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ABSTRACT

Lead halide perovskites exhibit outstanding optoelectronic properties, yet ion migration can influence device performance—
detrimental in photovoltaics but beneficial in resistive-switching devices. Intrinsic ion migration has been extensively studied,
whereas the effects of extrinsic alkali cations on field-driven ionic behavior remain less understood, particularly in lateral device
architectures. Here, the effects of Lit, Na*, and K* incorporation on the ionic behavior of MAPbBr; thin films are investigated.
Nanoscale and macroscopic measurements reveal cation-dependent ionic responses, which are particularly pronounced at grain
boundaries and surfaces. Among the three cations, 1% Li* incorporation shows the strongest effect, yielding higher current and
more pronounced hysteresis in lateral ITO/MAPbBr;/ITO devices. The hysteresis index (H;,qe¢) increases from ~0.61 in the first
cycle (-0.15 for the control) to ~0.85 after 20 cycles (~0.30 for the control), accompanied by ~40x higher current under identical
conditions. Density functional theory (DFT) calculations further show cation-dependent differences in the calculated diffusion
barriers at the (100) surface and across the N-N interfacial model, with Li* exhibiting the lowest barriers. These results indicate that
extrinsic alkali-cation incorporation provides an effective approach to modulate ionic transport and hysteresis in lateral perovskite
devices, offering insights for perovskite electronics where ionic effects play a key role.

weak interactions between the A cations and the BX, octahedra,
the corner-sharing octahedral framework, and the antibonding

1 | Introduction

Organic-inorganic lead halide perovskites (OLHPs) have gar-
nered significant attention due to their exceptional optoelectronic
properties, enabling widespread applications in photovoltaics and
emerging electronic devices such as resistive-switching memories
[1-4]. OLHPs typically adopt the ABX; structure, where A
represents a monovalent organic or inorganic cation (e.g., MA™,
FA*, Cs*), B is a divalent metal cation (e.g., Pb?>* or Sn?*),
and X is a halide anion (e.g., Br™, I, or Cl7) [5]. Due to the

interactions between Pb 6s? and I 5p°® orbitals, OLHPs display a
soft crystal lattice and mixed electronic-ionic behavior [6], which
leads to ion migration under external factors such as electric
fields, temperature, or illumination [7-11]. Recent experiments
and first-principles simulations have shown that halide ions
(I"/Br™) and their associated vacancies migrate more readily in
OLHP films than other species, such as Pb?* or CH;NH,*, due to
their lower activation and formation energies [12].
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Ion migration in halide perovskite devices is a double-edged
sword: detrimental in perovskite solar cells (PSCs), where it con-
tributes to current-voltage (I-V) hysteresis and long-term instabil-
ity, but beneficial in resistive-switching memory devices, enabling
dynamic modulation of resistance states [13-15]. Li et al. [16]
reported that extrinsic ions, such as Li* and Na*, can originate
from the hole transport layer (HTL) and migrate within PSCs,
thereby potentially enhancing hysteresis and affecting device
stability. These findings suggest that extrinsic ion migration, like
intrinsic ion movement, can influence device performance and
hysteresis behavior of perovskite-based devices. While most stud-
ies on alkali metal ions in PSCs have focused on device stability,
their spatial distribution within OLHPs remains not fully under-
stood due to variations in composition and processing. Reported
incorporation sites include the A-site of the perovskite lattice
[17, 18], interstitial positions [19, 20], and regions near surfaces
and grain boundaries (GBs) [21-24], implying diverse migration
pathways. Intrinsic ion transport in the bulk is typically governed
by vacancy-mediated diffusion [12, 25], whereas GBs, with their
higher defect densities, promote enhanced migration along GBs
[26-28]. Most existing studies on alkali metal ions have focused
on conventional vertical architectures [20, 29-32], typically in
PSCs. Lateral electrode configurations have also been employed
to probe ion migration, even in studies primarily focused on
vertical devices [33-35]. Moreover, perovskite materials have also
been explored in lateral device architectures for electronic appli-
cations, including photodetectors [36, 37], field-effect transistors
[38, 39], and memristive devices [40, 41]. Understanding the
behavior of extrinsic alkali ions in such lateral configurations is
important for interpreting ionic effects in perovskite electronic
devices.

Lateral perovskite devices, consisting of a symmetric elec-
trode/halide perovskite/electrode structure (e.g., Au or ITO) [42],
provide a convenient platform for investigating ion migration pro-
cesses under an in-plane electric field. While gold (Au) electrodes
are commonly used [43, 44], they can undergo interfacial reac-
tions with halide perovskites, forming gold halides that introduce
defects and degrade device performance [45-47]. To avoid these
issues, interdigitated ITO electrodes are employed in this work,
offering improved stability and uniformity for reliable evaluation
of ion-migration-related hysteresis. Single-halide perovskites are
selected to prevent phase segregation and halide redistribution
[48], and multi-cation formulations (e.g., MA/FA/Cs) that may
introduce lattice strain are avoided [49]. Accordingly, MAPbBr;,
with high phase purity and structural stability, is chosen as a
suitable model system for alkali-ion addition studies [26, 27].

Despite extensive studies on extrinsic alkali cations in PSCs, ion
migration has mainly been addressed as a stability issue to be
mitigated in photovoltaic devices. Consequently, the potential
role of extrinsic alkali ions in regulating field-driven ionic
behavior in lateral perovskite devices remains insufficiently
understood. Moreover, systematic comparisons of different alkali
cations and their distinct effects on hysteresis in lateral device
geometries are still limited. In this work, Li*, Na*, and K* are
introduced into MAPbBr; thin films by adding alkali bromide
salts to the precursor solutions to investigate how extrinsic alkali
cations influence field-driven ion migration processes in lateral
perovskite films. Lateral perovskite devices with interdigitated
ITO electrodes are fabricated to quantify I-V hysteresis in this

geometry. Film characterization and electrical measurements are
combined to examine how alkali-cation incorporation affects film
microstructure, current response, and hysteresis behavior, with
a focus on ionic processes occurring near surfaces and grain
boundaries. Among the three alkali cations, Li* produces the
most pronounced changes in current response and hysteresis.
DFT calculations further provide insight into the experimentally
observed trend by comparing the diffusion barriers of Li*, Na*,
and K* at representative perovskite interfaces. These results
indicate that extrinsic alkali-cation incorporation provides an
effective approach to tuning ionic dynamics and hysteresis in
lateral halide perovskite devices.

2 | Results and Discussion

ITO-coated glass substrates (Figure 1a) are first patterned into
interdigitated electrodes (Figure 1b), followed by spin coating
of MAPbBr; precursor solutions containing 0% (control) or 1
mol% KBr, NaBr, or LiBr to form perovskite films (Figure 1c).
The resulting lateral ITO/perovskite/ITO device structure used
for electrical measurements is shown in Figure 1d. Figure le
illustrates the ionic distribution scenarios near grain boundaries
(GBs) considered in pristine and alkali-ion-modified perovskites.
The ion migration behavior is experimentally evaluated through
forward and reverse voltage sweeps to obtain the I-V charac-
teristics (Figure 1f). Figure 1g summarizes the DFT-calculated
diffusion barriers of K*, Na*, and Li* ions migrating along the
(100) surface and across the N-N interface.

First, the possibility that the introduced alkali ions (K*, Na*,
and Li*) incorporate into the MAPbBr; lattice at the A-site
or B-site is evaluated [50]. X-ray diffraction (XRD) analysis is
performed to assess structural changes upon alkali-ion addition.
The pronounced (100) diffraction peak suggests a preferred
crystallographic orientation of the MAPbBT; films, which has also
been reported in solution-processed MAPDBr; thin films with
similar film structures [32, 51, 52]. The Li*-doped film shows a
stronger (100) reflection at ~15°, characteristic of the cubic phase
(Figure 2a), whereas the Na*- and K*-doped films exhibit reduced
peak intensities. Moreover, no detectable shift in the (100) peak
position is observed for either 1% or 5% additive loading (Figure
S1), indicating that any lattice substitution is below the detection
limit of XRD. This trend is consistent with prior reports showing
negligible lattice distortion upon alkali-cation doping [21]. At
higher additive levels, additional reflections emerge in the XRD
patterns, implying reduced phase purity; therefore, a 1% additive
loading is chosen for subsequent analyses to ensure phase purity
and isolate the influence of alkali ions on ion migration.

This inference is further supported by Goldschmidt’s tolerance
factor (t), where stable perovskite structures typically satisfy 0.8<
t < 1.0. The ionic radii of K* (138 pm), Na* (102 pm), and Li* (76
pm) are significantly smaller than those of conventional A-site
cations, such as MA* (217 pm) and FA* (253 pm). Consequently,
the calculated t values for MAPbBr; assuming full A-site sub-
stitution by K*, Na*, or Li* fall within 0.61-0.75 (Figure S2a),
which is below the typical stability range and therefore suggests
that A-site incorporation is geometrically unfavorable. Solid-state
207ppy NMR, which is sensitive to the local Pb-halide coordi-
nation environment [53, 54], is performed on MAPDbBr; single
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FIGURE 1 | Fabrication and ion-dependent transport in alkali-ion-modified MAPbBr; lateral devices. (a) ITO-coated glass substrate. (b) Patterned
interdigitated ITO electrodes (electrode gap ~ 200 um). (c) Spin-coated perovskite thin film with or without alkali metal bromide additives (LiBr,
NaBr, or KBr). The films were prepared via a one-step spin-coating process followed by thermal annealing. (d) Schematic illustration of the lateral
ITO/perovskite/ITO device used for electrical measurements. (e) Schematic illustration of ion distributions near grain boundaries (GBs) for pristine
and M* (Li*/Na*/K*)-modified perovskites. (f) I-V characteristics measured under forward and reverse voltage sweeps, revealing doping-dependent
hysteresis behavior associated with ion migration in the perovskite films. (g) DFT-calculated diffusion barriers of K*, Na*, and Li* ions migrating along
the (100) surface and across the N-N interface, used to compare cation-dependent diffusion characteristics at representative perovskite interfaces.
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FIGURE 2 | (a) XRD patterns of MAPbBr; (Control) and films with 1% KBr, NaBr, or LiBr addition; (b) UV-vis absorbance spectra of the same
samples; (c) PL spectra of the same samples. (d) Top-view SEM images of the control and films with 1% KBr, NaBr, or LiBr addition (left-to-right). Scale
bars: 2 um.

crystals grown with 20 mol% additives to enhance detectability
(Figure S2b). The negligible change in *’Pb chemical shifts
suggests that the Pb-Br coordination remains largely intact,
indicating no significant perturbation of the B-site environment.
Overall, these results indicate that bulk lattice incorporation of
K*, Na*, and Li* is limited.

The UV-vis absorption spectra (Figure 2b) exhibit a charac-
teristic absorption edge at ~540 nm, typical of bromide-based
perovskites. Tauc plot analysis (Figure S3) reveals no noticeable
change in the optical bandgap, which remains around 2.29 eV
for the control and the films with 1% and 5% alkali-ion addi-
tion. These results indicate that introducing K*, Na*, or Li*
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at these loadings does not significantly alter the absorption
edge or bandgap of MAPbBr;. Steady-state photoluminescence
(PL) spectra (Figure 2c) show similar peak positions for all
samples, indicating that the bandgap of MAPbBr; is not altered
by alkali-ion incorporation. Minor variations in PL intensity
are observed among the films, which may be related to differ-
ences in recombination behavior [31, 32]. Surface-sensitive X-ray
photoelectron spectroscopy (XPS) further verifies the presence
of monovalent alkali ions in the perovskite films (Figure S4).
Distinct signals corresponding to the Li 1s, Na 1s, and K 2p
peaks are detected, indicating that these cations are present
at the film surface or near-surface region [31, 55]. The planar-
view SEM images (Figure 2d) reveal that alkali-ion addition
influences the surface morphology of MAPbBr; films. Although
the differences are subtle in the top-view images, the film with
Li* addition tends to exhibit larger and more compact grains
with fewer visible pinholes, whereas the Na*- and K*-treated
films exhibit relatively smaller and less uniform grains. Cross-
sectional SEM images (Figure S5) further show that 1% Li*
addition results in enlarged grains and clearly discernible GBs.
In contrast, the Na*-treated films display irregular grain sizes
and less uniform grain alignment, whereas the K*-treated film
closely resembles the pristine MAPbBr; film, suggesting that this
additive has only a relatively minor influence on film growth and
GB formation. AFM analysis (Figure S6) further shows a gradual
increase in surface roughness from 7.47 nm for the control film
to 14.3 nm for the film with Li* addition. These structural and
morphological characterizations support that the added alkali
ions do not incorporate into the MAPbBr; lattice but instead
induce measurable modifications at the surface and GB regions.
To evaluate how these microstructural changes influence local
charge transport behavior, conductive atomic force microscopy
(c-AFM) is employed.

The c-AFM current maps provide nanoscale spatial information
on local conduction pathways across the perovskite films. Figure 3
shows the aligned topography and corresponding current maps
of MAPbBYr; films with alkali-ion addition, processed from the
raw data in Figure S7 to enable direct spatial comparison among
different samples. The pristine MAPbBTr; film (Figure 3a) exhibits
alargely uniform current distribution with little contrast between
grain interiors and GBs, indicating relatively homogeneous local
conduction in the absence of alkali-ion addition. A similar behav-
ior is observed for the 1% K*-doped film (Figure 3b), suggesting
that K* has a minimal influence on the local current distribution.
In contrast, the 1% Na*-doped sample (Figure 3c) displays local-
ized current enhancement at certain GBs, but the pronounced
variations across different GBs indicate spatially discontinuous
conduction pathways. Notably, the 1% Li*-doped film (Figure 3d)
exhibits the most pronounced current contrast between GBs and
grain interiors, with enhanced and more spatially continuous cur-
rent features associated with GB regions. These spatial features
suggest that alkali-ion addition, particularly Li*, is associated
with modifications in the spatial distribution of local current in
the perovskite films, with GB regions exhibiting enhanced local
current relative to grain interiors. To further quantify the spatial
variations observed in the c-AFM current maps, line-scan current
profiles are extracted along the representative traces indicated
in Figure 3 and Figures S8-S11. The pristine and 1% K*-doped
films exhibit nearly identical current profiles across grains and
GBs, consistent with their largely uniform current maps. In the

1% Na*-doped film, the two profiles deviate noticeably at several
GB locations, reflecting pronounced spatial variations in current
along different GBs. By contrast, the 1% Li*-doped film shows
highly similar current values at corresponding positions along
the two line scans, indicating a more consistently enhanced local
current response near GB regions.

To correlate the nanoscale conduction behavior with macroscopic
transport behavior, DC galvanostatic polarization measurements
are performed under dark conditions using the same interdig-
itated ITO electrodes, allowing the electronic (o.) and ionic
(0ionic) conductivities to be distinguished (Figure 3e,f). In this
measurement, the initial voltage jump reflects total conductivity
Oiotal (Tiotal = Tionic + Te, Figure S12), whereas the steady-state
voltage corresponds to o, and oj,,;. iS subsequently obtained
from the difference between o, and o, [56]. All films exhibit
mixed ionic-electronic conduction characteristics. The o, of the
1% K*-doped film is nearly identical to that of pristine MAPbBTr;,
whereas the Na*- and Li*-doped films show a slight increase in
0., which may arise from subtle surface or interfacial electronic
effects in addition to the intrinsically p-type nature of MAPbBr;
[57]. For oy, both Na*- and Lit-doped samples display an
order of magnitude enhancement relative to the control and K*-
doped films. This pronounced enhancement in oy, is consistent
with the enhanced local current observed by c-AFM, suggesting
that Na* and particularly Li* exhibit enhanced local conduction,
whereas K* exerts a comparatively limited influence. Overall,
these results indicate that alkali-ion incorporation mainly influ-
ences ionic transport behavior in the films, with Li*-doped
films exhibiting the most substantial effect. Building on these
findings, the field-driven ionic response is further investigated
through nanoscale c-AFM I-V measurements and device-level
I-V measurements using lateral ITO/MAPbBr;/ITO devices.

Bias-sweep I-V hysteresis is used below as a comparative indi-
cator of field-driven ion migration, measured on lateral devices
with interdigitated ITO electrodes (Figure 1b). The I-V hys-
teresis increases with temperature (Figure S13), consistent with
thermally activated ionic dynamics. At low temperatures, ionic
movement is suppressed, whereas higher temperatures provide
sufficient thermal energy to facilitate ion migration under bias.
This temperature-dependent behavior suggests that the hysteresis
is closely associated with ion migration, as reported in previous
studies identifying ion migration as a key contributor to hysteresis
in perovskite devices [58-60]. While ferroelectricity [61] and
charge trapping [62] have been proposed as alternative origins
of hysteresis, the characteristic timescales of these processes are
much shorter than those of the slow-scan hysteresis typically
observed [63, 64], suggesting that ion migration likely plays
a major role under the present measurement conditions. To
evaluate how ionic effects vary with the alkali cation, local c-
AFM I-V measurements are performed at multiple GB locations
for four films. The 1% Li*-doped film (Figure 4b) exhibits
a pronounced counter-clockwise hysteresis loop, whereas the
undoped MAPDBr; film (Figure 4a) shows a small clockwise
loop (see Figure S14 for measurement positions). Such a reversal
in loop direction and enlargement of the hysteresis window
are consistent with enhanced field-driven ionic responses at
GBs, pointing to more active ionic behavior in the Li*-doped
film under bias. In contrast, the Na*-doped film (Figure S15¢,d)
shows a moderate increase in hysteresis relative to the control,
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FIGURE 3 | Dopant-dependentlocal conduction in MAPbBTr; films revealed by c-AFM and DC polarization. (a-d) Topography, current, and merged
c-AFM maps of (a) Control, (b) 1 mol% KBr, (c) 1 mol% NaBr, and (d) 1 mol% LiBr films, measured in the dark under ambient atmosphere at a bias of

0.5V. (e) Electronic conductivity (. ) and (f) ionic conductivity (ojon;c) extracted from DC galvanostatic polarization measurements for the corresponding
films, following the trend o;qpic (Lit) > Gignic (Na™) > gionic (KT) % Gjonic (Control), consistent with the c-AFM current contrast.

whereas the K*-doped film (Figure S15a,b) displays nearly iden-
tical hysteresis behavior to the control, implying that K* has a
comparatively limited influence on ion migration behavior. The c-
AFM I-V trends are consistent with the current-mapping results
and suggest a more pronounced GB-associated ionic contribution
to local conduction in the Li* films, with a weaker but similar
effect for Na*. Previous studies have shown that ion migration
in OLHPs often occurs preferentially at GBs, where stronger
hysteresis is typically observed than within grain interiors [27].
Since GBs are widely reported to act as preferential pathways for
ion migration in polycrystalline perovskite films, the similar ionic
trends observed locally at GBs may contribute to the device-level
I-V characteristics.

The I-V characteristics of lateral MAPbBr; devices are measured
under repeated bias sweeps. Figure 4c,d present the cyclic I-V
curves of the control and Li*-doped MAPbBr; devices measured
at 4 V with a scan rate of 0.05 V s~!. These conditions are selected
to ensure that all samples exhibit measurable hysteresis under

dark conditions, enabling reliable comparison of field-driven
ionic effects. The choice is supported by systematic variations in
bias (2-4 V) and scan rate (0.5-0.05 V s~!) (Figures S16-S19), which
show that the Lit-doped devices display the most pronounced
hysteresis across the tested conditions. The device-level hysteresis
in the Li*-doped samples (Figure 4c,d) follows the same cation-
dependent trend as the nanoscale c-AFM I-V hysteresis, with the
Li*-containing film exhibiting the most pronounced response,
followed by the Na*-containing film, while the K*-containing
film remains similar to the control. Under these conditions, all
devices display reproducible hysteresis loops over 20 consecutive
cycles with minimal changes in loop shape, indicating stable
field-driven ionic behavior. The control device (Figure 4c) shows
arelatively narrow hysteresis window and weak current response,
whereas the Li*-doped device (Figure 4d) exhibits higher cur-
rent levels and a broader loop, indicating more pronounced
field-driven ionic dynamics. The Na*- and K*-doped devices
(Figure S20) show similar cyclic trends, while the extent of hys-
teresis varies significantly: the K*-doped devices behave almost
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FIGURE 4 | Hysteresis behavior in metal-ion-doped MAPbBr; samples. (a,b) Local I-V characteristics measured by c-AFM in the dark at three GB
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1% Li*-doped samples measured over 20 consecutive cycles at 4 V with a scan rate of 0.05 V s~!. (e,f) Quantitative comparison of the hysteresis index

(Hjndex) extracted at 2.5 V from cyclic I-V measurements.

identically to the control, suggesting a minor effect on ionic
dynamics, whereas the Na*-doped devices exhibit an interme-
diate response between K* and Li*. These results support that
the cyclic hysteresis is closely associated with field-driven ionic
motion and varies systematically with the alkali-cation incor-
poration. Although vertical c-AFM evaluates localized transport
through the sub-micrometer film thickness and primarily probes
surface-dominated GB regions, lateral devices evaluate collective
in-plane transport across a 200 pm channel involving both the
film bulk and buried substrate interfaces. However, the local
c-AFM measurements and the lateral devices exhibit a similar
cation-dependent trend. Together with the columnar grain struc-
ture of the films, where the GBs extend continuously through
the film thickness, the c-AFM results provide spatially resolved
evidence supporting the cation-dependent trends observed in the
lateral devices.

To quantitatively evaluate the hysteresis behavior, the hystere-
sis index (Hj,4.) is extracted from cyclic I-V measurements
performed under a 4 V sweep, using current values at a bias
point of 2.5 V (Figure 4e,f). Defined as (Leyerse—Iforward)/ Ireverse
(Figure S21), Hi,qex quantifies the extent of hysteresis and serves
as a comparative metric of ionic effects related to ion migration.
Higher H;, 4 values are generally correlated with stronger ionic
effects, whereas lower (or negative) values indicate suppressed
ion migration. All samples show a gradual increase in H; 4., over
20 cycles, indicating reproducible field-driven ionic responses.
The Li*-doped device exhibits the highest and most stable
Hingex values (0.62 to 0.85), consistent with more pronounced
and persistent ionic behavior. The Nat-doped sample shows a
moderate increase (0.21 to 0.54), whereas the K*-doped and
control devices remain nearly comparable (-0.15 to 0.30 and -
0.06 to 0.39, respectively). The consistent hierarchy of H;, g, (Li*
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> Nat* > K* ~ control) suggests that Li* doping corresponds to the
most pronounced enhancement of device-level ionic hysteresis
in MAPbBr;. To further verify the cycling stability, the 1%
Li*-doped device is subjected to extended measurements over
200 consecutive cycles. As shown in Figure S22, the hysteresis
behavior remains well maintained throughout the prolonged
cycling test.

XPS analysis (Figure S23) is performed to examine the chemical
environment of the metal-ion-doped MAPbBTr; films. The Br/Pb
ratios for the K*-, Na*-, and Li*-doped samples are 2.78, 2.85,
and 2.95, respectively, slightly higher than that of the undoped
reference (2.72). This modest increase in Br/Pb ratio indicates
that incorporating metal bromide salts leads to a slightly Br-rich
environment during film formation [65]. However, the relatively
small variation in composition suggests that it may not be the
dominant factor governing the observed differences in ionic
behavior. To further understand the role of alkali cations in
influencing ionic transport, first-principles calculations based on
density functional theory (DFT) are performed to evaluate the dif-
fusion pathways and migration energy barriers of different alkali
ions. For this purpose, the surface termination and GB interface
of MAPDbBr; are first established to construct representative
structural models for diffusion analysis.

To investigate ion migration at grain boundaries, we first iden-
tify the stable surface termination of MAPDbBr;. Five surface
configurations are constructed for the (100), (010), and (001)
facets, each with different orientations of the CH;NH;* (MA™)
molecules (Figure S24). Among them, the (100) surface, with the
NH; group of CH;NH;* oriented toward the surface (inset of
Figure 5a), exhibits the lowest energy, indicating that it is the
most stable configuration. This theoretical result is consistent
with the predominant (100) orientation observed in the XRD
measurements (Figure 2a), supporting the relevance of this
configuration to the experimental system. Grain boundaries in
polycrystalline perovskites are interfaces formed between adja-
cent grains. Given that low-index planes generally possess the
lowest surface energies and are preferentially exposed during
crystal growth, grain boundaries are predominantly composed
of interfaces between such stable facets. Therefore, we construct
an N-N interface grain-boundary model using two (100) surfaces
with the NH; groups of adjacent CH;NH;* molecules facing each
other (zoom-in view in Figure 5b). The interface distance is 3.94
A (Figure 5b, right; Figure S25), which serves as the basis for
subsequent diffusion calculations. Next, the adsorption sites for
K, Na, and Li species are systematically explored on the (100)
surface. As shown in Figure S26, twelve potential adsorption sites
are initially considered for each species. After relaxation, three
adsorption sites are identified, namely the hole, Pb-top, and Br-
bridge sites (Figure 5c). K and Na preferentially adsorb at the
hole or Pb-top sites, whereas Li also shows the ability to bind
at the Br-bridge site. By comparing the total energies of K, Na,
and Li adsorbed on the (100) surface, the hole site is found to
be the most stable for all three atoms. Therefore, the adsorption
configurations with K, Na, and Li at the hole site are adopted
as both the initial and final states in subsequent investigations
of surface diffusion processes. The interface diffusion analysis
likewise employs the adsorption configurations at the hole site,
as depicted in Figure S27.

Using these configurations, the diffusion behavior of K, Na,
and Li on the surface and at the interface of MAPbBr; is
analyzed. Although the N-N interface structure is adopted in
the main simulations, additional interface models are evaluated
to ensure the structural reliability. Specifically, two alternative
configurations are tested: one with CH; groups facing each
other (C-C) and another with CH, facing NH; (C-N). The C-C
configuration is excluded because the molecules rotated toward
the N-N alignment during relaxation (Figure S29), while the C-
N configuration is ruled out due to significant lattice distortion
caused by ion adsorption (Figure S30). On the (100) surface, the
calculated diffusion barriers follow the order K (1.33 €V) > Na
(110 eV) > Li (1.01 eV), indicating that Li diffuses the fastest
and K the slowest (Figure 5e). A similar trend is observed at the
interface, where the barriers are K (1.35 eV) > Na (0.98 eV) >
Li (0.91 eV) (Figure 5f). Thus, among the examined cations, Li
exhibits the lowest diffusion barriers on the (100) surface and at
the N-N interface.

Based on the XPS, PL, SEM, DC galvanostatic polarization,
c-AFM, and DFT results, we attribute the enhanced hysteresis pri-
marily to alkali-salt-induced modification of the perovskite film,
which includes alkali-salts-induced surface morphology modifi-
cation while possible direct migration of the incorporated alkali
cations may provide an additional contribution. Alkali-salt incor-
poration modifies the film composition, surface morphology, and
film quality, which may alter ion migration within the host per-
ovskite. The increased XPS-derived Br/Pb ratio signifies reduced
Br~ vacancies, whereas the enhanced absorbance-normalized PL
intensity suggests reduced non-radiative recombination. How-
ever, neither observation alone explains the increased ionic
transport. Adding alkali salts also increases surface roughness,
which may create a more defect-rich surface region that promotes
ion migration. In addition, the small alkali cations are also prone
to ionic migration. The calculated diffusion-barrier hierarchy of
Lit < Na* < K* further suggests that the incorporated alkali
cations may contribute to ionic migration, although the mobile
ionic species cannot be directly identified. Because alkali-induced
film modification and possible direct alkali-ion migration may
contribute simultaneously, their relative contributions cannot be
quantitatively separated based on the present measurements.

3 | Conclusion

This study indicates that alkali-cation incorporation can modu-
late the field-driven ionic behavior in MAPbBT; thin films. LiBr-,
NaBr-, and KBr-treated lateral devices exhibit distinct hysteresis
characteristics, with the effective ionic response following the
order LiBr > NaBr > KBr =~ control and the LiBr-treated
devices exhibiting the largest hysteresis and current response.
Based on the combined experimental and computational results,
we attribute the enhanced hysteresis primarily to alkali-salt-
induced modification of the perovskite film, while possible
direct migration of the incorporated alkali cations may provide
an additional contribution. Although the mobile ionic species
cannot be directly identified and the relative contributions of
these processes cannot be quantitatively separated, the results
establish a clear cation-dependent influence on the ionic response
of MAPbBr;. These findings provide insight into how different
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FIGURE 5 | Surface and interface configurations of MAPbBr; and adsorption sites for K, Na, and Li. (a) Energy comparison of five surface
configurations, highlighting that the (100) surface with the NH; group of CH3;NHj; close to the surface has the lowest energy (see insert). (b) Side
views of the (100) surface and the interface. The zoom-in figure exhibits that the NH; groups face each other at the interface. (c) Configurations for three
screened-out adsorption sites: hole, Pb-top, and Br-bridge. (d) Total energies of K, Na, Li adsorption on (100) surface, identifying the hole position as
the most stable adsorption site for all the three atoms. (e) Energy barriers for the diffusion of K, Na, Li between adjacent hole sites on the (100) surface.
The bottom panels are the configurations of the initial, transition, and final states of Na on the surface during the diffusion process. (f) Energy barriers
for the diffusion of K, Na, and Li between adjacent hole sites at the interface. The bottom panels are the configurations of the initial, transition, and
final states of Na at the interface during the diffusion process. The configurations for K and Li diffusing at the surface/interface are summarized in
Figure S28.

extrinsic cations influence ion migration behavior in halide
perovskites and highlight cation engineering as a potential
strategy for tuning ion-related behavior in perovskite electronic
and memristive devices.

4 | Experimental Section
4.1 | Chemicals and Materials
Methylammonium bromide (MABr) was purchased from Great-

cell Solar, and lead bromide (PbBr,) was sourced from Tokyo
Chemical Industry. Lithium bromide (LiBr), sodium bromide

(NaBr), and potassium bromide (KBr), used as metal ion sources,
were obtained from Sigma-Aldrich. Additionally, the solvents
N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
and the antisolvent toluene were also procured from Sigma-
Aldrich.

4.2 | ITO Substrate Preparation

For sputtered interdigital ITO (90:10 wt% In,05:Sn0,), electrodes
with a 200 um gap were deposited via magnetron sputtering using
a50 W (~2.5 W/cm?) DC power source at a chamber pressure of 5
mTorr. The company-customized interdigital ITO electrodes were
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fabricated with the same 200 um electrode gap. Prior to use, the 2.5
X 2.5 cm ITO substrates were sequentially cleaned by sonication
for 15 min each in decon soap, deionized (DI) water, acetone, and
isopropyl alcohol (IPA) to ensure a contaminant-free surface.

4.3 | Perovskite Precursor Solution and Lateral
Device Fabrication

The precursor solutions were first prepared by dissolving 1 M
MABr, 1 M PbBr,, and 0.01 M of alkali metal bromide salts—
specifically LiBr, NaBr, and KBr—in a mixed solvent of N,N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) with
avolume ratio of 5:2. The resulting solutions, each containing one
type of alkali metal additive, were stirred at room temperature
for at least 2 h to ensure complete dissolution and homogeneity.
The precursor solutions were subsequently deposited onto pre-
cleaned indium tin oxide (ITO)-coated glass substrates using a
one-step spin-coating process. The spin-coating was performed
at a speed of 6000 revolutions per minute (rpm) for 40 s. During
the spin-coating process, 200 uL of toluene was swiftly dripped
onto the rotating substrate at the seventh second to act as an
antisolvent, promoting rapid crystallization of the perovskite film.
Following deposition, the films were immediately transferred to
a hotplate and annealed at 100 °C for 10 min in an ambient
atmosphere to complete the crystallization of the MAPbBr;-
based perovskite layer. This process yielded uniform MAPbBr;
films, including the undoped control and Li*-, Na*-, and K*-
doped samples. These films were employed as active layers in
lateral perovskite memristor devices to investigate the effects of
alkali metal ion doping on film morphology, crystallinity, and ion
migration behavior.

4.4 | Characterizations

Scanning electron microscopy (SEM, JSM-7800F PRIME) was
employed to observe the planar and cross-sectional morphologies
of the samples. Atomic force microscopy (AFM, Park Systems
NX10) was used to capture the surface topography of the films.
The crystal phase of the perovskite films was analyzed using
X-ray diffraction (XRD) with Cu K« radiation (4 = 0.154 nm).
Ultraviolet-visible-near infrared (UV-Vis—-NIR) absorption spec-
tra were recorded using a Shimadzu UV-2400 spectrophotometer.
Photoluminescence spectroscopy (PL) spectra were obtained
using a WITec alpha 300RAS confocal Raman microscope, with
a linearly polarized continuous-wave (CW) solid-state laser at
405 nm serving as the excitation source. Elemental analysis
was performed using X-ray photoelectron spectroscopy (XPS)
on a Kratos AXIS Supra with aluminum X-ray monochromatic
sources. Conductive atomic force microscopy (c-AFM) was per-
formed with Cr/Pt-coated conductive tips (ElectriMulti75-G)
having a 25 nm radius of curvature, enabling the simultaneous
measurement of current and surface topography. All images were
obtained with a bias voltage of 0.5 V under ambient conditions in
the dark. The c-AFM measurements were conducted in a vertical
configuration to map the nanoscale current distribution across
the perovskite film surface. The resulting current maps provide
spatially resolved information on the local current response at
grain interiors and grain-boundary regions.

4.5 | Lateral Device Measurements

Galvanostatic direct current (d.c.) polarization measurements
were carried out using a Keithley source meter integrated with a
Lakeshore cryogenic probe station under a continuously pumped
nitrogen atmosphere. For the DC polarization analysis, the
ITO contacts were treated as nominally ion-blocking contacts.
Under this approximation, the initial response contains contri-
butions from both ionic and electronic charge carriers. During
polarization, ionic redistribution progressively reduces the net
ionic contribution, and the steady-state response is assigned
to the electronic contribution, following the blocking-electrode
polarization principle for mixed ionic—electronic conductors [66].
The effective ionic contribution was estimated from the differ-
ence between the initial total conductance and the steady-state
conductance. The extracted ionic and electronic conductivities
were used primarily to compare the relative transport trends
among devices measured using the same electrode configuration
and polarization. The initial total conductance and steady-state
conductance were calculated as G, = I/Vyand Gy, = I/V,
respectively. The effective ionic conductance was estimated as
Gion = G, — G, while the electronic conductance was taken as G,
= G - The corresponding conductivities were calculated using o
= GL/A, where L is the electrode spacing and A is the effective
cross-sectional area of the perovskite channel [43].

Current-voltage (I-V) measurements were performed using the
same vacuum probe station under continuous pumping, apply-
ing various bias voltages and scan rates to evaluate hysteresis
behavior and ion migration characteristics. To quantify hysteresis,
the hysteresis index (Hj,4.c) Was calculated using the following
equation: Hindcx = (Ircvcrsc_Iforward)/ IrcvcrscA Within the same
voltage range, a higher H; 4, value indicates more pronounced
ion migration, while a lower value corresponds to suppressed ion
migration.

4.6 | Calculation Method

Density functional theory (DFT) calculations are performed
using the Vienna ab initio simulation package [67, 68], with the
Perdew-Burke-Ernzerhof (PBE) functional within the general-
ized gradient approximation [69]. For surface configurations, the
vacuum lengths are larger than 20 A to avoid interaction between
neighboring slabs. Dipole corrections are applied to account for
the dipole-dipole interactions along the z-direction [70]. The
bottom layer of the surface slab is fixed while the top two layers
are fully relaxed. For the interface configurations, both the bottom
and top two atomic layers are fixed, with the intermediate layers
allowed to relax. For all the calculations, the electronic wave
functions are expanded in plane waves with a kinetic energy cut-
off of 450 eV, and the first Brillouin zone is sampled using a
(2 x 2 x 1) T-centered k-mesh [71]. The convergence criteria for
energy and force are set to 10-5 eV and 0.05 eV/A, respectively. A
dispersion correction of total energy (DFT-D3 method of Grimme
with zero-damping function) is used to incorporate the van der
Waals interaction [72, 73].

To investigate the diffusion mechanisms of K, Na, and Li atoms
on the MAPbBr; surface/interface, the climbing image nudged
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elastic band (CI-NEB) method [74, 75] is implemented using the
Transition State Tools for VASP (VTST). Both the initial and final
structures are fully relaxed until the residual force on each of the
relaxed atoms was smaller than 0.05 eV/A. Seven intermediate
states are constructed by using linear interpolation, with the force
convergence criterion set to 0.05 eV/A.
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