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ABSTRACT: Understanding the effects of laser light, water vapor,
and energetic electron irradiation on the intrinsic properties of
perovskites is important in the development of perovskite-based
solar cells. Various phase transition and degradation processes have
been reported when these agents interact with perovskites
separately. However, detailed studies of their synergistic effects
are still missing. In this work, the synergistic effect of three factors
(exposure to laser light, water vapor, and e-beam) on the optical
and physical properties of two-dimensional (2D) Ruddlesden−
Popper (RP) perovskite flakes [(BA)2(MA)2Pb3Br10] has been
investigated in an environmental cell. When the perovskite flakes
were subjected to moderate laser irradiation in a humid
environment after prior e-beam irradiation, the photoluminescence
(PL) peak centered at 480 nm vanished, while a new PL peak centered at 525 nm emerged, grew, and then quenched. This indicates
the degradation process of the 2D RP perovskite was a phase transition to a three-dimensional (3D) perovskite [MAPbBr3] followed
by the degradation of 3D perovskite. The spatial distribution of the 525 nm PL signal shows that this phase-transition process
spreads across the flake to the area as far as ∼40 μm from the laser spot. Without humidity, the phase transition happened in the
laser-irritated area but did not spread, which suggests that moisture enhanced the ion migration from the laser-scanned area to the
rest of the flake and accelerated the phase transition in the nearby area. Experiments with no prior e-beam irradiation show that e-
beam irradiation is the key to activating the 2D-3D phase transition. Therefore, when the three factors work synergistically, a
conversion from the 2D RP perovskite into the 3D perovskite is not localized and propagates through the perovskite. These findings
contribute to our understanding of the complex interactions between external stimuli and perovskite materials, thereby advancing the
development of efficient and stable perovskite-based solar cells.

1. INTRODUCTION
Perovskites receive unprecedented attention due to their
superior photoelectric properties, such as low exciton binding
energy, low trap density, and high charge carrier mobility.1−3

As early as 2009, by substituting dye organic molecules with
organic−inorganic halide perovskite molecules such as
methylammonium lead triiodide CH3NH3PbI3 [MAPI],
Kojima and collaborators explored the photovoltaic effect in
a photoelectrochemical dye-sensitized cell and recorded that
CH3NH3PbI3 had power conversion efficiencies of 3.8%.4

Although perovskites show good photovoltaic properties, the
above low efficiencies were attributed to the dissolution of the
perovskite material by the liquid electrolyte.5 Attempts have
been made to stabilize the perovskite material.6−13 Compared
to the traditional 3D organic−inorganic halide perovskites, 2D
RP perovskites have received a lot of attention in photovoltaics
because of their significant improvement in stability under
exposure to light and humidity without sacrificing too much

efficiency.14−18 A right solvent design applied a 2D top layer of
desired composition and thickness without destroying the 3D
bottom layer (or vice versa). Such a cell would turn more
sunlight into electricity than either 2D layers or 3D layers on
its own with better stability. A recent development reports that
the stability of 2D perovskites can be further improved by
subst i tut ing butylammonium with (butylamino)-
methaniminium cation.19

Understanding the degradation process of 2D RP layered
perovskites facilitated by moisture, light, e-beam, and electric
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voltage is critical for the development of perovskite devices.
Humidity is the primary cause of perovskite instability, which
ultimately affects the surface morphology and device perform-
ance.20−24 The interaction between moisture and 2D, 3D, or
mixed perovskites has been investigated by many groups. For
the MA-based 3D perovskite, the initial monohydrate phase is
reversible and followed by complete decomposition to PbI2
and H2O.25,26 For the more stable 2D RP perovskite,14,27 two
mechanisms of moisture-induced degradation were reported. A
larger-n n-butylammonium methylammonium lead iodide
(nBA-MAPI) phase could degrade into a more stable,
protective, low-n surface layer and a 3D MAPI phase,24,27,28

or it could directly degrade into a stable n = 1 phase.29

The laser irradiation introduces photothermal heating and
photo-oxidation.30−32 For the 3D perovskite, before complete
degradation, the enhancement of PL intensity upon light
irradiation has been reported and was attributed to the
redistribution of the halide ions30 and photo-oxidation32 as a
part of the light soaking effect. The laser-induced PL
quenching effect due to the decomposition of 2D perovskites
has also been reported previously.33,34

Although there is no e-beam exposure during the operation
of perovskite solar cells, perovskite is under the influence of
electric bias-induced charge diffusion. In addition, scanning
electron microscopy (SEM) and transmission electron
microscopy are typical techniques used to investigate changes
in the structure, surface morphology, and elemental
compositions of materials after solar cell testing. During the
e-beam scanning process, the unintentional doping due to
charge accumulation, the elastic scattering, and the electric
field introduced from the irradiation of the energetic electrons
can alter the physical and the chemical properties of
perovskites.35−38 Even moderate e-beam irradiation (10 kV,
∼1 nA) could drive degradation of the 3D MAPI perov-
skite35,37,38 and induce the quenching of the PL and CL
signal.35,37 Therefore, understanding the impact of the e-beam
on the properties of perovskite during characterization is
critical. Different degradation mechanisms have been reported
including defect (halide vacancies and interstitials) formation
caused by irradiation damage,35,37,38 phase transition induced
by e-beam heating,35 and e-beam introduced ion migration.37

The e-beam-induced degradation is reported to be permanent
and irreversible. The formation of the defect would cause
quenching of the PL due to trapping of the excitons and their
nonradiative recombination. As for the 2D perovskite, it is not
clear whether the effect of the e-beam on its degradation is
similar to that of the 3D perovskite.

The stability of the perovskite in solar cell operations is
impacted by the synergy of several stimuli, including light
illumination, oxygen and water vapor exposure, heat, and
applied electric field. The impact of some of the individual
factors (e.g., laser, water vapor, and energetic electron beam)
on the stability of perovskites has been studied. However, their
synergistic effects on the degradation of 2D RP perovskites are
scarce. In this work, we conducted time-dependent PL
mapping under various conditions (with/without prior SEM
scanning and with/without added humidity) to identify the
isolated and combined roles of these three factors on the
optical characteristics of 2D RP perovskite flakes. The change
of the PL intensity at the laser-scanned area shows that there
were two different decomposition processes determined by
prior e-beam scanning. Even moderate e-beam irradiation
triggered a 2D/3D phase transition whether there was added

humidity or not. The 2D RP perovskite flake underwent direct
decomposition when prior SEM imaging was not conducted.
In addition, the effect of the laser-scanned area on the optical
properties of the rest of the entire flakes has been studied.
Added humidity promoted the propagation of the decom-
position from the laser-scanned area to the rest of the flake.
The observed inhomogeneity in PL on the flakes was a result
of a delicate balance among these synergistic factors (laser
exposure, water vapor, and electron-beam irradiation) in the
degradation processes of 2D RP perovskites. This work paves
the way for advancement of the stability of perovskites in solar
cell applications.

2. EXPERIMENTS
2.1. Synthesis of (BA)2(MA)2Pb3Br10. The synthesis of

butylammonium methylammonium lead bromide,
(BA)2(MA)2Pb3Br10, has been reported previously.39 Briefly,
crystals were synthesized by dissolving the precursors PbO
(0.59 mmol, 131.7 mg, Sigma-Aldrich), BABr (0.19 mmol,
29.3 mg, Sigma-Aldrich), and MABr (0.4 mmol, 44.8 mg,
Greatcell Solar) in an acid mixture consisting of 0.9 mL of HBr
(Sigma-Aldrich) and 0.1 mL of H3PO2 (Sigma-Aldrich) in a 10
mL glass vial. Using a magnetic stir rod, the vial was heated to
393 K in an oil bath.39 After the precursors were completely
dissolved and the solution became transparent, the stirring was
stopped, and the solution was cooled at a rate of 2 K/min
during which crystals were formed. The crystals were collected
via filtration, and the residual solvent was removed by a
vacuum pump. The UV−vis absorption spectra confirmed that
n is 3. The perovskite flakes were prepared via mechanical
exfoliation and deposited onto a piece of Si wafer to allow for
reflection-based PL measurements, while also preventing
charging effects from occurring during the SEM measurement.
The Si wafer was cut using a diamond scribe and cleaned via
sonication first in acetone and then in 96% ethanol solution.
2.2. Experimental Setup. The laser effect was tested via a

time series PL mapping measurement using a lab-built PL
microscope. Water vapor was regulated via an environmental
cell (Figure 1). E-beam irradiation was performed via scanning
electron microscopy (SEM, FEI Co., Versa 3D). The sequence
of various optical and physical properties measurements of the
flakes is shown in Figure S1. After sample preparation, a Leica
camera was used to take optical images of the 2D RP

Figure 1. Setup for the time series PL mapping of the 2D RP
perovskite flakes in an environmental cell.
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perovskite flakes. Confocal laser scanning microscopy (CLSM,
Olympus, FV-3000) measurements (405 nm surface-scanning
excitation, 440−700 nm collection) were performed to provide
a PL map and reference PL spectra. Then, the sample was
scanned using SEM (if done) to measure the morphology of
the perovskite flakes before continuous laser exposure. The
SEM scanning was operated at 15 kV with a current of ∼0.1
nA. Afterward, the sample was put in the dry environmental
cell. The SEM maps were used as a map to locate the flake, and
a PL map was taken via the lab-built PL spectroscope (Figure
1). Briefly, a CW laser (405 nm, 4 mW, Thor Laboratories
L405P20 laser diode) was focused onto the sample, and the
back-reflection is then diverted to a spectrometer (Princeton
Instruments IsoPlane-320) using a notch filter to remove the
excitation laser. After the initial map, a time series of PL maps
is taken consecutively on a small fraction of the area using the
lab-built PL microscope, with an optical image taken in
between the maps.

As shown in Figure 1, the sample was placed in an
environmental cell for the time series PL mapping experiment.
The Si substrate holding the perovskite flakes was placed on a
platform in the cell. For experiments that required an
environment with increased humidity, a pool of distilled
water was added next to the platform. The relative humidity in
the cell was ∼87%. The lid of the cell had a hole that allowed
only water vapor and air to escape by passing by the flakes. The
series continued for about 15 h, usually overnight. After the
time series was completed, a final PL map of the entire
perovskite flake was measured. For the experiments with no
water vapor, the samples were placed in a dry environmental
cell.

After continuous PL mapping, SEM and CLSM measure-
ments were taken with identical conditions to the pretime
series measurements for comparison. Afterward, the 3D-laser
scanning microscopy (LSM, Olympus OLS5100 LEXT) was
used to determine the thickness of the flake at the time series

Figure 2. Overview of 2D RP perovskite flakes and their height information. (a, d, g) Optical images of the 2D RP perovskite flakes before time
series laser scanning; (b, e, h) corresponding height maps that were measured by 3D-LSM after the time series laser scanning experiments; (c, f, i)
corresponding height profiles along the arrows depicted in panels (b), (e), and (h). Typical height is between 0.2 and 1 μm, except an area reaches
3 μm in panel (c). In the time series experiments, the flakes in panel (a) were exposed in the humid environment during the time series laser
scanning with prior e-beam irradiation; the flakes in panel (d) were in the dry environment during the time series laser scanning with prior e-beam
irradiation; the flakes in panel (g) were exposed in the humid environment during the time series laser scanning but without prior e-beam
irradiation.
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exposure site and the surroundings (Figure 2). The 3D-LSM
measurements showed that the 2D RP perovskite flakes vary in
thickness from approximately 0.5 to 3 μm, well pass the mono-
or few-layer thickness regime. We chose thicker flakes because,
in general, the perovskite layer in solar cells is about to a few
hundred of nanometers thick and because the diffusion length
plays a key role in the photovoltaic performance of perovskite
solar cells.14−17

3. EXPERIMENTAL RESULTS
3.1. Characterization of Flakes under the Exposure of

Laser, Water Vapor, and Prior E-Beam Irradiation. The
synergistic influence of three factors (laser illumination, water
vapor, and e-beam irradiation) on the 2D RP perovskite flakes
was investigated by monitoring the optical and physical
characteristics of the flakes before, during, and after the PL
time series experiment. The optical images (Figure 3a,d) and
SEM images (Figure S2) taken before and after the time series
experiment show the morphology of the selected perovskite

flake and regions of interest. The surface of the flake was
smooth and flat (Figure S2a). The thickness of the flake was
about 0.5 μm (Figure 2c). During the PL time series
measurement, the entire sample was in a humid environment,
and only a fraction of the flake marked by the black box in
Figure 3a was directly subjected to a 405 nm laser irradiation.
The red dot denotes the nearby area within the same flake, and
the blue dot denotes the far area in a different flake.

Two PL maps each were collected to provide optical
characteristics of flakes before and after the time series
measurement, one using CLSM (Figure 3c,f) with a large field
of view and the other (Figure 3b,e) taken in the environmental
cell using PL microscopy with a high signal-to-noise ratio and a
high spectral resolution. Both PL maps (Figure 3b,c) taken
before the time series show the inhomogeneity of the PL
intensity, for example, the integrated PL intensity (from 450 to
700 nm) at the black dot marked area is weaker than that of
red dot marked area. The PL spectra from various locations on
the flake show a 480 nm peak, which corresponds to the band
gap of the 2D hybrid perovskite39 as shown in Figures 3g and

Figure 3. Optical properties of the 2D RP perovskite flakes before, after, and during a PL mapping time series in a humid environment after SEM
scanning. (a, d) Optical images of the 2D flakes taken before and after laser irradiation in time series. The black box together with a black dot
denotes the laser-scanned area during the time series. The red dot denotes the nearby area within the same flake. The blue dot denotes the far area
in a different flake. (b, e) Corresponding PL maps taken before and after the time series measurements using PL microscopy. (c, f) PL maps taken
before and after the time series measurements using CLSM. (g) The PL spectra averaged from extended areas marked by the red, black, and blue
dots in panel (a) taken before (top) and after (bottom) the time series via CLSM. (h) The time-dependent PL spectra at laser scan area during the
time series measurements using PL microscopy.
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S3. The spectra also show a small peak around 510 nm in some
areas, which is an indication of a small amount of 3D
perovskite often appeared at the edge of MAPbBr3 nanocryst-
als.40

A series of PL maps were then taken consecutively for 17 h
on the area marked by the black box in Figure 3a with added
humidity, with an optical image taken between PL maps. After
the time series was completed, the optical properties of the 2D
RP perovskite flake changed significantly. The integrated PL
intensity (black spectrum in Figure 3g) of the laser-scanned
area (marked by the black dot) was quenched. Note that the
intensity scale range in Figure 3e is larger than that in Figure
3b. Different nearby areas on the flake showed different
spectral signatures (Figure S3). In an extended nearby area
(marked by the red dot), the integrated PL intensity increased
significantly (Figure 3e,g lower panel). This area is on the same
flake as the black dot marked area, but it is not directly exposed

to the laser. The average spectrum over this extended bright
area (red spectrum in the lower panel of Figure 3g) shows that
the 480 nm peak is completely quenched, and a new PL peak
at about 525 nm appeared. The peak intensity of the 525 nm
PL peak is 10 times higher than the 480 nm PL peak intensity
before the time series. The 525 nm PL peak has been identified
to correlate with 3D perovskite and the 2D/3D perovskite
heterostructure that is often observed as the edge emis-
sion.39,41−44 Wang et al. discovered that the edge has a much
higher electrical conductivity than the center region.45 The
appearance of the 525 nm PL peak is an indication that the 2D
perovskite experienced a 2D to 3D phase transition during
continuous laser scanning. Other nearby areas experienced the
quenching in the 2D PL intensity and emerging of a low
intensity of the 3D peak at 525 nm (purple dot and green dot
marked areas in Figure S3). SEM images (Figure S2b,c) taken
after the time series show the morphological change of the

Figure 4. Optical properties of the 2D RP perovskite flakes before, after, and during a PL mapping time series in a dry environmental cell after SEM
scanning. (a, d) Optical images of the 2D flakes before and after laser irradiation in time series. The black box with a black dot denotes the laser-
scanned area during the time series, and the red dot denotes the nearby area within the same flake. (b, e) Corresponding PL maps taken before and
after the time series measurements using PL microscopy. The pink cross and the green cross marked the high-flux e-beam irradiated areas. (c, f) PL
maps that were taken before and after the time series measurements using CLSM. (g) The average PL spectra taken before (top) and after
(bottom) the time series via CLSM at the red dot and the black dot marked areas in panel (a) and a separate flake. (h) The time-dependent PL
spectra at laser scan area during the time series using PL microscopy.
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flake. The area under direct laser excitation, marked by the
black dot, was smooth. The nearby area, marked by a red dot,
was no longer smooth and was covered by patches of grains.
The corresponding 525 nm PL peak (Figure S3) suggests that
these grains are the 3D perovskite grains.25,39 The variation in
the thickness and roughness of the whole flake can be seen in
the color change of the flake in the optical image (Figure
3d).46

The time-dependent PL spectra at the laser-scanned site
marked by the black box with a black dot in Figure 3a have
been further investigated. Representative spectra are displayed
in Figure 3h. As laser irradiation time increased, the intensity
of the peak centered at 480 nm stayed almost constant for the
first several hours, followed by a slow decrease, and
disappeared eventually. This means that the 2D RP perovskite
was decomposed after prolonged laser irradiation in a humid
environment. The peak centered at about 510 nm was
inconspicuous at the beginning, then emerged, and kept on
growing to reach an intensity that is about 8 times the 480 nm
PL peak intensity before the time series. While growing, this
peak continuously redshifted to 525 nm, which indicates the
2D to 3D phase transition. After the flake was under laser
irradiation for a prolonged time (8 h) in water vapor, the 525
nm peak began to decrease and eventually reduced to an
intensity that was comparable to that of the 480 nm PL peak
before the time series.

The progress of the PL at the laser-scanned site suggests that
after the PL time series, the nearby area marked by the red dot
showed a PL spectrum (red spectrum in Figure 3g bottom)
that mimics a spectrum that was in the process of the
transformation from 2D to 3D perovskite. The low PL
intensity (Figures 3g and S3) from additional nearby areas
indicates that they were in various stages of degradation.
Therefore, the PL of the whole flake was affected even though
the laser irradiation was conducted in one confined area.

The prior SEM scanning may have some impact on the
inhomogeneity of the PL. For example, the straight lines on the
SEM images can be traced back to the prior low-flux e-beam
scanning. However, it is not the direct cause of the difference
between the high PL area and the low PL areas. For example,
the red cross and the black cross marked areas in Figure S2
experienced the same e-beam scanning showing very different
PL intensities in Figure 3f.

Additionally, a reference spectrum (the blue spectrum in
Figure 3g) taken on a separate perovskite flake that was not
subjected to laser exposure but under the influence of humidity
shows that the PL intensity of this flake had an observable
increase after the time series, while the PL peak position
remained the same. This is different from the change of PL at
the nearby area marked by the red dot where a new peak
emerged at 525 nm with high PL intensity. For the 3D
perovskite, the enhancement of the PL intensity in moisture
was reported previously and was attributed to the passivation
of the various bulk and surface defects.

To separate the synergistic effect of laser exposure, increased
humidity, and e-beam irradiation, two sets of control
experiments were conducted: one with no water (see section
3.2), and the other without prior e-beam irradiation (see
section 3.3).
3.2. Characterization of Flakes under the Exposure of

Laser and E-Beam with No Moisture. In this section, a
similar set of experiments was conducted but in a dry
environment cell. Figure 4 shows the optical characteristics of a

2D RP perovskite flake taken before, during, and after the time
series. Different from the results in the humid environment
(section 3.1), the PL intensity of the whole flake and a separate
flake (far area) did not increase after the time series. The PL is
quenched on the entire flake (Figure 4e,f) except for two
bright spots (marked by pink and green crosses) that
experienced high-flux (∼100k e Å−2 s−1 at 15 kV) e-beam
irradiation before the time series (Figures 4e and S5). The
intensity of the 480 nm PL peak at both the laser-scanned area
(black spectrum) and its nearby area (red spectrum) decreased
to baseline (Figure 4g). However, the main difference is that
there was no growth of the peak at 525 nm at nearby areas
(Figure S5) in comparison to the spectra obtained with water
vapor.

The time dependence of PL at the laser scan site (black box
in Figure 4a) has been further investigated. As shown in Figure
4h, at the start of the time series, this area showed two main PL
peaks at 480 and 525 nm indicating that it contained both 2D
RP perovskite and 3D perovskite. Note that the CLSM spectra
(Figure 4g) were collected before the flake was exposed to the
e-beam and showed no 525 nm peak. The appearance of the
525 nm peak indicates that after SEM imaging, a phase
transition from 2D to 3D in the e-beam irradiated area was
activated. During the time series, the trends of the change of
the PL at the laser irradiated area with (Figure 3h) and without
water vapor (Figure 4h) were similar. Specifically, the peak
centered at 480 nm did not change at the beginning and then
gradually disappeared. The peak centered at 515 nm redshifted
to 525 nm while its intensity grew considerably (∼2.5 times) in
the 90 min, which means the 2D to 3D perovskite
transformation continued during the time series. This result
shows that H2O is not a necessary factor for the 2D-3D phase
transition. After more than 90 min of prolonged laser exposure,
the 525 nm peak also started to decline, and the 3D perovskite
PL was completely quenched after 7 h.

Unlike the experiment with humidity, the 2D to 3D phase
transition did not spread to the rest of the flake, even in the
area with high-flux e-beam irradiation. Before the time series
scanning, the low-intensity peak around 515 nm was observed
in most of the areas on this flake in PL spectra (Figure S5)
after the whole flake was irradiated with moderate e-beam flux
(∼100 e Å−2 s−1 at 15 kV). This 3D peak was also observed in
some areas on the flake before the time series in section 3.1.
Relatively high-intensity ∼515 nm peak appeared at the high-
flux e-beam irradiated areas. After the time series, the 2D peak
at 480 nm was quenched in all these nearby areas, but the 3D
peak kept almost the same intensity unlike the large increase
observed in the laser-scanned area.

In the far area (blue spectrum in Figure 4g), which was not
exposed to the e-beam and with no laser exposure, the peak
shape and intensity remained almost the same. Evidently, the
increase in PL at the far area in the experiment with water
vapor in section 3.1 should be attributed to added humidity.

SEM images (Figure S4) show that there are barely
noticeable changes in the smoothness of the flake in both
the laser-scanned area and the vicinity. Unlike the results
obtained with water vapor, no grainy patches were formed on
the entire flake, including the laser-scanned area. In addition,
the few areas irradiated by high-flux (∼100k e Å−2 s−1 at 15
kV) e-beam appear as bright rectangular areas with some
damage. These areas experience large electron doping. Hence,
the appearance of the high-intensity 525 nm PL peak at the
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high-flux e-beam dosage area is consistent with the high
electrical conductivity that was observed at the edge state.45

3.3. Characterization of Flakes under the Exposure of
Laser and Water Vapor: No Prior E-Beam Irradiation.
Different sets of control experiments were conducted on new
flakes with added humidity in the environmental cell but
without e-beam irradiation before the time series experiment.
The main difference from the flakes experienced prior e-beam
irradiation is that there was no 525 nm peak that appeared
anywhere on the flake during and after the time series
experiment.

Before the time series, the 480 nm 2D PL peak appeared
consistently throughout the flake (Figure 5g) with no obvious
peak from 510 to 525 nm, as no e-beam irradiation was
performed. After the time series, the laser-irradiated region
showed a quenched PL signal (Figure 5g), due to the
degradation of the flake. The rest of the flake showed an
increase in the intensity of the 480 nm PL peak (red spectrum
in Figures 5g and S7). In the far area on a separate flake, which
was only affected by the humidity, the PL intensity at 480 nm
had a noticeable increase (blue spectrum in Figure 5g). The
increase was clearly due to the added humidity, which is

consistent with the change of PL intensity in the far area from
the previous experiment in section 3.1.

The change of the PL at the laser scan site (black box in
Figure 5a) has been further investigated (Figure 5h). At zero
time, the 480 nm peak is accompanied by a shoulder at 495
nm. This 495 nm peak could be attributed to a small amount
of quasi-RP perovskite with n = 5.5, which was observed during
synthesis, which has been observed previously.39 During laser
irradiation, the intensity of the 480 nm peak almost doubled
after about 1.3 h. Upon further laser irradiation, it began to
diminish and eventually completely quenched, as expected. In
comparison to the experiments with prior e-beam irradiation
(sections 3.1 and 3.2), no peak at 525 nm emerged and grew
during the laser irradiation. This implies that the flake did not
contain a newly generated 3D perovskite phase. Therefore, it is
reasonable to conclude that the generation of 3D perovskites
can be attributed to the effect of e-beam irradiation. Laser
irradiation did not create these nucleation sites. Exposure to
H2O vapor did not create the 3D nucleation sites either.

After the time series, the irradiated region (black dot) was
degraded (Figure 5d), leaving a thin perovskite layer
surrounded by a darkened region as shown in Figure 2h,i.
SEM image (Figure S6) shows that the laser-scanned area is

Figure 5. Optical properties of the 2D RP perovskite flakes before, after, and during a PL mapping time series in a humid environment without
prior SEM scanning. (a, d) Optical images of the 2D flakes before and after continuous laser scanning in time series. The black box with a black dot
denotes the laser-scanned area during the time series, and the red dot denotes the nearby area within the same flake. (b, e) Corresponding PL maps
taken before and after the time series measurements using PL microscopy. (c, f) PL maps that were taken before and after the time series
measurements using CLSM. (g) The averaged PL spectra taken before (top) and after (bottom) the time series via CLSM at the red dot and the
black dot marked areas in panel (a) and a separate flake. (h) The time-dependent PL spectra at laser scan site during the time series using PL
microscopy.
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smooth after the time series. The morphology of the
surrounding area changed. Brighter veins formed and spread
out from the laser-scanned area. High-magnification image
shows that these veins are a mixture of grains and flake patches.

4. DISCUSSION
In this section, the separate roles and synergistic effects of
laser, water vapor, and e-beams on the degradation of 2D
perovskite will be discussed.
4.1. Role of Laser. In the laser scanning areas, laser

irradiation played a dominant role in all three sets. The PL
intensity of perovskite flakes had an initial increase and was
eventually quenched at the laser-scanned area due to the flakes’
degradation. This observation is consistent with the reported
light-induced decomposition of perovskite.2,17,33 The enhance-
ment of PL intensity upon light irradiation has been reported
for the 3D perovskite and was attributed to the redistribution
of the halide ions30,47 and photo-oxidation32 as a part of the
light soaking effect. The photogenerated electron would fill the
electronic traps. The generated electric field induces the
segregation of the halide ions and their migration from the
laser-illuminated area to the surrounding area. The mobile
halide ions fill the halide vacancies and yield a reduction in the
density of shallow and deep traps, which are responsible for the
nonradiative recombination, resulting in PL brightening in the
illuminated area. Additionally, the increased temperature from
laser irradiation increases the ionic conductivity. In the
presence of oxygen, photo-oxidation-generated oxygen-related
species and photogenerated carriers could passivate the
vacancy and deactivate the trap sites.32,48 The photo-
oxidation-generated oxygen-related species undermine the
chemical stability of metal halide perovskites while surprisingly
improving their optical properties.32 The theoretical calcu-
lations show that the material degradation and charge carrier
lifetimes depend strongly on the oxidation state of the oxygen
species.49 The peroxide eliminates the trap states and improves
the PL intensity. Other reports showed a continuous decrease
PL intensity in air and in solution, which is attributed to the
generation of superoxide and the subsequent oxidative
disintegration of MAPbI3.

50,51 The laser-induced PL quenching
effect due to the decomposition of 2D perovskites has also
been reported previously.33,34 In these reports, the PL
spectrum shape and position have a little change, and no
new PL peak has been reported.

In this work, two different degradation processes were
observed depending on whether the flakes experienced prior e-
beam irradiation. With prior e-beam irradiation, the growth
and the diminishment of the 525 nm PL peak suggest that laser
irradiation sped up the processes of 2D RP perovskite to 3D
phase transition and their degradation (sections 3.1 and 3.2).
This phase transition process spreads to the nearby areas when
moisture was present, as displayed in section 3.1 (see the
discussion below). The structure of 3D perovskites collapsed
eventually under prolonged laser exposure, causing PL
quenching. Without prior e-beam irradiation, laser illumination
accelerated the rates of hydration in a humid environment,
showing enhanced PL intensity (section 3.3). 2D perovskite
further directly decomposed without phase transition. The
laser heating amplified the spreading of the direct decom-
position from the laser-scanned area to the nearby areas.2

4.2. Role of Water Vapor. The separate role of humidity
on the optical properties of 2D perovskites can be inferred
from PL spectra in the far area in the three sets of experiments.

The far areas were on separate flakes, which were free from
continuous laser illumination and prior e-beam irradiation. The
PL intensity centered at 480 nm has an observable increase
and no new PL peak emerges when these areas were only
exposed to water vapor during the time series in sections 3.1
and 3.3. On the contrary, no increase in intensity was observed
in experiments conducted without water vapor (section 3.2).
Therefore, the noticeable increase in the PL intensity at 480
nm was due to the presence of added humidity.

Humidity has been an important factor in the stability of the
perovskites. The interaction between moisture and 2D, 3D, or
mixed perovskites has been investigated by many groups. For
the 3D perovskite, the enhancement of the PL intensity
without change in peak position has been reported with post-
treatment in humidity.25,26,52 The enhancement was attributed
to the passivation of the various bulk and surface defects.
When water molecules diffuse and penetrate the perovskite,
the dissolution of the perovskite component, most likely
alkylammonium, and their recrystallization would passivate the
trapping defects.28,52 After prolonged exposure, the redshift of
the PL together with enhanced PL intensity has been observed,
which was attributed to the structural disorder introduced
when H2O molecules are incorporated in the lattice.25,26 For
the more stable 2D RP perovskite,14,27 two mechanisms of
moisture-induced degradation were reported. A larger-n nBA-
MAPI phase could degrade into a more stable, protective, low-
n surface layer and a 3D MAPI phase.24,27,28 Another
mechanism is the degradation of the larger-n phase directly
into the stable n = 1 phase and MAI and PbI2.

29 In both
degradation processes, the blueshift of the peak position was
observed, which is a signature of the low-n 2D phase
accompanied by the reduced PL intensity.24,28

In our study, the 2D perovskite showed an enhanced PL
intensity after prolonged (>12 h) humidity exposure, which
confirms the improved stability of quasi-2D RP phase
organolead halide perovskites. This is the first report on the
enhancement of PL of the 2D RP perovskite when exposed to
moisture. No blueshift of the PL peak under prolonged
humidity exposure is observed in our results indicating that
there was no low-n (n < 3) nBA-MAPBr formation in the far
areas. The increase of the PL indicates the passivation of the
defects, which reduced the number of the trap densities similar
to the 3D perovskite.

As for the laser-scanned area, laser-induced heat accelerated
the rate of hydration. The moisture-induced processes, the
solubilization of the alkylammonium, and the recrystallization
were amplified. In addition, the redistribution of the halide
ions would be faster, and the rate of photo-oxidation would
increase too due to laser heating. All these processes could
reduce the density of trapping defects.28,35,48,52 They
contribute to the initial enhanced PL in the laser-scanned
area in section 3.3 (Figure 5h). Interestingly, without e-beam
irradiation, there was no 2D-3D phase transition, even in the
laser-scanned area. This indicates that e-beam irradiation is a
critical factor in activating the 2D-3D phase transition.

The nearby area in section 3.3, which was exposed to water
vapor and was indirectly affected by the laser during the time
series, showed a similar effect as in the laser-scanned area, that
is, the PL intensity centered at 480 nm is doubled. This
indicates that the nearby area was also affected by the laser-
introduced temperature increase and halide ion migration in
the humid environment. The affected area spread as far as 30
μm away from the laser-scanned area.
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4.3. Role of E-Beam. E-beam irradiation was used to
investigate the impact of exposure to a flux of energetically
charged particles. Two effects of e-beam scanning were
observed on the optical properties of the quasi-2D RP
perovskite. One is the generation of the 525 nm PL peak,
indicating the 2D to the 3D phase transition. The other is
quenching of the PL of the whole flake outside of the laser-
scanned area.

The e-beam irradiation is directly related to generation and
growth of the 525 nm PL peak. No 525 nm peak was observed
in the laser-scanned area and from locations outside the
irradiated area without prior SEM imaging (section 3.3).
Therefore, neither laser irradiation nor H2O exposure
generated 3D perovskite nucleation sites. After flakes were
subjected to the e-beam scanning, the subsequent PL evolution
trends in the laser-scanned area with water vapor (section 3.1)
and without water vapor (section 3.2) were similar.
Specifically, the bandgap peak at 480 nm continuously
decreased in intensity whereas the peak at ∼510 nm grew in
intensity while continuously redshifted toward 525 nm. The
525 nm peak reached a maximum intensity that was multiple
times its initial PL intensity followed by a falling of the
emission intensity. Then, both peaks diminished due to laser
decomposition.

Different mechanisms have been reported for the effect of e-
beam on the alteration of the physical and the optical
properties of 3D perovskite including defect (halide vacancies
and interstitials) formation caused by irradiation dam-
age,35,37,53 phase transition induced by e-beam heating,35 and
e-beam introduced ion migration.37,54 The formation of the
defect would cause quenching of the PL due to the trapping of
the excitons and their nonradiative recombination. Even
moderate e-beam irradiation (10 kV) could drive degradation
of the MAPI perovskite and induce the quenching of the PL
and CL signal.35,37 In these reports, the PL peak was
blueshifted with the shape and width of the emission spectra
remaining constant. The recovery of the PL was observed after
extended moderate e-beam scanning due to electron doping.
Similarly, charge doping introduces an electric field that leads
to ion migration. Ion migration could enhance the PL intensity
in the irradiated area. However, it does not introduce a new
peak.37 The defect formation, phase transition, and ion
migration are often related to crystal quality. It has been
reported that for high-quality crystals, the degradation is
directly in the radiation zone due to defect formation. For less
uniform films, the damage can happen at the periphery of
about 2−3 μm surrounding the irradiation zone due to ion
migration.53,54

In this work, the appearance of a new PL peak is an
indication of the phase transition. This is similar to the phase
transition of MAPbI3 under e-beam irradiation.35 The
activation of the phase transition is additionally supported by
the high-intensity 525 nm peak at the high-flux e-beam
irradiated areas (Figure S5). There were synergistic effects of
the laser and e-beam (sections 3.1 and 3.2) in the laser scanned
area. First, e-beam irradiation created the nucleation sites of
the 3D perovskites. Then, the laser-introduced thermal heating
accelerated the 2D to 3D phase transition. The 3D emission
indicates the formation of a mixed 2D/3D phase. The growth
of the 3D emission suggests a continuous phase transition to
the 3D phase. For the mixed 2D/3D perovskite, the PL
spectrum is reported to show the 3D-dominated emission as
the electron−hole pairs originated at the lower-n phase grains

are funneled to the higher-n phase grains.18,55,56 The phase
transition to the 3D perovskite supports the degradation
mechanism of disproportionation into a more stable,
protective, low-n surface layer and a 3D MAPI phase.24,27,28

This degradation process is different from a mechanism
p r o p o s e d b a s e d o n p u r e - p h a s e q u a s i - 2 D
(PEA)2(MA)n−1PbnI3n+1 perovskite single crystal. The larger-
n (n ≥ 2) phase directly degrades into the relatively stable n =
1 phase.29 In this case, the PL peak at a longer wavelength
corresponding to the large-n phase was observed to
continuously decrease, and the PL of the lower-n phase
appeared at a lower wavelength and grew. This is opposite of
our results. Therefore, we concluded that the quasi-2D RP
perovskite with n = 3 did not degrade to a lower-n phase.

However, unlike experiments in added humidity (section
3.1), the 2D to 3D phase transition did not spread to nearby
areas in the ambient environment (section 3.2). Instead, the
2D PL was quenched, and the intensity of the 3D perovskite
PL peak in the nearby areas remained constant. Since there was
no direct laser irradiation, water vapor exposure, and additional
e-beam scanning in the nearby areas, this means that there
were no additional nucleation sites generated directly due to
these factors. Therefore, it is reasonable to attribute the
quenching of the 480 nm PL peak at the nearby areas to the
ion migration from the laser-scanned area due to a temperature
gradient on the flake. The thermal activation energy of the
migration of the iodide/bromine ions was experimentally
determined to be about 70 kJ/mol.57−59 These defects (e.g.,
ion interstitials) could trap excitons and enhance their
nonradiative recombination. The quenching of the 2D PL is
consistent with what has been reported for 3D perovskite after
moderate e-beam exposure.35,37 Even when the surface
morphology remained the same, defects were created.
Similarly, here, although quenching of the PL was observed
on the whole flake, the SEM image taken after the time series
shows that the surface was still smooth except for the high-
fluxed areas.

Interestingly, the 2D to 3D phase transition process did not
continue in the areas experienced prior high-flux e-beam
scanning or spread to the other areas of the flake without direct
laser illumination or moisture (section 3.2). The high
concentration of defects/nucleation sites of the 3D perovskite
was created during the e-beam scanning and the migration of
the ion from the laser scanned area to these areas were
expected as evidenced by the quenching of the 2D PL in these
areas. Therefore, the ion migration alone or a small amount of
ion migration is not enough to keep the phase transition going.
4.4. Synergistic Effect of Laser Exposure, Water

Vapor, and E-Beam Irradiation. In the laser-scanned area,
the synergistic role of water vapor is not apparent as the e-
beam and laser light dominated the degradation process. The
main difference in PL between experiments with water vapor
and without water vapor after activation by the e-beam
scanning is at the nearby areas. In the humid environment
(section 3.1), the 2D-3D phase transition is not confined to
the laser-scanned area. There were extended areas that
exhibited the growth of the 525 nm PL peak reaching 10-
folds of its original PL intensity similar to what was observed in
the laser-scanned area. Other areas experienced a quenching of
the PL intensity. On the other hand, for the experiments
without moisture (section 3.2), the areas that exhibited the
intensity of the 525 nm peak were confined to the laser-
scanned area and the areas that experienced high-flux e-beam
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scanning. In the meantime, quenching of the 2D PL was
observed in almost the whole flake that was not under laser
scanning. Therefore, the comparison of the PL signal in the
nearby area obtained with moisture and without moisture
suggests that the ion migration from the laser-scanned area to
the rest of the flake happened even without moisture, which
induced the 2D PL quenching. However, it was significantly
enhanced in the humid environment, which accelerated the
phase transition in the nearby areas.

We propose that the quenching of the 2D PL and the 2D-3D
phase transition are two different stages of degradation that are
related to the defect concentration and the type of the defects
(i.e., ion vacancies, ion interstitials, and 3D perovskite
nucleation sites). With prior low-flux e-beam scanning, low
concentrations of 3D perovskite defects were generated on the
flake. The continuous laser scanning created more defects (ion
vacancies and ion interstitials) and promoted ion migration to
the nearby area and eventually the whole flake. However, the
concentration of 3D defects in the nearby area was below the
threshold. Therefore, the quenching of the 2D PL peak
dominated due to the trapping and recombination of the
excitons at the various defect sites (ion vacancies, ion
interstitials, and 3D perovskite defects). Hence, both with
(section 3.1) and without water (section 3.2), extended areas
that were not under continuous laser scanning exhibited 2D PL
quenching.

Although the laser scanning and H2O did not generate 3D
nucleation sites, they can accelerate the phase transition
process once 3D nucleation sites were generated. In the
experiment with water vapor, water vapor forms the hydrates
between the layered structure.7,26,60−62 The incorporation of
H2O in the lattice could assist the ion migration, which
eventually increased the 3D perovskite defect concentration to
the extent that 2D to 3D perovskite transition dominates.
Therefore, there are extended areas (100 μm2) that experience
the 2D to 3D phase transition even though they did not
experience laser scanning (section 3.1). The moisture-
enhanced ion migration was also observed in the flakes
without prior e-beam irradiation (section 3.3). In this case,
there were no 3D nucleation sites; therefore, the passivation of
the defects dominated, which is evidenced by the enhanced 2D
PL intensity in the nearby areas in section 3.3.

Note that there is heterogeneity in the as-synthesized 2D
perovskite, as shown in Figure 3b. The observed inhomoge-
neity in PL after the time series on the whole flake is a result of
a delicate balance among these synergistic factors including the
laser irradiation-induced defects, the temperature gradient
from laser heating, the e-beam irradiation-induced defects, the
intrinsic ion migration, and the water-assisted ion migration.
Therefore, it is not surprising that there was variation in the PL
distribution in the experiments.

We also considered the role of the thickness of the flake in
the degradation. The thickness of the majority of the flakes
studied in this work is less than 1 μm, with some portion of the
flakes thicker than 1 μm. Most of the excitation photons are
absorbed by the halide perovskite within a few hundred
nanometers. The photon infiltration exponentially decreases
from the surface, which controls photoinduced ion migration
in a crystal.63,64 The ion migration induced by light could
migrate both horizontally and vertically. It is reasonable to
expect that ions migrate more horizontally for thinner flakes
and therefore faster propagation of the degradation from the
laser-scanned area to the surrounding area. However, for the

thinnest flake (0.2 μm) in our experiment, shown in Figure 4,
the 2D to 3D phase transition did not spread to the rest of the
flake, even near the area with high-flux e-beam irradiation. In
addition, in Figure 3, while the red dotted area shows a much
higher PL intensity than the black dotted area, their
thicknesses are comparable. This indicates that the thickness
is not a main factor in the degradation involving humidity and
laser irradiation. Similarly, we expect the thinner the flake, the
greater the e-beam-induced damage from the scattering of the
secondary electrons. This could contribute to a relatively
higher ∼520 nm peak after the e-beam irradiation for the flake
in Figure 2d with a thickness of 0.2 μm, while the flake in
Figure 2a has a thickness of ∼0.5 μm and shows a relatively
weaker 520 nm peak.

It has been reported that RP perovskites exhibit improved
stability over the 3D perovskites.24 Our results confirm the
stability of the 2D RP perovskites over prolonged humidity
exposure. However, the defect is critical for stability of the 2D
RP perovskite. Even the low-energy, low-flux e-beam
irradiation can generate the 3D nucleation sites that could
compromise the stability of the 2D RP perovskite. It would not
be a surprise that under electric current, the stability of the 2D
RP perovskite will be compromised too. The presence of H2O
assists the propagation of the 2D to 3D phase transformation
and the direct 2D degradation across the flakes.

■ CONCLUSIONS
In summary, the synergistic effect of three factors (laser
exposure, water vapor, and e-beam irradiation) on 2D RP
perovskite flakes has been investigated. The time-dependent
PL of the 2D RP perovskite flakes was monitored continuously
in an environmental cell for over 12 h. With prior SEM
imaging, the 2D perovskite experienced the 2D to 3D phase
transition process, followed by complete degradation at the
laser-scanned area with or without added humidity. The 480
nm PL peak vanished, while a high-intensity 525 nm PL peak
emerged with continuous laser scanning. The PL intensity then
declined and eventually completely quenched due to
decomposition. Without prior SEM imaging, the 2D RP
perovskite did not experience a phase transition and directly
decomposed. Our results indicate that e-beam irradiation
initiates the phase transition by creating the 3D nucleation
sites. Neither laser nor H2O generates these nucleation sites.
Laser accelerates the 2D-3D phase transition and the direct 2D
decomposition process. H2O helps the spreading of both
degradation processes to the rest of the flake by enhancing the
ion migration. Without added humidity, the 2D-3D phase
transition was confined in a laser-scanned area.

■ ASSOCIATED CONTENT
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SEM images of the 2D RP perovskite flakes in different
environmental cells; PL maps of the flake and PL spectra
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