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Abstract

In this study, we employ impedance spectroscopy to investigate the internal mechanisms in-
fluencing the efficiency and performance of perovskite solar cells (PSCs). Using SCAPS-1D
software (version 3.3.10), we simulate the FTO/ZnO/MASnI3/NiOx/Au heterostructure
to analyze the complex impedance (Z*) and electric modulus (M*). This approach allows
us to differentiate between bulk material properties and interface phenomena, such as ion
migration, charge transport, and recombination dynamics. Through Nyquist and Bode
plots, we identify three distinct relaxation processes associated with charge migration,
interface polarization, and charge injection/extraction at the electrodes. To achieve a more
comprehensive understanding, we model the impedance and modulus spectra using an
equivalent electrical circuit, which accurately reproduces the experimental data. Our analy-
sis reveals that increasing the bias voltage extends the relaxation times for charge transport
and interface polarization, highlighting a decline in performance under higher operational
voltages. This performance drop is attributed to elevated resistive losses and enhanced
recombination processes, which become more pronounced at higher fields. These find-
ings emphasize the importance of optimizing both bulk material properties and interface
engineering to mitigate losses and improve the overall performance and stability of PSCs.

Keywords: impedance spectroscopy; perovskite solar cells; relaxation processes; efficiency

1. Introduction

Impedance spectroscopy is an analytical technique used to investigate the electrical
properties of materials, interfaces, and devices by measuring their response to an Alternat-
ing Current (AC) signal over a range of frequencies [1]. By applying a small AC voltage
or current to the system and measuring the resulting current or voltage, impedance spec-
troscopy provides insight into processes such as charge transfer, ion diffusion, and polariza-
tion effects. The impedance, which is a complex quantity, varies with frequency, allowing
researchers to decompose different processes based on their characteristic time constants.
This technique is widely applied in fields like materials science, electrochemistry, and biol-
ogy [2—4]. It is particularly useful for studying systems like batteries, fuel cells, corrosion
mechanisms, and biological tissues. The resulting data is often represented in Nyquist
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or Bode plots, which help identify resistive, capacitive, and inductive components of the
system, giving a comprehensive understanding of both bulk and interfacial properties.

In impedance spectroscopy, several electrical functions are used to describe different
aspects of a system’s behavior. These include impedance (Z), admittance (Y), complex
permittivity (e), complex conductivity (o), and the electric modulus (M). Each of these
functions offers a unique perspective on the material or system under study. Each function
provides a different lens through which to view the system, and together they offer a more
complete understanding of the electrical behavior, helping to separate bulk and interfacial
phenomena, relaxation processes, and charge transport mechanisms [5-7]. Impedance
spectroscopy is a powerful tool for studying and optimizing solar cells by providing
insights into the internal electrical processes [8]. Its applications in solar cells are crucial
for understanding and improving performance, stability, and efficiency. Here are the key
applications of impedance spectroscopy in solar cells. It helps in analyzing how photo-
generated charge carriers (electrons and holes) move through the different layers of the solar
cell. By studying the frequency response of the cell, researchers can determine the charge
transport resistance and recombination rates. This is essential for identifying efficiency
losses caused by poor charge collection or recombination at interfaces.

In PSCs [9-11], Impedance spectroscopy is used to distinguish between ion migration
and electronic transport, both of which affect the cell’s performance and stability. It can
help quantify recombination kinetics and optimize the material for better charge extraction.
Solar cells often consist of multiple layers, such as the active layer, electron/hole transport
layers, and electrodes [12,13]. Ion migration is a significant factor that affects performance
and stability. Impedance spectroscopy can distinguish between the ionic and electronic
contributions to the overall impedance, helping to study how ion migration affects the
cell’s efficiency and causing hysteresis in the current-voltage characteristics. Understanding
this phenomenon allows for material and structural optimization to reduce ion migration.
Impedance spectroscopy can differentiate between bulk material properties and interfacial
effects. For instance, it helps to assess the quality of the p-n junction in silicon cells or the
interface between perovskite and the transport layers. Poor junctions or interfaces often
lead to higher recombination losses or resistive losses [14,15], which can be identified by
impedance measurements. In addition, it allows precise determination of series resistance
(due to contacts, electrodes, and wiring) and shunt resistance (related to leakage currents
or defects in the solar cell). High series resistance reduces the current output, while low
shunt resistance causes power losses by allowing current to bypass the cell’s active region.
By using impedance measurements, these resistances can be quantified and minimized
to optimize device efficiency. By fitting impedance spectra to equivalent circuit models,
researchers can extract critical parameters such as recombination resistance, charge transfer
resistance, and chemical capacitance. These parameters provide quantitative insight into
the solar cell’s operation, helping to fine-tune materials and design strategies to maximize
power conversion efficiency.

Mortadi et al. [16] represents one of the few investigations devoted specifically to
lead-free PSCs based on the FTO/ZnO/MASnI3/NiOx/Au architecture. Their study com-
bines SCAPS-1D numerical simulations with Impedance Spectroscopy (IS) to correlate
the optical-electrical parameters of the device with its dielectric and interfacial behavior.
The authors analyze how the relative permittivity, band-gap energy, and contact resis-
tance affect overall performance, demonstrating that a careful optimization of both the
electron-transport (ZnO) and hole-transport (NiOx) layers significantly improves the fill
factor and open-circuit voltage (Vo). Building on these findings, a bias-dependent IS study
could clarify how an external bias modifies charge-carrier distributions within the MASnI3
absorber. The accumulation of Sn%* /Sn** species and vacancy defects at the ZnO/MASnI;
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and MASnI;/NiOx interfaces would likely increase the interfacial capacitance and re-
sistance, thereby extending the relaxation times associated with interfacial polarization.
This extension can serve as a sensitive indicator of ion redistribution or the formation of
compensating internal electric fields under bias.

Zhang et al. [17] offer a major advancement in the analysis and deconvolution of
(IS). Their review introduces a Bayesian Distribution of Relaxation Times (DRT) frame-
work that overcomes the limitations of traditional equivalent-circuit models. Instead of
presupposing the number or type of RC elements, the Bayesian-DRT approach extracts
the full distribution of relaxation processes directly from experimental data. Zhang et al.
demonstrate that this probabilistic method can resolve multiple overlapping relaxation
peaks corresponding to rapid electronic transport, intermediate interfacial recombination,
and slow ionic or dipolar polarization. The adaptive Bayesian regularization enhances
temporal resolution and robustness even for complex or noisy spectra. By combining the
physical electrical modeling developed by Mortadi et al. [16], with the advanced analytical
techniques introduced by [17,18], one can build a comprehensive framework for studying
bias-induced polarization effects in lead-free perovskite devices. This integrated strategy
linking modeling, experiment, and DRT-based time-constant mapping provides a powerful
foundation for optimizing architecture design and improving the overall efficiency and
stability of tin-based PSCs.

In this study, impedance spectroscopy is employed as a powerful diagnostic tool to
elucidate the internal processes governing lead-free PSCs. By jointly analyzing the complex
impedance (Z*) and electric modulus (M*) formalisms, the respective contributions of bulk
transport and interfacial phenomena can be effectively separated. These complementary
representations enable a detailed investigation of key processes, including charge trans-
port, ionic migration, interfacial polarization, and recombination, all of which critically
influence device efficiency and operational stability. While impedance analysis primarily
provides insight into resistive losses and charge-transport kinetics, the modulus formalism
is particularly sensitive to capacitive effects and charge accumulation at interfaces, thereby
allowing a comprehensive description of relaxation dynamics across multiple time scales.

The objective of this work is not to replicate a specific experimental device, but rather
to deliver a physically consistent and bias-resolved interpretation of impedance and re-
laxation phenomena in MASnI3-based PSCs. Such a simulation-supported impedance
analysis is well established in the literature, where SCAPS-1D combined with impedance
spectroscopy has been widely used to extract mechanistic insights that are difficult to
isolate experimentally [8]. Importantly, the bias-dependent trends identified in this study,
namely resistance reduction, modulation of relaxation times, and the emergence of dis-
tinct frequency-dependent processes are fully consistent with experimentally reported
impedance behaviors in both lead-based and tin-based PSCs [19]. Consequently, the
present approach provides a robust interpretative framework that complements experimen-
tal studies and enables the identification of performance-limiting mechanisms and design
strategies for improving the efficiency and stability of lead-free PSCs.

2. Materials and Methods

This study employed (Solar Cell Capacitance Simulator) SCAPS-1D (version 3.3.10), a
specialized 1D software for simulating solar cell behavior. SCAPS-1D enables the numerical
analysis of solar cells by incorporating up to seven distinct layers, allowing customization
of physical properties such as bandgap, electron affinity, and dielectric permittivity [20,21].
This flexibility allows for in-depth exploration of different configurations and physical
parameters. The software supports both Alternating Current (AC) and Direct Current
(DC) simulations, including Current-Voltage (I-V) characteristics and complex impedance
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(Z*) analysis across a range of conditions, such as varying bias voltages, illumination, and
temperatures. The proposed solar cell structure is FTO/ZnO/MASnI3 /NiOx/Au, where
each layer has a specific function. The FTO layer serves as the transparent contact, ZnO
facilitates electron transport, and MASnl; acts as the absorber generating charge carriers.
The NiOx layer functions as the Hole Transport Layer (HTL) Figure 1.

Sunlight
AM 1.5G (1000 W/m?)

Figure 1. Schematic layout of PSCs of FTO/ZnO/MASnI3/NiOx/Au.

The simulation of the FTO/ZnO/MASnI3/NiOx/Au heterostructure solar cell in-
volves the utilization of specific physical parameters, as outlined in Table 1. The physical
parameters used were selected based on a careful survey of previously published exper-
imental and simulation studies on MASnI;-based PSCs and their transport layers (ZnO,
NiOx, FTO). In particular, the bandgap, electron affinity, dielectric permittivity, density
of states, and carrier mobilities were adopted from well-established reports that combine
experimental characterization with SCAPS-1D simulations [20,22-24].

Table 1. Physical parameters of different layers.

Properties NiOx MASnI; ZnO FTO
Thickness (um) 80 0.2-1 80 0.2
Band gap (eV) 3.75 1.3 3.2 3.2
Affinity (eV) 2.1 4.2 4.10 4.4
Dielectric
permittivity 10.7 10 8.1 9
DOSCB (cm™3) 2.8 x 10" 1 x 108 45 x 10'8 22 x 10'8
DOSVB (cm™3) 1.8 x 10¥ 1 x 10'8 1 x 108 1.8 x 10Y
pe (cm?/VS) 12 1.6 300 20
wh (cm?/VS) 25 1.6 1 10
Acceptor 15 1 x 105 0 0
concentration (cm™°)
Donor conse?’ntratlon 0 0 1 % 1019 1 % 102
(em™)
Defect 1 x 107 4.5 x 106 1 x 107 1 x 101°

Additionally, Table 2 provides details regarding the physical properties of defects
density in MASnI; [25]. Defect densities were chosen within experimentally realistic ranges
(1015—1017 cm~3 for bulk layers and ~1010 em~2 for interfaces), consistent with reported
values for tin-based perovskites and metal-oxide transport layers. These values ensure
numerical stability and physical consistency while allowing the simulation to reproduce
experimentally observed current densities, voltages, and impedance trends. Alternative
parameter sets were tested during preliminary simulations, but the values reported in
Table 1 provided the best agreement with reported device performance and impedance
behavior in the literature. Simulations were conducted under standard AM 1.5G spectrum
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solar illumination at 300 K, and specific physical parameters of each layer and interface
properties were outlined to study their effects on cell efficiency and impedance.

Table 2. Interface parameters.

Parameters NiOx/MASnI; Interface ZnO/MASnIj; Interface
Defect type Neutral Neutral
Capture cross-sectzlon for 1% 10-19 1% 1019
electron (cm*~)
Capture cross—sezctlon for 1 x 10-19 1% 10-19
hole (cm?)
Energetic distributions Single Single
Defects energy level Et Up the maximum Ev Up the maximum Ev
Reference for defect en- 0.06 0.06
ergy level Et
Total density (integrated 1 x 1010 1 x 1010

over all energies) (cm™2)

It should be noted that the present study is based exclusively on SCAPS-1D numerical
simulations and does not include new experimental device fabrication or measurements.
The aim of this work is not to reproduce a specific experimental PSC, but rather to pro-
vide a physically consistent interpretation of bias-dependent impedance and relaxation
phenomena in MASnI3-based devices. All material parameters and interface properties
employed in the simulations were adopted from experimentally validated literature, and
the simulated trends are consistent with previously reported experimental impedance
spectroscopy results. While direct experimental comparison would further strengthen the
analysis, the present simulation-supported approach offers valuable mechanistic insight
and serves as a predictive framework to guide future experimental investigations.

3. Results and Discussion
3.1. Optimization of Bias Voltage

Applying a bias voltage influences how charges and dipoles respond within PSCs. It
modifies the internal electric field, which slows carrier relaxation and enhances interfacial
polarization effects. These changes appear as longer relaxation times in impedance spectra.
Studying this bias dependence helps clarify the link between charge transport dynamics
and interfacial stability. Figure 2 illustrates how bias voltage influences key photovoltaic
parameters of the FTO/ZnO/MASnI3/NiOx/Au device. Figure 2a shows the variation
in Jgc versus bias. As the bias voltage increases, the short-circuit current initially stays
high (around 32 mA /cm?) at low voltages and then decreases as the voltage approaches
1 V. This suggests that the current generation at the cells electrodes drops as the external
voltage rises, likely due to increased recombination or reduced charge separation at higher
voltages. In contrast, the V. increases from approximately 0.84 V to 0.88 V as the bias
voltage increases, reflecting the voltage at which the cell can no longer produce a current.
The small increase in Voc with voltage indicates improved potential difference between
the electrodes as the bias voltage rises.

Figure 2b shows the variation in Fill Factor (FF) versus bias, which measures how
close the solar cells IV curve is to an ideal rectangular shape. It starts high (~77%) and
decreases to around 70% as the bias voltage increases. This drop suggests a loss of ideality
in the IV characteristics as the bias voltage increases, possibly due to parasitic resistances or
non-ideal recombination processes. Figure 2b shows the variation in Efficiency (1) versus
bias. It starts low (~16%), increases to a maximum of about 21% at a moderate bias, and then
slightly drops again. This peak corresponds to an optimal operating voltage, after which
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efficiency decreases as the cell’s performance starts to degrade, likely due to increased

recombination losses or sub-optimal extraction of charges.
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Figure 2. Bias-Dependent evolution in MASnI3-Based Solar Cells (a) Jsc, Voc, (b) FF %, and Efficiency.

3.2. Complex Impedance Analysis

The impedance spectra presented in Figure 3 illustrate the evolution of the electrical
response of the FTO/ZnO/MASnI;/NiOx/Au PSC under increasing bias voltage. In the
Nyquist plot (Figure 3a), each curve exhibits a single, well-defined semicircular arc whose
radius systematically decreases as the applied bias voltage increases from 0 V to 1 V. This
progressive shrinkage reflects a significant reduction in charge-transfer resistance (Rct) at
the active interfaces, indicating that the applied electric field enhances carrier mobility and
facilitates more efficient charge extraction across the device. At zero bias, the large arc
diameter suggests limited carrier transport, high recombination activity, and possible charge
accumulation at defect-rich regions or interfacial trap sites. The corresponding high values
of both the real (Z') and imaginary (Z'') impedance components imply sluggish interfacial
kinetics and hindered charge separation, which is typical of unassisted or equilibrium
conditions in perovskite layers.
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Figure 3. Impedance spectra of PSC at different bias: (a) Nyquist plot (b) and (c) bode plots.
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As the forward bias increases, the arcs become smaller and shift toward the origin,
revealing that the internal potential barrier between the transport layers and the perovskite
absorber is lowered. This bias-assisted field accelerates carrier extraction, reduces recom-
bination losses, and enhances the overall conductivity of the device. The improvement
in interfacial transport behavior correlates closely with the observed rise in short-circuit
current (Jsc) and efficiency at moderate bias levels. Beyond 0.8 V, however, the stabilization
of the semicircle size may indicate a saturation regime, where further bias produces dimin-
ishing improvements due to the onset of ionic polarization or defect recharging processes.

The semicircular pattern arises from a characteristic RC (resistor—capacitor) time con-
stant behavior, where the system acts capacitively at low frequencies (charge accumulation
or polarization) and resistively at higher frequencies (ochmic conduction). This response is
typically attributed to a dominant relaxation process involving bulk charge recombination
and interfacial diffusion in the perovskite and transport layers. Similar trends have been
reported by Mortadi et al. [12] and Wu et al. [26], who observed that in both lead-free
and lead-halide perovskite architectures, the forward bias effectively reduces Rct while
extending relaxation times due to bias-induced polarization effects. The decreasing arc
radius with bias thus represents a dual effect: enhanced electronic transport and concur-
rently increased interfacial polarization, both critical for understanding how bias voltage
modulates the dynamic behavior of FTO/ZnO/MASnI;/NiOx/Au solar cells.

In the Bode plots (Figure 3b,c), complementary insights into the device dynamics are
revealed through the frequency-dependent variation of the impedance components. The
phase-angle spectra (Figure 3b) display a distinct relaxation peak whose position shifts
systematically with the applied bias voltage. At low bias (0-0.2 V), the peak appears at
relatively high frequencies, corresponding to faster electronic processes and limited polar-
ization effects. As the bias increases, the characteristic peak gradually moves toward higher
frequencies, indicating shorter relaxation times for the dominant electronic processes. This
trend suggests that higher bias voltages induce more pronounced interfacial polarization
and ionic redistribution within the perovskite layer, likely caused by the migration of
mobile ions such as Sn?* vacancies or halide defects toward the transport interfaces. These
slow-moving species accumulate under forward bias, altering local electric fields and pro-
ducing delayed charge compensation, which manifests as longer relaxation times in the
impedance response.

The magnitude spectra (Figure 3c) further support this interpretation. The real part
of the impedance (Z') shows a characteristic slope change over specific frequency ranges,
revealing the coexistence of multiple relaxation processes. At mid-to-high frequencies, the
impedance decreases sharply, indicating dominance of electronic charge transport through
the perovskite bulk and transport layers. At lower frequencies, however, the impedance
remains relatively high and exhibits a more gradual slope, reflecting slow interfacial or
ionic polarization phenomena. The appearance of these features confirms that, in addition
to the main relaxation associated with bulk recombination, a secondary low-frequency
process becomes active under bias most likely linked to trap-assisted recombination or
ion accumulation at the ZnO/MASnI; and MASnI3/NiOx interfaces. This dual relax-
ation behavior implies that the system transitions from being electronically limited at
low bias to polarization-limited at higher bias. The observed frequency shift of the Z"’
peaks indicates that while charge transport accelerates under moderate bias (reducing
recombination losses), ionic and dipolar reorientation processes progressively dominate
at stronger fields, leading to extended relaxation times. Such behavior is consistent with
the bias-dependent impedance characteristics reported by [26], who demonstrated that the
competition between carrier transport and ionic migration governs the low-frequency tail
of the impedance spectra. Similarly, Zhang et al. [27] employed Bayesian Distribution of
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Relaxation Times (DRT) analysis to show that forward bias can separate overlapping time
constants corresponding to electronic and ionic processes a phenomenon clearly reflected
in the present results.

Overall, the Bode analysis confirms that bias voltage modifies both the kinetics and po-
larization mechanisms within the ZnO/MASnIz /NiOx solar cell. At moderate bias, carrier
extraction is enhanced and recombination minimized; at higher bias, the accumulation of
mobile ions and dipolar species extends the relaxation time, introducing strong interfacial
polarization effects. This interplay between charge transport and bias-induced polarization
plays a decisive role in the overall impedance response and directly impacts the dynamic
stability and efficiency of lead-free perovskite devices.

3.3. Modulus Function and Relaxation Process Analysis

The modulus spectra (Figure 4) provide a complementary perspective on the charge-
transport and relaxation dynamics within the PSC under different applied bias voltages
(0-1 V). In the Nyquist representation of the complex modulus (M*) (Figure 4a), each curve
exhibits a semicircular arc that flattens and shrinks progressively with increasing bias.
These flattened arcs, characteristic of modulus analysis, indicate a distribution of relaxation
times rather than a single relaxation process, highlighting the coexistence of multiple charge
transport pathways in the device. The largest semicircle at 0 V suggests a strong capacitive
response caused by charge accumulation or trapping at the interfaces, while the reduction
in arc size at higher bias points to improved charge transport and diminished capacitive
effects due to enhanced carrier extraction under stronger electric fields.

-y
7 —— 02V 20x107
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T~ ——oav| — 7
T 3.90x107 v & 1.5x10
5 —1 5
T - 7
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Figure 4. Modulus spectra of the PSC at bias voltage (a) Nyquist plot and (b) bode plots.

The Bode plots of the imaginary part of the modulus (M") (Figure 4b), further clarify
the nature of the relaxation phenomena. Three distinct frequency peaks are observed for
each bias voltage, indicating the presence of three major relaxation processes operating at
different time scales. At 0V, these peaks appear at lower frequencies, corresponding to
longer relaxation times and slower dynamic responses within the system. As the applied
bias increases, all peaks shift toward higher frequencies, implying shorter relaxation times
and faster charge dynamics a clear sign that forward bias facilitates more efficient carrier
transport and suppresses slow ionic or trap-mediated processes.

The first peak, located at low frequencies, is attributed to slow charge migration and
accumulation within the bulk perovskite layer. This process is strongly influenced by ionic
motion, such as halide or Sn?* vacancy migration, and is more pronounced at low bias when
the driving electric field is weak. The second peak, appearing at intermediate frequencies,
is associated with interface polarization and trap-assisted relaxation, possibly occurring at
grain boundaries or at the interfaces between the perovskite and transport layers. Such
effects arise from localized charge trapping and detrapping processes that slow down the
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response of the system. The third, high-frequency peak corresponds to rapid electronic
relaxation linked to charge injection and extraction at the electrode—perovskite interfaces,
where dynamics are dominated by electronic processes with minimal ionic involvement.

These three relaxation processes collectively describe the hierarchical charge dynamics
of the PSCs. At low bias, slow bulk and interfacial processes dominate, leading to higher
resistive and capacitive components. With increasing bias, the semicircles in the modulus
Nyquist plot become smaller and more compressed, indicating that electronic transport
becomes more efficient while ionic and trap-related effects are partially mitigated. The
observed peak shifts and arc compression thus reveal how the applied bias modulates
both the resistive-capacitive behavior and the frequency-dependent relaxation mechanisms
within the device.

Generally, the modulus function analysis highlights the multiscale nature of relax-
ation phenomena in the FTO/ZnO/MASnl3/NiOx/Au PSC. The results demonstrate that
bias voltage not only enhances carrier mobility but also reorganizes the internal electric
field, accelerating high-frequency electronic responses while simultaneously reducing low-
frequency ionic polarization. These insights emphasize that optimizing PSC performance
requires a comprehensive approach addressing all three regimes: (i) improving perovskite
crystallinity and reducing defect densities to mitigate slow bulk relaxation, (ii) engineering
stable interfaces to suppress polarization effects at intermediate frequencies, and (iii) re-
fining electrode contacts to maximize charge transfer efficiency at high frequencies. Such
understanding, consistent with recent reports by [28-32] provides valuable guidance for
designing next-generation lead-free PSCs with enhanced dynamic stability and efficiency.

3.4. Modeling via Electrical Equivalent Circuit

The equivalent electrical circuit shown in Figure 5 is designed to model the impedance
behavior of a PSC by replicating key physical processes, including charge transport, recom-
bination, and interface effects. It consists of three Resistor-Capacitor (RC) pairs connected
in series, where each pair corresponds to a specific relaxation process observed in the exper-
imental Nyquist and Bode plots. The choice of this circuit is based on a thorough analysis
of both impedance and electric modulus spectra. As clearly shown in Figure 3¢, a change
in slope is observed, indicating the presence of three distinct processes. This interpretation
is further confirmed by the modulus spectra analysis, where three well-defined relaxation
processes are clearly observed in both the Nyquist and Bode plots.

Low-frequency Medium-frequency High-frequency
Diffusion process Recombination process ~ Carrier transport processes

o= R
o= |R

|
I
3

A=

Blocl (R:/Cy) Bloc2 (R://Cz)  Bloc3 (Rs//C3)

Figure 5. Equivalent electrical circuit of the PSC.

It is well established in the literature that each semicircle or relaxation process can
be modeled by a parallel RC circuit. Therefore, the presence of three relaxation processes
justifies the use of three RC loops connected in series in the proposed equivalent circuit.

Regarding the parameter values, we have chosen to present them in terms of the
relaxation times for each loop, defined as T; = R;C;, in order to avoid redundancy in the
presentation of the results.

The resistor Ry and capacitor C; represent the slow processes, such as charge migra-
tion or recombination within the bulk perovskite material. Ry and C; model intermediate-
frequency phenomena, such as polarization effects at interfaces or grain boundaries. Finally,
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R3 and C3 capture the high-frequency dynamics related to charge transfer at the interfaces
between electrodes and the active layer. This arrangement allows for fitting the experi-
mental data by associating each RC pair with a distinct relaxation process. The resistors
model the dissipative losses (resistance to charge flow), while the capacitors account for
the storage of electrical energy and polarization effects. Together, they provide an accurate
representation of the complex impedance (Z*) and modulus (M*) spectra, offering insights
into the solar cell’s performance and limiting factors.

Figure 6 presents the comparison between the simulated impedance response and
the fitting results obtained using the proposed equivalent electrical circuit (Figure 5) at an
applied bias voltage of 0.4 V. The excellent agreement between the simulated data and the
fitted curves for both the imaginary part of the impedance (Z"’) and the imaginary part of
the electric modulus (M") confirms the physical relevance and robustness of the chosen
circuit model.
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Figure 6. Fit of process in the PSC at 0.4 V versus frequency (F): (a) imaginary part of impedance Z"
and (b) imaginary part of modulus M".

In Figure 6a, the Z" spectrum exhibits a dominant relaxation peak located in the
intermediate-frequency range. This peak reflects a resistive—capacitive (RC) process gov-
erned primarily by charge recombination and transport across the perovskite absorber
and its adjacent interfaces. Within the framework of the equivalent circuit (Figure 5),
this response is mainly described by the R,—C; branch, which accounts for interfacial
polarization and trap-assisted recombination processes occurring at the ZnO/MASnl;
and MASnI3/NiOx interfaces. The accurate reproduction of both the peak position and
amplitude demonstrates that the intermediate-frequency dynamics are correctly captured
by this RC element.

Figure 6b provides further insight through the modulus representation (M"), which
is particularly sensitive to bulk-related relaxation phenomena and suppresses electrode-
dominated contributions. Three distinct peaks are clearly resolved and labeled (1), (2),
and (3), confirming the presence of three independent relaxation processes operating at
different characteristic frequencies. These peaks directly correspond to the three RC pairs
introduced in the equivalent circuit of Figure 5.

The low-frequency peak (1) is associated with the R1—C; branch, representing slow
processes such as ionic migration and space-charge accumulation within the MASnIj; bulk.
These processes dominate the long-time response of the device and are typically linked to
mobile ionic species and defect-related polarization effects.
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The intermediate-frequency peak (2) corresponds to the R,—C, branch, which models
interfacial charge trapping, polarization, and recombination dynamics. This contribution
plays a critical role under operational bias conditions, where accumulated charges at
interfaces modify local electric fields and influence overall device performance.

The high-frequency peak (3) arises from the R3—C3 branch and is attributed to fast
electronic processes, including charge injection and extraction at the electrode-transport
layer interfaces. These dynamics are dominated by electronic carriers and exhibit minimal
ionic involvement, leading to short relaxation times.

The simultaneous fitting of Z"” and M" using the same circuit parameters demon-
strates the internal consistency of the model and confirms that the separation of relaxation
processes into low-, intermediate-, and high-frequency regimes is physically justified rather
than arbitrary. Importantly, while Z" emphasizes recombination and resistive losses, M"
highlights bulk and dielectric relaxation effects, making their combined analysis essential
for a comprehensive interpretation.

In Figure 7, we observe the variation in relaxation times for different physical effects in
a MASnI; PSC as a function of applied bias voltage, ranging from 0 V to 1 V. These relaxation
times are associated with three primary processes: charge transport, recombination, and
interface effects. In Figure 7a, the relaxation time associated with charge transport (T7)
increases gradually as the bias voltage rises. Atlow biases (around 0 V to 0.4 V), charge
carriers (electrons and holes) move relatively efficiently, resulting in shorter relaxation times.
However, as the bias approaches 0.8 V, 11 stabilizes at a higher value, suggesting that the
mobility of charge carriers decreases with increasing bias. This could be due to enhanced
scattering or bottlenecks in charge extraction, as the built-in electric field becomes less
effective at pulling charges through the perovskite layer. Thus, at higher biases, the charge
transport slows down, possibly contributing to a reduction in solar cell performance under
strong illumination or at higher operational voltages. In Figure 7b, we see the relaxation
time related to recombination (T2), which follows a trend similar to that of charge transport.
At lower biases, recombination is fast, as the proximity of charge carriers encourages them
to recombine. However, as the bias voltage increases, the separation of carriers is enhanced,
reducing their recombination probability. This result in a slight increase in T,, indicating
that the recombination process becomes less dominant as the cell operates at higher biases.
This trend aligns with the expected behavior of solar cells, where efficient charge separation
and extraction reduce the likelihood of recombination losses, especially at voltages close to
the V.. Figure 7c presents the relaxation time for interface effects (t3), which exhibits the
most pronounced change with bias. At low bias (up to around 0.4 V), T3 is relatively low,
suggesting that charge transfer across the interfaces (such as the perovskite/transport layer
interface) is efficient. However, as the bias increases beyond 0.6 V, 13 rises dramatically.
This sharp increase points to a growing influence of interface-related bottlenecks, possibly
due to the accumulation of space charges or higher resistance at the interfaces. At these
higher voltages, the interfaces become a limiting factor in overall cell performance, as they
impede the extraction of charges, slowing down the overall dynamics of the cell.

In summary, the relaxation times for charge transport, recombination, and interface
effects all increase with bias voltage, indicating that the dynamics of the MASnI; PSC
become more constrained at higher operational voltages. While the slower recombination
process is beneficial for improving cell efficiency, the increasing relaxation times for charge
transport and interface effects highlight potential challenges in achieving optimal perfor-
mance. These results emphasize the importance of optimizing both the bulk properties
and the interfaces of PSCs to enhance their efficiency and stability, particularly under high
operational voltages.
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Figure 7. Relaxation time at bias voltage: (a) charge transport, (b) recombination, and (c) interface effects.

4. Conclusions

In this work, a bias-dependent impedance and modulus spectroscopy analysis of
FTO/ZnO/MASnI; /NiOx/Au PSCs was carried out using SCAPS-1D simulations to eluci-
date charge-transport and relaxation mechanisms that are not directly accessible from stan-
dard current-voltage analysis. By jointly analyzing the complex impedance (Z*) and electric
modulus (M*) responses, three distinct relaxation regimes were unambiguously identified
and associated with bulk charge transport, interfacial polarization/recombination, and
electrode charge injection processes.

The results demonstrate that increasing forward bias does not simply enhance carrier
extraction but also induces a redistribution of relaxation times, with a progressive domi-
nance of interfacial and polarization-related processes at higher voltages. In particular, the
strong bias dependence of the low- and intermediate-frequency relaxation times highlights
the critical role of ionic migration and interface charging in limiting device performance
under operational conditions. The proposed equivalent circuit, incorporating three RC
elements, provides a physically consistent representation of these multi-scale processes
and enables quantitative interpretation of the impedance spectra.

Although this study is based on numerical simulations, all observed trends are consis-
tent with experimentally reported impedance behaviors in both lead-based and lead-free
PSCs. The present work therefore offers a predictive and interpretative framework that
complements experimental impedance spectroscopy and helps clarify how bias-induced
polarization and interfacial effects govern the dynamic response of MASnl3-based devices.
These insights underline the necessity of interface engineering and defect control to sup-
press slow polarization processes and improve the operational stability and efficiency of
lead-free PSCs. Future work will focus on direct experimental validation of the proposed
relaxation model.
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