
V with currents of 4.89 and 4.05 �A, respectively (Figure 8a),
while the negative scan lacked peaks, indicating an irreversible
electrode/electrolyte interface (Figure 8e). These peaks align
with the breakdown of the ITO layer into metal components,
consistent with the reported redox potentials of Sn/Sn4+ and
In+/In3+ near −0.531 to +0.769 V.37,38 The oxidative equation
for a1 and a2, as seen in the positive scan of bare ITO, is given
as

For modified electrodes, additional peaks corresponding to
the redox activity of RE metals and ITO constituents were
observed, as shown in Figure 8b−d. A detailed summary of the
positive and negative scan peaks for modified electrodes is
presented in Table 5.

In the positive scan of the modified electrode systems, peaks
a2−a4 observed in the bare ITO substrate in 0.1 M HCl were
identified, while an additional peak (a3) at −0.28 V in the
modified electrodes (Figures 8b−d) indicates enhanced
conductivity of the nanomaterials, facilitating oxidative
processes in the ITO layer. The broad a1 peak in Figure 8a
results from the coupling of a2 and a3 peaks. In the negative
scan (Figures 8f−h), reductive peak c1, corresponding to the
bare ITO redox process, appears in all modified electrodes,
confirming their improved electroactivity. The updated redox
couple for the peaks emanating from the electrochemical
process for the ITO substrate is summarized as follows.

For the oxidative peaks:

For the reductive peak:

Figure 7. (a) Luminescence of GOSe, GOSeT, and GOSeE nanomaterials in natural light and under 254 nm UV illumination. (b) Chromaticity
coordinate diagram of GOSe, GOSeT, and GOSeE nanomaterials: illustrating luminescence characteristics.
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Figure 8. DPV plots for the oxidation scan of (a) bare ITO, (b) GOSe-modified ITO, (c) GOSeT-modified ITO, and (d) GOSeE-modified ITO.
Reduction scan of (e) bare ITO, (f) GOSe-modified ITO, (g) GOSeE-modified ITO, and (h) GOSeE-modified ITO (electrochemical cell solution
of 0.1 M HCl at 50 mV s−1).

Table 5. DPV Analysis Showing the Electrochemical Properties of GOSe-, GOSeT-, and GOSeE-Modified ITO Substrates

sample ipa (�A): a1, a2, a3, a4 ipc (�A): c1, c2 Epa (V): a1, a2, a3, a4 Epc (V): c1, c2 ΔEp (V): 1, 2 E°′ (V)

GOSe 0.75, 8.42, 8.83, 0.83 0.65, 3.27 −0.88, −0.38, −0.25, −0.09 −0.39, −0.95 0.07, 0.01 −0.92
GOSeT 15.85, 56.11, 47.78, 38.76 1.09, 26.49 −0.86, −0.33, −0.27, −0.16 −0.51, −0.97 0.11, 0.18 −0.91
GOSeE 52.59, 120.93, 171.29, 141.89 3.04, 59.67 −0.95, −0.34, −0.24, −0.15 −0.22, −0.94 0.01, 0.07 −0.94
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Peaks a1 and c2, seen in parts b−d and f−h of Figure 8,
respectively, correspond to the redox behavior of lanthanides
(Gd, Tb, and Eu), similar to reported values for RE metals,
with formal potential (ΔEp) differences depending on their
conductivity. The redox equation for the peaks at a1 (Figure
8b−d) and c2 (Figure 8f−h) are as follows:

where Ln represents lanthanide elements (Gd, Tb, and Eu).
Modified electrodes showed higher current peaks than bare
ITO, as summarized in Table 5, indicating enhanced
electroactivity, particularly for GOSeE. Oxidation (a1) and
reduction (c2) peaks yielded ΔEp values of 0.07, 0.18, and 0.01
V for GOSe, GOSeT, and GOSeE, respectively, with the
highest electrocatalytic improvement in GOSeE. This can be
attributed to the conductivity of these RE metals as seen in the
Periodic Table, where Gd has an electrical conductivity of 7.7
× 106 S m−1, Tb of 8.3 × 106 S m−1, and Eu of 1.1 × 107 S m−1.
The superior performance of GOSeE-modified electrodes
stems from the Eu incorporation, which is reported as the
most reactive element in the lanthanide series.39

Under the same conditions as the DPV analysis, electro-
chemical impedance spectroscopy (EIS) was used to probe
ionic transport and charge-transfer kinetics at the electrode−
electrolyte interface. Figure 9 shows the Nyquist plots
comparing bare and modified ITO substrates, with the data

analyzed using ZView software to model their equivalent
circuit. The bare ITO substrate exhibited a circuit with ohmic
resistance (Rs) of 0.49 kΩ and charge-transfer resistance (Rct)
of 23.0 kΩ, reflecting the electrolyte resistance and interfacial
charge transfer, respectively (Figure 9d).40,41 The difference in
the equivalent circuit of the bare ITO and the modified one is
the presence of an additional circuit in the modified electrode
related to another Rct value. For modified ITO substrates
(Figure 9a−c), the presence of an additional Rct highlights two
reaction processes: the oxide layer electrochemical activity and
metal interface reactions.42 Rs and Rct values for the oxide layer
were significantly reduced for GOSe (0.06 kΩ, 1.82 kΩ),
GOSeT (0.03 kΩ, 0.66 kΩ) and GOSeE (0.03 kΩ, 0.60 kΩ),
while Rct values for the metal interface process also showed
reductions: 7.13, 4.70, and 1.30 kΩ for GOSe, GOSeT, and
GOSeE, respectively. These reductions, particularly in GOSeT
and GOSeE, indicate enhanced electrochemical kinetics and
reduced interfacial energy barriers, facilitating faster electron
mobility. The lowest Rct value observed for GOSeE signifies
improved conductivity and electrocatalytic performance due to
Eu doping, consistent with the trend observed in DPV analysis.
To calculate the active surface sites (�) of modified ITO
substrates, Rct values of both the modified and bare electrodes
were used via the relationship43 � = 1 − (Rct/Rct′), where Rct′
represents the charge-transfer resistance of the ITO substrate
and Rct corresponds to the modified substrate. A � value close
to unity reflects enhanced surface area with more active sites,
improving the electrodes’ electroactive properties. The � values

Figure 9. Nyquist plots of (a) GOSe-modified ITO substrate, (b) GOSeT-modified ITO substrate, and (c) GOSeE-modified ITO substrate, and
(d) overlay of Nyquist plots comparing the bare ITO substrate with GOSe-, GOSeT-, and GOSeE-modified ITO substrates (electrochemical cell
solution of 0.1 M HCl at a formal potential of −0.6 V).
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for GOSe-, GOSeT-, and GOSeE-modified ITO substrates
were of 0.69, 0.80, and 0.94, respectively, indicating a
maximum enhancement of 94% for GOSeE. The apparent
rate constant kapp can be calculated via eq 1:

(1)

kapp is related to the real rate constant (k0) [k0 = kapp/�],
where kinetic parameters F, R, T, and C0 are the Faraday
constant, rate constant, temperature, and concentration (10
mM) of the modifying nanomaterials, respectively. For the
oxide layer process, GOSeE exhibited kapp and k0 values of 4.43
and 4.55 �cm s−1, respectively, higher than those of GOSe
(1.46 and 1.16 �cm s−1) and GOSeT (4.03 and 4.15 �cm s−1).
At the metal interface, GOSeE also demonstrated higher kapp
and k0 values (2.05 and 2.18 �cm s−1) compared to GOSe
(0.37 and 0.53 �cm s−1) and GOSeT (0.57 and 0.71 �cm s−1).
These highlight the significant enhancement of active surfaces
and electrochemical kinetics, especially for GOSeE.43 The
observed enhancements in charge-transfer kinetics, reduced
interfacial energy barriers and increased active surface area
directly improve PV performance by facilitating efficient charge
separation, reducing recombination losses and promoting
faster electron transport. The improved conductivity and
reactivity of GOSeE, as evidenced by its lowest Rct values and
highest rate constant values, enable more effective photon-to-
electron conversion and charge extraction processes.

The electrovoltaic properties of the synthesized nano-
particles were evaluated using current−voltage (IV) curve
analysis on ITO substrates modified with the nanomaterials,
with 0.1 M HCl as the electrolyte under dark conditions.
Figure 10 displays the curves for both bare and modified ITO
substrates at 10 and 100 mV s−1. Automated analysis by the
electrochemical device revealed an increase in short-circuit
current (Isc) with scan rate, consistent with the conductivity of

the materials. The bare ITO substrate (Figure 10a) exhibited
an electrochemical efficiency (�) of 0.126% at 10 mV s−1,
rising to 0.202% at 100 mV s−1, alongside changes in Isc, open-
circuit voltage (Voc), and fill factor (FF). Enhanced perform-
ance was observed for modified substrates, with GOSeE
(Figure 10d) showing the highest efficiency. At 10 mV s−1,
GOSeE achieved � of 2.38% and improved to 6.06% at 100 mV
s−1, outperforming GOSe (Figure 10b) and GOSeT (Figure
10c). This enhanced efficiency is attributed to Eu’s high
reactivity and conductivity, enhancing stability, electrochemical
kinetics, and conductivity, as evidenced by DPV and EIS
analyses.44,45 These results highlight the potential of GOSeT
and GOSeE materials, with their luminescent and optical
properties, for PV applications.46

The synthesized GOSe, GOSeT, and GOSeE nanomaterials
were dissolved in nanoinks, which were then deposited as
absorber layers in the device architecture shown in Figure 11a.
The fabrication procedure for these devices is detailed in the
characterization section. Parts b−d of Figure 11 presents the
current density−voltage (JV) curve of the devices utilizing
these nanophosphors as absorber materials, with the
corresponding performance parameters of the best devices
summarized in Table 6.

The PV performance of GOSe, GOSeT, and GOSeE devices
was evaluated under AM 1.5G illumination in a superstrate
device structure, where ITO acts as the front contact (where
electrons are transported to) and Ag acts as the back contact
(where holes are transported to). GOSe gave an optical band
gap of 3.8 eV which limits its absorption to photons shorter
than 326 nm (Figure 6b). The best-performing GOSe device
gave a short-circuit current density (Jsc) of 0.57 mA cm−2 and a
PCE of 0.12%. A Voc of 0.66 V and a FF of 31.84% suggest
significant recombination losses both in the bulk and at the
CdS/absorber interface. A series resistance (Rseries) of 3.47 kΩ
cm2 and a shunt resistance (Rshunt) of 1.20 kΩ cm2 reveals an

Figure 10. IV curves for (a) bare ITO, (b) GOSe-modified ITO, (c) GOSeT-modified ITO, and (d) GOSeE-modified ITO.
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inhibition to adequate carrier collection. The wide band gap of
GOSe could be the reason for the poor performance as the
obtained device parameters suggest that most of the incident
solar spectrum were unabsorbed.50 Introducing Tb into the
GOSe lattice reduced the band gap to around 3.1 eV and
shifted the absorption edge to roughly 400 nm (Figure 6b). As
a result, the best-performing GOSeT device gave an enhanced
Jsc of 3.90 mA cm−2 and Voc of 1.15 V with an improved PCE
of 1.40% (Table 6). The noticeable decrease in Rseries to 0.21

kΩ cm2 may reflect new energy states introduced by Tb that
facilitate carrier transport.51 At the same time, Rshunt drops to
0.29 kΩ cm2, pointing to leakage pathways that could stem
from defect centers associated with the dopant or device layer
stacking. The FF remains near 31%, showing a trade-off
between the extended photon harvesting enabled by the
narrower band gap and added trap mediated recombination.
With the use of Eu as the dopant (GOSeE), the band gap falls
further to about 2.8 eV and absorption extends to

Figure 11. (a) Energy-band diagram of the PV device structure, highlighting the band alignments of the layers. JV curves for the PV cells of (b)
GOSe, (c) GOSeT, and (d) GOSeE). Radar lifetime plot showing the (e) Jsc, (f) Voc, (g) FF, and (h) PCE of the best-performing devices measured
for 24 h.
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approximately 443 nm (Figure 6b). In GOSeE, Jsc reaches 8.20
mA cm−2 and PCE peaks at 3.22%, with a Voc of 1.20 V and a
FF of 32.62% (Table 6). Rseries declines to 0.09 kΩ cm2,
consistent with a boost in carrier mobility and extraction, while
Rshunt decreases to 0.19 kΩ cm2, reinforcing some f-orbital
midgap states which could be active recombination sites.
Compared with Tb doping, Eu appears to extend the
absorption window more effectively thereby altering the trap
landscape resulting in the enhanced Jsc.

52−55 Notably, the best-
performing device (GOSeE) gave PCE values comparable to
other devices based on superstrate architecture (Table 6).

Evaluating the energy-band alignments [the valence band
(VB) and conduction band (CB)] within the Ag/GOSe/CdS/
ZnO/Al:ZnO/ITO superstrate device structure, based on the
estimated density-functional-theory-derived energy levels from
similarly reported works, provides critical insights into the
observed performance characteristics (Figure 11a). The
transparent ITO, with a reported work function (WF) of
−4.8 eV,56 aligns closely with the CB of Al:ZnO at
approximately −4.0 eV57 and ZnO at about −4.20 eV.58

These layers form a smooth CB pathway, facilitating efficient
electron flow toward the front contact (ITO). At the ZnO/
CdS junction, where CdS has a band gap of 2.4 eV,59 the CB
offset of approximately 0.2 eV (ZnOCB ≈ −4.2 eV and CdSCB
≈ −4.0 eV) supports efficient electron extraction, minimizing
recombination losses and enhancing carrier separation. The
interface between the CdS buffer and the GOSe-based
absorbers presents some challenge. For undoped GOSe, with
a band gap of 3.8 eV (VB = −7.0 eV; CB = −3.2 eV), the CB
offset [ΔEC = −3.2 − (−4.0) = +0.8 eV] creates a significant
cliff, posing a high-energy barrier that impedes electron
extraction and severely limits photocurrent due to increased
recombination.50 Doping with Tb (GOSeT) and Eu (GOSeE)
narrows the band gap to 3.1 and 2.8 eV, respectively, adjusting
the CB positions (GOSeTCB = −3.4 eV; GOSeECB = −3.5 eV).
This reduces the CB offsets to ΔEC = +0.6 eV for GOSeT and
+0.5 eV for GOSeE, facilitating some improved electron
extraction. The reduced cliffs, particularly in GOSeE, led to
enhanced photocurrent (Jsc) by reducing recombination losses,
while the introduction of intermediate states from RE-metal 4f
orbitals may provide subgap pathways, further easing carrier
transfer across this junction. This explains the progressive
increase in Jsc from GOSe to GOSeT to GOSeE. At the back
contact, the alignment between the absorber and Ag (WF =
∼4.3−4.7 eV) significantly influences device behavior.60 The
deep VB levels of the oxyselenides; GOSe at −7.0 eV, GOSeT
at −6.5 eV, and GOSeE at −6.3 eV, create substantial Schottky
barriers (� bp ≈ 2.6 eV for GOSe, 2.1 eV for GOSeT, and 1.9
eV for GOSeE). These barriers impede hole extraction,
increasing recombination losses. However, the upward shifts
in the VB edge induced by Tb and Eu doping (GOSeT + 0.5
eV; GOSeE + 0.7 eV) partially mitigate this barrier, enhancing
hole mobility and reducing Rseries, with the effect most

pronounced in GOSeE due to its upwardly placed VB. Beyond
band alignment, the incorporation of RE metals introduces
localized midgap states from 4f orbitals, which act as
recombination centers. This is reflected in the moderate FF
and the progressive decrease in Rshunt from GOSe to GOSeT to
GOSeE, indicating increased nonradiative losses. While RE-
metal doping extends absorption into the blue-violet range and
refines energy-band alignment, it also introduces defect-
mediated pathways that compromise the performance. The
VB offsets (ΔEV = −0.6 eV for GOSe, −0.1 eV for GOSeT,
and +0.1 eV for GOSeE) further highlight this: GOSeE’s
positive spike effectively blocks hole leakage to CdS, while
GOSeT’s near-zero offset reduces leakage better than GOSe’s
negative cliff, which allows some hole flow to the n-side,
increasing recombination losses. To optimize performance,
systematic studies of dopant concentration, targeted defect
passivation (e.g., with Al2O3 or SiNx), and refined interface
engineering (e.g., graded CdS layers) could mitigate
recombination. Integrating these wide-band-gap materials
(GOSeE with Eg = 2.8 eV, GOSeT with 3.1 eV, and GOSe
with 3.8 eV) as top absorbers in tandem solar cell
architectures, complementing lower-band-gap materials (e.g.,
Si at 1.1 eV or perovskites at 1.5 eV) could leverage their
strong UV−near-infrared absorption, potentially boosting the
overall PV efficiency beyond 20%.

A 24 h lifetime study of the PV devices was performed and
their performance depicted in a radar plot presented in Figure
11e−h. Jsc fell from their baseline values of 0.57, 3.90, and 8.20
mA cm−2 for GOSe, GOSeT, and GOSeE to just 0.05, 1.00,
and 3.80 mA cm−2, respectively, indicating 91%, 74%, and 54%
declines (Figure 11e). These results show that although Tb
and Eu doping raised the initial photocurrents, they did not
prevent rapid performance loss under continuous illumination.
The most severe drop in GOSe reflects its extreme
transparency and high susceptibility to defect-mediated
recombination. GOSeT retains more of its response (26% of
its initial Jsc) but still suffers significant decay, while GOSeE,
despite the highest starting current, retains only 46% of its
output. This pattern indicates sustained defect-mediated
recombination and degradation over time. Addressing the
rapid and long-term decay will require targeted defect
passivation, optimized interface engineering and robust
encapsulation to stabilize the devices.61−63 GOSe sees its Voc
plummet from 0.66 to 0.0063 V during the 24-h lifetime study
(Figure 11f). This collapse of nearly 99% loss relative to the
original value reflects rapid creation of midgap recombination
centers in the absorber and severe interface degradation at the
CdS junction, which pin the quasi-Fermi levels and destroy the
built-in potential. By comparison, GOSeT’s Voc declines more
modestly from 1.15 to 0.86 V (a 25% drop) as Tb doping
partially stabilizes the band edges and suppresses trap
formation. Eu-doped GOSeE exhibits the best retention,
falling only from 1.11 to 1.01 V (a 9% decrease), indicating

Table 6. Performance Metrics of Best-Performing PV Cells Based on GOSe, GOSeT, and GOSeE

device architecture Voc (V) Jsc (mA cm−2) FF (%) Rshunt (kΩ cm2) Rseries (kΩ cm2) PCE (%) ref

Ag/GOSe/CdS/ZnO/Al:ZnO/ITO 0.66 0.57 31.84 1.20 3.47 0.12 this work
Ag/GOSeT/CdS/ZnO/Al:ZnO/ITO 1.15 3.90 31.01 0.29 0.21 1.40 this work
Ag/GOSeE/CdS/ZnO/Al:ZnO/ITO 1.20 8.20 32.62 0.19 0.09 3.22 this work
Ag/CZTSSe/TiO2/FTO 0.29 36.5 38.00 3.10 47
Au/CuIn(Se,S)2/In2(Se,S)3/FTO 0.35 20.8 39.80 2.90 48
Au/Sb2Se3/CdS/FTO 0.30 13.2 48.00 1.90 49
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that Eu incorporation lowers the band gap into a more
favorable range and limits defect-mediated recombination
under sustained illumination. GOSe cells’ FF falls from 31.8%
to about 14%, a 56% drop (Figure 11g). That sharp decline
reflects growing Rseries and more trap-assisted recombination at
the CdS/absorber interface, which makes the JV curve less
square and cuts the device performance almost in half. GOSeT
holds up noticeably better with its FF decreasing from 31.0%
to around 24%, a 23% loss. This indicates limited formation of
new leakage paths and slowed rise in Rseries, so the cells can
maintain more of their initial charge-collection efficiency.64

GOSeE performs best under the same conditions, with FF
slipping from 32.6% to about 28%, a 14% loss. The device had
the most suppressed absorber layer defect growth, preserving
nearly all of the cell’s diode squareness during the measure-
ments. From their initial PCEs of 0.12%, 1.40%, and 3.22%
(Table 6), the cells began the 24-h lifetime study at about
0.10%, 0.60%, and 1.52% (Figure 11h), reflecting early losses
of 17%, 57%, and 53%, likely caused by interfacial defect
formation. Under continuous illumination, GOSe device’s PCE
then collapses by 90%, falling from 0.10% to 0.01%. This
dramatic drop is driven by new trap states that boost
nonradiative recombination and by growing Rseries as contacts
degrade. GOSeT cell fell from 0.60% to 0.28%, a 53% decline,
indicating slow trap creation and limited resistance increases at
the CdS/absorber interface. The GOSeE slipped from 1.52%
to 0.52%, a 66% loss, due to partial defect passivation and
limited interfacial stability during measurement. Even so, losing
two-thirds of its efficiency during these measurements
highlights that better defect control and stronger interface
stability and engineering are needed before these materials can
deliver lasting performance.61,62,64

■ CONCLUSION
This study demonstrates the potential of GOSeT and GOSeE
nanophosphors as functional materials particularly in spectral
conversion for PV applications. It provides a comprehensive
account of the structural, optical, electrochemical and PV
effects of Tb and Eu doping on GOSe. The integration of
lanthanide ions into the GOSe lattice was shown to
systematically alter lattice geometry, reduce dislocation
densities, and tailor the band gap toward visible-light
absorption, outcomes that directly affect exciton generation
and transport. The observed band-gap attenuation, along with
efficient 4f → 5d transitions and host-to-dopant energy
transfer, contributed to improved light-harvesting capabilities,
as evidenced by distinct emission profiles and enhanced
spectral conversion. Electrochemical measurements revealed
that doping not only improves conductivity but also minimizes
interfacial Rct and expands the active electrochemical surface
area, leading to better charge extraction and suppressed
recombination. These improvements were most pronounced in
GOSeE, where reduced lattice distortion and enhanced
polarizability supported superior charge dynamics. PV analysis
revealed that GOSeE showed substantial improvements in Jsc
(8.20 mA cm−2) and Voc (1.20 V), yielding a PCE of 3.22%,
which is 25 times higher than that of GOSe (0.12%). This
enhancement was linked to an extended absorption edge,
optimized electronic band structure and significant reductions
in Rseries and recombination losses. Tb doping also improved
performance, though higher lattice strain and potential
quenching effects may have limited its efficacy relative to Eu.
Lifetime testing under AM 1.5G illumination confirmed the

operational robustness of GOSeE, which retained a higher
proportion of its initial device parameters, reflecting better
defect passivation and interfacial stability. Energy-band
diagram analyses further validated that RE-metal doping
repositioned the CB and VB for more efficient charge
extraction. Together, these findings demonstrate that RE-
metal doping offers a viable route to tune GOSe properties.
For improved PV performance, enhancing the robustness of
the interfaces between different layers is very critical, as
unstable interfaces can quickly degrade under operating
conditions, leading to rapid performance losses. Future studies
focused on dopant optimization, interfacial passivation, and
device-level integration could further enhance the viability of
RE-metal oxyselenides in scalable PV applications.

■ EXPERIMENTAL PROCEDURES
Synthesis of GOSe, GOSeT, and GOSeE Nanomaterials.

Nanoparticles of GOSe, GOSeT, and GOSeE were prepared using a
modified synthesis11,65 procedure of one-pot solvothermal microwave
method. Gadolinium nitrate (0.5 mmol) was dissolved in ethanol and
combined with oleylamine to form a uniform precursor solution,
which was mixed with 0.505 g of selenium in ethylenediamine to
enhance interaction between Gd3+ and Se2− ions for controlled
nucleation. The mixture was poured into a Teflon vessel and placed in
a microwave reactor to react at ∼180 °C and 10 bar pressure, at a
power of 600 W set to ramp for 5 min and to stand for 20 min to
achieve rapid crystallization and particle growth. After cooling, the
nanoparticles were isolated and precipitated through ethanol
centrifugation. They were oven-dried and calcined (to enhance
purity) at 60 and 600 °C, respectively. For down-converting
phosphors, 0.25 mmol of terbium or europium nitrate was
incorporated into the precursor, following the same procedure to
produce GOSeT and GOSeE nanoparticles with tailored optical
properties. All reagents were used without further purification and
sourced from Merck.

PV Device Fabrication. Device fabrication process started with
ITO-coated soda-lime glass substrates that had been cleaned
sequentially in a detergent solution, deionized water and isopropanol,
then dried under nitrogen. An Al:ZnO suspension in isopropanol was
deposited by spin coating for 30 s at rotation speed of 1500 rpm.
Subsequently, 2 min of thermal treatment at 200 °C was performed to
drive off solvents and improve film adhesion. Repeating that
deposition and annealing cycle twice produced an Al:ZnO layer
roughly 150 nm thick. A ZnO nanoink was then applied under the
same spinning parameters to form a transparent window layer about
50 nm thick. Next, a CdS buffer layer was introduced by spin coating
its nanopowder suspension in isopropanol at 1500 rpm for 30 s, with a
subsequent 5 min annealing at 200 °C yielding a film of approximately
60 nm. The absorber was built up by sonicating 150 mg of the
nanomaterials (GOSe, GOSeT, or GOSeE) in 1 mL of ethanol, spin
coating at rotation speed and time of 1500 rpm and 30 s, respectively
and annealing for 5 min at 250 °C, repeating the process until an
∼800 nm layer was achieved. The back contact was formed by
applying conductive silver paste, which was annealed for 5 min at 180
°C. Afterward, the devices were allowed to reach ambient temperature
prior to PCE measurement.

Characterization. PV metrics were obtained under AM 1.5G
illumination (100 mW cm−2) using a Source Measure Unit (Ossila
Ltd., Sheffield, U.K.) in tandem with a SciSun Solar Simulator
(Sciencetech Inc., London, Ontario, Canada). Prior to that,
electrochemical properties were probed by DPV and EIS on a CHI
760E electrochemical analyzer (CH Instruments, Austin, TX, USA),
with IV curves obtained via a VMP-300 potentiostat (BioLogic SAS,
Seyssinet-Pariset, France). Ag/AgCl, ITO−SLG substrate, and Pt-
wire served as reference, working, and counter electrodes,
respectively. Nanoinks (10 mM) of the nanomaterials were drop-
coated onto a ITO−SLG substrate, dried at 70 °C, and electro-
chemically analyzed in 0.1 M HCl. For optical characterization, a
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Varian Cary 300 spectrophotometer (Agilent Technologies, Santa
Clara, CA, USA) was used to acquire UV−vis spectra, and PL spectra
were acquired from a Nanolog spectrofluorometer (Horiba Scientific,
Kyoto, Japan). HRTEM and SAED images were obtained from a
Tecnai G2 F20X-Twin transmission electron microscope (FEI
Company, Eindhoven, The Netherlands). Crystallographic phases
were identified by XRD on an Aeris diffractometer with a PIXcel
detector (Malvern Panalytical Ltd., Malvern, U.K.). MATCH and
DIAMOND software packages (both from Crystal Impact, Bonn,
Germany) were employed for structural modeling. A 200 kV Auriga
field-emission scanning electron microscope (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany) for HRSEM complemented by EDS
was used for surface morphology and elemental mapping.
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Efficiency Improvement of Superstrate CZTSSe Solar Cells Processed
by Spray Pyrolysis Approach. Sol. Energy 2019, 185, 283−289.
(48) Ikeda, S.; Kamai, R.; Min Lee, S.; Yagi, T.; Harada, T.;

Matsumura, M. A Superstrate Solar Cell Based on In2(Se,S)3 and
CuIn(Se,S)2 Thin Films Fabricated by Electrodeposition Combined
with Annealing. Sol. Energy Mater. Sol. Cells 2011, 95 (6), 1446−1451.
(49) Luo, M.; Leng, M.; Liu, X.; Chen, J.; Chen, C.; Qin, S.; Tang, J.

Thermal Evaporation and Characterization of Superstrate CdS/Sb2Se3
Solar Cells. Appl. Phys. Lett. 2014, 104 (17). DOI: 10.1063/
1.4874878.
(50) Wang, W.; Wu, S.; Reinhardt, K.; Lu, Y.; Chen, S. Broadband

Light Absorption Enhancement in Thin-Film Silicon Solar Cells.
Nano Lett. 2010, 10 (6), 2012−2018.
(51) Chen, F.; Wang, Y.; Yusoff, A. R. b. M.; Yu, Y.; Gao, P.

Unlocking the Potential of Rare Earth-Doped Down-Conversion
Materials for Enhanced Solar Cell Performance and Durability. Solar
RRL 2025, 9 (5), No. 2400798.
(52) Zhou, J.; Qiu, J. Photon Management in Rare Earth Doped

Nanomaterials for Solar Cells. Solar Cell Nanotechnology; Wiley
Blackwell, 2013; pp 223−240. DOI: 10.1002/9781118845721.ch9.
(53) Rajeswari, R.; Islavath, N.; Raghavender, M.; Giribabu, L.

Recent Progress and Emerging Applications of Rare Earth Doped
Phosphor Materials for Dye-Sensitized and Perovskite Solar Cells: A
Review. Chemical Record; John Wiley & Sons, Ltd., 2020; pp 65−88. .
(54) Zhang, M.; Zhao, W.; Wu, J.; Li, Z.; Xue, L.; Yang, F.; Tan, F.;

Chen, H. Promising Rare-Earth-Doped, Electrospun, ZnO Nanofiber
N-Type Semiconductor for Betavoltaic Batteries. ACS Omega 2023, 8
(20), 17644−17652.
(55) Sood, S.; Kumar, P.; Raina, I.; Misra, M.; Kaushal, S.; Gaur, J.;

Kumar, S.; Singh, G. Enhancing Optoelectronic Performance
Through Rare-Earth-Doped ZnO: Insights and Applications.
Photonics; Multidisciplinary Digital Publishing Institute, 2025; p
454. .
(56) Yu, Z.; Perera, I. R.; Daeneke, T.; Makuta, S.; Tachibana, Y.;

Jasieniak, J. J.; Mishra, A.; Bäuerle, P.; Spiccia, L.; Bach, U. Indium
Tin Oxide as a Semiconductor Material in Efficient P-Type Dye-
Sensitized Solar Cells. NPG Asia Mater. 2016, 8 (9), e305.
(57) Akhtar, M. J.; Alhadlaq, H. A.; Alshamsan, A.; Majeed Khan, M.

A.; Ahamed, M. Aluminum Doping Tunes Band Gap Energy Level as
Well as Oxidative Stress-Mediated Cytotoxicity of ZnO Nanoparticles
in MCF-7 Cells. Sci. Rep. 2015, 5 (1), 1−16.
(58) Kamarulzaman, N.; Kasim, M. F.; Rusdi, R. Band Gap

Narrowing and Widening of ZnO Nanostructures and Doped
Materials. Nanoscale Res. Lett. 2015, 10 (1), 1−12.
(59) Yadav, S. K.; Vishwakarma, A. K.; Yadava, L. Structural and

Optical Properties of Cadmium Sulfide (CdS) Nano-Powder.
Macromol. Symp. 2023, 407 (1), No. 2100441.
(60) Luo, X.; Jiang, R.; Ma, Z.; Yang, T.; Liu, H.; Deng, H.; Wu, W.;

Dong, C.; Du, X. W. Regulating the Work Function of Silver Catalysts
via Surface Engineering for Enhanced CO2 Electroreduction. Phys.
Chem. Chem. Phys. 2022, 24 (16), 9188−9195.
(61) Zhang, D.; Li, D.; Hu, Y.; Mei, A.; Han, H. Degradation

Pathways in Perovskite Solar Cells and How to Meet International
Standards. Communications Materials; Nature Publishing Group,
2022; pp 1−14. .
(62) Burlafinger, K.; Strohm, S.; Joisten, C.; Woiton, M.; Classen, A.;

Hepp, J.; Heumüller, T.; Brabec, C. J.; Vetter, A. Accelerated Lifetime

Testing of Thin-Film Solar Cells at High Irradiances and Controlled
Temperatures. Prog. Photovoltaics Res. Appl. 2022, 30 (5), 518−527.
(63) Wang, Y.; Ahmad, I.; Leung, T.; Lin, J.; Chen, W.; Liu, F.; Ng,
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