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Summary

Understanding ion migration in two-dimensional (2D) perovskite materials is key
to enhancing halide perovskite device performance and stability. However, prior
studies have been primarily limited to heat and light induced ion migration. In
this work, to investigate electrically induced ion migration in 2D perovskites, we
construct a high-quality single crystal 2D perovskite heterostructure device
platform with near defect-free van der Waals contact. While achieving real-time
visualization of halide anions migrating towards the positive bias, defined here
as directional ion migration, we also uncover the unique behavior of halide
anions inter-diffusing towards the opposite direction under prolonged bias.
Confocal microscopy imaging reveals a halide migration channel that aligns
with the crystal and heterojunction edges. After a sustained ion migration,
stable junction diodes exhibiting up to ~1000-fold forward to reverse current
ratio are realized. This study unveils important fundamental insights on halide
migration under electrical bias, paving the way towards high-performance
devices.

Introduction

Halide perovskite optoelectronics have shown remarkable progress over the past
decade, attributed to their solution-processability and significant optoelectronic
properties.’® However, their inherent instability due to the ionic nature of the soft
halide perovskite lattice is an obstacle for long-term use, particularly because of ion
migration.*5 This can be triggered by factors such as heat, light, electric field, or
current during operation, leading to issues such as current-voltage hysteresis,
transport layer doping, and accelerated material degradation.®-° Additionally, mobile
ions can cause further problems like phase segregation in mixed-halide systems.0-12
To overcome these challenges, two-dimensional (2D) perovskites with hydrophobic
organic cations have emerged as a more stable alternative to three-dimensional (3D)
perovskites.'>1® Recently, efficient optoelectronic devices utilizing quasi-2D
perovskites or 2D-3D perovskite heterostructures have been demonstrated, spurring
innovations in this field and heightening interest in understanding ion migration

behavior, particularly in 2D perovskites.'”



Research on ion migration has been mostly focused on single component
polycrystalline thin films or single crystals which pose challenges in direct visualization
of ion movement under an external stimulus.'®'® Heterostructures can work as a
promising platform, offering clearer visualization and allowing more precise
quantification through observation of ion migration across interfaces. While previous
works utilizing heterostructures have mainly focused on heat or light induced migration
and phase segregation, ion migration in heterostructures under electric bias has not
been well investigated, due to the challenges in reliable device fabrication, particularly
lacking studies based on 2D perovskites.?°-24 In this work, we construct high-quality
2D perovskite single crystal heterostructure devices with van der Waals contact
established through multi-step dry transfer. This approach allows us to visualize real-
time migration of halide anions towards the positive bias, an observation we define as
directional ion migration, revealing new insights into the behavior of halide anions
under electric bias. Key findings include the discovery of vacancy-induced inter-
diffusion against bias direction and an analysis of preferred ion migration pathways,
showing that ion migration is not only directional but also favored along the edges of
single crystal sheets, which is completely different from thermally induced ion diffusion.
These directional ion migration behaviors are also validated through a simulation
which replicates similar ion movement under the influence of electric field. Moreover,
ion migration in 2D perovskite heterostructure devices results in a unique diode
behavior, with particularly amplified performance in double junctions. Our study
establishes important insights regarding electrically induced ion migration with a
simple yet powerful heterostructure platform, which can be further utilized for potential

in-depth studies and device integration.

Results and Discussion

Fabrication of single crystal heterostructure devices

Heterostructures of single crystals are fabricated through a step-by-step dry transfer
of 2D perovskite single crystal sheets incorporating phenylethyl ammonium (PEA)
cations, which are acquired via a floating growth method that enables the synthesis of
large area, high-quality sheets.?> As depicted in Figure 1A, a mildly heated saturated
precursor solution is dropped onto a glass plate, initiating the crystallization of single
crystal sheets at the air-solution interface. Crystal sheets are then retrieved with



polydimethylsiloxane (PDMS) attached to a glass slide and dried in a vacuum chamber
for dry transfer preparation. Three different crystal sheets, Br n=1 ((PEA)2PbBr3), |
n=1 ((PEA)2Pbls), and | n=2 ((PEA)2(MA)Pb2l7) were synthesized as building blocks
for the heterostructures. Figure S1 shows the typical optical images of the prepared
single crystal sheets on PDMS. The thickness was measured to be in the 50 ~ 150 nm
range as measured in Figure S2. Then, as illustrated in Figures 1B-D, 2D perovskite
crystal sheets are transferred onto a Si/SiO. substrate with Ti/Au contact pads,
prepared via photolithography. Consecutive point-to-point transfers are executed
using a transfer stage to create a bromide-iodide heterostructure. This design includes
an overlapping area between the two crystal sheets, enabling halide anions to migrate
across the heterostructure. The heterostructure is constructed in between two Ti/Au
pads which would later serve as a secondary contact pad for electrical measurements.

Br n=1 — | n=1 heterostructures were characterized to ensure the phase purity of the
pristine samples. Figure 1E-H shows a scanning electron microscopy (SEM) image
of the junction area and the corresponding energy-dispersive X-ray spectroscopy
(EDS) elemental mappings of bromine, iodine, and lead, clearly indicating distinct
elemental distribution within the pristine heterostructure. Figure 11-K provides optical
images and confocal photoluminescence (PL) mapping images detecting two different
wavelength ranges of 410 - 440 nm and 500 - 530 nm, which display a clear distribution
of PL emission with sharp boundaries. PL spectra shown in Figure 1L also presents
the emission wavelength of both Br n=1 and | n=1 crystal sheets, absent of an alloy
phase PL peak. X-ray diffraction (XRD) patterns of perovskite single crystals (Br n=1,
I n=1, | n=2) and heterostructures (Br n=1 — | n=1, and Br n=1 — | n=2) are also
compared in Figure S3, which proves the formation of a sharp junction between two
pure crystal sheets with minimal alloy formation. Additionally, Figure S4 provides more
optical and PL images of heterostructures with different configurations showing the
robustness of this method.

Further development of these pristine heterostructures into a device platform involves
applying a unique electrode dry-transfer method, as illustrated in Figure 2A. Two Au
electrodes with a channel gap of 20 ~ 40 ym and attached to polymethyl methacrylate
(PMMA), are dry transferred onto the pristine heterostructure. This transfer is executed



using a thermal release tape, which requires heating to lose adhesion.?®?” The transfer
process is conducted with great precision to ensure that the junction part is
strategically positioned in the channel between the two electrodes and that each Au
electrode can establish contact with the pre-patterned Ti/Au pads. This channel gap,
which uncovers the junction area, will later serve as a window for observing ion
movement. The Ti/Au pads play a critical role in forming reliable contact with the
electrical measurement probes, ensuring consistent results even with repeated
measurements. Meanwhile, the PMMA functions as a transparent protection layer,
isolating the interference of moisture and oxygen, increasing the overall stability of the
device. Figure 2B provides a cross-sectional schematic representation of the device's
configuration after the completion of all dry-transfer steps, accompanied with the top

view of a real device with low magnification shown in Figure S5.

Electrically induced directional halide migration

Fabricated heterostructure devices were induced with electric bias to investigate the
ion migration behavior. lon migration was analyzed through real-time PL imaging of
the junction area. Movement of bromide anions into the iodide region, or vice versa,
would result in alloy formation, giving rise to a new PL emission peak that locates
between the pure bromide and iodide perovskites emission wavelength. Two different
Br n=1 — | n=1 heterostructure devices with a similar configuration was prepared to
contrast the ion migration behavior under varying directions of electric bias. An electric
bias of 5 V was applied for 5 minutes to both devices, as shown in Figures 2C-F, the
only distinction being the direction of the bias. The heterostructures did not show any
notable changes with electric bias lower than 5 V. Figures 2C and 2E show optical
and PL images of the heterostructure devices before introducing bias. Figures 2D and
2F are the PL images following the electric bias treatment, and corresponding confocal
PL mapping images are included in Figures S6 and S7. Notably, when the electric
field is directed towards Br n=1, no significant alteration in the PL image is observed
before and after the bias, as observed in Figures 2C and 2D. However, in the opposite
case, a pronounced change in PL image is observed as migration of iodide anion is
triggered towards the Br n=1 side due to the electric stimulus, forming an I/Br alloy. As
iodide anions carry a negative charge, they can only migrate to the Br n=1 area only
if the electric field is oriented towards the | n=1 side. On the other hand, bromide



anions can only migrate to the | n=1 area if the electric field is oriented towards the Br
n=1 side. In this work, we define such movement of halide anion as directional ion
migration, where the ions move towards a specific direction guided by the induced
electric field. It should be acknowledged that the movement of bromide anions in
Figure 2D is happening but is not observable as the Br n=1 sheet is covered by the |
n=1 sheet in the junction area. Thus, the movement of iodine was only of focus here
for varying electric field directions, considering that band shift is more abrupt with
iodine moving to the bromide area and photoluminescence quantum yield (PLQY) is
generally higher for iodine rich phases. Clear demonstration of directional ion
migration behavior in heterostructures when subjected to electric stimuli can also be
confirmed through a real-time video recording of PL image evolution shown in
Supplemental Videos 1 and 2. Furthermore, even after the external bias was turned
off after ion migration, the Br/l alloy PL emissions largely persisted as seen in Figure

S8 showing only partial relaxation of anions back towards their origin.

To further investigate the directional migration behavior under a more potent electric
stimulus, a larger bias was applied for an extended time duration. Figure 2G shows
the optical and PL image of the Br n=1 — | n=1 heterostructure device in its pristine
state. Induced with 20 V of electric bias, Figures 2H and 2l show two PL images with
an interval of 10 mins. To precisely identify the spatial distribution of Br/l alloy formation
due to ion migration, confocal PL mapping images in the wavelength range of 490 nm
— 510 nm were captured as shown in the lower panels of Figures 2H and 2I. With the
application of a stronger electric bias to the heterostructure, directional ion migration
occurs simultaneously with partial degradation. The ion migration behavior is directly
observable from a real-time PL image video provided in Supplemental Video 3, where
the I n=1 sheet is gradually transformed into a sky-blue Br/lI phase due to ion migration
while its boundary keeps shifting towards the positive bias. Figure 2H, showing the
heterostructure after 10 mins of bias, reveals the formation of alloy phase and shift of
boundary. As the electric bias continues, the alloy phase boundary progresses towards
the cathode, as displayed in Figure 2I. The PL emission peaks from the junction area
after 10 mins and 20 mins exhibit a clear emergence of a Br/l alloy peak around the
490 — 510 nm range as seen in Figure 2J. Moreover, the alloy peak after 20 minutes



displays a relative blue shift with an increased intensity, indicative of a rising ratio of

bromide to iodide in the alloy phase.

In addition, it is worth noting that as the progression of the Br/l alloy towards the
positive bias continues over time, Br n=1 sheet also begins to exhibit Br/l alloy phase
PL emissions as well, indicated by Figure 2I. This is an unexpected behavior as this
requires iodide anions, a negatively charged particle, to migrate towards negative bias.
The confocal PL mapping image in Figure 2l provides further evidence that the Br/I
alloy has emerged in the Br n=1 crystal sheet. Full collection of confocal PL mapping
images of different wavelength pockets is provided in Figures S9 and S10. The initial
directional migration of bromide anions, followed by the migration of iodide anions in
the opposing direction can be explained by the proposed mechanism illustrated in the
schematic shown in Figure 2K. Initially, when a Br n=1 — | n=1 heterostructure is
induced with an electric bias (positive bias on the | n=1 side and negative bias on the
Br n=1 side), this causes both iodide and bromide anions to migrate towards the
positive bias, simultaneously forming a Br/| alloy phase. Then, when a strong enough
bias is sustained, continuous ion migration leads to increased bromide vacancies in
vicinity of the anode. This creates a large enough gradient of halide vacancy
concentration within the heterostructure, instigating a vacancy-driven interdiffusion of
iodide anions to fill the voids in the Br n=1 sheet. It can also be understood that halide
oxidation and reabsorption may play a role as well according to previous studies.®"
Consequently, this results in the formation of Br/l alloy phase near the anode and the
gradual evolution showing the change in spatial distribution of Br/I alloy PL emission
in Supplemental Video 3 supports the proposed ion migration behavior as well.

lon mobility values and diffusion coefficients were calculated and compared with
previous reports that quantify these parameters using various platforms featuring
halide perovskite materials. The interrelation between ion mobility and diffusion
coefficient is established by the following Einstein relation:2829
kg T v
D= UKp

qa "TE
where D is diffusion coefficient, u is ion mobility, ks is Boltzmann constant, T is

absolute temperature, q is electrical charge on the electron, v is the ion drift velocity



and E is the electrical field applied to the material. Figure S11 provides a schematic
on how ion mobility and diffusion coefficient was calculated from the Br n=1 — | n=1
heterostructure along with the distribution of calculated values. Figure S12a compares
this work’s ion mobility values with earlier studies that investigate ion migration in 3D
perovskite devices.??22:30-32 Meanwhile, Figure S12b compares diffusion coefficient
values with previous studies that investigate ion migration in 2D and 3D
perovskites.?333-3¢ Heightened mobility and diffusion coefficient values in this work can
be attributed to the enhanced electrical current densities passing through the crystals
enabled by the high-quality van der Waals contact devices, resulting in higher
vacancy/defect densities. High current levels were recorded during ion migration
experiments (Figure S13). Momentum of electrons flowing through the material
transferred to the lattice can lead to electromigration, increasing defect density in the
lattice, subsequently contributing to elevated mobility and diffusion coefficient values

in the heterostructure devices.?”

Halide ion migration pathways

As observed in Figures 2G-2l, it's important to recognize that ion migration is not a
random process; rather, it typically originates from the corners near the junction area
and favors propagation along the edge region over the bulk region of the crystal sheets.
Br n=1 — | n=2 heterostructures were utilized to further confirm directional ion
migration and illuminate the preferred migration pathways, as well as to uncover the
driving forces governing electrically driven ion migration in 2D perovskites. | n=2
crystal sheets comprised of two inorganic octahedral layers with an increased amount
of iodide anions per volume compared to | n=1, yield two specific advantages. Firstly,
they allow the initiation of ion migration with a relatively smaller electric bias and a
shorter time duration due to their relative abundance in halide anions, facilitating the
revelation of preferred migration pathways. Secondly, the differentiation between the
Br/l alloy PL emission (green) and the pure PL emission wavelengths from Br n=1
(blue) and I n=2 (orange) becomes more discernible. This contrast enhances real-time
PL mapping, making the analysis more convenient and informative. Figure S14 shows
the PL spectra of the heterostructure junction area, both in its pristine state and after

the application of electric bias.



Both optical and PL images (Figures 3A and 3B) of a Br n=1 — | n=2 heterostructure
were collected before and after it was subjected to an electric bias of 3 V for a duration
of 5 minutes. The heterostructure did not exhibit notable changes under electric bias
under 3 V. What stands out is the exclusive formation of the alloy phase along the
edge of the junction area, highlighted by a directed migration of iodide anions only
towards the Br n=1 crystal sheet. This behavior is distinctly different from thermally
induced anion diffusion, which results in a uniform alloy formation across the entire
junction area, featured in Figure S15. Confocal PL mapping in the lower panel of
Figure 3B further reveals alloy formation specifically in the edge connecting the
cathode and | n=2 crystal sheet, further supporting that ion migration is more
concentrated in the edge region. The full collection of confocal PL mapping images
across different wavelength pockets is available in Figure S$16. To validate the
directionality and edge-focused ion migration pathway, a double junction with an | n=2
— Br n=1 — | n=2 heterostructure was also fabricated and tested using an identical
electric bias. As shown in Figure 3C, the results were consistent with the green Br/I
alloy formation localized on the edges of the crystal sheets within the heterostructure.
Interestingly, both iodide and bromide anions migrated towards the right side, leaving
the opposite edges devoid of alloy formation. This unique pattern was captured in the
PL image and confocal PL mapping image in Figure 3D. A complete set of confocal
PL mapping images can be found in Figure S17. These findings are also further
supported by previous studies reporting grain boundary dominant ion migration in
halide perovskites thin films.383°

To further uncover the effects that electric bias may have on the edge region and why
it may facilitate an ion migration pathway, an analysis of electric current in the
heterostructure devices was performed. Figure S18 shows the optical and PL image
of a device platform created specifically to perform spatial mapping of electric current
flow in a single crystal sheet. In these mappings, the edge regions were revealed to
be more conductive, exhibiting higher current values compared to the bulk region. An
earlier study by Wang et al. using similar means of measurement on 2D perovskites
have also shown similar conclusions concerning edge conductivity.*® As higher electric
current levels in the edges can increase the local defect density in the lattice due to
stronger electromigration effects, it consequently becomes a preferred channel for



halide anion migration. Figures S19 and S20 as well as Supplemental Videos 4 and
5 also show additional heterostructures revealing edge focused ion migration channels.
To rule out any other major factors, especially resistive Joule heating in particular,
which might trigger thermally induced ion migration, an infrared microscope was used
to obtain spatial temperature mapping of the heterostructure device while electric bias
was applied. As shown in Figure S21, the heterostructure showed minimal
temperature change from room temperature conditions. To further confirm, a
heterostructure device with a junction perpendicular to two electrodes were fabricated
and induced with 40 V of electric bias. As provided in Supplemental Video 6 and
Figure S22, the heterostructure showed no thermal diffusion or ion migration across
the junction even until degradation which proves that ion migration in the
heterostructures happen solely due to electric bias and current in the platforms we
created.

Electric field and ion transport simulations were also conducted to corroborate the ion
migration behavior observed in experiments. Br n=1 — | n=1 heterostructure platform
was utilized to model the electric field and mobile ion concentration evolution over time
through theoretical calculations (see Methods for details). Figure 3E illustrates three
selected points across the heterostructure's cross-section for analysis. Among the
three points, points 1 and 3 represent the junction edge regions adjacent to Br n=1
and | n=1 side respectively, while point 2 represents the bulk region of the junction.
The electric field at points 1 and 3 exhibited notably higher absolute values in the x
and y components near the heterostructure interface, as depicted in Figure 3F. As the
y component of the electric field governs the anions migrating across the
heterostructure interface, this explains the more profound migration of ions in the
junction edge regions compared to the bulk region, as observed in the experiments.
Thus, as illustrated in Figure 3G and 3H bromide concentration at points 1 and 3
initially surged across the interface enabled by the active ion migration driven by the
initial electric field, followed by a slight decline as ions migrate laterally. In contrast,
point 2 displayed a consistent and gradual but relatively slower increase in bromide
concentration, attributed to a weaker electric field. Figure S23 presents the iodide
concentration evolution, revealing an accumulation against the induced bias before

inter-diffusion after a certain time. Initially hindered by an unfavorable electric field,



iodide ions eventually migrated when vacancies on the opposite side induced a
sufficient screening effect, coupled with a steepened anion concentration gradient

across the junction.

Post-migration diode behavior

When the heterostructure devices were applied with a consistent bias in a single
direction as illustrated in Figure 4A, a unique change in device characteristics was
revealed. Initially, these devices displayed a standard current-voltage (/-V) curve, akin
to that of a typical halide perovskite material with symmetric electrodes. Yet, under a
sustained bias of 3 V, they began to demonstrate a diode-like behavior, as depicted in
Figures 4B and 4C. The /-V curve's evolution in relation to the bias duration is shown
in Figure S24, showing that the forward current level increases significantly with more
time the heterostructure is applied with a sustained bias. Also, /-V curves of non-
heterostructure devices with a single crystal sheet showed symmetrical behavior
under forward and reverse bias as shown in Figure S25, supporting that the diode
behavior can be attributed to ion migration triggered by external electric bias rather
than the intrinsic property of the material. As presented in Figure 4A, persisted
migration of halide anions in one direction can result in the formation of asymmetrically
distributed vacancy and interstitial defects. It's reported that point defects possess
shallow energy levels in 3D halide perovskites as well as 2D perovskites.4'42 Thus,
the asymmetric nature of these point defects (interstitials and vacancies) across the
junction may lead to self-doping, resulting in the formation of a P-N junction.** To
further investigate how the diode behavior rises, device simulations were performed
using analytical equations (see Methods for details). Figures 4F and 4G show the
fitted device simulation /-V curves for reverse bias and forward bias, respectively. As
the diode operates at a significantly lower turn-on voltage compared to conventional
diodes while showing higher reverse leakage currents, this can be attributed to the
soft breakdown of the diode.*44% As shown in Figure 4H, electron and hole hopping
can occur during forward and reverse biasing due to an abundance of point defects in
the junction. The asymmetricity of the current in both directions is also contributed by

the disparity in the bandgap between the two components.
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While there are reports of ion migration induced diode behavior in 3D halide
perovskites, often referred to as poling effects, the 2D perovskite heterostructures
examined in this study set themselves apart by consistently maintaining this state,
even with repeated cycles, as demonstrated in Figure $26.44¢ This contrasts with 3D
perovskite materials, which struggle to sustain the poled state over extended periods.
Due to the organic cation barriers between inorganic layers, reversing active ion
migration across distinct layers in 2D perovskite materials isn't feasible. Overall, as
previous poling studies are rather a display of pseudo-junctions from single materials,
2D perovskite heterostructures in this work are inherent junctions of two layers with
different halide species which transform into a junction diode. Moreover, double
junction heterostructures displayed heightened diode characteristics, exhibiting a
remarkable ~1000-fold forward and reverse current ratio at 4V as shown in Figures
4D and 4E, pointing to the potential for enhancing diode performance by tweaking
heterostructure configurations. The junction diodes created also displayed evidence
of photovoltaic effect with a clear open-circuit voltage under light excitation as
displayed in Figure S27. The stability of these junctions, coupled with the adaptable
diode properties through heterostructure setup, reveals a promising avenue for further

exploration in semiconductor device application.

Conclusion

In summary, we have fabricated a 2D perovskite single crystal heterostructure device
with Van der Waals contact, achieved through a multi-step dry transfer technique to
conduct a comprehensive study of ion migration under the influence of an electric bias.
Accompanied by real-time visualization of PL and confocal spatial mapping of Br/I alloy
phases, highly directional ion migration behavior was observed. Heterostructure under
different electric bias conditions elucidated not only directional ion migration but also
vacancy-driven interdiffusion of anions in an electrically unfavored direction due to
sufficient vacancy accumulation. It was also revealed that ion migration favors the
edge regions of crystal sheets, attributed to higher electrical conductivity in the edge.
We further corroborated these ion migration patterns through simulations that
assessed the evolution of electric fields and ion concentrations in different sections of
the heterostructure. Additionally, the transformation of the heterostructure into a stable

junction diode was another significant outcome, observed after sustained directional
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ion migration, leading to improved diode characteristics in double junction
heterostructure devices. Overall, our research sheds light on the dynamics of
electrically stimulated ion migration and its implications for the ionic/electrical
properties of devices, offering a simple yet potent heterostructure framework that
paves the way for further advanced fundamental studies as well as potential

applications in optoelectronics, integrated circuits, and neuromorphic computing.
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Experimental Procedures

Resource Availability

Lead contact
Further information and requests for resources should be directed to and will be
fulfilled by the lead contact, Letian Dou (dou10@purdue.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability
All data are available upon reasonable request.

Preparation of 2D perovskite single crystal heterostructures: The floating growth

method was used to obtain 2D halide perovskite nanocrystals. Specifically, Pbl> or
PbBr2 (0.4 mmol) and PEAI or PEABr (0.4 mmol) precursors were dissolved into an
acid mixture containing 0.9 mL of HBr or Hl and 0.1 mL of H3PO2 in a 10 mL glass vial
for (PEA)2PDbI4 (I n=1) and (PEA)PbBr4 (Br n=1). Pbl2 (0.4 mmol), PEAI (0.2 mmol),
and MAI (0.6 mmol) precursors were dissolved into the same acid mixture for
(PEA)2(MA)PDb2l7 (I n=2). With magnetic stirring, the vial was heated to 120 °C in an
oil bath. The (PEA)2Pbls (I n=1) solution was cooled down to 55°C, while (PEA)2PbBr4
(Br n=1) solution was cooled down to 40°C, and (PEA)2(MA)Pbal7 (I n=2) was cooled
down to 47°C. The solutions were kept at that temperature in a closed vial as the stock
solution. Two microliters of these warm supernatant solution were collected and
dispensed with a 10ul pipette onto a glass slide placed in open ambient environment.
Single crystal sheets were picked up by PDMS from the solution surface. Single crystal
sheets were then transferred from the PDMS to the desired substrate and constructed
into a heterostructure through point-to-point transfer using an in-house built transfer

equipment.

Single crystal and heterostructure device fabrication: The Ti (4 nm) /Au (30 nm)

electrode for contact pads on Si/SiO2 (300 nm) wafer were prepared by conventional
photolithography and thermal evaporation method. The 2D single crystals on PDMS
substrates were transferred between the contact pad electrodes and then a PMMA

13
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film with Au electrodes were transferred on these crystals using transfer stage below
85°C. For PMMA film with Au electrodes, following the patterning process of
photoresist (AZ 1518), a 130 nm Au was thermally evaporated onto the Si/SiO2 (300
nm) wafer, followed by hot acetone washing to remove the photoresist. Afterward,
the self-assembly monolayer surface treatment of Hexamethyldisilane (HMDS) was
applied in vacuum chamber. Subsequently, a PMMA solution was spin-coated on top
of the Au electrodes and annealed at 180°C for 10 min. The Au electrodes / PMMA
layer were lifted off from substrate and transferred on to the crystals by using thermal
release tapes.

Optical microscopy measurements: All bright-field images were collected with a

custom Olympus BX53 microscope. All PL images were taken using a X-Cite Series
120 Q lamp as the excitation source. PL spectra were collected with a SpectraPro
HRS-300 spectrometer.

Confocal photoluminescence (PL) mapping: A Leica SP8 inverted laser scanning

confocal microscope with a 405 nm laser line as the excitation wavelength was used

for the PL mapping of the bromide and iodide layers in the vertical heterostructure.

Scanning electron microscopy (SEM) imaging: SEM and EDX mapping images were
obtained using a Hitachi S-4800 cold SEM microscope with EDX.

Crystal thickness measurements: The height profile of the crystals was measured

using stylus profilometer (DektakXT).

Electrical measurements: The measurement of current-voltage characteristics and

bias input for single-crystal devices and single-crystal heterostructure devices were
conducted under ambient conditions using Keithley 2400 and Keithley 4200-SCS

semiconductor parametric analyzers.

X-ray Diffraction (XRD) pattern measurements: XRD was measured using a powder

X-ray diffractometer (Panalytical Empyrean) with a Cu Ka source.
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Conductive atomic force microscopy (CAFM) measurements: CAFM images were

obtained using the Asylum Research Cypher ES Environmental AFM in the air. The
samples for CAFM measurements were prepared on Si/SiO2 wafers with Ti/Au
electrode as a conductive substrate with insulating layer. The 2D perovskite crystal
was electrically grounded with a conductive sample holder. One side of crystals was
connected to Ti/Au electrode by transferring Au electrode and Ti/Au electrode was
connected to Si layer by silver paste. The AFM tips used during the measurement
were Ti/Pt-coated AC240TM-R3 tips (Oxford Instruments). The measurements were

conducted in the dark under 1 V bias.

Infrared microscope temperature mapping: The thermal behavior of the device is

measured using an infrared (IR) microscope (Infrascope™, Quantum Focus
Instruments). This IR microscope is configured with adaptable lenses that enable
measurements at different spatial resolutions ranging from 105 to 1.8 ym/pixel, and
imaging sensor with 1024 x 1024 pixels. In this research, a 12x magnification objective
infrared lens is utilized, resulting in an approximate spatial resolution of 2.7 ym/pixel
and offering a field of view of about 1 x 1 mm to measure the surface temperature
response of the device. Here, the temperature measurement is performed assuming
a constant emissivity of 0.8 across the device surface. The transient spatial
temperature evolution in the device is recorded in the form of a thermal movie over the
50 second period over which the electric bias is applied, at a temporal resolution of
500 millisecond between each temperature frame. The temperature data is imported

in MATLAB for further processing and analysis.

lon migration simulations: We use our self-consistent numerical simulation

(implemented in COMSOL Multiphysics) to investigate the formation of
heterojunction at the interface between Br n=1 and | n=1. For simulating the charge
transport behavior, we have considered a 2D device structure and self-consistently
simulated Poisson's (Eq. 1) and diffusion equations (Eq. 2 and 3) for ionic (cations

and anions) charges. The Poison's equation is,

V-(eVV) =—-p, Eq.(1)
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where, p, = q(N. — N,) and N., N, represent the density of cation, anion,
respectively. The solution of Poisson's equation provides the time evolution of the
electric field (E = —VV') depending on the spatial and temporal charge profile in the
simulation domain. The solution of Poisson's equation provides insights into the time-
evolving electric field (E = —VV), influenced by the spatial and temporal charge
profiles in the simulation domain. The evolving electric field, in tandem with random

diffusion, acts as the primary driving force for charge transport.
—+V-J;=0 Eq.(2)

]i = —DiVCl- - Zl'uiFCiVV Eq (3)

Here, c¢; and z; represent the concentration and dimensionless charge number of
the speciesi (i.e., N., N,). D; and u; denote the corresponding diffusivity and
mobility of the species i, and are connected via the Einstein relationship, D = ukT/q.

F represents the Faraday constant.

The Br n=1 and | n=1 regions is initially assumed to contain a uniform distribution of
anions (e.g., Br for Br n=1 and I for | n=1) along with an equal amount of immobile
background cations, ensuring initial charge neutrality. The boundaries at the metal
contacts (x=0 for Br n=1 region and x=L for | n=1 region), including all other external
boundaries of the simulation domain, are considered insulating for both anions and
cations (i.e. n-J; = 0), thereby allowing the ionic transport only across the junction
interface.*” Additionally, a potential barrier is assumed for charge carriers to traverse
between the Br n=1 and | n=1 regions. The mobile concentration values of halide

anions used as initial condition were derived from a previous study.*®

Diode device simulations: The device simulation has been performed using the

following analytical equation:#4:45

1

I=A(eBV—1),A=ISandB=ﬂ

q
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An assumption is made that a tunneling phenomenon occurs across the P-N junction,
as the diode operates at a significantly lower turn-on voltage compared to the
conventional turn-on voltage of a diode. The physical phenomenon of tunneling is due
to the presence of a prefactor (B) within the exponential component. The process
involves the regulation of electron transfer from the bromide side to the iodide side, or
the movement of holes from the iodide side to the bromide side. The estimated values
for variables A and B are 372 and 0.56, respectively. The asymmetry of current in both
directions can be attributed to the disparity in bandgap between two crystal sheets.
The energy band levels of (PEA).PbBrs and (PEA)2Pbls were adapted from previous

literature.*3:4°
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Figure 1. Fabrication scheme and characterization of 2D perovskite
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(A) Schematic illustration of floating growth method and retrieval of 2D perovskite
crystal sheets onto PDMS attached onto a slide glass.

(B-D) Point-to-point multi step dry transfer process of 2D perovskite crystal sheets to
create a heterostructure on a Si/SiO; substrate prepatterned with Ti/Au pads.

(E) SEM image of a Br n=1 — | n=1 pristine heterostructure.

(F-H) Corresponding SEM EDX images showing the elemental mapping of Br (F), |
(G), and Pb (H).

() Optical image of the same heterostructure.

(J-K) Confocal PL mapping images showing emissions in the wavelength range of 410
nm-440 nm (J) and 500-530 nm (K).

(L) PL image (inset) and PL spectra captured from the heterostructure junction area.
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Figure 2. Fabrication of heterostructure device and observation of electrically

induced ion migration behavior

(A) Schematic illustration of gold electrode transfer onto 2D perovskite heterostructure.
(B) Cross-sectional schematic representation of the heterostructure device.

(C-E) Two Br n=1 — | n=1 heterostructures induced with opposite direction of electric
bias of 5 V for 5 mins with optical and PL images of heterostructures before (C), after
(D) electric field towards left, before (E), and after (F) electric field towards right.

(G-I) Br n=1 — | n=1 heterostructure induced with electric bias of 20 V for 20 mins with
PL image in its pristine state (G), 10 mins (H), and 20 mins (I) after bias. Downside
panel shows the bright field image of the device and confocal PL mapping capturing
490 — 510 nm emission for each corresponding time step.

(J) PL spectra evolution over time.

(K) illustration of the proposed mechanism including directional ion migration and
vacancy-driven inter-diffusion in 2D perovskite heterostructures under electric bias.
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Figure 3. Edge-focused ion migration pathways

(A-B) Br n=1 — | n=2 heterostructure induced with electric bias of 3 V for 5 mins with
PL images of heterostructures before (A) and after electric bias (B). Downside panels
each show bright field image of the device in (A) and confocal PL mapping image in
(B).

(C-D) | n=2 — Br n=1 — | n=2 heterostructure induced with electric bias of 3 V for 5 mins
with PL images of heterostructures before (C) and after (D) electric bias. Downside
panels each show bright field image of the device in (C) and confocal PL mapping
image in (D).

(E) Schematic illustration of the Br n=1 — | n=1 heterostructure under electric bias
which was employed for the ion transport modelling. 3 points denoted as 1, 2, and 3
were chosen across the 2D cross-section of the heterostructure as shown. Electric
field (x & y components), bromide, and iodide concentration profiles were calculated
at each point from bottom to top.

(F) Initial electric field x component (top panel) and y component (bottom panel) at 3
points (1, 2, and 3) in the heterostructure.

(G) Bromide concentration profile evolution in 3 points (1, 2, and 3) from 0 seconds to
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1200 seconds with data every 100 seconds shown. A break in the Y axis was applied
to better display the data.

(H) Bromide concentration evolution from each point at Y = 0.15 pym (I n=1 side,
represented as dashed lines in (G)) plotted against time showing the sharp initial rise
followed by a gradual decrease of bromide concentration in points 1 and 3 versus a

relatively slow gradual increase of bromide concentration in point 2.
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Figure 4. Post-migration diode behavior in heterostructure devices

(A) Schematic illustration showing the drift of halide anions, vacancies, and interstitials
in a 2D perovskite heterostructure with respect to electric field.

(B-C) I-V curve of a single junction heterostructure device in linear (B) and logarithmic
(C) y-axis scale.

(D-E) /-V curve of a double junction heterostructure device in linear (D) and logarithmic
(E) y-axis scale. Insets show illustrations of the single (B) and double (D) junction
device.

(F-G) Simulated /-V curves of a single junction heterostructure device in the reverse
(F) and forward (G) bias range compared with experimentally obtained results.

(H) Energy band diagram demonstration of the soft breakdown diode behavior in a Br
n=1 — | n=1 heterostructure with multiple defects in the junction region. Electron and
hole hopping occurs during forward and reverse biasing when there are multiple

defects in the junction (blue arrow).

29



Figure 1. Fabrication scheme and characterization of 2D perovskite heterostructures

Figure 2. Fabrication of heterostructure device and observation of electrically induced

ion migration behavior

Figure 3. Edge-focused ion migration pathways

Figure 4. Post-migration diode behavior in heterostructure devices
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