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1. Introduction

lon migration and lead toxicity present significant challenges to

Over the past decade, research in lead

commercializing lead halide perovskites (LHPs) based solar cells, particularly
the presence of lead obstructs their use in indoor photovoltaics (IPVs).
Recently, antimony-based perovskite-inspired materials (PIMs) have emerged
as promising alternatives for IPVs. However, the detailed understanding of the
ion migration pathways in PIMs and their impact on device kinetics and
stability remain largely unexplored. The systematic study, comparing ionic
conduction in PIMs with the well-studied LHPs, provides broader mechanistic
insights into ionic conduction. This comparison highlights the correlation
between ionic conduction, anomalous device behavior, and operational
stability. The slower ionic conduction in PIMs, resulting from the high
formation energy of halide defects, leads to weaker polarization at the
interface and, consequently, higher operational stability. The higher
non-radiative recombination rate, coupled with lower ionic mobility, leads to a
pronounced negative capacitance after a specific applied bias. Furthermore,
first-principles calculations explore potential ion migration pathways and their
minimum activation energies in PIMs. The work therefore provides valuable
insights into ion dynamics in both PIMs and LHPs, with important
implications for designing novel materials and advancing future applications.

halide perovskites (LHPs) has achieved
extraordinary progress in various op-
toelectronic  applications, including
solar cells, displays, and lighting, ow-
ing to their superior optoelectronic
properties.l?] Since 2009, the power con-
version efficiency (PCE) of LHPs-based
solar cells (PSCs) has risen steeply from
3.8% to an impressive 26.7% in 2025.1!
Driven by their unique mixed electronic—
ionic conduction properties, these
materials are also emerging in a range of
advanced electronic technologies, such as
memristors,!*! transistors,!>”! and photo-
rechargeable ion capacitors.[!l Despite
these advances, lead (Pb) toxicity and
material instability remain major chal-
lenges, overshadowing their impressive
progress.>1!l The adverse impacts of Pb
toxicity on living organisms and ecosys-
tems have recently been highlighted in
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many scientific articles.'?l Therefore, the concern regard-
ing Pb toxicity escalates significantly when Pb-based PSCs are
employed for indoor light harvesting or integrated in smart
electronic devices such as memristors and transistors. In these
applications, the encapsulation layer serves as the sole barrier
between the end user and the lead embedded within the per-
ovskite device, thereby increasing the risk of lead exposure in
the event of physical device damage.['’]

Furthermore, the intrinsic instability of these mixed
electronic—ionic semiconductors arises from constituent ions
(i.e., A*, B?*, and X~) within the soft lattice, distinguishing them
from more conventional semiconductors.'*! Various defects in
these soft semiconductors mediate the movement of ions in
response to external triggers such as applied bias, temperature,
and light™®! In the standard ABX; stoichiometry, interstitial
halides and vacancies are dominant mobile ionic species.[1®17]
While the defect tolerance in LHPs contributes to highly effi-
cient solar cells, ion migration still poses a significant concern
for their long-term stability.['®1°] Ton migration can be both
reversible and irreversible in nature.[?%! Reversible ion migration
occurs within the perovskite layer, its impact on the stability
under real working conditions is minimal due to the superior
self-healing ability of the material. In contrast, irreversible
ion migration primarily occurs at interfaces, where ions can
penetrate the charge transport layer, permanently damaging the
perovskite structure.?!l Although various strategies have been
explored to minimize ion migration in PSCs, multivalent doping
has emerged as an effective approach.[??] For example, Zhao
et al. demonstrated that trivalent neodymium cation interstitial
doping can effectively suppress ion migration in LHPs, thereby
enhancing the operational stability of PSCs.??l In addition,
the coupling between ionic and electronic conduction leads
to many unusual device physics phenomena in LHP-based
PSCs. These include current—voltage hysteresis,|?%’] large low-
frequency dielectric constants,?®! high negative capacitance or
chemical inductance,?*3% slow open-circuit voltage decay,!!
photovoltaic switching,®?l surface polarization,**] interfacial
doping,**! and electrochemical degradation.*>3¢ Consequently,
in the LHP literature, a large number of research articles, in-
vestigating their intricate electronic—ionic dynamics have been
published.!'®18372] However, some unusual behaviors of PSCs
still remain unanswered.

Recent times have witnessed a growing interest toward the de-
velopment of low-dimensional A;B,X,-type perovskite inspired
materials (PIMs), especially in the field of indoor photovoltaics
(IPVs).114347] Tow dimensional A,B,X,-type vacancy-ordered
perovskites are typically obtained following the substitution of
Pb?* in ABX; structure with trivalent cations, antimony (Sb**)
and/or bismuth (Bi**).[*] Due to differences in the oxidation
states and ionic radii of the constituent ions, the conversion from
ABX; to A;B,X, occurs.[*] Notably antimony (Sb**) and bis-
muth (Bi**) based PSCs exhibit superior chemical stability com-
pared to Pb-based counterparts, additionally these elements have
lower toxicity compared to Pb?*. These aspects make PIMs more
suitable for IPV applications. Moreover, PIMs have a bandgap
above 1.8 eV,[**30] which aligns well with the indoor light spec-
trum, making them ideal for indoor light absorption. These per-
ovskite derivatives have two typical polymorphs, known as 0D
dimer (indirect bandgap phase) and the 2D layered phase. The
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2D layered phase has a nearly direct bandgap of ~2 eV.b! It
exhibits efficient charge transport and intrinsic stability under
high temperatures and humidity levels, making it an excellent
candidate for IPVs with the capability to achieve a maximum
theoretical PCE of up to 50-60%.1*6] Therefore, several strate-
gies have been attempted to form a 2D layered phase for effi-
cient IPVs.[*] Vivo et al. recently synthesized CsSMAFA-Sb, a 2D
antimony-based PIM, employing compositional engineering at
the A-site as well as at the X-site to favor the formation of the
2D phase of A;B,X,. This approach resulted in CsSMAFA-Sb n—
i~p photovoltaic cells with a 6.4% PCE under 1000 lux white
light-emitting diode illumination.[**] Despite advancements in
device performance achieved through various strategies such as
crystallization,!*’] compositional,[®?) dimensional,[*°! and interfa-
cial engineering,>*! the mixed electronic—ionic behavior of PIMs
remains largely unexplored, resulting in an incomplete under-
standing of device kinetics. To the best of our knowledge, the ion
migration pathways in A;B,X, based PIMs, along with the as-
sociated electronic—ionic kinetics in corresponding devices, have
not been systematically investigated to date. A deeper under-
standing of electronic—ionic dynamics and the correlation be-
tween composition and ion migration dynamics will ensure fur-
ther development of PIMs. In addition, comparing the ionic
conduction of emerging PIMs with well-established LHPs may
offer new insights into unified device kinetics and operational
stability.

In this work, through small perturbation frequency and time
domain measurements as a function of applied bias, and temper-
ature, combined with scan-rate dependent J-V measurements,
we systematically unravelled the defect landscape and conduc-
tion mechanisms in low-dimensional PIM-based solar cells. For
this study, we chose a very recently reported CsSMAFA-based Sb-
Bi mixed PIMI>* along with CSMAFA-Sb to understand the influ-
ence of Sb-Bi mixing on the conduction mechanism. Recent stud-
ies have shown that pnictogen (Sb/Bi) mixing can significantly
enhance the optoelectronic properties and stability of A;B,X,-
based PIMs.’*>! By comparing these lesser-known A;B,X,-
based PIMs with a well-known Pb-based ABX; system, we ex-
plored the complex relationship between ionic conduction mech-
anisms, anomalous device behavior, and the operational stability
of mixed semiconductor devices. We observed that in PIMs, ion
conduction is significantly slower compared to LHPs, resulting
in weaker surface polarization at the interfaces, which likely con-
tributes to the enhanced operational stability of PIMs. In con-
trast, in LHP-based devices, the strong accumulation of ions at
the interfaces likely increases the probability of ions migrating
into the charge transport layers and eventually reaching the ex-
ternal electrodes. This leads to irreversible ion migration and re-
dox reactions, accelerating degradation. Furthermore, through
in-depth experimental and simulation analysis, we found that
the lower ionic mobility and higher recombination rate in PIM
devices increase the likelihood of observing apparent negative
capacitance.

Additionally, we investigated the role of compositional engi-
neering in PIMs on the ionic defect landscape, activation energy,
recombination kinetics, and photovoltaic device performance.
Density functional theory (DFT) calculations offered deeper in-
sights into potential defects and ion migration pathways in PIMs,
emphasizing the critical role of compositional engineering in
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Figure 1. a) Schematic illustration of the formation of the vacancy-ordered A;B,Xq system from the well-known ABX; system. Material and device

characterizations: b) X-ray diffraction patterns of FA-Pb, Sb-based thin films.

PSCs.

these materials. Overall, this work offers valuable guidance for
the development of stable, high-performance LHPs and PIM-
based devices for photovoltaic applications.

2. Result and Discussions

To unravel the mixed electronic-ionic dynamics in Pb-free
vacancy-ordered A;B,X, PIMs and their correlation with
Pb-based ABX, perovskites, we synthesized two types of
PIMs: an Sb-PIM and an Sb-Bi mixed PIM, both in a 2D
layered phase of A;B,X, (Figure 1la), based on a recent
report.>* Specially, these are Cs, ,MA,sFA, ,Sb,I, sCl, s (Sb) and
Cs, ;,MA|sFA; (Sb, 3Biy,)IssClys, (Sb-Bi). We selected these two
PIM compositions because the Sb-Bi mixing improved device sta-
bility by altering ion migration dynamics, attributed to changes in
their crystal and microstructural properties.[>* This allows us not
only to compare the mixed ion-carrier dynamics between high-
dimensional LHPs and low-dimensional PIMs but also to delve
into the origins of device performance improvements, such as
the nature of ion migration under light illumination and volt-
age bias, in terms of both efficiency and stability, due to Sb-Bi
mixing. For the comparison with a standard LHP, FAPbI; (FA-
Pb) was chosen and processed in an n—i—p solar cell architec-
ture for electrical measurements. Detailed procedure on the syn-
thesis of PIMs and LHPs are given in the Note S1 (Supporting
Information).
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Light J-V curves obtained under one Sun for ¢) FA-Pb-, and d) Sb-based

2.1. Material and Solar Cell Characterizations

X-ray diffraction (XRD) measurements were conducted on the
thin film samples of the three materials to validate their crys-
tal structure and phase (Figure 1b; Figure S1, Supporting Infor-
mation). As detailed in Note S2 (Supporting Information), XRD
measurements revealed the characteristic peaks corresponding
to the pure 2D layered polymorph of A, B,X,, as well as the stan-
dard perovskite crystalline peaks typically observed for Pb-based
ABX; perovskites. The scanning electron microscopy (SEM) im-
ages and the UV-vis absorption spectra of the three materials
(Figures S2 and S3, Supporting Information) illustrate their mi-
crostructure properties as well as their absorption profiles.

For the electrical measurements on both LHPs and PIMs,
we fabricated photovoltaic devices with an n—i—p planar archi-
tecture (Figure S4, Supporting Information). Based on inter-
facial optimization reported in the literature, we adopted the
previously optimized stack SnO, (ETL)/FA-Pb/Spiro-OMeTAD
(HTL) for LHP devices.’®) For Sb- and Sb-Bi-based PIM de-
vices, we employed the TiO, (ETL)/Sb or Sb-Bi/P3HT (HTL)
configuration, as reported in our prior studies.[**>*! Additionally,
to qualitatively assess the influence of charge transport layers
on electronic—ionic dynamics, we also fabricated Sb-based de-
vices using the same ETL and HTL configuration as in LHP-
based devices (SnO,/Spiro-OMeTAD). Moreover, to facilitate a
focused analysis on intrinsic ion migration and ionic defects at
the interfaces, we intentionally did not use any kind of surface
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Figure 2. Representation of the complex impedance response at 0 V DC bias in terms of various electronic—ionic parameters as a function of frequency,
including the imaginary part of capacitance, modulus, trap density of states (tDOS), and AC conductivity for three types of PSCs: a) FA-Pb, b) Sb, and c)
Sb-Bi. Here, tDOS is predominantly influenced by ionic defects commonly present in halide perovskites.

passivation treatments in any of the devices. This approach al-
lowed us to explore the fundamental behaviors of ion migration
and ionic defects without the obscuring influence of passivation
effects.

The solar cell performance of all devices was evaluated by mea-
suring their current density—voltage (J-V) characteristics under
one Sun (AM 1.5 G, 100 mW cm™?), reported in Figure 1lc,d.
The PCE of the champion FA-Pb device is 21.76% with an open-
circuit voltage (V,.) of 1.06 V, short circuit current density (J,,)
of 25.95 mA cm~2, and fill factor (FF) of 79.1%. On the other
hand, the highest PCE of the champion Sb-based PSCs is 2.30%
witha V,, of 0.75V, a ] of 5.47 mA cm™2 and FF of 56%. How-
ever, the Sb-Bi device has significantly higher overall PCE with
~3% compared to the pure Sb-based PSCs (Figure S5, Support-
ing Information). This finding aligns with the recent report.>
The statistical distributions of the PCE for all devices is detailed in
Figure S6 (Supporting Information). The EQE spectra (Figure S7,
Supporting Information) of the three devices closely match their
absorption profiles (Figure S3, Supporting Information) and ex-
plain the significant difference in | values between the LHP and
PIM-based devices.

2.2. Deciphering the lonic Defect Landscape in ABX, and A;B,X,
Systems

We performed impedance spectroscopy (IS) on all devices under
varying applied bias in dark conditions to gain insight into the
ionic defect landscape in LHPs and PIMs and assess its corre-

Adv. Energy Mater. 2025, €03331 e03331 (4 of 14)

lation between the two systems. Generally, there are two com-
mon ways to represent IS spectra: the complex Nyquist and the
Bode plots, which are provided in (Figures S8-S10, Support-
ing Information).l’”) Commonly, the high-frequency (HF) region
is mainly associated with charge transport and recombination,
whereas the low-frequency (LF) region commonly corresponds to
the effects of slow ion dynamics. However, under external trigger
conditions (such as applied bias or illumination), it corresponds
to the interplay between electronic and ionic conduction.l*®! Be-
sides, various electronic—ionic device parameters can be extracted
from frequency-dependent impedance spectra, which allows to
decouple different relaxation processes occurring at distinct time
scales in these mixed semiconductors.

Figure 2 displays a representation of the imaginary part of
the capacitance (C”), modulus (M”), and trap density of state
(tDOS), along with the frequency-dependent AC conductivity (o)
of FA-Pb, Sb-, and Sb-Bi-based PSCs. The mathematical expres-
sions, calculations, and physical significance of these parame-
ters are detailed in Note S3 (Supporting Information). The tDOS
spectra reveal distinct trap and conduction states across differ-
ent frequency regimes in PSCs.>?] As per previous studies, the
low-frequency states are mainly linked to surface defects and
are influenced by long-range ionic conduction/interfacial screen-
ing, whereas high-frequency states are typically associated with
bulk point defects and reflect electronic traps or short-term ionic
conduction.[**®!] In FA-Pb-based PSCs, we observed two distinct
responses in the M”-f spectra: one in the LF regime (<10> Hz)
and another in the intermediate-frequency (IF) regime (1 kHz
< f < 100 kHz). These observed responses in halide perovskites
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can be ascribed to distinct relaxation and conduction processes,
arising from specific mechanisms of charge and ionic dynam-
ics across different timescales in these devices. Carsten—Deibel
and co-workers attributed these two distinct signatures in IS of
PSCs to be associated with two types of ionic defects originating
from long-range ionic conduction in the bulk meaning that mo-
bile ionic charges can move along the whole film.5%! Generally,
the complex impedance spectra of ionic conductors within this
frequency range consist of different relaxation processes: poly-
mer segmental relaxation, DC ionic conduction, and electrode
polarization.[®?] Furthermore, in ionic conductors, two distinct
transport mechanisms for ionic defects are recognized: short-
range conduction, where ions hop between neighboring sites at
the microscopic scale, and long-range conduction, where ions
successfully move across the entire device or perovskite film
by hopping from one vacant site to another. Although the lat-
ter does not require to move a single ion, instead a collective
motion in which ions move via successive hopping from one
site to another, triggered by the built-in field, ultimately lead-
ing to the accumulation of ions and field screening at interfaces.
Whereas, in short-range conduction, there is no net ion accumu-
lation at the interface; rather, all the ions are distributed in the
bulk.

These mechanisms can be distinguished by analyzing the
frequency-dependent behavior of the complex impedance and di-
electric response.l®) From IS, the complex capacitance (C*) can
be defined as:

1

Cc =
joZ ()

1)

It can be deconvoluted into its real and imaginary components
as:

C" (@) =C (o) —jC" (o) (2)

The real capacitance (C’) reflects dipole alignment and polar-
ization, while the imaginary part (C'’) represents energy dissi-
pation from relaxation and conduction.[* Typically, a peak in
the C”-f spectrum corresponds to a specific dielectric relaxation
mechanism. As indicated in the IF region of Figure 2a, the C"-f
spectrum of FA-Pb shows a distinct peak associated with the re-
laxation time (z.), which differs from the relaxation time of the
modulus (r),), suggesting that dielectric relaxation is involved
in this ionic conduction process, this process is hereafter re-
ferred to as “f-conduction” in this manuscript. The conductivity-
frequency spectra of these devices (Figure 2a, bottom) exhibit
four distinct regions at different characteristic frequencies, where
the conductivity increases with frequency, but the rate of increase
varies across these regions. For the classification, the spectra can
be classified into four distinct regions: the LF regime (I), two
IF regimes (II and III), and the HF regime (IV). In the IF re-
gion, the conductivity exhibits a combination of power-law be-
haviors (ocxf"): linear power-law behavior with n = 1 (II) and dis-
persive power-law behavior with n < 1 (III). The power law be-
havior of AC conductivity has been widely observed as a com-
mon characteristic in numerous mixed electronic—ionic systems.
In the literature, it has been widely reported that the dispersive
conductivity with n < 1, commonly referred to as the Jonscher
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Power Law (JPL), originates from the migration of ions via a
hopping mechanism between neighboring sites.[®] The power-
law behavior of conductivity with n = 1 is often referred to as
the “nearly constant loss” (NCL),I®! corresponding to a plateau
observed in the C’-f spectrum. The microscopic physical ori-
gin of NCL behavior of AC conductivity remains a topic of sig-
nificant debate, with various interpretations proposed in the lit-
erature. These include mechanisms such as ion confinement
to short-range oscillations,|®’] interactions between ion hopping
and lattice vibrations,[®®! and dipole fluctuations in disordered
systems.[%”] Moreover, in the HF region of these devices, a super-
linear power law (SPL) behavior with n > 1 is observed. Typically,
observing SPL conductivity in conventional ionic conductors at
room-temperature is relatively uncommon. Interestingly, how-
ever, this conductivity behavior has been frequently reported in
LHPs.[617071] Although its microscopic origin remains unknown,
it may be attributed to the strong electronic—ionic coupling char-
acteristics in halide perovskites. It can be noted that in LHPs, the
co-existence of electronic and ionic conduction can significantly
alter the AC conductivity behavior compared to that of ionic con-
ductors. The limitation of using JPL is that the electronic—ionic
kinetics in LHPs and PIMs can only be explained qualitatively, as
no quantitative measurements have been performed. Neverthe-
less, we emphasize that f-conduction in these PSCs occurs at the
crossover between two distinct regimes, NCL and JPL, in the AC
conductivity spectrum. This suggests that f-conduction mech-
anism may broadly be attributed to ion hopping to neighbor-
ing vacant sites, predominantly involving halide ions, with some
delay caused by dielectric rearrangement in the surrounding
material.

Coming to the LF signature of IS, the linear increase in the
imaginary spectrum (C”) with decreasing frequency becomes
more prominent. This rise often obscures the dielectric re-
laxation peak in C” due to the dominant influence of ionic
conductivity.”?] As a result, the relaxation time is typically deter-
mined from the peak frequency of the first logarithmic deriva-
tive of the real component of C (tDOS « —f dd—?), which closely

aligns with the relaxation time of the modulus (z,;). From now
onward, this signature will be referred to as “y-conduction” in
this manuscript. Corresponding to this, a plateau region (I) ap-
pears in the conductivity-frequency spectra, a well-known be-
havior at LF in mixed conductors, representing long-range con-
duction of ionic defects by a hopping process.””?] Therefore, y-
conduction arises from interfacial surface polarization, often re-
ferred to as blocking electrodes. This phenomenon directly re-
sults from long-range ion diffusion from the bulk to the inter-
face.

On the other hand, in Sb- and Sb-Bi-based PSCs, only one type
of defect signature was observed in the IS spectra at the LF regime
(f < 100 Hz). In this regime, M“-f and C”-f spectra exhibit differ-
ent relaxation times, suggesting that the dielectric relaxation pro-
cess involved in the conduction is similar to the f-conduction sig-
nature observed in FA-Pb-based perovskites at IF. Furthermore,
it can be noted that the conductivity-frequency spectra of Sb- and
Sb-Bi-based devices exhibit only two distinct regimes: an NCL (n
=1)atLF and a JPL (n < 1) at HF. The f-conduction corresponds
to the transition frequency (w, = 20-30 Hz) between these re-
gions, which is significantly lower than that of Pb-based devices
(3.84 kHz). This suggests much slower ion conduction in PIMs

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOLILLOD BA[Te81D 3cedl|dde 8y Aq pausenob a1 e VO ‘88N JO Sa|nJ o} Akeid 18Ul UO /8|1 UO (SUORIPUOD-PpUR-SLLIBIALIOD" A 1M AleIq | U1 UO//:SdNL) SUORIPUOD PUe SWe | 8U188S *[520Z/0T/60] Uo AriqiTauljuo A1 ‘Uomepunod AseAlun aiedure | Aq TEEE0GZ0Z WUSR/ZOOT OT/I0P/LLI00"AB | 1M Ase1q 1 Ul |UO'paoUeADe//SANY WOy papeojumod ‘0 ‘0v89yTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED “BNERGY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de

""""" Ihve
\‘\\‘ __________ - é_' i : £ & P
e + = — 8 -
+e— ——— . -
& 2 LI gy . T
- U A d
i 7| - X # j y é X ETL
o N | il f-conduction it .ié_ ==
__________ "\v R RSNy ----------‘\f
' ] Sh-Pristine 1.0 . ' r _l ' v o

_1504——5mV/s 11 w0 iy |

< 100 I ’:1 -5 mV/s ’ L
5 100 . 'R = 300 [ ]

— ' 1™ 200 w .

4 1 [
® [ Apptcaviasqv) | f 100 o : :
3 (N - . N 0. 0.6+ P -
1003- ' . j ) ' E """""""""""" R
260] Pb-Aged ] Sh-Aged = 04 | : 60% of PCE

— 200] g 1 8007 em—5mVis o o V41 | 7

22 5mVis 2 ) Z --Sb | :

B 1504 1= Pb | | 25°C, 35-45% RH

™ 100{ {™ 4004 0.2+ : | Stored in the Dark )

504 { 200 | :
g ‘ 0.01— — . .
0.0 1.0 0 3 6 9 12

02 04 06 038 02 04 06 08
Applied bias (V) Applied bias (V)

Time (weeks)

Figure 3. Schematic representation of different conduction processes with band diagrams for a) LHPs, and for b) PIMs. c) Cyclic I-V sweep measure-
ments in the dark for both devices, comparing fresh and aged devices. d) Device performance measurements over time for both types of devices, showing

degradation when kept in ambient conditions.

compared to LHPs. This observation aligns with the temperature-
dependent EIS measurements and DFT calculations discussed
later in this work, where the activation energy is found to be sig-
nificantly higher in PIMs than in LHPs.

We also performed impedance spectroscopy measurements
on Sb-based PSCs with ETL and HTL configurations identical
to those in FA-Pb-based PSCs, to isolate the influence of charge
transport layers on ionic conduction in PIMs and identify the type
of defect signature in these devices (Figure S11, Supporting Infor-
mation). We observed that the conduction signature associated
with dielectric relaxation in PIMs is not influenced by different
interfaces, further confirming its association with f-conduction.
Consequently, no y-conduction signature was observed within
the given frequency range of 0.1 to 10° Hz for both Sb- and Sb-
Bi-based devices. This suggests that y-conduction might occur at
much lower frequencies (f < 0.1 Hz), indicating a very slow in-
terfacial polarization process in these devices. The conductivity-
frequency spectra for all devices at different applied voltages (0.0-
1.0 V) is shown in Figure S12 (Supporting Information). Inter-
estingly, at higher applied voltages (V > V,;), where the poten-
tial barrier is reduced significantly, ions that were initially ac-
cumulated at the interfaces start to diffuse back into the bulk.
Therefore, all devices exhibit similar frequency-dependent con-
ductivity characteristics, showing two broad regions: a promi-
nent plateau region from LF to IF (I), and JPL behavior at
HF (II).

Adv. Energy Mater. 2025, €03331 e03331 (6 of 14)

Based on these results, we conclude that two distinct ionic
conduction processes are present in LHP-based devices in the
mHz to MHz range. The first process, f-conduction at IF, is at-
tributed to localized short-range ion hopping under a weak field,
hindered by surrounding dielectric relaxations, as pictorially il-
lustrated in Figure 3a. As the frequency decreases, halide ions,
as well as cations, begin to successfully hop between vacant sites
and exhibit long-range translational motion, leading to ion accu-
mulation at the interfaces. This strong polarization at interfaces
modifies the local electric field, resulting in sharp band bending
atthe interface. This behavior corresponds to y-conduction. How-
ever, in PIMs, the high formation energy of halide defects leads
to much slower ion movement compared to LHPs, resulting in
a predominantly g-conduction process at the LF region, with y-
conduction being absent in the measurement range of mHz-
MHz, resulting in weak polarization at the interface (Figure 3b).
This is also evident from the measurement of flat-band potential
using Mott—Schottky analysis, which shows that PIM-based de-
vices have a much lower flat-band potential in the dark compared
to LHPs (Figure S13, Supporting Information).

To assess the impact of conduction processes on device be-
havior and stability, both types of devices were exposed to ambi-
ent conditions for degradation monitoring. Cyclic J-V measure-
ments were conducted on pristine and aged devices. The differ-
ent types of hysteresis behaviors observed at varying scan rates
will be distinguished and discussed further in detail in the next
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section. While pristine FA-Pb-based PSCs showed no hysteresis
at a low scan rate of 5 mV s~! under dark, pristine Sb-based de-
vices exhibited noticeable hysteresis. However, after aging for al-
most 5 weeks, FA-Pb-based devices showed significant hystere-
sis with an interesting change in the shape of their J-V curves,
shifting from diode-like characteristics to N-shaped curves at low
scanrates (5 mV s7!), generally a behavior characteristic of tunnel
diodes (Figure 3c, left). According to the literature, the accumula-
tion of ionic defects at interfaces in PSCs is the dominant cause of
this tunnel-diode-like behavior in J-V curves.[®7#] On the other
hand, Sb-based devices did not exhibit tunnel-diode-like charac-
teristics after aging (Figure 3c, right), suggesting that ion kinet-
ics at the interfaces in PIM devices differ from those in LHPs.
Furthermore, it can be noted that in FA-Pb the current remains
largely comparable with aging, whereas Sb-based devices exhibit
nearly a two-fold increase in current. A more detailed discussion
of this behavior is provided later in the manuscript, where we an-
alyze transient dark current measurements of fresh and aged de-
vices. Based on our model for the different conduction processes
discussed earlier, we emphasize that the bump in the -V curve
could Dbe attributed to oxidation/redox processes caused by the
rapid accumulation of ions in LHP-based devices (y-conduction).
This accumulation likely increases the probability of ions enter-
ing the ETL/HTL and ultimately reaching the external electrodes,
leading to irreversible ion migration and the occurrence of redox
reactions (Figure 3a). As shown in Figure 3d, the long-term sta-
bility assessment of both systems reveals that the PCE of FA-Pb-
based PSCs dropped by x#50% over 5 weeks, whereas Sb-based
devices exhibited a significantly smaller decline of only 13%. This
difference is likely due to distinct interfacial conduction mecha-
nisms or the slower ion migration timescales in Sb-based devices
compared to FA-Pb-based devices, which consequently mitigates
any irreversible degradation. The corresponding absolute PCE
values as a function of aging time are provided in Figure S14,
Supporting Information.

2.3. Influence of lonic Conduction on J-V Hysteresis and
Inductive Behavior in EIS

In this part, we conducted scan rate-dependent J-V measure-
ments on all devices, both in pristine and aged conditions, shown
in Figures S15-S17, Supporting Information. The J-V mea-
surements were performed across a range of scan rates, from
5mV s! to 12 V s71, to investigate the role of different conduc-
tion mechanisms in LHPs to PIM-based PSCs in determining
the hysteresis behavior. We quantified the hysteresis strength by
integrating the J-V curve obtained in forward and reverse scans;
and calculating the hysteresis loop area (HA), which could either
relate to energy dissipation, storage, or both, due to the move-
ment of ionic charges or defects.
v,
HA ZJ [ FS (V) = Jrs (V)] dv (3)
1
where FS and RS denote the forward and reverse scans, respec-
tively. Based on the sign of HA, the hysteresis can be identified

as regular (HA > 0) and/or inverted hysteresis (HA < 0). In the
literature, the inverted hysteresis has been observed in a range of
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LHP-based PSCs, memristors, and ionic transistors.”>”’] These
two types of hysteresis are usually correlated with the pres-
ence of capacitive and inductive behavior in the IS response.[*?]
Figure 4a,b shows the HA as a function of sweep rate for FA-Pb-
and Sb-based devices, respectively, in both pristine and aged con-
ditions. The efficient pristine FA-Pb-based PSCs exhibit negligi-
ble hysteresis in the slow scan rate regime (S < 10> mV s7!) and
very low to minimal regular hysteresis in the fast scan rate regime
(S > 10> mV s7!). However, after aging, the same devices show
two distinct hysteresis behaviors, i.e., regular and inverted, in the
slow and fast scan rate regimes, respectively (Figure 4a). At inter-
mediate scan rates, the J-V curves show a transition from regular
to inverted hysteresis, which might be attributed to the interplay
between different types of ionic defects. Recently, Tammireddy
et al.,l%! reported that triple-cation LHP-based PSCs (p—i-n con-
figuration) exhibit two types of -V hysteresis, with the timescales
of these hysteresis behaviors linked to two distinct types of de-
fects. Therefore, the two distinct conduction processes (8- and
y-conductions), discussed earlier could be responsible for differ-
ent types of hysteresis behaviors. It is particularly interesting to
see how these features manifest in PIM-based devices, where
only the f-conduction process at LF was observed, although y-
conduction may occur over much longer timescales.

As shown in Figure 4b, efficient pristine Sb-based PSCs ex-
hibit high inverted hysteresis in the slow scan rate regime and
negligible hysteresis at fast scan rates. Even after aging, Sb-based
devices demonstrate the same behavior with negligible hystere-
sis at fast scan rates. A similar trend was observed in pristine
Sb-Bi-based devices; however, after aging, Sb-Bi devices exhibit a
slight transition from inverted to regular hysteresis in the slow
scan rate regime while still maintaining minimal hysteresis at
fast scan rates (Figure S17a, Supporting Information). Notably,
the minimal or negligible hysteresis observed at fast scan rates
is attributed to the slow ionic movement in PIM-based devices,
which limits the influence of ion conduction on J-V character-
istics within the short measurement timeframe. At slower scan
rates, these devices primarily exhibit inverted hysteresis, unlike
LHP-based devices, which show regular hysteresis in the slow
scan rate regime and inverted hysteresis at fast scan rates. On
correlating the different types of hysteresis observed in the -V
curves of all devices with the ionic conduction signatures identi-
fied from the IS response, we conclude that the g-conduction is
likely responsible for the inverted hysteresis, while y-conduction
is linked to the regular hysteresis.

Following the discussion of hysteresis behavior, we now turn
our attention to bias-dependent IS measurements, which reveal
insights into the device capacitance and its voltage-dependent
characteristics. From IS, it is observed that the recombination
rate is significantly higher in PIMs compared to LHPs, as dis-
cussed in Note S4 (Supporting Information). As depicted in
Figure 4c,d, both FA-Pb- and Sb-based devices exhibit a transi-
tion from capacitive to inductive behavior in the LF regime of
the Nyquist spectra at a specific applied voltage. Inductive be-
havior in mixed semiconductors is also well-known as appar-
ent negative capacitance,?! called a chemical inductor by Bis-
quert and coworkers.?! This effect does not correspond to a
true intrinsic negative capacitance or inductance; rather, it orig-
inates from the interplay between slow ionic kinetics and fast
electronic responses, which introduces a phase shift in the AC
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Figure 4. Hysteresis area as a function of scan rate for pristine and aged a) FA-Pb-based and b) Sb-based devices. Nyquist spectra at 0.0 V (top) and at
the threshold voltage (bottom) for c) FA-Pb-based and d) Sb-based devices. Capacitance-frequency spectra for e) FA-Pb-based and f) Sb-based devices,
showing a dip at low frequencies, indicating negative capacitance (C’ < 0) on a logarithmic scale. Dark transient current measurements at different

perturbation voltages of g) FA-Pb-, and h) Sb-based devices.

measurement.!? In contrast to true negative capacitance, where
dQ/dV < 0 reflects an actual reduction in stored charge, whereas
apparent negative capacitance in PSCs is a dynamic measure-
ment artifact, producing a sign reversal in the measured de-
vice capacitance without any real inversion of charge storage. In
perovskite-based optoelectronics, this anomalous behavior in the
LF regime has been widely reported in numerous studies.223078]
Most studies broadly attribute it to slow ion-controlled kinetics in
these mixed semiconductor devices.

In this work, we systematically increased the applied voltage
from 0.0 to 1.0 V during IS measurements to monitor the transi-

Adv. Energy Mater. 2025, €03331 e03331 (8 of 14)

tion from capacitive to inductive behavior in both LHP- and PIM-
based devices. To put it simply, Figure 4e fillustrates the absolute
device capacitance (|C’|) as a function of frequency at different
applied voltages. The dip in the |C’|-f spectra beyond a specific
voltage represents the absolute value of negative capacitance (C’
< 0) on a logarithmic scale. The lowest voltage at which positive
capacitance (PC) transitions to negative capacitance (NC) is re-
ferred to as the transition voltage (V; ) in this manuscript. The
V1 of LHPs is 0.8-1.0 V, while for PIM-based devices, it ranges
from 0.5 to 0.6 V (Figure S19a, Supporting Information). Inter-
estingly, PIM-based devices exhibit stronger inductive behavior
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(Figure 4d, bottom) despite their much slower ionic conduction,
as discussed in previous sections. Notably, even at low applied
bias, a transition from PC to NC is observed (Figure 4f). Further-
more, we monitored the evolution of V; in both FA-Pb- and Sb-
based devices over time and observed a linear decrease with ag-
ing (Figure S19b, Supporting Information). Aged devices exhib-
ited a pronounced NC response. While numerous studies have
attempted to uncover the origin of NC or inductive behavior in
LHPs,[297%] the correlation between this behavior and device per-
formance and stability still remains an open question. Surpris-
ingly, no studies so far have focused on V—the critical point
at which this anomalous device kinetics emerge. Identifying the
key parameters that determine V; in PSCs is crucial for advanc-
ing our understanding of device operation and stability. To ad-
dress this, we conducted drift-diffusion analysis, which will be
discussed later in the section on device simulation.

To gain further insights, we carried out dark transient cur-
rent measurements at different applied biases. As presented in
Figure 4g,h, both types of devices exhibit two distinct transient
responses depending on Vi, consistent with previous IS discus-
sion. Exponential transient decay, known as the classical capac-
itive decay, is observed at low voltages (V < Vi ), where PC ex-
ists in the IS at low frequencies. At higher voltages (V > V; ),
where PC changes to NC in the IS, the transient current response
initially shows fast capacitive decay, followed by a slow current
rise, known as the negative transient spike. Although the V; is
reduced in both systems upon aging, consistent with the EIS re-
sults, their current responses differ markedly (Figure S20, Sup-
porting Information). In Sb-based devices, the abrupt current rise
at the Vi quickly saturates, whereas in Pb-based devices it contin-
ues to increase, reaches a maximum, and then decreases (Figure
S21, Supporting Information). This additional process may be
attributed to ion transport into the charge-transport layers and
subsequent electrochemical reactions at the electrodes, consis-
tent with the redox peak observed in cyclic -V measurements.
In contrast, PIM-based devices exhibit neither this transient be-
havior nor the redox-like feature in I-V, indicating that distinct
interfacial processes are responsible for the contrasting behaviors
between LHPs and PIMs. As detailed in Note S5 (Supporting In-
formation), to understand the transient responses and ionic con-
ductance properties of PIMs, we deconvoluted various conduc-
tion and dielectric relaxation processes. In the low voltage regime
(V < Vq), the capacitive decay behavior is attributed to ion accu-
mulation at interfaces and recombination mechanisms. Notably,
when the partial contributions of each component in the capac-
itive decay are deconvoluted, a significant difference in the tran-
sient current response is observed between LHPs and PIMs. In
LHPs, two transient decay processes are identifiable: one on a
fast timescale with a time constant of ~#8.8 ms, and another on a
slower timescale of 0.1 s (Figure 4g). Generally, capacitive decay
can be attributed to dielectric relaxation processes. Here, the two
distinct time constants on faster and slower timescales are likely
associated with the relaxation of charge reorganization and sur-
face polarization effects, respectively. In contrast, all PIM-based
devices only exhibit a fast transient decay component with a re-
laxation time of ~#8 ms (Figure 4h). This can be linked to the re-
organization of charges, which occurs on a similar time scale in
both LHPs and PIMs, whereas surface polarization is slow and
only present in LHPs.
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However, in the high voltage regime (V > V;), NC appears in
the LF region of the IS across all devices, this is marked by a
rise in transient current, with a relaxation time of ~0.13 s for
FA-Pb-based devices and ~0.18 s for Sb-based devices. Interest-
ingly, despite the distinct ionic conduction features observed at
different frequencies for both systems, the time constants asso-
ciated with this anomalous behavior remain strikingly similar. A
possible explanation could be that in PIMs, ion hopping is likely
confined within the layered structure, allowing only short-range
ion migration, while migration in other directions may require a
certain threshold voltage to overcome structural barriers and re-
semble the behavior of LHPs. Consistently, the Bode plot analysis
(Note S6, Supporting Information) shows that in Sb- and Sb-Bi-
based devices, the LF relaxation process emerges only beyond 0.2
and 0.4 V, respectively (Figure S22, Supporting Information), in-
dicating that a threshold voltage is required to activate long-range
ionic conduction in PIMs.

To further analyze or quantify ion diffusion in PIMs, IS mea-
surements were conducted at varying temperatures. No to mini-
mal thermally activated ion diffusion was observed at 0 V (Figure
S23, Supporting Information). At the threshold voltage (0.5 V),
temperature-dependent IS revealed a shift in characteristic fre-
quencies in the LF region, indicating thermally activated ionic
transport (Figure S24, Supporting Information). The activation
energy for ion diffusion was determined from an Arrhenius-like
plot of characteristic frequency versus inverse temperature for
Sb- and Sb-Bi-based PIMs (Figure S25, Supporting Information).
The activation barrier energy of Sb and Sb-Bi are 0.54 and 0.62
meV, respectively, both slightly higher than that of FA-Pb-based
PSCs (0.16 eV-0.20 eV), as extracted from Arrhenius-like plots
of characteristic frequency versus inverse temperature and from
conductivity versus inverse temperature (Figure S26, Supporting
Information). This is further supported by transient dark current
measurements at different pre-bias steps, which show that the
ionic capacitance of FA-Pb devices is nearly four times higher
than that of Sb-based devices (Figure S27, Supporting Informa-
tion), further supporting the model presented in Schematics 3a
and 3b.

2.4. Drift-Diffusion Simulation: Correlating Transition Voltage
with lonic Conduction

As highlighted in our experimental observations in IS measure-
ments, ionic conduction in PIMs is much slower compared to
LHPs. Yet, intriguingly, these devices exhibit much stronger in-
ductive or NC behavior. Notably, the transition from PC to NC be-
havior occurs even at low applied voltages. With ionic conduction
identified as a key factor, we now examine how its strength and
recombination degree influence this transition.[??) To gain deeper
insights into this phenomenon, we performed drift-diffusion
simulations, considering mobile ionic charges. For the simula-
tions, we used the software SETFOS from FLUXiM. (8311 Al de-
tailed simulation settings, device architecture, and key simula-
tion parameters employed in SETFOS are summarized in(Figure
S28 and Tables S1 and S2, Supporting Information). To begin,
we vary both interfacial and bulk recombination and simulate
the impedance spectra. The results show that the V as the first
voltage at which NC appears, shifts to lower values as interfacial
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Figure 5. Drift-diffusion simulations under varying conditions. a) Simulated device capacitance map as a function of applied bias for different cation
mobilities at a constant bulk recombination rate, with NC region shown in blue and PC region in red. The simulated device capacitance corresponds
to the real part of the complex capacitance (C = C’), which is related to the parallel capacitance. b) Colormap illustrating the transition voltage as a
function of recombination rate and ionic mobility, highlighting the conditions for switching to negative capacitance. c) Colormap showing the transition

frequency as a function of recombination rate and ionic mobility.

and bulk recombination increase (Figures S29-S31, Supporting
Information). Experimental results also reveal that PIM-based
devices exhibit a significantly higher SRH recombination rate
compared to LHP-based devices (Figure S18, Supporting In-
formation). This suggests that recombination, along with ionic
mobility, is crucial in the transition from PC to NC in these
devices.

In the next part of the simulation, we sweep ionic mobility
while keeping the recombination rate constant. As shown in
Figure 5a, lowering the ionic mobility shifts the V. down, leading
to a much stronger NC. However, when ions are treated as a static
background charge, no negative capacitance is observed, high-
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lighting that NC crucially depends on the balance between ionic
response and recombination rate. In Figures 5b,c, we display
colormaps representing the relationships between transition
voltage, recombination rate, and ionic mobility (Figure 5b), as
well as transition frequency, recombination rate, and ionic mobil-
ity (Figure 5¢). These results clearly demonstrate that an increase
in the recombination rate, coupled with a decrease in ionic mo-
bility, lowers the V... Furthermore, the frequency at which the V.
occurs is primarily governed by ionic mobility. Therefore, it can
be concluded that the higher non-radiative SRH recombination
rate in PIM-based devices, coupled with lower ionic mobility,
increases the likelihood of observing apparent negative
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Figure 6. Minimum energy paths (MEPs) and the relative energetics for ion migrations in the a) 2D-Cs;Sb,lq and b) 2D-A;B,X4. Atom color code: Cs
(blue), Sb (red), Bi (violet), I (teal), Cl (green), MA/FA (black), V| (orange). MEPs color code: DJ[lg; lg;] (yellow), D[lg; 13.] (green), L[l lg] (orange),
L[I3¢ I3¢] (red); L[l3¢, 13¢]: A3SbyXg (dark pink), A; (SbBi),Xg (violet). The atomic migration pathways are highlighted in the inset, with the migrating iodine

atom shown in orange.

capacitance in these devices, which originates from the modula-
tion of recombination by the delayed ionic response.[®?]

Furthermore, to test the universality of the Vi and its depen-
dence on recombination, we performed bias-dependent EIS mea-
surements on LHPs with different device configurations. De-
vices with higher recombination consistently exhibited lower V;
(see Figure S32 and Note S7, Supporting Information). Although
morphology and film thickness can also shift V;. by affecting re-
combination and ionic conduction, the Vi remains a useful diag-
nostic for probing device kinetics in PSCs.

2.5. First-principles investigation on lon Migration Mechanisms
in A,B,X, PIMs

To unveil atomistic insights into ion diffusion, we investigated
the migration pathways and energy barriers for an iodide vacancy
in the fully inorganic 2D-Cs;Sb, 1, and the new synthesized 2D-
mixed A;B,X, PIMs (Figure S33, Supporting Information) us-
ing state-of-the-art Density Functional Theory (DFT) calculations
(Note S8, Supporting Information).
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We first focused on the fully inorganic 2D-Cs; Sb, I, PIM to sys-
tematically explore all possible iodide migration paths. There are
two inequivalent iodide sites in the parent Cs,;Sb,Iy: I; and I,
(Figure S34, Supporting Information). In good agreement with a
previous study,*") we found that the I i vacancy (V) is energet-
ically more favorable than the I, (V| ;.). However, both iodide va-
cancies exhibit high formation energies, 2.4 eV for V| and 2.7
eV for V, ;. at the HSE06-TS level of theory, suggesting a defect-
free 2D-Cs, Sb, [, material. Additionally, we found that both types
of defective PIMs exhibit distinct electronic features. The pro-
jected density of states (pDOS) analysis in Figure S34 (Support-
ing Information) shows that the I;-defective material introduces
an intra-gap state, while the Vi ;. shows a p-type behavior.

Iodide migration in 2D-PIMs occurs along the z-axis between
I; sites (D[I;, I;]) or from I to I, sites (D[l I5.]) and along
I, and I, rows (L[I;, L] and L{I,,, I,.]). For migration along
rows, we considered two pathways, referred to as L1 and L2, span-
ning three consecutive ions to explore the possibility of long-
range diffusion. All possible ion migration pathways are depicted
in Figure S35 (Supporting Information), with Figure 6 show-
ing the corresponding minimum activation energies. Migration

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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along the z-axis involves energy barriers (~0.78 and ~0.81 eV),
while diffusion along I, rows is more favorable with lower en-
ergy barriers (~0.6 eV). Migration along I rows has a higher
barrier (0.87 eV) for the L2 path. Such a higher barrier is due
to the bond-breaking of I-Sb atoms along this migration path,
whereas for L1 in L[I; I5]and both L1 and L2 in L[I;, I,.], the ion
retains the bond with an Sb atom. Overall, our ab initio investiga-
tions suggest that the L[I;. I.] is the most likely migration path
in the 2D-Cs;Sb, Iy, favoring a long-range migration path along
the I, row. Nevertheless, the computed activation energy for io-
dide ion migration (x0.6 to 0.8 eV) are significantly higher than
in the well-known FA-Pb system,!33] where the most favorable
migration paths have activation energies of 0.34 eV (equatorial-
equatorial) and 0.45 eV (axial-equatorial).

To understand the effects of mixed A-site and B-site
cations on iodide migration in 2D-PIMs, we examined
the L[I,., I;.] migration path for the two newly synthe-
sized compositions: Cs, ,MA,FA,,Sb,I3;Cl,s (Sb) and
Cs, ,MA,FA,,Sb,¢Bi;,I;:Cl)s (Sb-Bi). All possible ion mi-
gration paths in these compositions are shown in Figure S36
(Supporting Information). In the Sb composition, we observed
a single migration pathway, while in the Sb-Bi composition,
migration can occur via iodide bonding to all Sb atoms (V; (Sb,))
or to both Sb and Bi atoms, offering two additional pathways.
In the V;(BiSb) path, iodide remains bonded to the Bi atom,
while in the V;(BiSb,Sb,) path, iodide shifts between Sb-Bi and
Sb-only environments. The activation energy for the V,(Sb,)
path remains nearly unchanged between Sb (~0.60 eV) and
Sb-Bi (~0.57 eV) (Figure 6D, left). These results suggest that
mixed A-site cations have minimal impact on migration bar-
riers compared to the parent Cs;Sb,I, PIM. Nevertheless, in
the mixed-B system, paths involving Bi atoms exhibit higher
activation barriers (0.87 eV) (Figure 6b, right), indicating that
Bi incorporation hinders long-range ion migration. Addition-
ally, both mixed A- and B-cations PIMs show increased defect
formation energies for I; and I;, vacancies, with Bi presence
further reducing defects (Figure S37, Supporting Information),
emphasizing the importance of compositional engineering at
B site. These insights into ionic conduction in PIMs are not
only relevant for photovoltaics but also beneficial for emerging
applications, such as memristor devices, which leverage their
lower toxicity and enhanced stability (see Figure S38, Supporting
Information).

3. Conclusion

In summary, we systematically explored the ionic defect land-
scape and ion conduction mechanisms in LHPs to PIMs, offer-
ing new insights into device kinetics and operational stability.
Our findings identified two distinct ionic conduction processes
in LHPs, whereas PIMs display a single ionic conduction process
within the same timescale. The significantly slower ion migra-
tion in PIMs is attributed to the high formation energy of halide
defects, resulting in weak interfacial polarization, which in turn
minimizes irreversible ion migration and enhances operational
stability. Additionally, we identified the origin of pronounced
negative capacitance in PSCs after a specific applied bias, even
under low ionic mobility conditions. Our analysis shows that
high non-radiative recombination rates, coupled with lower ionic
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mobility, increase the likelihood of apparent NC. The transition
from positive to negative capacitance (PC to NC) consistently oc-
curs between 0.4 and 0.8 V, defining a characteristic threshold
voltage (V) linked to internal device mechanisms and opera-
tional instability. Notably, during prolonged operation, V; shifts
to lower voltages, correlating with performance degradation
and indicating more pronounced NC behavior in aged devices.
This V; is crucial for identifying the underlying mechanism in
PSCs.

Through atomistic simulations, we identified possible defects
and ion migration pathways in 2D-PIMs. While mixed A-site
cations have minimal impact on the halide ion migration bar-
rier in PIMs, B-site compositional engineering significantly in-
fluences ion migration. Our results show that halide-vacancy mi-
gration is the dominant ionic process in Sb-based PIMs, and that
Bi corporation raises the defect formation energies and migra-
tion barriers. This slows ionic conduction, reduces interfacial
polarization, and thereby improves operational stability. Thus,
pnictogen co-alloying (Sb-Bi) emerges as a promising route to
design lead-free PIMs with both high efficiency and durability.

Overall, by comparing these two completely different systems,
we have unraveled the complex electronic-ionic kinetics, identi-
fied key ionic conduction signatures, and correlated them with
anomalous device behaviors and stability. These insights provide
a deeper understanding of defect-mediated conduction processes
both in LHPs and PIMs, and offer valuable guidance for improv-
ing the stability of LHP-based solar cells and for designing novel
lead-free PIMs for photovoltaic applications.

4. Experimental Section

Full details of experimental procedures can be found in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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