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Summary. An improved understanding of the degradation pathways under external stimuli is
needed to address stability challenges in two-dimensional (2D) perovskite semiconductor
materials. In this study, in-situ synchrotron nanoprobe X-ray fluorescence (nano-XRF) is utilized
to investigate the evolution of halide redistribution within various 2D halide perovskites (n = 1 to
3) lateral heterostructures under ultraviolet (UV) exposure. The results show that iodine
experiences a loss in all cases, with the rate of change following the perovskite dimensionality
monotonically. In contrast, bromine is relatively more stable than iodine in n = 2 and 3
heterostructures, with no significant change in total Br concentration but a visible amount of Br
diffusion to the previously iodine-rich regime. Combining nano-XRF and X-ray absorption
spectroscopy, we found a reduction of dimensionality in crystals with n > 1 after UV exposure,

indicating significant structural reconfiguration beyond ion migration.



Introduction.

Lead halide perovskites have garnered significant interest as semiconducting materials
due to their wide range of optoelectronic tunability and excellent performance, making them
attractive for applications such as light-harvesting photovoltaics ! and light-emitting diodes
(LEDs).? Considerable progress has been made in developing perovskite tandem solar cells >* and
color-tunable LEDs spanning the UV-vis to near-IR spectrum >/ through various combinations
and ratios of halide (I, Br, and Cl) mixing.8® However, intrinsic photo- and operation-induced
halide redistribution and segregation are prevalent in mixed halide perovskites, leading to the
formation of photoinactive secondary phase in photovoltaics'®!! and shifts of emission
properties of LEDs.!? The driving force for halide rearrangement is potentially due to a
combination of high vacancy concentrations (107 - 102°cm3) and a low migration energy barrier
of halide ions.1314

Low-dimensional perovskites have demonstrated significant potential in mitigating
degradation issues in perovskite materials by enhancing their intrinsic thermal/photo-stability
and suppression of ionic migration.’>° Unlike the three-dimensional (3D) perovskites,
Ruddlesden-Popper two-dimensional (2D) perovskites have layers of lead halide PbXg (X=I, Br
and Cl)inorganic networks that are sandwiched by large monoammonium organic spacer cations,
L, leading to chemical formula L’;An-1PbxX3n+1, Where n defines the number of octahedral
perovskite layers and reflects the dimensionality of perovskites.’> Numerous research efforts
have focused on understanding the thermal stability of dimensionality-dependent 2D perovskites
that are synthesized using various types of organic spacers.?>?! A recent calorimetric study

revealed that monoammonium organic spacers exhibit better thermal and air stability compared



to the divalent/diammonium ones due to a negative enthalpy in the formation and strong
distortions in the PbXs octahedra layers.!” Moreover, we recently developed a variety of lateral
and vertical heterostructures of 2D perovskites as diffusion couples and showed that bulky and
right Teconjugated ligands are more effective in suppressing thermally induced halide inter-
diffusion than conventional aliphatic ligands.???3

These early studies indicate the influence of organic spacers on the thermal stability of
low-dimensional perovskites and offer valuable guidance for selecting spacers to enhance device
passivation and durability.?* However, the effects of photoinduced redistribution / migration of
halide ions within low-dimensional perovskites and relative stability between | / Br 2D
perovskites are less explored.?>=?7 Xiao et al. found that incorporating n-butylammonium (BA)
spacer in Br-I mixed halide perovskite nanoparticles suppressed halide redistribution/segregation
after 20 mins of 1-Sun irradiation.2® Similar to thermal induced ion diffusion, a recent work shows
that photo-induced phase segregation becomes negligible upon replacing BA with a
phenethylammonium (PEA) spacer in n = 1 PEA,PbBr»l; perovskites.?® However, most previous
works relied on indirect measurements (e.g., tracked by absorption or photoluminescence) and
on macroscopic samples without microscopic spatial resolution.

In this study, we monitor the evolution of halide redistribution within various dimensional
PEA-based 2D crystals using in-situ nanoprobe X-ray fluorescence (nano-XRF) under continuous
UV exposure in an inert environment. The 2D crystals have unique heterostructures initially,
composed of I- and Br- rich regimes laterally. In crystals with n = 2 and 3, different from thermal-
induced anionic diffusion, the iodine regime undergoes rapid sublimation, while Br is relatively

stable and gradually diffuses/migrates to the previously I-rich regime upon UV irradiation. On the



other hand, the heterostructure with n = 1 remains stable with a small observable change of
halide concentration. Further, in conjunction with nano-XRF composition mapping, X-ray
absorption spectroscopy (XAS) indicates a reduction of dimensionality in the previously iodine-

rich regime in crystals with n > 1 after UV exposure.

Result and Discussion.

Synchrotron-based hard X-ray nanoprobe is used to identify the spatial distribution of
halides and understand their photostability in 2D perovskites under continuous UV irradiation,
as shown in Figure 1a. During the nano-XRF measurements, a focused X-ray beam with 14 keV
photon energy is used to excite the elemental characteristic XRF L- or K- emission lines of the
major substituents in 2D perovskites, including |, Br, and Pb.}430 The raster XRF map provides
elemental distribution with spatial resolution in a range of 80 to 250 nm, limited by the focused
X-ray beam spot size. In addition, we positioned the crystals of interest in the X-ray beam path
and introduced UV illumination for the in-situ nano-XRF experiment using a visible light

microscope setup (detailed in Supplemental experimental procedures).

The PEA-based 2D crystals with varying dimensionality (n = 1 to 3) are used to investigate
dimensionality-dependent ionic migration and photostability. The chosen 2D heterostructures
crystals with distinguishable |- and Br- rich domains facilitate sensitive detection of halide
redistribution either within or across these heterojunctions. Note that n = 1 crystal was prepared
using sequential solvent evaporation method, while n = 2 and 3 heterostructures were
synthesized via ion exchange (detailed in Supplemental experimental procedures). These 2D

lateral heterostructures, with the formula of PEA2MA,.1PbxX3n+1 and typical thickness in range of



48 to 300 nm (shown in Figure S1), were span on 200 nm thick SiNx membrane substrates. The
isolated I- and Br- regimes, which have distinct differences in the bandgap and emission
properties, are easily identifiable using photoluminescence (PL) images shown in Figure 1b. The
area-averaged PL spectra shown in Figure 1c illustrate that the Br-regimes exhibit blue PL
emission with photons energies in a range of 400 to 500 nm, while I-regimes emit in red (> 600
nm) for n > 1 and green (510 nm) for n = 1 perovskites. The shift of PL peak positions agrees with
the expected quantum confinement effect when changing the dimensionality from n =1 to 3.3%:32
In addition to this optical method, an alternative approach to identify the two halide regimes is
to directly detect the elemental concentration directly using nano-XRF. Within the selected 2D
heterostructures, a similar halide distribution is observed (see column 1 in Figure 2a-c
corresponding to Figure 1b). For instance, the regions of green and blue emitting PLinthen=1
perovskite (i.e., Figure 1b, left) are well-aligned with the |- and Br- regime detected in nano-XRF
(i.e., Figure 2a, column 1), respectively. Lateral heterostructures with n > 2 appear to have
incomplete ionic exchange during material synthesis, which leads to a noticeable amount of
residual Br in the iodine regime, as evidenced by nano-XRF. Considering the penetration length
of the X-ray beam at 14 keV 3033 substantially exceeds the typical thickness of the synthesized
crystals, the nano-XRF signals can be interpreted as an approximate summation of elemental
concentrations along the sample thickness.

2D perovskites with the lowest dimensionality (n = 1) show better photostability than n =
2 and 3 under continuous UV irradiation. The UV LED light source has a center wavelength of 365
nm with a power of 36 mW. The left-most column displays the initial XRF maps of the I:Pb and

Br:Pb molar ratio in 2D heterostructures, followed by the change of halide concentration relative



to the initial values based on the chronological sequence of light soaking duration shown in Figure
2ato c. The relative change XRF maps use a three-color gradient color bar, where red, white, and

blue pixels indicate increasing, no change, and decreasing halide concentration, respectively.

Compared with 2D perovskite with n=1, photoinduced iodine sublimation and sequential
bromine migration are clearly observed in n =2 and 3 heterostructures. The initial iodine regimes
experience rapid concentration loss upon UV exposure, with the visible change of I:Pb in 2 min
for n = 3 perovskites. In contrast, the iodine remains relatively stable in n = 1 crystals, regardless
of whether they were prepared using solvent evaporation (as shown in Figure 2a) or the anion
exchange method (see Figure S2). The sublimation of iodine results in the creation of halide
vacancies, which in turn enable the migration of mobile Br- ions into the sublimated regions,
traversing the heterostructure boundary. The concern of X-ray beam-induced halide
redistribution is resolved using another n = 3 crystal on the same substrate, in which iodine
concentration remains unchanged after three consecutive nano-XRF scans, but varies when UV
illumination is on, confirming the observed halide redistribution is initiated by UV rather than X-
ray photons (shown in Figure $3). Additionally, the observed halide redistribution is attributed to
photophysical processes rather than a light-induced thermal effect, given that the estimated
temperature change is 5 K or less during the initial 20 minutes of the light soaking experiment (as
shown in Figure S4). The estimation is established in a worst-case scenario, where no heat
transfer within the samples due to their ultra-low thermal conductivity?* and incident heat flux
is assumed to be equivalent to the energy absorbed by the 2D perovskites.

To quantitatively evaluate the migration of Br and loss of iodine, Figure 2d-e illustrates the

relative changes in the average |:Pb and Br:Pb atomic ratio within the initial iodine-rich regimes.



The rate of iodine change varies and follows the order of the perovskite dimensionality
monotonically. In n = 3 perovskite, the reduction of iodine concentration follows an exponential
decay, suggesting the presence of a high-order degradation reaction under UV exposure.
Conversely, perovskites with n = 2 exhibit a slower rate of iodine loss than n =3, while n = 1 shows
a profile that is close to a plateau. In contrast, the concentration of Br in the entire 2D
heterostructures maintains relatively unchanged during UV exposure, as shown in Figure S5.
However, the spatial distribution of Br varies during UV exposure within the heterostructures
with n > 1. As the spatial nano-XRF maps illustrated in Figure 2, Br migration is likely driven by
the presence of iodine vacancies, and thus results in a gradual accumulation of Br in the iodine
sublimated area. The area-averaged Br:Pb atomic ratio has a 2 to 5% relative increment
compared to the initial Br concentration in the given region. As expected, the ionic migration
impacts the features of PL emission spectrum, which could be used to explain the PL intensity
enhancement in the area where Br accumulation is expected in n = 2 heterostructures shown in
Figure S6. The halide redistribution process appears to be irreversible. lodine doesn’t recover,
but continuous Br diffusion occurs after storing UV exposed n = 3 perovskites in the dark for 10
hours shown in Figure S7.

Despite that n = 1 heterostructure displays weak preferential ionic migration of halide
mixing across the heterostructure and iodine concentration remains relatively stable, it is worth
noting that Br concentration gradually decreases, resulting in vacancy-mediated iodine diffusion
over a prolonged period of continuous UV exposure, as shown in Figure 2a and e. The enhanced
stability of iodine in n = 1 structures can be rationalized from both thermodynamic and

photophysical perspectives. Decreased enthalpy of formation (AH) in structures with smaller n



values and light-induced decomposition of MA* are likely the key contributors to iodine
sublimation observed in n = 2 and 3 heterostructures.'>3> Conversely, the lower stability of Brin
n = 1 perovskite could be associated with a decrease in lattice rigidity and an increase in lattice
distortion and mismatch between the inorganic perovskite layer and organic layer.3®

Compared to the typical 2D thin films utilized in devices, the chosen 2D heterostructures
serve as a simplified material system. This aids in the unambiguous understanding of
dimensionality-dependent halide migration while excluding the contributions from grain
boundaries. However, it's essential to consider the differing time- and length- scales of halide
redistribution and the relevant degradation mechanisms between the two systems. Drawing
from a recent quantitative secondary ion mass spectroscopy (SIMS) study on 3D halide
perovskites, it's known that ion migration/diffusion within grains is slow but accelerates along
grain boundaries.?” This difference results in diffusion coefficients that can vary typically by 2 to
4 orders of magnitude at room temperature. Consequently, we would expect halide diffusion to
occur more rapidly in 2D thin films than in the heterostructure crystals.

In addition to the evolution of halide distribution, X-ray absorption spectroscopy (XAS)
provides further insights into the change of atomic structure via coordination in materials.38
Specifically, XAS near the Br-K edge can qualitatively reveal the local atomic structure and related
dimensionality. Moreover, probing the XAS signal in the area with the occurrence of iodine
sublimation and Br diffusion, as shown in Figure 3a, can uncover the mechanism of photo-
induced degradation. For example, before UV exposure, the rising edge of n = 1 is higher than n
= 3 perovskites, suggesting a higher binding energy for Br ionization in lower dimensional

materials, illustrated in overlaid XAS spectra and their first-order derivative. This trend matches



the previously reported size/quantum effect on XAS in diamond and Si nanocrystals.3%4% After
photo-induced degradation, the rising edge of n = 3 perovskite shifts to high energy toward the
energy edge of pristine n = 1 PEA-Br perovskites. Meanwhile, n = 1 shows rising edge shifts to
lower energy. This shift is likely attributable to the local formation of PbBr;, which could occur
after repeated X-ray and UV exposure,’* and has an energy onset lower than that of halide

perovskites.38

Through the use of nano-XRF and XAS, this study has revealed a possible degradation
pathway for PEA-based 2D lateral heterostructures. Figure 3b schematically illustrates the
observed changes in halide redistribution. Unlike n-butylammonium mixed halide perovskites
(BA2PbBr2l;) thin films,** where halide mixing was recently reported, this study observed iodine
sublimation and sequential bromide migration when n > 1. The rate of iodine reduction increases
with higher material dimensionality, suggesting the occurrence of photochemical redox reactions,
involving photo-oxidation of iodide to molecular iodine, along with evaporation and
decomposition of methylammonium cations to amine and water molecules,?® which can easily
escape from systems. Considering higher dimension perovskites have lower exciton binding
energy and longer carrier lifetime,*>*3 the relationship between the rate of change and material
dimensionality can be viewed and governed by the number of photogenerated free carriers
during light absorption. The sublimation of iodine leaves iodine vacancies behind, which serves
as the primary driving force behind vacancy-mediated halide migration. This allows the
sequential migration of mobile bromide ions, leading to the formation of Br-rich mixed halide
perovskites. Despite the role of increased vacancy concentration, the intrinsic electric field

imposed by charge carriers has been suggested to play a role in ionic diffusion.'* In MAPb(Brxl1-



x)3 perovskites, iodine perovskites often exhibit a larger absorption coefficient than their Br
counterparts.** This disparity could potentially generate a built-in electric field, originating from
the iodine regime and directed towards the Br regime, due to the unequal distribution of charge
carriers laterally, which promotes and encourage ionic diffusion of Br- with a direction against
the electric field.!* Sequentially, the movement and redistribution of the halide ions could lead
to structural damage and rearrangement, yielding the transition from higher to lower
dimensional perovskites, as indicated in XAS. The photo-induced dimensionality reduction is also
observed optically in Figure S8, where several peak maxima appear on a PL spectrum measured
on a long-lived 2D crystal after UV and X-ray radiation exposure. The shift in the emission
spectrum complicates the evaluation of the contribution from self-trapped carriers in the crystal
lattice (strong-coupled polarons), which typically accompanies a red-shift in PL.4> Further studies
are required to quantify the relative contribution and significance of each mechanism driving
halide redistribution. Continued detailed studies of ionic migration are crucial as ion migration
can drastically change the optoelectronic properties and, subsequently, the overall performance
output of perovskites. Overall, these results suggest that 2D perovskites degrade through a
different mechanism compared to under heat and reaffirm the importance of lowering halide

vacancy concentration for decreasing ion migration and degradation in halide perovskites.

Conclusion. In summary, we systematically investigated dimensionality-dependent halide
migration and photo-stability in PEA-based 2D perovskite lateral structures. Our in-situ nano-XRF

and XAS studies reveal halide distribution and dimensionality reduction under continuous UV
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exposure. We find that 2D perovskites with Br substituent have better photostability than iodine
ones for the same n number. Although the lowest dimension (n = 1) remains stable, photo-
induced iodine sublimation and sequential bromide diffusion are observed in n = 2 and 3
perovskites. The link between halide stability and structural dimensionality makes it clear that
controlling crystal chemistry is paramount. Possible strategies to enhance 2D perovskite stability
without compromising the optoelectronic performance include partially substituting less stable
iodine with bromide and replacing conventional organic spacers with more bulky and
hydrophobic ones. Future investigations are required to understand the interaction of organic
spacers with multiple external stimuli (e.g., heat, light, and electrical bias) and the relevant
mechanism of ionic transport in low-dimensional perovskites for the full realization of their

potential in optoelectronic devices.

Experimental Procedures
Detailed Materials and Methods can be found in the Supplemental experimental procedures.
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Main figure title and legends.

Figure 1. Schematic of in-situ nanoprobe X-ray fluorescence (nano-XRF) measurement and
photoluminescence (PL) Analysis of Halide Redistribution in 2D Perovskite Heterostructures. (a)
Schematic of the in-situ (nano-XRF) setup, allowing continuous UV illumination on the samples
while mapping the evolution of halide redistribution using a 14 keV focused X-ray probe. (b) PL
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images and (c) overlaid area-averaged PL spectra of PEA-based 2D lateral heterostructures, from
n =1 to 3. The as-prepared heterostructures have isolated | and Br regimes, where Br regimes
have PL emission indicated in blue (400-500 nm) for all n dimensions, while | regime emits in red
(> 600 nm) for n > 1 and green (510 nm) for n = 1. The PL measurement was taken using a 375
nm laser with 0.3 mW power. All the scale bars are 10 pum.

Figure 2. Nanoprobe X-ray fluorescence (nano-XRF) measurement of the changes in halide
distribution in PEA-based 2D heterostructures under UV irradiation. (a) to (c) are the | and Br
distribution for heterostructures with n = 1 to 3. The initial halide distribution without UV
irradiation is shown in the leftmost column. The remaining columns display the change in halide
distribution, with respect to the initial distribution, as a function of exposure duration. The gray
color contours represent the boundaries of the heterostructures. Panels (d) and (e) show the
average change in |:Pb and Br:Pb ratio, respectively, in initial iodine regime as a function of time.
All scale bars are 5 pm.

Figure 3. X-ray absorption spectroscopy (XAS) analysis and proposed degradation mechanism of
2D perovskite heterostructures after UV exposure. (a) Overlaid XAS spectra and their first-order
derivative for n =1 and 3 perovskites before and after UV irradiation. (b) A proposed degradation
schematic in the 2D perovskite lateral heterostructures after UV irradiation.
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