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Beyond Protocols: Understanding the Electrical Behavior of
Perovskite Solar Cells by Impedance Spectroscopy
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Towhid H. Chowdhury, and Alexander R. Uhl*

Impedance spectroscopy (IS) is an effective characterization technique used
to probe and distinguish charge dynamics occurring at different timescales in
optoelectronic and electric devices. With the rapid rise of research being
conducted on perovskite solar cells (PSCs), IS has significantly contributed to
the understanding of their device performance and degradation mechanisms,
including metastable effects such as current—voltage hysteresis. The
ionic—electronic behavior of PSCs and the presence of a wide variety of
perovskite compositions and cell architectures add complexity to the accurate
interpretation of the physical processes occurring in these devices. In this
review, the most common IS protocols are explained to help perform accurate
impedance measurements on PSC devices. It critically reviews the most
commonly used equivalent circuits alongside drift-diffusion modeling as a
complementary technique to analyze the impedance response of PSCs. As an
emerging method for characterizing the interfacial recombination between the
perovskite layer and selective contacts, light intensity modulated impedance

1. Introduction

Perovskite solar cells (PSCs) were first
introduced to the photovoltaic research
field over a decade ago with the inclu-
sion of metal halide perovskites as the
light absorber material.l!! Since then,
PSCs have shown an unprecedented
increase in power conversion efficien-
cies (PCEs), from 3.8% in 2009 to
26.08% in 2023.21 Notably, the PCEs
are now approaching the record effi-
ciency of market leading single crys-
talline silicon solar cells at 26.8%.5%
The success of PSCs is attributed to
the easy and low-cost fabrication meth-
ods and favorable optoelectronic prop-
erties of organic/inorganic hybrid lead

spectroscopy technique is further discussed. Lastly, important works on the
application of IS measurement protocols for PSCs are summarized followed
by a detailed discussion, providing a critical perspective and outlook on the

growing topic of IS on PSCs.
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(Pb) halide perovskites.[**] Moreover, the
wide range of band gap tunability of thin-
film perovskite materials make them
suitable for multijunction and semi-
transparent architectures.[**l However,
despite the indisputable progress, intrin-
sic device stability is still an issue that
limits the commercialization of PSCs.
In particular, the dual electronic—ionic
conductivity of the hybrid lead halide perovskites remains a
subject of intense research and debate.”?! The ionic and elec-
tronic processes within PSCs are closely interconnected and
partly overlap at different measurement timescales. This makes
it difficult to discern between various electronic processes in
the PSC related to bulk phenomena, interface, and/or grain
boundaries (GBs). In addition, slow contributions from ionic
features of the halide perovskite crystals enhance the timescale
of the electric response,[’! which is evidenced by the hystere-
sis phenomena of the current density—voltage (J-V) curve of
PSCs.[1112]

Distinguishing ionic—electronic phenomena in PSCs requires
an appropriate tuning of the timescale for each process to resolve
their overlap. In general, these approaches can either be made
in the time or frequency domain. In the time domain, transient
measurements include transient photovoltage (TPV),l314l tran-
sient photocurrent (TPC),!**! or deep level transient spectroscopy
(DLTS).1'] These techniques are very effective in exploring re-
combination and trap related features by relying on exponential
decay functions to determine characteristic response times (7).
Alternatively, typical measurements in the frequency domain in-
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Figure 1. a) Schematic representation of the impedance spectroscopy (IS) measurement at maximum power point (MPP) for a solar cell under illumi-
nation with respect to the corresponding J-V curve; b) Nyquist plot (=Z" vs Z') comprises of two well-separated timescales at high and low frequencies
(HF and LF) measured at open-circuit (OC) under 0.01 sun illumination intensity; and c) capacitance-frequency plot shows two plateaus at low and high
frequencies, LF and HF, respectively. Reproduced with permission.[?3] Copyright 2020, Elsevier.

clude impedance spectroscopy (IS) and light intensity-modulated
photocurrent/photovoltage spectroscopy (IMPS/IMVS), which
are usually parameterized via equivalent circuit (EC) theory.
Notably, the IS analysis can provide insights on recombi-
nation and trap-related features which also discern several
phenomena at different timescales in the bulk and at the
interfaces.

Potentiostatic IS analyses are conducted by measuring an al-
ternating current mode (AC) current density signal (J) upon an
AC voltage perturbation (V) (see Figure 1a) in a range of fre-
quencies (f) (e.g., from 1 kHz to 1 MHz). Provided the con-
dition of linearity, potentiostatic IS analyses allow for the ex-
traction of the impedance measurement Z = V/] whose real
and imaginary parts provide information on the energy dissi-
pation and storage features, typically as resistance (R) and ca-
pacitance (C), respectively. Comprehensive studies on the basics
of IS in solar cells have been published.['”!¥] Figure 1b,c illus-
trates a typical Nyquist and capacitance-frequency (C—f) Bode
plot of a PSC, respectively. Most of the impedance spectra of
PSCs comprise two or three arcs in the impedance Nyquist
plot and two or three plateaus in the C—f plot which represent
the real part of the capacitance versus frequency in logarith-
mic scale.'®! More complicated spectra include features such
as further resistance—capacitance R-C arcs/plateaus, negative
capacitances,[1*2% and/or inductive loops can be observed in the
Nyquist plots.[?1?2] Negative capacitance refers to the low fre-
quency arc below the real Z-axis (Z') and inductive loop ap-
pears as two arcs crossing each other at the intermediate/low fre-
quencies (see Section 1.3). Depending on the frequency range of
the spectra or measurement conditions (e.g., bias, illumination,
temperature), several protocols have been implemented for IS
characterizations.

Notably, the graphical representation of IS data, such as the
use of linear and logarithmic 1:1 aspect ratio for the Nyquist and
Bode plots, respectively, can support the analysis of IS measure-
ments. For instance, when looking at the imaginary part as a
function of the real part of impedance in the Nyquist plot, perfect
circular shapes refer to R-C constants in the EC models, while
modifications can suggest the need to consider different EC el-
ements. Similarly, each plateau in the Bode plot of capacitance
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informs on an R-C constant, and the transition shape between
these plateaus may suggest the best fit for selecting EC elements
for modeling. For instance, using a semi-log capacitance Bode
plot with only the frequency axis on log scale may hinder the iden-
tification of intermediate-frequency features in the capacitance
spectra.

Table 1 summarizes the wide family of IS characterization
routines and the corresponding measurement conditions, ex-
pected parameters, and related theories, used for the study of
PSCs. It is worth noting that the variations in illumination in-
tensity, temperature (I), frequency , and direct-current (DC)
mode voltage (V) explore different optoelectronic features, and
wider the ranges for each parameter, higher the consistency
of the IS study results. Commonly used characterization rou-
tines include IS measurements under dark condition at vari-
able V, capacitance spectroscopy (CS),12%° Mott-Schottky (M-
S),12627] thermal admittance spectroscopy (TAS),[?®! the herein
termed open-circuit recombination analysis by impedance spec-
troscopy (ORIS),[2*?%1 and equivalent circuit-oriented impedance
spectroscopy (ECIS).2% Review articles have recently discussed
the impact and importance of IS for PSCs, are summarized in
Table S1, Supporting Information.

In this article, Section 1 describes the latest progress on the use
of IS protocols (see Table 1) for PSC applications. Section 2 is ded-
icated to elucidating these protocols including IS measurements
in dark at a DC bias, capacitance spectroscopy, M—S analysis, and
TAS, (Section 2.1) followed by IS measurements under illumina-
tion at open-circuit (OC) condition (Section 2.2), and equivalent
circuit modeling (Section 2.3). In Section 3, drift-diffusion (DD)
modeling of IS spectra along with some recent progress is re-
viewed. Section 4 is devoted to describing the concept of light
intensity modulated impedance spectroscopy (LIMIS). The ap-
plication of IS in analyzing the role of bulk and interfaces of the
perovskite layer on the performance of PSCs will be presented in
Section 5. This section intends to provide progress on the use of
the above protocols and analyses to elucidate prevalent phenom-
ena in PSCs of different morphologies, structures, and materials.
To conclude, Section 6 provides suggestions and recommenda-
tions from the authors to guide and inform future work in the
area.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. Typical characterization protocols based on impedance spectroscopy (IS) for perovskite solar cells (PSCs).
Protocol Section Conditions Expected parameters Theory comments Ref.
Dark measurement at different DC 2.1.1 Dark, room Recombination resistance (R,..), EC [22]
biases temperature, forward transport resistance (R,,)
bias
Capacitance spectroscopy (CS) 2.1.2 Dark, variable T, high f  Dielectric constant (¢,), characteristic phase EC [18,24,31]
spectrum transition temperatures (T,,), sample
thickness (L)
Mott-Schottky (M-S)analysis 2.13 Dark, variable V < V,;, Concentration of acceptor (N,) or donor p—n junction samples. [26]
fixed high f (Np) shallow level doping defects (N), metal /semiconductor contacts
built-in potential (Vj,;), depletion layer
width (wg)
Thermal admittance spectroscopy 2.1.4 Dark, variable T, f Trap density (N,), trap energy (E,) and Only in p—n junction samples [28]
(TAS) spectrum capture cross section (o) of deep level
trap defects, density of states (DOS)
Open-circuit recombination analysis 2.2 Quasi-open-circuit Recombination resistance (R,..), EC, Shockley equation, only in [23,29]
by impedance spectroscopy (ORIS) regime, variable light recombination lifetime (z,..), chemical solar cells
intensity, variable V, f capacitance (C,), ideality factor (n;4)
spectrum
Equivalent circuit-oriented impedance 2.3 fspectrum Conductivity (6), Jonscher’s power (n,), EC [30]

spectroscopy (ECIS)

resistivity (p), series resistance (R,), shunt

resistance (Ry,), geometric capacitance

()

2. Common IS Measurement Protocols for
Perovskite Solar Cells

2.1. Measurements under Dark Conditions

IS measurements in dark condition comprise techniques which
are performed under the exclusion of light irradiation at either a
single bias or a range of bias voltages. This is particularly useful
for PSCs, as photogeneration of charge carriers under illumina-
tion may enhance the mobile ion density or mobility of charge
carriers,®] thereby changing their kinetics and overall transport
properties within the device. Importantly, dark IS data analysis
can be used to infer correlations between device performance,
and its resistive and/or capacitive features. Subsequently, for dark
IS measurements, PSCs are typically placed inside a Faraday cage
to preclude the device from ambient light and external electro-
magnetic fields. Consequently, higher stability for PSCs is ob-
served in dark conditions, which also reduces PSC degradation
during IS measurements.’***] Besides, to study charge carrier
dynamics under dark, encapsulating the PSC or measuring un-
der dry air or nitrogen may mitigate the effects of ambient condi-
tions that degrade the device, resulting in device instability.[3+3%]

2.1.1. Dark Measurement at Different DC Biases

In this method, a DC bias is applied to a solar cell under dark
condition, and the current response is measured in response to
a small AC perturbation over a frequency range, commonly be-
tween 0.1 Hz-1 MHz. Typical IS spectra from dark IS measure-
ments upon applying a DC bias show two main time constants
(two semicircles in the Nyquist plot) in the low and high fre-
quency region, respectively. Important parameters, such as se-
ries resistance (R,), recombination resistance (R,..) and transport

Tec )
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resistances (R,,) can be extracted from these measurements. Se-
ries resistance is typically extracted from the first Z’-axis inter-
cept of the high frequency arc in Nyquist representation. It is
commonly related to the resistance losses from device contacts,
and measurement-related electrical resistances, including trans-
parent conductive oxides (TCOs), electrodes, and connection
wires.338] The second Z'-axis intercept of the high frequency
arc is correlated with the high frequency resistance (Ry) and
the high resistance intercept of the low-frequency arc is termed
as low frequency resistance (Rjs). Ry is commonly correlated
with fast electronic processes such as carrier generation, radiative
recombination, trap-assisted recombination, and transport.[3¢3]
Notably, dominant contributions on Ry are dependent on illu-
mination conditions.

In dark condition, Ry;;is commonly related to R, in the bulk of
perovskite; while under illumination and high photoconductivity,
both R, and Ry can be attributed to R, on account of negligi-
ble contribution of R,, to the impedance response in high per-
formance PSCs.[**411 R, ; is mostly related to slow processes such
as migration of positive or negative ions and/or vacancies which
leads to ion and/or vacancy accumulation at the interfaces of per-
ovskite with hole transport layer (HTL) and/or electron transport
layer (ETL) impeding charge transport and transfer.?%4%] There-
fore, due to mixed contributions of ionic and electronic phenom-
ena in the low frequency region and the dependence of low fre-
quency features on the architecture of PSCs and the measure-
ment conditions, this part of the impedance spectra in PSCs is
still debated.

In a study by Sangwan et al., dark IS measurements over a DC
bias range from 0 to 1 V and frequencies from 1 Hz to 1 MHz
were performed for planar PSCs with different hole transport
materials (HTMs) to elucidate carrier kinetics at lower frequen-
cies and to understand J-V hysteresis and instability of PSCs.[??]

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) The Nyquist plots of pristine and Zr-doped TiO, PSCs showing a lower recombination rate in the latter case based on the low frequency
response measured in the dark at a bias of 1.0 V. Reproduced with permission.[*4] Copyright 2021, Elsevier. b) The Nyquist plots of pristine and 1.0%
Mg-doped PSC measured at the applied bias of 0.7 V under dark condition. Reproduced with permission.[4¢] Copyright 2018, American Chemical Society.
) The impact of relative humidity (RH) on the low frequency R, as a function of voltage for a planar FAPbl; (FA: formamidinium) PSC. Reproduced
with permission.[*’] Copyright 2015, American Chemical Society. d) IS measurement under dark condition at the applied bias of 0.6 V and 25-85 °C
temperature cycle showing the variation of transport and interfacial resistances as a function of measurement cycle. Reproduced with permission.[3°]

Copyright 2020, American Chemical Society.

IS analysis at low frequencies showed lower R, . (i.e., higher
recombination rate) for the poly(triaryl amine) (PTAA)-based
PSCs compared to 2,2,7,7'-tetrakis(N,N-di-p-methoxyphenyl-
amine)9,9’-spirobifluorene (Spiro-OMeTAD)-based PSCs, which
is in accordance with the lower performance of PTAA-based PSCs
(~10% vs ~15% PCE). The assessment of hysteresis with IS has
been discussed in recent studies.l"***3 Gonzales et al., formu-
lated a general model to correlate IS data and device hysteresis at
different voltages of the J-V curve in PSCs.[*?] The model was
used to evaluate hysteresis via the impedance parameters and
track transitions between capacitive and inductive domains atlow
and high voltages, respectively.

Sandhu et al., employed dark IS analysis to study the influence
of doping on electron transport layers for PSC applications.[**]
The Nyquist plot in Figure 2a shows two distinct arcs with an
enhanced low frequency resistance for the Zr-doped TiO, based
PSCs, which was related to the higher conductivity of the Zr-
TiO, layer compared to a pristine TiO, layer. Subsequently, due
to improved charge carrier collection at the Zr-TiO,/perovskite
interface, the Jo improved from 22.04 to 23.57 mA cm™. Be-
sides doping the charge transport layers, doping or modification
of perovskite materials can be useful to improve crystal qual-
ity, charge transport, charge collection, and trap passivation.[**!
In this regard, Liao et al., investigated the role of graphitic car-
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bon nitride (g-C;N,) as an additive to methylammonium lead
iodide (MAPDI;) based precursor ink and fabricated PSCs. The
respective PSCs were characterized by means of dark IS from
0.8 to 1.0 V.[*’I

The authors reported that the g-C;N, containing PSC showed
increased R, values and longer carrier lifetime. The authors at-
tributed this improvement to effective trap passivation and facil-
itated charge extraction and collection by g-C;N,. Likewise, Yang
et al., performed IS analysis under dark condition at a bias of 0.7
V to show the influence of doping MAPDI; with 1% of Mg.[*?]
The impedance results shown in Figure 2b present a larger R,
for the 1% Mg treated device which was attributed to the forma-
tion of large-grained, pinhole-free perovskite films.

Two important factors, such as relative humidity (RH) and
temperature can affect the performance of PSCs during measure-
ments. It was reported that the presence of H, O, and possibly O,
can trigger a reaction with the perovskite compound.!*¥] The pres-
ence of humidity can alter the optical properties of the perovskite
films by deteriorating the morphology of the films due to reduced
film crystallinity.*”*’] Wozny et al., studied dark impedance anal-
ysis over the voltage range of 0-1 V and demonstrated decreased
Ry, and R, with increasing the RH levels (Figure 2c).*]
Interestingly, even though R, was reduced, the predominant in-
terface recombination mechanism was not significantly affected

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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considering PSC ideality factors (my). Assuming Ry =
R, x exp[-qV,.[niakp T2 ideality factors were determined
to ny ~ 2.0 and 1.7 at 2% and 40% RH, respectively. This may
indicate the major importance of proton densities and their
impact on the electric response.[*8]

The influence of temperature on the performance of PSCs by
comparing dark IS on PSCs at 0.6 V at temperatures ranging
from 25 to 85 °C has been investigated by Feng et al.,[*! Figure 2d
depicts the change of both low frequency charge transfer resis-
tance at the interfaces and high frequency bulk transport resis-
tance throughout a heating—cooling measurement cycle, show-
ing the influence of both applied bias and temperature on these
parameters. The authors postulated that by increasing the tem-
perature to 85 °C, ion migration increased, and electro-migration
accelerated because of both applied voltage and thermal effects.
Furthermore, on reducing the temperature to 25 °C, both resis-
tances increased, which was related to impeded charge transfer
at the interfaces and charge transport in the bulk of perovskite
because of ion accumulation at the interfaces.

With growing interest in low-bandgap, low-toxicity perovskite
materials, for example, tin (Sn)-based perovskites, dark IS mea-
surements have been employed to understand the underlying
mechanisms in these PSCs. Jokar et al., extracted R from dark
IS over a bias range of 0 V to open circuit voltage (V) to show the
impact of using a new azetidinium (AZ) cation in AZ FA,_,Snl,
PSCs.’% Enhancement in the R, was observed by adding 15
mol% of AZ to the FASnI; absorber layer. Song et al., utilized
dark IS to analyze the interfacial recombination between FASnI,
and indium doped tin oxide (ITO) substrate which was pre-
heated at temperatures between 100 — 500 ©C and modified by
a self-assembled monolayer (SAM).PU IS on SAM-based PSCs
in the dark over a bias voltage range of 0.2-0.5 V showed highest
R, values in the Nyquist plot at T = 400 ©C. Wang et al., re-
ported that increased R, resulted from IS measurement under
dark condition for Sn perovskite doped with FeCl, compared to
the pristine device.’?] This improvement was due to the reduc-
tion of defect states and the suppression of carrier recombina-
tion.

2.1.2. Capacitance Spectroscopy

Capacitance spectroscopy (CS) has emerged as a viable technique
to characterize important mechanisms in PSCs such as defect-
mediated recombination at the interfaces of the perovskite with
corresponding charge selective layers.>>*] Capacitance can be
measured as a function of parameters such as frequency, applied
bias, temperature, and time. CS provides a pathway to under-
stand properties of perovskite films, such as—defect and dop-
ing densities, activation energy, and dielectric constant.’*>°] The
frequency-dependent capacitance can be used to determine the
density and energy of the trap states based on the characteristic
frequency response of the latter.>3] C—f spectra typically exhibit
three capacitance plateaus over low, intermediate, and high fre-
quency ranges. The high frequency capacitance (>1 MHz) rapidly
decreases with frequency due to the series resistance of the con-
tact electrodes. The stable plateau in the mid-frequency part (1-
100 kHz) is related to the geometrical capacitance (C,), while
the low frequency capacitance (<1 kHz) may provide insights
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on a myriad of phenomena, including ion migration,>* ionic—
electronic charge accumulation at the interfaces of perovskite
and charge selective layers, 2149 and charging-discharging of the
Debye layers.>®37] Generally, capacitance-voltage (C-V) measure-
ments are performed by applying an AC perturbation and extract-
ing capacitance under varying voltage biases (~—1to 1 V).’8/ The
identification of depletion layer capacitance can provide informa-
tion about the doping density in the absorber.>3] Furthermore,
M-S analysis can be applied to C-V data, and the doping density
and built-in potential can be extracted.

Temperature-dependent capacitance involves measuring the
capacitance of a PSC device over a temperature range. From this
measurement, the activation energy of trap states and carrier mo-
bility in the perovskite layer can be determined. TAS is an exam-
ple of capacitance measurement as a function of temperature.
Capacitance can also be measured as a function of time after
the application of a voltage step at various temperatures. Deep
level transient spectroscopy (DLIS) is a time-dependent capaci-
tive technique that is employed to provide information about trap
distribution and trap density. Like TAS, DLTS is a temperature-
sweep technique with the difference of operating in the time do-
main and applying a square voltage perturbation.!?*>°] Due to the
presence of ions in PSCs, care must be taken to measure deple-
tion capacitance.

Capacitance as a function of temperature and time was used
by McGovern et al., to study the impact of grain sizes and crys-
tal defects on the activation energy of trap states in PSCs.[%]
The authors employed transient ion drift capacitive method to
understand ion migration in methylammonium lead bromide
(MAPDBE;). In their study, capacitance was measured versus time
(0-1 s) over five temperature steps (from 210 to 330 K) for small
(1.7 pm) and large grained (11.3 pm) perovskite absorber lay-
ers. The activation energy was reported to increase from 0.17 to
0.28 eV with increasing grain size, which indicated that an ele-
vated barrier for ion migration was detected for larger grained
absorbers. Among the above-mentioned CS methods, M-S and
TAS analyses will receive further attention in the sections below.

2.1.3. Mott—Schottky Analysis

For many optoelectronic applications, the Mott—Schottky (M-S)
analysis is an I[S-based characterization technique used for the
evaluation of the charge density profile of semiconductor junc-
tions in the dark. The M-S analysis consists in the measurement
of the depletion layer capacitance (C,,) due to the change of
charge occupation at the edge of the depletion zone of width (w).
This capacitance is measured at a single high frequency under
reverse and low forward voltages, while minimal charge injection
occurs in the device. The collected data is represented as a C-2-V
graph, which is commonly referred to as the M-S plot (see
Figure 3). Various charge density profiles can be modeled in dif-
ferent ways, with the most classic examples summarized in
Table 2. For constant density profiles, the M-S be-
haves linearly from reverse to low forward bias as
CiP = 2(Vii — V)(g€oe,Napy) 7', and the curve fitting allows
for the evaluation of the built-in voltage (V,;) and the con-
centration of acceptor (N,) and/or donor (Np) shallow defect
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Figure 3. a) Mott-Schottky (M-S) plot of CsSnl; solar cell without hole transport material (HTM), and with HTMs including Spiro-OMeTAD, and
4,4, 4"tris (N,N-phenyl-3-methylamino) triphenylamine (m-MTDATA) shows higher V,; and lower charge carrier concentration for the m-MTDATA-
based PSC; the solid lines used for fitting the graphs are based on the equation in the main text. Reproduced with permission.[®] Copyright 2014,
Wiley Online Library. b) M-S analysis of pristine and 1-ethyl-3-methylimidazolium acetate (EMIMAc) added CsSnl; perovskites illustrating a change in
charge density profile from nearly n—p to n—i—p behavior. Reproduced with permission.[®”] Copyright 2022, Wiley Online Library. c) M-S plots of modified

MAg 3FAq 7Pbg 5Sng 513 PSC devices after pre-biasing at 2 V for T min (M-S measurement carried out in dark at 10 kHz). Reproduced with permission.

[68]

Copyright 2022, American Chemical Society. d) M=S plots of a FAPbl; device showing the effect of measurement conditions with forward and backward
bias sweeps, and pre-bias. Pre-bias voltage was 1.5 V applied for 20 s before the capacitance-voltage scan with a subsequent fast 500 mV s~! bias scan
in reverse direction. Reproduced with permission.[2’] Copyright 2018, American Chemical Society.

Table 2. Different charge density profile models and corresponding expressions.

Model Depletion layer width Capacitance M-S analysis Ref.
Abrupt p-n homojunction w =\/25‘Z‘\5V—AJ““3)(vb,—V—zvth) c2=20a0) (y vy, ) 63]
AND e0eNAND
. R o [20c ., 2 o 20V-Y)
One-sided abrupt p—n junction(N, < Np) W (Vyi—V) C? _qfoleA [63]
. . 2egepep (NA+Np)? 2 2(Npea+Npep)
Abrupt p—n het t =, [ ZL0fADINATID)” 2_ 2(Npea+NDED) 1/ 64
rupt p—n heterojunction w \/qNAND(NAéAJrNDéD) (Voi—=V) 2eoNAEANDED (Vyi=V) [64]
One-side abrupt p—i-n w= iN"A (Vii—V)+w? Cc?x %H:—;)z 163]
homojunction(N, < Np)
260¢ (NA+Np) _2_ 2(Np+Np) wi 2
e - ) =
p—i-n homojunction
Linearly graded =3 12+;(Vbi—V) C’3:% [63]
p—n homojunction 7o
] ) 2 ey,
Arbitrary doping profile w =% N (w)= - Eof( (av )) [64]

p—n homojunction

“A” and “D” refer to the acceptor or donor side of the junction, N, the density of dopants; ¢, is the vacuum permittivity; ¢, the dielectric constant, g, the elementary charge;

Vi, the thermal voltage; Vi, the built-in voltage; and a,, is the doping concentration gradient.
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levels, with g being the elementary charge and ¢, the vacuum
permittivity.[61:62]

Inverted planar (p—i-n) and planar (n-i—p) PSCs show a
“squared” M-S plot, where the capacitance is almost constant
from reverse to low forward bias before it abruptly drops to-
wards the high injection regime.[2628670 This is the case where
Cyep cannot be experimentally discerned from other capacitances
in PSCs including chemical capacitance (C,), trap capacitance,
C, of different layers, and ionic capacitances in the bulk and
at the interfaces. Due to overlapping timescales of the capaci-
tance responses, it can be challenging to discern which capac-
itance is responding over the defined voltage range.[**! There-
fore, the applicability of the M-S analysis in PSCs may not be
fully justified.?7!) Recommended analysis requires the verifica-
tion of: i) the suitable AC high frequency perturbation (typically
10-40 mV for PSCs); ii) the adequate measurement frequency
to elude the ionic capacitance (>1 kHz for thin-films);[>*! iii) the
appropriate DC bias range from reverse toward forward voltage
(typically —0.5 to 1 V, but below the exponential increase due to
high injection); and iv) the physical meaning of the reported dop-
ing density, that is, p- or n-type.

For PSCs under dark condition, the capacitance should ide-
ally behave as C,, considering the dielectric constant and thick-
ness of the absorber layer, while artifacts arising from instabil-
ity and mobile ions should be discarded.?®! Consequently, only
a few examples can be found in the literature where the condi-
tions for M-S analysis apply,[°72] such as the M-S plots related
to Sn-based CsSnl, PSCs shown in Figure 3a,b, which indicates
that these perovskites are homogeneously doped. In some other
studies, 773751 the M-S plot suggests that the modification of the
tin perovskite either by additive engineering or ionic displace-
ment increases the shallow defect concentration toward the in-
terfaces in a way that the device is still p-i-n or n-i—p, but the
intrinsic region has been thinned enough so the Cy,, is measur-
able. Interestingly, for the above referenced exceptional devices,
a correlation can be found between the perovskite additives in-
cluding Sn and/or Cl and defect concentration.

The bias scan rate and pre-biasing was found to modify the
capacitance and consequently, the shape of the M-S plots by
Almora et al.,l*! and Fischer et al.,|¥’! respectively. Specifically,
pre-bias was found to produce a transition from a “squared” p—
i—n like shape to a more “triangular” p—n type M-S plot. Notably,
the perovskite composition seems to define the proper small
ion mobility for the M-S experiment to be carried out. For in-
stance, MAPDI; is hardly found to respond to pre-biasing,!’]
while MA;FA,,Pb,sSn;sI; and FAPbI; have been found to
be affected by pre-biasing. Zhang et al., applied 2 V to an in-
verted MA,;FA,,Pb,sSn,sI;_ based PSC for different periods
from 0 to 120 s during M-S measurements.[®®] PSCs included
in the experiment were pristine MA ;FA,,Pb,;Sn,I; PSC, -
guanidinopropionic acid (GUA)-based PSC, hydrazinium iodide
(HAI)-based PSC, and hybrid GUA + HAI based PSC. The au-
thors reported that the M-S plots, for samples pre-biased at 2 V,
reached a saturated state after 60 s, indicating that this timescale
as optimum duration for pre-biasing in this M-S experiment
(Figure 3c). Fischer et al., compared M-S plots for a FAPbI;-
based PSC in forward and reverse scan directions without pre-
biasing and reverse scan with pre-biasing for 20 s at the applied
voltage of 1.5 V, see Figure 3d.[”] The authors suggested that ap-
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plying a large V (>1 V) prior to M-S measurements can fully
revert the ion distribution and redistribute mobile ions within
the bulk perovskite, which are generally accumulated at the in-
terfaces between perovskite and charge transporting layers. This
“doping redistribution” allowed for the measurement of Cy,, by
using a relatively fast reverse voltage sweep (0.5 V s71).

As most of the perovskite absorber layers are intrinsic in PSCs,
they prevent the appropriate interpretation of M-S analysis, al-
though pre-biasing approach to the low frequency capacitance
can be used to characterize the ionic properties of the perovskites.
Nonetheless, M-S analysis would only work for samples where
the characteristic ionic relaxation time is not in conflict with the
experimental boundaries. In general, timescales for the ionic mi-
gration in perovskites have been reported in the range of mil-
liseconds to hours, depending on the sample and perturbation
conditions.*®) After pre-biasing, only “slow ions” may therefore
be characterized since “fast ions” may rapidly return from pre-
bias to equilibrium conditions, resulting in either the same p—i-n
graph or effects such as M-S plot hysteresis.

2.1.4. Thermal Admittance Spectroscopy

Thermal Admittance Spectroscopy (TAS) refers to the analy-
sis of IS measurements in the dark while sweeping tempera-
ture. Notably for PSCs, the temperature ranges to be covered
with TAS should be within a range of stable perovskite crystal
phase, for example, for MAPDI, tetragonal phase a range from
160-330 K is advised.”! TAS probes the C,,,, which suggests
that this technique requires similar validation conditions as M—
S analysis.[?628] At every temperature point within the suitable
range for TAS measurements, the defect distribution has a char-
acteristic emission rate which depends on the defect density (N,)
and the trap energy (E,). These values are obtained by applying
the TAS formula to the C—f data for a range of temperatures.[877]
Accordingly, many studies uses TAS for correlating device perfor-
mance improvement with modifications in E, and N,, and/or the
corresponding effective trap density of states (DOS) as a function
of the demarcation energy or angular frequency, either at an in-
terface or along the perovskite bulk.

A thin [6,6]-phenyl C¢, butyric acid methyl ester (PCBM) layer
was employed by Dong et al. to optimize the ETL interface be-
tween aluminum-doped zinc oxide (Al:ZnO) and MAPDI; in an
inverted planar device.l”’”] Using TAS characterization method,
the authors showed that introducing the PCBM layer promoted
charge extraction and passivated the interfacial defects. Subse-
quently, lower Ny~ 5.9 X 10% cm? (vs Nx 1.8 X 10'°cm? for
baseline devices), and E, ~0.35 eV (vs 0.49 eV), contributed to
the improvement of PCEs for PCBM interlayer-based PSCs from
13% to 17%. To reduce the N, of the perovskite absorbers, ad-
ditives are often introduced. Some additives, however, may lead
to higher defect densities; for example, the excess concentration
of MALI in the precursor solution was found to increase the trap
density of MAPDI, by ~50%.78] Yu et al., reported the decrease of
trap states in polycrystalline MAPbI,_, Cl, perovskites as a con-
sequence of mechanical stress.[”®) The deformation and shift in
GBs was reported to influence the density of defects at GBs and
reduce the DOS by more than 20%. Encapsulation of PSCs in a
N,-filled glovebox and storing them in a dark condition for a few
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hours was suggested as an alternate method for reducing DOS
(as confirmed by TAS), specifically in shallow trap regions.®!

Several studies employed TAS to show improved passivation
and reduced N, values by incorporating additives into the Pb-
based perovskite precursor inks.[##3] Bilateral alkylamines, has
shown significant impact to enhance PCEs of MAPDI; (18.3% to
21.7%) and Cs; s FA,;0MA,,sPbI; (17.0-21.5%)-based PSCs.[**]
Accordingly, incorporating 1,3-diaminopropane (DAP) into the
perovskite ink resulted in one to two orders of magnitude lower
DOS for DAP-based MAPbI, than for pristine MAPDI;, as seen
by TAS measurements. Li et al., reported low N, in PSCs by
the addition of Snl, and CuBr, into the Pb-based perovskite
inks.®* Using TAS measurements, a lower DOS was observed
for the inverted lead—tin—copper (Pb—Sn—Cu) ternary PSCs with
a PCE of 21.1% compared to the MAPDI; device. Gharibzadeh
et al., performed TAS analysis to show the advantage of passi-
vating defects at both GBs and perovskite/C, interface in a p—
i-n PSC.[®] The increase in activation energy (E,) from 0.502 to
0.696 eV and the reduction of electron trap density from 9.2 x
10 t0 3.7 x 10”cm? indicated effective suppression of defects
accumulated at both the GBs and the surface of the perovskite
films compared to the reference device. Consequently, the op-
erational stability was improved for the passivated PSC under
illumination.

Typical defect densities and activation energies, along with the
corresponding PSC efficiencies (see Table S2, Supporting Infor-
mation, for additional details) derived from TAS and DLTS stud-
ies are summarized in Figure 4a—c. Notably, most of the studies in
the literature focused on the material variations of MAPDI;, while
Sn-based and Br-rich devices appear to still lack intensive charac-
terization via TAS or DLTS at present. As seen in Figure 4a, the
derived trap concentrations are mostly around 10 cm~ which
is above the minimum concentration that can be measured by
capacitive techniques, Ny, & 6.75mckyTe,e,q2L? (here, mc
is an “ideality factor-like” capacitance parameter by Ravishankar
et al.[®% and k, T is the thermal energy; see dotted line at 6 X
10" cm in Figure 4a). The estimation of Ny, is useful for
validation and evaluation of the lower density limit measurable
via capacitive techniques.

Interestingly, some of the reported defect densities may be
close or even above the effective density of states at the band
edges Ny, which can be estimated as a function of the effec-

tive mass m* = of electrons (holes) and the thermal energy k; T,
e(h)

Ney = 2Q2zmg, ky T)*/*h=3; with h being Planck’s constant. The
value of N (see dashed line at 8 x 10'® cm™ in Figure 4a)
relates to the concentration of electrons (holes) that contribute
to the capture/emission process to which the TAS/DLIS for-
malisms refer. In other words, “trap” concentrations close or
above N.y, may suggest the limitation of TAS/DITS to ade-
quately characterize the sample. Figure 4b shows the correspond-
ing activation energies distributed between shallow and mid-
gap states. In agreement to high PCEs of PSCs, shallow defects
are most often found, which are known to have low to no ef-
fect on non-radiative recombination. Yet, determining the na-
ture of the defects is challenging due to the nearly intrinsic char-
acter of the perovskite and the complications of having addi-
tional dopants/additives contributing to the capacitive signal. In-
terestingly, although rarely encountered, some activation ener-
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Figure 4. Review of a) defect density, b) activation energy, and
c) power conversion efficiency versus band gap energy for PSCs
with various perovskite compositions from thermal admittance spec-
troscopy (TAS) and deep-level transient spectroscopy (DLTS). The leg-
end for the original publication of each report can be found in Table
S2, Supporting Information. For the minimum doping density mea-
sured by capacitive methods (dotted line), Ny iy, T = 300 K, mc

=1, ¢ =15 and L = 500 nm; and for the effective density of
states (dashed line), Ncy, m; = m; = 0.1 mg (mq is the electron
mass).
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Figure 5. The process of open-circuit recombination analysis by impedance spectroscopy (ORIS) measurement under different light intensities at

open—circuit (OC) voltage.

gies close to the mid-gap level show the higher efficiencies (see
Figure 4c), despite trap energies which are closer to the mid-gap
level typically yielding higher recombination rates. This raises the
question of whether the estimated activation energies correspond
to trap capture/emission or yet another process or effect. Here we
want to mention the possibility of neutrality of the defects, how-
ever, neutral defects should not produce a sign-defined electrical
response.

To summarize, conducting IS measurements in the dark
should always be considered as the first characterization step for
understanding photoactive materials or devices. The comprehen-
sion should start from the simplest equilibrium situation. Fur-
thermore, dark conditions for IS measurements may limit the
influence of additional challenges during measurements such as
light-mediated device degradation. Dark IS characterization can
provide important results in regard to charge transport and re-
combination resistance, doping density, built-in potential, trap
density, and trap energy level. However, given that the intended
operational condition for PSCs is under illumination, it is rea-
sonable for the dark measurements to be complemented by mea-
surements under illumination, as described in the subsequent
section.

2.2. Open-Circuit Recombination Analysis by Impedance
Spectroscopy

The open-circuit recombination analysis by impedance spec-
troscopy (ORIS), is one of the most common IS methods for
estimating the recombination resistance and the effective re-
combination lifetimes which are present under DC illumina-
tion at open circuit condition in photovoltaic devices (see Figure
5). At any other “non-OC” condition the competition between
charge carrier extraction and recombination hinders the iden-
tification of the respective resistances. However, in thin film
perovskites, where the charge carrier diffusion length is larger
than the thickness of the absorber layer, the OC condition can
be set under illumination intensities whose value of V. ap-
proaches that of the V;; (flat band) for making the drift and
diffusion currents nearly negligible. Accordingly, it is safe to
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assume that most of the IS signal is related to the recombi-
nation resistance,!®’! R, .=(d],.../dV)"! since the current balance
is achieved between the recombination current (J,.) and the
voltage-independent photogeneration. Subsequently, provided
that the electronic chemical capacitance (C,) is measurable and
much larger than the dielectric capacitance,®! the recombina-
tion lifetime can be extracted as 7,,.=R,.. C,. C, arises due to the
shift in the Fermi level energies with respect to the band edges
as a result of charge carrier injection. It explains charge carrier
accumulation in the perovskite layer and charging/discharging
mechanisms within the device during operation.>*

For Vi values close to the Vi;, the resistances are almost ex-
clusively related to recombination phenomena. However, under
low illumination intensities/voltages, resistances are governed
by prevalent shunt/photo-shunt processes rather than by illumi-
nation intensities or voltages. As for the capacitances, the high
frequency capacitance in PSCs is attributed to the bulk dielec-
tric polarization and typically shows a well-defined plateau in
the Bode plot corresponding to the geometrical capacitance un-
der illumination condition. Alternatively, at low frequencies, a
very large capacitance is observed under illumination which in-
creases exponentially.®] While still debated, the origin of the
low frequency resistance and capacitance has been commonly re-
lated to ionic motion and interface mechanisms. Ripolles et al.,
used ORIS to analyze the interface treatment in single-cation and
double-cation PSCs.®l A very low concentration of phenylethyl
ammonium iodide (PEAI) salt (0.0002-0.012 m) was added dur-
ing the antisolvent step in device fabrication to passivate interfa-
cial vacancies and improve moisture stability. IS measurements
were performed at V under 1 Sun illumination for PSCs with
and without PEAIL The results showed lower high frequency re-
sistance or improved transport for the devices with PEAT due to
the presence of PEA* cations at the grain boundaries which im-
proved moisture resistance.

Subsequently, by reducing the recombination rate, efficien-
cies increased by 18%, 32%, and 4% for PEAI-based MAPbI,,
MA,,Cs,,Pbl;, and MA,;FA,sPbl; devices, compared to the
pristine device.

The determination of the n,,[2*°!l from ORIS data can also be
used to identify main recombination mechanisms in PSCs. In
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Figure 6. a) The high frequency and b) low frequency characteristic response times measured over a range of OC voltages for different PSC materials
and configurations. The graphs show the exponential decrease of 7,¢ and approximately constant behavior of 7| for different perovskite compositions.

this experiment, the ny is obtained from the exponential slope
of the high frequency resistance versus V. under different il-
lumination intensities. In comparison to other methods, such
as considering the short circuit current density (Jsc) versus Vo
or the dark |-V curve, ORIS provides a hysteresis-free assess-
ment and separation between the electronic- and mobile ion-
related recombination features.*'*) In 2023, Bennett et al.,>*
proposed analytical and numerical modeling that suggest the ide-
ality factor ny from Ry as an electronic (ion-migration-effect
free) parameter while the ideality factor n; from R;; comprises
the recombination mode linked to the mobile ion properties.
Moreover, here we stress the use of ORIS for either extract-
ing ideality factors and/or to directly observe R,.., which may
find application for elucidating V. trends of devices (as from
the J-V curve). This is not only because of neglecting hystere-
sis issues but also because of the exploration of the capaci-
tive features that may induce modifications in the density of
states.

Evaluating the characteristic response time (z) from the ORIS
method is another approach used to obtain information on re-
combination mechanisms.[?*?° From the combination of capac-
itances and resistances, the ¢ = RC can be assessed. It is perti-
nent to note that = may also include contribution from dielec-
tric relaxation 74 = R, C4 of the dielectric capacitance Cy, which
is the most likely situation for PSCs. For example, assuming
(t = Treet 74),1¥ the condition of Cy <« C, is necessary for
the interpretation of r = 7. and evidence of this has already
been found in silicon,?’! organic,®®! and dye-sensitized,!®”] so-
lar cells. Figure 6 shows high and low frequency characteristic
times over a wide V. range for different PSC configurations,
as summarized in Table S3, Supporting Information.[?)] Each
main capacitance is generally associated with a time constant.
At high frequencies, C, of the PSC and R;;; would most com-
monly be coupled; although depending on the device and the EC
model, the C, could also include its discharge throughout the
Ry;. Either way, since the high frequency capacitance typically
remains constant and the high frequency resistance decreases
with illumination, the Ry Cyy¢ product would result in an expo-
nential decrease in the 7;;¢ o exp[—qV,./n, k; T}, asillustrated in
Figure 6a. Higher values for 7;; and values close to unity for high
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frequency lifetime-related ideality factors n,  are ideal. How-
ever, at low frequencies, the capacitance Cj; o exp[qV,./nc kg T]
and resistance Ry o exp[—qV,/ng k;T] exponentially increase
and decrease with illumination, respectively. Most commonly, the
exponential trends are the same (nc ~ ny ) resulting in rela-
tively constant low frequency characteristic time 7, as shown in
Figure 6b.

Markedly, the 7 values from ORIS have been compared with
those measured via transient photovoltage (TPV) in organic,®!
and dye-sensitized solar cells,[””] where both theory and experi-
ment suggest agreement between the two techniques. In PSCs,
on the other hand, some studies have also found this experi-
mental agreement between 7, = Ryy¢ C, from ORIS and 7 from
TPV,[22%8] which suggests a correlation between 7 and the re-
combination properties of PSCs. However, the apparent discon-
nection between 7 and C, raises the question whether 7 from
TPV is not a recombination lifetime and/or whether a different
theoretical framework is necessary for interpreting the physical
meaning of 7,y from ORIS. Nonetheless, we highlight that this
agreement between the two techniques has been found to oc-
cur only for a given V. range because IS and TPV perform
better in terms of signal quality for higher and lower values of
P,,, respectively, and match well in intermediate illumination
ranges.?]

In summary, impedance spectroscopy analysis at quasi-open-
circuit conditions can be useful in identifying the recombination
mechanisms at interfaces and in the bulk. Particularly, the ideal-
ity factor from the slope of the resistance versus V. curve mea-
sured under different illumination intensities, is an effective tool
that not only indicates the dominant recombination mechanisms
in the device but also suggests a discrimination between the fea-
tures affected by the ion migration and those that are not. Never-
theless, care must be taken when straightforwardly assuming the
presence and/or absence of fundamental quantities such as the
recombination and transport resistances and the chemical capac-
itance. There still is debate on the physical origin of several phe-
nomena such as the exponential increase of the low frequency ca-
pacitance and the nearly constant behavior of the low frequency
characteristic time with respect to the illumination intensity and
thus the V.
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2.3. Equivalent Circuit-Oriented Impedance Spectroscopy
Analyses

Equivalent circuit-oriented impedance spectroscopy (ECIS) pa-
rameterization has been exhaustively reviewed in a recent work
by Guerrero et al.,[*"] who also provided more general considera-
tions for the IS characterization of PSCs. Building on this work,
we not only want to provide an update on the most recent reports
in this area, but also want to focus our analyses from the per-
spective of the IS measurement protocol and its relation to the
EC modeling.

Nyquist and Bode graphs are the two main representations
used not only to visualize the impedance response but also as
a first approach for signal processing. The next most typical
method is to use ECs to simulate the IS data by including re-
sistive, capacitive, inductive, etc. elements in the circuit.[*” Re-
sistors in ECs represent the reduction of current flow and dissi-
pation of electrical energy as heat. The physical origins of resis-
tances in ECs are manifold and include transport, charge trans-
fer, and recombination of electronic and ionic charge carriers. Ca-
pacitors in ECs are ideal components that store electric charge.
Their presence in the device can be due to the polarization of
bulk and interfaces or a change in the electrochemical potential
caused by local rearrangement of charge.l*! Instead of ideal ca-
pacitors ( Z = 1/jwC), constant phase elements (CPE)s (Z¢pp =
1/Q(jw)"* , 0 < n < 1) can be employed to obtain better fitting,
with CPE becoming an ideal capacitor for n = 1.1100101]

ECs can quantitatively explain the dynamical mechanisms tak-
ing place in the PSC and can be relatively basic like a sim-
ple parallel RC Voigt element or more complex such as a lad-
der/matryoshka configuration.[19192103] The complexity of the
circuits depends on the perovskite composition, the types of
charge carrier layers, and the PSC structure itself. In addition,
the utilization of each EC element should be understood in the
broader context of the IS signal nature. For example, the in-
clusion of capacitors and inductors does not necessarily imply
the presence of physical phenomena that traditionally relate to
the ideal elements for energy storage in an electric or mag-
netic field, respectively. Instead, other phenomena can be the
cause of a similar current phase-shift with respect to the volt-
age perturbation and tangled origins of the IS spectrum can
even produce apparently anomalous outcomes, such as negative
capacitances.

Importantly, even though one can always numerically find
many EC models that fit the experimental data nearly perfectly
with up to N — 1 parameters (N is the number of experimental
points), it does not mean that these mathematical parameteri-
zations imply realistic physical meaning. Thus, for an EC to be
physically validated, it should follow the principles of: i) accuracy,
ii) physical representativeness, and iii) generality. The first prin-
ciple is quite straightforward, and one can easily find relative and
statistic error indicators in most of the signal processing fitting
software. However, the balance between accuracy and physical
meaning is important. In other words, a 90% accurate fit with
representativeness and generality may be preferred over a 99%
accurate fit for which the physical meaning is unclear.

The physical representativeness of the EC model relies on how
well it describes the specific system under consideration. For in-
stance, series connection of R—C couples is a suitable description
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for thick samples such as silicon solar cells,['* where a macro-
scopic distribution of voltage drop is well defined; the total C, is
overlapped by Cj,, and the quasi-neutral region may behave like
a “wire” connecting in series the junction-, the contact- and/or
the bulk-related processes. However, the above conditions are
not generally present in thin film systems, which makes the lad-
der/matryoshka EC models more suitable.['%] Furthermore, the
representativeness is also a function of the measurement condi-
tion. For instance, EC for quasi-open-circuit conditions should
contain the most detailed description for dielectric capacitive el-
ements, whereas the situation of significant current flow may in-
clude inductive elements.

The generality principle is one of the most critical principles
in terms of validation. The EC model should not only describe a
given system at a given condition but should also show coherency
over a range of conditions and upon modification of the system.
The simplest manifestation of the generality principle is related
to the frequency range: an EC circuit should cover the simplified
DC circuit toward low frequency. For instance, by using uncou-
pled capacitors (without parallel resistor) the current throughout
all the elements in series at DC condition is disabled. Likewise,
care should be given to any resistors in series with uncoupled ca-
pacitors since these elements would behave differently in AC and
DC conditions. Moreover, not only does the frequency require
generality from EC circuits, but also any other parameter defin-
ing the device condition, such as the DC bias and illumination.
For instance, an EC model designed for ORIS protocol to be per-
formed on a PSC should describe the same PSC at short-circuit
under different illumination intensities or in the dark at differ-
ent biases, either without any modifications or by being modified
for each measurement condition as a particular case of a more
general circuit.

In this section, several recent EC-based recent studies are
showcased as examples of the three principles of EC modeling.
The cell architectures, the impedance responses, and their re-
lated ECs for all the following examples are summarized in Table
S4, Supporting Information. The suggested EC for a common
cell structure of Glass/FTO/TiO, /MAPDI, /Spiro-OMeTAD/Au is
discussed first and will be followed by examples of more complex
circuits. In 2015, Pascoe et al., studied three different planar PSC
configurations and measured impedance under illumination at
OC to compare the behavior of different architectures.!'®! The
impedance response in Figure 7a shows two distinct features at
low and high frequencies corresponding to dielectric relaxation
and charge recombination at the interfaces of the perovskite layer
and the adjacent contacts, respectively.[1%>1%] The Debye dielec-
tric relaxation components in the EC of Figure 7a (R, and C,)
were reported to be related to the frequency dependence of the
perovskite polarization.['® Besides, R, and contact capacitance
(C,) were associated to the buildup of charges at the perovskite
layer and its neighboring contact interfaces. Aranda et al., used
IS measurement in dark condition to study HTL-free MAPbBr,
devices.[®) The EC in Figure 7b was used to fit the impedance
spectra with two arcs and three capacitances; with R = R; de-
scribing the conductivity of the perovskite layer and recombina-
tion processes and the IF and LF features related to the inter-
faces of the perovskite with the external contacts. However, the
coupling between R;C, and R,C, led to one arc in the Nyquist
plot and two capacitances in the C—fplot. To show the impact of
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Figure 7. a) Nyquist plot measured for Glass/FTO/TiO,/MAPbl;/Spiro-OMeTAD/Au under open-circuit conditions at illumination intensity of
273 W m~2. Reproduced with permission.l'®! Copyright 2015, American Chemical Society. b) Simulated IS data for Glass/FTO/c-TiO,/m-
TiO,/MAPbBr; /Au in the dark with modification of R, at Ry = 20 Q, Ry = 1000 Q, Cp i =2 X 1078 F, Ry =2.8x 10° Q, C; = 2x107¢ F, C, = 2 X
10~7 F. Reproduced with permission.[3° Copyright 2019, The American Institute of Physics. c) FTO/SnO,/MAPbl; /PTAA/Au in the dark at different bi-
ases under vacuum; and d) FTO/SnO, /MAPbl; /Spiro-OMeTAD/Au measured in the dark at different biases. Reproduced with permission.[?2] Copyright

2019, American Chemical Society. The equivalent circuits in the insets used for fitting the impedance responses.

individual circuit elements on the impedance response, the au-
thors simulated IS data by varying values of circuit elements in-
cluding the contact resistance, R,, from 1 to 10* kQ with other
parameters fixed. As it is shown in Figure 7b, for certain values
of R,, two arcs in the Nyquist plot were observable, compatible
with their observed data.

Sangwan et al., explored two different HTMs including PTAA
and Spiro-OMeTAD in a planar PSC device by IS analysis in the
dark at different forward biases.??] The impedance spectra were
modeled using three parallel R—C circuits for both PTAA-(shown
in Figure 7c) and Spiro-OMeTAD-based PSC devices as well as an
additional inductance for the PSC with Spiro-OMeTAD and effi-
ciency of 11.9% (moderate PCE). The R,, C; and the R represent
the high frequency behavior while the two other additional R—C
branches were attributed to the interfacial behavior at low and in-
termediate frequency regions. The addition of an inductance for
the Spiro-OMeTAD-based sample in Figure 7d was reasoned by
the inductive loop at low frequency. Ahmad et al., performed IS
for an HTL-free double mesoporous PSC including mesoporous-
(m-TiO,) and m-ZrO, in the dark at multiple biases.['%?] An EC
with three R—C branches was used to model the impedance re-
sult atlow and high applied biases. The high frequency arc can be
related to the counter electrode/perovskite interface and the low
frequency one may be assigned to the recombination process at
the TiO, /perovskite interface.
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In the following article, IS measurements were performed
in the dark under short-circuit conditions to ensure the stabil-
ity of a triple cation 3D ([(FA, 53 MA, ;7)CSg05]Pb(I;53Bry17)5) and
2D(PEAI)/3D PSCs during the measurement.””! A circuit in-
cluding the Bisquert transmission line (BTO) was used to bet-
ter fit the low frequency response of 2D/3D PSCs and describe
the giant dielectric effect at low frequencies. The high frequency
response, on the contrary, was modeled using resistances and
capacitances with an inductor for better fitting. The details of
the structure, Nyquist plots and circuit elements can be found
in Table S4, Supporting Information. Yuan et al., have shown
that incorporating additives, such as cesium acetate (CsAc) into
the FA, ¢sMA, ;sPbl; perovskite precursor solution can improve
PCE as well as the stability of the PSC.'"] In this work, IS mea-
surements in the dark at a DC bias indicated improved carrier
transport and lower carrier recombination rates for CsAc-based
perovskite than its pristine counterpart.

Another method for improving the robustness and charge
transfer of PSCs, presented by Jeong et al., is fluorinating Spiro-
OMeTAD in FAPDbI; PSC.'%] In this work, IS was performed
at a DC bias of —1 V at times of 0, 200, and 500 h. The re-
sults illustrated enhanced stability and reduced charge transfer
resistance for the fluorinated HTM-based PSC compared to the
reference sample based on undoped Spiro-OMeTAD. With re-
spect to ETLs for PSCs fabrication, SnO, has received growing

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA11e81D) 3ol dde ayy Aq peuienob a1e sajole YO ‘8SN Jo Sa|nJ 0} Aiq1T 8UlUO 8|1 UO (SUONIPUOD-PUE-SWLBIAL0D" A IMAReId 1[Bul [UO//:SdhU) SUOTPUOD pUe SWis 1 841 88S *[7202/T0/92] Uo Akeqiauliuo A8 ‘11IBIIA 1811A0d pepsieAIun Ag 0/E70220Z WUSe/Z00T OT/I0p/L0o" A IM Aled jpul|uoy/Sdny Wwo. pepeojumod ‘0g ‘€202 ‘0v89rTaT



ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

attention over TiO, owing to its superior characteristics such
as having a more suitable band energy alignment with the per-
ovskite layer and higher electron mobility. Yang et al., complexed
ethylene diamine tetra-acetic acid (EDTA) with SnO, in a normal
planar FA osCs, os Pbl; PSC.'1 The results of IS show smaller
R, and larger R . for PSCs incorporating both EDTA and SnO,
(E-Sn0O,) compared to samples with just SnO, or EDTA. Ad-
ditionally, a hybrid layer of amorphous sol-gel SnO, and crys-
talline SnO, nanoparticles (Bi-SnO,) as the ETL in a planar
Csy o5 (FAPDI;) g5 (MAPDBI;), 15 PSC structure resulted in better
band alignment with the perovskite absorber layer and lower
surface defects than either of these layers separately.''%l The
IS measurement carried out in the dark at a bias of 0.9 V in-
dicated two visible arcs at lower frequencies related to the in-
terfacial recombinations at ETL/perovskite and the bilayer in-
terface, and an arc at high frequency associated with charge
transfer resistance for the PSC based on Bi-SnO, (Table S4,
Supporting Information).

Recently, an approach was suggested in response to ambigu-
ous interpretation of IS in different PSC devices. Hauff et al., sug-
gested a general equivalent circuit which separates fast electrical
processes (high frequency responses) from slow dynamics (low
frequency responses) such as ion movements.[**! With the pro-
posed circuit which was comprised of a series connection of a
low frequency element and the high frequency features, the au-
thors were able to comprehensively explain the high frequency
component. However, a linear circuit was suggested for the low
frequency branch that can be composed of different features in
the spectrum depending on the various PSC architectures and
measurement conditions.

In summary, the ECs reviewed here can be categorized in
three different measurement conditions including: i) in dark at
either different forward biases or a single bias; ii) under illumi-
nation at OC condition; and iii) in dark at short circuit (SC) con-
dition. Three arcs in the Nyquist plots, corresponding to three
R-C branches in the ECs, are commonly reported for IS charac-
terization of mixed ion/cation perovskite-based devices. To follow
the generality principle, it is recommended to measure IS over
a broad range of bias voltages. Negative tails or inductive loops
at low frequency were also illustrated. These complex features in
the Nyquist plot can be modeled using R-L elements or common
R-C branches with negative values for R and C.

Beyond the application of classical IS protocols (Table 1), the
in-depth characterization of PSCs and photovoltaics has seen sig-
nificant progress in recent years. For example, DD modeling
was recently used to interpret various physical behavior such
as charge generation, transport, recombination, and collection
in the impedance response.’”11-1131 The complex electronic—
ionic behavior and chemical instability of PSCs and the lack of
full understanding behind the physical behavior of some EC el-
ements, suggest the need for alternative methods for interpret-
ing impedance responses.’”) As a result, some groups have em-
ployed DD models in an attempt to correlate the IS with more
fundamental properties, such as the charge carrier recombina-
tion rates and mobilities.** Ideally, complementing DD numer-
ical simulations with EC theory analyses should provide deeper
insight into the transport phenomena. Yet another complemen-
tary method to IS is LIMIS, which is achieved by applying a small
light perturbation and is defined as the ratio between IMVS and
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IMPS responsivities.[?*114] Both topics will be further elucidated
in the following two sections.

3. Drift-Diffusion Modeling of IS Spectra

The equivalent circuit modeling is advantageous due to its sim-
plicity and easy convergence during the simulation of impedance
spectra, and it generally includes a combination of resistors and
capacitors (at least two R—C elements per PSCs). It is important
to discern the physical meaning and analytical expressions for
each capacitive and resistive element which can be used to eval-
uate more fundamental transport and materials properties such
as charge carrier mobility, dielectric constants, doping and defect
densities, recombination rates, and equilibrium concentrations.
However, such analytical expressions are often scarce, if not miss-
ing, in EC modeling and the analytical formulae for capacitive
and resistive elements are limited to rather effective approxima-
tions due to the many simplifications and assumptions needed
for their deduction. Complicating things further, the presence of
slow-moving ions in the perovskite layer may even add additional
elements, such as inductances to the ECs.[**]

To reduce the ambiguity in the physical interpretation of circuit
elements in PSC equivalent circuits, drift-diffusion (DD) model-
ing is employed as a more fundamental way for understanding
the impedance responses and predicting the behavior of the de-
vices based on their physical properties, although it has not been
used for fitting the impedance spectra to date. Thus, DD simula-
tions can be used as an alternative and/or a complement to EC
models to numerically solve the transport equations to obtain in-
formation on transport and material properties. In DD modeling,
a fully coupled set of time-dependent continuity equations and
Poisson’s equation can simulate transient optoelectronic mea-
surements. For decades, the numerical tools for the mostly sta-
tionary DD solutions have been well developed for devices com-
posed by classic inorganic semiconductors,[!118 and organic
materials.[®>1"%] Further developments have also been achieved
for the simulation of transient techniques as well as impedance
spectroscopy.[111112120.121] Thig approach not only provides a di-
rect estimation of the basic transport parameters but can also be
combined with the EC models to discern the meaning of the re-
sistive and capacitive elements in semiconductor devices such as
PSCs. The emergence of PSCs required the inclusion of the time
dependency and the dual electronic—ionic conductivity with a pri-
mary focus on the hysteresis phenomena of the J-V curve.[122-12]

There are several simulators with the capability of DD mod-
eling in solar cells such as Driftfusion (open source),'1213% Jon-
Monger (open source),12#131] SCAPS, 5] STLVACO,[132] ASA,[116]
and SETFOS.[133-136] Table S5, Supporting Information, com-
pares these simulators in terms of numerical method, boundary
conditions, assumptions, the number of charge carrier species,
and measured parameters. Some examples of employing these
simulators for DD modeling of impedance response in PSCs are
discussed in this section.[1121%7]

Among these simulators, Driftfusion and IonMonger have
been mostly employed for simulating the impedance response
for PSCs. This open-source software use the solution of the
charge and electrostatic concentration profiles of the device un-
der steady-state conditions as initial conditions for the tran-
sient simulation at each frequency. The impedance response is
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simulated over all frequencies with input of key parameters, such
as the ones listed in Table S5, Supporting Information. A key
difference between Driftfusion and IonMonger is the employed
method for simulating the interfaces between two dissimilar lay-
ers. Driftfusion considers a discrete interlayer interface to have
a smooth transition in material properties, while IonMonger is
based on an abrupt interface model.[130:131]

Hlustratively, the low frequency capacitance in the IS spec-
tra was interpreted based on the ionic DD model by Jacobs
et al.,["'!l The authors considered mobile ion densities alongside
electron and hole populations (for Figure 8a, N, -N, = 4 X
107 cm3, N,,, = 1 X 10'® cm?, for additional values for the
initial parameters see Table S6, Supporting Information) with
the critical distinction that ions can only move within the per-
ovskite layer. In all the simulations, at least two ionic charge dis-
tributions were utilized and mechanisms like ionic generation—
recombination and interaction between ions and charge carri-
ers were not considered. As a result, the slow response of mo-
bile ions to the external applied potential was suggested as the
reason for the giant capacitance as well as some other features
including inductive loops and negative capacitances in the low
frequency region. Figure 8a shows the simulated IS spectra fea-
turing an inductive loop and the enhancement of the high fre-
quency arc with ETL doping (Np) and interfacial defect densi-
ties (D,,). Figure 8b represents the Nyquist plots simulated under
dark condition at 1.0 V forward bias for different bulk Shockley—
Read-Hall (SRH) defect densities (N,) and surface recombina-
tion velocities (V,). The figure shows the sign of the capacitance
in dependence on N, and V,. Therefore, SRH recombination led
to negative capacitance while surface recombination resulted in
positive capacitance.[!!]

The low frequency features in the IS spectra were also explored
by Moia et al., using a DD model.l''2] This model, based on the
open-source simulation tool Driftfusion, assumes a higher con-
centration of mobile ions than electronic charge concentration
and a higher conductivity of bulk electronic than the ionic con-
ductivity under operation. Moreover, in this simulation, only one
defect species is mobile. With these assumptions, the large low
frequency capacitance and inductive behavior were explained by
coupling interfacial electronic charge transfer and ionic redistri-
bution without the accumulation of electronic charges at the in-
terfaces of perovskite with charge transporting layers. Figure 8c,d
shows Nyquist and C—fplots simulated by the DD model around
Voc at different light intensities. The values of the simulation
parameters can be found in Table S6, Supporting Information.
Later, Miyano et al., used the proposed method in ref. [112] to ex-
plore the superior impact of ionic motion on the opto-electronic
properties and operational stability of PSCs.['*] They also revised
the IS interpretation of some published data by including the in-
fluence of ionic motion.

A DD model including mobile ions and charge traps was em-
ployed in another study by Neukom et al., to describe the ex-
perimental results in the steady-state, transient, and frequency
domain.[1*] The authors used SETFOS and also transfer ma-
trix method to calculate charge generation profile within the per-
ovskite layer. The experiments were performed both in the dark
and under illumination on vacuum deposited inverted MAPDI,
PSCs. Notably, this model was the first to combine steady-state,
transient, and frequency-domain in both simulations and mea-
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surements, instead of presenting a single experimental method
while being able to explain several phenomena like J-V curves
with hysteresis. While the focus of the studies presented thus far
was on the low frequency response, the faster electronic signal
for frequencies above 10 kHz can also be of interest.

The high frequency IS response was interpreted by
Riquelme et al.,>”137] who used the open-source simulation
tool TonMonger.'?”] The values of the simulation parameters are
listed in Table S6, Supporting Information. In this simulation,
SRH and/or bimolecular recombination mechanisms were
considered in the bulk, while, at the interfaces, only SRH recom-
bination was assumed. Besides, the selective transport layers
were assumed to be highly doped, meaning that the conduction
(valence) band energy in the ETL (HTL) was considered to be
equal to the Fermi level in that layer. Apart from the electrons and
holes, the impact of positive anion vacancies was considered as
well. In addition, the key properties such as recombination and
charge collection were extracted from the impedance response to
understand the steady-state operation. Furthermore, using bulk
recombination as well as slow ionic motion in the DD model, the
impedance response of some features like high frequency flat
capacitance, low frequency negative capacitance and inductive
loops were reproduced. Figure 8e,f shows the DD simulated
impedance spectra at OC and varied illumination intensities. The
size of the low frequency arc in Figure 8e remained unchanged
while the high frequency arc decreased with illumination. The
frequency plot in Figure 8f shows the enhancement of the char-
acteristic frequency in the high frequency part by illumination
whereas the characteristic frequency in the low frequency sec-
tion stayed unchanged. In another work by Riquelme et al., DD
modeling was used for physical interpretation of the elements
of two common equivalent circuits including series and parallel
R-C branches, respectively.['*] The results show that the high
frequency resistance contains information about the electronic
recombination processes and can be utilized to evaluate n,y and
carrier collection efficiency.

In an interesting study by Bennett et al., a model was proposed
which directly compared the analytical result based on the under-
lying DD model of charge carrier density and ion vacancy motion,
with the experimental IS response without performing time-
consuming simulations.!®*! This fully coupled ionic—electronic
DD model was used for a planar PSC, which considered only
one positive ion vacancy species and mobile charge carriers in the
bulk of perovskite. What makes this work different from others is
that the authors proposed a physics-based analytical model with
some approximations based on the surface polarization model
(SPM) and Boltzmann distribution throughout the device. This
model was employed to simplify the DD formalisms when ana-
lyzing the low frequency impedance response, which was in ac-
cord with the analytic and the DD model close to OC voltage.
The SPM which was proposed by Bisquert et al., is based on the
delayed response of surface potential (V,), created by ionic accu-
mulation at the ETL/perovskite interface, due to variations of an
external voltage (V). As a result, higher recombination rate and
negative capacitance are expected due to the accumulation of ions
at the perovskite surface./1%2!]

To summarize, several features in the impedance response
of PSCs including the flat high frequency capacitance, the
large low frequency capacitance, negative capacitance, and
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Figure 8. Simulated Nyquist plots a) under illumination at 0.6 V for different Ny and D;; show a significant change in the size of the high frequency
time constant and a disappeared inductive loop for the fast ion migration (The data in gray and black were scaled down by a factor of two for visibility),
b) under dark condition at 1.0 V forward bias for different bulk recombination defect densities and surface recombination velocities. Reproduced with
permission.l""l Copyright 2018, American Institute of Physics. c,d) Simulated Nyquist plot and capacitance, @ 'Im(z), versus frequency of a p—i-n
device containing mobile ionic charges using drift—diffusion (DD) simulation around V¢ under illumination with a voltage perturbation of 20 mV, re-
spectively. The dashed line in (d) indicates the simulated ionic capacitance. Reproduced with permission.["12] Copyright 2019, Royal Society of Chemistry.
A DD simulated device under varied illumination intensities at OC shows e) the reduction of the high frequency arc with illumination intensity while the
low frequency arc is not affected by the illumination, and f) frequency plot illustrates enhancement in the high characteristic frequency. Reproduced with
permission.l>’] Copyright 2020, Royal Society of Chemistry.

inductive loops at low frequencies, were reproduced by DD mod-  studies reviewed above have carried out simulations using differ-
eling. Noteworthy, DD simulations have suggested a method  ent measurement protocols including dark measurement at for-
for estimating ionic concentration from capacitance-bias voltage ~ ward biases, different illumination intensities around V., and
measurements.[*"] Nevertheless, the physical origin of low and  dark IS analysis at SC. Nevertheless, the impact of some param-
high frequency features has still not been fully addressed. The  eters such as temperature, surface recombination velocity, and
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ion mobility should be further explored. Furthermore, since the
capability of simulating IMPS/IMVS is available in some of the
simulators, DD simulation of LIMIS at the same condition as IS
may ignite further interest.

4. Light Intensity Modulated Impedance
Spectroscopy

Given that solar cells are responsive to optical stimuli, a small AC
voltage perturbation during IS measurements can be substituted
by small AC light perturbation. This is the foundation for light
intensity modulated techniques namely intensity—modulated
photovoltage spectroscopy (IMVS), intensity-modulated pho-
tocurrent spectroscopy (IMPS), and light intensity modulated
impedance spectroscopy (LIMIS). IMPS and IMVS are often con-
sidered as complementary techniques to alleviate the complexity
of EC modeling in IS with the type of perturbation distinguishing
IS from IMPS/IMVS.[*1142] A small, sinusoidal voltage perturbs
the PSC in IS, whereas a small sinusoidal light perturbation is
employed in IMPS/IMVS. IMPS and IMVS experiments are car-
ried out under the same DC conditions (e.g., bias, temperature,
illumination, humidity) and the small light perturbation of power
density P,, (t)=|P,,| exp[iot] is added to the given DC incident
light power density P,,. Although theoretically there is no need
for P,,, added DC illumination generally improves signal quality.
The electrical response of IMVS and IMPS techniques, is mea-
sured in terms of voltage and current to the light perturbation,
respectively."*! While IS analyzes transport and recombination
processes in the same measurement, IMVS and IMPS have often
been used for PSCs to separately characterize recombination and
charge transport processes.!'*?] IMPS measures the photocurrent
responsivity of PSCs under short circuit condition, whereas for
IMVS the photovoltage responsivity of the devices is measured
as a function of small light perturbation at zero current, open cir-
cuit condition. The Nyquist spectra for IMPS/IMVS show multi-
ple arcs and loops at low frequency part and this region has been
the focus of studies to gain useful information about recombi-
nation /transport of the PSCs.[1*3-1%3] [n a recent study by Pockett
et al., the authors used a combination of IMPS/IMVS measure-
ments with time-domain techniques to explain the behavior of
high frequency IMPS/IMVS response.!'**] They linked the high
frequency response to ion migration and interfacial charge re-
combination at the interface of perovskite with charge selective
layers.

IMPS measurements have also been carried out at OC con-
ditions to make it comparable with the results of IS measure-
ments at the same conditions for PSCs.['*!] An extra feature was
observed at intermediate frequencies of IMPS spectra compared
to the IS spectra which necessitated the addition of a series R—
C branch to the EC proposed for IMPS.[1¢] By connecting the
transfer function of IMPS to external quantum efficiency (EQE)
of PSCs, IMPS provided information regarding the recombina-
tion and collection efficiency.[*!]

Some of the main parameters that can be extracted from
IMVS/IMPS measurements are recombination lifetimes, 147150
recombination rates, and charge transport properties.['*152] In
the following, some studies on IMPS/IMVS are highlighted.
Graetzel et al., revealed the effect of Rb doping in triple cation
perovskites by means of IMPS and IMVS techniques.!'*] The
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authors observed a reduction in the transport time constant for
Rb-doped PSCs of two orders of magnitude compared to control
PSCs, indicating the faster extraction of electrons at the layer in-
terface between the Rb-doped perovskite and the charge selec-
tive layers. Further, the time response derived from the low fre-
quency feature was correlated to the relaxation of ions. Following
this pioneering study, Jo et al., observed a 2.1-fold diffusion coef-
ficient enhancement by IMPS for solvent-engineered perovskite
layers in PSCs. N-methyl-2-pyrrolidone (NMP) was used as an
intercalating solvent to improve the surface morphology of the
perovskite absorber layer and the photovoltaic response of the re-
spective PSCs.['>3] Huang et al., developed CsPbl;-based PSCs,
by passivating the defects of CsPbl, absorber layer with CsBr sur-
face treatments and improving its performance in the presence
of light. The Bode plots of IMPS and IMVS measurements re-
vealed the kinetics and mechanism of charge extraction in the
dark and under illumination. The CsBr-treated PSC under illu-
mination showed decreased transport time constants from 0.88
to 0.73 us and increased recombination time constants from 4.56
to 5.12 ps (compared to the pristine device).['*

LIMIS is a photoimpedance approach which takes advan-
tage of combining data from both IMVS,'3% and IMPS
signals.[15>156160-168] Mathematically, LIMIS is defined as the ra-
tio of IMVS/IMPS and thus described in units of impedance,
that is Q cm?. The LIMIS transfer function was first validated
via Kramers—Kronig transformation by Song and Macdonald,[1*!
who studied the Nyquist and Bode spectra of n-Si in KOH solu-
tion. Subsequently, Halme et al., applied this concept to DSSCs,
and presented theoretical deductions of diffusion-based trans-
port equations.['7%71] Moreover, when provided with the same
steady-state conditions (e.g., DC bias, DC illumination, and tem-
perature), IS and LIMIS provide congruent results. This is stated
in Donolato’s reciprocity theorem of charge collection:('7?] the
current due to photo-generation at a point surrounded by no
charge and the injection of the same charge to the surrounding
of the same point are equivalent, if all the remaining boundary
conditions are kept identical (e.g. electrostatic potential and illu-
mination at the interfaces toward either the electrodes or the in-
terfaces). Recently, Alvarez et al., proposed an alternative demon-
stration of the reciprocity theorem via EC theory and showed ex-
perimental data suggesting LIMIS 2 IS obtained from measure-
ments with Si photodiodes.['73] In practice, however, the different
conditions for the individual measurements of IMPS and IMVS
may introduce variations on the boundary conditions and hence
the results of IS signal can differ from that of LIMIS.I''*l As to
the transfer function for LIMIS, Almora et al.,['™] and Bisquert
et al.,'*74 have deduced transport equations for Beer-Lambert
and homogeneous generation profiles, respectively. Almora etal.,
applied the definition of LIMIS to IMPS and IMVS spectra for
mixed-cation based PSCs.[?*]

The schematic characterization of a photovoltaic solar cell at
the OC plane is shown in Figure S1, Supporting Information, for
IS, IMPS, and IMVS that lead to LIMIS. The LIMIS spectra have
been compared to the corresponding IS spectra at OC for differ-
ent DC illumination intensities shown in Figure 9a,b. At low DC
illumination intensities, IS presents higher high frequency re-
sistance (Ryy) than LIMIS, although a series resistance-like ef-
fect seemingly affects the LIMIS spectra. At higher frequencies
(f> 1kHz), the LIMIS spectra results are negative in the Nyquist
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Figure 9. LIMIS and IS spectra of a PSC with the structure of
ITO/SnO, /PMMA(PCBM)/Cs os MAg 1FAq g5 Pbl, 55Brg 45 /PDCBT/Ta-
WO, /Au at OC under a) lower and b) higher DC illumination intensities,
as indicated. Open dots in (b) are the absolute of negative values (| — Z"|).
Reproduced with permission.[23] Copyright 2020, Elsevier.

plot (empty dots in Figure 9b).11* This may suggest the need for
further circuit elements to be considered for modeling the high
frequency part of the LIMIS spectra and/or the possible occur-
rence of measurement/calibration artifacts in the HF parts of the
IMPS and/or IMVS spectra. The medium and low frequency re-
sistances (Rys and Ryy) for both IS and LIMIS get closer at high
DC illumination intensity (and the corresponding V). A mis-
match was found for some ranges (depending on the sample) of
DC illumination, with most discrepancies occurring toward high
frequency. The closer IS and LIMIS values approach, the bet-
ter the charge collection reciprocity theorem is satisfied.['”?! This
may indicate that the charge carrier density profile under high
P, lowers the effective recombination velocity at the interfaces,
in comparison to less illuminated conditions.[''* The increase of
recombination at the interfaces in LIMIS can be associated to the
measurement mode of the IMVS which is set to “pure” OC con-
dition. This is fundamentally different than IS and IMPS where
the quasi-open-circuit condition is “manually” selected by apply-
ing an approximated voltage matching the V. which reduces the
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DC current enough to be in the range of the AC signal response.
By using the IMVS set up, a large resistor prevents any current
throughout the sample and thus the recombination velocity is as
high as possible for the sample. In addition, the DC charge den-
sity profiles and the field distributions should be similar when
measuring IS and IMVS, but slightly different in the IMVS ex-
periment. Moreover, these assumptions have been tested for the
model of the abrupt-one-sided homojunction solar cell resulting
in analytical expressions for the difference between LIMIS and
IS proportional to the recombination velocity.[!'*] Even though
PSCs are heterojunction solar cells with more complex architec-
ture, it is sensible to suggest that similar mechanisms would take
place and therefore, the comparison between IS and LIMIS may
be used to detect recombination issues toward the interfaces.

In summary, IS analysis can be complemented with measure-
ments of IMPS and IMVS at the same steady state condition (i.e.,
DC bias, light, temperature) where the perturbation is optical, in-
stead of electrical. From IMPS and IMVS data it is possible to ob-
tain LIMIS data, whose difference with respect to IS (same units
to IS) can be understood in terms of the interface recombination
velocities. Nevertheless, there is still a myriad of unknown fac-
tors that must be explored. For example, a numerical analysis on
what parameters affect the spectral differences between LIMIS
and IS in PSCs is still pending. Beyond, further studies could ex-
plore dedicated experiments where IS and LIMIS are deliberately
driven to diverge, for example by using high energy photon per-
turbation whose absorption penetration depth would not exceed
those of the absorber thickness and the charge carrier diffusion
lengths. These experiments may result in different LIMIS spec-
tra upon illumination on an electrode with respect to the other,
while IS may not differentiate such situations.

5. Applications: IS Studies Based on the
Measurement Protocols for PSCs

The most common optimization strategies in multi-layered opto-
electronic devices such as PSCs is to attempt to modify: i) the bulk
material properties of at least one layer and/or ii) the interface(s)
between two consecutive layers, for example, the charge trans-
port layers and the perovskite absorber. These modifications may
resultin a change in device performance, and a consequent varia-
tion in the corresponding IS spectra and characteristic electronic
time constants. Therefore, IS has been useful for analyzing PSCs
of different device architectures, morphologies, materials, and
their subsequent optimization approaches.!'>17¢] The following
section gives an overview of recent studies elucidating interface
and bulk properties of PSCs by means of IS. Investigating the
effect of perovskite crystallinity, Afroz et al., conducted a focus
review on monocrystalline PSCs by means of IS. The impedance
response of single-crystalline PSCs illustrated a loop at low fre-
quencies which was suggested to be due to vacancy-assisted ionic
diffusion in perovskite crystals. The other observed phenomenon
by IS was the local changes of carrier density and as a result, elec-
tronic conductivity in MAPbBr;single crystals which is caused by
moving ions.!””]

By measuring IS under illumination, Prochowicz et al., ana-
lyzed efficient PSCs to find out the origin of low frequency re-
sponse and its dependence on the parameters such as interface,
grain size, and perovskite composition.l’®! The authors noticed
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Figure 10. a) Impedance spectroscopy of MAPbBr; treated by Lit at both electron transport layer (ETL) and hole transport layer (HTL) interfaces
measured at Ve under different illumination intensities over a frequency range of 20 mHz to 1 MHz. Reproduced with permission.['7°] Copyright
2019, American Chemical Society. b) Nyquist plots of pristine and Li*-treated MAPbBr; at ETL/perovskite interface measured using dark measurement
protocol at a voltage bias of 1.1V. The equivalent circuit (EC) used for the fitting is shown in the inset. Reproduced with permission.['84] Copyright 2020,

American Chemical Society.

that the R is related to the recombination process and not to
the ionic transport. Furthermore, the size of grains was reported
to impact the low frequency response the most among the pa-
rameters mentioned earlier. In PSCs, the dominant recombina-
tion mechanism (bulk or interface) which affects V. the most,
is still debated. Some strategies to overcome non-radiative re-
combination and V. losses include trap passivation at the per-
ovskite surface and GBs or inserting a thin passivation layer at
the interface of perovskite and charge transport layers. Accord-
ingly, the introduction of a thin buffer layer at the interface of
perovskite/ETL,[178-179] perovskite/HTL,[!8-181] or at both of the
interfaces with the perovskite layer can suppress trap-assisted
non-radiative recombination and improve V.. Zouhair et al.,
used a 2D perovskite electron blocking layer at the interface of
a 3D perovskite layer and carbon contact.['®?] IS measurement,
under illumination at a negative applied bias of —0.6 V resulted
in lower non-radiative recombination and alleviated ion accumu-
lation at this interface according to the high and low frequency re-
sistances in the reported Nyquist plot, respectively. With regards
to perovskite/ETL passivation, Yuan et al., were able to reduce
interfacial recombination by inserting a thin layer of lithium flu-
oride (LiF) at the interface of MAPDI,_ Cl,/SnO,.['7®] IS was per-
formed under illumination for different thicknesses of the LiF
layer. By increasing the thickness of the LiF passivation layer, a
trade-off between lower trap density (determined from IS) and
higher series resistance was found. In a study by Xiong et al., an
ionic liquid, tetrabutylammonium hexafluorosphate (TBAPE),
was utilized at the perovskite/PCBM interface as it is an effective
passivating agent for perovskites.!!83] IS results measured under
dark condition showed enhanced recombination resistance R,
at the interface and reduced series resistance R in the presence
of the passivator TBAPF,.

As for perovskite/HTL interface passivation, Liu et al., used
different ammonium salts to make low dimensional perovskite
passivation layers at the interface of Cs,sFA,qsPbI,,Br,; and
Spiro-OMeTAD.['8!] The IS carried out in the dark at a negative
bias of —0.9 V, indicated lower high frequency resistance related
to R, and large low frequency resistance correlated to R, for
the modified devices. Therefore, adding a passivation layer re-
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sulted in higher charge transfer and lower recombination rates.
Similarly, Liang et al., used ammonium salts for passivating the
surface of the perovskite films.['®] The method using the organic
ammonium salt 1-naphthylmethylamine iodide (NMAI) resulted
in a large decrease in the non-radiative recombination rate and
increase in carrier lifetime and V. as indicated by IS measure-
ments. IS measured at a bias of 0.75 V under 1 sun illumination
displayed two R—C constants at low and high frequency regions.
The R, is much smaller than R, and thus, the R, can be consid-
ered equal to the sum of the low and high frequency resistances.

For the passivation of both HTL and ETL interfaces in the goal
of reducing undesired recombination mechanisms and improv-
ing open-circuit voltage, Aranda et al., performed a lithium treat-
ment at both interfaces of mesoporous TiO, and Spiro-OMeTAD
layers with wide-bandgap MAPbBr; PSCs.'”°] The impedance
responses were measured at V. under different illumination
intensities and showed larger high frequency R,.. for the PSCs
when both charge transporting layers were treated with Li* ions
compared to the pristine device. Figure 10a shows two arcs in
the IS plots related to the recombination of carriers. Decrease
in R,.. was associated with an enhancement in photovoltage of
the treated PSC. In this respect, in another study, negative ca-
pacitance behavior in the low frequency region of Li*-treated
MAPDBT; cells was analyzed using SPM.!'3%] The negative capaci-
tance feature in the impedance response which was measured us-
ing dark measurement protocol at the bias of 1.1 V, was modeled
using an inductance in the R,-L branch of an EC. Samples with
smaller negative capacitance (Li* treatment at ETL/perovskite)
showed much higher recombination resistance than the pris-
tine samples due to lower density of holes accumulated at the
ETL/perovskite interface (Figure 10b).

Similarly, a 2D perovskite interlayer was employed by Almora
et al.,, at the interface of 3D perovskite materials, MAPDI,
and Cs,,FA,;,MA,;Pbl, ,xBr,;, (CFMPIB), and their neigh-
boring charge transport layers in three different structures of
3D/2D/ETL, HTL/2D/3D, and 2D/3D/2D.[18]

Figure 1la-d illustrates the IS response of MAPbI; and
CFMPIB perovskites measured under different light intensities
at OC condition which is believed to be a suitable condition for
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Figure 11. Impedance response of MAPblI; solar cells measured under illumination at OC including: a) Capacitance-frequency and b) Nyquist plots
representing two features at high and low frequencies, c) recombination resistance, R, and d) characteristic response time, = calculated for four structures
of: 3D MAPbI;, 2D/Spiro-OMeTAD, 2D/TiO,, and 2D/3D/2D. The low and high frequency recombination resistances are reported to be associated with
surface and bulk recombination, respectively. Reproduced with permission.l'3%] Copyright 2021, Academics.

identifying bulk and interface features. In Figure 11a, C; grad-
ually rises with illumination intensity/voltage and is influenced
by a slow relaxation time constant which is related to the ionic ki-
netics. Cyy, on the other hand, was reported to be approximately
constant with illumination intensity/voltage and is interpreted as
the geometrical capacitance C,. The IS response in Figure 11b
displays two features at low and high frequencies. The response
atlow frequency is associated with ion motion and surface recom-
bination, which is suggested to be the dominant reason behind
J-V hysteresis; whereas the high frequency feature has been cor-
related with bulk recombination.['®"] Regarding the resistances,
Figure 11c shows that R, which most likely relates to the sur-
face recombination mechanism, is much higher than Ry un-
der low illumination intensity/voltage. In contrast, a higher Ry
than R; at higher illumination intensity/voltage was related to a
higher injection current and bulk radiative recombination, and
consequently a higher significance of bulk phenomena at high
illumination intensities/voltages. The almost constant low fre-
quency characteristic time 7, = R;; C;; with bias (Figure 11d)
was explained with inverse changes of resistance with photocur-
rent since more charge is stored in the capacitance with pho-
tocurrent flow.!?! 7, is reported to be a sign of ionic phenom-
ena occurring at the interfaces. The high frequency character-
istic response time 7y, on the contrary, continued to decrease
with illumination intensity/voltage as shown in Figure 11d. This
is due to the faster recombination of photo-charges stored in the
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charge transport layers with interface defects under high illumi-
nation intensity.['¥”] Nevertheless, in this study, the inclusion of a
2D interlayer in mixed-cation devices did not lead to a significant
change in the bulk recombination rate and thus in the value of
Voc)

In summary, this section highlighted the application of IS
measurement protocols in elucidating the carrier dynamics of
PSCs. Several research works were discussed that mostly stud-
ied surface treatment at the interfaces of perovskite with its ad-
jacent layers. In most of the cases, lower recombination rate and
better carrier extraction were obtained which resulted in higher
performance due to interface modifications.

6. Discussion

In this review, the commonly used IS measurement protocols for
analyzing PSCs were explained. A myriad of theories are sug-
gested to interpret IS results in PSCs making it challenging to
understand and assign the origin of some features, most notably
the low frequency response. Despite good consensus of the un-
derstanding of high frequency response, the physical nature of
low frequency impedance response is still mostly ambiguous and
poses challenges in defining a general circuit for this part of the
impedance spectrum.!3¢]
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6.1. Measurement Conditions and Device Stability

The selected measurement conditions for IS are of paramount
importance for the extracted parameters and learnings from the
data obtained. IS measurements can be conducted at different
operating points (e.g., Vo, Jsc, and MPP) of the J-V curve.
However, 3¢l IS analysis at V- may be considered the most useful
and informative measurement for PSCs due to its well-defined
nature of the operating point and the linearity condition for IS
measurement being satisfied at this point. An important proto-
col for IS measurement at V,,. is ORIS which is explained in Sec-
tion 2.2. Besides performing IS measurement at V., other fac-
tors for attaining the linearity conditions are important. An exam-
ple for this is the adequate selection of the value for the AC pertur-
bation voltage, where the latter should be low enough (typically
~10-20 mV) to satisfy linearity conditions, but high enough to re-
duce noise in the impedance signal. To dwindle the impact of un-
wanted stimuli on IS response and maintain the stability of PSC
devices during IS measurement, it is advisable to use a Faraday
cage and shield the cables and connectors both in dark and under
light conditions. To reduce the influence of RH and cell degrada-
tion during experiments, dry air purge system can be connected
to the Faraday cage or PSCs can be encapsulated. IS measure-
ments under light may accelerate device degradation; however, it
is closer to the real operating condition of the device and should
thus receive more attention. Pre-conditioning the samples, for
example pre-biasing in M-S measurement to voltages above the
Voc values, may further deteriorate the device. In this case, it is
good practice to specify the upper current limit of the potentio-
stat. To understand and monitor the influence of the PSCs degra-
dation during characterization, -V measurements immediately
before and after IS analysis should be carried out. In this regard,
we would like to invite researchers to report the pre- and post-
measurement PCEs of the devices under test (DUT) to foster the
development of reproducible IS measurement practices and fun-
damental device understanding in the field.['8]

6.2. Equivalent Circuit Modeling

It is worth to stress the importance of the three principles for EC
modeling: 1) Accuracy of modeling, which can be verified by the
fitting error which is available in most software for data analy-
sis. Ideally, fitted data should be depicted alongside the data; 2)
Physical representiveness of the EC. This principle should also
consider the measurement condition in which the impedance re-
sponse was obtained. For example, at SC condition with signifi-
cant current flow, more inductive behaviors may be expected; 3)
Principle of generality, which means that the designed EC should
describe the IS response at different measurement conditions,
for example in dark at forward biases or ORIS. Therefore, all the
parameters that define the device condition such as frequency,
DC bias, and illumination intensity should follow the generality
rule for EC modeling. Furthermore, there is a trade-off between
physical understanding of an EC and its complexity. Simple ECs
may be easy to interpret but may not fully capture the data and
explain the carrier dynamics of PSCs. Conversely, for complex
ECs that may accurately reproduce data may proof challenging
to correlate each circuit element with physical phenomena in the
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device. Further it is good practice to follow the rule of “more
than one spectrum per sample.” To elucidate performance im-
provements in PSCs, it is common to compare the impedance
response of a treated device with its reference counterpart. To in-
crease confidence in the assessment, however, it is suggested to
measure more than one spectrum per device.

6.3. Characterization Methods

For M-S analysis, pre-biasing is performed to remove the effect of
other capacitances on the depletion capacitance. Although, itisa
good guideline for M-S analysis, the question remains whether
this effect reveals the underlying immobile doping density and
built-in field, or if it merely reflects the capability of the mobile
ions to modify the charge density profile. For IS characterization
under light, ORIS is a convenient choice due to the low inductive
effects and minimal instability (unlike SC and MPP), the high
linearity of the AC signal (unlike MPP), and a practical energy di-
agram where the flat bands/quasi-Fermi levels are in agreement
with several theoretical models and thus eases the quantification
of R and C, .1

6.4. Complementary Methods for IS Analysis

The motivation for the recent research studies on numerical sim-
ulation of impedance responses is mainly due to the advantages
of these methods in interpreting the impedance responses. In
some cases, the obtained IS spectra are too complex or distorted
to fit using the common EC models for PSCs. Therefore, it is
not always possible to understand all the physical phenomena
via fitting with the EC models. This challenge is currently fueling
the interest in numerical modeling of impedance spectra using
methods reviewed in this article, that is, DD modeling and light-
intensity modulated methods. Notably, several ECs have been
reported that can describe IS data only inadequately or incom-
pletely, prompting the need for further EC elements which would
complicate understanding further. Here, progressing supportive
numerical methods may be able to aid in interpreting the physi-
cal meaning of collected impedance data.

7. Conclusions

Impedance spectroscopy is an important, non-destructive tool for
the electrical characterization of PSCs with a myriad of available
compositions, device architectures, fabrication methods, mor-
phologies, and performance (both improvements and degrada-
tion). The most common measurement protocols including dark
measurements at different DC biases, capacitance spectroscopy ,
M-S, TAS, ORIS, and ECIS were discussed in this review. For the
TAS protocol, we showed the minimum trap density measurable
via capacitive techniques and the maximum trap density which is
limited by the effective density of states at the band edges. Most
of the reviewed studies had their trap densities between these two
limits with only a few of them close to or above the upper limit.
PSCs were also analyzed in terms of activation energy and PCE.
Another analysis was done in ORIS section to confirm the con-
stant and declining trend of low and high frequency characteristic
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response times as a function of V. for different PSCs, respec-
tively. Furthermore, this review highlighted the recent advances
in DD modeling of impedance responses, and summarized the
most common DD-based simulators in PSCs. As a complemen-
tary method, LIMIS showed comparable results to IS, although
further investigation is needed in the high frequency part of the
LIMIS spectra. A section reviewing the applications of IS mea-
surement protocols in PSCs were also added to mainly show the
influence of interface engineering on the performance of these
devices. With growing efforts in perovskite research towards the
technology’s PCE limits, further phenomenological understand-
ing via IS will be critical to understand limitations and overcome
hurdles on its path towards commercialization.
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