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ABSTRACT
The inherent ion migration in metal halide perovskite is known to induce instabilities into the operation of solar cells and radiation detectors
based on these compounds. For instance, dark current slow drift with time has been identified among the major drawbacks for X- and
γ-ray detectors to satisfy industrial requirements. Conversion efficiency in photovoltaic devices usually exhibits significant reduction upon
continuous illumination. In both cases, the formation of ion-related space-charge zones at the vicinity of the electrode interfaces (electrode
polarization upon biasing) is believed to play a major role in the degradation of the device functioning. By using 1D numerical simulation
tools, two dissimilar charged structures are identified after voltage application in the steady state: a narrow and huge ion accumulation near
one electrode compensated by a spatially extended depletion zone at the opposite one. Ion accumulation zone width correlates with the ionic
Debye length for ion concentration below a certain limit. In addition, more extended ion depletion zones follow the dependencies usually
encountered in semiconductor contacts inversely proportional to the square root of ion concentration and proportional to the square root of
voltage. Deviations from classical models are also discussed in relation to the theoretical assumptions.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0267693

I. INTRODUCTION

A decade ago, in the mid-2010s, anomalous current–voltage
hysteresis was identified1,2 in metal halide perovskite-based solar
cells (PSCs) alerting on the deleterious role that some intrinsic
physical mechanisms play in those compounds, which were rarely
encountered in other semiconductor photovoltaic devices.3 At that
moment, the appearance of hysteretic effects fostered an intense
debate about their origin and repercussion on the perovskite solar
cell performance and casted doubts about the applicability of that
new and promising technology.4,5 Among other competing explana-
tions such as ferroelectricity6 and slow electronic carrier trapping,7
the hypothesis of ion migration gained great acceptance as the cause
of hysteresis and other slow (low-frequency) effects.1,5,8 In fact,
compounds with similar crystalline structure as metal oxide per-
ovskites9 were well-known and exploited because of their high ionic

conductivity. It was envisaged that perovskite-based devices, hence
exhibiting mixed electronic–ionic conduction, could present the
kind of mechanisms usually encountered in purely ionic conductors.
Consequently, we proposed in 2015 that, upon electrical poling in
the dark, electrode polarization occurs as a consequence of the inter-
facial accumulation of moving ions at the outer contacts.10 This last
mechanism explained the perovskite layer’s excess (low-frequency)
capacitance and was correlated with the observed current–voltage
hysteresis. Further evidence supporting this hypothesis has been
reported under dark conditions,11 while mixed results have been
observed under illumination conditions,12 where the presence of
additional photogenerated charge carriers complicates the charge
density profile as well as the resistive and capacitive responses.13

Several studies have tried to probe the existence and principal
features of the ionic space-charge structures resulting upon electrode
polarization in PSC operation. Using Kelvin probe force microscopy,
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a redistribution of local surface potential was detected by Yuan et al.,
who stated to be caused by ion migration.14 Furthermore, the for-
mation of interfacial charge zones in the negative electrode of width
<50 nm was observed by Weber et al. in ∼500 nm-thick perovskite
layers under a voltage-step stimulus15 that screened most of the
internal electrical field. That charging was compensated by a more
extended, exponential potential decay in the opposite electrode.

More recently, a highly anisotropic polarization has been
observed by Wang et al. in all-inorganic perovskites.16 There, a
strong built-in electric field within a submicrometer length near the
cathode was reported exhibiting an exponential decay into the per-
ovskite layer bulk. Other studies have highlighted a major influence
of the interface chemistry and polarity on the ion adsorbing prop-
erties.17 Alternative experimental approaches use electro-absorption
measurements that allow the electric field within the active layer to
be tracked as a function of frequency or time.18 All these approaches
infer a significant internal field screening as a consequence of the
dynamics of moving ions affecting device stability and long-term
performance.19,20

Purely electric measurements have also suggested the forma-
tion of interfacial ionic space-charge zones. For instance, Kim et al.
monitored the voltage change in galvanostatic experiments and
suggested ionically determined equilibrium space-charge potentials
in methylammonium lead iodide contacted by Al2O3 and TiO2.21

Moreover, a pulsed measurement technique has been developed by
Hill et al. for characterizing the electrostatic potential energy drop
across perovskite layers in functioning devices.22 This technique
allows measuring the energy-band alignment at extracting contacts
influenced by the mobile ion interfacial pileup. Furthermore, low-
frequency capacitive analysis10,23,24 and charging experiments25,26

have been correlated with the occurrence of interfacial ionic accu-
mulation and the built-up of ionic space-charge structures. How-
ever, despite all the information gathered through direct experi-
mental tools, a clear picture of the main features ionic space-charge
structures exhibit is still missing.

Alternatively, device simulation methods have been exploited
to gain further insight into the determinant effect of ion move-
ment and accumulation under the application of electrical bias
or light. Nowadays, 1D drift-diffusion numerical approaches are
widely used to complement experimental analyses.27 They have
been applied both to perovskite solar cells18,28 and X-ray perovskite
detectors.20,29,30

One interesting outcome of single moving-ion simulations was
observed by Richardson et al., who found distinct accumulation
and depletion space-charge zones depending on the ion charge
sign at respective contacts.31 Although the authors did not deepen
on the distinct space-charge zone characteristics. These dissimilar
charged structures (a high-density, spatially confined ion accu-
mulation near one electrode compensated by a spatially extended
depletion zone at the opposite one) have been corroborated in
recent years.20,24,29,30 However, there is a lack of exhaustive analy-
sis of the referred ionic distributions upon applied voltage change
and, more importantly, how are they connected to the classi-
cal polarization mechanisms largely studied for solid and liquid
electrolytes.

Ionic space-charge zones and ion dynamics greatly influence
device operation by modifying electronic injection barriers, explain-
ing current instabilities (such as hysteresis and current drift upon

bias), and potentially contributing to degradation paths and reduced
operation performance (through field screening).32 Therefore, this
calls for new theoretical insights, supported by numerical simulation
analysis, to deepen our knowledge about ionic space-charge built-up
processes.

In this work, we carried out a set of 1D numerical simu-
lations mimicking the structure and using typical material para-
meters of perovskite-based devices such as solar cells and X- and
γ-ray detectors with a single species of mobile ions. Ionic space-
charge zones are identified in the vicinity of the outer electrodes
and their functional dependencies on equilibrium ion concentra-
tion and electrostatic potential are analyzed under steady-state
conditions after application of a step voltage perturbation under
dark conditions. As noted previously, dissimilar distributions occur
depending on the ion charge sign and electrode polarization. The
widths of accumulation and depletion zones as derived from the
simulation are confronted with classical theoretical models. It is
inferred that ion accumulation zones correlate with the ionic Debye
length for ion concentration below a certain limit. In addition,
more extended ion depletion zones follow the dependences usu-
ally encountered in semiconductor contacts but with moving ions
playing the role of electronic charge carriers.

II. IONIC ELECTRODE POLARIZATION THEORETICAL
APPROACHES

Classical analyses on polarization of electrolyte interfaces pre-
dict the formation of two main ionic structures under dark con-
ditions related with the response of the interfacial double-layer: a
narrow Helmholtz plane of molecular extension and an electrode-
induced local charge imbalance within the wider ion diffuse layer.33

Here, the Gouy–Chapman theory for the diffuse layer structure
assumes Poisson equation and Boltzmann distribution in the mean
field approach, while it neglects strong chemical interaction that may
occur, for instance, between the perovskite layer and the selective
transport contact materials. The theory is also valid for diluted elec-
trolytes (neglecting statistical correlations) of moving ion in small
concentrations.34 The characteristic polarization width corresponds
to the ionic Debye length as

λD =

√

ε0εrkBT
Q2Nion

. (1)

Here, T is the temperature; kB is the Boltzmann constant; εr is the
dielectric constant; ε0 is the vacuum permittivity; and Q is the ion
charge. N ion accounts for the equilibrium ionic density throughout
the bulk of the perovskite layer. In the specific case of PSCs, we pro-
posed a decade ago that an ionic Debye length such as that of Eq. (1)
could result from the electrode polarization, enabling low-frequency
excess capacitance values.10,25 Note that Eq. (1) implies λD ∝ N−1/2

ion
and it is voltage-independent.

While the Gouy–Chapman theory predicts similar distribu-
tions in the oppositely polarized electrode (ion depletion), a less
explored structure has been proposed35 mimicking that derived in
the case of semiconductor contacts forming electronic depletion
zones.36 Here, the critical length corresponds to the depletion layer
width as
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λdep =

√

2ε0εrVdep

QNion
. (2)

Here, Vdep accounts for the potential drop at the depletion layer
(a portion of the external applied voltage). Note that the pro-
posed structure in Eq. (2) is purely ionic in nature following
the same dependence with the equilibrium ion concentration as
that predicted by Eq. (1), i.e., λdep ∝ N−1/2

ion . However, contrary to
Eq. (1), the ion depletion width also varies with the voltage drop as
λdep ∝ V1/2

dep . It is worth recalling that purely electronic space-charge
structures of the same kind (accumulation and depletion) develop in
metal–semiconductor contacts.37

III. RESULTS AND DISCUSSION
The numerical simulations were conducted using an adapted

code from MATLAB’s Driftfusion framework,27 incorporating both
radiative and non-radiative recombination while adhering to four
main assumptions. First, the perovskite bulk is initially assumed to
be intrinsic, ensuring the total equilibrium concentrations of fixed
and mobile ions remain balanced, meaning an equal number of
cations and anions in our simulation or an effective balance near
the intrinsic carrier concentration in experimental scenarios. Sec-
ond, the interface regions between the perovskite and the contacts
are unintentionally doped, favoring the formation of space-charge
layers. Third, only one type of mobile ion is considered to signifi-
cantly contribute to both the current and the redistribution of the
charge density profile. Considering the prototypical family of com-
pounds MAPbX3, it is widely admitted that halide vacancies V+X
exhibit larger mobility values than those encountered for slower
migrating defects as MA or Pb vacancies.15,38,39 As a consequence,
only one type of defect, i.e., V+X , is allowed to move within the tem-
poral framework of the simulation. Finally, the built-in electric field
is defined solely by the difference in work functions between the two
metal contacts.

The parameters used in the following simulations are consis-
tent with those in our previous experimental and theoretical work.29

A summary can be found in Table S1 (supplementary material).
The device structure includes metallic electrodes, electron and hole
selective layers, and the perovskite absorber. At each interface of the

perovskite layer, a numerically convenient 1 nm-thick interlayer was
also included. The perovskite properties relate to MAPbI3. The dif-
fusion coefficients are a function of mobility according to Einstein’s
relation.27 The stabilization time for convergence of steady-state
solutions was set to 10 ks.

Here, the formation of steady-state, ionic space-charge zones
is investigated after application of an external voltage, which is
maintained until complete ion rearrangement under long-term bias-
ing conditions. In the steady state, current saturates because of
the ionic modulation of the electronic injection properties at the
contacts, closely related to the ionic space-charges built up at the
outer electrodes.38 Dynamics of contact charging/discharging were
addressed in previous studies, exhibiting for wider layer thicknesses
long current transients in the time scale of ∼104 s.20,29

By examining Fig. 1, one can infer that the mobile ion concen-
tration profile (in the steady state) exhibits distributions resembling
those previously discussed: a narrow and huge ion accumulation
near the right, negatively polarized electrode compensated by a
spatially extended depletion zone at the left, positively polarized
one. Here, normalized curves with respect to the perovskite layer
thickness L are represented for different values of N ion within the
range usually encountered in the literature.24,40 As expected, both
space-charge zones shrink as N ion increases.

An operational definition for the accumulation space-charge-
zone width wacc is proposed with respect to the maximum concen-
tration of mobile ions Nmax, attained toward the right electrode in
the example of Fig. 1 (also see Fig. S1). In this case, wacc is defined to
match the position where the percentage of concentration is taken
from the ratio N ion/Nmax. Figure 1 also shows the illustrative exam-
ple where the value for wacc corresponds to the distances from the
electrode (to the right) to the positions (to the left) where the con-
centration of mobile ions is increased an amount that matches 0.5%
of Nmax. Notably, this definition is particularly convenient for esti-
mating wacc, such as in the case wacc(Nmax, 0.5% ) approaches the
Debye length (λD) defined in Eq. (1) (also see Fig. S1 and below).
However, depending on Nmax makes the analysis sensitive to diver-
gence of solutions, which can create unrealistically high values for
Nmax toward the interfaces.

For the estimation of the depletion space-charge width wdep,
we adopt a different approach using the ionic concentration in the

FIG. 1. Mobile ion concentration pro-
file as resulting from the application of
a step voltage perturbation after reach-
ing the steady-state conditions, for dif-
ferent equilibrium values of Nion. Per-
ovskite layer thickness is L = 100 μm,
and applied voltage is V = 1 V. Accu-
mulation width wacc(Nmax, 0.5% ) and
depletion width wdep(NQNR, 99% ) are
marked.
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quasi-neutral region (QNR, flat ion concentration in the central part
of the perovskite layer bulk) NQNR as a reference. Here, wdep repre-
sents the region with the lowest concentration of mobile ions. In this
region approaching the left electrode, the charge is primarily deter-
mined by the oppositely charged (fixed) ions. By definition, wdep is
determined here as the position where the relative concentration
decrease is quantified by the ratio abs(N ion- NQNR)/NQNR. This is
illustrated on the left part of Fig. 1, where an example is provided.
The values of wdep(NQNR, 99% ) correspond to the distances from
the electrode (on the left) to the positions (on the right) where the
concentration of mobile ions decreases to 99.9% of its value in the
quasi-neutral region (QNR).

It is also interesting to explore the profile of the steady-
state electrostatic potential drop reached after external potential
application. Due to the dissimilar space-charge zones built up at
the positively and negatively polarized electrode, one would also
expect asymmetries regarding the internal potential distribution. It
is shown in Fig. 2 that the potential largely drops within the deple-
tion zone, while the contribution to the potential variation at the
accumulation region (right side) becomes relatively small in com-
parison with the left side. Therefore, one can safely assume as a

first approximation that Vdep ≈ V , while Vacc ≈ 0, with V being the
external applied voltage.

Our main objective is to confront the ionic space-charge widths
(both at the accumulation and depletion zones) with theoretical
approaches previously introduced in Eqs. (1) and (2). Therefore,
dependencies of wacc and wdep, as derived from the simulation, with
the parameters N ion and V should be explored. This is illustrated
in Fig. 3. In Fig. 3(a), space-charge widths follow the dependence
with the ion concentration as ∝ N−1/2

ion , both for the accumula-
tion and depletion zone. A deviation is encountered for both wdep

and wacc in the case of N ion > 1016 cm−3 that under- and over-
estimates the expected trend, respectively. Possible explanations are
presented in the following. Theoretical approaches of Debye length
λD and depletion width λdep in Eqs. (1) and (2) are also depicted for
comparison.

To explore the voltage-dependence of the characteristic lengths,
we select N ion = 1013 cm−3, but similar trends are expected
for N ion > 1013 cm−3. By examining Fig. 3(b), one can infer
that wdep effectively obeys the expected voltage-dependence as
wdep ∝ V1/2. Simulations of the depletion layer enlargement with

FIG. 2. Electrostatic potential profile after
reaching the steady-state conditions, for
different equilibrium values of Nion. Per-
ovskite layer thickness is L = 100 μm,
and applied voltage is V = 1 V. A large
potential drop is observed in the space-
charge depletion zone (left side), while
the accumulation zone (in the inset)
contributes with a small portion.

FIG. 3. Dependencies of wacc

(Nmax, 0.5% ) and wdep(NQNR, 99% )
with (a) ion concentration Nion and (b)
applied voltage V . In panel (a), V = 10
V, and Nion = 1013 cm−3 in panel (b). λD
and λdep are also plotted.
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applied voltage are shown in the supplementary material (Fig. S2).
The main deviation occurs when wacc and λD are compared. Instead
of a constant value, as derived from Eq. (1), wacc exhibits a decrease
by a factor of four, with λD as a sort of average value. In any case, its
voltage-dependence is minor, as clearly observed in Fig. S2. We can
envisage three possible explanations for this. (i) We have assumed
Vdep = V for the sake of simplicity, which strictly speaking implies
Vacc = 0. However, by observing Fig. 2, one can see that the poten-
tial drop in the accumulation zone, although small, is not negligible.
This would cause significant variations of λD when plotted as a func-
tion of V instead of Vacc. (ii) Derivation of accumulation zone, in the
framework of the Gouy–Chapman theory, considers a semi-infinite
structure with only one interface. However, our system model com-
prises a perovskite layer with two interfaces as contacts. Therefore,
an analytical solution will be needed to complete a proper compar-
ison with the simulation results. This explanation is also valid for
deviations of the depletion width from the relation∝ N−1/2

ion at larger
ion concentrations in Fig. 3(a). (iii) Other causes of deviation would
be related to the appearance of statistical inter-ionic interactions at
higher ion concentrations [Fig. 3(a)] or the influence of the electro-
static energy exceeding the thermal energy (one of the assumptions
in deriving the Gouy–Chapman outcome) [Fig. 3(b)]. In addition,
note that λdep is calculated using Vdep Eq. (2) which induces a devi-
ation from the constant slope∝ N−1/2

ion for N ion > 1016 and low bias.
In any case, we regard our analysis as a valid first approximation to
the problem because it captures the basic dependencies∝ N−1/2

ion and
V1/2, in good accordance with the theoretical approaches, in a wide
ion concentration interval.

One of the implications of our findings relates to the measure-
ment of the capacitance variation with the applied voltage following
the classical Mott–Schottky (MS) analysis, with the aim of estimat-
ing ion concentrations. As known, the voltage-modulation of the
ionic charge in the space-charge regions gives rise to capacitances
per unit area as Cdep = ε0εr/λdep and CD = ε0εr/λD exp (qVacc/2kBT),
for depletion and accumulation zones, respectively. Note that CD
appears in series with the Helmholtz layer capacitance CH = ε0εr/l (l
being the separation of molecular length contacting the interface) in

such a way that the inverse of total capacitance is C−1
D + C−1

H + C−1
dep.

Because l≪ λD ≪ λdep, one should expect a total capacitance dom-
inated by that of the depletion layer C ≈ Cdep. Therefore, Eq. (2)
suggests that, for samples whose perovskite thickness L is longer
than λdep, a steady-state MS relation C−2

∝ V should be measurable
with a slope proportional to N−1

ion.
Considering non-stationary MS data with high-frequency

(∼10 kHz) capacitance from our experiments of bias scan rate-
dependent hysteresis in the capacitance-voltage curves in 2016, we
initially suggested that mobile-ions were affected by the bias sweep,
then actively modifying the space charge region widths.36 These
observations were consistent with the following experiments41 such
as those presented in Fig. 4(a). Subsequently, Fischer et al.42 per-
formed MS analyses after pre-biasing conditions. Their findings
indicated that the reordering of migrating ions is strongly influenced
by biasing voltage, time, and temperature and it could result in linear
behaviors following the relationship C−2

∝ V . Under the assump-
tions of extremely thin and highly doped selective contacts, along
with a perovskite layer containing two mobile ion species of oppo-
site signs, this MS behavior was proposed to form a p–n junction
within the perovskite, allowing for the estimation of effective N ion
values.

However, in the absence of corroborating evidence for the
estimated N ion values, as well as the number and polarity of the
migrating ion species, it remains unclear whether thin film sam-
ples such as PSCs may have λdep ≥ L within the explored voltage
range. This full depletion scenario raises doubts about whether
the relatively high effective “doping densities” inferred from pre-
biased MS experiments (typically in the order of 1017 cm−3)41–43

truly represent mobile ions or reflect a more complex scenario of
series-connected depletion layer capacitances including the doping
levels in the selective layers, whose thicknesses may not be negligi-
ble in practical devices. In addition, the obtention of MS behavior
from PSCs measured in typical voltage and temperature condi-
tions is still difficult, even with pre-bias or combinations of slow
and fast voltage scan rates. This could be due to λdep ≥ L condi-
tions and/or inconvenient experimental values of ion mobility and
concentration.

FIG. 4. Capacitance as a function of bias
voltage MS representation showcasing
the effects of (a) sweep scan rate and
(b) frequency modulation in PSCs. The
arrows in panel (a) indicate the direction
of the bias scan sweep and the solid line
in panel (b) highlights the MS behavior.
Adapted with permission from O. Almora,
Ph.D. thesis, Friedrich-Alexander Uni-
versität Erlangen-Nürnberg & Universitat
Jaume I, 2020.41
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In 2020,41 we observed that while some PSCs did not exhibit
MS behavior in high-frequency capacitance-voltage measurements,
regardless of pre-bias or scan rate conditions, they did display
clear MS behavior when analyzed using stationary low-frequency
(<1 Hz) capacitance data. This is illustrated in Fig. 4(b). Based
on these observations, we hypothesized that the low-frequency MS
signal arises exclusively from the bias-dependent modulation of
space charge region widths formed by mobile ions. In addition,
we suggested that the accuracy of the estimated N ion values would
critically depend on the precision of the low-frequency capaci-
tance values. In cases where no clear steady-state low-frequency
saturation is observed in the capacitance Bode plots, these values
should be extracted through appropriate equivalent circuit mod-
eling to ensure reliability. Notably, although this work does not
include capacitance simulations, the experimental data presented in
Fig. 4 qualitatively support our previous discussion. These observa-
tions are also consistent with the more recent study by Diekmann
et al.24 who validated similar experimental findings through drift-
diffusion simulations and charge extraction techniques, confirming
the link between mobile-ion-induced space charge modulation and
the observed low-frequency MS behavior.

IV. CONCLUSIONS
Here, 1D numerical simulations of perovskite-based devices

such as solar cells and x- and γ-ray detectors have been performed.
Simulation tools use typical material parameters and structures.
Steady-state ionic space-charge zones are specifically addressed that
build up in the vicinity of the electrode interfaces upon applica-
tion of an external step bias (electrode polarization). Two dissimilar
charged structures (a narrow and huge ion accumulation near one
electrode compensated by a spatially extended depletion zone at
the opposite one) result from the analysis under dark conditions.
It is revealed that ion accumulation zones correlate with the ionic
Debye length for ion concentration below a certain limit. In addi-
tion, more extended ion depletion zones follow the dependencies
usually encountered in semiconductor contacts, but with moving
ions playing the role of electronic charge carriers. Hence, both
ionic space-charge regions behave as ∝ N−1/2

ion , while the depletion
one also presents a voltage-dependence as ∝ V1/2. Deviations from
these general trends are also discussed in relation to the theoretical
assumptions. Implications of our findings include recommendations
in the use of capacitive methods aimed at determining equilibrium
ion concentration.

SUPPLEMENTARY MATERIAL

See the supplementary material including numerical simulation
input parameters and additional results.
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