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Abstract
Several studies on solar cells using SCAPS-1D were conducted to investigate their performance, which are typically limited 
to I–V analysis for DC characterization. Therefore, in the present study, a very wide frequency range from  10–2 Hz to  1012 
Hz was employed to explore diffusion processes and investigate the performance of lead-free Perovskite Solar Cells (PSCs) 
featuring as a novel heterostructure. These investigations concern the optimization of  MASnI3 thickness as an absorber. 
Additionally, the impact of series (Rs) and shunt (Rsh) resistances is also examined. From the I–V analysis, it was determined 
that the power efficiency (PCE) could be achieved at a thickness of 0.6 µm. Increasing the series resistance (Rs) led to a 
significant decrease in the fill factor (FF) and (PCE), whereas the shunt resistance (Rsh) demonstrated a notable improvement 
in both (FF) and (PCE). Analysis of AC characteristics revealed complex impedance (Z*) and modulus (M*) indicative 
of main ionic transport, recombination, and diffusion processes crucial for optimization. An appropriate equivalent circuit 
model was developed and validated through deconvolution and theoretical considerations, yielding parameters such as the 
time constant for each process. It was observed that ionic conductivity and electronic diffusion play key roles in balancing 
charge collection and recombination losses. The critical influence of series and shunt resistance on low and high-frequency 
processes was emphasized, underscoring their significance in solar cell efficiency. A strong correlation was established 
between the evolution of time constants for each process and power conversion efficiency (PCE).

Keywords Lead free perovskite solar cells · Complex impedance (Z*) and modulus (M*) · Time constants · Power 
conversion efficiency

Introduction

The production of electricity stands at the forefront of 
global development, serving as an indispensable cata-
lyst for economic growth in both advanced and emerging 
economies [1–4]. However, this reliance is not sustainable, 
as the accelerated pace of energy consumption depletes 
finite fossil fuel supplies. This depletion poses a significant 

threat to long-term energy security and environmental sus-
tainability [5]. To address these challenges and meet the 
escalating demand for energy, a fundamental shift towards 
renewable energy solutions is imperative. Among these 
alternatives, solar energy emerges as an exceptionally 
promising candidate. Solar power harnesses the virtually 
limitless energy from the sun, and photovoltaic cells, a key 
technology in solar energy, enable the direct conversion 
of sunlight into electricity [6, 7]. The advantage of solar 
energy lies not only in its abundance but also in its envi-
ronmental friendliness. Unlike fossil fuels, solar energy 
production produces minimal greenhouse gas emissions, 
contributing to efforts to mitigate climate change [8]. 
Moreover, solar technologies continue to advance, making 
them increasingly cost-effective and accessible. Embrac-
ing and expanding the utilization of solar energy holds the 
potential to not only diversify the global energy mix but 
also to reduce dependence on finite and environmentally 
harmful resources. This transition to sustainable energy 
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sources is critical for ensuring a global economy while 
addressing the pressing challenges of climate change and 
resource depletion [9, 10].

Perovskite has emerged as a highly sought-after 
material in the domain of photovoltaic applications 
due to its unique light-harvesting properties [11–13]. It 
represents a distinctive set of optoelectrical characteristics, 
encompassing adjustable band gaps, a high absorption 
coefficient, extensive carrier diffusion lengths, and 
impressive charge carrier mobilities. The initial power 
conversion efficiency (PCE) for perovskite solar cells 
(PSC), reported by Kojima et al., was 3.8%. A decade later, 
Cui et al. achieved a significant and remarkable increase up 
to 20.8% for methylammonium lead iodide PSC. Recently, 
new studies have been reported with improved efficiency 
approaching 25.8% [14, 15]. Despite these advancements 
in PCE, the current stability challenges of perovskite solar 
cells pose obstacles to their widespread mass production. 
A key drawback of lead-based perovskite solar cells lies in 
the presence of lead, a highly toxic element. The European 
Union's Restriction of Hazardous Substances directive 
explicitly prohibits the use of lead in any electronics 
or electrical equipment. Consequently, researchers are 
actively exploring alternatives to lead as the metal cation 
in the perovskite photo-absorber [16–18]. Addressing 
these challenges is crucial to ensure the development of 
sustainable and environmentally friendly alternatives in 
the ever-evolving landscape of photovoltaics [19–21].

In our recent study [22], we introduced a new analytical 
approach for AC characterization of Perovskite Solar 
Cells (PSCs) by exploring the combination of complex 
impedance (Z*) and modulus (M*) within the frequency 
range from  10–2 Hz to  107 Hz. These studies revealed 
only two processes, assigned to the contribution of ionic 
conductivity and recombination within the PSC. Therefore, 
in the present study, a simulation was carried out using 
the SCAPS-1D software to investigate a tin-based PSC 
with the device structure (FTO/ZnO/MASnI3/NiOx/Au). 
It is well known that absorber thickness is one of the key 
parameters that can significantly affect the performance of 
the solar cell. In this case, this structure was analyzed from 
I-V characteristics at different thicknesses of the active 
layer  (MASnI3). Additionally, complex impedance data 
were generated over a wide frequency range from  10–2 Hz 
to  1012 Hz to investigate ionic transport, recombination, 
and diffusion processes, which are crucial for optimization. 
Furthermore, the impact of series resistance (Rs) and shunt 
resistance (Rsh) was also investigated. The combination 
of complex impedance (Z*) and modulus (M*) provides 
insightful information into how these parameters could 
influence the efficiency of the solar cell, and their 
correlations are established and discussed in this study.

Methodology and device structure

The simulations conducted in this study were carried 
out using SCAPS-1D (solar cell capacitance simulator), 
software designed for the numerical analysis of solar cells 
[23]. This software offers a robust platform for simulating 
solar cells by allowing the incorporation of up to seven 
different layers in the cell definition panel, making it highly 
adaptable for solar cell simulations. Customization of 
various physical properties, including band gap, electron 
affinity, and dielectric permittivity, among others, can be 
achieved for different layers through the layer properties 
panels, facilitating the creation of specific cell structures.

SCAPS-1D provides users with the capability to define 
necessary working points in the action panel, supporting 
the grading of all physical parameters and the specification 
of properties for both front and back contacts. This 
flexibility ensures a comprehensive exploration of different 
configurations.

Moreover, the software allows for performing simulations 
for both AC and DC electrical analyses and displays 
their results. In DC simulations, the current–voltage 
characteristics (I–V) offer direct measurements of critical 
parameters such as short-circuit current density (Jsc), open-
circuit voltage (Voc), fill factor (FF), and power conversion 
efficiency (PCE). For AC simulations, the software enables 
the generation of complex impedance (Z*) data across a 
frequency range. These simulations can be conducted under 
various conditions, including different bias voltages and 
temperatures. Solar illumination can be simulated in both 
dark and different illuminations.

The proposed PSC structure, depicted in Fig. 1, fol-
lows the configuration: FTO/ZnO/MASnI3/NiOx/Au. The 
FTO layer, situated on a glass substrate, serves as the front 
transparent contact. The ZnO layer plays a crucial role 
in determining device performance, as it influences elec-
tron transport, a pivotal factor affecting power conversion 

Fig. 1  Schematic structure of perovskite solar cell (PSC)
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efficiency (PCE). The MASnI3 perovskite serves as the 
absorber material, responsible for generating charge car-
riers through light absorption. Lastly, the NiOx material 
functions as the hole transport layer (HTL). This detailed 
structure sets the foundation for the subsequent explora-
tion of parameter variations and their impacts on the effi-
ciency of the solar cell, coupled with an analysis of their 
correlations with impedance spectroscopy.

The simulation of the FTO/ZnO/MASnI3/NiOx/
Au heterostructure solar cell involves the utilization of 
specific physical parameters, as listed in Table 1.

Additionally, Table 2 provides details regarding the 
physical properties of defects density. These simulations 

are conducted under AM 1.5 G (1000 W/m2) solar illumi-
nation and at a temperature of 300 K.

Results and discussion

Current‑Voltage Characteristics

Effect of the active layer thickness

Figure 2 illustrates the I–V curve of the proposed Perovs-
kite Solar Cell (PSC) as the perovskite thickness  (MASnI3) 
increases. The figure demonstrates a significant effect on 
the short-circuit density (Jsc) compared to the open-circuit 

Table 1  Physical properties of 
different layers

Properties NiOx MASnI3 ZnO FtO

Thickness (μm) 80 0.2–1 80 0.2
Bandgap (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
DOS CB  (cm−3) 2.8 ×  1019 1 ×  1018 4.5 ×  1018 2.2 ×  1018

DOS VB  (cm−3) 1.8 ×  1019 1 ×  1018 1 ×  1018 1.8 ×  1019

μe  (cm2/Vs) 12 1.6 300 20
μh  (cm2/Vs) 25 1.6 1 10
Acceptor concentration  (cm−3) 1 ×  1015 1 ×  1015 0 0
Donor concentration  (cm3) 0 0 1 ×  1019 1 ×  1021

Defect 1 ×  1017 4.5 ×  1016 1 ×  1017 1 ×  1015

Table 2  Interface parameters 
of NiOx/MASnI3 and. ZnO/
MASnI3

Parameters NiOx/MASnI3 interface ZnO/MASnI3 interface

Defects type Neutral Neutral
Capture cross-section for electron  (cm2) 1 ×  10−19 1 ×  10−19

Capture cross-section for hole  (cm2) 1 ×  10−19 1 ×  10−19

Energetic distributions Single Single
Defects energy level Et Up the maximum Ev Up the maximum Ev
Reference for defect energy level Et 0.06 0.06
Total density (integrated over all energies)  (cm−2) 1 ×  1010 1 ×  1010

Fig. 2  I–V curves for different 
thickness (a) and for 0.2; 0.6; 
1 µm (b) of perovskite layer
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voltage (Voc). This graphical representation serves as a cru-
cial tool for extracting key characteristics that define the 
solar cell's performance parameters, such as open-circuit 
voltage (Voc), short-circuit current (Jsc), fill factor (FF%), 
and efficiency (PCE%). The analysis of these characteris-
tics provides valuable insights into the influence of MASnI3 
thickness on the overall behavior and efficiency of the PSC.

The evolutions of Voc, Jsc, FF, and PCE with the thick-
ness of the absorbing material  (MASnI3) are shown in 
Figs. 3a, b. The analysis reveals that the open-circuit volt-
age (Voc) exhibited a slight decrease as  MASnI3 thickness 
increases, potentially indicating heightened recombination 
losses or altered charge transport properties. The observed 
decrease in Voc with increasing thickness is consistent with 
the findings of studies carried out by Al-Mousoi et al. [21]. 
The fill factor (FF) also exhibited a rapid decrease up to 
0.6 µm, followed by a slower decline, signifying potential 
equilibrium or saturation effects. In contrast, the short-
circuit current (Jsc) displays a significant increase up to 
0.6 µm thickness of the absorber perovskite layer, suggest-
ing improved light absorption. The power conversion effi-
ciency (PCE) increased with thickness, reaching a maxi-
mum at 0.6 µm, indicating an optimal thickness for MASnI3. 
Beyond this value, while Jsc remains constant, the decline 
in FF contributes to an overall reduction in PCE. A similar 
behavior was observed in our previous study carried out by 
Mortadi et al. [22], which showed improved optical proper-
ties in perovskite layers within a similar thickness range. The 
consistent Jsc beyond this optimal thickness, coupled with 

the decline in FF, aligns with observations made by Rahman 
et al. [23], reinforcing the importance of the approach for 
thickness selection.

It is found that the Voc and FF decrease with increasing 
thickness due to the increase in series resistance. As more 
absorber layer results in more light absorption, Jsc increases 
with the thickness of the perovskite layer. Regarding the 
power conversion efficiency (PCE), it appears that there is 
a certain absorber thickness (0.6 µm) where the efficiency 
reaches a maximum, after which it decreases slightly with 
further thickness increase.

Impact of the series and shunt resistance  (Rs and  Rsh)

The performance of solar cells is substantially governed by 
the influential characteristics of series resistance (Rs) and 
shunt resistance (Rsh). Numerous studies [24–26] empha-
size the major impact of Rs and Rsh on the efficiency of 
solar cells. Therefore, the efficiency of the solar cell was 
evaluated at the optimum value of perovskite thickness 
(0.6 µm) corresponding to the high efficiency for the Rs 
value within the range from 0 up to 10 Ω·cm2. As depicted 
in Fig. 4a, b, the increase in Rs values resulted in a sig-
nificant reduction in both fill factor (FF) and power conver-
sion efficiency (PCE). The observed reduction is consistent 
with the findings reported in the study [24] conducted for a 
comprehensive analysis of series resistance effects on solar 
cell performance. This decline was attributed to the emer-
gence of leakage currents, while the open-circuit voltage 

Fig. 3  a, b Effect of perovskite 
layer thickness on Voc, Jsc, 
FF%, and PCE%

Fig. 4  a, b Effect of Rs on the 
 VOC,  JSC, FF and PCE
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(Voc) showed little change and the short-circuit current (Jsc) 
exhibited a significant decrease as the value of Rs increases.

The findings highlight the critical role played by Rs 
in modulating the operational efficiency of solar cells, 
indicating the intricate interplay between resistance 
parameters and overall cell performance.

The efficiency of the solar cell was also evaluated at the 
optimum value (0.6 µm) of perovskite thickness correspond-
ing to the high efficiency for the Rsh value within the range 
from 200 up to  106 Ω·cm2, as illustrated in Fig. 5a, b.

Conversely to the impact of Rs, it can be seen from Fig. 5a 
that the short-circuit current (Jsc) showed almost no change. 
In contrast, the most substantially impacted parameter is the 
open-circuit voltage (Voc), which exhibited a significant 
increase as the value of Rsh increased from 200 up to 1000 
Ω·cm2; then it seems to reach almost a plateau above this 
value. This behavior results in an increase in the FF value 
and consequently enhances the overall PCE, as observed 
from Fig. 5b. This result corresponds with the crucial role 
of shunt resistance in mitigating power losses within the 
solar cell and emphasizes its potential for optimizing cell 
performance [25, 26]. Therefore, this result could indicate 
that the Rsh value within the range from  104 up to  106 Ω·cm2 
is more appropriate to achieve high and stable efficiency of 
this structure for the solar cell.

Complex impedance (Z*) and modulus (M*)

The significance of understanding the behavior of 
organic–inorganic materials in perovskite solar cells (PSCs) 
has been highlighted in previous research [27, 28]. Unlike 
conventional inorganic materials, these organic–inorganic 
hybrids exhibit mixed electronic-ionic conductivity, adding 
complexity to the comprehension of device mechanisms. 
The coexistence of electronic and ionic conductivities often 
complicates the elucidation of operational mechanisms in 
PSCs. Therefore, gaining a comprehensive understanding 
of ionic movement, ion/defect migration, and their impact 
on PSC operational mechanisms is crucial for achieving 
stability and high performance. To tackle this challenge, 
impedance spectroscopy (IS), a widely employed technique 

capable of investigating these processes across various 
time scales, is utilized. Therefore, in the following section, 
the effects of perovskite layer thickness, series resistance 
(Rs), and shunt resistance (Rsh) on PSC performance are 
investigated through the combination of complex impedance 
(Z*) and modulus (M*).

Analysis of the complex impedance (Z*) at different 
perovskite thicknesses

Figure 6a shows the Nyquist plot, presenting the imaginary 
part (Z″) versus the real part (Z′) of the complex impedance 
(Z*) at different perovskite layer thicknesses. It can be seen 
that each curve shows only one semicircle. As the perovskite 
layer thickness increases, there is a discernible reduction in 
the diameter of these semicircles. This behavior is indicative 
of changes in the charge transport properties within the per-
ovskite layer, implying enhanced charge carrier mobility or 
reduced recombination rates with thicker perovskite layers. 
This observation is crucial in understanding the impact of 
perovskite layer thickness on the impedance characteristics 
and, by extension, on the charge transport dynamics within 
the PSCs.

Figure 6b displays the imaginary part (Z'') as a function of 
frequency at different perovskite layer thicknesses. A distinct 
relaxation process for each thickness is evident. This process 
is indicative of the time-dependent behavior of charge 
carriers within the perovskite layer. The maximum shifts 
towards higher frequencies, and its magnitude decreases as 
the thickness of the perovskite layer increases. The observed 
shift is consistent with findings by Mortadi et al. [22]. In 
this investigation, the frequency-dependent behavior of 
charge carriers within the perovskite layer exhibited similar 
trends, attributing these shifts to variations in charge carrier 
mobility and recombination dynamics.

Simultaneously, Fig. 6(c), depicting the real part (Z′) as a 
function of frequency, reveals three distinct regions marked 
by changes in slope. Each region corresponds to a different 
regime of charge transport or relaxation dynamics within 
the PSC. These changes in slope may suggest transitions 
between different charge carrier transport mechanisms or 

Fig. 5  a, b Effect of  Rsh on the 
 VOC,  JSC, FF and PCE
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relaxation processes. Therefore, understanding these distinct 
regions provides valuable insights into the nature of charge 
transport within the perovskite layer and is essential for 
optimizing PSC performance, as shown in Fig. 6d as an 
example graph to illustrate this main change in slope in the 
curve of (Z′) versus frequency for (0.2 μm).

The comprehensive understanding of these distinct 
regions, as emphasized in the study, needs further support 
to investigate these variations in impedance response that are 
indicative of different processes within the perovskite layer, 
influencing charge transport and recombination dynamics 
[29]. For this reason, we explore the complex modulus 
(M*) based on our previous study [22], where it was very 
useful in the identification of other processes that could 
not be observed from the complex impedance (Z*) spectra. 
The modulus function is a valuable tool in distinguishing 

intricate processes within impedance spectroscopy. Its 
primary significance lies in providing a quantitative analysis, 
facilitating a nuanced understanding of charge transport 
dynamics.

Analysis of the complex modulus (M*) at different 
perovskite thicknesses

Figure 7a, b shows the evolution of the modulus (M*) spec-
tra in Nyquist plot and Bode plots of the solar cell perovskite 
at different thicknesses of the perovskite layer. From Fig. 7a, 
three semicircles can be seen, where the diameter of the first 
seems to be larger than the others. As the perovskite layer 
thickness increases, the semicircles exhibit a proportional 
enlargement in their diameters. Specifically, the increases in 
diameters of these semicircles offer valuable insights into the 

Fig. 6  Impedance spectra a 
Nyquist plot and b–d bode plots 
of solar cell perovskite at differ-
ent thicknesses of the perovskite 
layer

Fig. 7  Modulus spectra a 
Nyquist plot and b bode plots of 
solar cell perovskite at different 
thicknesses of the perovskite 
layer
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dynamic behavior of charge carriers due to the influence of 
layer thickness on diverse charge transport processes within 
the perovskite layer.

In Fig. 7b, the imaginary part (M″) versus frequency 
at each thickness showed the presence of three clearly 
defined relaxation processes, where their maxima become 
more apparent. These processes correlate with the 
semicircles observed in Fig. 7a, reinforcing the concept of 
multiple charge transport mechanisms. Furthermore, this 
representation with the imaginary part of impedance (M″) 
highlights the existence of two more relaxation processes 
and the coherence between these two processes of charge 
carrier dynamics. The identification of three consistent 
relaxation processes in both figures serves to affirm the 
intricate and multifaceted nature of charge transport within 
the perovskite solar cell. This frequency-dependent analysis 
offers an intricate perspective on the temporal behavior of 
charge carriers, illuminating the intricate interplay among 
various processes that contribute to the overall impedance 
response. The affirmation, as highlighted by the three 
consistent relaxation processes, echoes similar findings 
reported in previous studies investigating charge transport 
dynamics within the perovskite layer [29].

Figure 8a, b illustrate the comparison between the imagi-
nary part of impedance (Z″) and the imaginary part of mod-
ulus (M″), yielding important insights into the dynamic 
processes governing the device's performance. Indeed, the 
identification of only a single relaxation process in Z″ at 
low frequency suggests a slow charge transport mechanism 
within the perovskite material. This could be associated 
with ion diffusion or charge carrier migration, emphasizing 
a primary relaxation event that significantly influences the 
electrical behavior of the solar cell at lower frequencies. 
The singular peak in Z″ suggests a distinct and pronounced 
response, providing clarity on the primary factor affecting 
the two other maxima, which are hidden in this frequency 
range.

On the other hand, the observation of three relaxation 
processes in the imaginary part of the modulus (M″) could 
highlight its very useful investigation. The low-frequency 
peak aligns with the slow relaxation process identified 

in Z″, reflecting similar ion migration phenomena. The 
appearance of medium and higher frequency peaks in M″ 
indicates the presence of additional dynamic events, possibly 
associated with recombination processes and charge transfer 
reactions. This multifaceted response in M″ suggests that 
the solar cell experiences distinct processes at different 
frequency regimes, providing a comprehensive view of the 
electrochemical and charge transport dynamics within the 
device. The three peaks in M″ collectively emphasize the 
significance of multiple relaxation events at varying rates, 
underscoring the complexity of the interactions contributing 
to the overall electrical performance of the perovskite solar 
cell across different frequency domains.

Analysis of the complex impedance (Z*) at different series 
 (Rs) and shunt  (Rsh) resistances

Figure 9a–c shows the impedance spectra in Nyquist and 
Bode plots for the solar cell perovskite at different series 
resistances (Rs). From Fig. 9a, it can be seen that the diam-
eters of the semicircle do not change as the series resistance 
(Rs) increases from 0 up to 10 Ohm  cm2. However, with a 
close inspection, the increases in the series resistance (Rs) 
occur mainly at high frequencies from the intercept with the 
Z′ axis, as shown in the inset.

From Fig. 9b, it can also be seen that the maxima in the 
evolution of the imaginary part (Z″) versus frequency do not 
change as the series resistance (Rs) increases from 0 up to 10 
Ω  cm2. This behavior correlates very well with the absence 
of a change in the diameters of the semicircles as shown in 
Fig. 9a. The absence of a significant change in the imaginary 
part of impedance (Z″) with variations in series resistance 
suggests that the charge carrier dynamics responsible for 
the imaginary component are less affected by the increase 
in series resistance.

However, it can be seen from Fig. 9c that there is a more 
pronounced shift in the real part (Z′), indicating a substantial 
impact in the high frequency regimes. This is illustrated 
by the significant change for Rs = 0, where there are two 
successive changes in the slope of the real part (Z′). This 
behavior implies that the series resistance is influencing 

Fig. 8  a, b Superposition of the 
imaginary part (Z″) and (M″) of 
complex impedance and modu-
lus at 0.2 μm and 0.6 μm of the 
perovskite layer thicknesses
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both processes for the dynamics of charge transport and 
recombination processes at medium and higher frequencies 
within the solar cell. These results provide crucial insights 
into the impact of series resistance on the impedance spectra 
of a perovskite solar cell.

Figure 10a–c shows the impedance spectra in Nyquist 
and Bode plots for a solar cell perovskite at different shunt 
resistances (Rsh) ranging from 200 up to  106 Ohm  cm2. In 
Fig. 10a, the Nyquist plot illustrates the impact of varying 
shunt resistance on the impedance spectra of a perovskite 

Fig. 9  Impedance spectra a 
Nyquist plot and b, c Bode plots 
solar cell perovskite at different 
series resistance (Rs)

Fig. 10  Impedance spectra a 
Nyquist plot and b–d bode plots 
of solar cell perovskite at differ-
ent shunt resistance (Rsh)
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solar cell. As the shunt resistance increases, a noticeable 
change is observed specifically in the diameters of the semi-
circles. The increase in shunt resistance correlates with the 
increase of the diameters of these semicircles, suggesting 
alterations in the charge transfer processes within the solar 
cell, particularly at low frequencies.

Figure 10b provides further insight into the effect of shunt 
resistance on the imaginary part of impedance (Z″). The 
relaxation process, initially located at a specific frequency, 
undergoes a shift towards lower frequencies as the shunt 
resistance increases. This shift emphasizes the sensitivity 
of the ionic migration processes within the solar cell to 
changes in shunt resistance, indicating a modification in the 
characteristic timescales of these low-frequency phenomena.

Figure 10c reveals that the real part of impedance (Z′) is 
also affected by the change in shunt resistance, particularly at 
low frequencies. This observation implies that the alterations 
induced by variations in shunt resistance extend beyond the 
imaginary part of impedance, influencing the charge transfer 
dynamics at lower frequencies.

Analysis of the complex modulus (M*) at different series 
 (Rs) and shunt  (Rsh) resistance

In Fig. 11a, the use of the modulus function in the Nyquist 
diagram provides a comprehensive view of the impact of 
the series (Rs) resistance on the medium and high frequency 
processes. However, the diameter of the semicircle at the low 

frequency process did not show any change. For (Rs = 0), 
the three processes can be clearly observed, whereas 
from (Rs = 2), the medium and high frequency processes 
disappear.

Figure  11b in the Bode diagrams further supports 
and illustrates the behavior observed in the Nyquist plot 
(Fig. 11a). For (Rs = 0), the maxima for the three processes 
can be clearly observed, whereas from (Rs = 2), the maxima 
for the medium and high frequency processes are hidden.

This analysis reveals the pronounced effect of the series 
resistance (Rs) on the recombination and diffusion processes 
located at medium and higher frequencies. This attenuation 
indicates that the series resistance hinders the charge transfer 
and recombination events occurring at medium and higher 
frequencies. Figure 12a, b shows the modulus spectra of the 
solar cell perovskite at different shunt resistances (Rsh). As 
observed in Fig. 12a, the Nyquist diagram illustrates the 
effect of the shunt resistance (Rsh) resulting in the change 
of the diameters of the semicircles at low and medium fre-
quencies. In contrast, the diameter of the semicircle at high 
frequency does not show any change.

Figure  12b represents the Bode diagrams, which 
provide a complementary view of the shunt resistance 
impact from the evolution of the imaginary part (M″) 
versus frequency. The Bode plots clearly show that the 
shunt resistance (Rsh) influences both processes at low 
and medium frequencies, corroborating the conclusion that 
the ionic migration and recombination processes are the 

Fig. 11  Modulus spectra a 
Nyquist plot and b bode plots of 
solar cell perovskite at different 
series resistance (Rs)

Fig. 12  Impedance spectra a 
Nyquist plot and b Bode plots 
of solar cell perovskite at differ-
ent shunt resistance  (Rsh)
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primary physical phenomena affected by changes in shunt 
resistance (Rsh). However, the process of diffusion at high 
frequency was not affected.

Theoretical considerations for modeling complex 
impedance (Z*) and modulus (M*) spectra

Various equivalent circuit models were used for solar cell 
analysis, including the Garcia-Belmonte series model 
[30], which lead to investigate the diffusion-recombination 
mechanisms, and the model proposed by Varun Srivas-
tava et al. [31], featuring three interconnected blocks and 
a series resistance (Rs) accounting for cables and contacts. 
In our investigation the analysis showed that the evolution 
M″ versus frequency reveled the existence of three very 
well clears maximum a low and medium as well as at high 
frequency. In addition the observed peaks of Z″ and ver-
sus frequency M″ located at low-frequency occurs at the 
same frequency suggesting that are representing the same 
relaxation mechanism while the other process could be 
hidden. Therefore; the equivalent circuit shown in Fig. 13 
was used to investigate the impedance (Z*) as well the 
modulus (M*). This equivalent circuit include a resistance 
(Rs) in series with three blocks composed with resistance 
in parallel with constant phase element:  (R1//CPE1);  (R2//
CPE2) and  (R3//CPE3. Each block could describe a distinct 
physical phenomenon in solar cell devices.

In Fig. 14, the evolution of the imaginary part (M″) 
versus frequency for (0.6 µm) thicknesses of the perovs-
kite layer is selected as an example to illustrate the fitting 
with the above equivalent circuit. It can be seen that a 
good fitting was obtained with this circuit to highlight all 
processes. Additionally, a deconvolution procedure was 
carried out to isolate the three processes at low, medium, 
and high frequencies, as well as to validate the above 
equivalent circuit.

The deconvolution procedure was carried out to isolate 
the three processes at low, medium, and high frequencies, 
as well as to validate the above equivalent circuit. This 
led us to further investigate this validity from a theoretical 
point of view.

The complex impedance of the constant phase element, 
(CPE-T, p), is given as:

where T is the pseudo-capacitance; ω is the angular 
frequency; j2 = − 1 is the imaginary number, and α is the 
CPE exponent. For p = 1, CPE is a pure capacitor (T = C); 
for p = 0, CPE is a pure resistance (T = 1/R); and for p = − 1, 
CPE is an inductor (T = 1/L).

The global complex impedance (Z*) of the above circuit 
can be written as the summation of Rs and the complex 
impedance (Z*) of each block.

where �
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From the fit with the above equivalent circuit, the values 
of the exponents P1, P2, and P3 are found to be close to 
1. In this case, the CPE is a pure capacitance (T = C), and 
the Cole–Cole relaxation becomes equivalent to the Debye 
relaxation type. It's worth noting that this latter relaxation 
involves only a single relaxation time (τ), whereas for exper-
imental measurements, the exponents P1, P2, and P3 are 
found to be less than 1 due to the distribution of the relaxa-
tion time (τ). Therefore, the total complex impedance of the 
above circuit is reduced as follows:

where �
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The expressions for the angular frequencies (ω1max); 
(ω2max) and (ω3max) can also be derived from the derivative 
of the imaginary part (M″) with respect to angular frequency 
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Fig. 13  Equivalent electrical circuit to fit and to analysis the complex 
impedance (Z*) and modulus (M*) spectrum

Fig. 14  Fit and de-convolution of process in the imaginary par (M″) 
versus frequency (M″) of solar cell perovskite at 0.6 μm
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(ω). This results in obtaining the same specific value (ω max) 
corresponding to each maximum observed in the evolution 
of the imaginary part (M'').
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Hence, the above expressions could explain why each maxi-
mum observed in the evolution of the imaginary part of both 
(Z″) and (M″) at both low and high frequencies occurs at the 
same specific frequency value  (Fmax).

Analysis of extracted parameters 
from the equivalent circuit

Effect of the perovskite thickness (L) on the relaxation 
times and efficiency

The observed trends in the relaxation processes and their 
correlation with solar cell parameters provide valuable 
insights into the overall performance of lead-free perovskite 
solar cells (PSCs). The evolutions of the time constants τ1 
and τ2, as well as the efficiency η (%), at different perovskite 
thicknesses, are shown in Fig. 15a–c.

According to the characteristic time constants τ1, τ2, 
and τ3, it can be seen that they are representative of a slow, 
fast, and even faster process. Additionally, it is well-known 
that perovskite solar cells exhibit mixed electronic-ionic 
conductivity [12]. In this case, it is expected that the three 

relaxation processes could occur due to ionic migration, 
recombination, as well as the diffusion of charge carriers 
for electrons and holes. Therefore, the characteristic time 
constants (τ1), (τ2), and (τ3) represent the relaxation time of 
the diffusion, recombination, and the ionic charge migrations 
processes, respectively.

Figure  8a show the effect of thickness on diffusion 
relaxation time and its correlation with efficiency in 
perovskite solar cells, it is a critical aspect of understanding 
and optimizing their performance. As the thickness of the 
perovskite layer increases, the diffusion relaxation time 
(τ) generally tends to increase as well. Initially, at lower 
thicknesses, the diffusion relaxation time may remain 
relatively stable or increase slowly. This is because thinner 
layers allow for faster diffusion of charge carriers due to 
shorter distances for carriers to travel. However, beyond 
0.6 mm optimal thickness, the diffusion relaxation time 
may start to increase rapidly. This is often due to increased 
recombination rates and reduced carrier mobility in thicker 
layers, leading to slower diffusion of charge carriers. The 
specific relationship between thickness and diffusion 
relaxation time can vary depending on factors such as 
material properties, device architecture, and fabrication 
techniques.

Figure 15b show the effect of thickness on recombination 
relaxation time and its correlation with efficiency in 
perovskite solar cells, it is a critical aspect of understanding 
and optimizing their performance. The recombination 
processes represented by τ2 play a crucial role in determining 

Fig. 15  a–c Effect of thickness 
(L) on extracted parameters of 
equivalent electrical circuit
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the efficiency of perovskite solar cells. A rapid decrease 
in τ2 up to a thickness of 0.6 mm indicates a reduction in 
recombination time. This reduction is a positive factor for 
efficient charge collection within the solar cell. The observed 
rapid decline in τ2 up to 0.6 mm aligns with the desired 
outcome of reducing recombination losses, which typically 
enhances the overall efficiency of the solar cell.

This reduction in recombination time corresponds to 
improved charge collection efficiency, as fewer charge 
carriers recombine before being collected. However, this 
reduction in recombination time also presents a trade-off, 
particularly in relation to the fill factor (FF) of the solar cell.

The fill factor, a key parameter representing the efficiency 
of charge collection and utilization within the solar cell, 
typically declines rapidly up to 0.6 mm. This decline in FF% 
suggests that while thicker perovskite layers may promote 
better charge collection, they can also lead to increased 
recombination losses, which negatively impact the fill factor. 
Therefore, there exists a delicate balance between optimizing 
charge collection efficiency through thicker perovskite layers 
and minimizing recombination losses to maintain a high fill 
factor.

Figure 15a show the effect of thickness on ionic transport 
relaxation time and its correlation with efficiency. The 
observed decrease in τ3, which is associated with ionic 
transport, up to a thickness of 0.6 mm, suggests a notable 
improvement in the efficiency of charge transport within 
the perovskite layer. This reduction implies that thinner 
perovskite layers allow for more efficient movement of ionic 
charge carriers, such as ions, through the material. Improved 

ionic transport is crucial for facilitating the movement of 
charge carriers within the solar cell, ultimately contributing 
to enhanced performance. Beyond a thickness of 0.6 mm, 
τ3 stabilizes, indicating that an optimal thickness range has 
been reached for maximizing ionic conductivity within the 
perovskite layer. This stabilized τ3 suggests that further 
reductions in thickness may not significantly enhance ionic 
transport and may even lead to diminishing returns in terms 
of performance improvement. Therefore, maintaining a 
thickness within this optimal range is crucial for achieving 
the highest possible PCE.

Impact of the shunt  (Rsh) resistance on the efficiency

The impedance spectroscopy analysis of the solar cells, as 
discussed earlier, unveiled three distinct relaxation processes 
attributed to different frequency ranges: low frequency 
associated with ionic transport relaxation (τ3), medium 
frequency linked to recombination processes (τ2), and high 
frequency indicative of electronic transport (diffusion) (τ1) 
within the perovskite layer.

Figure 16a–c, show the effect of shunt resistance (Rsh) on 
the diffusion relaxation time (τ1), recombination relaxation 
time (τ2), and ionic transport relaxation time (τ3), along with 
their correlation with efficiency, is illustrated.

The observed trends indicate that all three relaxation 
times (τ1, τ2, and τ3) increase with increasing shunt resist-
ance (Rsh) until reaching a value of  104 Ω  cm2. Beyond 
this resistance threshold, all three relaxation times stabilize. 

Fig. 16  a–c Effect of Rsh on 
extracted parameters of equiva-
lent electrical circuit
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Interestingly, the trend in relaxation times correlates closely 
with the efficiency of our perovskite solar cell.

The increase in relaxation times with increasing 
shunt resistance suggests that higher shunt resistance 
hinders charge transport within the perovskite layer. This 
impediment results in longer relaxation times for all three 
processes, indicating slower charge carrier movement. 
However, once the shunt resistance exceeds  104 Ω  cm2, the 
relaxation times stabilize, indicating a saturation point where 
further increases in shunt resistance do not significantly 
affect charge transport dynamics within the perovskite layer.

The observed relationship between shunt resistance, 
relaxation times, and efficiency underscores the importance 
of optimizing charge transport dynamics within the 
perovskite layer for maximizing the performance of 
perovskite solar cells. Understanding these dynamics 
can inform strategies for improving device efficiency and 
stability.

Conclusion

This study revealed that the analysis of complex impedance 
(Z*) combined with complex modulus (M*), using 
simultaneously Bode and Nyquist diagrams, can be 
considered the most appropriate approach to investigate 
the different processes involved in lead-free perovskite 
solar cells (PSCs). Exploring complex impedance (Z*) 
and modulus (M*) over a wide frequency range allowed 
for the identification of diffusion, recombination, and ionic 
transport processes. Additionally, theoretical considerations 
coupled with deconvolution procedures were instrumental 
in confirming the existence of these different processes. A 
strong correlation was observed between the time constants 
for each process and the power conversion efficiency (PCE).

This comprehensive analysis of lead-free PSCs reveals 
intricate dynamics governing their performance. The 
optimal thickness (L) was identified as a critical factor 
influencing PCE. The observed trends in ionic transport, 
recombination processes, and electronic diffusion highlight 
the delicate balance required to maximize charge transport 
while minimizing recombination losses. Beyond the optimal 
thickness of 0.6 µm, the interplay of electronic transport 
processes (τ1) with shunt resistance (Rsh) becomes crucial.

These findings underscore the importance of selecting the 
appropriate thickness for the absorbing material and recog-
nizing the impact of series (Rs) and shunt (Rsh) resistance in 
enhancing the efficiency of lead-free PSCs. Further research 
is underway to investigate these lead-free PSCs under dif-
ferent bias voltages (Vbias), illumination conditions, and 
temperatures.
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