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ABSTRACT: Since the inception of the unprecedented rise of halide
perovskites for photovoltaic research, ion migration has shadowed this
material class with undesirable hysteresis and degradation effects, limiting its
practical implementations. Unfortunately, the localized doping and electro-
chemical reactions triggered by ion migration cause many more undesirable
effects that are often unreported or misinterpreted because they deviate from
classical semiconductor behavior. In this Perspective, we provide a concise
overview of such effects in halide perovskites, such as operational instability
in photovoltaics, polarization-induced abnormal external quantum efficiency
in light-emitting diodes, and energy channel shift and anomalous sensitivities
in hard radiation detection. Finally, we highlight a unique use case of
exploiting ion migration as a boon to design emerging memory technologies such as memristors for information storage and
computing.

Halide perovskites have been a hot topic of research in
the photovoltaic area for the past decade because of
the rapid increase in power-conversion efficiency

exceeding 20%1,2 and their simple solution-based process-
ability. Since their discovery as efficient light absorbers,
hysteresis in the current−voltage curves has been observed
and described. In comparison to ferroelectricity and electronic
charge carrier trapping, the phenomenon of ion migration has
received widespread validity as a causal factor for hysteretic
behavior in optoelectronic responses, unstable transient
behavior, and device degradation.3,4 Careful spectroscopy
studies, electrical parameter analyses, device modeling, and
microscopic simulations have unravelled a large body of
evidence to support the hypothesis of ion migration.5−12

In this Perspective, we discuss the obstacles as well as the
opportunities provided by ion migration in halide perovskites.
In contrast to conventional semiconductors with rigid covalent
bonding like Si, Ge, and CdTe, metal halide perovskite
compounds possess a much softer crystal structure that allows
migration of structural defects under low activation energy,
such as temperature, photoexcitation, and an external electrical
field.13 This structural instability adversely affects the
functioning of optoelectronic devices, specifically those
operating under an external bias voltage. Examples of
undesirable effects include strong electrical polarization,
quenching of charge collection efficiency with time for photon
detectors, high dark currents, poor radiation sensitivity, etc.

However, while ion migration causes instability issues and
inaccurate parameter extraction in photodetectors, light-
emitting diodes, and hard radiation detectors, it acts as a
boon to design novel devices such as memristors and
switchable diodes (Figure 1). For example, in memristors,
the dynamics and kinetics of ion migration can be utilized to
tune the memory window to dawn several functionalities
pertinent for information storage and in-memory computing.
Hence, in the sections below, we highlight both the pros and
cons of this mixed ionic-electronic conductivity in halide
perovskites. We also discuss the design principles for each of
these technologies with insights on how to mitigate/exploit ion
migration.

■ WHAT MOVES IN HALIDE PEROVSKITES?
Ionic transport is a process of hopping between equilibrium
sites of the ions that occupy interstitials, defects, or hopping of
the defects. Ionic transport is used in different electrochemical
and electrooptic devices, such as lithium intercalation and
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diffusion in Li-battery materials, and proton intercalation and
transport in electrochromic WO3.

In the case of ABX3 halide perovskites, the ions can easily
diffuse across the net of corner sharing octahedra. The ionic
transport becomes combined with the electronic transport (of
electrons and holes) that happens naturally in the semi-
conductor. Hence, the material is a mixed ionic-electronic
conductor, of the type that is common in solid-state
electrochemistry.14 Halide vacancies, organic cations, and
metal electrode ions have been reported to diffuse through
the perovskite material. In general, the migration kinetics of
halide vacancies is favored with respect to larger cations in the
perovskite formulation and metal contacts. However, during
long operation times and under external driving forces such as
voltage, light, and temperature, all of these different types of
ions will move in the halide perovskite structure.12,15 This
property causes several effects and phenomena that become
very relevant for the applications of halide perovskite materials.
Those effects are listed below.

(1) As in all solid and liquid electrolytes, the ions can move
in the bulk material but become blocked when they
arrive at the electrodes of the device (Figure 2a). Under
low-to-moderate stress conditions, the migrating ions
stop at the HTL/ETL. However, under high-stress
conditions such as a large applied bias voltage,

illumination, or high temperatures, these ions can
reach the external electrodes. Hence, a large polarization
represented by a surface capacitance can be observed.

(2) While normal semiconductors are usually described by a
fixed n- or p-type doping level, the displacement of ions
and defects changes the local doping in different parts of
the devices. Under an applied voltage, illumination, or
both, a new equilibrium of charge neutrality and surface
polarization becomes established. Monitoring the energy
diagram of the device hence becomes challenging.

(3) The previous effects assume that the conducting
contacts are inert. But different effects can happen at
the interface of the perovskite with a metal or organic
conductor.
(3a) The ions at the interface can launch electro-

chemical reactions that degrade the cell irrever-
sibly.16

(3b) The ions interfere with the electronic properties of
the interface and change the device behavior, for
example, adding recombination components. This
effect usually leads to an inductive behavior,
negative capacitance,17−20 and inverted hysteresis
characteristics.

(4) Illumination modifies the dynamics of ionic species and
their interactions with their electronic counterparts.11 A
number of photoinduced effects occur such as high ionic
conductivity of phase separations.21−25

■ INSTABILITY AND HYSTERESIS IN
PHOTOVOLTAICS/DETECTORS

Perovskite photovoltaic devices currently show marketable
power conversion efficiencies (PCEs) with a record value of
25.7%27 but still suffer in encompassing high stability with high
PCE. Photovoltaic devices (and photodetectors) are typically
fabricated in the configuration shown in Figure 2a in which the
perovskite material is sandwiched between charge selective
layers, with one contact selective to electrons (ETL) and the
other selective to holes (HTL). Detailed analyses of their
optoelectronic responses have revealed hysteresis, above
bandgap photovoltage, switchable majority carrier concen-
tration, etc., pointing toward ion migration.10 Once the
migrating ions reach the contacts, they lead to reversible and
irreversible interactions that limit photocurrent extraction and
trigger degradation pathways.16,28 Despite remarkable progress
in efficiency numbers, hysteresis is still present in recent state-
of-the-art devices (Figure 2b) with PCEs above 22%.26

Figure 2c displays the stability performance (T80 values)
reported for different perovskite formulations as a function of
the ion diffusion coefficient (Dion), where T80 is the required
time for 20% degradation of the initial PCE under 1 sun of

Figure 1. Ion migration mechanism in metal halide perovskites and
its influence on different application fields. Inside the ellipse is
shown the schematic of typical perovskite-based optoelectronic
devices with the halide perovskite layer sandwiched between two
electrodes. Among the mobile ionic species, two major migration
mechanisms have been identified: (1) metal ion (white sphere,
M+) migration from the electrode via the perovskite structure
through a metal ion vacancy (white open circle, VM

−) and (2)
halide ion (black sphere, I∓) migration through halide ion
vacancies (black open circle, VI

+). Blue spheres represent stable
ions in the perovskite structure which do not contribute
significantly to migration. Arrows point to different application
fields with the major influenced parameter inside arrows (e.g.,
charge collection efficiency (CCE) for photodetectors, power
conversion efficiency (PCE) for solar cells, memory window for
memristors, and external quantum efficiency (EQE) for light-
emitting diodes (LEDs)).

The migration of halide vacancies
prevails compared to larger cations.
However, at long operation times and
under external driving forces such as
voltage, light, and temperature, all of
these different types of ions will move
in the halide perovskite structure
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illumination at the maximum power point for cells with an
initial PCE > 18% (see Supplementary Note 1 for further
details). A vertical line shows T80 values for a single perovskite
formulation with the estimated Dion. For a given perovskite
formulation, T80 has been improved from low stability (blue
circles) to higher stability (black circles) by modification of the
extraction layers, contacts, and encapsulants. In this approach,
it is assumed that ions will reach the external perovskite
interfaces, but under optimized contacts, they find nonreactive
interfaces leading to hysteresis-free and highly stable devices.
For example, T80 has been improved from a few hours to above
10 000 h for the MA0.1Cs0.05FA0.85Pb(I0.95Br0.05)3 formula-
tion.29

A different approach to increasing the stability relies on the
reduction of ion supply toward the interfaces by decreasing
Dion (mostly halogen vacancies) via tuning of the perovskite
formulation. Indeed, the introduction of large cations decreases
the dimensionality of the perovskite, reduces ion migration,

and increases the device stability. Increased stability is
observed when ion migration is suppressed with Dion < 10−12

cm2 s−1, such as in low dimensional perovskites. The original
perovskite formulation developed in 2009 was based on the
small cation methylammonium (MA+), MAPbI3, that enabled
high PCEs but suffered from very high Dion ∼10−8 cm2 s−1 that
activated several degradation pathways with T80 in the range of
5−12 h.30,31 Higher efficiencies are obtained by the
introduction of the larger formamidinium (FA+) cation that
reduces the bandgap of the perovskite and increases the
photocurrent output. However, the phase stability of FAPbI3 is
low, and the formulation needs to be balanced with smaller
cations like Cs+ and Br− anions leading to mixed
formulations.31 As a side effect, the use of the large FA+

cation reduces the ion conductivity to values of Dion of 10−8 to
10−11 cm2 s−1, but this reduction is not sufficient to avoid
interactions between migrating ions and contacts.32 Hence,
devices using mixed formulations also degrade within the first
few hours of operation. On the other hand, incorporating very
large cations such as guanidinium (GA+), phenylethylammo-
nium (PE+), and butyl ammonium (BA+) disrupts the 3D
phase continuity dimensionally. Utilizing this strategy, the
structure of perovskites can be tuned from pure 3D (n = ∞) to
Ruddlesden−Popper (i.e., n = 2 to n = 5) to pure 2D (n = 1)
phases.33 Low dimensional perovskites show considerably

Figure 2. Effects of ion migration in halide perovskite photovoltaics and detectors. (a) Photovoltaic and photodetector device configuration.
(b) A recent high-efficiency perovskite quasi-2D photovoltaic device that shows hysteresis in the forward and reverse scans, reproduced with
permission from ref 26. (c) Stability performance (T80) under 1 sun illumination condition and maximum power point tracking (MPPT) of
selected literature examples as a function of the expected ion diffusion coefficient (Dion). T80 and Dion values have been extracted from the
references shown in Supplementary Note 1 and Tables SI1 and 2.

Once the migrating ions reach the
contacts, the reversible and irreversible
interactions that limit photocurrent
extraction occur.
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lower Dion than 3D perovskites on the order of 10−12 to 10−15

cm2 s−1 and stabilities in the range of hundreds of hours, e.g.,
GA/MA formulations with T80 = 750 h.34 But on the negative
side, disruption of the 3D phases reduces the charge carrier
mobility, and devices typically show inferior PCEs to those of
their 3D counterparts. It is only recently that optimization of
the formulations and deposition conditions has led to better
control of grain boundaries, orientation, and contact
optimization, resulting in PCEs > 22%.26,35 The prospect to
obtain highly stable devices with a further reduction in the
PCE gap between 3D and 2D is very promising. In addition,
the working mechanism and knowledge acquired in recent
years with regard to solar cells can be extrapolated to other
devices. For example, CsPbBr3 perovskites due to their low
Dion (10−12 to 10−13 cm2s−1) are good candidates to be used as
light-emitting diodes or hard radiation detectors, as described
next.

■ AMBIGUOUS PERFORMANCE ASSESSMENT OF
PEROVSKITE LIGHT-EMITTING DIODES

In perovskite light-emitting diodes (LEDs), the effects of ion
migration are pronounced due to the comparatively large
electric field magnitude across a very thin (∼30 nm in our
case) emitter layer. A typical LED structure comprises
perovskite nanocrystals sandwiched between two composite
hole and electron injection layers36 as shown in Figure 3a. The
devices under test show current−voltage characteristics with a
turn-on voltage of around 3 V and a maximum luminance of
nearly 10 000 Cd m−2 peaking at 514 nm (Figure 3b).
However, during operation, halogen ions or vacancies migrate
to the interfaces and may react with them reversibly or
irreversibly.37 The reactions of ions with charge transport

layers may lead to a change in the levels of charge injection,
altering the diode performance. Moreover, during continuous
operation, the devices heat up,38 which also leads to
degradation or modification of the contacts with perovskite.
Thus, the theoretical band alignment can be modified during
the first few seconds of operation of the LED, which can
potentially occur faster than the first measurement point
during a typical IV sweep.

To illustrate the detrimental effects of ion migration on the
device stability and accurate extraction of benchmarking
parameters, we compare the device characteristics and their
real-time transients as a function of two measurement
protocols. In the first protocol, we apply 0 V bias to the
LEDs before the application of a pulsed voltage above the turn-
on level of the device, representing a nonpolarized condition.
In the second protocol, the LED is subject to constant
polarization below the turn-on level of the device.
Subsequently, we apply periodical short voltage pulses above
the LED turn-on level to monitor its performance (Figure 3c).
We assume that these short voltage pulses of 200 ms every 20 s
do not polarize the device. The results shown in Figure 3d

Figure 3. Polarization in perovskite light-emitting diodes. (a) Band diagram and (b) current−voltage−luminance curves of perovskite LEDs
with CsPbBr3 nanocrystals as an emitting layer. (c) Schematic of the pulse measurement protocol. (d) Normalized luminance and current
efficiency of the CsPbBr3 LED versus time depending on the applied polarization.

The reactions of ions with charge
transport layers may drastically alter
the charge injection, and hence the
diode performance. The band align-
ment might be modified faster than the
first data point acquired during a
typical IV sweep.
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unfold a significant effect on the LED performance. Under the
nonpolarizing testing protocol, the luminance and current
efficiency continuously decrease with time in the absence of
significant ion migration because of the intrinsically low Dion of
CsPbBr3 (Figure 2c). However, with the polarizing testing
protocol, the luminance and current efficiency increase to
reach a value almost 4 times higher compared to the
nonpolarized condition. Interestingly, this change in the device
performance does not correspond to any significant change in
the emission peak position or shape, ruling out changes to the
structure or trap concentration in the perovskite bulk
(Supplementary Note 2, Figure S1). Hence, we attribute the
increase in device efficiency to changes in the charge injection
balance due to ion accumulation and modification of the
interfacial band alignment. A similar conditioning phenomen-
on is observed in light-emitting electrochemical cells.39

Moreover, we can completely remove the negative effects of
operating under the nonpolarized conditions by switching to
the polarized regime, supporting our theory of ion migration-
induced polarization further (Supplementary Note 2, Figure
S2).

It is also worthwhile to note that the pulse-based
measurements presented in Figure 3d cannot be directly
compared to the absolute values of current efficiency calculated
from conventional DC sweep measurements because of the
difference in polarization levels under both conditions. The
polarization at each point of the scan influences the next point.
Thus, during a DC IV sweep, the measured current will
depend on both the voltage and the state of ions in the device.

Depending on the duration of bias applied to the device at
each point of the scan and the relaxation time between points,
the measured parameters can differ substantially. On the other
hand, pulse-based IV sweeps may be utilized to measure the
initial nonpolarized state of the LEDs, which may be beneficial
for reliable and reproducible device characterization.

■ ENERGY CHANNEL SHIFT AND ANOMALOUS
SENSITIVITIES IN HARD RADIATION DETECTION

Furthemore, ion migration is also observed in hard radiation
detectors based on halide perovskites, as we demonstrate for
the case of γ and X-ray detection. Inorganic perovskite
CsPbBr3 single crystals (SCs) can be utilized for γ-ray
detection with excellent energy resolution.40 However, the
operational stability for hard radiation response has not yet
been a subject of an explicit study. Here, we show an energy
channel shift of the gamma pulse height distribution spectra
with time. It was recorded with CsPbBr3 SC, contacted with
Au and Ga (Figure 4a), at a 30 V reverse bias under 662 keV γ-
ray irradiation from a 137Cs radioactive source (Figure 4b). At
room temperature, 294 K (RT), the spectrum almost merges
with the noise level after 1200 s of measurement, indicating a
substantial decrease of the charge collection efficiency in the
CsPbBr3 detector, which is likely caused by electrical field
screening, i.e., polarization of the perovskite due to migration
of Br− ions toward the positively biased electrode. This
hypothesis is supported by correlating temperature-dependent
stability of the dark current and gamma spectra at a low

Figure 4. Effects of ion migration on gamma and X-ray detectors. (a) Structure of a hard radiation detector based on a CsPbBr3 single crystal
(SC) used in the experiments. (b) Evolution of gamma energy spectra recorded under irradiation of a Cs-137 gamma source at a
temperature of 294 K (gray spectra) and 173 K (blue spectra) under a 30 V bias. (c) Time dependencies of peak position in the gamma
spectra at b, for various temperatures. (d) Current density time traces were measured under modulated 50 kV X-ray irradiation at different
temperatures during exposure (from 0 to 60 s on the time scale) at a 30 V bias. On top of the slow response is shown a fast 22 Hz
modulation component (schematically zoomed-in on the top panel). (e) Normalized X-ray response depending on modulation frequency at
different temperatures. (f) Comparison of temperature dependencies: the rise time and the decay time of X-ray ionic response and X-ray
sensitivity.
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temperature (Figures 4b,c, Supplementary Note 3, Figure S3).
Observed at RT, the gamma spectra instability disappears
already at 273 K and is not observed at lower temperatures
down to 223 K (Figures 4b,c). This can be explained by a
“freezing” of ionic movement as it is also observed on the dark
current absolute value and its temporal behavior (Supple-
mentary Note 3, Figure S3). The dark current is stable at 273
K, and its value is at least 8 times lower than at RT. Such a
decrease in conductivity additionally supports the suppression
of ionic movement.

Perovskite X-ray detectors are often reported to have
extremely high X-ray sensitivities,41,42 sometimes even exceed-
ing the theoretical maximum of photocurrent based on the
evaluation from incoming energy flux. One explanation of this
fact arises from the presence of a high photoconductive gain
under a strong external biasing field,43 while another
assumption considers the substantial contribution of ionic
movement to X-ray photocurrent.44 Notably, it is possible to
decouple the contribution of ions and electronic charge
carriers in the X-ray response using temperature-dependent
photocurrent traces. For this, the same device based on
CsPbBr3 SC (Figure 4a) was illuminated by a modulated X-ray
irradiation (Figure 4d). The modulation depth of photocurrent
traces (for 223 K temperature shown on the top part of Figure
4d) corresponds to the fast (i.e., electronic) component of the
response (shown as an e−h response in Figure 4d), while the
lower envelope of the trace corresponds to the result of a slow
(i.e., ionic movement) component (shown as ion response in
Figure 4d). The latter is especially prominent at low
temperatures. Additional evidence of the large ion migration
contribution to an X-ray generated photocurrent is its
dependence on X-ray beam modulation frequency (Figure
4e). The X-ray photocurrent drops (more abrupt at low
temperatures and smoother at RT) at frequencies higher than
10−20 Hz, reaching the saturation plateau, where response is
mostly independent of frequency. Such behavior confirms the
presence of two components in the photocurrent signal: a slow
component (attributed to movement of ions) and a fast
component (resulted from the movement of electron and
holes). Cooling of the CsPbBr3 SC detector surprisingly leads
to an increase of the ionic component contribution to the X-
ray photocurrent from 50% at RT to ca. 90% at 173 K.
Additionally, with a decreasing of temperature, the absolute
value of X-ray sensitivity shoots up about 20 times, from 1730
μC/cm2 Gyair at RT to 32 400 μC/cm2 Gyair at 173 K (Figure
4f). However, such a giant sensitivity value does not have any
real practical implication since it is achieved after the long X-
ray exposure and leads to the noise enhancement due to the
ionic movement.

Decay and rise time parameters of the ionic component (in
Figure 4d at times 0 and 60 s for the rise and the decay,
respectively) become slower with cooling, as presented in
Figure 4f. These time values are strongly influenced by

temperature but are weakly dependent on parameters such as
bias voltage, X-ray intensity, and irradiation time, indicating
that the kinetic of the ionic component build-up has clear
activation behavior. The slow-down and increase of the ionic
component of photocurrent with cooling can be explained by
suppression of thermal-activated recombination processes45�
in this particular case, the recombination of a free halide to its
vacancies. Such a recombination mechanism appears to be
unique for metal halide perovskites due to the relatively “soft”
structure of their lattice. Similar effects are also considered to
be responsible for a so-called self-healing process46 and the
extra-long hard radiation damage stability demonstrated by
metal halide perovskites.

It is interesting to note the contrasting influence of
temperature on ion migration in the cases of γ-ray and X-ray
irradiation. For γ-ray detectors, ion migration gets quenched at
low temperatures, while for X-ray detectors, the ionic
contribution is enhanced. This can be attributed to the
substantial difference in the irradiation flux in both cases (here,
the X-ray flux is higher by about 6 orders of magnitude than
the gamma-ray flux). Therefore, accumulation effects observed
for the X-ray irradiation are suppressed and negligible for the γ-
ray case, and “freezing” of the ions exclusively helps to improve
the stability of the perovskite γ-ray response.

Recent measurements of current transients and impedance
spectroscopy in CsPbBr3 single crystals indicate the formation
of several regimes of ionic space-charge-limited current
(SCLC) associated with mechanisms similar to the Poole−
Frenkel ionized-trap-assisted transport. The ionic-SCLC seems
to be a dominant operational mode in these lead halide
perovskites.47

■ ION MIGRATION AS A TOOL TO DESIGN
MEMRISTORS

In contrast to photodetectors and hard radiation detectors,
memristors are a device technology that could reap benefits
from the migration of ions. A memristor is a resistive device
with an inherent memory effect, i.e., memristor = memory +
resistor. Typically fashioned in a two-terminal structure,
dynamic reconfiguration of the active switching matrix upon
electrical stimulation leads to a change in the device’s
resistance, which can be used to store data and also directly
process information. This is of immediate pertinence to the
hardware implementation of neural networks where mem-
ristors as synapses provide a promising non-von Neumann
computing paradigm capable of intrinsically implementing
parallel multiply accumulated operations via Ohm’s and
Kirchhoff’s circuit laws. This enables analog in-memory
computing with considerably enhanced speed and energy
efficiency.

Halide perovskites, as a material technology platform,
provide a wide range of design options for memristive and
neuromorphic devices, with a compositional space of >106

formulations that can be explored using solution-based simple
processing.48−50 These materials support a rich variety of
switching physics including electrochemical metallization
reactions with reactive electrodes,51,52 valence change mech-
anisms via halide ion migration,49,50,53 spin-dependent charge
transport,54 and multiferroicity,55 making them relevant for a
wide array of neuromorphic architectures.56,57

However, this memristor material technology is presently
challenged by incompetent endurance performance, which
hinders its practical implementations. State-of-the-art halide

A substantial decrease of the charge
collection efficiency might be caused
by electrical field screening, i.e., polar-
ization of the perovskite due to
migration of Br− ions toward the
positively biased electrode.
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perovskite memristors depict an on−off ratio in the range of
103 to 109, a retention ≥ 104 s, and a switching speed < 500 ns,
but with a poor endurance of ∼103 cycles.51,53,57,58 While very
recent studies utilizing oxide capping layers have improved the
endurance values up to 106 cycles,59−64 the corresponding on−
off ratios are <103, and more importantly, the switching
performance in such devices is an ensemble outcome of the
oxide and halide perovskite layers. At the same time, the limits
of the switching performance of pure HPs are still unknown.
The highest reported endurance for pristine HP memristors
with an on−off ratio ≥103 is 5655 cycles to the best of our
knowledge.57 Therefore, the inferior endurance performance of
pristine halide perovskite memristors is an unsolved challenge
today.

Intuitively, if the motion of ions in halide perovskites can be
controlled, this could result in multiple modulable resistance
states and enhanced endurance performance (Supplementary
Note 4). Dynamics of the defect formation and migration
would in turn decide the functional flavor of the memristors:
(I) threshold switch devices with volatile memory, (II) binary/
digital devices that can switch in a nonvolatile manner between

only two resistance states, and (III) analog devices that can
switch between multiple nonvolatile resistance states (Figure
5). The kinetics of ion migration would affect the
benchmarking parameters, which include (1) the on−off
ratio, the ratio between the low resistance state (LRS) and high
resistance state (HRS) in the case of digital memristors; (2)
dynamic range, the conductance range over which the
nonvolatile states are spread across in the case of analog
memristors; (3) retention, the duration for which the
programmed bits remain stable; (4) endurance, the number
of times a memory can be written/erased; and (5) switching
speed.

However, the extent to which ion migration contributes to
memristive switching and how it affects the benchmarking
parameters is still debatable and a matter of ongoing research.
In implementations that rely on the migration of electro-
chemically active electrode species through the perovskite
matrix to form conductive filaments (CFs), halide ions mostly
act only as reducing agents. In such cases, a low defect
formation energy could result in more available sites for redox
reactions, resulting in easier CF formation and rupture and,

Figure 5. Functional flavors of halide perovskite memristors. The local ion and defect concentration in halide perovskites, choice of
interlayers, and the transient dynamics of ions and vacancies under applied bias can lead to different types of memristive switching, useful
for information storage and computing.
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hence, higher endurance and faster switching speed.57

However, the large number of available redox sites could
also lead to runaway reactions and the formation of very thick
filaments that cannot be erased, precipitating poor on−off ratio
and endurance performance. The activation energy for ion
migration of both halide ions and electrochemically active
electrode species could also play vital roles in determining the
endurance performance of memristors. The low activation
energy for ion migration could point to more congenial
pathways for CF formation and rupture and hence result in
higher endurance and faster switching speed. However, this
could also result in multiple nonerasable thick filaments that
adversely affect the on−off ratio and endurance performance.
Recently, Lee et al.53 performed a high-throughput screening
of 696 compositions with four different crystal structures based
on first-principles calculations to identify the optimal halide
perovskite for memory applications. With stability, vacancy
formation, and migration as the descriptors, dimer-Cs3Sb2I9
has been identified as the best option with an experimentally
verified ultrafast switching speed of ∼20 ns. However, the
retention and endurance were limited to 103 s and 500 cycles,
respectively, limiting its viability for practical demonstrations.
Parallelly, lower dimensional perovskites52,65 and nanocryst-
als51,57 with high barriers for ion migration have also emerged
as promising candidates with higher endurance performance.
Hence, it is clear that a trade-off is required among these
descriptors to design the next generation of high-performance,
robust halide perovskite memristors.

Redesigning the structure of perovskites by doping with
large-size cations to disrupt the lattice to accommodate for
easier ion migration seems a viable strategy but has not been
investigated to date. Density-functional theory (DFT)
calculations point to doping with the oversized ethyl-
enediammonium (en) dication as a promising strategy to
efficiently create and rupture nanochannels of CFs within the
perovskite matrix, with 1 order of magnitude lower activation
energy for Ag+ migration (Figure 6a,b). When en is
incorporated into the 3D perovskite structure, massive B and
X vacancies appear in the 3D [ABX3] framework, resulting in a
less-connected 3D hollow structure with enhanced structural
disorder and widened band gaps. This hollow shape, we
believe, will provide conductive paths for the passage of
electrochemically active electrode species, resulting in long-
lasting devices with a high on−off ratio. Our preliminary
experimental results on 7% en-doped MAPI show unmatched
performance with an on−off ratio > 103, a retention of 105 s,
and a record endurance of 1.2 × 104 cycles (double the existing
record for pristine perovskite memristors of 5 × 103 cycles;
Figures 6c−f). This validates the en-doping strategy as a means
to realize the next generation of robust perovskite memristors.

On the other side of the spectrum, exploiting the drift-
diffusive migration-relaxation of halide ions as a means to
create analog memristors seems a promising research

direction66 but has not been systematically investigated to
date. Modulation of Schottky barriers at the transport layer
interfaces in a charge extracting/solar cell or injecting/light-
emitting diode configuration is the perceived hypothesis in
such cases.67 The selection of transport layers and contacts
becomes crucial in such scenarios. Finally, the back diffusion or
relaxation of ions under a diffusion gradient or built-in
potential could also serve as a tool to create threshold switches
and probabilistic neurons, entailing systematic attention in this
direction. Recently, there has been good progress in the
characterization and understanding of migration and reaction
effects on hysteresis in perovskite memristors.68,69 Further
systematic investigations in this direction are expected to pave
the way for robust memristor designs with halide perovskite as
the active switching matrix.

In short, the field of halide perovskite memristors is
relatively new and provides a large space for exploratory and
downstream research.56 The ability to control the migration of
ions becomes critical in order to realize robust memristors.
The notion that bad photodetectors/LEDs can be good
memristors is flawed because this does not guarantee high
performance. The underlying physics is very different, and
from our results, it becomes clear that materials and interfaces
need to be tailored to get excellent device performance with
high robustness.

■ METHODS
Light Emitting Diode (LED). A slightly modified version

of a published recipe36 was used. Substrates with prepatterned
indium tin oxide (<17 Ohm/sq) were cleaned by sequentially
sonicating in Hellmanex (2% in water), deionized water,
acetone, and isopropanol for 10 min at each stage and then
treated with UV ozone for 10 min. A dispersion of
PEDOT:PSS 4083 was filtered through a 0.45 μm hydrophilic
syringe filter and spin-coated at 4000 rpm for 25 s, followed by
annealing for 30 min at 130 °C in the air. Then, the substrates
were transferred into the nitrogen-filled glovebox, where a
solution of polyTPD (2 mg/mL in chlorobenzene) was spin-
coated at 2000 rpm for 40 s and annealed at 130 °C for 25
min. The cyclohexane solution of CsPbBr3 NCs (ca. 10 nm),
stabilized with N-α-lauroylarginine decyl ester hydrobromide
as surface capping ligands (details of the synthesis will be
published elsewhere), was spin-coated at 6000 rpm for 40 s.
While remaining under a nitrogen atmosphere, the substrates
were transferred into the thermal evaporator with a base
pressure of 10−4 Pa, where 15 nm of B3PYMPM, 45 nm of
TPBi, and 1.2 nm of LiF were thermally evaporated onto the
substrates at the following rates: 0.5, 0.5, and 0.1 As−1. Finally,
100 nm of aluminum was evaporated through shadow masks
(installed without breaking the vacuum) at 2−5 As−1, defining
a 0.16 cm2 pixel area by overlap with ITO. The device
performance was measured under ambient conditions without
any encapsulation.
Hard Radiation Detection. Crystal Growth of CsPbBr3

Crystals. Cesium lead bromide (CsPbBr3) was prepared from
cesium bromide CsBr (5N, ChemCraft Ltd.) and lead bromide
PbBr2 (homemade). The components were weighted out

However, the extent to which ion
migration contributes to memristive
switching and how it affects the
benchmarking parameters is still de-
batable and a matter of ongoing
research.

The en-doping strategy might be the
means to realize the next generation of
robust perovskite memristors.
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stoichiometrically and ground together in an agate mortar. The
obtained mixture was sealed into a silica tube (10 mm inner
diameter, 1 mm wall thickness, conical tip for crystal selection)
under a residual pressure of ca. 0.6 Pa. The silica tube was
transferred into a muffle furnace in a tilted position and heated
to 850 °C for 8 h at a rate of 275 °C/h; the furnace afterward
was switched off for cooling to RT, yielding a polycrystalline
CsPbBr3 ingot (domain size typically 6−8 mm). For the
growth of single crystals, the silica tube was brought as
obtained into a three-zone Bridgman−Stockbarger crystal
growth furnace. The upper zone was heated to 850 °C at a rate
of 275 °C/h and held at this temperature the whole time that
the sample needed to travel through the furnace. Afterward,
the temperature was lowered to 50 °C (at a rate 80 °C/h), and
the furnace switched off when reaching this set point. The
lower zone was not actively heated for enhancing the
temperature gradient. The temperature gradient was thus 3.5
°C/mm. The translational speed of the sample was set in the
range between 0.6−2.4 mm/h. The ingot was retrieved inside a
nitrogen-filled glovebox (oxygen, water < 1 ppm).

CsPbBr3 SC Device Fabrication. Ingot slicing was done with
a CU-02 Desktop Crystal Cutter cutting machine from Crystal

Systems Corporation using a compression holder to keep the
ingot as well as the obtained slices in position. The slices had
typical thicknesses of 2 mm. The obtained slices were polished
on a TP-02 Desktop Crystal Polisher from Crystal Systems
Corporation. The wafers obtained after completing the
grinding/polishing sequence were washed with dry toluene
and stored under inert conditions until further use. Ga and Au
electrodes were deposited onto the top and bottom sides of the
wafers by mechanically spreading a drop of liquid gallium and
sputtering Au (100−200 nm) in a JEOL sputter coater.

γ and X-ray Characterization. The energy-resolved γ-
spectrum for the 137Cs source (activity of c.a. 0.4 MBq) was
measured from the devices connected to a charge-sensitive
preamplifier (A250CF CoolFET from Amptek) coupled with
an amplifier-shaper (Model 572 from ORTEC) and a digital
multichannel analyzer (MCA-8000D from Amptek). X-ray
irradiation experiments were done utilizing the X-ray tube from
Amptek (model Mini-X, with Ag target). The radiation dose
rate measurements were performed with a Soft X-ray Chamber
dosimeter from PTW. For the X-ray photocurrent response
study, the device was connected to a digital oscilloscope
Tectronix DPO 2024B, which recorded the signal waveform,

Figure 6. Robust hollow halide perovskite memristors. (a) Migration pathway and (b) activation barrier and for Ag ions in standard 3D
tetragonal and 44% en-doped CH3NH3PbI3, obtained from DFT calculations. (c) The device structure comprises Ag (150 nm), PMMA
(∼150 nm), en-doped MAPI (∼ 240 nm), and ITO (110 nm) as shown in the SEM device cross-section. (d) IV sweep, (e) retention, and (f)
endurance characteristics of 7% en-doped MAPI. The IV sweep represents the evolution of the device conductance upon applying DC sweep
voltages (0 V → +5 V → 0 V → −7 V → 0 V). For the positive sweep direction, a compliance current Icc = 1 mA is applied. This is done to
control the thickness/number of filaments formed to achieve reliable and controllable switching. As observed, the devices switch from a HRS
(∼10−10 A) to a LRS (∼ 10−3 A) at ∼1 V for cycle 1. This is called the “SET” process. In the negative sweep direction, Icc is removed to allow
higher current flow in the reverse direction. This triggers Joule heating within the device and aids erasure of the programmed state. As
observed, the devices switch from the LRS to HRS at −0.5 V. This is called the “RESET” process. The on−off ratio is calculated by
comparing the currents at LRS and HRS for the same reading voltage (in this case 0.1 V). For retention testing, the devices are programmed
with a write voltage of +5 V, after which the resistance state is read with a reading voltage of +0.1 V. In the next stage, the devices are erased
with an erase voltage of −7 V, and the resistance state is read with a reading voltage of +0.1 V. The pulse width used in all cases is 5 ms. For
endurance testing of the nonvolatile mode, a write voltage of +5 V, an erase voltage of −7 V, and a read voltage of +0.1 V are used in a
cyclical fashion, i.e., write-read-erase-read. This procedure is repeated until the device completely fails or the desired on−off ratio (>103 in
our case) is not met. For the retention and endurance testing, the reading voltage is chosen to be much smaller than the write and erase
voltages to preserve the integrity of the programmed states during the reading operation.
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via a low-noise current amplifier Femto DLPCA-200. The
temperature-dependent measurements were done with a
THMS600 heating and freezing microscope stage from
Linkam.
Memristor. Syntheses of MA1−xenxPb1−0.7xI3−0.4x (x = 0%,

7%) Perovskite Microcrystalline Compounds. β-MAPbI3.
Undoped MAPbI3 was synthesized using an inverse temper-
ature crystallization method.70 A total of 5.070 g of PbI2 and
1.749 g of MAI were dissolved in 10 mL of GBL at 65 °C. The
solution was filtered using a 0.2 μm PTFE filter in a vial which
was heated to 110 °C in an oil bath and kept at this
temperature for 2 h and 30 min. The grown crystals were
collected by suction filtration, washed with toluene, and dried
under a vacuum overnight at 90 °C. Doped compounds were
obtained from acidic aqueous solutions upon cooling following
the reported procedure.71

(MA)0.93(en)0.07(Pb)0.951(I)2.972. 1.137 g of Pb(CH3CO2)2·
3H2O was dissolved in 3.5 mL of aqueous HI (57% w/w,
stabilized) by heating to boiling under stirring. Meanwhile, 40
μL of ethylenediamine was added into another vial with 0.7
mL of 50% aqueous H3PO2 in an ice bath. Then, this solution
was added to the hot PbI2 solution, followed by the addition of
0.477 g of methylammonium iodide. The black crystals
obtained upon cooling down were collected by suction
filtration, washed with toluene, and dried under a vacuum
overnight at 110 °C.

Memristor Device Fabrication. Substrates with prepat-
terned indium tin oxide (<17 Ohm/sq) were cleaned by
sequential sonicating in Hellmanex (2% in water), deionized
water, acetone, and isopropanol for 10 min at each stage and
then treated with UV ozone for 10 min. en-MAPI crystals were
dissolved in DMF/DMSO (95:5 by volume) mixture to form
30% (by mass) perovskite precursor solutions, which were
filtered with a 45 μm PTFE filter. First, 100 μL of PMMA
solution in toluene (27 mg/mL) was spin-coated on the
substrate at 4000 rpm for 1 min, followed by annealing at 100
°C for 6 min. Next, 60 μL of 30% (by mass) perovskite
precursor solution, prepared by dissolving en-MAPI crystals in
DMF/DMSO (95:5 by volume) mixture, subsequently filtered
with a 45 μm PTFE filter, was spin-coated on the cold
substrate at 4000 rpm for 30 s and 400 μL of toluene was
dropped for 10 s after starting the spin-coating. The perovskite
film was annealed on a hot plate at 100 °C for 10 min and
allowed to cool down. Then, 100 μL of 27 mg/mL PMMA
solution in toluene was spin-coated at 4000 rpm for 1 min.
Finally, ∼150 nm of Ag was thermally evaporated through
shadow masks (100 μm × 100 μm) to complete the device
fabrication. Electrical measurements were carried out using a
Karl Suss PM8Manual Probe Station and Keithley 4200 SCS
under ambient conditions without additional encapsulation.
Computational Methodology. All of the DFT-based72,73

electronic structure calculations for structural optimization and
the transition pathway prediction are carried out using the
plane-wave basis set-based approach as implemented in the
Vienna Ab initio Simulation Package (VASP) within the
framework of the projector augmented wave (PAW) formal-
ism.74,75 To approximate the exchange-correlation potential, a
Perdew, Burke, and Ernzerhof (PBE) type76 generalized
gradient approximation (GGA) functional was used with a
plane wave cutoff of 450 eV. We have used the converged k-
points mesh of 3 × 3 × 3 Monkhorst−Pack77 throughout the
calculations. For all of the calculations performed in this work,
self-consistency has been achieved with convergence criteria of

1 × 10−3 eV, whereas the force convergence criteria have been
set to 1 × 10−2 eV/Å. Since the structures contain heavy
element lead (Pb), we have considered relativistic spin−orbit
coupling (SOC) interaction throughout our calculations.
Usually in the CH3NH3PbI3-type perovskite, vacancy-mediated
ion migration dominates. Hence in this theoretical study, we
have mainly investigated a vacancy transport mechanism to
determine the migration barrier for I and Ag ions. The
simulation cells used for structural optimization are extracted
from the experimental data and contain a total of 50 and 26
atoms with four and two PbI3 units respectively in case of
standard and hollow (44% en doped) configurations. These
cell sizes are sufficient enough to accommodate the vacancy
defects under consideration. To investigate vacancy-mediated
migration, we have used the climbing image nudge elastic band
method. The activation energy corresponding to the diffusion
process is determined from the difference in the ground state
energies of diffusion species I and Ag at successive saddle
points along the migration pathway.
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Switzerland; orcid.org/0000-0002-6396-8938;
Email: mvkovalenko@ethz.ch

Authors
Kostiantyn Sakhatskyi − Laboratory of Inorganic Chemistry,

Department of Chemistry and Applied Biosciences, ETH
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Zürich, CH-8093 Zürich, Switzerland; Laboratory for Thin
Films and Photovoltaics, Empa − Swiss Federal Laboratories
for Materials Science and Technology, CH-8600 Dübendorf,
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