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ABSTRACT: The incorporation of the Se element in CdTe solar cells is critical, while the low bandgap CdSexTe1−x,
formed by the interdiffusion of CdTe and CdSe during device preparation, can promote the carrier lifetime. Different
window layers formed by CdSe w/o MZO or CdS have different Se distributions. This paper systematically evaluates
the influence of four types of window layers (CdSe, CdS/CdSe, MZO/CdSe and MZO/CdS/CdSe) on the performance
of CdTe solar cells, and focuses on the correlation between the window layers and the Se distribution characteristic,
carrier recombination mechanism, and device efficiency. The results show that CdSe and MZO/CdS/CdSe window
layer devices achieve Eff of 15.21% and 14.40%, respectively. The CdSe and MZO/CdS/CdSe devices exhibit relatively
high Ea of 1.41 eV and 1.39 eV from J-V-T measurements, coupled with high Rrec of 9458 Ω and 8293 Ω, respectively.
This indicates suppressed recombination, suggesting that non-radiative recombination is reduced. In contrast, the
CdS/CdSe and MZO/CdSe devices show lower performance. Their extrapolated Ea values are 1.25 eV and 1.31 eV,
with correspondingly lower Rrec values of 2207 Ω and 3304 Ω. These results point to faster recombination rates and
an increased proportion of non-radiative recombination, consistent with their suboptimal Eff. Detailed analysis of Se
distribution reveals that S-Se interdiffusion in S-containing devices results in the x-value decrease (highest value of Se
content in CdSexTe1−x), thereby suppressing the long-wavelength expansion. In devices of S-free window layers, the
formed CdSexTe1−x alloy has a relatively higher x-value, allowing the long-wavelength response to extend beyond
850 nm. It can be concluded that CdSe is the optimal window layer for CdTe Solar Cells, which can both form a
desirable Se distribution and a good junction with less interface recombination.
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1 Introduction

CdTe thin-film solar cells, as commercialized polycrystalline thin-film photovoltaic devices, dominate
over 90% of the thin-film photovoltaic market, with the highest reported efficiency reaching 23.08% [1,2].
The window layer is the essential part of the CdTe solar cell, enhancing transmittance and facilitating
carrier separation through heterojunction formation. CdS has been the typical window layer for CdTe
solar cells since the 1980s, owing to the favorable lattice match and stable heterojunction achieved by
forming a CdSxTe1−x alloy [3,4]. However, the bandgap of CdS is ~2.4 eV, leading to significant parasitic
absorption of photons at wavelengths less than 520 nm, which limits the short-circuit current density
(JSC) [5,6]. In the early 2000s, Mg-doped ZnO (MZO) emerged as an alternative window layer material,
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characterized by a doping-tunable bandgap (3.4–4.0 eV) and high transparency [7,8]. Its carrier mobility
can be further improved through annealing processes [9,10]. Subsequent studies revealed that using CdSe
as a window layer leads to the formation of a CdSexTe1−x alloy with CdTe [11,12]. This alloy effectively
reduces the bandgap, extends the spectral response into the near-infrared region, and increases the carrier
concentration, making it a promising window layer candidate [13–15].

The Se diffusion from CdSe to form a CdSexTe1−x layer has attracted significant interest. The Calculated
results demonstrate that the lattice constant of the CdSexTe1−x alloy layer is between that of CdSe (6.05 Å)
and CdTe (6.48 Å) [16], which can alleviate the lattice mismatch at the heterojunction interface. Besides,
the formed CdSexTe1−x alloy has a lower bandgap, which enhances long-wavelength photon collection,
thus effectively boosting the JSC [17,18]. Studies have shown that Se preferentially segregates at CdTe grain
boundaries, exhibiting beneficial passivation effects [19,20], and the optical properties of the CdSexTe1−x
alloy are influenced by the Se content [21]. Furthermore, CdSexTe1−x films are known to enhance carrier
lifetimes [22,23]. In particular, films with a graded Se concentration profile exhibit superior lifetimes compared
to uniformly alloyed layers, owing to optimized band alignment and reduced recombination [24,25].

The Se content and diffusion in CdSexTe1−x/CdTe solar cell critically affects device performance. But
how the window layer influences Se behavior remains unclear. This work fabricates CdTe solar cells
with four window layers (CdSe, CdS/CdSe, MZO/CdSe, MZO/CdS/CdSe) and systematically compares
their device performance, pn junction characteristics, and carrier recombination method. Innovatively,
cross-sectional elemental analysis was used to reveal the distinct Se distribution induced by each window
layer, thereby explaining the differences in device performance from the perspective of Se diffusion. These
findings provide insights that could supply the design of optimal window layers in CdTe solar cells.

2 Experimental
2.1 Device Fabrication

CdTe solar cells with four window layers were fabricated using a conventional superstrate structure. The
window layer structures, illustrated in Fig. 1, correspond to CdSe, CdS/CdSe, MZO/CdSe, and MZO/CdS/CdSe,
respectively. Commercially purchased TEC12 FTO glass was used as the substrate. They were ultrasonically
cleaned in a 1:10 (v/v) detergent/DI-water solution for 35 min. Subsequently, the substrates were soaked
in DI-water and underwent ultrasonic agitation for three 20-min cycles to ensure the removal of organic
residues. The substrates were boiled in DI-water for 10 min, cooled, and dried in an oven. The window
layers were deposited by magnetron sputtering. For all devices, a consistent thickness was maintained for
each layer: 20 nm for CdS, 70 nm for MZO, and 120 nm for CdSe. The MZO layer was sputtered at room
temperature using a ZMO target (MgO: ZnO = 23:79 mol%) under an Ar/O2 atmosphere (39.5:0.5 sccm).
CdS and CdSe layers were deposited in pure Ar using 99.99% purity targets. For multilayer configurations
(MZO/CdSe, CdS/CdSe, MZO/CdS/CdSe), sequential sputteringwas performedwithout breaking the vacuum.
CdTe absorber layers with thicknesses of 3–4 µm were deposited via closed-space sublimation (CSS) using
Cu-doped CdTe materials under ~4 KPa He/Ar (50:100) gas mixture with source/substrate temperatures
of 680/600◦C, respectively. Post-deposition, CdCl2 treatment was applied by ultrasonic spraying of 0.1
mol/L CdCl2 solution onto the CdTe surface at 200◦C (three cycles, 5 min each), followed by annealing
at 395◦C for 35 min in N2, which has been demonstrated to be the optimal parameters in our previous
experiments. The CdTe was etched using bromine-methanol solution, followed by deposition of an 80 nm
Au via vacuum evaporation to form the back electrode. Laser scribing defined individual devices with an
area of 0.24 cm2. Since this study focuses primarily on the influence of different window layer structures
on device performance and Se distribution, the adopted fabrication process can effectively minimize the
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back contact barrier and does not interfere with the experimental conclusions. For each window layer, 24
devices were fabricated, and after statistical analysis of their performance, representative devices were
selected for further characterization.

 

Figure 1: Schematic of four CdTe solar cell with different window layers in a superstrate structure. The arrow
indicates the direction of light incidence.

2.2 Film and Device Characterization

The current density-voltage (J-V) characteristics of CdTe devices were measured under simulated
AM1.5G illumination (100 mW/cm2) at room temperature using a Keithley 2400-LV source meter coupled
with an ABET Technologies Sun 3000 solar simulator. The light intensity was calibrated using a GaAs
reference cell (PV Measurements). External quantum efficiency (EQE) spectra were acquired across
300–950 nm wavelengths via a quantum efficiency measurement system (QEX10, PV Measurements).
Dark current density-voltage (Dark J-V) curves were recorded at a stable ambient temperature of 25◦C ± 1◦C
using an Agilent 4284A precision LCR meter. Temperature-dependent current density-voltage (J-V-T)
measurements in the 298–338 K range were performed under illumination using a custom-designed resistive
heater stage integrated with dual temperature sensors. The electrochemical impedance spectroscopy
(EIS) measurements were performed using an IviumStat.h electrochemical workstation equipped with
simulated solar illumination at an intensity of 100 mW/cm2. The measurements were performed under a
forward bias of 0.5 V, with a frequency range from 100,000 Hz to 0.1 Hz. Cross-sectional scanning electron
microscopy (SEM) images and elemental distribution profiles were obtained using a ZEISS Gemini SEM 300
scanning electron microscope equipped with an Oxford Xplore energy-dispersive X-ray spectroscopy (EDS)
system. To avoid contamination, all sample cross-sections were tested immediately after liquid nitrogen
fracturing. All cross-section were measured under identical conditions with an accelerating voltage of
15 kV, a beam current of 0.5 nA, a sample tilt of 0◦, and a 100 s acquisition time per line-scan, to obtain a
high signal-to-noise ratio and statistical reliability.

3 Result and Discussion
3.1 J-V Characteristics and EQE

Statistical analysis of the device is presented in Fig. 2a–d, where the mean values of Eff, VOC, JSC,
and FF are labeled below the box plots. Among the four structures, CdSe devices exhibited the highest
average Eff of 14.39%, primarily attributed to superior JSC (28.05 mA/cm2) and FF (67%). The MZO/CdS/CdSe
devices achieved an average Eff of 13.30%, driven by its highest VOC (779 mV) due to effective interface
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recombination suppression. In contrast, MZO/CdSe devices showed the lower average Eff (10.73%), linked
to their poorest FF (53.41%). CdS/CdSe devices demonstrated the lowest average Eff (9.06%), resulting from
suboptimal JSC and VOC values. The correlation between device performance and carrier recombination
mechanisms will be analyzed in Section 3.2.

Figure 2: Box plots of photovoltaic performance parameters for CdTe solar cells with different window layers:
(a) Efficiency (Eff), (b) Open-circuit voltage (VOC), (c) Short-circuit current density (JSC), (d) Fill factor (FF). The mean
values of each parameter are labeled below the corresponding box plots.

Fig. 3a displays the J-V curves of the highest-efficiency devices for each window layer, while Fig. 3b
presents the EQE spectra and corresponding integrated current densities for the four devices. A comparison
between the measured current density (Jmeasure) and the integrated current density (Jintegrate) are summarized
in Table S1. As shown in Fig. 3b, the EQE spectra show no discernible parasitic absorption of CdSe, indicating
complete interdiffusion of CdSe and CdTe in all samples [15]. The CdSe device exhibits the highest
spectral response, achieving an integrated current density of 27.37 mA/cm2, followed by MZO/CdS/CdSe
(26.71 mA/cm2) and MZO/CdSe (26.39 mA/cm2), with the CdS/CdSe performing the worst (24.17 mA/cm2).
Notably, in the 850–900 nm range as shown in Fig. 3c, the EQE values of CdSe, CdS/CdSe, and MZO/CdSe
devices significantly surpass those of the MZO/CdS/CdSe device. This discrepancy is likely attributed to
variations in Se content and distribution profiles, which will be further analyzed in Section 3.3.
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Figure 3: CdTe solar cells with different window layers. (a) J-V curves of the highest efficiency, (b) EQE spectra
across 300–950 nm wavelength (integrated JSC labeled for each device), and (c) EQE profiles in the 850–950 nm
wavelength range.

3.2 Carrier Recombination Mechanism and pn Junction Characteristic

To investigate the carrier recombination mechanisms in devices with different window layers, J-V-T
measurements were performed. Based on the J-V characteristic Eq. (1) and the diode current relation Eq. (2),
the J-V-T relationship was derived. When J = 0, the temperature-dependent open-circuit voltage (VOC-T)
relationship was obtained in Eq. (3) [26,27].

J(V) = J0exp[
q(V − RsJ)

nkT − 1] + G(V − RsJ) − JL (1)

J0 = J00exp(−
𝐸𝑎
nkT ) (2)

VOC =
Ea
q +nkTq ln( JLJ00

−
VOCG
J00

) (3)

n is the diode ideality factor. k is Boltzmann’s constant. T is the temperature, q is the elementary charge,
with a value of 1.602 × 10−19 C. J0 is the reverse saturation current density. Rs and G are the series resistance
and the parallel conductance, respectively. JL is the photogenerated current, which is a constant by default.
Ea is the activation energy associated with carries recombination mechanism in a solar cell, which is related
to the temperature of the diode current. J00 is the recombination current pre-factor, which is a weakly
temperature-dependent. When the shunt conductance G is 10−3 S⋅cm−2, 100 times smaller than JL/VOC,
therefore, the shunt conductance G is idealized to 0. The simplification of the Eq. (3) yields the linear
relationship between VOC and T in Eq. (4). The Ea for recombination, obtained by extrapolating this linear
fit to T = 0 K, is used to identify the dominant carrier recombination mechanism in the device [28].

VOC =
Ea
q −

nkT
q ln( J00JL

) (4)

Since different window layers form CdSexTe1−x alloy with distinct bandgap, Fig. 4a–d presents the
device bandgap values Egip for CdSe, CdS/CdSe, MZO/CdSe, and MZO/CdS/CdSe window layer devices
determined through the inflection points of the EQE spectra [29,30]. The calculated values are 1.409 eV,
1.417 eV, 1.409 eV, and 1.425 eV, respectively, enabling comparative analysis between device bandgaps and
Ea to elucidate the recombination mechanisms in devices with different window layer structures.
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Figure 4: The bandgap determined by differentiation of the EQE spectra for (a) CdSe, (b) CdS/CdSe, (c) MZO/CdSe,
and (d) MZO/CdS/CdSe.

According to Fig. 5a,b, J-V curve measurements were performed from 293.5 K to 338.5 K with
5 temperature increments. Fig. 5a reveals a continuous reduction in bandgap and a linear dependence of
VOC on temperature as temperature increases. J-V-T curves for the different window layer devices are
provided in Fig. S1. As the temperature increases, the VOC of all devices decreases steadily, while a slight
rise in the JSC is observed. Fig. 5b presents the extrapolated VOC-T curves at 0 K. The linear fitting results
of the VOC-T are summarized in Table S2. The fitted slopes show very small standard errors, indicating
high precision in the Ea. Furthermore, the obtained R2 values all exceed 0.99, confirming a good linear
relationship. This strong linearity suggests that a single recombination mechanism dominates and that the
contribution of the back contact to the measured Ea is negligible.

Ea and average VOC values of four devices summarized in Table 1. The MZO/CdS/CdSe and CdSe
window layers show Ea of 1.41 eV and 1.39 eV, with voltage losses of 0.015 eV and 0.019 eV relative to their
Egip of 1.425 eV and 1.409 eV, respectively. Their average VOC values are 779 mV and 762 mV, consistent
with the Ea trend and suggesting lower non-radiative recombination. In contrast, The MZO/CdSe and
CdS/CdSe window layers exhibit Ea of 1.31 eV and 1.25 eV, corresponding to voltage losses of 0.099 eV and
0.167 eV relative to their Egip of 1.409 eV and 1.417 eV. Their average Voc values are 747 mV and 717 mV are
consistent with this Ea trend, indicating dominant non-radiative recombination.
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Figure 5: Four window layer devices (a) VOC-T, (b) VOC-T extrapolated to 0 K, and (c) Dark J-V.

Dark J-V curves of the devices are shown in Fig. 5c. The relationship between dark current density and
applied bias voltage can be described by Jdark = J0[exp(qV/nkT) − 1], where Jdark is the dark current density,
and V is the applied bias. Logarithmic transformation of both sides yields LnJ-V curves. Linear fitting near
the zero bias region provided the slope and intercept to determine J0 and n for four devices in Table 1. J0,
inversely related to carrier recombination in the space charge region, showed smaller values of 1.4 × 10−7
and 4.8 × 10−7 mA/cm2 for MZO/CdS/CdSe and CdSe devices, corresponding to lower recombination and
higher VOC. The n for the CdSe and MZO/CdS/CdSe devices is 1.50 and 1.58, respectively, corresponding to
diffusion-limited dark current. In contrast, MZO/CdSe and CdS/CdSe devices exhibited larger J0 values
1.9 × 10−6 and 6.9 × 10−6 mA/cm2 and higher n values 1.83 and 2.13, indicating recombination-dominated
current and inferior diode characteristics [31,32].

Table 1: Ea values and dark J-V characteristic parameters for four window layer devices.

Window Layer VOC Ea J0 n

(mV) (eV) (mA/cm2)

CdSe 762 1.39 4.8 × 10−7 1.58
CdS/CdSe 717 1.25 6.9 × 10−6 2.13
MZO/CdSe 747 1.31 1.9 × 10−6 1.83

MZO/CdS/CdSe 779 1.41 1.4 × 10−7 1.50

The series resistance (Rs), charge transfer resistance (Rct) and recombination resistance (Rrec) of
these devices were characterized by performing EIS measurements under simulated solar illumination at
100 mW/cm2 (light condition) and complete darkness (dark condition) [33,34]. The resulting Nyquist plots
for the different devices, recorded under light/dark conditions, are presented in Fig. 6a,b respectively. In
Fig. 6, a semicircle is observed under all test conditions and can be fitted using an equivalent circuit, as
shown in the inset. The relevant parameters extracted from fitting the semicircles in the Nyquist plots are
summarized in Table 2.

In Fig. 6a, the Rs represents the total internal resistance of the device, which includes contributions
from the FTO substrate and the metal electrodes. The Rct denotes the ease of charge transfer across the
heterojunction interface. A smaller Rct indicates more efficient charge transport [35]. As summarized
in Table 2, the CdSe and MZO/CdS/CdSe devices exhibit relatively low Rs values of 25.6 Ω and 28.8 Ω,
respectively. In contrast, the CdS/CdSe and MZO/CdSe devices show higher Rs values of 38.1 Ω and
44.9 Ω. The Rct of the CdSe and MZO/CdS/CdSe devices exhibits lower values of 186.3 Ω and 285.4 Ω,
respectively, suggesting higher charge transfer efficiency, which corresponds to their higher Eff. Conversely,
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the CdS/CdSe and MZO/CdSe devices have significantly larger Rct values of 611.5 Ω and 440.3 Ω, indicating
lower charge transfer efficiency and consistent with their lower Eff.

Moreover, the Rrec can be obtained under dark condition in Fig. 5b, and it is related to the recombination
at the interface between the window layer and CdTe. A larger Rrec indicates lower recombination rate
within the device [36]. As summarized in Table 2, the high Rrec of 9458 Ω and 8293 Ω for CdSe and
MZO/CdS/CdSe devices suggests suppressed recombination. In contrast, the CdS/CdSe and MZO/CdSe
devices show considerably lower Rrec of 2207 Ω and 3304 Ω, pointing to faster recombination rates. These
results are consistent with the findings from the J-V-T measurements.

The constant phase element power exponent (CPE-P) in EIS is generally used to assess interfacial
quality and homogeneity, with its value ranging from 0 to 1 [37]. A value closer to 1 suggests a more ideal
capacitive behavior and a more homogeneous interface. As listed in Table 2, the CPE-P values for the
CdSe and MZO/CdS/CdSe devices are 0.922 and 0.920, respectively, indicating high interfacial uniformity.
Conversely, the significantly lower CPE-P values of 0.763 for CdS/CdSe and 0.854 for MZO/CdSe imply the
presence of greater interfacial disorder and a higher defect state density. A detailed analysis of the device
interfaces will be presented in Section 3.3.

Figure 6: Nyquist plots of CdTe solar cells with the different window layer at (a) light condition and (b) dark condition.

Table 2: Electrochemical parameters extracted from Nyquist plots for different window layer devices.

Window Layer Rs Rct Rrec CPE-P

Ω Ω Ω

CdSe 25.6 186.3 9458 0.922
CdS/CdSe 38.1 611.5 2207 0.763
MZO/CdSe 44.9 440.3 3304 0.854

MZO/CdS/CdSe 28.8 285.4 8293 0.920

3.3 Cross-Sectional Morphology and Elemental Distribution

As shown in Fig. 7a–d corresponds to the cross-sectional SEM morphology of CdSe, CdS/CdSe,
MZO/CdSe, and MZO/CdS/CdSe at 40 K times magnification, respectively. Both the CdSe in Fig. 7a
and the MZO/CdS/CdSe devices in Fig. 7d exhibit interfaces free of obvious voids. This indicates that
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the CdTe film grows with higher density at the interface of these two window layer devices. In contrast,
the interface of the CdS/CdSe device in Fig. 7b exhibits numerous voids with an average size of ~500 nm.
Additionally, the SEM image of theMZO/CdSe cross-section in Fig. 7c reveals several smaller voids averaging
~100 nm in size. The voids at the interface introduce a large number of interfacial defect states, which will
increase the non-radiative recombination of the device and significantly reduce the VOC [38,39]. Generally,
interfacial voids formation may stem from the serval mechanisms, including the Kirkendall effect [40,41],
the coalescence of gas bubbles during sputtering deposition [42–44], and the poor interfacial compatibility
during film growth [45,46]. Numerous studies have shown that the CdS/CdSe structure is prone to void
formation during CdTe deposition due to interfacial mismatch [47,48]. The interfacial voids observed in the
MZO/CdSe device are also likely to originate from the poor mismatch between MZO and CdSe. Furthermore,
many studies indicate that the interface between MZO and CdSeTe also tends to form unfavorably [49,50].
In contrast, CdS exhibits superior compatibility with MZO enabling coherent growth, a lower defect density,
and consequently a higher Ea in the MZO/CdS/CdSe device [27].

Fig. 7e–h show the depth profiles of Sn, Se, Te, Zn, and S signal intensities, obtained from EDS line-scans
across different window layer cross-sections. The profiles trace the signal variation from the glass substrate
into the absorber layer, as indicated by the white arrow. For a direct comparison of the elemental distribution
across different window layers, the depth scales were aligned by setting the position of the maximum Sn
intensity in each device to the zero point of x axis. The resulting normalized Sn distribution profiles are
presented in Fig. S2. The reliability of the EDS elemental analysis is evaluated by comparing the measured
weight percentage (wt%) against its statistical uncertainty (wt% Sigma). As detailed in Table S3 of the
Supplementary Materials, the significant discrepancy between the two values for all elements indicates a
high level of confidence in the results.

The low atomic number of S and low content from the 20 nm CdS layer cannot the effective
detection of its diffusion profile by EDS line-scan in CdS/CdSe and MZO/CdS/CdSe devices. The line-scan
elemental profiles of the four devices in Fig. 7e–h show that Se diffuses from the CdSe both forward and
backward. Pronounced Te/Se interdiffusion is observed within ~500 nm from the front interface, confirming
the formation of CdSexTe1−x. This alloying primarily occurs near the front interface and exhibits an
inhomogeneous distribution, which aligns with earlier reports [51]. Zn diffusion was used to monitor the
interdiffusion of the MZO layer. As shown in Fig. 7g,h, Zn is confined to within ~200 nm and displays a
sharp diffusion profile, indicating that the MZO layer did not undergo significant diffusion. This is further
evidenced by the distinct Zn-enriched region at the interface in Fig. 8, consistent with the notable stability
of MZO [52–54].

Based on the depth profiles of Se and Te in Fig. 7e–h, the Se/(Se + Te) ratio was calculated, with its
corresponding x-value (highest value of Se content in CdSexTe1−x) shown in Fig. 9a. The x-value is highest
in the CdSe and MZO/CdSe structures (0.35), followed by the CdS/CdSe structure (0.31), and lowest in the
MZO/CdS/CdSe structure (0.28). Previous reports indicate that CdSexTe1−x exhibit a bandgap bowing effect,
with a minimum bandgap of approximately 1.40 eV when x is around 0.35 [18,55]. The x-value of 0.35
for both CdSe and MZO/CdSe window layers indicates that devices should correspond to the strongest
long-wavelength response. A moderate response is expected for CdS/CdSe, while the MZO/CdS/CdSe is
likely to show the weakest response. Interestingly, the EQE spectra in Fig. 3c show that the long-wavelength
response of the four window layer devices aligns with the above prediction, confirming that the window
layer indeed influences the Se content in CdSexTe1−x and the long-wavelength response of the EQE.
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Figure 7: Cross-sectional SEM micrographs of different structures, taken at 40,000× magnification (left) (a) CdSe,
(b) CdS/CdSe, (c) MZO/CdSe, and (d) MZO/CdS/CdSe; cross-sectional line-scan elemental distributions of the different
structures (right), with the white arrows representing the direction of scanning and the highest value of Sn content as
the zero point (e) CdSe, (f) CdS/CdSe, (g) MZO/CdSe, and (h) MZO/CdS/CdSe.
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Figure 8: EDS mapping of Zn distribution across device cross-sections. (a) MZO/CdSe and (b) MZO/CdS/CdSe.

Based on the above data, we further analyzed the Se diffusion. Fig. 9b depicts the normalized Se
elemental profiles across the different window layer structures. The position corresponding to this maximum
is defined as the Se-diffusion center. The Se-diffusion centers are located at 0.24 µm for the CdSe structure
and at 0.31 µm for the MZO/CdSe structure. The 0.07 µm difference matches the thickness of the MZO
layer, indicating that no significant interdiffusion occurs between MZO and CdSe. This observation aligns
with the earlier cross-sectional EDS mapping results of Zn distribution. The Se-diffusion center is located
at 0.37 µm in the CdS/CdSe device and at 0.46 µm in the MZO/CdS/CdSe device. A shift of 0.13 µm is
observed between the CdS/CdSe structure and the CdSe structure. This shift significantly exceeds the 20 nm
thickness of the CdS layer, suggesting pronounced interdiffusion between S and Se [56]. The further shift
of 0.09 µm from the CdS/CdSe to the MZO/CdS/CdSe structure is slightly larger than the 70 nm thickness
of the MZO layer. These results indicate that in S-containing devices, S-Se interdiffusion can shift the
Se-diffusion center toward the absorber bulk, thereby reducing the Se content in the CdSexTe1−x layer.
A greater shift correlates with a lower Se content in CdSexTe1−x.

In conclusion, the window layer influences not only the photovoltaic performance, but also the Se
distribution and the x-value of the CdSexTe1−x layer when the total Se content is the same. This x-value
determines the EQE response and directly impact the JSC. Therefore, the CdSe/CdTe device achieves both
an appropriate Se distribution and a superior performance among the four window layer structures.

Figure 9: Structures of different window layers (a) Depth profile of Se content in CdSexTe1−x (labeled x denotes the
highest Se content in CdSexTe1−x), (b) Normalized Se elemental profiles.
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4 Conclusion

In this paper, we comprehensively analyze four window layer structures for CdSexTe1−x/CdTe solar
cells: CdSe, CdS/CdSe, MZO/CdSe, and MZO/CdS/CdSe. We further explore how the choice of window
layer affects device performance, carrier recombination mechanisms, pn junction characteristics, and Se
distribution.

The results show that the device efficiencies of CdSe and MZO/CdS/CdSe are 15.21% and 14.40%,
respectively. These higher efficiency devices also exhibit higher Ea and Rrec, indicating lower non-radiative
recombination. The J0 of the two devices are 10−7 mA/cm2, indicating optimal pn junction characteristics.
In contrast, devices with CdS/CdSe and MZO/CdSe window layers show relatively lower efficiencies. This
is correlated with their lower Ea, lower Rrec, and a higher J0 of 10−6 mA/cm2. These characteristics indicate
higher non-radiative recombination. Elemental distribution analysis reveals that although all devices
contain the same 120 nm CdSe film, different window layers lead to distinct Se diffusion profiles and
different resulting x-values. In S-containing devices, S-Se interdiffusion reduces the x-value of CdSexTe1−x
absorbers, thereby limiting the long-wavelength response. Conversely, S-free devices have relatively higher
x-values of CdSexTe1−x, enabling long-wavelength response to extend beyond 850 nm. Overall, the CdSe
window layer not only offers a simple fabrication process but also ensures both good device efficiency and
a favorable Se distribution, making it a highly promising candidate for window layer applications.
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