N
N

N

HAL

open science

Ion Migration and Space-Charge Zones in Metal Halide
Perovskites Through Short-Circuit Transient Current
and Numerical Simulations

Agustin Alvarez, Marisé Garcia-Batlle, Ferdinand Lédée, Eric Gros-Daillon,

Javier Mayén Guillén, Jean-marie Verilhac, Thibault Lemercier, Julien

Zaccaro, Lluis Marsal, Osbel Almora, et al.

» To cite this version:

Agustin Alvarez, Marisé Garcia-Batlle, Ferdinand Lédée, Eric Gros-Daillon, Javier Mayén Guillén,
et al.. Ion Migration and Space-Charge Zones in Metal Halide Perovskites Through Short-Circuit
Transient Current and Numerical Simulations. Advanced Electronic Materials, 2024, pp.2400241.

10.1002/aelm.202400241 . hal-04619767

HAL Id: hal-04619767
https://hal.science/hal-04619767

Submitted on 24 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04619767
https://hal.archives-ouvertes.fr

RESEARCH ARTICLE

ADVANCED
ELECTRONIC
MATERIALS

Open Access,

www.advelectronicmat.de

lon Migration and Space-Charge Zones in Metal Halide
Perovskites Through Short-Circuit Transient Current and

Numerical Simulations

Agustin O. Alvarez, Marisé Garcia-Batlle, Ferdinand Lédée, Eric Gros-Daillon,
Javier Mayén Guillén, Jean-Marie Verilhac, Thibault Lemercier, Julien Zaccaro,

Lluis F. Marsal, Osbel Almora, and Germa Garcia-Belmonte*

The inherent ion migration in metal halide perovskite materials is known to
induce deleterious and highly unstable dark currents in X- and y-ray detectors
based on those compounds upon bias application. Dark current slow drift with
time is identified as one of the major drawbacks for these devices to satisfy
industrial requirements. Because dark current establishes the detectability
limit, current evolution, and eventual growth may mask photocurrent signals
produced by incoming X-ray photons. Relevant information for detector
assessment is ion-related parameters such as ion concentration, ion mobility,
and ionic space-charge zones that are eventually built near the outer contacts
upon detector biasing. A combined experimental (simple measurement

of dark current transients) and 1D numerical simulation method

is followed here using single-crystal and microcrystalline millimeter-thick
methylammonium-lead bromide that allows extracting ion mobility

within the range of 1, ~ 10~ cm? V= s7', while ion concentration values
approximate N;,, ~ 10"> cm~3, depending on the perovskite crystallinity.

detectors,[I*! fulfilling fast and efficient
detection of hard X- and y-ray with
high energy resolution, which is crit-
ical in medical imaging, scientific re-
search and industrial inspections.[*] Be-
hind that HPs application, there is a
large enough pz-product and strong stop-
ping power of the incoming ionization
photons.>] However, these materials still
face some limitations. Namely, the in-
herent ion migration in HPs compounds
is believed to result in deleterious and
highly unstable dark current (no incom-
ing X-ray photons).l’) Moreover, dark
current instability and slow charge car-
rier displacement over long-term pol-
ing have been identified among the ma-
jor drawbacks for these compounds to

1. Introduction

Metal halide perovskite (HP) materials have been success-
fully used in emerging applications such as ionizing-radiation

satisfy industrial requirements.’ Fur-
thermore, dark current establishes the
detectability limit,[®] so that ion-related
field screening destabilizes carrier drift reducing sensitivity.
Therefore, analysis of the long-term dark current response of
perovskite-based thick X-ray detectors has focused widespread
attention.[”]
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Figure 1. a) Schemed procedure of the experiment: A pulse of forward bias V # 0V is applied during a long time until the dark current saturates.
Then the short-circuit (V= 0 V) condition induces an ionic dark current in the opposite direction with long-term decay to equilibrium. Initial currents Jg
and J,, and characteristic times 7,7, and 7y, are indicated. b) Example of the dark current evolution following the step voltage biasing protocol. Typical
current response for & 2 mm-thick MAPbBr; single crystal and ~ 1.5 mm-thick MAPbBr;-microcrystalline for c) long-term forward current response at
10V applied bias, and d) recovery current at V=0V after previous 10 V polarization for single- and microcrystalline samples. Data in (b,c,d) are adapted
under the terms of the CC-BY license.l?] Copyright 2022, The Authors. Published by American Chemical Society.

Previous works in the literature.®1!] have shown the evolu-
tion of dark current with time upon a step-voltage stimulus. This
is shown in Figure 1a: during biasing (voltage step) the current
increases in several stages before reaching the steady state, while
after bias removal a small current undershoot appears. Figure 1b
shows an example of the most common long-term electrical re-
sponse in the case of thick perovskite layers following an on/off
protocol with increasing bias, observed either for single crystals
or microcrystalline films. It has been reported that the current
reaches an initial value [ (Figure 1c) and then slightly decrease
at short times upon bias application (in the 1-100 s timescales).
Subsequently, the current tends to increase by orders of mag-
nitude with a much longer characteristic stabilization time 7,z
(10-10* s, depending on the applied voltage). Since ions cannot
establish a DC current, it is assumed that the steady-state, satu-
ration current is exclusively originated by the flow of electronic
carriers.[®] Also dark current at t > 100 s is dominated by the elec-
tronic currents, which are modulated by the less significant ionic
current in a sort of ionic-electronic coupling in which ion kinet-
ics effectively state the electronic current level.’) Most likely, a
reduction of contact electronic barriers via electrode polarization
caused by ion accumulation fosters electronic carrier injection.
However, large contributions of ionic current to the initial [ are
not discarded, as deduced from simulation analyses.'?l When
bias is removed (V = 0 V), the registered dark current differs
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both in value and sign in comparison with that observed upon
biasing (V # 0 V), with characteristic values of initial recovery
current J, and relaxation time 7, (see Figure 1d for experimen-
tal examples). One might propose the occurrence of exclusively
displacement currents behind the observed current undershoot.
However, by using simulation tools we observed that displace-
ment currents only significantly contribute at shorter times, be-
ing ionic currents dominant at much longer times (see Results
Section). A simpler explanation connects the relaxation currents
at V=0V (after bias removing) to the rearrangement of mobile
ions previously forming space-charge zones in the vicinity of the
contacts.

As noted, mobile ions have been found behind the kinetics
of such a featured electrical response.l®!®] In principle, ion mi-
gration in the long-term time range (from seconds to hours) is
expected to be driven either by the electric field drift or ion diffu-
sion depending on the position within the semiconductor layer.
Although, it is assumed that current transients must contain cru-
cial information concerning mobile ion mobility and concentra-
tion, direct extraction of these ionic-related electrical parameters
from the different biasing steps is by now only partially or not
completely understood. However, it is considered an important
piece of knowledge for the HP X-ray detector assessment and cer-
tainly for other perovskite-based technologies such as solar cells,
photodetectors, and memristors.
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In this work, we review the latest progress on the connection of
dark current transient signals and ionic parameters as migrating
ion concentration and ionic mobility. Attention is focused here
on the analysis of zero-bias current recovery (current undershoot)
after previous long-term polarization using new measurements.
Although a current undershoot is also observed in semiconduc-
tor devices with negligible ion migration (Si or GaAs) after pol-
ing, much faster responses are expected in the range of us-ms,
in opposition to the measured decays as long as 10* s in our ex-
periments. Moreover, that experimental procedure is adopted be-
cause electronic current components at V = 0 V should rapidly
vanish, in the timescale of the dielectric relaxation time 7; =

C,, being R the sample resistance (see Figure S3b, Support-
ing Information, and Experimental Section) and C, the geomet-
rical capacitance (Figure S3c, Supporting Information). Our sam-
ples exhibited values for z; ~ 100 ps, leaving the long-term (¢ >
10 s) current decay exclusively determined by the mobile ion re-
arrangement, simplifying, therefore, our analysis. Note that this
is not the case when V # 0 V as electronic current effectively
establishes the registered levels for longer times, several orders
larger than ionic currents.[®] By comparing experimental electri-
cal responses of single-crystal and microcrystalline millimeter-
thick methylammonium-lead bromide (MAPDbBr;), mobile ion
concentration and mobility values were extracted. The analysis is
complemented with the use of numerical simulation tools mim-
icking the structure and morphology of the detectors with the
open-source MATLAB’s code Driftfusion.["*] Ton mobility is ob-
served to be within the range of y;,, ® 107-107° cm? V~! 571,
It is already known by transient capacitance ion drift that MA-
related defect migration in MAPDBE, is largely suppressed, while
it is observed for MAPDI,.[**] This fact moves us to regard bro-
mide vacancies V; as the cationic mobile ionic species causing
the observed current transient. lon mobility in lead perovskites
within the range of 10™® cm? V-'s™! was previously encoun-
tered self-consistently through current transients and impedance
spectra.l’®19] Tt is also noticeable that similar values have been
reported for anion vacancy mobility in the case of CsPbBr; by
means of density functional theory calculations as a function of
pressure.2>-21] In our analysis equilibrium ion concentration ap-
proximate N, ~ 10" cm~3, depending on the perovskite crys-

on
tallinity, in the lower range of values usually reported.!??]

2. Results and Discussion

At zero-voltage conditions (Figure 1d), individual current contri-
butions of both electronic (originated by electrons J, and holes J,)
and ionic (cations J, and anions J,) origin should be considered.
For each kind of charge carrier, the driving force for charge mi-
gration can be either the electrical field (drift) or density gradients
(diffusion). In addition, displacement current [, = ¢, €,05/0t
(being ¢, the vacuum permittivity, e, the dielectric constant, and
£ the local electrical field) is also expected in any transient experi-
ment. There exists then a complex scenario to elucidate dominant
current contributions, which may be also position-dependent. To
illustrate the ionic parameter influence on the current recovery
at V=0V, a series of numerical simulations were performed. 1D
drift-diffusion simulation tools are a common approach among
perovskite photovoltaic cells,[**2*-2] and similar formalisms have
been explored for X-ray detectors.l>2] In our case, the simula-
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tion of dark current versus time follows the same assumptions
as our previous works!'2?7] at short circuit, i.e., pre-biasing for
a long enough time in order to reach the current steady state.
An illustrative example of the different contributions to total cur-
rent is shown in Figure S5 (Supporting Information). Restrict-
ing our analysis to long-term (¢ > 10 s) features, one can observe
that cation current dominates over other non-negligible contribu-
tions, particularly J. > J,, 4, The anion current is suppressed,
J, = 0, in our simulations. This result reinforces our initial as-
sumption about the ionic origin of the recovery current at longer
times.

Two main parameters are extracted from transient experi-
ments: ], and 7, (as indicated in Figure 1a). An initial ionic short-
circuit current follows the ohmic-like behavior as.[’]

v
Jo= aHionNigy % 1)
where L is the sample thickness and V,,, is the remnant voltage
just after the short-circuit (V.= 0 V) is applied,[?®) whose value de-
pends on the shielding caused by the build-in space-charge ionic
zones in the Vicinity of the outer contacts (see below).[29%] Note
that initially V pre = —V. This parameterization informs that in the
initial recovering times (¢t > 10 s) mobile ions feel the internal
electric field build during the polarization period, which effec-
tively screens the external bias within the perovskite bulk region
for high enough N;,, values.!?”] The drift-controlled stage is cor-
roborated in Figure S6 (Supporting Information) in which drift
and diffusion components of J, are plotted. As deduced from sim-
ulations, the drift component equals the cation current at any
bulk position within the device (x = L/2 is chosen as a rep-
resentative point). It is otherwise expected that the ionic move-
ment rearrangement should proceed by diffusion in zones of
huge concentration gradients (particularly in the accumulation
space-charge zone at the negative electrode x = L, see final dis-
cussion on the spatially-varying ion cncentration) with a charac-
teristic time 7,,;, which can be defined when the current absolute
value is reduced to 1% of the initial value, i.e., a decrease of the
99%. The occurrence of the long-term diffusion-controlled trends
is in agreement with the bias-independent response time result-
ing from previous simulations.!'>?’] There we also observed the
interesting dependence 7, « N _31/ ?, which relates to the classi-
cal equation for the diffusion time ¢ = LL,/D,,, 3! being L, =
(€0€,k5T/q*N,,,)"/? the ion Debye length, D, , the ionic diffusiv-
ity, T is the temperature, and k, the Boltzmann constant. Using
the Einstein’s relation, an expression for 7, in terms of the main
material parameters results as.[?’]

gL &by
= — 2
for Nk T @

where ¢ = 4.6 is a dimensionless coefficient introduced in the
parameterization of 7. Large diffusion cation current is corrob-
orated by simulation in Figure S6 (Supporting Information) at
positions approaching the negatively polarized electrode.

We show in the next how to use numerical simulations to ex-
tract ionic-related parameters through the analysis of currents in
the zero-bias regime. As an example of the procedure, Figure 2a
compares the recovery signal in the case of a microcrystalline

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. a) Example of the experimental current decay (dots) at V=0V after the previous 10V polarization for ~ 1.0 mm-thick MAPbBr;-microcrystalline
sample. Results of the 1D simulation (solid lines) for different ion concentrations. lon mobility used in the simulation was y;,,, = 3 x 1077 cm? V=1 571

b) Dark current plateau values att ~
current level.

MAPDBr; detector previously polarized at 10 V (dots), and the
1D numerical simulation results for different mobile ion concen-
trations (solid lines). Here ion mobility and the rest of the elec-
tronic (electrons and holes) parameters are kept as constants (see
used values in Table S2, Supporting Information). By examining
Figure 2a, one readily observes that the dark current smoothly
decays in the experiment, while the simulation exhibits a more
featured shape that signals a two-step depolarization process. At
shorter times (¢ < 10 s), a sharp decrease appears that gives rise to
a current plateau. Finally, the dark current rapidly vanishes with
a characteristic time 7, > 100 s that depends on the ion con-
centration, in good accordance with Equation (2). Note that for
a classical time-of-flight experiment (z = L?/y,,, V) governed by
the electric field ¢ = V/L, the response time 7 is independent
on the ion concentration in opposition to the simulation curves.
This fact reinforces our previous assumption in Equation (2).

It is nevertheless evident that the numerical simulation is not
able to capture the experimental shape in Figure 2a. To ratio-
nalize this dissimilar behavior, we recall that our experimental
set-up is limited by a sampling time of ~ 10 s, which makes the
initial rapid decay given by the simulation not accessible by the
experiment. On the other hand, the sharp decay observed in the
simulations at 10>~10° s (depending on the ionic concentration)
largely differs from the smoothy decrease exhibited by the ex-
periment. We note here that the simulations perform a 1D nu-
merical approach, unable to include further contributions to the
relaxation time 7, presumably resulting from the 3D inhomo-
geneity of the sample. Particularly, either structurally originated
variations in y;,, or local changes in the longitudinal path for the
ionic migration have been observed between surface and crys-
tal bulk transport,32] which may be amplified in microcrystalline
samples due to grain boundary effects. Because of the expected
dispersion in 7, it is clear then that our numerical method only
allows for parameter estimation, instead of curve fittings. Despite
those limitations, the simulations can predict approximate val-
ues for the ion concentration (from the current plateau level at

~ 10 s) and the characteristic decay time. As observed, the ion
concentratlon value equals N, = (1.5 £ 0.1) X 10" cm™ in good
agreement with previously reported values. Here, the ion mobil-
ity used in the simulation was g, = 3 X 1077 cm? V~! s71. Corre-
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10 s as a function of the ion concentration, indicating the extracted ion concentration value for the experimental

spondingly, the simulated 7, value is assumed to situate at times
corresponding to half decay of the experimental curve, i.e., 75,
capturing the expected dispersion in the decay time. Figure 2b
shows the current plateau extracted at t ~ 10 s given by the
simulation as a function of N, ,. As noted, both parameters ex-
hibit a linear relation also in good accordance with Equation (1).
An additional example, comparing another experimental mea-
surement with simulations is shown in Figure S7 (Supporting
Information).

As already mentioned, a fundamental mechanism for the de-
vice operation is the formation of ion space-charge zones near the
contacts that eventually shrink when bias is removed at V=0V
through a long depolarization process. Our 1D numerical simu-
lation permits monitoring ionic space-charge profiles and their
time evolution (originating the recovery dark current). An exam-
ple of the time evolution in ion distribution with N,,, = 10™* cm™3
and a sample thickness of 2 mm is shown in Figure 3. Note that
our approach only uses cations as mobile ionic species (corre-
sponding to bromide vacancies V; ), which is considered to be
kinetically active within the timescale of the experiment ¢ < 10*
s. Slower defects are discarded. As observed (Figure 3a), most
of the sample bulk maintains the initial equilibrium concentra-
tion (and consequently a constant electrical field, as reported in
Figure S8, Supporting Information), while ionic imbalance zones
are formed in the vicinity of the outer electrodes. A close look
at the contacts allows us to discern between two different ionic
space-charge structures. A very narrow zone of nanometric width
(related toLp) develops at the negative electrode (Figure 3c) ex-
hibiting a rather exponential ion accumulation, with ion concen-
tration several orders of magnitude superior to the equilibrium
value. The opposite positive electrode exhibits a dissimilar struc-
ture: an ion depletion is developed over an extended width, ini-
tially of the order of 20 pm, that eventually reduces with time as
ions rearrange (Figure 3b). The depletion layer width within the
perovskite can be written as[33-34

2g,e

= — V 3
Wy qu(m pre ( )
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Figure 3. a) Spatially varying ion distribution n,.,, at V=0 V after previous 10 V polarization for 2.0 mm-thick sample with N,,,, = 10'* cm~ and y,,, =

107 cm? V=1 571, Detail at b) positive and c) negative electrodes.

By evaluating Equation (3) with the used parameters in the
simulation and V,,, = 10 V, The depletion layer width results
in w; = 15 pm. In previous publications,['?! the depletion layer
width was parameterized in terms of the ion Debye length L,
as w; = PL, Equation (3) allows to interpret the dimensionless
parameter § = (2qV,,,/k;T)"/* , which in our analysis results in
B = 28 for the used simulation inputs. It is also noted that the
ion refilling of the space-charge depletion structure at the posi-
tive electrode follows a two-step mechanism: for t <5 x 10°s
the depletion zone slowly collapses but leaving an empty layer of
~ 2 um in the vicinity of the contact, which finally disappears at
longer times when the current rapidly vanishes. The distribution
of electrical field, potential, and electronic carriers is shown in
Figures S8-S11 (Supporting Information).

3. Conclusion

In summary, a connection has been established between the de-
polarization dark current and the mobile ion rearrangement af-
ter bias removal in single-crystal and microcrystalline millimeter-
thick methylammonium-lead bromide samples. The analysis
compares long-term dark current decays with the results of 1D
numerical simulations. Both experiment and simulation exhibit
long-term dark current decay signals as long as t ~ 10* s. The nu-
merical simulation analysis predicts the formation of ionic space-
charge zones in the vicinity of the outer contacts upon poling,
while the perovskite layer maintains flat ion concentration pro-
files in the bulk. It is demonstrated that long-term current decay
(t > 10 s) occurs by ion migration through charge drift (in most
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of the sample bulk), while high-concentration gradients predict
the occurrence of dominant diffusion currents (near the accu-
mulation zones in the vicinity of the negative electrode). Assum-
ing cations as mobile ionic species (corresponding to bromide
vacancies V; ), a depletion zone is developed near the positive
contact with a width initially of the order of 20 pm. A narrower
ion accumulation zone is built close to the negative electrode.
Both space-charge zones collapse after bias removal following
an initial ohmic ion drift mechanism that eventually evolves to
diffusion-driven migration for longer times. Although simula-
tions exhibit a more featured depolarization process, precluding
consequently a true signal fitting, our approach can extract ion
concentration values that approximate N,,,, # 10* cm~ in good
agreement with previously reported values. Also, ion mobility is
derived from the simulation in the range of y;,, ~# 1077 cm? V!
s7L. Relevant parameters for the assessment of X-ray detectors
and other perovskite-based devices are then accessible by a sim-
ple measurement of dark current transients.

4. Experimental Section

Sample Characterization: In total, five samples were made for this
study: two single crystals and three microcrystalline films. The fabrication
procedure followed the steps described in the previous work,[%33] and a
summary of the samples properties is presented in Table S1and Section S1
(Supporting Information). Optical transmission spectroscopy and pow-
der X-ray diffraction patterns are presented in Figure S1 (Supporting In-
formation). The optical bandgap, extracted from Tauc plot, shows a value
of 2.21 eV and the diffractogram reveals the standard cubic space group
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Pm3m of MAPbBr; crystals with lattice dimension a = 5.928 A, and with-
out any trace of secondary phase. An optical profilometer (Bruker GT Con-
tour) was used to estimate the surface roughness of the top and bottom
surfaces. Figure S2 (Supporting Information) shows a smooth and shiny
surface for the e- and some deep holes on the top surface of the micro-
crystalline samples. All the samples were polished prior to chromium elec-
trode evaporation to make devices. In the symmetrically contacted sam-
ples, the top electrode (the one that receives the X-ray flux) was thinner
(30 nm) than the bottom one (100 nm).

Electrical Measurements: The measurement of current-voltage-time
characteristics was made with a Keithley 2636B SourceMeter. By exam-
ining Figure S3a (Supporting Information), one can infer that the current-
voltage characteristics exhibit an approximate ohmic response within the
selected voltage range, while small hysteretic effects were observed, for
both symmetrically contacted - and microcrystalline perovskite samples.
The J—t measurements were carried on with a Keithley 428 current am-
plifier and a Keithley 487 power supply limited by a sampling time of ~
10 s because of the registered decays as long as 10* s. The impedance
measurements were carried out at room temperature, in the dark and air
ambient conditions by using a PGSTAT-30 Autolab potentiostat equipped
with an impedance module. From the impedance (Figure S3b, Support-
ing Information) and capacitance (Figure S3c, Supporting Information) re-
sponses, registered at zero-bias, two main features were observed: at high-
and intermediate-frequencies (f> 100 Hz) the geometrical capacitance C,
is extracted from the plateau in Figure S3c (Supporting Information). Sam-
ple resistance R, determined from the intercept on the x-axis (Figure S3b,
Supporting Information), is related to the sample conductivity 6 as R =
oL/A, where A is electrode area and L sample thickness. It is known that
C, =€, €gA/L allows to estimate the dielectric constant €, < 100 at 300 K,
which agrees with previous determinations for MAPbBr3, which resulted in
values ¢, ~ 76 at 300 K.I'636] At lower-frequencies (f < 10 Hz) additional
features were encountered in relation to interfacial mechanisms. These
were modeled by means of the parallel combination R C; accounting for
the electronic/ionic charge accumulation in the vicinity of the contacts.
The full spectra were analyzed and fitted in terms of the equivalent circuit
given Figure S4 (Supporting Information).

Simulation Methods: The simulations were made within the frame-
work of Driftfusion,['*] as a direct continuation of the previous work on
the long-term polarization regimes of thick perovskite X-ray detectors,['2]
ncluding both radiative and non-radiative recombination, and taking four
main assumptions. First, (/) the bulk of the perovskite was initially taken
as intrinsic, meaning that the total equilibrium concentrations of fixed and
mobile ions should be balanced, i.e., the same total number of cations and
anions (the simulation case), or effectively in the order of the intrinsic con-
centration (possible experimental situation). Second, (Il) the interface re-
gions between the perovskite and the contacts were unintendedly doped,
forming depletion layers with thicknesses in the order of tens of nanome-
ters. Third, (I11) for the analyzed time-window only one type of mobile ions
was considered to effectively contribute to the current and the reorder-
ing of the charge density profile. Lastly, (/V) the built-in field forming the
Schottky-diode-like detector was only defined by the difference in work-
function between the two metals, which was discarded in a symmetrical
configuration. An illustrative set of simulation parameters is presented in
Table S2 (Supporting Information) and a comprehensive explanation of
the use and setting up of the Driftfusion code can be found in the original
publication.['4]
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