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ABSTRACT: Two-dimensional (2D) and quasi-2D Ruddlesden−
Popper (RP) phase organolead halide perovskites are promising
materials for both photovoltaic and optoelectronic devices.
Although they are known to be more stable when exposed to
moisture than their 3D counterpart, chemical degradation of these
materials under moisture, which not only leads to a significant drop
in device performance but also leads to lead leakage, yet remains
one of the most serious hurdles for their practical applications. To
gain insight into the degradation mechanism of 2D/quasi-2D
perovskites under moisture conditions, the degradation pathway of
2D/quasi-2D (PEA)2(MA)n−1PbnI3n+1 (PEA = C6H5C2H4NH3

+, MA = CH3NH3
+, and n is the number of perovskite layers between

adjacent organic spacer layers) perovskite single crystals (SCs) and thin film are explored. We observe the degradation process by
mapping the photoluminescence of the 2D perovskites and demonstrate that the larger-n phases all directly degrade into the relative
stable n = 1 phase and MAI and PbI2, which is a mechanism different from that in previous reports and further confirmed in the 2D
perovskite thin film. This degradation process is also found to be independent of the boundary and morphology of the SCs. This
discovery provides a new perspective for understanding the chemical degradation of the 2D perovskite materials and may inspire new
solutions for improving their moisture stability.

■ INTRODUCTION

Lead halide perovskites have great potential in the fields of
solar cells, light-emitting diodes (LEDs), photodetectors, and
optical gain materials.1−8 Conventional three-dimensional
(3D) methylammonium lead iodide perovskite have the
advantages of suitable band gap width, large absorption
coefficient, high photoluminescence quantum yield, high
charge carrier mobility, long carrier lifetime, and diffusion
length.1,9−17 Despite these outstanding properties, the
instability of 3D perovskite to moisture, light, and oxygen
severely limit its further applications.18−21 In recent years, the
RP phase 2D/quasi-2D perovskites have attracted much
attention for their higher resistance to moisture than
conventional 3D perovskites.22−27 The structural formula of
2D perovskites is A2Bn−1MnX3n+1, where A is a long-chain
aliphatic or aromatic alkylammonium cation that acts as a
spacer layer between the perovskite layers, B is an organic
cation, M is a divalent metal cation, X is the halide. The integer
n is the number of perovskite layers between adjacent organic
spacer layers.2,28,29 It is reported that by converting the upper
surface of the 3D perovskite into a (quasi-) 2D perovskite
layer, both the efficiency and stability of the perovskite
photovoltaics are improved by lower surface defect density and
enhanced moisture stability.30 Solar cells based on 2D/quasi-
2D perovskites exhibit remarkably long-term stability by

blocking the moisture penetration pathway from the external
atmosphere to the inner perovskite film.31 Meanwhile, other
observations for the high stability of the 2D/quasi-2D
perovskite materials and solar cells have also been
reported.22,23,32−34

To maximize its applications, researchers explore the reasons
for their enhanced stability by probing the degradation
chemistry under moisture environments. So far, much effort
has been put into exploring the degradation process of 2D/
quasi-2D perovskites.31,35 Compared with 3D perovskite, the
degradation pathway of 2D perovskite is completely different
due to the introduction of hydrophobic cation such as n-
butylammonium (BA) and phenylethylammonium (PEA).
Previous reports showed that the improved moisture stability
of quasi-2D perovskites is attributed to a disproportionation
degradation mechanism, leading to the formation of the small-
n surface protection layer that effectively protects the materials
from further degradation.31 Wygant et al. proposed that larger-
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n phase degrades into (n−1) phase and 3D MAPbI3 upon
exposure to moisture in 2D perovskite thin film, and they also
demonstrated that the dynamic growth of micrometer-scale
crystallites and cracks at the surface of quasi-2D perovskite film
during degradation, which is proposed as byproducts of the
disproportionation mechanism.35 The results are consistent
with density functional theory calculations that the formation
energy increases as the value of n decreases, indicating the
improved stability of small-n species.32

Compared with 2D perovskite thin film with complex
phases, pure-phase 2D perovskite single crystal (SC) is a better
model system for clarifying the degradation mechanism of 2D/
quasi-2D perovskites. To our knowledge, no relevant research
on the degradation chemistry of 2D perovskite SCs has been
reported. In this work, we directly observe the degradation
process of (PEA)2(MA)n−1PbnI3n+1 2D perovskite SCs with
different n values and 2D perovskite thin film under moisture
conditions by using a laser-scanned PL imaging microscopy
coupled with time-correlated single photon counting
(TCSPC) module. By collecting the PL spectra and images
of 2D perovskites under moisture conditions (∼85% relative
humidity), we spatially observe the degradation process of the
micron-scale SC and demonstrate that the larger n phases
degrade into the relative stable n = 1 phase and MAI and PbI2,
which is different from the observed disproportionation
mechanism that larger n phase degrades into (n−1) phase
and 3D MAPbI3. We also discovered that the degradation
process of SCs is independent of the boundary and
morphology of the crystals. This degradation process was
further confirmed in the 2D perovskite thin film. This work
systematically examines the moisture-induced degradation
principles of both 2D/quasi-2D perovskite single crystals and
thin films, which broadens the understanding of the chemical
change to these kinds of 2D materials under moisture.

■ RESULTS AND DISCUSSION
We synthesize the (PEA)2(MA)n−1PbnI3n+1 layered 2D perov-
skite single crystals (SCs) with n = 1−3 according to the
reported method described in the Supporting Information.36

The crystal structure is schematically demonstrated in Figure
1a and is confirmed by XRD patterns (Figure 1b) which

indicates that the 2D SCs are phase-pure and exhibit excellent
crystallinity in ensemble. Figure 1c shows the UV−vis
absorption and PL spectra of (PEA)2(MA)n−1PbnI3n+1 SCs
with n = 1−3. Because of the quantum confinement effect, the
optical bandgap of the 2D perovskite SCs decreases from
∼2.38 eV for n = 1 to ∼1.98 eV for n = 3. Both UV−vis
absorption and PL spectra further confirm the phase purity of
the 2D perovskite SCs. The SEM images of typical exfoliated
SCs of n = 1−3 are shown in Figure S1, which show a clear
layered structure.
The 2D perovskite SCs are mechanically exfoliated with

scotch tape with a lateral dimension of tens of micrometers and
a thickness of a few hundred nanometers. We perform the
photoluminescence (PL) imaging measurement of individual
2D perovskite SCs placed at a chamber with ∼85% relative
humidity (RH) by using a laser-scanned PL imaging
microscopy coupled with time-correlated single photon
counting (TCSPC). In previous works, different humidity
levels are selected to explore the degradation chemistry of
perovskite materials, indicating the degradation mechanism is
unaffected within this humidity range.24,31,32,35,37−42 There-
fore, we selected 85% RH, which is within the range of
humidity used in previous works. The setup of the constant
humidity reaction chamber and the laser-scanned PL imaging
microscopy are shown in Figures S2 and S3. A set of optical
images and PL variation of a typical n = 2 perovskite SC as a
function of time under moisture conditions are shown in
Figure 2.

In Figure 2a, the optical and PL intensity images of the
(PEA)2MAPb2I7 (n = 2) SC are clear and homogeneous at the
initial time. Upon exposure to moisture, the SC surface
distinctly becomes rough, and the PL intensity decreases
because of the degradation of the material. After 686 min (11.4
h) of exposure, it is obvious that the crystal begins to crack and
part of the crystal starts to turn yellow, accompanied by a
further decrease of PL intensity. In Figure 2b, in addition to
the observed intrinsic PL of n = 2 perovskite SC with a central
wavelength of ∼575 nm, a new emission peak centered at

Figure 1. Spectroscopic and structure characterizations of 2D
perovskite crystals. (a) Schematic of crystal structure of
(PEA)2(MA)n−1PbnI3n+1 2D perovskites. (b) XRD patterns of pristine
2D perovskites with n = 1−3. (c) UV−vis absorption and PL spectra
of (PEA)2(MA)n−1PbnI3n+1 2D perovskites with n = 1−3.

Figure 2. Microscopic PL and spectroscopic characterization of
degradation of an exfoliated individual 2D (PEA)2MAPb2I7 perovskite
SC (n = 2) under moisture conditions. (a) A set of the laser-scanned
confocal PL intensity images collected in the emission channels of
570−590 nm (yellow) and 515−535 nm (green), showing the
evolution of the degradation process under different exposure time.
The insets are the optical images. The scale bar is 10 μm. (b)
Variation of PL spectra of the same 2D perovskite crystal (n = 2) at
different exposure times. (c) Variation of the average PL lifetime as a
function of exposure time extracted from TRPL kinetics of the n = 2
and newly generated n = 1 phase.
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∼520 nm appears, which agrees with the excitonic feature of n
= 1 perovskite phase (Figure 1c) and was also confirmed in
previous works to be the n = 1 phase generated during
degradation.31,35 Furthermore, we also excluded the PbI2
(nonperovskite product of degradation) emission at ∼520
nm by collecting the emission from PbI2 film under the same
experimental conditions, because the PbI2 is a nonfluorescent
phase under such low excitation intensity (Figure S4). This
observation is also consistent with the PL images shown in
Figure 2a, showing that PL of n = 1 (degraded from large n)
only appears at the local sites where the crystal turns yellow in
the optical image and the PL of n = 2 perovskite disappears.
This observation clearly demonstrates the degradation of n = 2
to n = 1 perovskite phase under moisture conditions. After
1112 min (∼18.5 h) of exposure, the intrinsic n = 2 perovskite
phase almost completely degrades and the generated n = 1
phase continues to decompose quickly in the meanwhile to
nonfluorescent species (PbI2 and PEAI) (Figure 2a,b).
Apparently, heterogeneous degradation locations and rates
are observed during degradation from n = 2 to n = 1, which
may relate to variations of the local crystalline quality, and this
microstructural heterogeneity of the degradation process does
not affect the degradation mechanism.
To better understand the changes in photophysical proper-

ties during the degradation process, the time-resolved PL
kinetics (TRPL) of the pristine n = 2 and the newly generated
n = 1 phase at various exposure times are obtained with
representative PL kinetics shown in Figure S5b,c. The data
were well fitted by the following multiexponential function of
I(t) = ∑Aiexp(−t/τi) (i = 1, 2, and 3), where Ai is the
amplitude of each component, and τi is the corresponding
lifetime. The average PL lifetime is calculated as τAve,= ∑Aiτi/
∑Ai. However, it is difficult for us to give a specific origin of
each component. We just give a qualitative determination by
the variation of the average PL lifetime to illustrate the
processes that the SCs may undergo during degradation under
humidity conditions. Figure 2c shows the evolution of the
average PL lifetime of the pristine n = 2 and the newly
generated n = 1 phase under moisture. The average PL lifetime
of n = 2 phase decreases as exposure time increases and is
consistent with the evolution of PL intensity (Figure S6b),
which is attributed to increased nonradiative recombination
caused by the invasion of moisture during degradation. At
longer exposure time, the average PL lifetime of n = 2 phase
exhibits a sharp decrease at exposure time >900 min, indicating
the degradation process is not homogeneous and accelerates
under more moisture. In addition, the PL lifetime of the newly
generated n = 1 phase slightly increases possibly due to the
passivation effect of moisture, and then it decreases upon
further exposure which is also due to the increased non-
radiative recombination caused by moisture. Comparison of
the decay rates of n = 2 and newly generated n = 1 phase at
longer exposure time indicates that the rapid degradation of
the n = 2 phase under moisture coincides with the generation
and surface passivation process of the n = 1 phase.
In previous reports, Yan et al. demonstrated that larger-n

members tend to disproportionate to n = 3 and n = ∞
members in some oxide RP perovskites.43 Stoumpos et al.
proposed a stabilizing disproportionation mechanism to
explain the higher stability of 2D organolead halide perovskite
over their 3D counterpart.22 Further, Wygant et al. verified the
mechanism on both (nBA)2(MA)n−1PbnI3n+1 bare film and
solar cell devices by using PL, ToF-SIMS, and other

characterization methods.31 They described the disproportio-
nation process as

n n n n

n

( BA) (MA) Pb I ( 4) ( BA) (MA) Pb I ( 3)

MAPbI ( )
2 3 4 13

H O
2 2 3 10

3

2= ⎯ →⎯⎯ =

+ = ∞

By using the PL imaging technique, this work directly
observes the degradation pathway from n = 2 to n = 1 in
individual quasi-2D perovskite SC and demonstrates that the
degradation occurs randomly and has no relation to the crystal
boundary or shape. Previous density functional theory
calculation of PEA-MAPI perovskites with different n values
demonstrates that the formation energy decreases as the n
value increases, indicating the small-n phase is the
thermodynamically stable phase.32 The calculation result is
consistent with our and previous work.22,31,35 However,
different from the disproportionation mechanism, we did not
obtain the PL of MAPbI3 in the long-wavelength region near
778 nm; thus, we deduce that MAI and PbI2 were generated by
direct decomposition of MAPbI3. We further verify this process
in 2D perovskite SCs with different n values.
In Figure 3, we select a typical n = 3 perovskite SC to further

explore the degradation mechanism. The optical and PL

intensity images of the crystal as a function of exposure time
are shown in Figure 3a. At an exposure time of 21 min, the
crystal apparently starts to degrade from the left corner of the
crystal. In Figure 3b, PL centered at 625 nm is the intrinsic
emission of the n = 3 perovskite phase, and the intensity
declines sharply in the first ∼20 min. Meanwhile, no peak shift
caused by moisture is observed at different exposure time in
the n = 3 and n = 1, 2 phases (Figure S7c). As the exposure
time increases, the sharp emission peak centered at ∼520 nm
gradually appears, which coincides with the excitonic feature of
n = 1 (PEA)2PbI4 perovskite.

44 The PL intensity increases until
it reaches a maximum at 43 min of exposure time. This result is
also consistent with the PL intensity images shown in Figure
3a. The variation of PL intensity for the two species is shown
in Figure S6c. It should be noted that the degradation time is
determined by size, thickness, local defects, moisture resistance

Figure 3. Microscopic PL and spectroscopic characterization of
degradation of an exfoliated individual 2D (PEA)2MA2Pb3I10
perovskite crystal (n = 3) under moisture conditions. (a) A set of
the laser-scanned confocal PL intensity images collected in the
emission channels of 600−640 nm (red) and 490−550 nm (green),
showing the evolution of the degradation process under different
exposure times. The insets are the optical images. The scale bar is 5
μm. (b) Variation of PL spectra of the same 2D perovskite crystal (n
= 3) at different exposure time. (c) Variation of the average PL
lifetime as a function of exposure time extracted from TRPL kinetics
of the n = 3 and newly generated n = 1 phase.
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of the materials, and other possible reasons such as cracks on
the crystal surface. Therefore, it is inadequate to compare the
stability of the n = 2 and n = 3 perovskite SC with different
conditions. In addition to a longer PL lifetime of n = 2 SC
which represents fewer trap states, the size of the n = 2 SC in
Figure 2 is much larger than that of the n = 3 SC in Figure 3,
which may also lead to a longer degradation time of n = 2 SC.
Similar to the degradation process of n = 2 SC phase, the PL

of n = 1 phase appears where the PL of n = 3 phase decreases
significantly, indicating a direct degradation from n = 3 to n = 1
phase. TRPL of n = 3 phase and newly generated n = 1 phase
as a function of exposure time are exhibited in Figure 3c. The
average PL lifetime of the n = 3 phase increases in the
beginning probably due to the passivation effect of water
molecules and then decreases as the exposure time increases.
The average PL lifetime of the newly generated n = 1 phase
exhibits a similar trend with n = 1 phase degraded from n = 2
SC, including sequential generation, passivation, and degrada-
tion steps. The variation of average PL lifetime is the result of
the combined effect of passivation, increased density of trap
states, and degradation. As mentioned above in the case of n =
2 SC, we did not detect PL of 3D MAPbI3 during degradation
in n = 3 SC, suggesting that the degradation mechanism is the
same as that in n = 2 and 3 SCs, which is different from the
reported disproportionation mechanism.31 Moreover, instead
of observing the continuous reduction process from n to (n-1)
phase during degradation, we only obtain n = 1 phase,
indicating n = 1 perovskite phase is an important transition
state in 2D perovskite degradation, which is consistent with the
DFT calculation that the small-n phases are more stable.32

Additionally, the decomposition of n = 1 SC was also explored
(Figure S8), which shows a direct decomposition from n = 1
phase to nonperovskite phase. On the basis of the results
above, we speculate the following degradation mechanism in
SCs:

n n n

(PEA) (MA) Pb I

(PEA) PbI ( 1)MAI ( 1)PbI ( 2)

n n n2 1 3 1
H O

2 4 2
2⎯ →⎯⎯ + − + − ≥

− +

In order to further confirm the above degradation
mechanism, we explore the degradation pathway of quasi-2D
(PEA)2(MA)n−1PbnI3n+1 perovskite thin film prepared as n = 4
under moisture conditions. The Optical image in Figure S9a
and SEM image in Figure S10 shows the flat surface of the as-
prepared film, which indicates the high quality of the film.
Before moisture treatment, PL spectra were obtained under
both back and front excitation as shown in Figure S11. Upon
front-excitation, the 2D perovskite film exhibits strong PL
emission centered at 735 nm, corresponding to the large-n
phase of (PEA)2(MA)n−1PbnI3n+1 perovskites. Upon back-
excitation, besides the strong emission peak centered at 735
nm, a few small peaks at higher energies which correspond to n
= 2, 3, and 4 phase of (PEA)2(MA)n−1PbnI3n+1 perovskites
appear, implying that the small-n phases located at the bottom
surface and the large-n phases located at the upper surface of
the film, which is consistent with previously reported 2D
perovskite thin film.45 Figure 4a shows the PL evolution of 2D
perovskite thin film under moisture. As exposure time
increases, emission peak at 735 nm becomes weaker,
suggesting degradation of large-n phase. At exposure time of
122 h, a sharp and strong PL peak located at ∼520 nm appears,
which indicates the degradation of inner small-n phases into
the relative water-resistant n = 1 phase. At an exposure time of

302 h, the film apparently degraded into many small particle-
like surface structures (Figure S9b) accompanied by a decrease
in the PL intensity of the n = 1 phase. The small particle-like
surface structures are similar to those observed by Wygant et
al. for nBA-MAPbI3 film after 72 h exposure to RH 78%, which
is attributed to small-n perovskite.35 To confirm the particle-
like structures, we performed steady-state PL spectra and PL
imaging measurements (Figure S9c) and confirmed that the
particle-like structures are n = 1 perovskite phase, which is
consistent with the degradation mechanism.
Meanwhile, the evolution of UV−vis absorption spectra of

the 2D perovskite thin film under moisture conditions is
shown in Figure 4b. Apart from the lowest bandgap
absorption, three absorption peaks located at ∼567 nm (2.19
eV), ∼608 nm (2.04 eV), and ∼640 nm (1.94 eV), which
respectively represent n = 2, n = 3, and n = 4 perovskite phase
are present before reaction, which is consistent with the PL
spectra in Figure S11. After exposure to moisture, the intensity
of the absorption peaks of the quasi-2D perovskite phases
decreases, and finally, only the absorption peaks of the n = 1
perovskite phase (Figure 1c) and nonperovskite phase PbI2
(Figure S4) are observed, indicating the destruction of large-n
lattice and generation of n = 1 phase, which is consistent with
the evolution of PL spectra in Figure 4a. In order to investigate
the structural changes under moisture, X-ray diffraction (XRD)
measurements were also performed. As shown in Figure 4c, the
as-prepared 2D perovskite thin film shows two strong peaks
located at 2θ ≈ 14° and 2θ ≈ 28°, which correspond to (111)
and (202) planes of large-n phases located at the upper surface
of the 2D perovskite film.31,45 After long time exposure to
moisture, the XRD pattern includes both perovskite phases
with different n values and nonperovskite phase PbI2 due to
degradation. Finally, the 2D perovskite phase with n ≥ 2 all
degrade into n = 1 phase.
This observation is consistent with the degradation process

of n = 2 and 3 SCs as exhibited in Figures 2 and 3, which
further validates our proposed degradation mechanism. This
degradation pathway unravels the relatively high humidity
stability of the n = 1 2D perovskite, where the large-n and

Figure 4. Spectroscopic and structural characterization of degradation
of 2D (PEA)2MAn−1PbnI3n+1 perovskite thin film prepared as n = 4
under moisture conditions. (a) Variation of PL spectra of the 2D
perovskite thin film at different exposure times. (b) Variation of UV−
vis absorption spectra under different exposure time. (c) Evolution of
XRD patterns from the same (PEA)2MAn−1PbnI3n+1 thin film (n = 4)
during degradation. The blue arrow indicates the evolution direction.
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small-n phases all degrade into n = 1 phase. Similar to the
hydration-driven degradation mechanism for 3D MAPbI3
perovskite, the dissociation of highly volatile and water-soluble
methylammonium cation leads to the instability of the quasi-
2D phase due to strong hydrogen bonds formed through ready
interaction between methylammonium and water.19,46,47 These
provide promising ways to further improve the moisture
stability of quasi-2D perovskites, such as replacing the
methylammonium cation or introducing more aliphatic or
aromatic alkylammonium spacer with more hydrophobic
groups.

■ CONCLUSION

In summary, by using the laser-scanned PL imaging
microscopy, we directly observed the degradation process of
2D/quasi-2D perovskite (PEA)2(MA)n−1PbnI3n+1 SCs (n = 1−
3) and thin film (n = 4) under moisture conditions. We find
that the degradation process occurs randomly in the 2D
perovskite SCs and has no relation to the crystal boundary and
morphology. Different from the reported degradation mech-
anism of 2D perovskites that larger-n phase degrade into (n−
1) phase and 3D MAPbI3, we demonstrated the degradation of
the larger-n phase into the relatively stable n = 1 phase and
MAI and PbI2 by directly observing the generation of n = 1
phase exactly where the larger-n phases degrade. This
discovery of the quasi-2D perovskite degradation pathway
may help to find new methods to significantly enhance the
stability of 2D/quasi-2D perovskites against moisture.

■ EXPERIMENTAL SECTION

Synthesis of CH3NH3I. The CH3NH3I was synthesized by
mixing 61 mL of methylamine (33 wt % in absolute ethanol)
and 65 mL of HI (57 wt % in water by weight) in a flask in an
ice bath at 0 °C for 2 h with stirring. The methylammonium
iodide (CH3NH3I) was achieved as the solvent was carefully
removed using a rotate evaporator (Dragon Laboratory
Instruments Limited RE100-PRO, China) at 50 °C. The
white CH3NH3I powder was washed with diethyl ether three
times. The final product was collected by filtration and dried at
80 °C in a vacuum oven for 24 h.
Synthesis of the PEA2(MA)n−1PbnI3n+1 2D Perovskite

SCs. PEA2PbI4 (n = 1). PbI2 (46.1 mg, 0.1 mmol) and PEAI
(24.5 mg, 0.1 mmol) were dissolved in about 4 mL of HI (57
wt % in H2O) by stirring and heating to 130 °C. The plate-like
SCs were obtained after the solution was cooled down to room
temperature (∼10 °C/30 min). Then the SCs were washed
with diethyl ether and dried at 60 °C under vacuum for 24 h
before use.
PEA2(MA)Pb2I7 (n = 2). PbI2 (184.4 mg, 0.4 mmol), MAI

(106.53 mg, 0.67 mmol), and PEAI (41.7 mg, 0.17 mmol)
were dissolved in about 2 mL of HI (57 wt % in H2O) by
stirring and heating to 130 °C. The subsequent steps were
carried out in a similar way to what was described in PEA2PbI4
(n = 1).
PEA2(MA)2Pb3I10 (n = 3). PbI2 (184.4 mg, 0.4 mmol), MAI

(106.53 mg, 0.67 mmol), and PEAI (16.7 mg, 0.067 mmol)
were dissolved in about 2 mL of HI (57 wt % in H2O) by
stirring and heating to 130 °C. The subsequent steps were
carried out similarly as already described.
Preparation of Multilayered 2D Perovskite Thin

Films. Glass substrates were cleaned via ultrasonication in
isopropyl alcohol, distilled water, and acetone in turn followed

by 20 min oxygen plasma. The precursor solution of
(PEA)2(MA)n−1PbnI3n+1 (n = 4) was prepared by dissolving
PEAI, MAI, and PbI2 with a stoichiometric ration of 2:3:4 in
anhydrous DMF with a total Pb2+ concentration of 0.6 M.
Before film fabrication, an ultrasonication bath was used to
help the solute dissolve to reach a clarified solution. For the
hot-casting, the rinsed glass substrates were first preheated to
100 °C on a hot plate for 10 min right before spin-coating. The
hot substrates were immediately transferred to spin-coated
platform (at room temperature) followed by dropping 50 μL
precursor solution onto the hot glass substrates. The spin
speed is 5000 rpm, and the acceleration is 1500 rpm/s. The
film turned brown several seconds after the beginning of spin-
coating. The total spin-coating time is 50 s. After that, the film
was annealed at 100 °C for 5 min.

Preparation of PbI2 Thin Films. The PbI2 thin films were
prepared in the same way as the multilayered 2D perovskite
thin films, but the precursor solution was only PbI2 at a
concentration of 0.6 M.

X-ray Diffraction Measurement on 2D Perovskite
Films and SCs. The (PEA)2(MA)n−1PbnI3n+1 (n = 4)
multilayered 2D perovskite films and SCs with n = 1−3 were
both measured by powder X-ray diffraction system (PXRD)
(X’pert Pro-1, PANAlytical).

UV−vis Absorption Measurement. UV−vis absorption
spectra were performed by UV−vis absorption spectrometer
(Cary 60, Aglient Technologies). (PEA)2(MA)n−1PbnI3n+1 (n =
4) thin films were taken out of the reaction chamber at
different exposure time for the UV−vis spectra measurement.
In order to measure the UV−vis absorption spectra of 2D
perovskite SCs, the bulk 2D perovskite SCs were repeatedly
exfoliated by scotch tape and transported to glass coverslips.
Then the scotch tape was removed, and the exfoliated 2D layer
crystals were left on the coverslip.

PL Measurement. The measurements were performed on
a home-built laser-scanned imaging microscopy coupled with
time-correlated single photon counting (TCSPC). The
schematic was shown in Figure S3. The laser beam was
focused on the sample through a 100× air objective lens (NA
= 0.95, Olympus PLFLN 100×) at 450 nm wavelength
(SC400-PP, Fianium, U.K.). Each PL intensity image obtained
contains 256 × 256 pixels. The intensity of the laser source was
adjusted by a neutral density filter and measured by a power
meter (PM100D S1003VC, Thorlabs, U.S.A.). Two high speed
detectors (HPM-100-40 and HPM-100-50, Hamamatsu,
Japan) were used to collect fluorescence at different emission
regions by using band-pass filters. The steady-state PL
emission spectra were obtained by a monochromator
(SpectraPro-HRS-300, Princeton Instruments, U.S.A.) coupled
with a charge coupled device (CCD) camera (PIXIS 100,
Princeton Instruments, U.S.A.), which shares the same
microscope objective for signal collection with laser-scanned
confocal PL imaging microscopy. To obtain PL spectra of the
whole single crystal, we used a defocused 405 nm pulsed laser
(PIXEA-405, Aurea technology, France) with a diameter of
tens of micrometers, larger than the size of the single crystal.

Combination of the PL Intensity Images Collected
from Different Emission Wavelengths in One SC. The
combination of these two images is by superimposing PL
image collected from short wavelength region with a
transmittance of 50% onto the PL image collected from long
wavelength region. The contrast and brightness are increased
by 20% and 40%, respectively. All laser-scanned confocal PL
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intensity images containing two different emission regions in
this paper are processed in the same procedure.
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