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Recombination resistance identification through
current–voltage curve reconstruction in
perovskite solar cells†
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Perovskite solar cells (PSCs) have demonstrated remarkable advancements in efficiency and stability, yet

fully understanding the dynamic processes governing their performance remains a challenge.

Impedance spectroscopy (IS) offers a powerful means to characterize PSCs over a wide range of time

scales, revealing insights into the internal electronic and ionic processes. However, critical factors like

recombination, charge extraction, and transport resistance are often coupled in the same spectra response,

affecting their accurate identification. This study explores the use of the j–V curve reconstruction as a tool

to identify when recombination governs the impedance response. Our findings show that recombination

resistance can be accurately identified, regardless of the underlying recombination mechanism, in the solar

cells with unhindered charge extraction. Conversely, in devices with hindered charge extraction, the IS

fitting struggles to decouple the transport, extraction and recombination processes, resulting in inaccurate

j–V reconstructions. These findings emphasize the importance of accurately identifying the physical pro-

cesses influencing IS spectra to improve diagnostics and device performance in PSC technologies.

Introduction

Perovskite solar cells (PSCs) have experienced a remarkable rise
in efficiency, followed by an improvement in stability over the
last decade. As this technology moves closer to commercializa-
tion, gaining a deeper understanding of the dynamic processes
occurring under operating conditions that influence cell perfor-
mance and lifetime becomes essential. Current density–voltage
( j–V) measurement is one of the basic and more established
characterization protocols for photovoltaic devices, enabling the
determination of their performance in terms of power conver-
sion efficiencies (PCEs) through parameters such as short-circuit
current ( jsc), open-circuit voltage (Voc), and fill factor (FF), whose
maximum achievable values are well established in the
literature.1–3 However, the j–V curve alone is insufficient to fully
capture the complexity of the device behavior, offering only a
static representation of its performance under specific condi-
tions. This limitation is especially relevant for PSCs, as the j–V
curve does not provide sufficient information about the

electronic and ionic processes which ultimately govern the
device operation, thus masking the limiting factors that directly
impact their performance.

Impedance spectroscopy (IS) provides a non-destructive
approach to address these limitations. It is a powerful techni-
que that enables the electrical characterization of devices at any
steady state (fixing the illumination and DC voltage conditions) of
the j–V curve across a wide range of time scales, shedding light on
the internal processes of the PSCs.4,5 In a typical impedance
measurement, a small frequency-modulated (AC) signal is applied
around a fixed (DC) voltage bias. The subsequent AC current
response is then measured, allowing the extraction of frequency-
dependent data in the complex plane. This provides an insight
into the internal mechanisms of the device across different
temporal ranges. Due to this capability, IS could be used to
decouple different processes that occur with designable kinetics,
such as rapid electronic movement or slower ion migration and
electrochemical reactions within the bulk material or at
interfaces.6 IS has been widely used in other systems like batteries,
organic and dye-sensitized solar cells.7–11 However, the IS data
interpretation for the case of PSCs remains as topic of discussion
in the scientific community. The clear identification of different
features in the Nyquist plot with specific device processes can be
ambiguous, hindering the use of the technique as a pragmatical
analysis tool. The vast majority of IS spectra from PSC consist of
distinct high frequency (HF) and low frequency (LF) features well
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separated in the form of two arches,6 bringing a common baseline
to examine the data.

The implementation of equivalent circuit models (ECMs) is
one of the most common approaches to analyze IS data. ECMs
simplify complex systems into manageable models composed of
basic electrical components. Although it is not strictly necessary
to work with an ECM for the physical analysis, successfully
fitting the data to an appropriate ECM ensures that it complies
with the linear response criterion and contributes to confirm its
validity as an IS spectra. From a qualitative point of view,
different ECMs can reproduce the same spectra, highlighting
the importance of working with accurate simplified models
whose parameters correspond to the physical processes that
determine the experimental IS response. Avoiding overparame-
terization is crucial, as it can lead to unreliable data interpreta-
tions. Detailed reviews of different ECMs implemented for
PSCs6,12,13 analyze the common elements between them, and
the various approaches when more complex features appear in
the response. Among these, an ECM based on a parallel
coupling of the ionic and electronic phenomena,14 derived from
a phenomenological approach, can model the particularities of
PSCs. This ECM consists of a series resistance (Rs) associated
with the electrodes and wiring resistance, the geometrical
capacitance (Cg) showcased at the high frequency regime related
to the dielectric properties of the perovskite, a resistor (Rrec+tr)
that couples both the recombination and transport/injection
resistances, in parallel with a low frequency branch formed by a
pair of resistance (Rion) and capacitance (Cion) related to the
ionic nature of the perovskite and charge accumulation at the
interfaces. This model has been widely employed to analyze
different PSC systems,15–19 as it simplifies the interpretation of
the impedance spectral features and provides a unified frame-
work for comparing the data reported in the literature.

Nevertheless, even with an adequate ECM, obtaining relevant
parameters that reproduce the IS response of PSCs can be challen-
ging. The dominance of the low geometric capacitance and high
ion-related capacitance result in the coupling of charge transport,
extraction, and recombination phenomena and their associated
resistances.11 These competing processes that ultimately govern
the overall performance of PSCs are coupled in the spectral
response, and subsequently in the parameter Rrec+tr of the pre-
viously discussed model. In highly efficient PSCs, this coupling
does not represent a problem because the charge transport and
extraction processes can be negligible for the cell behavior. How-
ever, as these processes get hampered, their coupling with the
recombination resistance becomes an issue. Thus, it is crucial to
find strategies to corroborate the physical meaning behind the
resistances in the ECM and their relationship with the j–V char-
acteristic of the devices. There are several techniques such as
external quantum efficiency,20 bias-dependent photoluminescence
imaging,21 and transient photovoltage techniques22–24 which indir-
ectly allow the reconstruction or prediction of the j–V curve in
photovoltaic devices. This is especially helpful in tandem solar
cells systems, where the j–V characteristic of the individual sub-
cells is typically not directly measurable. Beyond the academic
interest of reconstructing the j–V curve from various experimental

data, this method serves as a useful tool for interpreting complex
measurements with challenging data interpretation.

Here, we present a simple method to determine if the
recombination resistance (Rrec) is the dominant component of
the Rrec+tr parameter extracted from the ECM analysis of the IS
response. We evaluate four different PSCs cases (optimal,
highly recombinative buried interface, low interfacial recombi-
nation with hindered extraction, and high interfacial recombi-
nation with hindered extraction) to assess when the calculated
Rrec+tr allows to reconstruct the j–V curve, and therefore depicts
the real Rrec. In the cases of unhampered charge extraction, the
resistive parameter of the IS can be used to fully reproduce the
j–V characteristics under different illuminations. This confirms
the recombinative nature of the Rrec+tr parameter in these cases.

Results and discussion

To analyze the behavior of the IS response and identify the
parameter that represents the PSCs recombination in an opti-
mized system, we choose a perovskite composition based on a
combination of cations that has shown results improving the
performance and stability of the devices. Specifically, the triple-
cation perovskite CsMAFA (as Cs+: cesium cation, MA+: methyl-
ammonium cation, and FA+: formamidinium cation) takes
advantage of combining MA+ and FA+ cations, which reduces
the defect density and improves the overall cell performance,25

and the addition of small amount of Cs+ enhances thermal and
moisture stability, addressing one of the significant limitations
of purely organic-based perovskite.26 This perovskite composi-
tion, Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3, will be used as a
reference for all the devices discussed in this study. We focus
on various combinations of hole transport materials (HTMs)
such as PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyr-
ene sulfonate) and MeO-2PACz ([2-(3,6-dimethoxy-9H-carbazol-
9-yl)ethyl]phosphonic acid), and electron transport materials
(ETMs), such as C60 and ICBA (Indene-C60 Bisadduct). These
combinations aim to achieve devices with distinguishable
recombination and charge extraction effects, ultimately affect-
ing the overall cell performance. All the photovoltaic para-
meters for the devices under study are represented in Table 1.
We selected cells with an average performance for each condi-
tion, the devices statistics and schematics are shown in Fig. S1
(ESI†). Based on the employed selective contacts, the devices
were separated into the following cases:

(i) MeO-2PACz/CsMAFA/C60: optimized device with 17%
PCEs and Voc of 1.1 V. The implementation of self-assembled
monolayers such as MeO-2PACz have been reported to promote

Table 1 Photovoltaic parameters for the devices under study with differ-
ent selective contacts (HTM/ETM) at 1 sun illumination conditions

Device Voc (V) Jsc (mA cm�2) FF (%) PCE (%)

MeO-2PACz/C60 1.09 20.66 76.86 17.42
PEDOT:PSS/C60 0.80 20.63 83.57 13.87
MeO-2PACz/ICBA 1.06 11.40 21.00 2.65
PEDOT:PSS/ICBA 0.83 1.91 19.78 0.32
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a fast hole extraction, reducing non-radiative recombination at
the hole-selective interface.27 This configuration is used to
evaluate parameters for highly efficient devices. The conduc-
tion band energy of C60 (B�4.2 eV28,29) is a well fit to the
CsMAFA, which value has been reported around �4.0 eV.30

(ii) PEDOT:PSS/CsMAFA/C60: this configuration was chosen
to promote a scenario with high recombination. The highly
doped nature of the PEDOT:PSS leads to a strong interfacial
recombination between the HTM and the absorber, as reported
in the literature.31,32 In the devices studied, this is reflected by a
reduction of the PCE to 13% and Voc to 0.8 V.

(iii) MeO-2PACz/CsMAFA/ICBA, and (iv) PEDOT:PSS/CsMAFA/
ICBA: the implementation of ICBA as ETM aims to induce a
hindered charge extraction in a system with low (case iii) and
high (case iv) surface recombination. The conduction band of the
ICBA (�3.7 eV33,34) presents higher energy compared to the
CsMAFA (B�4.0 eV). This mismatch in the band energy align-
ment explains the lack of rectification in the j–V curve (Fig. 1(a))
and the overall charge extraction problem of this devices with
PCEs under 3%.

The j–V curves measured before and after the IS are shown in
Fig. S2 (ESI†). In the first two cases (i) and (ii), the devices do
not exhibit significant degradation after measurement, except
for an increase in hysteresis with the use of PEDOT:PSS. With
the addition of ICBA as ETM (iii) and (iv), differences are
observed between the pre-IS and post-IS j–V curves. However,
for all cases, the current values during IS remain stable and
closely match the reverse j–V curve measured post-IS. This
confirms that the devices are analyzed near steady-state condi-
tion, minimizing the impact of degradation or system instability.
Fig. 1(b) and (c) show the Nyquist plots resulting from the IS
measurements at Voc and Jsc conditions, which consistently
display a qualitatively similar pattern. They reproduce the char-
acteristic shape of the PSCs IS spectra, which consists of one
arch at the HF regime and one at the LF regime, and both are
well distinguished in all cases regardless of the performance of
the device. This showcases that even when charge extraction is
hampered, the absorber remains the main contributor to the
Nyquist shape in our cases. Thus, the correct identification of the
specific physical phenomenon behind these features becomes
critical. The IS measurements for the ICBA-based devices result
in spectra with relatively large values of Z0 at low frequencies.
Note that, while this is classically interpreted as an improved
recombination resistance, the Voc values of the PEDOT:PSS/ICBA
devices do not support this claim. Additionally, these large Z0

spectra for the ICBA samples display relatively lower bias depen-
dance, as can be seen in Fig. S3 (ESI†). This unusual behavior is
in accordance with the inefficient charge extraction of these
devices. The corresponding Bode plots for all cases are depicted
in Fig. S4 (ESI†).

The ECM described in the introduction section can be
employed as a tool to fit the data and analyze the impedance
patterns. The extracted values of each parameter are plotted in
Fig. 2, with a schematic representation of the ECM shown in the
inset of Fig. 2(a). Among these parameters is the geometrical
capacitance (Cg) which dominates the HF regime. Cg primarily

Fig. 1 (a) j–V curves of devices with different selective contacts at 1 sun
illumination. Nyquist plots of the devices measured at Voc (b) and jsc (c)
conditions under 0.1 sun illumination. The inset in (b) shows a zoomed-in
Nyquist plot for the devices with C60.

Fig. 2 (a), (c) Capacitive and (b), (d) resistive elements as extracted from
the fittings of the impedance spectra under 0.1 sun. The inset in (a) shows
the ECM implemented.
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depends on the nature and thickness of the absorber material and
represents a typical and expected behavior for PSC. Accordingly, it
presents a constant value around 10�8 F cm�2 through the
different voltages for all samples, as expected for the unaltered
thicknesses of all the device stacks. Using Cg and the measured
perovskite thickness (500 nm) to estimate the dielectric permittiv-
ity of the material, we obtain an average value of 30, which aligns
with other values reported for mixed perovskites.35–38

A prominent influence of the ionic nature is typically
observed in the LF regime response of PSCs, reflected in the Cion

and Rion parameters of the employed ECM. The behavior of these
parameters strongly depends on the primary recombination
mechanism,13 as suggested by drift-diffusion simulation models.
However, it cannot not directly quantify the recombination
process. The presence of negative hooks or negative capacitances
in the Nyquist plots are a well-documented phenomena in
PSC.39–42 Inductive loops, whether positive or negative, may arise
due to the kinetic delay in ionic charge buildup at the interface,
which can be explained by a surface polarization model.43

In systems dominated by bulk recombination, low ion
vacancy density combined with low electronic diffusion coeffi-
cient can produce negative Rion values, which also translate into
negative hooks on the Nyquist plot.

In our study, this model aligns well with the experimental
observations captured on the spectra, particularly close to open
circuit conditions. For instance, PEDOT:PSS-based devices are
strongly affected by surface recombination and do not exhibit
negative hooks, unlike MeO-2PACz-based devices (Fig. S3,
ESI†). These hooks can be a signal of higher influence of bulk
recombination processes for the latter, related to an improved
HTM/perovskite interface, regardless of the analyzed electron
transport material. In this line, self-assembled monolayers such
as MeO-2PACz have been reported to promote a fast hole extrac-
tion, reducing non-radiative recombination at the interface,27

which supports the dominance of bulk recombination in these
cases. Additionally, following the drift diffusion studies, the
parameters determined by ionic effects should not change
significantly for the cases ruled by surface recombination. How-
ever, the PEDOT:PSS/ICBA device shows a reduction in Cion and
an increase in Rion. Similarly, in the case of MeO-2PAC device,
with better charge extraction and less surface recombination
than PEDOT:PSS, the use of ICBA contact increases the ionic
density, as indicated by the reduction of Rion. This is the first
indication that in our case, with the incorporation of ICBA (cases
iii and iv), recombination is not the dominant phenomenon
determining the performance of the solar cell.

As mentioned before, the ECM used in this work couples
both recombination and transport/injection resistances in a unique
parameter named Rrec+tr. In a conventional cell with suitable charge
extraction, such as those with C60 (cases i and ii), this parameter is
dominated by the recombination. Thus, the typical evolution of the
Rrec+tr parameter dominated by recombination as a function of the
voltage achieves a minimum value close to Voc, with an exponential
increase towards lower voltages, followed by a voltage-independent
region as we approach short circuit conditions (Fig. 2(b)). This
approach enables a quantitative comparison of recombination

based on Rrec+tr, with PEDOT:PSS/C60 devices showing lower recom-
bination resistance, consistent with their lower Voc and higher
surface recombination compared to MeO-2PACz/C60.31

To understand the behavior of this parameter when charge
extraction is hindered by a mismatch on the energy level align-
ment between the absorber and ETM, we characterize the PED-
OT:PSS/ICBA device, a case with extremely hindered electron
extraction and high surface recombination resistance at the hole
contact. For these devices, Rrec+tr parameter remains almost
constant independently of the voltage applied. It is worth to
remark that both PEDOT:PSS/ICBA and PEDOT:PSS/C60 devices
display similar Voc, yet the Rrec+tr parameter for PEDOT:PSS/ICBA
devices is larger than for MeO-2PACz/ICBA ones, in contrast to
what it is expected from their Voc values. Therefore, it can be
inferred that when charge extraction and transport are subopti-
mal, the resistance associated with these processes masks the
system recombination resistance, as predicted by the ECM.

To address this limitation of IS caused by the mixed nature
of Rrec+tr, it is essential to understand the coupling between
extraction, recombination, and transport resistances. Specifi-
cally, it is necessary to determine when recombination is the
factor dominating the device performance. In PSCs, the current
density at the outer contacts of the solar cell, j(V), can be
described as the sum of two components: the current density
from photogenerated charge carriers, jph, which corresponds to
the short-circuit current, jsc, if negligible recombination at zero
bias is considered, and the current density from internal
recombination within the perovskite layer and at the interfaces,
jrec(V). Assuming that photogeneration is a voltage-independent
process, as expected from the low exciton binding energy of
I-based halide perovskites:

j(V) = jph � jrec(V) (1)

Under open-circuit conditions, jph is completely offset by
recombination current jrec(Voc), this means that the solar device
operates under a kinetic balance of generation and recombina-
tion currents. Considering that the recombination resistance
(Rrec) could be expressed as the inverse of jrec, it is possible to
express jph as:

jph ¼ jrec Vocð Þ ¼ kBT

bqRrec Vocð Þ (2)

Where kBT represents the thermal energy, q the elementary
charge and b a parameter related with the recombination of
the system. b can be used to calculate the ‘‘electronic ideality
factor’’, m = 1/b, and depends on the dominant recombination
mechanism of the device. The calculation of ideality factors from
resistance in quasi-open-circuit conditions is a well-established
method in PSCs and has been widely reported in the
literature.44–47 The electronic ideality factor (m) can be obtained
from the slope of the recombination resistance, Rrec, as function
of the bias at the high voltage range (Fig. S6a, ESI†) using eqn (3):

Rrec ¼ R0 exp � qVF

mkBT

� �
(3)

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
8/

20
26

 4
:3

4:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04143g


29908 |  Phys. Chem. Chem. Phys., 2024, 26, 29904–29912 This journal is © the Owner Societies 2024

We observe that the electronic ideality factor shows strong
sensitivity to the light intensity with the implementation of MeO-
2PAC (Fig. S6b, ESI†). In this case, reducing surface recombina-
tion enhances the contribution of bimolecular recombination,
which has been reported to be more sensitive to increases in light
intensity due decreased defect-associated charge trapping.48–50

Additionally, drift-diffusion modeling has shown that devices
dominated by surface recombination show lower apparent ide-
ality factor values due to a reduction in ionic vacancies within the
perovskite active layer,51 consistent with our experimental data.
While typical values for m range between 1 and 2 depending on
the nature of the recombination process, values outside this
range have been reported in PSCs.44,45,47,52–54 To our knowledge,
these outliers lack a well-defined physical interpretation.

The shape of the j–V curve is influenced by the variation of the
recombination flux with applied voltage, which is modeled through
m and the series resistance voltage loss.24 Consequently, the current
at any specific voltage (VF), in the j–V curve can be expressed as:

j VFð Þ ¼ mkBT

qRrec VFð Þ � jsc (4)

Eqn (4) presents a method to recalculate the final current at
each voltage of the j–V curve using the parameters obtained by
the ECM of the impedance data. Specifically, from Rrec+tr when
this parameter is dominated by the recombination (and thus, it
is possible to write Rrec+tr = Rrec), and the ideality factor. In those
cases, for cells with optimal charge extraction, the ideality
factor could be obtained from two approaches: directly from
the impedance fitting using Rrec+tr vs. V (Fig. S6a, ESI†) or
corelating the jsc with Rrec+tr(Voc) (eqn (2)). The parameters used
for the current recalculation are presented in the Table S1
(ESI†). Fig. 3 shows a remarkable correlation between experi-
mental j–V curves and the j–V reconstruction, regardless of the
method used to calculate m. The reconstructed j–V is compared
to the average current measured at each DC vias during the IS.
This so called ‘‘experimental curve’’ exhibits values comparable
to the reverse j–V scan post-IS (Fig. S2, ESI†), indicating that the
analysis is conducted under near steady-state conditions for
each device, where factors like hysteresis or degradation are not
interfering with the curve interpretation.

The successful reconstruction of the j–V curve for cases i and ii
indicates a reliable estimation of the device recombination resis-
tance from the Rrec+tr parameter. Furthermore, it corroborates that
the photogenerated current is independent of the voltage applied
and the shape of the j–V curve depends solely on the recombina-
tion processes. The calculated Rrec+tr = Rrec encompasses accurately
the different recombination mechanisms, including bulk recom-
bination in devices with less recombinative HTMs, such as MeO-
2PACz (case i, Fig. 3(a)), and high surface recombination in devices
with PEDOT:PSS (case II, Fig. 3(b)).

For the cases with hindered charge extraction (iii and iv) the
Rrec+tr vs. Vapp plot (Fig. 2(b)) presents an atypical response,
maintaining independent to the change in voltage. Thus, as
previously discussed, in these devices it is not possible to
extract m from the plot slope, leading to try to calculate the
ideality factor using only eqn (2). Interestingly, no Rrec+tr(VF)

(where VF represents bias values close to open circuit condi-
tions) leads to a m value that can successfully reconstruct the
experimental j–V curve (Fig. S7, ESI†). This strongly indicates
that charge extraction and transport resistance are dominating
the device performance, masking the recombination resistance
into the Rrec+tr parameter. Thus, using the j–V reconstruction is
possible to determine when recombination resistance or trans-
port/extraction resistance is dominating in Rrec+tr.

To generalize this method, we implemented one of the most
basic equivalent circuit models (ECMs) used in IS analysis (Fig. S8,
ESI†). In this circuit, the high frequency (HF) and low frequency
(LF) response are modeled by pairs of resistive and capacitive
elements in series. Consequently, the recombination and transport
processes are also interpreted in series, which hinders the accurate
reconstruction of the j–V curve (Fig. S9, ESI†).

Fig. 3 Experimental j–V curve (dots) and its reconstruction (eqn (4)) by
using m-values obtained either the slope of Rrec vs. Vapp (squares) or from
Jrec (eqn (2), triangles) at different illumination intensities for (a) PED-
OT:PSS/C60 and (b) MeO-2PACz/C60 devices. The voltage applied is
optimized by the series resistance contribution as Vd = Vapp � jRs.
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Conclusions

In this work we demonstrate that charge transport, extraction and
recombination resistances are coupled in the IS spectra response,
as predicted by the implemented ECM. In devices with optimized
charge extraction, including all those with high efficiency, the
accurate j–V curve reconstruction indicates that recombination
resistance is the dominant phenomenon within the Rrec+tr para-
meter. As the photogenerated current does not present voltage
dependence, the recombination governs the j–V behavior in these
cases. The successful j–V reconstruction is achieved in devices
using both PEDOT:PSS and MeO-2PACz as HTMs, suggesting that
the ECM Rrec+tr accurately reflects the overall recombination
resistance regardless of the dominant recombination mechanism.
In contrast, for devices with hindered charge extraction (ICBA-
based devices), we demonstrate that the j–V curve reconstruction
does not match the experimental data. In such cases, the con-
tribution of charge extraction and transport resistance becomes
noticeable and masks the true recombination resistance. These
findings highlight the importance of individually identifying and
separating the physical processes that influence the IS spectra,
offering a pathway for more precise interpretation of IS data and
improved diagnostics in perovskite solar cell technologies.

Materials and methods
Materials

N,N-Dimethylformamide (DMF, Z99.8%, anhydrous), dimethyl
sulfoxide (DMSO, 99.9%, anhydrous), chlorobenzene (CB, 99.8%,
anhydrous) and cesium iodide (CsI, 99.9%) were purchased from
Sigma Aldrich. Formamidinium iodide (FAI, HC(NH2)2I, 99.99%)
and methylammonium bromide (MABr, CH3NH3Br, 99.99%)
were purchased from Greatcell Solar Materials. Lead iodide
(PbI2, 99.99%), lead bromide (PbBr2, 99.99%) and [2-(3,6-
dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz,
98%) were purchased from TCI Chemicals. Fullerene (C60),
di[1,4]methanonaphthaleno[1,2:20,3 0;56,60:200,300][5,6]fullerene-
C60-Ih, 10,100,40,400-tetrahydro-(ICBA) and bathocuproine (BCP)
were purchased from 1-Materials. PEDOT:PSS AI 4083 aqueous
dispersion was purchased from Heraeus. All the purchased
chemicals were used as received without further purification.

Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 perovskite precursor
solution

The 1.24 M perovskite precursor solution with 10% mol of PbX2

as an excess was prepared by dissolving 1.15 mmol of PbI2

(532.3 mg), 1.05 mmol of FAI (180.5 mg), 0.19 mmol of MABr
(20.7 mg), 0.21 mmol of PbBr2 (74.8 mg) and 0.06 mmol of CsI
(16.8 mg) in 1 mL of a mixed solvents of DMF : DMSO (4 : 1 in
volume), the solution was stirring overnight at room temperature.

Device fabrication

Patterned ITO substrates (2.0 � 1.5 cm2, 6–8 ohm sq�1,
BIOTAIN CRYSTAL CO., LIMITED) were washed in an ultra-
sonic bath for 15 min per process. First, the substrates were
washed in water with soap and rinsed with distilled water.

Then, the substrates were washed with ethanol, acetone, and
isopropanol, sequentially. After drying under nitrogen flow, the
substrates were treated for 30 min with UV-O3. The HTM
PEDOT:PSS was filtered with 0.45 mm PVDF filter and spin coated
on top of the ITO substrate at 5000 rpm for 30 s and annealed at
130 1C for 20 min in ambient conditions, after PEDOT:PSS
deposition, the substrates were transferred into a N2-filled glove-
box for the perovskite deposition. MeO-2PACz was deposited
from the precursor solution (1 mg mL�1 in absolute ethanol) at
3000 rpm for 30 s and annealed at 100 1C for 10 min, this
procedure was carried out into a N2-filled glovebox.

The perovskite solutions were filtered with 0.22 mm PTFE
filter. The films were deposited using 30 mL of the precursor
solution and spin coated with two steps, firstly, 1000 rpm for
12 s and, secondly, 5000 rpm for 27 s. After 22 s of having started
the second step, 200 mL of CB was deposited like antisolvent and
the annealing treatment was carried out at 100 1C for 30 min.
The ETM C60 was thermal evaporated 30 nm under a pressure
less than 10�6 mbar. ICBA solution (20 mg mL�1 dissolved in
CB) was deposited by spin coating on top of the perovskite film
at 1200 rpm for 30 s and annealing at 100 1C for 10 min. Finally,
the samples were transferred into a vacuum chamber, BCP
(6 nm) and Ag (100 nm) were sequentially deposited by thermal
evaporation under a pressure less than 10�6 mbar.

Device characterization

j–V curves measurements of the fresh devices were taken with a
Ossila solar simulator class AAA and automated j–V measure-
ment system (T2003B3-G2009A1). Impedance spectroscopy was
carried out using a Gamry 1010E potentiostat/galvanostat on
complete solar cells at room conditions and different light
intensities, such as 100, 50 and 10 mW cm�2. The measure-
ments were performed at different offset voltages spaced 50 mV
from open circuit to 0 V, with a 10 mV AC perturbation ranging
between 1 MHz to 0.01 Hz. Z-view software was employed to
analyze the results and fit the data to the equivalent circuit. The
solar cells were characterized in ambient conditions (T B 30 1C
and RH Z 60%) without any encapsulation, with an active area
of 0.084 cm2 defined by a mask.

Data availability

Data for this article, including current–voltage curves, impedance
spectra, fitting parameters and current–voltage reconstruction data
are available at Zenodo at https://doi.org/10.5281/zenodo.14215854.
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M. Grätzel, One-step mechanochemical incorporation of an
insoluble cesium additive for high performance planar
heterojunction solar cells, Nano Energy, 2018, 49, 523–528.

31 K. Tvingstedt, L. Gil-Escrig, C. Momblona, P. Rieder,
D. Kiermasch, M. Sessolo, A. Baumann, H. J. Bolink and
V. Dyakonov, Removing Leakage and Surface Recombina-
tion in Planar Perovskite Solar Cells, ACS Energy Lett., 2017,
2, 424–430.

32 Y. C. Chin, M. Daboczi, C. Henderson, J. Luke and J. S. Kim,
Suppressing PEDOT:PSS Doping-Induced Interfacial
Recombination Loss in Perovskite Solar Cells, ACS Energy
Lett., 2022, 7, 560–568.

33 S. Liu, D. Chen, X. Hu, Z. Xing, J. Wan, L. Zhang, L. Tan,
W. Zhou and Y. Chen, Printable and Large-Area Organic
Solar Cells Enabled by a Ternary Pseudo-Planar Heterojunc-
tion Strategy, Adv. Funct. Mater., 2020, 30, 2003223.

34 R. Sharma, H. Lee, V. Gupta, H. Kim, M. Kumar, C. Sharma,
S. Chand, S. Yoo and D. Gupta, Photo-physics of PTB7,
PCBM and ICBA based ternary solar cells, Org. Electron.,
2016, 34, 111–117.

35 J. M. Frost, K. T. Butler and A. Walsh, Molecular ferro-
electric contributions to anomalous hysteresis in hybrid
perovskite solar cells, APL Mater., 2014, 2, 81506.

36 Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao and
J. Huang, Electron-hole diffusion lengths 4175 mm in
solution-grown CH3NH3PbI3 single crystals, Science, 2015,
347, 967–970.

37 J. Y. Huang, Y. W. Yang, W. H. Hsu, E. W. Chang, M. H.
Chen and Y. R. Wu, Influences of dielectric constant and
scan rate on hysteresis effect in perovskite solar cell with
simulation and experimental analyses, Sci. Rep., 2022, 12,
1–13.

38 R. Singh, S. Sandhu, H. Yadav and J. J. Lee, Stable Triple-
Cation (Cs + -MA + -FA +) Perovskite Powder Formation
under Ambient Conditions for Hysteresis-Free High-
Efficiency Solar Cells, ACS Appl. Mater. Interfaces, 2019, 11,
29941–29949.

39 D. Moia, I. Gelmetti, P. Calado, W. Fisher, M. Stringer,
O. Game, Y. Hu, P. Docampo, D. Lidzey, E. Palomares,
J. Nelson and P. R. F. Barnes, Ionic-to-electronic current
amplification in hybrid perovskite solar cells: ionically gated
transistor-interface circuit model explains hysteresis and impe-
dance of mixed conducting devices, Energy Environ. Sci., 2019,
12, 1296.

40 F. Ebadi, N. Taghavinia, R. Mohammadpour, A. Hagfeldt
and W. Tress, Origin of apparent light-enhanced and nega-
tive capacitance in perovskite solar cells, Nat. Commun.,
2019, 10, 1–9.

41 E. Ghahremanirad, A. Bou, S. Olyaee and J. Bisquert, Induc-
tive Loop in the Impedance Response of Perovskite Solar
Cells Explained by Surface Polarization Model, J. Phys.
Chem. Lett., 2017, 8, 1402–1406.

42 C. A. Aranda, L. Bethencourt, E. Mas-marza, A. O. Alvarez,
M. Saliba and F. Fabregat-santiago, Negative Capacitance
and Inverted Hysteresis: Matching Features in Perovskite
Solar Cells, J. Phys. Chem. Lett., 2020, 11(19), 8417–8423,
DOI: 10.1021/acs.jpclett.0c02331.

43 S. Ravishankar, O. Almora, C. Echeverrı́a-Arrondo,
E. Ghahremanirad, C. Aranda, A. Guerrero, F. Fabregat-
Santiago, A. Zaban, G. Garcia-Belmonte and J. Bisquert,
Surface Polarization Model for the Dynamic Hysteresis of
Perovskite Solar Cells, J. Phys. Chem. Lett., 2017, 8, 915–921.

44 E. Velilla, F. Jaramillo and I. Mora-Seró, High-throughput
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