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ABSTRACT: We study the interaction of mobile ions and electronic charges
to form nonradiative defects during electric biasing of methylammonium lead
triiodide (MAPbI3) and formamidinium lead triiodide (FAPbI3) thin films.
Using multimodal microscopy that combines in situ photoluminescence and
scanning Kelvin probe microscopy in a lateral electrode geometry, we
correlate temporal changes in radiative recombination with the spatial
movement of ionic and electronic charge carriers. Importantly, we compare
trap formation with both charge injecting and blocking contacts. Even though
ion migration takes place in both cases, we observe the formation of new
nonradiative defects in MAPbI3 only in the presence of injected electrons, suggesting that redox processes play a key role.
On the basis of density functional theory (DFT) simulations, we propose that reduction of Pb2+ to Pb0 is responsible for
the new defects formed in our films. These results underscore that defect properties in metal halide perovskites are not
only determined by the migration of mobile ions but are also highly sensitive to their interaction with injected electronic
charge.

Despite the rapid progress in the performance of
perovskite solar cells, questions about their commer-
cial viability remain. In particular, reports of changing

composition and performance during device operation due to
dynamic processes demand an improved understanding of the
influence of illumination and electrical bias on metal halide
perovskites.1,2 Several experimentally observed phenomena in
methylammonium lead iodide (CH3NH3PbI3, abbreviated as
MAPbI3) have been attributed to the formation of defects and
their ability to migrate within the crystal lattice. These effects
range from current−voltage hysteresis to a switchable photo-
voltaic effect and light-induced changes of optical and
electronic properties.3−6 While it is now accepted that the
mixed ionic−electronic conductivity7 combined with low defect
formation energies8 can give rise to the complex transient
responses of metal halide perovskites with time scales of 10−3−
103 seconds,9−12 the interplay of these factors is still poorly
understood.
Slow changes in emission properties, including photoinduced

halide segregation,13,14 increases in photoluminescence (PL)
intensity,15,16 and bias-induced PL quenching, have been
associated with the motion of ions and demonstrate the
sensitivity of emission properties to local stoichiometry. Poling
experiments on MAPbI3 with lateral electrodes revealed both

reversible and irreversible motion of ions under applied electric
fields, and the decrease in PL intensity observed close to the
electrodes17−19 has been interpreted as trap formation primarily
due to ion motion. The nature of these field-induced
nonradiative recombination centers is still unclear as most
defect energies for mobile ionic species, like interstitials or
vacancies of iodide and methylammonium, are assumed to be
shallow.20−22 Recent reports have further emphasized that the
charge carrier population impacts the intimate relationship
between ion migration and nonradiative recombination path-
ways.6,23 The collective action of ionic and electronic charges
during electric poling is also assumed to be a major cause of
current−voltage hysteresis and calls for an improved under-
standing of the impact of simultaneous ion migration and
charge trapping on recombination mechanisms.23−26

Here, we investigate the role of ion migration and charge
injection on trap formation during electrical poling. To better
disentangle the roles of ionic and electronic motion, we study
the PL quenching of MAPbI3 using lateral devices with both
charge injecting and blocking (insulator-coated) contacts. In
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situ observations of ion migration by time-resolved PL and
scanning Kelvin probe microscopy (SKPM) allow a direct
correlation between the formation of nonradiative recombina-
tion centers and the distribution of charge carriers. We show
that bias-induced ion motion itself in MAPbI3 does not
necessarily result in the creation of nonradiative recombination
centers, as has previously been claimed, but that the
combination of charge injection and ion motion is more
effective at creating defects that serve as nonradiative
recombination centers. Combining these experimental results
with ab initio calculations, we propose that these dynamic
defects are reduced Pb0 sites in MAPbI3. Our calculations
predict that these defects are more benign in formamidinium
lead iodide films, (HC(NH2)2PbI3, abbreviated as FAPbI3), and
our experiments confirm that combining bias and electrical
injection in FAPbI3 results in much lower levels of PL
quenching, providing a self-consistent picture of the bias- and
injection-induced defect formation in both MAPbI3 and FAPbI3
under pure poling, or combined poling and injection
conditions, across multiple perovskite families.
We studied ion motion and trap formation using lateral

junctions that allow us to profile local surface potentials via
SKPM while simultaneously probing local changes in non-
radiative recombination rates due to trap formation via PL. To
test if changes in nonradiative decay rates are induced solely by
ion motion or depend on charge injection, we compared
surface potential and PL profiles for injecting and insulator-
coated contacts. The experimental geometry is depicted in
Figure 1a. Although PL and SKPM measurements probe the

sample from the top and bottom, respectively, a comparison of
the two image modalities is fair in our samples as reported
carrier diffusion lengths of 100−2000 nm are comparable to
our film thickness (∼250 nm)27−30 and SKPM measurements
probe the charge distribution over a thickness comparable to
the charge screening length of ∼100 nm. Variations in the
electric field strength along the film thickness are assumed to be
negligible as the gap width (∼10 μm) is significantly larger than
the film thickness.
Figure 1b−d shows the topography of the 10 μm wide

electrode gap and PL maps of MAPbI3/Au and MAPbI3/
PMMA/SiO2/Au devices prior to electric poling. These
MAPbI3 films are deposited by the antisolvent method without
further surface treatment, producing films with PL properties
comparable to common reports in the literature, though their

PL lifetimes (∼100 ns) are shorter than those of the very best
surface-passivated materials (see Figure S1 in the SI).31,32 In the
case of injecting contacts, the PL intensity is reduced in the
vicinity to the contacts due to Fermi level equilibration with the
metal even prior to biasing (Figure 1c).33 In contrast, charge
injection is blocked for the insulator-coated contacts, resulting
in an increased PL intensity below the electrodes due to
reflection of the laser at the electrode and double-pass
excitation of the perovskite (Figure 1d). All PL measurements
were performed after light soaking yielded stabilized radiative
recombination rates.34 Initial increases in PL intensity during
light soaking are displayed in Figure S2.
The PL maps in Figure 1c,d show a fairly homogeneous

distribution of intensity throughout the electrode gap, despite
small local variations, consistent with the typical PL
heterogeneity of perovskites films.35−37 Due to the relatively
small grain sizes of the perovskite film of around 200 nm
(topography displayed in Figure S3), the optical resolution
(∼500 nm) is not sensitive to specific grains but instead
presents the overall distribution of PL intensity between the
two electrodes. Hence, repeatedly scanning a single line across
the electrode gap, as presented in Figure 2, allows a real-time
observation of changes in PL intensity between the electrodes.
The vertical “features” in these images result from consecutive
lateral scanning over the same slightly heterogeneous lateral
line profile (the y-axis is time, not position).
PL Measurements during and af ter Electric Poling. In Figure

2a,c, application of +9 V bias to the right electrode, while the
left electrode is grounded, yields an electric field of 0.9 V/μm,
which is similar to fields encountered in working perovskite
solar cells. Figure 2a shows the change in PL intensity of a
MAPbI3/Au device during such electric poling. Similar to
previous observations,19,24 the total PL intensity is instantly
reduced by around 20% when the bias is applied as the electric
field and direct contacts promote separation and extraction of
photogenerated charges.38 More interestingly, nonuniform PL
quenching occurs at the negative electrode and starts to
propagate toward the positive electrode on a time scale of
∼1200 s. After electric poling, both electrodes are grounded
and the PL intensity slowly and reversibly recovers over
approximately 900 s (Figure 2b). As PL quenching and
recovery feature a continuously propagating front, we propose
that a migration of charged ions from one electrode to another
causes changes in the PL intensity. These results are similar to
the report by Zhang et al., who observed reversible PL
quenching in MAPbI3 from the negative toward the positive
electrode on similar time scales.33 Likewise, electric poling
measurements by Jacobs et al. were reported to produce PL
quenching around the negative electrode, yet in their case PL
quenching was irreversible.24 Importantly, these24,33 and other
studies17,19 have primarily interpreted bias-induced PL
quenching in perovskites in the context of field-induced ion
migration. Next, we show here that charge injection is a critical
component of this quenching process.
Figure 2c,d shows what happens when the same biasing

experiment is performed using insulator-coated contacts that
can pole the sample with an applied field but not inject or
extract carriers. Notably, Figure 2c,d shows that no quenching
occurs in MAPbI3 films in this case. This experiment indicates
that the reversible trap formation observed when biasing
MAPbI3 films (Figure 2a,b) requires charge injection, not just
f ield-induced ion motion. As the gap width (∼10 μm) is
significantly larger than the insulator thickness (∼80 nm), only

Figure 1. (a) Device geometry for PL (through glass) and scanning
Kelvin probe microscopy (SKPM) measurements (at top surface).
(b) Topography cross section and PL maps for (c) MAPbI3/Au and
(d) MAPbI3/PMMA/SiO2/Au across the electrode gap. Vertically
dotted lines indicate the position of the electrode edges.
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minor potential drops are expected to occur at the insulating
layer (∼0.1 V), as confirmed by SKPM profiles. We therefore
exclude that the absence of PL quenching in insulator-coated
devices is due to a smaller electric field. This claim is further
verified by the fact that the entire 9 V is observed to drop across
the 10 μm wide junction (Figure 3d) and tested biases up to 20
V on insulator-coated devices do not cause any changes in the
PL either (Figure S4). Additionally, as all bias-induced changes
were found to be reversible even without application of a
reversed electric field, we do not believe that field-induced
migration of metallic gold into the perovskite layer causes the
differences between direct and insulator-coated electrodes.
Control measurements that exclude the impact of the

insulating layer’s encapsulating properties on the PL quenching
mechanism are included in the SI (Figure S5). To examine
possible differences in the mechanism of ion migration for
injecting and blocking contacts, we next consider changes in the
surface potential using SKPM.
Kelvin Probe Measurements during and af ter Electric Poling.

SKPM has proven to be extremely useful for the investigation
of electric-field-driven ion migration between lateral electrode

structures.4,5,33,39−43 In general, Kelvin probe measures the
contact potential difference (CPD) between the work functions
of the tip and sample (VCPD = (ϕtip − ϕsample)/−e) and is
affected by changes in the charge distribution in the film, e.g.,
due to doping or localized charged surface defects, as illustrated
in Figure S6. The potential displayed in Figure 3 is the DC bias
VDC that is applied to the tip to nullify the CPD with VDC =
−VCPD.

39,40,44

Figure 3a−c shows the evolution of the SKPM signal over
time within the electrode gap for charge injecting contacts
during and after electric poling of MAPbI3/Au devices. During
electric poling, the applied potential of 9 V drops uniformly
across the electrode gap. With time, a minor shift of this
potential drop toward the positive electrode takes place. After
removing the bias, the SKPM signal is increased by around
+200 mV close to the negative electrode relative to the initial
profile, which is consistent with an upward Fermi level shift in
this region, as one would expect from an increased
concentration of electrons near the negatively biased contact
(Figure 3b,c). This increased SKPM signal dissipates slowly but
does not fully recover to its initial state within the ∼1500 s time
frame that we measure here (Figure 3b,c). Similar increases of
the SKPM signal close to the electrodes after electric poling
have already been reported for MAPbI3/Au devices and have
been interpreted as doping of the perovskite film.4,5,33 This
doping has previously been assigned to an accumulation of
charged defects close to the electrodes that causes electronic
charge injection into the perovskite film to maintain charge
neutrality. We interpret this data as an indication that during
electric poling mobile ions migrate across the electrode gap.
This ion motion, together with charge carrier injection from the
electrodes, leads to a net increase in negative carrier density in
the film after biasing. There appears to be only a slight
difference in the behavior of positive and negative species at the
negative/positive electrodes, in this case.
Insulator-coated contacts prevent the injection of large

concentrations of electronic carriers and hence allow a more
direct observation of intrinsic ionic and electronic charge
motion (Figure 3d−g). With insulator-coated contacts, we
observe that during bias the potential is initially partly screened
within the electrode gap with a symmetric potential drop at
both electrodes (Figure 3d). This electrolytic-capacitor-like
potential drop then evolves into a more insulator/resistor-like
behavior with a constant electric field distribution in the
junction within the first 400 s, and we can see the entire 9 V
potential drop across the electrode gap. On the basis of the fast
time scales involved, we propose that the unintentional
electronic doping of the perovskite film at the level of
∼1014−1015 cm−3 (see SI, Figure S7 and corresponding
discussion) leads to the observed initial charge accumulation
and potential screening at the insulator-coated contacts as
charges cannot be injected or extracted.45 On slower time
scales, ions start to migrate toward the electrodes, causing a
redistribution of the field and carriers within the film to restore
neutrality. Notably, when scanning the potential after the bias is
removed, we observe significant residual negative and positive
potential peaks of over 2 V close to the positive and negative
electrode, respectively (Figure 3e,f). This potential shift is
much larger than in the presence of injected carriers. We assign
these potential peaks to the accumulation of charged mobile
ions. Figure 3g displays the net charge carrier density, δ(x),
extracted from the potential profile φ(x) through application of
the Poisson equation

Figure 2. PL scan of a single line within the electrode gap for (a,b)
MAPbI3/Au and (c,d) MAPbI3/PMMA/SiO2/Au during (a,c) a bias
of +9 V applied to the right electrode and (b,d) after bias. Above
each measurement, schematic illustrations display the used device
configuration.
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as it is commonly done in lateral SKPM experiments.39,43,46

Here, ε0 is the vacuum permittivity and εr the relative dielectric
constant (we take the static εr = 25 for the perovskite).47 The
resulting charge density of ∼2 × 1015 cm−3 is compatible with
reported defect densities in MAPbI3 films.15,48 We note that
this charge density presents a net charge density of electronic
and ionic carriers as a partial screening of ionic charge by
intrinsic, oppositely charged electronic carriers is expected.
Therefore, the measured net charge density in Figure 3g is
assumed to provide a lower limit of redistributed ionic density
after poling.
As displayed in Figure 3g, the extracted net charge density is

highest at the electrode edges and decays toward the gap center
with an exponential decay length of approximately 700 nm.
Here, we note that factors like defects in the insulating layer,49

deviations between bulk and surface charge densities, as well as
the choice of dielectric constant might affect the accuracy of the
extracted charge density, but in all cases, these factors would
lead to underestimation of the potential and ion densities
relative to those measured with injecting contacts. In other
words, our qualitative conclusions will remain unaffected and
are in fact strengthened by these considerations.
Figure 3e,f shows the relaxation of the potential profile after

removal of the bias and shorting of the contacts. The potential
takes several hundred seconds to return to its initial condition,
a time scale consistent with ionic motion, deep trapping of

carriers, or both. The similar density and decay kinetics of
oppositely charged ionic defects at each electrode suggests a
paired origin of positive and negative mobile ions, e.g., some
particular species of vacancies and their equivalent interstitials.
Figure 3h summarizes the proposed electronic and ionic charge
distribution after biasing for charge injecting and insulating
device configurations.
Comparing Figure 3a−c and Figure 3d−f for charge injecting

and blocking contacts, respectively, shows that the dynamics of
ion migration are slowed if charges are injected. We propose
that ions that are accompanied by charge carriers of opposite
sign have slower dynamics due to a reduced drift under an
electric field. We therefore conclude that ion migration is taking
place both with and without charge injecting contacts; however,
as migrating ions have different amounts of screening, their
dynamics and impact on the CPD vary.
Origin of PL Quenching. Importantly, the results presented in

Figure 2 show that in our MAPbI3 films an increase in the
density of nonradiative recombination centers occurs under
bias only for injecting contacts, not for insulator-coated
contacts. Perhaps surprisingly, this data indicates that bias-
induced ion motion alone, at least at the biases/concentrations
probed herein, does not necessarily produce a large increase in
the density of deep traps. We next turn to discuss the origins of
PL quenching in the MAPbI3 films with injecting contacts.
Figure 2a shows that the PL quenching proceeds beginning

at the negative (electron injecting/hole extracting) contact in
our lateral devices. This result suggests that the accumulation of
positive ions and/or depletion of negative ions and,

Figure 3. SKPM scan of a single line within the electrode gap of (a−c) MAPbI3/Au and (d−f) MAPbI3/PMMA/SiO2/Au, measured (a,d) with
a +9 V bias applied to the right electrode and (b,c,e,f) at 0 V bias after turning off the +9 V bias. The black line in (b) displays the SKPM CPD
signal prior to biasing. (g) Charge density in MAPbI3/PMMA/SiO2/Au after bias. (h) Illustration of electronic and ionic charge distribution
after electric biasing. The CPD sign convention is such that more positive bias applied to the tip corresponds to a shallower (more n-type)
work function. Each line presents a line scan with 12 s time resolution, and arrows depict the temporal evolution. Shaded areas show the
topography of the electrode gap.
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importantly, the electrochemical reduction of some species due
to charge injection near the negative electrode are the likely
origin of the PL quenching. With respect to possible sources,
we consider iodide vacancies, methylammonium interstitials,
and lead interstitials as possible candidates based on literature
reports.20,32,50 Simulations, however, suggest that the energies
of methylammonium interstitials and iodide vacancies are
insensitive to their charge state, whereas the trap depths of Pb
interstitials are reported to be sensitive to their charge.20,51

Given the role of charge injection, we thus consider the
possibility that the varying redox state of lead defects is
responsible for the differences in trap behavior observed
between our samples with charge injecting and charge blocking
contacts.
We therefore carried out ab initio calculations to determine

the expected trapping levels of lead-based defects. Details of the
calculation procedure are given in the SI and Figures S8−S10.
Figure 4a displays the calculated defect energy levels of lead
interstitials Pbi centered within a 3 × 3 × 3 MAPbI3 supercell.
As recent reports have shown that energy levels of lead
interstitials are sensitive to their charged state,20,34,50 we
calculated the energies of both Pbi

2+ and Pbi
0. The resulting

energy levels predict that ionic Pbi
2+, with a defect energy level

0.08 eV above the conduction band minimum (CBM), forms
no trap state. However, our calculations predict that reduction
of Pbi

2+ to Pbi
0 creates a deep trap state with a defect energy

level 0.47 eV below the CBM, in agreement with the
calculations by Buin et al.20

We consider Pbi
0 as a plausible nonradiative defect in our

biased films: the existence of metallic lead Pb0 in MAPbI3 films
has already been confirmed by XPS measurements,52−56 and its
occurrence has been correlated with an understoichiometry of
iodide,52 as could develop under electrical poling. Furthermore,
Pb0 defects have been shown to be a source of nonradiative trap
states that reduce PL quantum efficiency, as well as solar cell
device performance.55,56 We therefore speculate that iodide,
which has been confirmed to be the most mobile species in
MAPbI3,

57 migrates toward the positive electrode during
electric poling, causing the formation of lead-related defects
close to the negative electrode (illustrated in Figure 4b). Our
defect calculations predict that such lead defects form deep trap
states if concomitant electron injection enables reduction of
Pbi

2+ into Pbi
0. In contrast, insulator-coated contacts prevent

the interaction of injected charges and lead interstitials,
resulting in Pbi

2+ defects that are expected to be more
electronically benign. Thus, attributing the PL quenching we
observe to Pbi

0 explains multiple observations in our experi-
ments and is consistent with recent literature precedent.
FAPbI3 is reported to exhibit different defect levels from

MAPbI3.
58 Thus, as a comparison, we calculated the defect

energy levels of lead interstitials in FAPbI3 using the same
approach. Figure 4c shows that the calculated trap energy levels

Figure 4. (a) Calculated energy levels of lead interstitials in MAPbI3. (b) Schematic illustration of the PL quenching mechanism in MAPbI3.
(c) Calculated energy levels of lead interstitials in FAPbI3. Insets show calculated orbitals of the supercells with defect Pbi

0. PL line scans of
(d) FAPbI3/Au and (e) FAPbI3/PMMA/SiO2/Au during a bias of +9 V applied to the right electrode.
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change for FAPbI3, with reduced energy levels of 0.003 eV for
Pbi

0 and 0.28 eV for Pbi
2+. While it is difficult to calculate

quantitative trap depths at this level of theory, we expect the
qualitative ordering of trap energies to be consistent. In this
regard, we note that the calculation predicts Pbi

0 interstitials in
MAPbI3 to form defects that are both deeper than Pbi

2+

interstitials in MAPbI3 and deeper than Pbi
0 and Pbi

2+

interstitials in FAPbI3. This trend is in qualitative agreement
with the experimental data if we interpret our nonradiative
decay to Pbi

0 interstitial formation (see below).
Finally, we performed the same electrical poling experiments

on FAPbI3 films that we performed on MAPbI3 films. Figure
4d,e shows PL traces under bias for both charge injecting
(Figure 4d) and blocking (Figure 4e) contacts on FAPbI3 films.
For FAPbI3, in contrast to MAPbI3, we observe no PL
quenching for either blocking or injecting contacts. We
interpret this result as being consistent with Pbi

0 interstitial
formation as the source of nonradiative recombination in
MAPbI3 and with the theoretical prediction that Pbi

0 is a deeper
defect in MAPbI3 than that in FAPbI3, even if the exact energy
of the defects does not agree between experiment and theory.
In summary, we compared PL quenching of metal halide

perovskite films during electric poling with and without
injecting contacts for both MAPbI3 and FAPbI3 thin films in
a lateral electrode geometry. Independent of device config-
uration, a slow, field-induced ion migration is measured by
SKPM. However, in these films, we only observe bias-induced
PL quenching in MAPbI3 films with injecting contacts but not
in MAPbI3 films that exhibit ion motion without charge
injection nor in FAPbI3 films with either blocking or injecting
contacts. On the basis of calculations, we hypothesize that,
following electric poling and ion migration, Pb-related defects
form near the negative electrode that can either be deep or
shallow trap states depending on their redox state.
Beyond this specific interpretation, these results are more

broadly important because they underscore that individual
probes (PL, surface potential) do not tell the entire story
regarding defect formation and migration in perovskites, and
therefore, multimodal approaches are increasingly necessary to
understand these complex systems. Notably, it is possible that
earlier studies on transients and defect formation, especially
those that have been interpreted solely in terms of ion motion,
should likely be re-examined in the context of the effects of
injected carriers. Finally, these results hold promise for
engineering the long-term stability of perovskite films: the
observation that FAPbI3 films are robust against bias and
injection-induced PL quenching suggests that compositional
and surface engineering may be able to overcome some of the
instabilities of the prototypical MAPbI3 perovskite semi-
conductor using newer formulations and by considering carrier
densities and redox processes in devices.
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