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1. Introduction

Cadmium telluride (CdTe) solar cells are at the leading edge
of photovoltaic technology, with current module efficiencies sur-
passing 19% and small-area cell efficiencies reaching 22.3%.[1,2]

However, realizing high open-circuit voltage (VOC) remains a

considerable challenge.[3–7] Efficient power
conversion in solar cells depends on the
generation, transport, and collection of
charge carriers, processes which are sensi-
tive to the absorber layer’s characteristics
and to the device interfaces.[8–18] Charge
carrier dynamics within this framework
are described by the drift-diffusion
equation,[19] which for electrons in one
dimension is:

∂n x,tð Þ
∂t

¼ D
∂2n x, tð Þ

∂x2
þ μE

∂n x,tð Þ
∂t

þ G x, tð Þ � R n x, tð Þð Þ
(1)

This equation accounts for electron
concentration n(x,t), diffusion coefficient
D, electron mobility μ, electric field E, gen-
eration rate G(x,t), and recombination rate
R(n(x,t)), which includes radiative and non-
radiative (in the bulk and surfaces) recom-
bination contributions. A similar equation
can be applied for holes.

Device performance is typically characterized under
illuminated steady-state conditions, where generation rate (G)
equals the sum of recombination (R) and extraction (Ext) rates,
using voltage sweeps to measure current density. Under such
conditions, the steady-state current density (Jext) is proportional
to the extraction rate and can be expressed as a function of
generation and recombination rates.[20]

Jext Vð Þ ¼ edExt ¼ ed G� Rð Þ (2)

where e is the electric charge and d is the absorber thickness.
Equation (2) shows that performance at steady state is deter-
mined by the interplay of carrier extraction (measured current
density) and recombination. At VOC, where no extraction occurs,
the generation rate equals the recombination rates, which, when
the radiative and nonradiative terms are explicitly considered,
leads to:

G ¼ R ¼ n
1
τrad

þ 1
τsrh

� �
¼ n

τeff
, τrad ¼

1
kn

(3)
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Cadmium telluride (CdTe) solar cells represent a commercially successful
photovoltaic technology, with an annual production capacity approaching
20 GW. However, improving the open-circuit voltage (VOC) remains challenging.
This study aims to deepen the understanding of charge carrier recombination in
CdTe solar cells and to explore alternative dynamical characterization methods
that address the limitations found in conventionally used time-resolved
photoluminescence for CdTe solar cells. Transient photovoltage and transient
photocurrent techniques are utilized to investigate charge carrier dynamics under
conditions resembling real-world solar cell operation. The results reveal that an
effective nonradiative recombination lifetime of 580 ns dominates the charge
dynamics at VOC values below 850 mV. Above this threshold, radiative recom-
bination becomes significant, with a radiative recombination coefficient of
1.1� 10�9 cm3 s�1. Additionally, the stationary charge carrier density at 1 sun is
determined to be around 1� 1014 cm�3. By accurately determining both radiative
and nonradiative recombination, this work provides a comprehensive under-
standing of carrier dynamics in high-performing CdTe devices and paves the way
for improving the VOC and performance of CdTe solar cells.
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In this scenario, τrad, τsrh, and τeff represent the radiative,
nonradiative, and effective carrier lifetimes, and k denotes the
radiative recombination coefficient. Equation (3) shows that
the shortest lifetime at any given carrier concentration dominates
the recombination. Figure 1 illustrates how the effective carrier
lifetime τeff varies with carrier concentration n. At low n, τrad is
long as it is inversely proportional to n; thus, the nonradiative
recombination τsrh dominates in this region, which is governed
by defect density, capture rate, and surface recombination
velocity.[21–23] At high n, radiative recombination dominates
and follows the functionality defined in Equation (3). This behav-
ior underscores the importance of measuring and presenting car-
rier lifetimes as a function of carrier density to fully understand
the influence of different recombination mechanisms at distinct
operational states of the solar cell. While radiative recombination
is dictated by the radiative recombination coefficient k, an intrin-
sic property of the material, the nonradiative recombination
can be avoided by passivating defects in the bulk and surface.
Therefore, mitigating non-radiative recombination and precisely
measuring τnr is vital for understanding how to approach the
radiative limit of VOC.

In CdTe devices, these lifetimes are typically probed using
time-resolved photoluminescence (TRPL) measurements.[3,4,24]

However, the measurements often being conducted on partial
or fully completed devices in the CdTe community, interpreta-
tion of the TRPL data is difficult because in addition to the recom-
bination, the electric field and carrier concentrations in the
device also change with time.[25–27] Transient photovoltage
(TPV) and current (TPC) measurements offer an alternative
method in which the device is held under steady-state bias-light
illumination and probed using a small perturbative laser pulse
that does not result in changes to the electric field or carrier con-
centration.[28] Both TPV and TPC have been applied to a variety of
photovoltaic materials but not yet to CdTe devices.[20,29–33] Here
we use TPV and TPC to investigate a CdTe device. Since these
techniques are new to the CdTe community, we start by compar-
ing TRPL to TPV and TPC measurements. We then investigate a
19.2% efficient selenized CdTe absorber-based device.[4,6,34] We
show that performing TPV and TPC measurements under dif-
ferent bias-light intensities allows to determine the stationary
charge carrier density and the corresponding carrier lifetimes,

producing the shape predicted by Equation (3). The nonradiative
recombination with a lifetime of 580 ns dominates recombina-
tion at charge density below 1� 1014 cm�3, and above that,
the radiative recombination starts to act with a radiative recom-
bination coefficient of 1.1� 10�9 cm�3 s�1.

2. Challenges in Utilizing Time-Resolved
Photoluminescence for Carrier Recombination
Analysis in CdTe Solar Cells

TRPL serves as a pivotal, noninvasive technique for probing
charge carrier dynamics in semiconductor devices.[28,35] This
method involves photoinducing a transient excited state in a sam-
ple by a short laser pulse with small spot size (Figure 2a) and
monitoring the subsequent photoluminescence decay to infer
carrier recombination processes (Figure 2b). The decay curves
obtained are typically analyzed using curve-fitting techniques
that employ exponential functions to extract carrier lifetimes.
However, TRPL decay is an outcome of continuously evolving
multiple complex processes that take place in the sample.[27,28,36]

Figure 2d depicts a simplified illustration of the complex pro-
cesses represented by the evolution of quasi-Fermi-level splitting
(QFLS) in time and 1D space. Prior to photoexcitation (t= 0 ps),
the QFLS is 0 as the sample is in the dark equilibrium. Upon
photoexcitation (t= 1 ps), the QFLS is enormous at the illumina-
tion side of the absorber, and it is small at the back. During and
after photoexcitation, carrier extraction to electron transporting
layer (ETL) and carrier diffusion to the back of the sample take
place. While the QFLS in the absorber quickly reaches an equi-
librium (within few hundreds of ps) due to the fast carrier diffu-
sion in CdTe, illustrated as QFLS at t= 1 ns, it can take tens (even
hundred depending on the properties of charge transporting
layers) of nanoseconds to reach equilibrium throughout the
device and build up voltage potentials between the two electrodes
equal to that in the absorber. After this stage, t≥ 100 ns, the
QFLS decays in time primarily due to carrier recombination
(radiative and nonradiative), as depicted in Figure 2c. Note
though that the carrier recombination is present during the
whole process starting already from the carrier generation stage.
It is worth mentioning that, in an ideal case where a TRPL setup

Figure 1. Illustration of the effective carrier lifetime dependence on the carrier concentration: for different a) radiative recombination coefficients and
b) nonradiative recombination lifetimes.
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is able to detect five or even higher orders of magnitude change
in signal at a much lower repetition rate (<100 KHz), TRPL decay
can also be influenced by the reinjection of the carriers, from
electrodes to absorber, and by the detrapping of the carriers from
shallow defects.[25,27,28,37]

All those information is embedded in a single TRPL decay
data, and deciphering it and extracting accurate carrier lifetimes
become difficult for CdTe samples with graded absorber and
other layers.[25] The multiexponential decay form often observed
in measurements of CdTe film stacks highlights the complexity
of the TRPL data, and it is common in the CdTe community to
assign τ1 to the interface or surface recombination and τ2 to bulk
recombination. While multiexponential fitting indeed sheds light
on the existence of different recombination processes, it is only
valid when the redistribution of charge carrier density in
the sample is minimal, and charge extraction is negligible.

Otherwise, it falls short of providing a precise attribution of
these processes to specific physical mechanisms within the cell.
Accurate analysis of the TRPL data thus extends beyond
simple decay models, additionally requiring comprehensive
numerical simulations which incorporate the full scope of
drift-diffusion equations to consider spatially and temporally
variant carrier transport.[25,27,36] Most of the issues can be
avoided if the measurement is done on the absorber deposited
on a glass (or any substrate that does not interact with the
absorber), as in such structures, the complex charge dynamics
arising from the interplay of carrier diffusion, electric field-
induced drift, and extraction can be eliminated. However,
due to the concerns of different film growth on different
substrates, conducting TRPL measurements on partial or fully
completed device stack is common practice in CdTe
community.

Figure 2. Illustration of TRPL: a) measurement principle; b) exemplary data, within which evolving carrier concentration and QFLS via drift, diffusion, and
recombination are embedded; c) evolution of QFLS solely from recombination; and d) evolution of the QFLS throughout the device before and after
photoexcitation.
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3. Transient Photovoltage and Photocurrent
Techniques

TPV and TPC have been used as essential methodologies
for probing carrier dynamics in various solar cell
technologies.[29–33,38] Conducted under steady-state illumination
conditions that closely resemble real-world operation, TPVmeas-
ures changes in VOC in response to a small perturbation in car-
rier concentration. The principle of the technique is illustrated in
Figure 3a,b. The measurement starts with holding the device at a
constant VOC via a bias-light continuously illuminating through-
out the measurement. Then, a brief weak laser pulse will be
applied on top of the steady-state illumination, introducing a

perturbing voltage (ΔVOC) that decays over time. Ideally, the
decay rate of the perturbed ΔVOC, proportional to the rate of
change of the perturbed charge carriers (Δn), is characterized
by an effective carrier lifetime (τeff ), as described by the
equation.[29]

dΔVOC

dt
∝
dΔn
dt

¼ � Δn
τeff

(4)

Yet, in practice, the lifetime of a TPV decay, τTPV, can be influ-
enced by the device capacitance C.[30,31,39–41] In this manuscript,
we adhere to the simplified form proposed by Kiermasch et al.[40]

where the measured TPV lifetime is expressed as the sum of

Figure 3. Illustration of the TPV Technique: a) Initially, the device is maintained under continuous bias-light illumination, resulting in a constant VOC;
b) a weak pulsed laser, superimposed on the bias-light intensity, induces a perturbation voltage ΔVOC(t), which decays over time as depicted in the
subfigure; c) similar to TRPL, this illustrates the QFLS evolution within the device before and after photoexcitation, characterized by the drift, diffusion,
and recombination of carrier concentration.
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capacitance decay constant τc and the effective lifetime of the
photogenerated carriers.

τTPV ¼ τc þ τeff , τc ¼ C Rdiode (5)

The derivation (see supporting document) of Equation (5) is
rooted in the analytical solutions for a charge control model that
describes the electrical behavior of solar cells with capacitance
contributions, provided by Castaner et al.[42] and applied in
the works of Kiermasch et al.[40] Sandberg et al.[31] provided a
more complete form of it by incorporating external resistances
such as Rsh and Rload. However, the impact of external resistance
on our TPV data, measured with bias-light intensity >0.005 sun,
is negligible. Equation (5) has reproduced the experimental data
of organic and perovskite solar cells,[31,40] as well as our CdTe
solar cells, well. However, we acknowledge the potential com-
plexities and the evolving nature of this field, and the model
should be revisited and refined as more data becomes available.

τc is the product of capacitance and diode resistance. Rdiode can
be obtained from a dark J–V or approximated from a light
intensity-dependent JSC(VOC) measurement.

Rdiode ¼
nidkBT
qJ0

exp � qVOC tð Þ
nidkBT

� �
≈

nidkBT
qJSC VOCð Þ (6)

where kB is the Boltzmann constant, T is the temperature, nid is
the diode ideality factor, and JSC (VOC) is the current density cor-
responding to the VOC measured at each bias-light intensity.
Given that all the necessary parameters for determining the
capacitive contribution to the TPV decay are readily accessible
from the TPV and TPC data, one can account for the capacitive
contribution τc and focus on understanding τeff .

TPV distinguishes itself from TRPL in several key aspects. As
illustrated in Figure 3c, the charge distribution and the QFLS are
uniform across the device due to the continuous bias-light
illumination, and the impact of the perturbation pulse on that
equilibrium condition is minimal, meaning that the effects of
drift and diffusion on the TPV signal can be negligible. These
factors lead to the simplification of Equation (1) to a recombina-
tion only Equation (7), allowing a more straightforward interpre-
tation of the recombination dynamics in CdTe-based solar cells:

∂n tð Þ
∂t

≈ G� R nð Þ ≈ �Δn tð Þ=τeff (7)

Here, G is generation rate defined by the steady-state bias-
light, n(t) represents the carrier concentration at time t, compris-
ing a steady-state concentration (nbias) and a transient component
(Δn(t)), with nbias being much larger than Δn. The effective life-
time τeff is a composite of the radiative τrad and nonradiative τsrh
recombination lifetimes:

τeff ¼
1
τrad

þ 1
τsrh

� ��1
, τrad ¼

1
2knbias

(8)

Here, k is the radiative recombination coefficient. Equation (8)
differs from Equation (3) only on the radiative recombination
component by a factor of ½. It is worth mentioning that in a
TRPL decay, the carrier concentration, and so the QFLS, contin-
uously changes after the generation, but, in a TPVmeasurement,

they are fixed by the bias-light intensity. Thus, it is important to
conduct TPV measurements across various bias-light intensities
to fully understand the influence of different recombination
mechanisms at different carrier concentrations. It should
be noted that while τsrh is a constant (as soon as the defects
are not dynamics), τrad is a function of carrier density, as
Equation (8) states.

The stationary carrier concentration nbias at each bias-light
intensity is achievable by combining TPV with TPC measure-
ments, performed under the same bias-light conditions, as illus-
trated in Figure 4. TPCmeasures the change in current collection
due to the perturbative pulse. Experimentally, TPC measure-
ments are performed the same as TPV except the device output
is connected to the 50Ω oscilloscope input (approximating
a short-circuit condition), as opposed to the 1MΩ channel
used in TPV (approximating an open-circuit condition), to allow
current to flow.[20,29,32] The integration of the TPC decay curve
(laser perturbation induced short-circuit current density change
ΔJSC(t)) ΔQ, when normalized by the amplitude of the perturba-
tion-induced voltage change (ΔVOC(t= 0)), yields the differential
capacitance, C(VOC)=ΔQ/ΔVOC, as illustrated in Figure 4. This
data, when processed across different VOC or bias-light intensi-
ties, enables the determination of stationary carrier density
via Equation (9).[29]

nbias VOCð Þ ¼ 1
Aed

Z
Voc

0
C dV ¼ n0eγVOC (9)

where γ is a constant. Thus, the combined application of TPV and
TPC techniques under a range of bias-light intensities allows for
the quantification of stationary carrier densities under varying
solar cell operational conditions and enables distinguishing
the contributions of nonradiative and radiative recombination
to overall device performance.

4. Experimental Transient Photovoltage and
Photocurrent Data Measured on a High-
Performance CdTe Device

Here we present the experimental results from TPV and TPC
measurements conducted on a CdTe device that has resulted
in a power conversion efficiency of 19.2% under one-sun
AM1.5G illumination (other relevant data can be found in the
supporting document). More information about the device
performance and fabrication procedures can be found in our pre-
vious publication.[4,6,34] The device schematics and the current–
voltage characteristics under one sun illumination are given in
Figure 5. TPV measurements, Figure 6a, show that an increase
in bias-light intensity leads to a concurrent rise in the stationary
open-circuit voltage VOC and an accelerated decay of ΔVOC

(Figure 6b). The former is due to the rise of the QFLS following
the increase of the stationary carrier density nbias with the bias-
light intensity. The latter is because of the decrease of the diode
resistance (coupled into τc in Equation (5))[31,40,41] and the reduction
in effective carrier lifetime (τeff in Equation (5)) with the increase of
radiative recombination rate. The formation of straight lines on the
log–linear plot (Figure 6b), a single-exponential decay model, sug-
gests that the decay of ΔVOC is governed by a single dominant
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mechanism in the device set by the bias-light intensity, and the
influence of the perturbation is minimal, aligning well with the
theoretical discussion detailed around Figure 3.

A deeper analysis, as presented in Figure 6c, focuses on the
TPV lifetime τTPV, derived from the single-exponential fit of the

ΔVOC decay data. Note that we plotted τTPV against the VOC (cor-
responding to the applied bias-light intensity) instead of carrier
density, because VOC is a measured parameter directly accessible
from the TPV data and logarithmically dependent on the carrier
density (see Equation (9)), whereas extracting the carrier density

Figure 4. Illustration of obtaining differential capacitance C and stationary carrier density nbias from TPV and TPC dataset measured at various bias-light
intensities. In the capacitance graph (upper right), the gray dotted line indicates the depletion layer capacitance,[31,33] the red dashed line indicates the
chemical capacitance induced by the photogeneration of the charge carriers in the absorber, and the blue solid line is the sum of those two. The stationary
carrier density nbias (the lower right graph) is derived by integrating the chemical capacitance over the VOC values measured under different bias-light
intensities and normalizing the area of device’s active layer and the thickness. It grows exponentially with the VOC, as Equation (9) states.

Figure 5. Schematics of the CdTe device and the J–V performance under 1 sun AM1.5G illumination.
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from TPV and TPC requires further processing the data as
explained in Figure 4. Also, it cannot be determined from
the bias-light intensity without knowing τsrh and k (see
Equation (3)). As the grey dotted line in Figure 6c depicts, the
capacitive effect dominates the TPV decay in the low-VOC

range, under 750mV, similar to observations in other solar cell
technologies.[31,33,40,41,43] Accounting for the capacitive contribu-
tion via Equation (5) and using the differential capacitance data
in Figure 4 (grey dotted line), we gain a more direct view of the
recombination processes within the CdTe solar cell.

Figure 6c (red star symbols) shows the dependence of effective
carrier lifetime τeff on the bias-light intensity (represented by
the VOC), and reveals two distinctive regimes, as expected from

Equation (3) and (8) and Figure 1. For VOC values below 850mV,
defect-assisted nonradiative recombination dominates the carrier
dynamics with τeff= τsrh= 580 ns, which is a constant as it is
independent of carrier concentration and so the VOC. This pla-
teau region holds significant importance for the CdTe solar cell
community, as being able to quantify the nonradiative recombi-
nation lifetime confidently enables researchers and developers to
evaluate and refine defect passivation strategies more effectively.
It is worth mentioning that in the CdTe community, high surface
recombination velocity (υ) is often regarded as the main problem
limiting the VOC. The nonradiative recombination in the bulk
and the surface recombination at the interface are parallel pro-
cesses, and the shortest of the two will dominate the τeff= 580 ns

Figure 6. a) TPV measurement data at various bias-light intensities; b) only the time-dependent part of the TPV signal ΔVOC(t) (the bias-light-induced
constant VOC is subtracted); c) TPV lifetime, dark circle symbols, extracted via single-exponential decay fit to the data in (b), where the gray dotted line is
the capacitive contribution τc, the red star symbols are effective carrier recombination lifetime τeff, and the solid blue line is the sum of the two, based on
Equation (5); d) effective carrier lifetime τeff as a function of stationary carrier density nbias (acquired as illustrated in Figure 4), the solid blue line is a fit
based on Equation (8). e) TRPL data measured at four different laser fluences, and f ) the same data normalized at t= 500 ns. The solid lines represent
single-exponential decay fits, and the resulting lifetimes are given in the inset.
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at VOC below 850mV, according to τeff ¼ 1
τrad

þ 1
τsrh

þ 2v
d

h i�1
. This

leads to υ= 284 cm s�1, if surface recombination is the
dominant one, which is significantly lower than the values
(υ> 1000 cm s�1) often used in simulation.[5,10,25,27] TPV
technique can, therefore, be applied as a diagnostic tool.

As VOC exceeds 850mV, the radiative recombination process
starts to play a role showing a decrease in effective carrier lifetime
τeff. Precise quantification of the radiative recombination
requires the stationary carrier density nbias to be known, as indi-
cated in Equation (3) and (8). We achieved nbias utilizing both
TPC and TPC data via the differential capacitance method as dis-
cussed in a previous section (see Figure 4). Figure 6d presents
the effective carrier recombination lifetime across different
charge densities. A significant observation is the plateau
observed at carrier densities below 1� 1014 cm�3, indicating a
dominance of nonradiative recombination mechanisms in
this region, independent of the changes in carrier density.
As the charge density surpasses 1� 1014 cm�3, the effective
carrier lifetime transitions to a regime dominated by radiative
recombination.

The transition of carrier lifetime from nonradiative to radiative
is expected (see Equation (3) and Figure 1) when injection
level increases to a point where photogenerated carrier density
approaches to or exceeds the doping density nbias≥NA. The
doping density, obtained via C–V measurement, is around
1� 1014 cm�3 for this device (see supporting document). This
observation in Figure 6d aligns well with the theoretical model
predicting an increased likelihood of radiative recombination
as carrier concentration surpasses the doping density, thereby
reducing the effective lifetime (see the simulation results and
discussion given in the supporting document). Having this
charge carrier density data, we are now set to calculate the
radiative recombination coefficient k using Equation (8). From this
analysis, we deduce a radiative recombination coefficient of
≈1.1� 10�9 cm3 s�1, aligning well with previous studies that
used both steady-state and TRPL measurements on CdTe
materials.[37,44]

In comparison to TPV, we conducted TRPL measurements on
the device at four different laser fluences. The TRPL data, shown
in Figure 6e, revealed distinct features under varying laser flu-
ence. The initial part of the decay (t< 500 ns) slowed down with
an increase in laser fluence, while the decay’s tail accelerated
with increased laser fluence. This observation aligns well with
the expected drift-diffusion effects dominating early carrier
dynamics, resonating with our earlier discussions. The slower
initial decay at higher fluences suggests diminished carrier
extraction, likely due to charge accumulation-induced electric
field alterations at the interface, supporting the findings reported
by Kuciauskas et al.[45]

In contrast, the accelerated decay of the TRPL tail with
increased laser fluence indicates a rise in the radiative recombi-
nation rate with increased carrier concentration, as predicted by
Equation (3). Fitting the TRPL data adequately requires a triple-
exponential decay model, which still does not capture the entire
complexity, particularly at high laser fluence. Thus, we fit the tail
of the TRPL decays (Figure 6f ), and the extracted lifetime ideally
is expected to be consistent for all fluences when it represents the
defect-assisted recombination lifetime. The tail lifetime values

are indeed closer to the defect-assisted recombination lifetime
extracted from TPV. However, it changes from 1009 ns at low
fluence to 413 ns at high fluence. This suggests that the tails
of the TRPL decays may still be influenced by radiative recombi-
nation at higher laser fluences, and/or the tail of the TRPL decay
may be affected by charges stored in the electrodes returning to
the absorber.[25,27,28] The latter can extend the tail decay constant
much longer than the actual defect-assisted lifetime. This means
that the capacitance contribution to the TRPL decay should also
be accounted for, especially when the TRPL lifetime measured in
the completed device is long.

For further evaluation, we also conducted TPV measurements
on a low-performing CdTe solar cell, intentionally omitting the
front buffer layer (oxygenated CdS) and employing suboptimal
Cu doping, to assess their impact on carrier recombination
dynamics. These changes indeed resulted in poor device perfor-
mance with a VOC of 750mV (supporting document). The TPV
results also showed significantly shorter carrier lifetimes (about
100 ns), predominantly governed by defect-assisted recombina-
tion, without a clear transition to radiative dominant recombina-
tion (supporting document). These findings are consistent with
expectations, as both the buffer layer and doping concentration
are crucial in influencing carrier recombination rates and,
consequently, device performance.

Future studies should focus on exploring the correlation of the
nonradiative and radiative recombination dynamics with the var-
ious front and back buffer layers, absorber dopants, and the depo-
sition methods, applied in CdTe solar cells, and finding the
efficient materials and refining the device fabrication processes
to address the device performance limiting factors.[1,6,8,12,46]

Such endeavors could lead to significant improvements in solar
cell performance, ultimately contributing to the advancement of
CdTe photovoltaic technology.

5. Conclusion

In this study, we have demonstrated the application of TPV and
TPC techniques in analyzing the recombination dynamics of
high-performance cadmium telluride (CdTe) solar cells, over-
coming some of the limitations the conventionally used TRPL
method has. Our investigation has led to the identification of dis-
tinct operational regimes within these cells, where nonradiative
and radiative recombination processes dominate based on vary-
ing charge carrier densities, aligning well with the theoretical
prediction. This distinction is crucial for a thorough understand-
ing of the cell’s performance under different operational
conditions. A key accomplishment of our research has been
the quantification of effective defect-assisted carrier lifetimes
and the precise calculation of the radiative recombination coeffi-
cient. These metrics are essential for assessing and improving
the efficiency of CdTe solar cells. Our findings lay the ground-
work for these future efforts, marking a significant step forward
in the pursuit of optimizing CdTe solar cells.

6. Experimental Section

CdTe Device Fabrication: CdS window layer of thickness 40 nm was
deposited on a fluorine-doped tin oxide (Tech 12D, NSG) substrate under
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2% O2 and 98% Ar gas flow using 2-inch radio-frequency (RF) sputtering.
It was followed by an 80 nm CdSe layer deposition using 2-inch RF
sputtering under a 1% oxygen and 99% argon flow at room temperature.
This step was followed by the deposition of a 3.5 μm CdTe layer through
close-space sublimation, conducted at source and substrate temperatures
of 660 and 590 °C, respectively, at 1 Torr. Then, the film was treated with
wet CdCl2 at 400 °C for 50 min in dry air. Subsequently, 2 mgmL�1 CuSCN,
dissolved in 30 wt% ammonium hydroxide, was spin-coated at 2000 rpm
for 30 s, followed by rapid thermal annealing at 180 °C. The process con-
cluded with the evaporation of a 40 nm Au layer onto the film stack, done
through a shadow mask with a cell area of 0.08 cm2. Further details can be
found in our previous publications.[4,6,34]

TPV/TPC Characterization: Measurements were conducted using a
custom-built system, which includes a 532 nm excitation laser with a
400 ps pulse width (Market Tech, PowerChip laser PNG-M01550-130)
and a high-power white LED (Thorlabs SOLIS-3C) serving as the bias light.
Laser intensity was finely adjusted using continuously variable neutral den-
sity filters mounted on a translation stage, with computer-controlled
adjustments to achieve the desired intensity. Similarly, the intensity of
the bias light was regulated directly via computer software. All aspects
of data acquisition, including bias-light intensity modulation and data anal-
ysis, were managed through a custom-developed Python software suite,
utilizing libraries such as NumPy, SciPy, Matplotlib, and Pandas.

Time-Resolved PhotoluminescenceMeasurement (TRPL): The TRPLmeas-
urements were conducted using a custom-built setup that includes a
Becker & Hickl hybrid photomultiplier tube (HPM100-50) and a Becker
& Hickl SPM130 TCSPC module, paired with a Horiba iHR320 monochro-
mator. The excitation source was a Fianium supercontinuum laser, deliv-
ering pulses with a 5 ps width at a repetition rate of 250 kHz. These
measurements were carried out under standard laboratory air conditions,
with the sample being excited at a wavelength of 633 nm. The intensity of
the laser was regulated using neutral density filters to ensure precise
control over the excitation levels.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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