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ABSTRACT: Complex interactions between mobile ions and charge carriers in perovskite solar
cells (PSCs) make it challenging to fully understand their dynamic interplay. Exposure to light
further complicates these interactions, altering the system’s dynamics and inducing nonlinear
effects that lead to changes in the J−V curve. Understanding these effects is crucial for
improving the operational stability of PSCs. Impedance spectroscopy (IS) is a powerful
technique for evaluating relaxation processes in the frequency domain; however, it is limited in
capturing nonlinear contributions. In this work, nonlinear impedance spectroscopy (NLIS) is
employed to analyze the higher harmonic response to AC perturbation, both in the dark and
after short-term light exposure. A shift in the low-frequency (LF) higher harmonic peak is
observed after open-circuit light exposure, attributed to an altered electric field suggesting ion
redistribution, whereas closed-circuit exposure shows no LF shift, indicating minimal ion
movement. Additionally, light exposure reduces higher-order admittance, more notably in open-
circuit conditions, suggesting decreased recombination. Temperature-dependent analysis was
conducted to characterize the activation energy of migrating species, identifying iodide as the dominant migrating ion.
KEYWORDS: perovskite solar cells, nonlinear impedance spectroscopy, higher-order admittance, light-induced ion migration,
ionic-electronic coupling, open-circuit light exposure

■ INTRODUCTION
Organic−inorganic hybrid perovskite solar cells offer promis-
ing advantages compared to conventional photovoltaic
technologies, including the ease of fabrication,1 potentially
low cost of fabrication,2 high power conversion efficiencies3and
band gap tunability.4 Perovskites are used as the active, light-
absorbing layer in solar cells and consist of a structure denoted
as ABX3, where A represents an organic or inorganic
monovalent cation, such as cesium (Cs+), methylammonium
(MA+), or formamidinium (FA+); B is a divalent metal, such as
Pb2+ or Sn2+; and X is a halide, such as I−, Br−, or Cl−. The
presence of ions in the perovskite structure enables bandgap
tunability, which is one of the most significant benefits of
perovskite solar cells(PSC) among new-generation PV
technologies.4 Thus,perovskites offer a range of tunable
parameters for tailoring optical and electronic properties,
making them promising candidates for optoelectronic
applications, including solar cells.5 The certified record cell
efficiency for perovskite PV has grown from 9.7%6 in 2012 to
27%7 in 2025. However, the same variables that enable the
tuning of functional properties, such as bandgap tunability in
perovskites, also introduce significant variability in the
operational and degradation mechanisms of these materials
and devices. Exposure to heat and light activates mobile ionic
defects,8,9 which can migrate and deform the structure,
contributing to the overall degradation of PSCs and
significantly impacting their long-term operational stability.10

Mobile ions generated due to light exposure also lead to
changes in the dark J−V curve, a phenomenon commonly
observed in PSCs.11 Therefore, understanding these processes
is crucial for addressing challenges related to stability.

Impedance spectroscopy (IS) is a powerful, frequency-
domain technique used to analyze these effects. IS involves
applying a small AC voltage, with or without an applied DC
bias, across a wide range of frequencies and measuring the
amplitude and phase of the resulting current, with impedance
(Z) defined as the ratio of voltage to current.
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Where V0 and I0 are input voltage and current respectively and
ω is the frequency, ϕ is relative phase difference.

Received: March 6, 2025
Revised: June 7, 2025
Accepted: June 10, 2025

Articlewww.acsaem.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsaem.5c00672
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

O
FF

IC
E

 O
F 

SC
IE

N
T

IF
IC

 A
N

D
 T

E
C

H
L

 I
N

FO
 o

n 
Ju

ly
 1

1,
 2

02
5 

at
 1

2:
25

:4
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanish+Paramadam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+W.+Howe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seid+Yimer+Abate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Randall+Headrick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+S.+White"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.5c00672&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00672?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00672?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00672?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00672?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c00672?fig=tgr1&ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.5c00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf


IS data for perovskite solar cells tends to show different
relaxation processes at their characteristic frequencies.12 High
frequency(HF) features can be attributed to geometric
capacitance and bulk recombination,13 while Low frequency-
(LF) attributes are associated with slower ionic process.14 IS
methods have limitations, as they treat the system as linear and
time-independent. Additionally, IS methods rely on equivalent
circuit models15 for analysis, but these models often include
passive circuits and constant phase elements that may lack
substantial physical meaning. This is especially true for PSCs,
which are diodes and inherently exhibit a nonlinear electronic
response. Moreover, processes like hysteresis, resulting from
mobile ions, are purely nonlinear in nature. Therefore, the
assumption of linearity is insufficient to fully understand the
system. Measurement of the nonlinear response in the
frequency domain can provide valuable insights into these
mechanisms. Thus, we employ the method of nonlinear
impedance spectroscopy (NLIS). The NLIS technique
employs slightly higher amplitude AC signal perturbation for
analysis and characterizes the output signal using Fourier
transform (FT). The NLIS characterization technique has
previously been used in the analysis of p-n junction diode,16

organic heterojunctions, MIS capacitors,17 fuel cells,18 lithium-
ion batteries,19 and thermoelectric materials.20 To the best of
our knowledge, NLIS as a characterization technique has not
been previously applied to PSCs.

NLIS applies an AC voltage as in eq 1 but the resultant
current is not sinusoidal due to the nonlinear response, and
therefore

I t I t( , ) cos( )0 (4)

The obtained periodic signal can be expanded using Fourier
expansion
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ω is the fundamental frequency of the input wave. The
frequency analyzer used in experiment measures the Fourier
coefficients (An) directly for all frequencies and ϕn for
frequencies lower than 1500 Hz if n > 1.) The measured An
serve as a basis for calculating properties relevant to the device
and the component materials.16,17 In the low frequency limit,
the measured current waveform could be expressed as the
Taylor series expansion about the point (VDC, IDC):
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By combining the expressions in eqs 5 and 7, the Fourier
coefficients An can be expressed in terms of the derivatives of
the functional relation between current and voltage. These
Fourier coefficients take slightly different forms for the even
and odd terms:
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These derivatives of current with respect to voltage are
analogous to the definition of admittance Y and impedance Z,
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By substituting Yn in place of I
V

d
d

n

n in eqs 8 and 9 and
extending throughout the frequency domain, we can define
Yn(ω) in terms of the measured An(ω).

If the current−voltage relationship is entirely linear, all
higher-order derivatives beyond I

V
d
d

are zero, allowing conven-
tional impedance spectroscopy to fully describe the system’s
behavior. However, in PSCs, where nonlinearity is inherent,
higher-order derivatives produce non-negligible measurable
higher harmonic signals (Am). Furthermore, if a system exhibits
a measurable nonlinear response at order m, then this will
perturb the measurements of all lower order signals An with n <
m provided that both n and m share the same parity (even or
odd). For example, space charge limited current exhibits a
quadratic relationship between voltage and current, and yields
A1 and A2, but no higher order coefficients.17 The presence of
the nonzero A2 does not influence the fundamental admittance
Y1. However, in the case of exponential recombination current,
there are infinite even and odd coefficients of progressively
smaller magnitude, and Y1 is defined in terms of all measurable
odd An above the noise threshold. Analyzing the higher
harmonics over the frequency domain enables the direct
characterization of underlying nonlinear processes and their
relation to different physical mechanisms in PSCs. In this
study, nonlinear impedance spectroscopy (NLIS) is applied for
the first time to PSCs to investigate the effects caused by short-
term light exposure.

■ EXPERIMENTAL DETAILS
Materials and Device Fabrication. Lead iodide (PbI2) was

obtained from TCI. Formamidinium iodide (FAI) was sourced from
Greatcell Solar Materials. Cesium iodide (CsI), methylammonium
chloride (MACl), Buckminsterfullerene (C60), and bathocuproine
(BCP) were acquired from Sigma-Aldrich. Poly(triarylamine),
specifically Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA), was purchased from Ossila. The copper bar was obtained
from R.D. Mathis Company. Solvents including N,N-dimethylforma-
mide (DMF), isopropanol, acetonitrile, ethanol, 2-methoxyethanol,
chlorobenzene, dimethyl sulfoxide (DMSO), and gamma-butyrolac-
tone were also purchased from Sigma-Aldrich. All chemicals were
used as received, without further purification.

A p-i-n structured device with the architecture ITO/PTAA/
CsFAPI/C60/BCP/Cu was fabricated. Initially, a patterned indium tin
oxide (ITO) substrate (∼20 Ω/sq) was sequentially cleaned with
detergent, deionized water, acetone, and isopropanol for 10 min each.
The substrate was then dried using an air gun and stored in an oven.

The hole transport material PTAA was dissolved in chlorobenzene
at a concentration of 2 mg/mL and spin-coated at 500 rpm for 5 s,
followed by 3000 rpm for 30 s, and then annealed at 100 °C for 10
min. The PTAA thin film was subsequently treated with DMF to
reduce its hydrophobicity by spin-coating DMF onto the PTAA film
at 3000 rpm for 30 s.

The perovskite precursor solution, composed of 1.67 M
CsxFA1−xPbI3 (where PbI2:FAI is in a 1:1 molar ratio) with
methylammonium chloride (MACl) as an additive, was coated
using a Verde slot-die coater and then annealed at 150 °C.
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Subsequently, C60 (26 nm), BCP (8 nm), and Cu (100 nm) were
deposited using a thermal evaporator. The device architecture of the
PSC is shown in the inset of Figure 1. The PSC consists of Cu (100
nm), BCP (8 nm), C60 (26 nm), a perovskite layer (500 nm), PTAA
(55 nm), and ITO (100 nm). The PSC was encapsulated using glass
and epoxy resin.

Device Characterization. The performance of the perovskite
solar cells was assessed using a Keithley 2400 digital source meter
under approximately 100 mW/cm2 (1 sun intensity) with a SM2F32-
A Thorlabs white LED. Light intensity was calibrated using a standard
silicon photodiode, and the active area of the device was 0.15 cm2.
nonlinear impedance analysis was conducted using a Novocontrol
Alpha-AT frequency response analyzer connected to the cryogenic
workstation under a vacuum of 10−5 Torr, as the sample was
measured inside the workstation. For low-temperature analysis, liquid
nitrogen was supplied through a Dewar to the workstation. A
Lakeshore 336 temperature controller was connected to the
workstation to precisely control the temperature.

■ RESULTS AND DISCUSSION
Linear Impedance Spectroscopy. First, to demonstrate

the effects of light exposure in PSCs, J−V characterization was
performed. Figure 1 shows the J−V curve of the device under
dark conditions and immediately after exposure to white light
at 1 sun intensity for approximately 15 s, followed by
measurement in the dark, both recorded in the forward scan.
The light J−V curve is provided in the Supporting Information
as Figure S1. Hereafter, the term ”after light exposure” refers to
characterization performed in the dark following prior light
exposure. The diode turn-on voltage for both conditions is
observed around 0.35 V, where the current is exponentially
proportional to the voltage (recombination-limited regime).
Further increases in voltage result in current limited by the
series resistance. There is a noticeable difference between the
J−V curves measured before and after light exposure. Short-
term light exposure causes a shift in the dark current response,
as shown in Figure 1. The reduction in dark current after light
exposure may indicate a decrease in trap states, a commonly
observed effect in perovskite solar cells.11 The ideality factor
obtained from the two conditions, shown in the inset box in
Figure 1, supports this observation. The corresponding
increase in shunt resistance further reinforces this, with the
calculated shunt and series resistance values provided in Table
S1. Conventional impedance spectroscopy measures the real
and imaginary components of Z, as defined in eq 3, in response
to a small AC voltage (50 mVrms). Figure 2a,b shows the real
and imaginary parts of the impedance for the PSC. Here, all
impedance measurements are conducted under dark con-
ditions. The solid line represents the spectra of the solar cell
before light exposure, while the dashed line shows the spectra
after light exposure. There are no significant differences
between the two spectra. However, when comparing different
biases in Figure 2a, as expected, there is an decrease increase in
real impedance at low frequencies with increased forward bias,
which is a typical characteristic of a diode.

Figure 1. Current density (J)−voltage (V) curve of PSC before and
after light exposure.

Figure 2. Magnitude of (a) real and (b) imaginary impedance spectra for PSC under various forward DC biases.
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Figure 2b shows the absolute imaginary component of Z.
The sign of Im(Z) is negative due to the capacitive behavior of
the device. An asymptotic trend in the log−log plot of Im(Z)
vs frequency can be observed for devices biased above 1 V DC.
In these cases, Im(Z) approaches zero and eventually becomes
positive. These inductive loops are often referred to as negative
capacitance in the linear analysis of the system, a topic of
ongoing debate within the community.21−24 This voltage-
dependent negative capacitance is linked to complex nonlinear
processes. The influence of nonlinear phenomena in standard
impedance spectroscopy arises from the n = 0, m = 1 term of
eq 9. By incorporating the first nonlinear correction, the
observed A1 becomes

A Y V
Y V

81 1 0
3 0

3

= + + ···
(11)

In impedance spectroscopy, these nonlinear correction
factors are small because the applied V0 is small; however, Y3
might be several orders of magnitude higher than Y1, which
cannot be neglected. Overall, this impedance spectroscopy
analysis reveals the presence of nonlinearity in the system, but
lacks in providing more details about the nonlinear process.
Therefore, we will focus our discussion on NLIS spectra of
PSC obtained by applying a slightly higher AC perturbation.

NLIS of PSC. As mentioned above, conventional impedance
spectroscopy lacks the ability to provide information on the
nature of nonlinear processes in perovskite solar cells.
Therefore, we extracted the nonlinear terms using an
impedance analyzer and analyzed the first four Fourier
coefficients. We employed a 300 mVrms perturbation, as this
moderate voltage drives the system beyond the linear regime

while not being so high as to reach the series resistance-
dominated region. In principle, An can be evaluated for any
harmonic order, limited only by the signal-to-noise ratio. As
the harmonic order increases, the magnitude of the coefficients
decreases, making higher-order terms more difficult to resolve.
In this study, we chose n ≤ 4 as it provided sufficient nonlinear
signal amplitude while maintaining measurement reliability and
experimental practicality. We kept the DC voltage at 0 V to
study the nonlinear effects under low carrier injection. All
NLIS measurements discussed in this article were conducted in
dark conditions. The measured Fourier coefficients from n = 1
to n = 4 of the PSC are shown as the baseline in Figure 3a. The
NLIS spectra of perovskite solar cells (PSC) are plotted as a
function of frequency from 10−2 Hz to 1 MHz. The spectra
clearly show that all four coefficients are well above the
detection limit, indicating the strong nonlinear nature of the
system. Close monitoring of the nonlinear coefficients A2, A3,
and A4 reveals two peaks: one within the LF range of 0.01 to
100 Hz, and another in the HF range of 103 to 106 Hz.

The higher-order admittance Yn can be calculated using the
An signal up to the fourth harmonic, as derived from eqs 8−10,
which is not achievable with linear impedance spectroscopy.
Higher order admittance Y2, Y3, Y4 enables detailed analysis of
nonlinear processes over a wide frequency range. Figure 3c
shows the admittance as a function of frequency for the PSC
before light exposure. The LF peak indicates slow relaxation
process,likely due to ionic relaxation. The HF peak is likely to
be associated with fast dynamics, such as rapid electronic
processes. After exposure to 1 sun intensity light in open circuit
for approximately 15 s, measuring NLIS in the dark yields the
results shown in 3b. It is clear that there is a difference in the
Fourier coefficients before and after light exposure. The

Figure 3. NLIS of the PSC under 0 V bias and 300 mVrms AC amplitude. (a) and (b) show the measured Fourier coefficients An of PSC before and
after light exposure, respectively. (c) and (d) show the calculated admittance Yn of PSC before and after light exposure respectively.
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Fourier coefficients have shifted down by an order of
magnitude after the light exposure. The lower-frequency
peaks observed in A2, A3, and A4 in the NLIS spectra before
light exposure shift to the left after illumination, indicating
possible ionic redistribution. The corresponding admittance Yn
is extracted from the An coefficients and plotted against
frequency, as shown in Figure 3d. The magnitude of the
higher-order admittances Y2, Y3, and Y4 has decreases by an
order of magnitude upon light exposure, indicating a reduction
in recombination. After light exposure, the LF peak of higher-
order admittance shifts to a lower frequency, indicating a
change in the time scale. The behavior of Y1 is characteristic of
an RC network, exhibiting a smooth transition from resistive
dominance to capacitive dominance across the frequency
spectrum. The NLIS data suggest a coupled electronic and
ionic process occurring within the perovskite layer. A
schematic representation of this process is shown in Figure
4a−c. Ebadi et al. have shown a similar ionic and electronic
coupled process in perovskite solar cells.25 The type and
charge of ions/defects depicted in the figures are not related to
any specific ion; they are general representations. Figure 4a
shows the equilibrium condition where the Fermi levels of the
hole transport layer (HTL), perovskite layer, and electron
transport layer (ETL) are aligned, generating an internal
electric field inside the perovskite layer. Cationic and/or
anionic species drift along this electric field, resulting in ion
accumulation or depletion at the ETL/perovskite interface and
HTL/perovskite interface (Figure 4b). Upon the incidence of
white light for a short period at open circuit, the ETL and HTL

become charged with electrons and holes respectively, Since
the circuit is open, these photogenerated carriers cannot be
extracted, resulting in a change in the direction of the internal
electric field. This change causes a redistribution of ions,
driving anionic species toward the HTL and cationic species
toward the ETL (Figure 4c). Thus, the higher values of higher-
order admittance before light exposure can result from band
bending near the interface due to ion accumulation, which
reduces the injection barrier and facilitates the injection of
electrons from the ETL and holes from the HTL into the bulk.
After light exposure, ion redistribution flattens the band
bending (Figure 4c), potentially hindering efficient carrier
injection into the bulk and leading to a reduction in higher-
order admittance components (Y2, Y3, Y4). The shift of the LF
peak in higher-harmonic admittance to the left further supports
ionic redistribution from the interface. The evolution of Y1
after light exposure clearly indicates that the device behaves
more linearly.

Light Exposure Recovery. To further assess the
reversibility of the effects caused by open circuit light exposure,
we measured the NLIS of the device at various intervals after
the light exposure. Figure 5a,b shows a comparison of the
nonlinear Fourier coefficient A2 and the nonlinear admittance
Y2 from the baseline (before light exposure), immediately after
exposure, and at various recovery times up to 90 min,
respectively. Here, one can observe the evolution of the LF
peaks in the spectra, gradually shifting back to positions on the
frequency scale similar to the baseline (i.e., before light
exposure). Compared to the rapid change upon illumination,

Figure 4. Energy level diagram of PSC (a) right after device fabrication, (b) after attaining equilibrium, (c) right after short-term light exposure in
open circuit.

Figure 5. (a) Comparison of Fourier coefficient A2 of PSC from before light exposure to different recovery times. (b) Comparison of admittance Y2
of PSC before light exposure to different time of recovery.
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the slow return of the peak to its baseline position while the
solar cell is kept in the dark supports the previously reported
observation that light reduces the ion activation energy in
perovskites.26 After the prolonged recovery time, ions
reaccumulate at the interfaces, leading to band bending that
facilitates electrical injection into the bulk. Overall, the Yn
spectra returning to their pre-exposure baseline supports the
reversibility of the effects caused by open-circuit light exposure.

Activation Energy. We further investigated the activation
energy of the migrating species by plotting the Arrhenius plot
shown in Figure 6, which plots the logarithm of the rate

constant against 1/kBT. The Arrhenius equations (eqs S1 and
S2) are provided in the Supporting Information. The rate
constant is obtained from the temperature-dependent Bode
plot (imaginary impedance vs frequency), which can be found
in the Supporting Information as Figure S2. We obtained a
value of 0.43 eV for the activation energy of the migrating
species. The plot containing the fit parameters of the Arrhenius
analysis is provided in the Supporting Information as Figure
S3. Other studies show that the activation energy for iodide
ions in similar formamide-based perovskite structures has been
found to be in the range of 0.3 to 0.5 eV.27,28 While cation
species can also exhibit similar activation energies, previous
studies indicate that the time scale of such processes lies
outside the experimental window.10 Thus, we suspect that the
LF response is most likely due to iodide ions. Activation
energy measured from low-frequency signals is also highly
dependent on the composition of the perovskite,29−31 and
both cationic and anionic substitutions can modify this
activation energy.32

Effect of Closed Circuit. To reaffirm the hypothesis of
ionic displacement due to changes in the internal electric field
caused by light exposure under open-circuit conditions, we
conducted the same experiment under closed-circuit con-
ditions. The closed-circuit configuration is expected to
suppress the buildup of photogenerated charge at the ETL
and HTL interfaces, thereby minimizing changes in the
internal electric field and reducing ion redistribution upon
light exposure. The NLIS spectra after 1.5 h of recovery were
taken as the new baseline, as shown in Figure 7a. The
calculated admittance (Yn) is presented in Figure 7b. Both
spectra are comparable to the original baseline NLIS spectra

Figure 6. Arrhenius plot of temperature dependence of low-frequency
peak.

Figure 7. NLIS of the PSC under 0 V bias and 300 mVrms AC amplitude. (a) and (b) show the measured Fourier coefficients An of PSC of new
baseline and following light exposure at closed-circuit, respectively. (c) and (d) show the calculated admittance Yn of new baseline and following
light exposure at closed-circuit, respectively.
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shown in Figure 3a,c, respectively. The measured Fourier
coefficient (An) and the calculated admittance (Yn) after the
closed-circuit light exposure are shown in Figure 7b,d,
respectively. Analyzing both (An) and (Yn) after light exposure
under closed-circuit conditions, no change in the position of
the LF peaks is observed, indicating minimal ion displacement.

Since the circuit is closed during light exposure, photo-
induced electrons and holes injected into the ETL and HTL,
respectively, flow freely through the external circuit. This
prevents the accumulation of photogenerated charge carriers at
the ETL and HTL, resulting in minimal changes to band
bending, unlike under open-circuit conditions (see Figure 3d).
This results in minimizing the ion redistribution. Interestingly,
a decrease in the magnitude of higher-order admittance can be
observed after closed-circuit light exposure, though it is not as
pronounced as in the open-circuit condition. The increased
magnitude of Y1 compared to Y2 (for frequencies >10 Hz)
follows a similar trend to the admittance spectra observed after
open-circuit light exposure (Figure 3d), suggesting that light
exposure, whether under closed- or open-circuit conditions,
influences the device behavior. This is in agreement with
previously observed phenomena in photoluminescence mi-
croscopy characterization of perovskite solar cells showing that
short-term light exposure in both open- and closed-circuit
conditions reduces nonradiative recombination, with the effect
being more pronounced in the open-circuit condition.33

■ CONCLUSIONS
We investigated the higher harmonic response to AC
perturbation in perovskite solar cells using Fourier analysis.
Higher harmonic Fourier coefficients help filter out linear
processes, as purely capacitive and resistive processes do not
contribute to An for n > 1. Evaluating these coefficients across
various frequency ranges enables the calculation of higher-
order admittance, facilitating the direct characterization of
nonlinear processes in PSCs. The presence of relaxation peaks
in the higher harmonic response at distinct frequency ranges
differentiates electronic and ionic relaxation. Short-term open-
circuit light exposure shifts the low-frequency peak to a lower
frequency, suggesting ionic redistribution due to carrier
accumulation in the ETL and HTL. In contrast, under
closed-circuit conditions, carrier accumulation is suppressed,
preventing ion redistribution to the same degree, as confirmed
by the absence of a low-frequency peak shift. Additionally, light
exposure in both open- and closed-circuit conditions results in
a reduction in higher-order admittance, indicating decreased
recombination. Temperature-dependent analysis enables the
characterization of the activation energy of migrating species
and aids in their identification. Nonlinear impedance spec-
troscopy allows for the characterization of dynamic processes
from MHz to mHz frequency scales, similar to conventional
impedance spectroscopy, while distinguishing contributions to
the response from recombination, injection and transport
processes. It enabled the direct characterization of changes in
nonlinear dynamics resulting from short-term light exposure in
perovskite solar cells.
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