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Electrolytic gold plating, stripping, and ion
transport dynamics through a solid-state
iodide perovskite
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The pronounced electrochemical reactivity between halide perovskites and metal electrodes can
introduce mobile extrinsic metal ions which can cause device instability or enable novel functionalities.
Here we systematically investigate the kinetics of gold cation (Au*) migration in indium tin oxide (ITO)/
methylammonium lead triiodide (MAPbIs)/Au model devices under long-term potentiostatic biasing.
Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and density functional
theory (DFT) analyses reveal that Au* ions, electrochemically generated at the Au anode, traverse the
perovskite layer with diffusion coefficients on the order of 107 to 107*° cm? s~ and are subsequently
reduced at the cathode as Au® clusters, resembling metal plating behavior in electrolytic cells and solid-
state batteries during charging. Furthermore, reversing the applied bias strips the plated Au®, revealing
reversibility suitable for bipolar resistive switching devices and providing direct evidence of the
electrochemical and ionic nature of Au transport within the perovskite matrix. Quantitatively determining
diffusion coefficients and ion concentrations provides foundational inputs for future drift-diffusion
modelling opportunities and allows us to relate our findings to implications on long term operation of
devices like photovoltaic modules. These results clearly demonstrate the solid-state electrochemical
nature of perovskite devices, highlight methods to be more quantitative about ion transport properties,
provide and emphasize the importance of disentangling electro-, photo-, photoelectrochemical
processes for understanding device performance and unlocking new functionalities.

Halide perovskites are revolutionizing solar energy and optoelectronics with their exceptional properties. Yet, their soft lattice and mixed ionic-electronic
conductivity make them vulnerable to doping and migration of extrinsic ions. Beyond causing device instability and unusual electrical responses, such ion

migration can also be harnessed for functional benefits, particularly in enabling memristive and neuromorphic behavior, if controlled. Understanding the
dynamics of extrinsic metal ion migration is therefore critical for either improving device stability or unlocking new perovskite-based applications. Here we

explore the electrically driven migration of gold cations (Au®) in halide perovskites. We find that Au" ions, electrochemically generated at the anode, migrate
through the perovskite with diffusion coefficients of 10 to 10 *° ecm?® s~ and plate at the cathode, resembling metal plating in solid-state batteries.
We identify a critical pathway for Au migration to deteriorate long-term stability in photovoltaic modules. Moreover, Au migration is reversible upon reversing
the bias, enabling voltage-controlled redistribution of Au and modulation of conductivity, compatible with bipolar resistive switching. This work illustrates the

solid-state electrolytic nature of halide perovskites and establishes a mechanistic link between extrinsic ion transport and electrical response, revealing
potential origins of anomalous electrical behavior and highlighting opportunities for developing perovskite-based neuromorphic devices.
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these materials are also known for their abundance of mobile
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ionic point defects,"" ™™ such as iodine vacancies (V;") and
iodine interstitials (I;"), which contribute to device instabilities
and anomalous behavior, including current-voltage hysteresis*>*®
and the switchable photovoltaic effect.'”*8

The situation becomes even more complex when perovskites
interface directly with metals: their pronounced reduction/
oxidation (redox) and electrochemical reactivity readily facil-
itates redox reactions at the perovskite/metal contact. Previous
studies revealed that strongly reducing metals (e.g., Al and Cr)
can spontaneously induce Pb reduction and perovskite decom-
position.” In contrast, noble metals, such as Au and Ag, are
less reactive but can undergo anodic oxidation under small
applied bias,*® forming metal cations that can occupy inter-
stitial sites within the perovskite lattice.>" These studies clearly
demonstrate that the perovskite lattice can effectively function
as a solid-state electrolyte for these extrinsic metal cations,
allowing rapid migration through the perovskite bulk and
redistribution at device interfaces.

Injected noble metal interstitial cations, charge balanced by
conduction band electrons, are stable when the Fermi level
is low enough with respect to the conduction band minimum
(CBM), meaning they can act as n-type dopants in perovs-
kites.”'*>* Their formation and diffusion/migration, then, dyna-
mically modulates carrier concentrations as a function of
applied voltage and time. This redistribution of mobile extrin-
sic metal ions thus introduces an additional layer of opera-
tional instabilities beyond intrinsic defect effects, leading to
undesirable interfaces,>*>® perovskite decomposition,"**” per-
formance degradation, and even device failure via metallic
shunting.>*?> On the other hand, when precisely controlled,
noble metal doping can be exploited to tune perovskite con-
ductivity via voltage pulses, enabling advanced functionalities
such as interface-type resistive switching memories or artificial
synapses.”>**° To either mitigate device instabilities or
unlock novel functionalities, it is critical to develop a compre-
hensive understanding of both the thermodynamics of perovs-
kite/metal electrochemical interactions and the kinetics of
subsequent metal ion migration within the perovskite matrix.

In prior work, we demonstrated that electrochemical reac-
tions occur at solid-state methylammonium lead triiodide
(MAPDI;)/Au interfaces at relatively low voltages (>0.8 V),
during which Au is anodically oxidized and injected into the
perovskite lattice via its interstitial sites.”®*" In this study, we
systematically investigate the kinetics and dynamics of Au
migration in model devices of structure indium tin oxide
(ITO, ground)/MAPbI;/Au by conducting extended potentio-
static biasing experiments, followed by scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS)
characterization at various interfaces. We reveal that Au cations
rapidly traverse the perovskite bulk until they are reduced at the
cathode to Au® clustered islands which then propagate toward
the anode, analogous to the evolution of Li dendrites in
charging solid-state batteries (SSBs)***” or metal dissolution-
plating processes in electrorefining.® By integrating density
functional theory (DFT) computation and semi-quantitative
modelling, we provide a quantitative estimate for the diffusion
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coefficient (D, 107" to 107'° em® s™') and realistic ion concen-
tration (Co, 10 to 10"” cm ) ranges for Au;* in MAPbI;, upon
which more complex drift-diffusion modelling can be built in
future work to study extrinsic metal migration kinetics in
practical photovoltaic stacks under operational conditions.
Finally, we demonstrate that the plated Au’ can be partially
stripped and reincorporated into the perovskite lattice by
reversing the bias polarity, displaying reversible behavior com-
patible with bipolar resistive switching devices and offering
direct evidence of the ionic transport nature of Au within the
perovskite matrix. Collectively, these findings not only under-
score the rapid and profound influence of Au redistribution on
the electrical behavior of perovskite devices but also highlight
the dual nature of perovskite devices as solid-state electro-
chemical cells, where metal ion migration plays a central role
in both functionality and failure.

Results and discussion
Au;" migration kinetics in MAPbI;

As shown in Fig. 1a, the ITO/MAPDbI;/Au devices were first
subjected to potentiostatic biasing ranging from 0.5 to 1.2 V
for 2 h. The maximum applied bias was deliberately limited to
1.2 V to prevent potential MA™ deprotonation and indium (In*")
leaching at the cathode interface, which are reported to occur
near this voltage threshold.”®*° After biasing, the Au electrodes
were delaminated with tape, and the perovskite layer was
washed off with N,N-dimethylformamide (DMF) to expose the
anodic MAPbI; top surface and the cathodic ITO interface
sequentially. Subsequent characterization via SEM and XPS at
these interfaces allow us to visualize and quantify Au accumu-
lation resulting from the long-term biasing.

Fig. 1b shows the current density versus time (J-t) profiles of
the devices under potentiostatic biasing at the specified vol-
tages, with each voltage applied to a fresh pixel. The current
transients exhibit non-monotonic behavior, consistent with
observations from our previous study:*' at voltages >0.8 V,
the J-t curves present an initial peak, followed by a pronounced
drop at intermediate times, and eventually rise to a second high
plateau. In contrast, current transients at voltages below 0.7 V
remain low and stable throughout the entire 2 h biasing period.
Moreover, pixels biased at >0.8 V appear visibly darkened, a
change that remains evident even after the perovskite layer is
removed (Fig. S1b and e). Imaging of the ITO surface from one
of the darkened pixels (Fig. 1c and Fig. S2, S3) reveals that the
observed darkening is likely attributed to a uniform distribu-
tion of precipitated islands on the underlying ITO substrate.
For comparison, SEM images of an unbiased (control) pixel are
provided in Fig. S2b and c.

To identify the composition of the precipitates, we con-
ducted XPS measurements on both the top MAPbI;/Au and
bottom ITO/MAPDI; interfaces (Fig. 1d, e and Fig. 5S4, S5). Au 4f
peaks are detected at both interfaces in all darkened pixels
(biased at >0.8 V), whereas devices biased below 0.8 V show no
detectable changes relative to the control. As will be discussed

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Visualization and quantification of Au migration and accumulation at the anodic MAPblz/Au and cathodic ITO/MAPbIs interfaces. (a) Schematics of
the device structure and characterization protocols. (b) Current density transients during 2-h potentiostatic biasing of ITO/stoichiometric MAPbls/Au
devices at indicated voltages. (c) SEM image of the ITO interface after washing away the MAPbIs layer from a device biased at 1.2 V for 2 h. (d)-(g) XPS
measurements of (d) and (f) the MAPbI3 top surface after Au delamination and (e) and (g) the ITO interface after MAPbls removal, following 2-h biasing at
indicated voltages: (d) and (e) Au 4f spectra and (f) and (g) Au atomic percentage as a function of applied voltage. The Au atomic percentage is defined as
the ratio of Au atoms to the total number of atoms detected within the XPS measurement volume. Error bars in (f) and (g) reflect the standard deviation of

Au atomic percentages measured by XPS.

in detail, we believe that at voltages >0.8 V, Au from the top
electrode undergoes anodic oxidation, traverses the perovskite
as gold interstitial cations (Au;"), and is subsequently reduced
and plated at the ITO cathode in the form of clustered Au’
islands. More importantly, these results highlight the existence
of a voltage threshold (Vi) at 0.8 V for electrochemically driven
Au migration in this ITO/MAPDbI;/Au system, consistent
with several previous studies.”>*! Interestingly, this V;, for Au
migration aligns with the onset (~ 0.8 V) of pronounced current
transient features observed in Fig. 1b, implying a close link
between the transients and Au migration.

As demonstrated in our previous study, a 4 x 2.5 mm®
perovskite device (same geometry as the devices in the present
study) can reach an elevated temperature of about 80 °C from
Joule heating under a current density of 100 mA c¢cm 2.
To evaluate the potential thermal contribution, an ITO/
MAPbDI;/Au device was thermally aged at 80 °C for two hours
without applied bias. The XPS spectrum shows no detectable
Au signal at the bottom ITO interface of the aged device
(Fig. S6), ruling out Joule heating as the driver for gold migra-
tion across the perovskite layer on this timescale. However, it is
important to note that Joule heating can greatly complicate
exact determination of parameters such as activation energies
and diffusion coefficients. To minimize such influence, future
work on ion migration should focus on very small device areas.

As detailed in Note S1, the ionic current carried by Au;"
transport is estimated to account for only a negligible fraction
(average transference number ~10~°) of the total current

This journal is © The Royal Society of Chemistry 2025

passed through the device over the entire biasing period. This
confirms that the j-¢ features stem not from the ionic current
associated with Au;" transport but primarily from the rapid
and significant changes to electrical properties induced by Au
injection and redistribution. Moreover, it means we cannot
reliably quantify ionic migration by integrating the current
density.

The threshold behavior for Au migration is also clearly
manifested in the plots of Au atomic % versus applied bias
measured by XPS, as shown in Fig. 1f and g, where the Au
concentrations at both interfaces show an abrupt increase
above the control level at an onset of 0.8 V. Notably, the Au
concentration at the bottom ITO interface increases signifi-
cantly with rising bias (Fig. 1g), suggesting more extensive Au
transport at higher voltages. In contrast, the Au concentration
at the perovskite top surface appears to plateau around
1 atomic% under elevated biases (>1.0 V) (Fig. 1f). This
saturation may hint to formation of a thin, self-limiting passi-
vation layer at the MAPbI;/Au interface that contains Au at this
specific concentration, reminiscent of a cathode-electrolyte
interphase (CEI) commonly observed in SSBs.

We performed the same set of measurements on devices
with super-stoichiometric (10% methylammonium iodide
(MAI)-excess) and sub-stoichiometric (10% MAI-deficient)
MAPDI; as well to examine how perovskite stoichiometry affects
the thermodynamics and kinetics of Au migration in this
system. Fig. S7a and c show the J-t curves of the MAI-excess
and MAI-deficient devices under various applied voltages

Energy Environ. Sci., 2025, 18, 10483-10493 | 10485
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respectively. While the MAI-excess device shows a slightly more
suppressed initial current peak, the non-stoichiometric devices
overall exhibit current transients that qualitatively resemble
those of the stoichiometric device, all following the character-
istic “peak-trough-plateau” profile with the same onset voltage
(~0.8V). Significant, too, is that the non-stoichiometric devices
show an identical voltage threshold for Au migration and
accumulation at the ITO interface as the stoichiometric device
(0.8 V), as evidenced by the XPS results in Fig. S5 and S8. These
results suggest that perovskite stoichiometry does not affect Au
oxidation thermodynamically.

On the other hand, XPS results (Fig. S8d-f) reveal that the
amount of Au plated at the ITO increases with decreasing MAI
concentration. This trend is also visually evident, as the MAI-
deficient devices exhibit significantly darker pixels compared to
the MAI-excess ones (Fig. S1). Meanwhile, it appears that the
timing of the J-t features shifts earlier in time as the MAI
concentration decreases (Fig. S7). All these findings imply that
Au may migrate faster in a MAI-deficient environment, indicat-
ing that perovskite stoichiometry or initial defect properties can
alter the kinetics of Au transport. The higher concentrations of
various defects in the MAI-deficient samples likely impose less
hindrance for Au;" migration through the perovskite lattice,
leading to the observed more rapid Au transport. Additionally,
given the comparable grain size, alignment, and film thick-
ness across all three compositions (Fig. S9), the observed
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stoichiometry-dependent transport kinetics further implies
that Au migration is not limited to grain boundaries. Most
importantly, a previous study showed Au® aggregating at the
ITO/SnO, cathode within the grain interiors and not at grain
boundaries.”’ This must proceed predominantly through the
perovskite bulk, where mobile Au;" is thermodynamically most
stable,”" supporting our conclusions.

The identical voltage threshold for both the prominent
current transient features in potentiostatic biasing and Au
accumulation at the ITO interface suggests close correlation
between the j-¢ characteristics and Au migration through the
perovskite layer. Thus, we examine how the Au accumulation
profile evolves over the course of the biasing period. As exem-
plified in Fig. 2a, a typical current transient can be character-
ized by four distinct time points on the j-¢ curve: T1 marks the
time when the current reaches its initial peak; 72 corresponds
to the lowest point of the subsequent trough; 73 denotes the
end of the sharp current rise following the trough; and T4
represents the conclusion of the 2 h biasing period.

To explore this further, we applied a 1.1 V bias to different
ITO/stoichiometric MAPbI;/Au pixels until each of the T1-T4
time points respectively, followed by XPS and SEM analyses on
both the top MAPbI; surface and the ITO interface at each
corresponding time point. As shown in the XPS data collected
at the bottom ITO interface (Fig. S10b), Au 4f peaks first appear
at 72, marking the onset of detectable Au precipitation at the
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Fig. 2 Correlation between J-t transients and Au migration kinetics. (a) Illustration of the four characteristic time points (T1-T4) on the J-t curves
exemplified using data collected from ITO/stoichiometric MAPbls/Au devices biased at 1.1 V. (b) Au atomic percentage at the ITO interface determined via
XPS measurements at each time point. (c) Natural logarithm of T2 values for stoichiometric and 10% MAI-deficient devices as a function of applied
voltage. Linear fits are included to highlight their linear relationship. (d)—(g) SEM images of the ITO interface after MAPbls removal at each corresponding
biasing time point. Error bars in (b) reflect the standard deviation of Au atomic percentages measured by XPS. Error bars in (c) reflect the standard

deviation of T2 values extrapolated from the corresponding J-t curves.
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cathode. From this point onward, the Au atomic percentage
exceeds the control level and continues to increase over time
(Fig. 2b). This trend is further corroborated by SEM imaging of
the ITO interface (Fig. 2d-g): while the surface at T1 resembles
that of an unbiased pixel, Au islands begin to appear at 72,
progressively growing in size and covering a larger portion
of the image area as biasing continues. However, no Au 4f
signals are observed at the MAPbI; top surface until T4
(Fig. S11a and b), indicating that Au accumulation at the anodic
interface occurs much later in time. This delayed Au appear-
ance suggests that Au® may accumulate in the perovskite layer
progressively from the cathode toward the anode. Nevertheless,
for MAI-excess devices, after taking account for the series
resistance of ITO, the actual voltage across the perovskite layer
falls below the 0.8 V threshold during the later stages of biasing
for all applied voltages (Fig. S12). This subthreshold voltage in
MAl-excess devices effectively halts further Au;" injection,
which explains the absence of detectable Au signal at the
MAPDI;/Au interface even after 2 hours of biasing (Fig. S8a).

Similar j-t characteristics and an identical temporal onset
(T2) of Au accumulation at the ITO interface are consistently
observed when we extend the testing protocols to devices with
different stoichiometries (stoichiometric versus MAI-deficient)
under different applied voltages (0.9 V and 1.1 V) (Fig. S10, S13
and S14). This consistency suggests that T2 represents the
characteristic time required for Au to traverse the perovskite
layer, rendering it a useful benchmark for assessing Au migra-
tion kinetics in perovskites. Note that MAI-excess devices are
excluded from this analysis due to their less clearly defined
current features relative to the other two compositions. Based
on this analysis, we systematically applied bias to devices with
either stoichiometric or MAI-deficient MAPbI; layers across a
voltage range of 0.8-1.2 V (Fig. S15 and S16). At least 3 pixels
were tested for each condition to ensure statistical relevance.
This allows us to construct a distribution of 72 as a function of
applied voltage for both stoichiometries, as illustrated in Fig. 2c
and Fig. S17. For a fair comparison, the thicknesses of the
perovskite films with different stoichiometries are controlled to
be consistent at approximately 260 nm (Fig. S9). When the
device is biased at the threshold voltage (0.8 V), nearly all the
applied voltage is expected to drop at the MAPbI;/Au interface,
enabling the electrochemical reaction while leaving the voltage
drop across the perovskite bulk negligible. Under this condi-
tion, Au;" migration is primarily driven by diffusion. Hence, we
can use the T2 values at 0.8 V, along with density functional
theory (DFT) computation and diffusion-based modelling, to
quantitatively estimate both the diffusion coefficient of Au;"
in MAPbI; and the Au;" doping concentration at the anode
interface (Co).

Specifically, as detailed in Note S2, we started with DFT
simulations to model the Au;" migration pathway within a
MAPDI; unit cell using the nudged elastic band (NEB) method,
finding an activation energy (E,) of 0.46 eV (Fig. S17). This value
agrees very well with the value of 0.42 eV reported by Ming
et al.,*> even though more stringent convergence parameters
were used in this work (see Methods in the SI). Because the

This journal is © The Royal Society of Chemistry 2025
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diffusion coefficient depends exponentially on the migration
barrier height, we assume a reasonable uncertainty of +0.05 eV
in the computed value. This then leads to a diffusion coefficient
(D) in the range of 1.8 x 10! to 8.8 x 10 '® em® s '. With
these DFT-derived diffusion coefficients, we can estimate the
Au;" doping concentration at the anode interface using the
temporal onset of Au plating on ITO (72) combined with
modeling based on the assumption of purely diffusive transport
and focusing the analysis at the threshold voltage 0.8 V to
minimize the possibility of significant electric fields. This
results in a C, range of 1.3 x 10" to 1.4 x 10" cm ™3, which
is consistent with the typical defect densities reported for
polycrystalline perovskites (10'°-10"7 e¢m™?),**™* validating
the credibility and practicality of our experimental methodol-
ogy and the diffusion-based model. Furthermore, compared to
the broad spectrum of reported ionic defect diffusivities in
MAPbI; (e.g., 10~ "% to 107 % em® s~ " for V', 107" to 10~ % cm® 5"
for I; ", and 10 *® to 107> cm® s~ for MA¥),**>" our estimated
Au;" diffusion coefficients (10" to 10 '° cm® s ) lie on the
lower end of these. Even with the limitations of our model (as
discussed in Note S2) in mind, the above method exemplifies a
straightforward approach to quantitatively investigating the
kinetics of extrinsic metal ion migration in halide perovskites
which may also be applicable to other metals, such as Ag or Cu,
in various perovskite compositions. Most importantly, we have
combined theory and experimental data to provide the quan-
tities E,, D, and realistic ranges for C,, that can be used in future
studies and incorporated into drift-diffusion models for further
evaluation.

Our D and C, are estimated at relatively low values, yet we
still observe Au;" diffusion affecting device behavior on time-
scales as short as 40 s at 1.1 V. Diffusion is not sufficient to
explain the kinetics of the Au;" migration under such condi-
tions. Under suprathreshold biasing conditions, we observe an
empirical linear correlation between the natural logarithm
of average 72 values and the applied voltage (Fig. 2c), a trend
that cannot be fully explained by diffusion or drift alone.
As discussed in Note S2, both the stronger electric field-
induced drift and the increased C, at higher voltages likely
contribute to the much faster Au;* transport under suprathres-
hold biasing conditions. Although a complete understanding
of the empirical trend seen in Fig. 2c remains challenging,
it clearly reflects the complex interplay between drift and
diffusion in ion transport within perovskites. Furthermore,
the results show that slightly surpassing the threshold voltage
by just 0.3 V can reduce the Au migration time across the
perovskite by nearly two orders of magnitude (from ~2700 s
to 45 s). This demonstrates that even a modest increase
beyond the electrochemically stable voltage range can drasti-
cally accelerate ion migration, underscoring the need to
accurately identify electrochemical stability windows for dif-
ferent perovskite/metal interfaces. Lastly, we observe that Au
migration occurs over a shorter timescale in MAI-deficient
devices than in stoichiometric ones at every applied voltage,
further confirming the faster Au transport kinetics in an
MAI-deficient environment.

Energy Environ. Sci., 2025, 18, 10483-10493 | 10487
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Reversible Au plating/stripping for novel functionalities

We further demonstrate the electrochemical nature of Au
migration within the perovskite by showing that Au® plated at
the ITO can be stripped and reincorporated into the perovskite
by reversing the bias polarity. To this end, four ITO/stoichio-
metric MAPDbI;/Au pixels from the same substrate were sub-
jected to different biasing conditions. The first pixel, termed
the “plated-only” device, was biased at 1 V until the current
transient reached T3, when substantial Au® plating is expected
at the ITO interface. As a comparison, the second pixel under-
went the same plating protocol as the first, immediately
followed by a stripping process involving a —1 V bias at the
Au electrode for 2 h. It is thus referred to as the “stripped”
device. To ensure that a negative bias at the Au electrode alone
would not induce Au redistribution, the third pixel, called the
“reverse-only” device, was biased at —1 V for 2 h. Finally, the
fourth pixel served as the ‘“control” and was left unbiased to
provide a reference. After biasing, we peeled off the top Au
electrode and washed off the perovskite layer to expose the ITO
interface for XPS and SEM measurements.

Fig. 3a presents the current transients of the first three
devices. Note that the current in the “reverse-only”’ device stays
stable and low throughout the 2 h biasing period, suggesting
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the relative electrochemical stability of the Au electrode at this
negative bias (note, we anticipate some reactions at —1.2 V and
possibly —1.1 V).>*?*° This is expected since Au electrodes can
only be oxidized under anodic conditions, and they are well-
known to be inert and stable under a cathodic bias (the inverse
is true for ITO).>° More importantly, the j~¢ characteristics
during the stripping process (blue curve in Fig. 3a) qualitatively
resemble the early stages of the plating processes (red and
yellow curves in Fig. 3a), which is more visually apparent when
the absolute values of the current densities are plotted together
in Fig. S19e. This similarity suggests that the plated Au® at the
ITO can function as an Au anode when the voltage polarity is
reversed and impose a similar effect to the perovskite film as
before. The only difference is that the stripping process does
not display the final current increase seen in plating, as the
anode during stripping does not have a large reservoir of Au,
preventing further doping at long times when available Au is
exhausted. A detailed comparison of current transient features
between plating and stripping can be found in Note S3.
According to the XPS results in Fig. 3b and c, the Au 4f peak
intensity and the corresponding Au atomic percentage at the
stripped ITO interface are substantially lower than those of
the plated sample. This indicates that many of the plated Au®
islands are re-oxidized into Au;" cations and reincorporated
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Fig. 3 Partial reversibility of Au migration in ITO/MAPblz/Au devices. (a) J-

Platlng
o
MAPb|3

— &
Stripping

D Aw QLo

Charging

® Au* @ Lit

Discharging

t characteristics during the Au plating process for the “plated-only” device

(1V, T3, red), as well as for the “stripped” device during plating (1 V, T3, yellow) and subsequent stripping (—1V, 2 h, blue). A “reverse-only” device (-1V,

2 h, gray) is included to show the stability of Au as a cathode. (b) and (c) XPS

analysis at the ITO interface after perovskite removal: (b) Au 4f spectra and

(c) Au atomic percentages for each biasing condition. (d) and (e) SEM images of accumulated Au® at the ITO interface for the (d) “plated-only” and
(e) "stripped” pixels. (f) Schematic comparison between our ITO/MAPbIs/Au device and a prototypical solid-state battery, highlighting the conceptual
similarity between the two. Error bars in (c) reflect the standard deviation of Au atomic percentages measured by XPS.
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into the perovskite lattice upon stripping, leaving behind
only residual Au® likely due to poor interfacial contact with
the perovskite or inadequate electrical connection to the ITO,
analogous to electrically isolated, ‘“dead” Li that limits ideal
reversibility in SSBs.>” This trend is visualized through SEM
imaging of the plated-only (Fig. 3d) and the stripped (Fig. 3e)
pixels, where both the density and size of the accumulated Au®
islands are notably reduced after stripping, consistent with XPS
results. Furthermore, similar results are observed in non-
stoichiometric samples as well: both MAI-excess and MAI-
deficient devices exhibit qualitatively similar current transient
characteristics between plating and stripping processes
(Fig. S19), along with a substantial reduction in the Au 4f XPS
signal at the ITO interface following stripping (Fig. $S20). These
results collectively demonstrate the partial reversibility of Au
migration and accumulation in the perovskite film, irrespective
of its stoichiometry.

These findings not only reinforce the highly mobile nature
of Au species within perovskite films but also draw a compel-
ling analogy between the observed electrochemical plating of
Au at the ITO interface and the electrolytic deposition of Li
metal on the anode during charging in SSBs. As illustrated in
Fig. 3f, a prototypical SSB consists of three major layers: a
lithium-conducting but electrically insulating solid electrolyte
layer is sandwiched between a cathode and an anode. During
charging, the Li" ions diffuse out of the cathode (typically a
metal oxide) and migrate through the electrolyte to the anode
(typically lithium metal or graphite) where Li" ions are electro-
Iytically reduced and plated as metallic Li®.>*** Analogously, in
our ITO/MAPDI;/Au devices, the iodide framework in the
MAPDI; crystal structure allows high densities of interstitial
sites through which monovalent cations can migrate.’® As a
result, the perovskite effectively functions as a solid electrolyte,
allowing Au cations to migrate toward the ITO cathode where
they are reduced and deposited as Au® clusters. In contrast to
discharging in SSBs — where the plated Li metal at the anode is
spontaneously oxidized back into Li" ions that diffuse towards
the cathode while the stripped electrons flow through the
external circuit to do electrical work®>>* — Au stripping in our
system is an electrolytic process that requires an applied bias to
drive the re-oxidation of Au’ back to Au® (Au is not sponta-
neously stripped from a plated device after resting at short
circuit overnight (Fig. S21)). Despite this difference, the
observed reversibility of Au plating and stripping confirms
the ionic transport nature of Au within the perovskite electro-
lyte, akin to Li" transport in SSBs.

Furthermore, the electrolytic nature of halide perovskites
opens opportunities for new device functionalities. For exam-
ple, other coinage metals such as Ag or Cu may also undergo
similar ionic transport and plating behavior through the perov-
skite matrix. Thus, upon further device optimization, including
cathode material selection, perovskite composition modulation,
and interfacial engineering, halide perovskites could potentially
be utilized as solid-state electrolytes for applications resembling
electroplating or electrorefining of various metals. In addition, we
demonstrate that applying biases of opposite polarities enables

This journal is © The Royal Society of Chemistry 2025
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controlled tuning of device conductivity through the reversible
redistribution of Au species within the perovskite film. This
suggests that extrinsic metal doping and interfacial plating/strip-
ping can be potentially exploited for achieving bipolar resistive
switching in perovskite-based memristors or neuromorphic
devices, where resistance states are controllably and reversibly
switched by applied biases.

Mechanistic interpretation of Au;* doping effects on device
electrical properties

Lastly, we propose to rationalize the evolution of the jJ-t
transients during potentiostatic biasing (e.g., Fig. 2a) as a
synergistic outcome of n-doping by injected Au;" and interfacial
modification due to Au species redistribution. The microscopic
processes within the device - including the oxidation, migra-
tion, and re-deposition of Au species, along with the corres-
ponding changes in the energetic band structure - are
illustrated in Fig. 4.

To begin with, we assume the as-fabricated perovskite bulk
to be weakly p-type as demonstrated in our previous work using
a similar device structure.*’ At early times of biasing, the
current uptake is attributed to near-interface-limited ion
motion near the anode happening over a timescale of seconds.
For example, underpotential deposition (UPD) reactions can
occur at the MAPbI;/Au interfaces where iodide anions (I7)
from MAPDI; are oxidized and adsorbed onto the Au surface as
IYpp (Fig. 4e).”” This iodine adsorption significantly increases
the Au work function (Fig. 4i red arrows),> enhancing efficient
hole injection at the MAPbI;/Au interface and contributing to
the initial rise in current density prior to T1 (Fig. 4a). At
intermediate timescales, upon application of a suprathreshold
bias, Au is anodically oxidized to Au;" cations which enter the
perovskite film at the MAPbI;/Au interface (Fig. 4f). These
injected Au;" cations act as n-type dopants, which compensate
for the background hole concentration (Fig. 4j, gray dashed
lines), leading to a significant drop in current between T1 and
T2 (Fig. 4b). Meanwhile, as the perovskite gradually transitions
from p-type to nearly intrinsic, the Fermi level shifts upwards
and increases the built-in potential barrier of the MAPbI;/Au
Schottky junction (Fig. 4j, red arrows). This enlarged potential
barrier further suppresses carrier transport, consistent with the
low current level observed at T2.

As Au® clusters begin to accumulate at the ITO interface
from T2 onward, it indicates that a considerable number of Au;*
ions have already traversed the perovskite bulk and reached the
cathode. With Au;" dopants distributed throughout the perov-
skite bulk, the material is effectively converted to n-type.
Concurrently, the rising concentration of Au;" dopants near
both electrodes narrows the depletion width of the Schottky
junctions (Fig. 4k, red arrows), promoting efficient electron
injection via tunneling. Together, the bulk doping and the
modifications in interfacial energy barriers at both contacts shift
the dominant charge carriers from holes to electrons and drive
the sudden current increase observed after T2 (Fig. 4c). While the
dominant carrier type changes, their transport direction reverses too,
so the overall current flow direction remains. As biasing continues,
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(a)-(d) Representative current versus time transients highlighting each characteristic time point and conduction stages between them, with the blue
shading representing hole conduction and the purple shading representing electron-dominated conduction. (e)—(h) Schematics depicting Au migration
and accumulation at each stage. (i)—(l) Corresponding qualitative device energy diagrams. Black and red colors are used to reflect changes of the band
structure, showing its evolution from the initial black to the new red configuration for a given time period, as also hinted by the solid red arrows. The
dashed red arrows in (i) reflect a spontaneous shift that may occur prior to biasing (t < 0).

ongoing Au;" doping raises the electron density (Fig. 41), leading
to the gradual current increase seen at the later stage of biasing
(Fig. 4d). This model suggests that the initial current peak is
dominated by holes while the later current plateau is mainly
governed by electrons, consistent with the mechanism proposed
in our previous study.>’ A proposed mechanistic interpreta-
tion of the stripping current transient features is presented in
Note S3.

Broader outlook and its implications for photovoltaics

Overall, the above findings highlight the unexpectedly rapid
kinetics of Au migration within perovskites, capable of traver-
sing a 260 nm perovskite layer within ~40 s under a modest
voltage of 1.1 V, and its pronounced impact on the electrical
properties of these materials. Clearly, small changes to the Au
defect concentrations near the Au electrode have a significant
effect on device characteristics on the timescale of 1-2 s as
well. This underscores the need for careful consideration of Au
migration and redistribution when analyzing data from space-
charge-limited current (SCLC), field-effect transistor (FET), or
Hall effect measurements involving direct perovskite/Au con-
tacts, where prolonged measurements at elevated voltages
should be ideally avoided. Meanwhile, further investigations
into the dynamics of Au transport and accumulation within
the perovskite bulk, under device-operating conditions, may

10490 | Energy Environ. Sci., 2025, 18, 10483-10493

provide valuable insights into the origins of performance
instabilities and anomalies such as hysteresis or the switchable
photovoltaic effect.

The most significant potential application of halide perov-
skites at the moment is photovoltaic (PV) modules, and our
results can offer new outlooks on impacts from electrode
reactions affecting this technology. A solar cell is under illumi-
nation in addition to under voltage bias. Thus, one must
disentangle electrochemical, photochemical, and photoelectro-
chemical processes.'* Specifically, direct perovskite/Au contact
is more common in practical perovskite solar cells and modules
than often assumed. First, no thin film is entirely free of
defects, and Au migration can readily occur through localized
regions of direct perovskite/Au contact at defects such as pin-
holes in transport layers. As illustrated in Fig. 5, photoinduced
excess holes at the valence band edges can attack the Au
contact, lowering both the formation energy of Au;" and the
threshold voltage for Au oxidation photoelectrochemically. This
effect can be more pronounced in n-i-p devices where the
anodic bias at the top Au electrode during operation can drive
Au oxidation and migration purely electrochemically. More-
over, reverse bias conditions due to partial shading in a p-i-n
sub-cell within a module can impose a strong anodic potential
on the Au contact, promoting rapid Au migration through
pinholes and leading to the formation of metallic shunts and

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Schematic illustration of two adjacent active cells connected in series in a monolithically integrated perovskite PV module separated by the P1, P2,
and P3 scribes. Typical perovskite layer thickness and representative scribe widths are indicated. Two possible pathways for Au migration are highlighted
in red. The bottom panel shows the estimated diffusion lengths (L = (DHY?) after 1 day, 1 month, and 1 year of operation, based on the experimentally
extracted Au;* diffusion coefficient. The approximate boundary between the dead and active areas near the P2 scribe is marked by a blue dashed line for
reference.

localized hot-spots.>® Photochemistry may also play a role in
n-i-p devices by release of iodine that can then travel through
the organic HTL to directly attack the Au.°

Another critical pathway exists at the direct perovskite/Au
interface along the P2 scribes in p-i-n modules, where, under
normal operational conditions, the Au contact is nominally
biased anodically relative to the Au electrode of the adjacent
sub-cell separated by the P3 scribe (Fig. 5). In other words, the
Au/perovskite interface experiences an oxidative driving force due
to the layout of a thin film module. This provides the possibility
to dissolve a significant amount of Au where long times and
lateral migration enables long-range distribution of Au species
within the perovskite layer. Based on our extracted Au;" diffu-
sion coefficient (D = 1.3 x 107'® cm® s™'), the estimated Au
diffusion lengths (L ~ [Dt]*'?) are approximately 34 um, 184 um,
and 640 um after 1 day, 1 month, and 1 year, respectively. Note
these are underestimated since solar cells and PV modules
typically rise well above room temperature. Considering that P3
scribes are typically ~100 um wide,”” substantial Au species
could diffuse into the active area within a month of operation,
potentially compromising long-term PV performance. This issue
may arise sooner and more severely as the field continues to
reduce P3 scribe widths to improve module efficiency.

Above, we described photoelectrochemical oxidation of Au
by photogenerated holes. To fully understand the reactivity, one
also needs to consider photoelectrochemical reduction of Au;"
by conduction band electrons. This reaction would be capable

This journal is © The Royal Society of Chemistry 2025
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of reducing Au;" within the bulk or at grain boundaries forming
small Au® colloids, which would almost certainly act as recom-
bination sites. We believe reduction by conduction band elec-
trons can also occur in the dark when driving at suprathreshold
voltages as we have observed previously.*° Per Fig. 5i-1, electron
conduction will be significant at higher voltages and long
times. These considerations barely scratch the surface of the
complex interplay between photochemical, photoelectrochem-
ical, and electrochemical reactions that must be analyzed on a
case-by-case basis given the sample/device architecture and
experimental conditions.

In general, these results inform a more comprehensive
understanding of Au migration characteristics in halide perov-
skite devices, highlighting both its low thermodynamic
threshold and rapid transport kinetics despite relatively low
diffusion coefficients. We provide the first robust estimations
for D and C, for Au;" based on solid experimental data which
allows the calculation of ion transport kinetics in real systems
and informs the foundation for future drift-diffusion model-
ling. These insights underscore the close correlation between
extrinsic metal ion redistribution and the electrical response of
the device, thus shedding light on the potential origins of
device instabilities in perovskite-based solar cells and LEDs,
while also suggesting possible operating mechanisms of perov-
skite-based memory devices and switchable photovoltaics.'”*">*
Moreover, this study further demonstrates the added nature of
perovskite devices as solid-state electrochemical cells and
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exemplifies the utility of semi-quantitative modelling/analysis
in probing ion migration within this electrolytic system.

Conclusion

This work comprehensively investigated the kinetics and
dynamics of Au’ ion migration in MAPbI; perovskite devices
under potentiostatic bias. We demonstrate that Au’ cations
migrate rapidly through the perovskite lattice, initiating at the
Au anode and precipitating at the ITO cathode as Au’ islands,
profoundly influencing device electrical behavior through
electrochemical doping and interfacial barrier modulation.
The Au' migration kinetics can be modulated by perovskite
stoichiometry, with MAI-deficient films exhibiting faster trans-
port. Through temporal and spatial characterization, we determine
diffusion coefficients on the order of 10~ to 107 ecm? s77,
demonstrating a semi-quantitative experimental approach to study
extrinsic metal ion migration kinetics within halide perovskites.
Additionally, we show that Au plating is partially reversible through
reversing bias polarity, drawing a compelling parallel to Li
plating/stripping in solid-state batteries. These findings high-
light perovskite devices as solid-state electrochemical systems
where ionic and electronic processes are intricately coupled.
The results suggest further mechanistic insight into the origins
of device instability and anomalous behavior in perovskite
photovoltaics or LEDs, emphasizing the direct impact of
extrinsic metal redistribution. Moreover, they offer opportunities
for functional device applications, such as perovskite-based
memristors or switchable devices enabled by voltage-controlled
metal ion migration.
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