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ABSTRACT

Mixed ionic-electronic conductivity of metal halide perovskites is a critical factor determining their application in optoelectronics,
as well as the emerging field of optoionics. In particular, ionic migration in response to voltage bias and light contributes to the
operational instability of halide perovskite materials and devices. A promising strategy to control ion migration is dimensional
reduction, achieved by incorporating bulky organic cations between inorganic slabs to form two-dimensional or layered hybrid
halide perovskites. In this perspective article, we discuss the mixed conductivity of layered halide perovskite materials and the

impact on the operational stability of perovskite optoelectronics and emerging applications.

1 | Introduction

Hybrid metal halide perovskites have emerged as prominent
semiconductors featuring excellent optoelectronic properties
[1-4], mechanical flexibility, and low-cost fabrication [5, 6],
promising for next-generation photovoltaics [5, 7-9]. They are
based on the general formula AMX; defining a corner-shared
{MX,} octahedral framework (Figure 1a) with central monovalent
cations A that are either organic (e.g. methylammonium (MA™*),
formamidinium (FA*)), or inorganic (e.g. Cs*), divalent metal
cations M (Pb?*, Sn?*), and halide anions X~ (I-, Br~, CI7) [2,
10]. These mixed ionic-electronic conductors exhibit exceptional
optoelectronic properties [2, 11], including strong light
absorption, long charge carrier lifetimes, high diffusion lengths,
and large defect tolerance even when produced by simple solution
processing [1, 2, 12]. Despite their extraordinary performance
in photovoltaics, metal halide perovskites suffer from poor

long-term stability [6, 13], which limits their application. Their
performance can decline when exposed to moisture, oxygen,
heat, or light, leading to their degradation [6, 14]. This is often
due to ion migration within the perovskite lattice, which has
been identified as a major cause of instability [15, 16]. Specifically,
mobile ions such as halides and A-site cations can migrate under
the electric field or illumination [17], causing current-voltage
hysteresis, interfacial reactions, and phase segregation, which can
induce degradation and impair stability [18-20]. The overall effect
can be detrimental, making control of ionic migration crucial for
perovskite solar cells [17, 21]. A variety of strategies have been
developed to mitigate ion migration in metal halide perovskites
(Figure 1b-d) [22, 23]. One of the most effective approaches has
been the incorporation of bulky organic cations that can modulate
the perovskite interface (Figure 1b) or template low-dimensional
(2D) or layered hybrid halide perovskite (LHP) architectures
(Figure 1c-d) [24-27], which exhibit improved operational
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Molecular Modulation

Dion-Jacobson Layered Perovskites

FIGURE 1 | Schematic representation of the structure of (a) hybrid halide perovskites and their (b) molecular modulation, as well as (c-d) layered
perovskite analogues, including the (c) RP and (d) DJ phases (adopted from the Ref. [33]). Copyright 2022 Royal Society of Chemistry.

stability [28, 29]. In these structures, inorganic perovskite slabs
are separated by organic spacer layers, forming low-dimensional
haloplumbate phases [29]. Among these, the Ruddlesden-Popper
(RP; Figure 1c) [30] and Dion-Jacobson (DJ; Figure 1d) [31]
phases have received the most attention [32]. Their general
formula is S, A, ;M Xs,,,, where organic spacer cation (S) can be
monofunctional (x = 2) or bifunctional (x = 1) alkylammonium
cations [32]. Structurally, RP phases feature a half-unit—cell
shift between adjacent perovskite layers, whereas DJ phases are
aligned without such displacement [32]. Despite the increased
hydrophobicity and ion-impermeability of the organic layer,
LHPs remain mixed ionic-electronic conductors, with ionic
transport influencing their optoelectronic properties and stability
[30, 32].

Here, we review the mixed conductivity of LHP materials and
discuss the methods for assessing it. Moreover, we address the
impact of mixed conduction on optoelectronic properties, device
performance, and operational stability, as well as emerging
applications.

2 | LHPs as Mixed Conductors

In contrast to conventional semiconductors, LHPs exhibit mixed
ionic and electronic conductivity [24]. The inorganic slabs
provide pathways for electronic transport, often with strong in-
plane anisotropy, while point defects, such as halide vacancies
and interstitials (Figure 2), enable ionic migration within the
lattice and between layers. Although LHPs tend to suppress ion
migration relative to their 3D counterparts, the ionic mobility
significantly influences their optoelectronic characteristics and

device performance [28]. Understanding the interplay of ionic
and electronic processes is therefore essential for optimizing
these materials in photovoltaics, light-emitting devices, and
emerging ionic-electronic hybrid technologies [14, 34]. Extensive
investigations into the electrical properties of 3D MAPbI; have
consistently pointed to iodide vacancies as the dominant mobile
ionic species, owing to their low formation energy and migration
barrier [35]. However, the precise nature of the prevailing defect
disorder remains under debate [36], as both anti-Frenkel [37]
and intrinsic Schottky-type [38] defects have been proposed as
plausible mechanisms. In the anti-Frenkel scenario, a halide
ion migrates from its lattice site to an interstitial position,
forming a vacancy-interstitial pair that contributes to ionic
transport. In contrast, an intrinsic Schottky-type defect involves
the formation of charge-compensated cation and anion vacancies.
Among these, intrinsic Schottky disorder is more widely accepted,
supported by experimental evidence indicating a substantial con-
centration of MA vacancies, which are believed to compensate for
halide vacancies in MAPbI, [39]. Building on this understanding,
the extent to which these defect mechanisms persist or are
modified in LHPs remains an important question. While this
defect chemistry is often assumed to be comparable in LHPs
[24, 26], the manifestation of these defects is strongly influenced
by reduced dimensionality and structural confinement imposed
by organic spacer layers [32]. In this context, ionic transport in
halide perovskites can, in principle, proceed via both interstitial
(anti-Frenkel) and vacancy-mediated (Schottky) mechanisms.
However, consistent with observations in 3D systems, vacancy-
mediated migration, particularly of halide ions, is generally
considered the dominant transport pathway [40]. In LHPs, ionic
transport is further modified by structural confinement imposed
by bulky organic spacer layers, which hinder ion migration
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M vacancy diffusion

X interstitial diffusion

FIGURE 2 | Schematic illustration of ion migration in metal halide perovskites mediated by defect diffusion. Spheres represent lattice ions

occupying A, M, and X sites, while open circles denote vacancies (Vx', Vi , V,)) and shaded spheres with a halo indicate interstitial species (X;).

Migration pathways for A-site, M-site, and halide (X) ions are shown for both vacancy- and interstitial-mediated diffusion mechanisms.

compared to their 3D counterparts [41]. As a result, ionic
conduction in LHPs is expected to be primarily governed by
vacancy diffusion, while interstitial-mediated transport is likely
energetically less favorable due to steric and electrostatic con-
straints within the layered structure. Consequently, ion migration
is also anisotropic, occurring mainly within the inorganic layers
while mostly hindered across the organic spacers, which can
lead to ion accumulation at interfaces and affect device stability
[42]. For instance, LHPs incorporating n-butylammonium (BA)
spacer cations demonstrate significantly reduced ion migration
along the in-plane direction compared to their 3D counterparts,
primarily due to the organic spacer layers constraining ionic
movement [43].

Temperature-dependent conductivity measurements reveal that
3D MAPDI; single crystals show a clear transition from electronic
to ionic conduction at temperatures above 280 K, with an
activation energy for ionic conduction of 0.83 eV in the dark and
0.33 eV under illumination. In contrast, quasi-2D BA,MA,Pb;I,,
perovskites maintain a constant activation energy of 25 + 3
meV across the entire temperature range (up to 350 K), with no
transition to ionic conduction. This absence of ionic conduction
quantitatively demonstrates suppressed ion migration in the
layered structure. This suppression is attributed to a lower
concentration of point defects, specifically methylammonium
(Vya) and iodide (V;) vacancies within the RP-type perovskite.
Density functional theory (DFT) calculations reveal that the
formation energies of these vacancies are significantly higher in
quasi-2D BA,MA,Pb;I,, than in 3D MAPbI;: 5.72 eV vs. 6.94 eV
for Vi, and 3.44 eV vs. 5.46 eV for V|, respectively [43]. The higher
formation energies associated with these vacancies relative to
those in MAPDI; hinder defect generation and, consequently,
limit ionic transport within the lattice. In another study with
2D (BA),(MA),;Pb,L;; films, no transition from electronic to ionic
conductivity was observed when the temperature increased up
to 330 K, both under dark and illuminated conditions [23]. The
activation energy for conductivity in these films remained at

41 + 7 meV, indicating purely electronic transport without any
transition to ionic conductivity. This behavior contrasts with 3D
CH;NH;Pbl;, where ionic conduction emerges at temperatures
above 260 K (dark) and 240 K (illuminated), with activation
energies of 0.19 eV (dark) and 0.03 eV (illuminated). The
increased formation energies of point defects lead to fewer
mobile ions, thereby further suppressing ionic migration within
the perovskite layers. The conductivity behavior within this range
indicates purely electronic transport, confirming the effective
suppression of ion migration in these LHP films. This reduction
in ionic mobility is attributed to organic spacer layers that act
as barriers to ion movement, although contributions from the
unique grain boundary geometry in 2D structures cannot be
ruled out [23]. Likewise, halide migration in systems employ-
ing 2-phenylethylammonium (PEA) spacers becomes easier as
the layer number (n) increases. Lower-n 2D structures exhibit
higher activation energies ranging from 72 kJ/mol (n = 1) to
58 kJ/mol (n = 10) due to the confinement and blocking effect
of organic spacer layers, effectively suppressing ion migration
and enhancing material stability [44]. The absence of significant
ion migration mitigates several detrimental effects commonly
observed in 3D perovskite devices, including photocurrent hys-
teresis, photoinduced poling, light-induced phase separation, and
ion-driven degradation of charge transport layers and electrodes
[45]. Moreover, the hydrophobic nature of the BA and PEA cation
chains, as well as other spacers, likely enhances resistance to
moisture and oxygen ingress, further improving overall durabil-
ity. Overall, these findings highlight that reduced dimensionality
effectively suppresses ionic transport in LHPs while preserving
mixed conduction, emphasizing the critical role of structural
confinement in controlling ion migration. This balance between
suppressed ionic mobility and maintained electronic conductivity
is key to attaining stable and high-performing optoelectronic
devices.

Unlike RP LHPs, DJ systems incorporate bifunctional spacers
and are gaining attention for their enhanced thermal stability
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FIGURE 3 | Mixed-conduction measurements of LHPs. Arrhenius plots of (a) (PDMA)PbI, and (b) (BzA),Pbl, perovskites for electronic (eon,
black) and ionic (ion, red) charge carrier transport obtained from conductivity measurements (adopted from the reference [24]). Copyright 2024 Royal

Society of Chemistry. (c) Halide phase segregation upon illumination is shown through the UV-vis spectra evolution of (PDMA)Pb(I, sBr( 5), thin films
under light (1.5 mW cm~2) at 80°C for ~10 h with 20 min intervals (adopted from the Ref. [47]). Copyright 2022 John Wiley and Sons.

with potential in optoelectronics [24, 31, 46]. This enhanced
stability of DJ perovskites has been attributed to the absence
of van der Waals spacer bilayers, shorter interlayer distances,
and stronger hydrogen bonding between the organic spacer
and inorganic layers, which together improve structural rigidity
and resistance to degradation, as supported by experimental
studies reporting improved stability under humidity, thermal
stress, and illumination [24, 42, 46]. Nevertheless, RP per-
ovskites can also exhibit comparable stability under certain
conditions, depending on factors such as spacer chemistry, layer
thickness, and environmental conditions [42]. Ducinskas et al.
compared the mixed ionic-electronic transport properties of RP-
type benzylammonium (BzA) based (BzA),Pbl, and DJ-type
1,4-phenylmethylammonium (PDMA) containing (PDMA)PbI,
thin films comprising aromatic organic spacers (Figure 3a). Using
in-plane measurements combining direct current (DC) polar-
ization and impedance spectroscopy under controlled iodine
partial pressures, ionic and electronic contributions to con-
duction were evaluated along with their activation energies
(Figure 3b). Both materials exhibited mixed conduction, but
with significantly lower ionic and electronic conductivities than
those of the corresponding 3D perovskites, confirming that
reduced dimensionality suppresses charge transport. The DJ
perovskite showed higher activation energies for both transport
types (=~ 0.4-0.5 eV for electronic and ~ 0.8 eV for ionic con-
duction) and superior thermal stability, remaining structurally
intact up to ~150°C. Similarly, AlSabeh et al. showed that
aryl-acetylene-based LHPs display mixed ionic-electronic con-
duction, yet with electronic conductivities below the measurable
detection limit [25]. They further demonstrated that the ionic
conductivity is substantially lower than in 3D MAPbI;, which
is attributed to the larger interlayer spacing characteristic of
2D perovskites. Building on these insights into the ionic and
electronic transport characteristics of LHPs with aromatic organic
spacers, Wang et al. further examined how light influences
the halide distribution and phase stability in DJ mixed halide
perovskites [47]. They revealed that, despite the reduced ionic
mobility inherent to the layered architecture, illumination can
still drive reversible halide segregation in (PDMA)Pb(I,sBr, ;)4
films, leading to the formation of distinct iodide- and bromide-
rich domains. This photo-de-mixing process changes the optical
absorption (Figure 3c) and remains Kkinetically trapped in the
dark at room temperature yet fully returns to the mixed state

upon mild heating, demonstrating thermodynamic reversibility.
Temperature-dependent analyses identified a photo-miscibility
gap that widens at lower temperatures, underscoring the persis-
tent coupling between light exposure, ion mobility, and phase
thermodynamics. These findings show that, while dimensional
reduction in DJ perovskites effectively suppresses ion transport
under equilibrium conditions, light can still activate optoionic
effects, posing a challenge to long-term stability and offering
an opportunity for new functionalities. From a thermodynamic
perspective, halide segregation in mixed-halide perovskites arises
from the competition between the enthalpic penalty of mixing
(associated with lattice mismatch between I~ and Br™) and the
entropic stabilization of the homogeneous phase [48, 49]. Under
illumination, this balance is altered by an additional electronic
free-energy contribution, as photocarriers preferentially localize
in lower-bandgap iodide-rich regions, thereby stabilizing phase-
separated domains and giving rise to a photo-miscibility gap
[48]. In 3D mixed-halide perovskites, this process is facilitated by
high ionic mobility, leading to rapid and reversible segregation
[50]. In contrast, reduced dimensionality in layered (2D) systems
suppresses ion transport and slows the kinetics of both segre-
gation and recovery, yet does not eliminate the thermodynamic
driving force under illumination [51]. As a result, photo-induced
de-mixing can still occur in DJ perovskites, but with enhanced
kinetic stability of the demixed state and stronger temperature
dependence of the miscibility gap [51]. Together, these results
demonstrate that both structural design and external stimuli,
such as light, play a critical role in tuning ionic transport and
phase stability in LHPs. This demonstrates the need to carefully
consider optoionic effects when designing layered perovskites for
stable and efficient device operation.

Dimensionality reduction in LHPs offers an effective approach
to reducing ion migration, and RP and DJ phases exhibit
conductivities several orders of magnitude lower (~1075-10~° S
cm™) than 3D MAPbDI, [52, 53]. This reduction in conductivity
arises primarily from their wider band gaps, which limit the
concentration of thermally activated charge carriers, and from
carrier confinement effects intrinsic to the layered structures.
Such effects are less pronounced in quasi-2D perovskites (n >
1), where the structure approaches that of 3D perovskites. The
lower ionic conductivity of LHPs can similarly be linked to
factors such as higher defect formation energies, anisotropic ion
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migration pathways, and increased ion migration barriers [54].
The activation energy (E,) governing these processes therefore
reflects a combination of migration and formation contributions,
the relative significance of which depends on the defect type
(Figure 2) and local structure [55]. For electronic carriers, with
often negligible migration barriers, E, effectively corresponds
to the thermal excitation (formation) energy. In hybrid halide
perovskites, however, ionic motion remains substantial, sug-
gesting that the activation energies of ionic defects are not
sufficiently high to suppress ion migration completely. Reported
E, values for iodide transport in MAPbDI; typically fall within
the range of 0.2-0.6 eV, although these vary widely depending
on composition, microstructure, and measurement conditions
[39, 52, 56]. For instance, partial substitution of the A-site cation
can either increase or decrease E,, while grain boundaries often
facilitate ion migration and thus reduce the overall barrier [22,
57]. Importantly, dimensionality reduction has been identified
as an effective route to enhance the E, and stabilize the lattice
against ion migration [24]. This is evident in DJ-type perovskites,
which have superior thermal stability compared with their RP
counterparts, owing to key structural differences. In RP phases,
the presence of a van der Waals gap between organic layers
and weakly bound spacer molecules makes the lattice more
vulnerable to thermal stress and degradation. In contrast, DJ
perovskites incorporate bifunctional spacers that eliminate the
van der Waals gap, producing shorter interlayer distances and
a more rigid framework. These stronger interlayer interactions
and reduced structural flexibility not only enhance stability at
elevated temperatures but also correlate with the higher E, often
observed for ion migration, making DJ perovskites more robust
and promising for protective layers [24, 58, 59]. The comparison
between the different phases requires systematic investigation via
complementary methods.

It is important to note that the wide variation in reported
activation energies for ion migration in metal halide perovskites
originates from a combination of intrinsic material properties
and extrinsic experimental factors [21, 23, 38]. From the materials
perspective, microstructure plays a main role: grain boundaries
in polycrystalline films can act as preferential ion migration
pathways, often yielding lower apparent activation energies
compared to single crystals or highly oriented large-grain films
[23, 60]. In addition, compositional engineering, including halide
mixing, A-site cation substitution, and reduced dimensionality
(e.g., 2D/3D heterostructures), affects defect formation energies
and migration barriers, further broadening the reported range
[23, 60]. From the experimental perspective, electrode geometry
and interfacial phenomena introduce substantial differences.
Asymmetric contacts and interfacial ion accumulation can lead
to non-uniform electric fields and strongly influence the observed
electrical response [61]. Moreover, measurement artifacts remain
a major source of variability: incomplete separation of ionic and
electronic contributions, frequency-, or time-scale-dependent
probing, and differing data analysis approaches can all yield
inconsistent values [62]. Together, these factors underscore
the need for standardized measurement protocols and careful
reporting of microstructural and device parameters to enable
meaningful comparison across studies.

In summary, ion migration in LHPs is governed by a com-
plex interplay of intrinsic material characteristics and extrinsic

experimental factors, leading to significant variability in reported
activation energies. Establishing consistent methodologies and
structure-property relationships will be essential for reliably
assessing and controlling ionic transport in these systems.

3 | Methods for Assessing LHP Mixed Conductors

The mixed conduction of LHPs and halide perovskites can,
in general, be analyzed using a combination of direct current
(DC) galvanostatic polarization and alternating current (AC)
impedance spectroscopy. The former technique requires applying
a constant square-wave current during the measurement while
recording the corresponding voltage response over time. If the
studied sample behaves as a purely electronic conductor, the
resulting voltage profile exhibits a square-wave form (Figure 4a),
with the maximum voltage determined by Ohm’s law. Electrical
conductivity can then be calculated using Equation (1), where A
represents the electrode overlap area and I the spacing between
the electrode fingers. To ensure the validity of Ohm’s law
and maintain linearity, polarization measurements should be
performed at low voltages, a condition particularly important
for semiconducting materials. For mixed conductors, however,
the voltage response deviates from the ideal square-wave pattern
(Figure 4b). The transient voltage behavior in this case arises
from chemical diffusion processes, which can be modeled using
a simplified equivalent circuit (Figure 4c).

I1

=72 M

According to this model, the polarization process can be divided
into three distinct stages. Initially, upon application of the cur-
rent, charge transport occurs through both the electronic (R,,)
and ionic (R;,,) resistance pathways, producing an instantaneous
voltage jump (Vj,y,) corresponding to the total resistance Ry,
(Equation 2).

Reon Rion

Ry = ———nion
e Reon + Rion

(2)
Subsequently, the system exhibits an exponential voltage with
a characteristic time constant associated with ionic relaxation
processes (%) defined by Equation (3).

79 = RCS 3)

In the case of stoichiometric polarization, the chemical resistance
(presenting the resistance associated with ionic transport and
chemical diffusion processes) R® (Equation 4) is multiplied with
the chemical capacitance (C°) (Figure 4c and Equation 3).
Once the polarization process is complete, the voltage attains a
saturation value (V,), indicating that the current is conducted
exclusively through the electronic resistance (R.,,). From these
parameters, the ionic conductivity (g;,,) can be determined (using
Equation 5).

R5 = Reon + Rion (4)
Oion = Otot = Teon (5)

Alternatively, AC impedance spectroscopy offers complementary
insights to those obtained from DC polarization measurements,
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FIGURE 4 | Galvanostatic polarization response. (a) Ideal voltage response of a purely electronic conductor under a constant applied current.

(b) Typical voltage response of a mixed ionic-electronic conductor, showing the voltage jump associated with the total resistance and the subsequent

evolution toward a steady state. (c) Simplified equivalent circuit models describing charge transport in a mixed conductor, including the electronic

resistance (R,,,), ionic resistance (R;,,), chemical capacitance (C%), and the high-frequency geometric capacitance of the device, associated with the
dielectric response of the bulk material (C,,) (adopted from the references [35, 55, 63]).

with enhanced resolution at high frequency (fast time scale)
region. It involves applying a small-amplitude oscillating voltage
to the device and recording the resulting frequency-dependent
current response. The complex impedance is calculated as the
ratio of the voltage amplitude to the complex current, incorpo-
rating both magnitude and phase information. In prior studies
on halide perovskite films using planar (horizontal) device
configurations, space-charge polarization was identified as the
rate-limiting mechanism. The response of mixed ionic-electronic
conductors is typically represented in the complex plane (Nyquist
plot), where distinct features correspond to different transport
processes [64]. At high frequencies, the response is dominated
by bulk properties, reflecting the total conductivity (ionic and
electronic contributions) and geometric capacitance. At lower
frequencies, ionic carriers accumulate at the electrode interfaces,
leading to polarization effects that appear as an additional
semicircle or tail in the spectrum [65, 66]. Under these conditions,
the low-frequency response is largely governed by electronic
conduction due to ion-blocking contacts. By fitting the impedance
spectra with appropriate equivalent circuit models, individual
resistive and capacitive contributions associated with ionic and
electronic processes can be extracted. While DC polarization
enables direct separation of ionic and electronic conductivities
in the time domain via transient analysis, AC impedance spec-
troscopy resolves these contributions in the frequency domain,
allowing identification of individual transport processes and
access to faster dynamics not captured by DC measurements.
The combination of the two techniques, therefore, provides a
comprehensive characterization of mixed-conduction behavior in
LHPs. For consistency with the DC analysis, the impedance data
were analyzed using the equivalent circuit model (Figure 4c). The
activation energies for ionic and electronic conduction can be
extracted using the Nernst-Einstein relation (Equation 6).

o (T)=%exp <_k—ETA) (6)

where o, is a prefactor, k is the Boltzmann constant, E, is the
activation energy, and T is the temperature. LHPs exhibit higher
activation energies for iodide defects (up to ~0.84 eV) [24, 44]
compared to 3D counterparts (MAPbI; shows much lower and

widely scattered activation energies (0.2-0.6 eV) [39, 52, 56]). This
confirms that dimensionality reduction effectively suppresses ion
migration, though the extent of suppression varies with distor-
tion, grain boundaries, and orientation. Overall, the broad ranges
and differing trends arise from variations in structure, morphol-
ogy, and measurement methods. Nonetheless, the combination
of DC polarization and AC impedance spectroscopy provides a
comprehensive framework for investigating ionic and electronic
contributions in LHPs. These methodologies are essential for
quantitatively linking defect chemistry and structural properties
to mixed conduction behavior.

4 | Application of LHPs as Mixed Conductors

The capacity of LHPs to reduce ion migration in perovskite
solar cells stimulated increasing interest in applying
mixed-dimensional perovskite architectures to stabilize high-
performing perovskite devices [67, 68]. Although ion migration
is often viewed as detrimental in devices such as solar cells,
the mixed ionic-electronic conductivity of hybrid perovskites
also offers opportunities for emerging applications, including
resistive-switching devices and energy-storage systems [4, 69].
In resistive switches, ion migration enables reversible transitions
between high-resistance and low-resistance states (HRS and LRS,
respectively) [70, 71]. These devices can function as so-called
memristors, which integrate information storage and processing
within a single unit, achieving low-power operation and high
computational efficiency analogous to biological synapses. Such
brain-inspired behavior underpins the development of next-
generation non-volatile neuromorphic computing architectures
[3]. In a recent study, Ganaie et al. showed that layered
benzylammonium-based perovskites can serve as active resistive-
switching media, exhibiting stable digital or analog switching
depending on the halide composition [72]. Their devices
operated at low voltages with good retention and reproducible
cycling, including reliable synaptic operation in lead-free layered
hybrid perovskite neuromorphic systems [73, 74]. In particular,
halide perovskite devices switch between HRS and LRS states
through conductive filament formation/disruption (Figure 5a)
and exhibit stable bipolar switching (Figure 5b) and retention
behavior (Figure 5c). Furthermore, Loizos et al. demonstrated
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FIGURE 5 | LHPsas mixed conductors in neuromorphic systems. (a) Illustration of the resistive switching process. The diagram shows how halide
perovskite memory devices switch between states through the creation (SET) and disruption (RESET) of conductive filaments in the active perovskite

layer. These filaments arise from ion vacancies (blue) and metal cations (grey). The perovskite active layer is depicted in light orange. Adopted from
Refs. [72, 73] Copyright 2024 Royal Society of Chemistry. (b) Current-voltage characteristics of the bromide-based 2D devices showing bipolar digital
switching (between high resistance, HRS, and low resistance, LRS, states), and (c) their retention time over repeated cycles for resistive switching devices
at 0.2 V bias showing stable device state operation. Adopted from Refs. [72, 73]. Copyright 2024 Royal Society of Chemistry.

that coating 3D perovskite films with a thin 2D capping layer
based on perfluoroarene organic cations significantly improves
the durability of resistive-switching devices [75]. They formed
mixed-dimensional heterostructures (with mixed 2D and 3D
perovskites) that could be used in novel memristor devices that
could simultaneously operate as solar cells toward self-powered
memories. The treated devices showed much better endurance
(up to 10* switching cycles vs. ~10° for control) and longer state
retention. This demonstrates that LHPs can support memory
behavior and emulate basic synaptic functions for neuromorphic
applications. However, several challenges remain for practical
implementation [21, 76]. For example, filament instability, driven
by uncontrolled ion migration, can lead to erratic switching
behavior and device failure over time. In addition, the kinetics
of halide redistribution during repeated cycling can cause
gradual degradation of the resistive states, limiting long-term
reliability. Moreover, cycling endurance—the ability to maintain
stable HRS/LRS states over many cycles—is often compromised
by cumulative structural and compositional changes in the
perovskite layer, particularly under thermal or electrical stress.
These issues persist in mixed-dimensional architectures, where
interfacial mismatch or strain between 2D and 3D layers can
introduce additional defect sites, accelerating ion migration
and filament dissolution, and require further investigation and
material engineering to overcome in the future.

To this end, mixed ionic-electronic conduction of halide per-
ovskites enables unique functionalities, although it remains a
significant challenge for device stability. Ion migration under
light, bias, or heat stress induces hysteresis and device degrada-
tion, yet its mechanisms and extent remain poorly understood
[3, 4]. Future research should focus on clarifying ionic-electron
interactions through advanced in-situ measurement techniques
of materials and devices, while introducing standardized pro-
tocols. Strategies such as compositional and interface engineer-
ing, low-dimensional heterostructures, and strain modulation
can further mitigate ion migration [24, 33, 77]. At the same
time, controlled ionic motion presents opportunities for new
applications, such as resistive switches and memristors, and
photo-batteries, among others [3, 78-80]. Balancing control of
detrimental ionic effects with the exploitation of beneficial
mixed conduction is key to advancing perovskite materials
and devices, stimulating further investigations in the research
community.

In conclusion, LHPs present a dual character in which reduced
ion migration improves device stability, while controlled ionic
motion facilitates emerging functionalities such as memristive
behavior. Effectively balancing these competing effects will be
critical for advancing both stable optoelectronic devices and novel
mixed-conductor applications.

Helvetica Chimica Acta, 2026

70f 10

95UBD17 SUOWILLOD SAIIa1D) 3|edl|dde sy Aq pausenol afe ool O ‘SN Jo Sa|nJ 1oy Aelg1 78Ul U A3]IA UO (SUOTIIPUOD-pUR-SWLLB)W0 A 1M Afeiq 1[puljuo//:Sdny) SuonIpuoD pue swie | au) 88S *[920z/20/0€] uo Arigiqauliuo A8jim ‘myn L jo Aisieniun Ag G800/ 31U/Z00T OT/10p/wod A 1M Aleiq1jpuljuoj/sdny wolj pspeojumoq */ ‘9202 ‘G.9222ST



5 | Conclusions

Dimensional reduction has already proven highly effective in sup-
pressing ionic mobility in LHPs, leading to markedly improved
operational stability compared to their 3D counterparts. How-
ever, balancing this reduced ion migration with efficient charge
transport remains a challenge. Further progress will depend on
optimizing charge transfer, defect passivation, and dielectric con-
finement to preserve electronic performance while maintaining
operational stability. Continued advances in designing organic
moieties that are responsive to external stimuli and methodolo-
gies to monitor their mixed conduction in functional devices will
guide the development of robust perovskite technologies for next-
generation photovoltaic and mixed-conductor applications. This
opens new avenues for better understanding, controlling, and
exploiting the mixed conductivities of layered halide perovskites
in the future.
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