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Abstract
Incorporating ZnO as a buffer layer in thin film CdSeTe/CdTe solar cells leads to high conversion
efficiencies. However, the sub-optimal band alignment at the ZnO/CdSeTe interface limits the Voc.
In this study, Ce is used to alloy the ZnO buffer layer to widen the band gap and improve band
alignment, leading to an increase in Jsc and Voc. The 50 nm and 100 nm thick ZnO and CeZnO
buffer layers are deposited on SnO2:F coated soda-lime glass using radio frequency sputtering. To
study the effect of Ce alloying, the Ce atomic percent is varied from 3% to 9%. The buffer layers
are fabricated into As-doped CdSeTe/CdTe devices using First Solar’s process. The device incorpo-
rating the 3% CeZnO buffer layer leads to the highest efficiency and Voc. However, the saturation
current density and ideality factor are observed to increase as the Ce content increases, suggesting
that Ce alloying degrades the quality of the front p–n junction. The interface defect density is esti-
mated using C–V and DLCP profiling, the interface defect density is observed to increase signifi-
cantly when incorporating more than 3% Ce. There is an apparent trade-off between front inter-
face passivation and band alignment.

1. Introduction

Cadmium telluride is a direct band gap material which fully absorbs light within a few microns, this
is due to its absorption coefficient being greater than 104 cm−1 [1]. As a result, thin film CdTe solar
cells benefit from requiring less semiconductor material than silicon-based solar cells. Furthermore,
CdTe modules can be manufactured in under 3 h, making them a commercially successful technology,
with the current worldwide installed capacity exceeding 30 GWp [2]. Thin film CdTe solar cells have a
low temperature coefficient (−0.21% ◦C−1) [3], making them a suitable technology for warm climates.
The embodied energy and carbon from manufacturing CdTe modules is 2–3 times lower than that of Si
modules [4], this is largely due to CdTe modules requiring 98%–99% less semiconductor material and
requiring less energy during manufacturing [5]. Thin film CdTe-based solar cells suffer from a relatively
large open-circuit voltage (Voc) deficit to the Shockley–Queisser (SQ) limit. Assuming an absorber band
gap of 1.40 eV (Voc,SQ: 1.138 V [6]) for the record CdSeTe/CdTe solar cell (Voc: 0.905 V [7]), the Voc

deficit is 0.233 V. Recombination at the front n-type/p-type interface is one of the key factors limiting
the Voc [8], as a result, interface engineering is a critical research goal for the further development of
thin film CdTe solar cells [9].

The front n-type buffer layer is placed between the transparent conducting oxide (TCO) and
absorber, which together form the p–n junction. Buffer layers are a critical component which help
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Figure 1. The device structure incorporating the CexZn1−xO buffer layers (not to scale).

improve the performance of CdSeTe/CdTe solar cells by improving charge transport, reducing recom-
bination and improving contact quality [10, 11]. Cerium oxide (CeO2) is a wide band gap material
with high thermal and chemical stability [12–14], making it a promising material for photovoltaic
applications [15–17]. Researchers have alloyed ZnO with CeOx to increase the conduction band mini-
mum, facilitating the charge injection and transfer from a perovskite absorber to the electron transport-
ing material [18]. This has led to an improvement in device performance, increasing the efficiency from
16% to 19.5% after incorporating CeOx. Furthermore, reported environmental tests show that CeOx

alloying improves the moisture, ultraviolet, and thermal stability of perovskite solar cells [18]. The Ce
alloying effect on the band gap has been studied, the band gap increased from 3.19 eV to 3.29 eV after
alloying ZnO with Ce [19]. Photoluminescence (PL) and Raman measurements indicate that Ce alloying
retains the high quality of the films and shows good PL behaviour [20]. The slight shift of the A1L and
E1L peaks in the Raman spectra increased with Ce alloying, indicating that Ce alloying can change the
free carrier concentration in ZnO nanorods [20]. However, the Ce alloying effect on the carrier concen-
tration needs to be further investigated.

Previously, we co-sputtered CeZnO buffer layers using CeO2 and ZnO targets, resulting in an
increased buffer layer band gap, improved Voc and short-circuit current density (Jsc) [21]. The improve-
ment in Jsc was attributed to the band gap widening. The temperature dependent J–V measurements
showed an increase in activation energy, suggesting that front interface recombination decreases with Ce
alloying, resulting in an increase in Voc. However, co-sputtering can lead to inconsistent film composi-
tions due to voltage fluctuations at the highly resistive CeO2 sputtering target.

In this work, we report on the use of CexZn1−xO front buffer layers for thin film CdSeTe/CdTe solar
cells, prepared using alloyed targets. The effect of varying the Ce content from 0 to 9 At% on device
performance is studied.

Figure 1 shows the device structure which incorporates the CexZn1−xO buffer layers, where x varies
from 0 to 0.09.

Following device fabrication, the solar cells are characterized using current density–voltage (J–V),
external quantum efficiency (EQE), capacitance–voltage (C–V), drive-level capacitance profiling (DLCP),
cross-sectional scanning transmission electron microscopy (STEM) and energy dispersive x-ray spec-
troscopy (EDX). Thicker copies of the ZnO and CexZn1−xO films are characterized using UV–Vis–NIR
spectrophotometry and x-ray diffraction (XRD).

2. Results and discussion

2.1. Band gap tuning
The direct band gap values of the ∼500 nm thick ZnO and CexZn1−xO films were extrapolated using
Tauc plots obtained from transmittance and reflectance data. The Tauc plots, transmittance, and
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Table 1. Band gap of ZnO and CexZn1−xO films.

Sample Band gap (eV)

ZnO 3.26

Ce0.03Zn0.97O 3.30

Ce0.06Zn0.94O 3.33

Ce0.09Zn0.91O 3.35

Figure 2. Device performance for varying Ce content in 50 and 100 nm thick buffer layers. Each plot consists of 8 devices which
have 12 cells each. The 8 devices were fabricated in the same batch.

reflectance spectra are presented in Supplementary figure 1. The band gap values of the ZnO and
CexZn1−xO buffer layers are presented in table 1.

The band gap of ZnO can be tuned from 3.26 to 3.35 eV with Ce (9 At%) alloying. The ZnO band
gap widening effect has previously been demonstrated with Ce alloying [19, 21].

2.2. Electrical measurements
The performance parameters from J–V measurements are presented for devices incorporating 50 and
100 nm thick ZnO and CexZn1−xO buffer layers in figure 2. Note that the CexZn1−xO samples are pre-
sented as 100(x)% CeZnO.

As shown in figure 2(a), the highest conversion efficiency is achieved using the 50 nm thick
Ce0.03Zn0.97O buffer layer. Increasing the Ce content beyond 3 At% leads to a decrease in efficiency.
Furthermore, figure 2(b) shows that the mean and median Voc is highest when incorporating the 50
and 100 nm thick Ce0.03Zn0.97O buffer layers. This suggests that alloying with 3 At% Ce provides a
more favorable band alignment with CdSeTe, consistent with reduced interface recombination. The
100 nm buffer gives slightly higher Voc, but the 50 nm buffer provides the best overall device perfor-
mance because it combines high Voc with higher Jsc and fill factor, leading to the highest efficiency. This
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Figure 3. Extracted parameters from J–Vmeasurements for varying Ce content in 50 and 100 nm thick buffer layers. Each plot
consists of 8 devices which have 12 cells each. The 8 devices were fabricated in the same batch.

reflects the classic buffer thickness trade-off between optical transparency and shunt prevention [22].
Similar to efficiency, the Voc decreases when incorporating more than 3 At% Ce. Figure 2(c) shows that
the Jsc is higher when using the thinner buffer layer, due to the reduction in parasitic absorption losses.
The effect of the band gap widening is not clearly evident in the Jsc values, further indicating that the
main benefit of the 3% CeZnO device is the improvement in Voc. The fill factor is observed to decrease
with Ce alloying.

The extracted series resistance (Rs), shunt resistance (Rsh), saturation current density (J0), and ideal-
ity factor (n) values are presented in figure 3.

The Rs shown in figure 3(a) does not vary significantly with Ce content or buffer layer thickness,
suggesting that the buffer itself is not introducing major resistive voltage losses. In contrast, figure 3(b)
shows that CeZnO-based devices generally exhibit higher Rsh. Furthermore, the 3% CeZnO 100 nm sam-
ple has a slightly higher Rsh than the 50 nm sample, which likely contributes to the marginally higher
Voc by suppressing leakage/recombination through shunt pathways. Figures 3(c) and (d) show a clearer
dependence on Ce content, both J0 and n increase with Ce, indicating stronger recombination at higher
Ce concentrations. These trends suggest that the best performing 3% CeZnO device benefits from a bal-
ance between improved interface energetics and acceptable junction quality, whereas higher Ce concen-
trations degrade the junction through increased defect-assisted recombination.

The illuminated J–V curves of the highest efficiency cells are presented in figure 4. Figures 4(a)
and (b) show the devices incorporating the 50 and 100 nm thick buffer layers, respectively.

When comparing the J–V curves, it is clear that the devices incorporating the Ce0.03Zn0.97O buffer
layer benefit from having a higher Voc, this confirms the statistical trends in figure 2. The J–V parame-
ters of the highest efficiency cells are summarized in table 2.

While individual champion cell changes in Jsc and Voc are modest, the 50 nm 3% CeZnO device
shows a clear improvement over the ZnO baseline (20.15% vs. 19.95% efficiency, 854.2 vs. 840.9 mV
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Figure 4. Current density–voltage characteristics of the highest efficiency cells incorporating buffer layers with varying Ce
content.

Figure 5. External quantum efficiency for devices incorporating buffer layers with varying Ce content.

Voc). More importantly, the statistical box plots in figure 2 demonstrate that 3 At% Ce gives the highest
median and mean Voc across both thicknesses, with the 50 nm sample yielding the highest efficiency.

Figure 5 presents the EQE of the devices incorporating 50 nm (figure 5(a)) and 100 nm (figure 5(b))
thick buffer layers.

The EQE in the short wavelength region increases with Ce content. At 370 nm (buffer layer absorp-
tion region), the EQE increases (relative increase vs ZnO) by 3.6% (3 At% Ce), 11.0% (6 At% Ce), and
17.3% (9 At% Ce) for the 50 nm samples, and even more dramatically for the 100 nm samples (up to
+75.5%). This is due to the buffer layer band gap increasing with Ce alloying, as seen in table 1.

The carrier concentration obtained from C–V measurements is presented as a function of profile
depth in figure 6.

The absorber carrier concentration is extracted at the zero-voltage bias point. Table 3 presents the
absorber carrier concentration for cells incorporating 50 and 100 nm thick buffer layers with varying Ce
content. The hole density is between 1.0×1016 and 1.4×1016 cm−3 for all buffer conditions, confirming
that the observed device performance differences arise from front interface modifications rather than
absorber doping variations.

The C–V profiles can be affected by the presence of deep defects or interface defects, whereas DLCP
is insensitive to the response from the interface defects due to an improved signal-to-noise ratio. The
interface defect density can be estimated by calculating the difference between the carrier concentrations
obtained from C–V and DLCP measurements [23]. Figure 7 presents the interface defect density versus
the buffer layer used in the device.
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Table 2. The J–V characteristics and extracted parameters of the best performing cells.

Thickness Eff. Voc Jsc FF Rs Rsh J0
Buffer layer (nm) (%) (mV) (mA cm−2) (%) (Ω cm2) (Ω cm2) (mA cm−2) n

ZnO 50 19.95 840.9 29.93 79.27 0.49 3799 1.54× 10−8 1.56

100 19.81 837.8 29.62 79.82 0.38 2585 8.58× 10−9 1.51

Ce0.03Zn0.97O 50 20.15 854.2 29.70 79.43 0.41 3258 2.25× 10−8 1.61

100 19.58 858.3 29.36 77.70 0.38 4271 3.52× 10−7 1.86

Ce0.06Zn0.94O 50 19.46 844.1 30.07 76.68 0.38 3114 1.21× 10−6 1.96

100 19.08 844.3 29.07 77.72 0.55 2690 1.25× 10−7 1.73

Ce0.09Zn0.91O 50 19.38 841.0 30.09 76.59 0.47 6094 1.21× 10−6 1.95

100 18.61 834.4 29.60 75.34 0.48 2984 3.87× 10−6 2.08
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Figure 6. Carrier concentration versus profile depth, the squares indicate the zero-voltage bias point.

Table 3. Absorber carrier concentration for cells incorporating buffer layers with varying Ce
content.

Buffer layer Thickness (nm) Absorber carrier concentration (cm−3)

ZnO 50 1.01×1016

100 1.18×1016

Ce0.03Zn0.97O 50 1.35×1016

100 1.34×1016

Ce0.06Zn0.94O 50 1.34×1016

100 1.33×1016

Ce0.09Zn0.91O 50 1.24×1016

100 1.28×1016

Figure 7. Interface defect density for varying Ce content in the 50 nm thick buffer layer.

The interface defect density is the lowest for the 3% CeZnO buffer and increases significantly at
⩾6% Ce. This trend correlates with the Voc results (figure 2(b)), where 3% Ce gives the highest medi-
an/mean values and higher Ce contents show degradation. The increased defect density at higher Ce
enhances interface recombination.

2.3. Materials Characterization
The cross-sectional STEM images of the FTO/ZnO/CdSeTe and FTO/CexZn1−xO/CdSeTe interfaces are
presented in figure 8.
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Figure 8. Cross-sectional STEM images (top: BF, bottom: HAADF) of the FTO/ZnO/CdSeTe and FTO/CexZn1−xO/CdSeTe inter-
faces, note that the buffer layers are 80–100 nm thick.

Figure 9. FFT images of the ZnO and CeZnO buffer layers presented in figure 8.

The ZnO film appears to be more crystalline than the CeZnO films after device processing. Also,
some small voids are observed at the front interface when using the 3% CeZnO and 6% CeZnO layers.
The fast Fourier transform (FFT) patterns of the buffer layers from figure 8 are presented in figure 9.

The ZnO buffer is made up of columnar grains that are ∼45 nm wide. The FFT pattern in
figure 9(a) is obtained from the middle of a grain and it shows that the ZnO grain is fully crystallized.
However, each grain in the CeZnO layers is composed of randomly oriented nano-crystallites of ∼3-
10 nm, the corresponding FFT patterns in figures 9(b)–(d) support this observation. Furthermore, the
∼500 nm thick ZnO and CeZnO films on Eagle glass were analyzed using XRD, the XRD peaks show
that the CeZnO films are less crystalline than the ZnO film (Supplementary figure 2 and Supplementary
table 1). As shown in Supplementary table 1, the dominant (002) peak position shifts to lower 2θ
values with Ce alloying, indicating lattice expansion. This is expected as Ce ions are larger than Zn
ions [24]. The lattice mismatch from the larger Ce ions creates local distortions, defects, and disor-
der. Using the full width at half maximum (FWHM) and Scherrer equation, the crystallite size in the
∼500 nm thick ZnO, 3%, 6%, 9% CeZnO was calculated to be 34.13, 5.50, 6.73 and 6.66 nm, respec-
tively (Supplementary table 1). The XRD analysis corroborates the observations made in figures 8 and 9.
The increase in defects beyond 3% Ce (figure 7) correlates with CeZnO structural degradation, as shown
by the nanocrystalline disorder (STEM/FFT) and lattice strain from larger Ce ions (XRD). This creates a
more defective ZnO/CdSeTe interface.

The cross-sectional STEM images and corresponding EDX elemental maps of the front interface are
presented in figure 10.

The ZnO and CexZn1−xO layers uniformly cover the FTO substrate. The Ce maps show that the Ce
signal intensity increases as the Ce content is increased from 0 to 9 At%. Typically, Cl decorates the front
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Figure 10. Cross-sectional STEM images and EDX elemental maps showing the front interface of the devices incorporating the
50 nm thick ZnO and CexZn1−xO buffer layers. Background/peak overlap subtraction was not applied to the Cl maps.

interface of CdTe devices [25, 26]. During the CdCl2 heat treatment, Cl diffuses down grain bound-
aries and accumulates at the front interface, where it participates in passivation [27]. Unusually, Cl was
not observed at the front interface of CdSeTe/CdTe devices incorporating ZnO buffer layers deposited
at room temperature [28] or 100 ◦C [29]. However, depositing ZnO at higher temperatures (500 ◦C)
results in Cl segregation at the front interface, suggesting that the quality of the p–n junction is sensitive
to the ZnO deposition conditions [29]. The ZnO deposited at 100 ◦C led to the best performing devices.
Figure 10 shows signs of Cl accumulation at the front interface of the ZnO- and CeZnO-based devices.
However, it is not as pronounced as in the case of MgZnO- or SnO2-based devices [25, 30].

3. Conclusions

Cerium alloying has been used to widen the ZnO band gap to 3.35 eV, leading to a reduction in par-
asitic absorption. Based on conversion efficiency and Voc, the devices incorporating the Ce0.03Zn0.97O
buffer layer performed the best, with the highest efficiency being 20.2% (without an anti-reflection coat-
ing). Increasing the Ce content beyond 3 At% led to a significant reduction in device performance.
The extracted J0 and n values increase with Ce content, indicating that the p–n junction quality dete-
riorates after Ce alloying. The estimated interface defect density is also seen to increase with Ce con-
tent. In previous work, we have attributed the lack of Cl at the front interface to the high quality of the
ZnO/CdSeTe interface. The results in this work show that the ZnO/CdSeTe and CeZnO/CdSeTe inter-
faces are decorated with Cl. Although the CeZnO/CdSeTe interface has a higher density of defects, the
Cl segregation is not observed to increase with Ce alloying. This may be due to the ZnO films being
more crystalline than the CeZnO films (as observed with STEM and XRD analysis). These results sug-
gest that Cl segregation at the front interface is dependent on both the crystallinity of the buffer layer
and the defect density. Ce alloying increases the interface defect density and is also believed to improve
the band alignment between the buffer layer and the absorber. Direct conduction band offset measure-
ments will be needed to quantify this effect. The interface could be further optimized by balancing the
defect density and band alignment to achieve a higher efficiency. Overall, the 3% CeZnO buffer layers
outperformed intrinsic ZnO for the first time. This discovery opens up new pathways in reducing the
Voc deficit and improving the conversion efficiency of thin film CdSeTe/CdTe solar cells. In the future,
alloying with lower Ce concentrations (0-5 At%) will be investigated. Future work will also investigate
CeZnO deposition at higher temperatures (100 ◦C–500 ◦C) as previous ZnO studies have found the
optimal deposition temperature to be 100 ◦C.

4. Methods

4.1. Materials and device synthesis
The glass substrate used for characterizing 500 nm ZnO and CeZnO films was 1.1 mm Corning® Eagle
XG® glass supplied by Abrisa Technologies. For device fabrication, commercially available FTO-coated
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soda-lime glass substrates (2.65 mm thick) from NSG-Pilkington were used. Prior to cleaning, surface
particles were removed from the 5×5 cm substrates using compressed air. The substrates were then
wiped with precision wipes soaked in 99.5+% pure isopropanol (IPA) to remove visible contaminants,
followed by a second compressed air treatment. Cleaning proceeded with three successive 15 min ultra-
sonic bath cycles at 40 ◦C. The first cycle used a detergent solution with deionized (DI) water, while the
second and third cycles used >95% pure acetone and 99.5+% pure IPA, respectively. Between cycles, the
substrates were rinsed thoroughly with DI water. After the final cleaning step, the glass substrates were
stored in a glass beaker containing IPA [31].

The ZnO and CeZnO films were deposited via radio frequency (RF) magnetron sputtering using an
AJA International system. RF sputtering was used because the buffer layers are wide band gap semicon-
ductors for which DC sputtering is ineffective due to charge accumulation at the target [31, 32]. RF
sputtering overcomes this issue by using an alternating electric field periodically reversing the charge
build-up [31, 33] and enabling uniform ion bombardment and material ejection from insulating targets.
This results in a stable plasma and high-quality film. When comparing ZnO films prepared by DC and
RF sputtering, the RF sputter-deposited films had better quality [31, 34]. Although it is possible to use
pulsed-DC for the films in this work, RF sputtering was used as it typically leads to higher quality films
[31, 35]. The 4-inch diameter ZnO (99.99% purity), Ce0.03Zn0.97O, Ce0.06Zn0.94O and Ce0.09Zn0.91O
(99.9% purity) targets were supplied by Plasmaterials, Inc. After loading into the sputtering chamber, the
substrate surfaces were subjected to a 5 min plasma treatment for cleaning and activation. The plasma
was generated at 100 W at 22 ◦C, with a working gas pressure of 5 mTorr using a gas mixture of 20%
oxygen and 80% argon. Following plasma treatment, ZnO or CeZnO films were deposited at a power
density of 1.85 W cm−2 and a substrate temperature of 22 ◦C. The substrates were rotated at 10 rpm
and positioned 18.4 cm from the target. The deposition was carried out at a working gas pressure of 1
mTorr with a gas composition of 1% oxygen and 99% argon. Oxygen was introduced during the sput-
tering process to prevent suboxide formation common in oxide target sputtering. Prior to each depo-
sition, the chamber base pressure was between 2.0× 10−4 and 4.0× 10−4 mTorr. Film thicknesses of
50 nm and 100 nm were used for device fabrication, while 500 nm films were prepared for film charac-
terization. These film thicknesses were based on the calculated deposition rate of each target, which was
obtained by measuring the thickness of previously deposited films using profilometry.

The CdSeTe/CdTe absorber layer was deposited onto the buffer layers via vapor-transport deposi-
tion, yielding an approximate thickness of 3–4 µm [36]. Arsenic was incorporated as a dopant in the
absorber. Following deposition, the samples underwent activation through heat treatment in a CdCl2-
vapor environment at a temperature between 400 ◦C–500 ◦C [36]. The device structure was completed
with the deposition of a ZnTe layer and a metal back-contact [37]. Individual cells were then defined by
laser scribing, resulting in an active area of 0.445 cm2 [31].

4.2. Characterization
Profilometry was used to measure the thickness of the sputtered materials, so that the deposition rate
could be calculated. The Ambios XP2 stylus profilometer (Ambios Technology, Inc.) was used in this
work [31]. To reliably measure the thickness of the samples, after the deposition, polyimide tape was
stuck diagonally across the 5×5 cm surface. Hydrochloric acid was used with a cotton swab to etch
the sputtered material [31]. After etching, the surface was rinsed using DI water, dried using filtered
compressed air, and the tape was removed to reveal a sharp step which could be measured using the
profilometer [31].

Transmittance and reflectance spectra were measured using a Varian Cary 5000 UV–Vis–NIR spec-
trophotometer. The measured transmittance (Tmeas) and reflectance (Rmeas) data were used to con-
struct Tauc plots, from which the direct band gap of the d = 500 nm thick ZnO and CeZnO films was
determined. This was determined by calculation of the absorption coefficient, using the approximation
α≈−ln[Tmeas/(1−R2

meas)]/d (such that R2
measexp(−2αd)≪ 1) [38, 39]. The band gap was then obtained

using a (αhν)γ vs hν Tauc plot for a direct band gap material (γ = 2), where the linear extrapolation of
the absorption edge yields the band gap value at the intercept of the hν axis [38, 40].

A Bruker D2 Phaser x-ray diffractometer was used to obtain XRD patterns to analyse the structural
properties of the 500 nm thick films. The diffractometer was fitted with a one-dimensional LynxEye
detector and a 0.5 mm thick Ni filter to suppress Kβ radiation. Cu Kα radiation (Kα = 1.54184 Å) was
run at 30 kV and 10 mA. Diffraction patterns were measured in the 2θ range of 10−80◦, with a step
size of 0.02◦. Sample rotation was set at 15 rpm, with a 1 mm beam slit and a 3 mm anti-scatter plate
height [31].
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The illuminated J–V characteristics were measured at room temperature under 1 Sun (AM 1.5G)
conditions using a class ABB Oriel Sol1A solar simulator [28]. The resulting J–V curves were fitted to
the single-diode model using the Lambert W function implemented in MATLAB, enabling extraction of
Rs, Rsh, J0 and n [41]. EQE measurements were calibrated using a silicon reference cell with a known,
NIST-traceable spectral response. Carrier concentration profiles shown in figure 6 were obtained from
C–V measurements performed with an Agilent E4980A LCR meter at a frequency of 40 kHz [37].

Capacitance measurements, including both C–V and DLCP, used to estimate interface defect den-
sities were carried out with a Keysight E4990 impedance analyzer, also at 40 kHz. Depth profiles were
obtained from DLCP and C–V measurements conducted in the dark, with carrier concentrations
extracted at 0 V bias [31].

For structural analysis, STEM samples were prepared using a standard in situ lift-out method [42]
with an FEI dual-beam FIB system. Imaging was performed on an FEI Tecnai F20 S/TEM equipped
with Gatan bright- and dark-field detectors, a Fischione high-angle annular dark field detector, and
an Oxford Instruments X-Max 80 mm2 windowless EDX spectrometer. Measurements were conducted
at an accelerating voltage of 200 kV, with a camera length of 100 mm and a condenser aperture of
70 µm [28].

4.3. Statistical analysis
The box plots presented in figures 2 and 3 show the 25th (Q1) and 75th (Q3) percentiles, with the
interquartile range defined as IQR= Q3−Q1. The minimum and maximum values were taken as
Q1− 1.5IQR and Q3+ 1.5IQR, respectively, with data points outside this range classified as outliers.
Both mean and median values were included in the plots. Each box represents a sample size of 12 solar
cells. Statistical analysis and visualization were carried out using Origin 2020 (OriginLab) [31].
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