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ABSTRACT: In this study, various concentrations of the large-
sized cation iodide, namely, phenylethylammonium iodide (PEAI),
incorporated in lead iodide (PbI2) solid films react with heated
methylammonium iodide (MAI) to fabricate 2D/3D mixed
perovskite films with vertical phase distribution, which are
prepared by the low-pressure vapor-assisted solution process
(LP-VASP). The 2D/3D mixed perovskite films exhibit multiple
photoluminescence (PL) emissions that correspond to a 2D
Ruddlesden−Popper layered perovskite of PEA2MAn−1PbnX3n+1
with varying n values and a 3D MAPbI3 perovskite. Their
crystalline structure along with crystal orientation, surface
morphology, and surface potential is examined by X-ray diffraction,
grazing-incidence wide-angle X-ray scattering, and Kelvin probe
force microscopy, respectively. Confocal PL microscopy, two-photon excitation microscopy, and scanning transmission X-ray
microscopy are further conducted to map the spatial and energy spectral distribution of 2D layered perovskites in the resultant film.
From these results, multiple 2D layered perovskites are presumably formed in the bulk, while a 3D perovskite is mainly produced on
the surface. The dimensional variation across the vapor-treated film is attributed to the phenylethylamine vapor (PEA(g)) evaporating
from the PEAI-added PbI2 film and the methylamine vapor (MA(g)) reaction with the PEAI-added PbI2 film initiated from the film
surface. A gradient phase distribution from 2D (bottom) to 3D (surface) perovskites is intuitively fabricated.

■ INTRODUCTION

Organic−inorganic hybrid halide perovskites have attracted
great attention due to their remarkable optoelectronic
properties, including low defect density, high defect tolerance,
long carrier diffusion length, saturated absorption in the
visible-light range, tunable composition, and tunable band
gap.1−4 Such properties make them promising materials for
application in high-efficiency solar cells, high-brightness light-
emitting diodes, sensitive photodetectors, low-threshold
optically pumped laser, and so on.5−11 Although three-
dimensional (3D) perovskite-based solar cells have achieved
remarkable power conversion efficiency over 25%,12,13 the
main concerns about long-term stability, large-area fabrication,
and toxicity should be addressed before their commercializa-
tion. An effective strategy to stabilize halide perovskites is to
fabricate two-dimensional (2D) layered perovskites.14−18

Large-sized cations of A′, which are not compatible with the
ABX3 lattice structure, slice the 3D ABX3 perovskite to form
the so-called Ruddlesden−Popper perovskites with the formula
A′2An−1PbnX3n+1 or the Dion−Jacobson perovskite with the
formula A′An−1PbnX3n+1, where n is the layer number of BX6
octahedra between two large-sized cations.19−26 Introduction

of large-sized cations in 3D perovskites to form 2D layered
perovskites can prevent water and oxygen molecule pene-
tration, leading to enhanced stability.16,27 Recently, high-
efficiency and stable 2D or 2D/3D hybrid perovskite solar cells
have been realized by controlling the 2D perovskite orientation
to make it perpendicular to the substrate28−36 or regulating
vertical perovskite phase distribution to create an energy
cascade.37−40 The energy cascade resulting from vertical
perovskite phase distribution facilitates the charge transport,
which is critical for efficient light-emitting diodes.41−43

Regulation of perovskite orientation or gradient phase
distribution can be achieved based on the solution process
with molecular engineering in large-sized cations,37,38 water-
assisted growth,39 slow postannealing,40 solvent engineering,41
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and hot casting.44 However, these solution processes are
challenging for making large-scale thin films. Recently, we have
developed the first 2D/3D hybrid perovskite film by the low-
pressure vapor-assisted solution process (LP-VASP) with
decent efficiency.45 In this study, we propose an intuitive
method to regulate the perovskite phase distribution in 2D/3D
hybrid perovskite films via a vapor−solid reaction between
methylamine vapor (CH3NH2(g) and MA(g)) and highly
phenylethylammonium iodide (PEAI)-added PbI2 film. A
precursor with a high PEAI/PbI2 ratio is spin-coated on the
substrate to deposit the PEAI-added solid PbI2 film which
subsequently reacts with MA(g) to form 2D/3D hybrid
perovskite films with vertical phase distribution via the LP-
VASP.45−47 A vapor-reacted perovskite film with different
PEAI/PbI2 ratios (PEAI/PbI2 = 2, 3, 4, and 5) along with
different reaction temperatures (120, 125, 130, and 135 °C) is
investigated. From the photoluminescence (PL) spectrum, the
formed perovskite film exhibits multiple characteristic PL
emission peaks that correspond to multiple 2D layered
perovskites, indicating that 2D layered perovskites with varying
n values coexist in the vapor-treated film. We spatially analyze
the 2D perovskites in the resulting perovskite film through a
confocal PL microscope and two-photon excitation micro-
scope. A scanning probe microscope in the surface potential
probe mode, namely, Kelvin probe force microscopy, is also
introduced to measure the surface potential of the perovskite
film. The results suggest a vertical-gradient phase distribution
in the vapor-treated perovskite film from the film surface with
3D perovskites to the bottom with multiple 2D layered
perovskites.

■ EXPERIMENTAL METHODS
Film Fabrication. The 2D/3D hybrid perovskite films are

fabricated by the LP-VASP.45−48 A schematic illustration of the
LP-VASP is shown in Scheme S1 in the Supporting
Information. In brief, the precursor solution is prepared by
mixing PEAI and PbI2 with different molar ratios in N,N-
dimethylformamide (DMF). The molar concentration of PbI2
dissolved in DMF is 1 M, while the stoichiometry of PEAI with
respect to PbI2 in the molar ratio varies from 2:1, 3:1, 4:1, to
5:1 and denoted as PEAI/PbI2 = 2, 3, 4, and 5, respectively, for
convenience. A fluorine-doped tin oxide (FTO) glass or quartz
substrate is cleaned with detergent, deionized water, acetone,
and ethanol. Then, the substrate is treated in a UV−ozone
(UVO) cleaner for 10 min. The PEAI-added PbI2 precursor is
spin-coated on the substrates at 0 rpm for 10 s and 6000 rpm
for 30 s. The coated film is then annealed at 100 °C for 10 min
and transferred to the chamber. Methylammonium iodide
(MAI) powder is evenly spread around the samples in a
capped graphite boat. The graphite boat is placed on a heater,
which is heated to specific reaction temperatures of 110, 115,
120, 125, 130, and 135 °C. The reaction time, N2 gas flow, and
working pressure are fixed at 2 h, 20 sccm, and 1 torr,
respectively. The PEAI-added PbI2 film reacts with the MA(g)
vapor to form 2D/3D hybrid perovskite films. Afterward, the
perovskite films are immersed in isopropanol for removing
excess MAI and PEAI on the surface and annealed at 100 °C
for 10 min. The vapor-treated film deposited on the FTO
substrate is used for material characterization while that on the
quartz substrate is used for optical measurements. For the PL
mapping, we encapsulate the 2D/3D perovskite sample with a
cover sapphire to prevent the degradation of the perovskite
due to moisture and oxygen penetration.

Characterization. The crystalline phase was characterized
by an X-ray diffraction (XRD) instrument (D2 Phaser,
Bruker). The UV−vis absorption spectrum was measured by
a UV−vis spectrometer (U-4100, Hitachi). Scanning electron
microscopy (SEM) (Gemini SEM 300, Zeiss) was performed
to examine the top-view surface morphology. The grazing-
incidence wide-angle X-ray scattering (GIWAXS) pattern was
measured using D8 DISCOVER from Bruker. The steady PL
measurement (Proteus Tech MRI) was carried out by using a
diode laser with a 532 nm light source. The FTIR spectrum
was measured using VERTEX 70 from Bruker. Kelvin probe
force microscopy (KPFM) was carried out with Dimension
Icon (Bruker) in air.
The μ-photoluminescence (μ-PL) spectroscopy mappings

were performed with a PL spectroscopy setup using a confocal
microscope.49 A frequency-doubled Nd/YAG laser (532 nm)
was focused onto the film surface with a 0.9 NA lens on a spot
size of 1 μm2. To suppress spurious reflected laser light, a cold-
light beam splitter and a LP 532 nm RazorEdge were applied in
the beam path. For the detection of the PL signal, a silicon line
charge-coupled device (CCD) combined with a grating
spectrometer was used.
Two-photon excited PL mapping was performed using an in-

house multiphoton laser scanning microscopy system. The
pumping wavelength was provided by a mode-locked Ti/
sapphire laser modulated by an optical parametric oscillator at
a wavelength of 800 nm with a pulse width of 140−200 fs and
a repetition rate of 80 MHz. The laser pulse was focused on
the sample with a 20 × 0.8 NA plan apochromat objective. The
laser beam was scanned with a 2D Galvo Mirror System. The
backscattered PL emission generated from the perovskite film
was received by using band-pass filters and then detected by a
photomultiplier tube (PMT).
The synchrotron-based spectromicroscopy experiments were

carried out at the scanning transmission X-ray microscopy
(STXM) end station of beamline BL4U at UVSOR-III
synchrotron (Okazaki, Japan). The monochromator delivers
soft X-rays ranging from 55 to 770 eV with a resolving power
of ∼5000.50 With a Fresnel zone plate, the monochromatic soft
X-ray can be focused down to 30 nm on the sample. The
sample was raster-scanned with respect to the focused X-ray,
and the transmitted light was collected by the PMT. PEAI-
added PbI2 films with different molar ratios for the STXM
study were prepared on the SiN membrane of 100 nm
thickness, and the reaction temperature was controlled at 135
°C. The 2D chemical images were collected at 285 and 288.5
eV, which are ascribed to the π* resonance of PEA+ and the π*
resonance of C−H of MA+, respectively. After loading the
samples into the STXM chamber, the system was evacuated
and filled with 60 mbar helium gas.50

■ RESULTS AND DISCUSSION
In our previous studies, we have demonstrated the MAPbI3-
based perovskite solar cells by heating MAI powder to undergo
vapor−solid reaction with PbI2 films under low pressure.46

During heating, MAI powder sublimates and dissociates into
MA(g) and hydrogen iodide (HI(g)). The gas−solid reaction
between MA(g) and PbI2 film with the assistance of H2O can
produce MAPbI3 perovskites accompanied with the formation
of byproducts, such as lead oxide and lead hydroxide. These
Pb-based byproducts can be transformed into PbI2 after the
reaction with HI(g).

51,52 We further added PEAI into the PbI2-
pretreated film with a PEAI/PbI2 ratio of 0.05 and fabricated
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high-efficiency 2D/3D hybrid perovskite solar cells via the LP-
VASP.45 The fabrication mechanism of the LP-VASP is

illustrated in Scheme S1 in the Supporting Information. For
the perovskite film with a PEAI/PbI2 ratio of 1 after the MA(g)

Figure 1. UV−vis absorption and PL spectra of the vapor-reacted perovskite films with different PEAI/PbI2 molar ratio at a reaction temperature of
(a,e) 120, (b,f) 125, (c,g) 130, and (d,h) 135 °C.
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vapor reaction, multiple PL emissions are observed, indicating
t h e c o e x i s t e n c e o f 2D l a y e r e d p e r o v s k i t e s
(PEA2MAn−1PbnI3n+1) with various n values and 3D MAPbI3
(n = ∞). It is noted that the PL intensity of the 2D layered
perovskite is much lower than that of 3D MAPbI3, suggesting
that the perovskite film is mainly composed of 3D MAPbI3.
In order to increase the content of 2D layered perovskites

and realize their distribution in the final film, the 2D/3D
hybrid perovskite is prepared with a high PEAI/PbI2 ratio in
this work. Like the dissociation of MAI into MA(g) and HI(g),
PEAI within the highly PEAI-added PbI2 film evaporates and
dissociates into phenylethylamine (C8H11N(g) and PEA(g)) and
HI(g) during the LP-VASP. The MA(g) vapor diffuses into the
PEAI-added PbI2 film to intercalate with the PbI6 octahedron
framework. The permeability of MA(g) into (PEA)2PbI4 2D
layered perovskites accompanied with the evaporation of
PEA(g) enlarges the inorganic layer number to form high-n-
valued 2D layered perovskites. The dissociated HI(g) resulting
from PEAI could assist the reduction of lead oxide and lead
hydroxide.
Figure S1 reveals the XRD profiles of the PEAI/PbI2 film

with the molar ratio ranging from 2 to 5 before the MA(g)
vapor reaction. The periodic peaks located at 2θ of 5.5, 11,
16.6, 22, 27.5, 33, 38.6, 50.3, and 56.3° are, respectively,
indexed to the (002), (004), (006), (008), (0010), (0012),
(0014), (0018), and (0020) facets of the (PEA)2PbI4 (n = 1)
layered perovskite, indicating parallel stacking of (PEA)2PbI4
on the substrate. The extra peaks at 2θ of 4.7, 9.3, 13.9, 18.6,
23.3, and 28° are assigned to PEAI, suggesting the coexistence
of PEAI and (PEA)2PbI4 in the spin-coated solid film. Figure
S2a−d presents the XRD profiles of the PEAI-added PbI2 films
with PEAI/PbI2 ratios ranging from 2 to 5 after the MA(g)
vapor reaction on the logarithmic scale. Compared with the
pretreated film in Figure S1, the XRD peaks in Figure S2
exhibit new order phases of the 2D layered perovskite that are
deduced from the interlayer spacing of (PEA)2(MA)1Pb2I7 (n
= 2), (PEA)2(MA)2Pb3I10 (n = 3), (PEA)2(MA)3Pb4I13 (n =
4), and (PEA)2(MA)4Pb5I16 (n = 5) 2D perovskites. These
new order phases deteriorate from the 2D (PEA)2PbI4
perovskite when the (PEA)2PbI4-layer perovskite reacts with
the MA(g) vapor. The weak van der Waals interaction between
the organic PEA cation and the inorganic PbI6 octahedra make
it feasible for the MA(g) vapor intercalation with the octahedral
PbI6 to form the 2D layered perovskite with n > 1.
On the other hand, the organic PEA(g) could be evaporated

during the LP-VASP due to the decreasing sublimation point
of PEAI under a low working pressure of 1 torr. In the primary
test, we anneal the PEAI-added PbI2 film in a chamber with a
working temperature of 135 °C and a pressure of 1 torr. The
PEAI-added PbI2 film is placed on the heater, while a slide is
attached on the cover glass which faces the PEAI-added PbI2
film. During the heating process under low pressure, the PEAI
sublimates from the PEAI-added PbI2 film and dissociates into
PEA(g) and HI(g) vapors that condense on the slide glass after
cooling to form PEAI. The Fourier-transform infrared (FTIR)
spectrum of the slide displays the feature peaks at 750, 1000,
and 1600 cm−1 that, respectively, correspond to the vibration
modes of C−C, C−N, and CC, confirming the evaporation
of PEA(g) from the PEAI-added PbI2 film (see Figure S3). The
escape of PEA(g) along with the MA(g) diffusion into the film to
intercalate with the PbI6 octahedra leads to the formation of
2D layered perovskites with an n value > 1.

The UV−vis absorption and steady PL spectra of vapor-
treated perovskite films with different PEAI/PbI2 ratios and
reaction temperatures are summarized in Figure 1a−h. The PL
spectrum is received by exciting a continuous-wave (CW) laser
of 532 nm upon the perovskite film surface. The results
indicate that the working temperature during the solid−vapor
reaction has an impact on the UV−vis and PL spectra of the
final films, resulting in the color change of the vapor-treated
film (see Figure 2). Figure 1a shows the absorption spectra of

vapor-reacted perovskite films with different PEAI/PbI2 ratios
at a working temperature of 120 °C, which exhibit character-
istic excitonic absorption peaks at around 520, 570, 605, and
640 nm that, respectively, correspond to the 2D layered
perovskites of n = 1, n = 2, n = 3, and n = 4, indicating the
coexistence of multiple 2D layered perovskites in the vapor-
reacted film. The PL spectra in Figure 1e present the PL
emission peaks at around 535, 575, 620, and 650 nm that are
responsible for the n = 1, n = 2, n = 3, and n = 4 layered
perovskites, respectively. The PL spectra further confirm the
coexistence of 2D layered perovskites in the vapor-treated
perovskite film due to multi-PL emission peaks. It is noted that
the PL intensity corresponding to PEA2PbI4 (n = 1) is
dominant, suggesting that the vapor-reacted films with
different molar ratios at a reaction temperature of 120 °C
are mainly composed of the n = 1 layered perovskite.
When the reaction temperature increases to 125 °C, the

absorbance peak corresponding to the n = 1 layered perovskite
apparently reduces while that corresponding to n > 1 layered
perovskite members rises, as seen in Figure 1b. Moreover, the
cutoff wavelength of absorbance spectra extends to around 790
nm, presumably due to the absorption by MAPbI3. Figure 1f
reveals the PL spectra of vapor-treated perovskite films with
the PEAI/PbI2 ratio ranging from 2 to 5 at a reaction
temperature of 125 °C. For the perovskite film with PEAI/PbI2
molar ratios of 2 and 3, the PL peak corresponding to the n = 1
layered perovskite completely disappears and the PL emission
profile broadens with new peaks at around 680, 700, and 780
nm that presumably correspond to n = 5, 6, and ∞ (MAPbI3),
respectively. The results indicate the formation of other n-
valued layered perovskites and MAPbI3 in the vapor-treated
film. For the perovskite film with PEAI/PbI2 ratios of 4 and 5,
the PL emission intensity corresponding to the n = 1 layered
perovskite is greatly reduced; as a result, the PL emission
corresponding to n = 2, 3, and 4 layered perovskites is
comparable with that corresponding to the n = 1 layered

Figure 2. Photographs of the PEAI-added PbI2 films after the MA(g)
vapor reaction with PEAI/PbI2 molar ratios of 2, 3, 4, and 5 at the
reaction temperature ranging from 110, 115, 120, 125, 130, to 135 °C.
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perovskite. This is presumably due to the content change of
layered perovskites in the final film, where the content of the n
= 1 layered perovskite is reduced and that of n > 1 layered
perovskites is increased.
Upon further increasing the reaction temperature to 130 and

135 °C, the vapor-treated perovskite films show an absorption
profile similar to MAPbI3 with a cutoff wavelength at around
790 nm (refer to Figure 1c,d). Moreover, Figure 1g,h only
presents a dominant PL peak around 780 nm, which is
assigned to the 3D MAPbI3 perovskite. The results further
reveal that the vapor-treated perovskite film is mainly
composed of the MAPbI3 perovskite. A high reaction
temperature could cause most PEAI dissociation into PEA(g)
and HI(g) escaping from the PEAI-added PbI2 film and
complete reaction of the MA(g) vapor with the PbI6 octahedra
to form the 3D MAPbI3 perovskite.
A decreasing trend in absorbance is observed for the

perovskite film upon increasing the PEAI/PbI2 ratio, as seen in
Figure 1a−d. This is presumably attributed to the lower film
thickness and amount of PEA2PbI4 in the high-PEAI-added
PbI2 film. The precursor solution with a high PEAI/PbI2 ratio
has a high PEAI content due to the high solubility of the
organic cation iodide. After the precursor is spin-coated onto
the substrate and annealed, the high PEAI/PbI2 precursor ratio
results in a solid PEAI-added PbI2 film with a thinner film, a
higher amount of PEAI, and a lower amount of PEA2PbI4.
After the MA(g) vapor reaction, PEAI evaporates from the
PEAI-added PbI2 film, while the lower amount of PEA2PbI4
within the PEAI-added PbI2 film converts into other n-valued
2D layered perovskites and 3D perovskites. As a result, the
absorbance of the vapor-treated perovskite film is reduced
upon increasing the PEAI/PbI2 ratio. From the XRD results
shown in Figure S1, it is obvious that the peak intensity ratio of
PEAI/PEA2PbI4 increases as the stoichiometry ratio of PEAI/
PbI2 in the precursor. These results all indicate that the PEAI/
PbI2 ratio significantly influences the solid content in the spin-
coated film before vapor treatment. For the steady PL
measurement, we focus on the PL emission peaks resulting
from different n-valued 2D layered perovskites. Owing to the
uneven film, we randomly take the PL intensity without finding
the excitation area to deliver the strongest emission. Therefore,
the variation in the PL intensity for vapor-treated perovskite
films with different PEAI/PbI2 ratios is not consistent with the
variation in the absorbance.
We also compare the photographs of vapor-treated perov-

skite films with different reaction temperature and PEAI/PbI2
ratio, as summarized in Figure 2. By controlling the reaction
temperature and PEAI/PbI2 ratio, the content of layered
perovskites in the final perovskite film can be modulated. As a
result, the color of the vapor-treated perovskite films changes
from yellow, maple, to dark brown when the reaction
temperature varies from 110 to 135 °C. For example, the
vapor-reacted perovskite film with PEAI/PbI2 = 4 presents a
color change from yellow (reaction temperature of 110 °C) to
maple (reaction temperature of 125 °C). The color of the
perovskite film further changes to dark brown at a reaction
temperature of 130 °C. Based on the PL spectra, a low reaction
temperature leads to a high content of n ≤ 5 layered
perovskites in the resultant film, leading to a perovskite film
with yellow color. On the contrary, the high reaction
temperature facilitates the evaporation of PEA(g) from the
pretreated film and the diffusion of MA(g) into the pretreated
film, resulting in a high ratio of phase conversion from

PEA2PbI4 to MAPbI3. The phase deterioration of PEA2PbI4
layered perovskites into 3D MAPbI3 in the vapor-treated
perovskite film converts the color of the perovskite film from
yellow to maple or dark brown.
The vapor-treated perovskite film with a low PEAI/PbI2

ratio of 2 exhibits apparent color change when the reaction
temperature reaches 110 °C, indicating that parts of PEA2PbI4
layered perovskites undergo phase change to other n > 1
layered perovskites and MAPbI3. For the vapor-treated
perovskite film with the same PEAI/PbI2 ratio, higher reaction
temperature causes the perovskite film to exhibit brown color
due to the high content of MAPbI3 in the final film. Upon
increasing the PEAI/PbI2 ratio to 4 or 5, a higher reaction
temperature over 120 °C is required to visibly change the color
of the perovskite film. Increasing the reaction temperature can
facilitate MA(g) vapor diffusion into the PEAI-added PbI2 film
and PEA(g) vapor escape from the PEAI-added PbI2 film to
cause a phase deterioration of PEA2PbI4 into high n-valued 2D
perovskites and 3D MAPbI3.
The PL spectrum of the perovskite film with PEAI/PbI2 = 4

after the vapor reaction at 125 °C exhibits multiple PL
emission peaks with a comparable intensity that result from
different 2D layered perovskites, implying the comparable
content of 2D layered perovskites with varying n values in the
final film (refer to Figure 1f). We further deduce the content
variation of 2D perovskites in the vapor-reacted perovskite film
with PEAI/PbI2 = 4 at different reaction temperature. Figure
S4a,b compares the UV−vis absorption and PL spectra of the
vapor-treated perovskite film with PEAI/PbI2 = 4 at different
reaction temperatures. As discussed above, multiple character-
istic absorption peaks and PL emission peaks indicate that
multiple 2D layered perovskites coexist within the vapor-
treated film at a working temperature of 120 °C. It is noted
that the PL intensity corresponding to PEA2PbI4 (n = 1) is
dominant, suggesting that the vapor-reacted film is mainly
composed of the n = 1 layered perovskite. A higher working
temperature of 125 °C facilitates the evaporation of the PEA(g)
vapor from the PEAI-added PbI2 film; meanwhile, the higher
temperature also increases the amount of the MA(g) vapor
penetrating the PEAI-added PbI2 film that intercalates with the
PbI6 octahedra, resulting in high n-valued layered perovskites.
As a result, the reduced absorbance or PL intensity assigned to
PEA2PbI4 (n = 1) indicates the deterioration of the PEA2PbI4
(n = 1) layered perovskite. The PEA(g) evaporation
accompanying the MA(g) vapor intercalation gives rise to the
emergence of n = 3, n = 4, and n = 5 layered perovskites and
3D MAPbI3 perovskites, as proven by the PL spectra. Upon
further increasing the working temperatures to 130 and 135
°C, the vapor-treated perovskite films only present a dominant
PL peak around 780 nm corresponding to the 3D MAPbI3
perovskite. The results further confirm that most PEA cations
escape from the PEAI-added PbI2 film and MA(g) vapor
completely reacts with PbI2 to form the MAPbI3 perovskite.
The crystalline orientation of the vapor-treated perovskite

film with PEAI/PbI2 = 4 is further examined using the
GIWAXS pattern, as seen in Figure S5. The discrete diffraction
spots on the meridian direction (z) (film surface normal)
reveal the 2D layered structure of (PEA)2PbI4 (n = 1),
(PEA)2(MA)1Pb2I7 (n = 2), and (PEA)2(MA)2Pb3I10 (n = 3)
that are stacked parallel to the substrate. It is noted that the
diffraction spots near the horizontal direction are identified to
be the (PEA)2(MA)1Pb2I7 (n = 2) and (PEA)2(MA)2Pb3I10 (n
= 3) 2D layered perovskites, indicating that parts of n = 2 and
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n = 3 layered perovskites exhibit a crystalline orientation
perpendicular to the substrate.
The surface morphology of the vapor-treated perovskite film

with PEAI/PbI2 = 4 at a reaction temperature of 125 °C is
examined by SEM, as shown in Figure 3a. The surface
morphology in the SEM image reveals that the vapor-treated
perovskite film is uneven and that flakes are stacked on the top.
When the PEAI-added PbI2 precursor is spin-coated on the
substrate, the rapid evaporation of the DMF solvent facilitates
the supersaturation for nucleation at the liquid−air interface,
leading to the rapid (PEA)2PbI4 growth on the film surface, as
revealed in Figure S6. Moreover, the high concentration of
PEAI in the PbI2 precursor results in a high amount of PEAI
existing in the spin-coated film that has different nucleation
and growth rates with (PEA)2PbI4. These factors dominate the

uneven surface morphology of the pretreated PEAI-added PbI2
film and vapor-treated perovskite film. Such uneven perovskite
films could lower the whole optical absorbance and PL
intensity of vapor-treated perovskite films with high PEAI/PbI2
ratios (refer to Figure 1a−d).
We further conduct KPFM to measure the surface potential

of vapor-reacted perovskites, as presented in Figure 3b. From
the KPFM topographic image, parts of 2D perovskite flakes are
stacked parallel to the substrate, while other parts are aligned
perpendicularly to the substrate. This result corresponds well
to the diffraction spots near the horizontal direction in the
GIWAXS pattern. Figure 3c displays the surface potential
mapping of the vapor-treated thin film overlapping with the
topographic image. Its average work function is compatible
with that of the 3D MAPbI3 perovskite (refer to Figure 5c in

Figure 3. (a) Top-view SEM images of the vapor-treated perovskite film with PEAI/PbI2 = 4 at a reaction temperature of 125 °C. (b) Surface
topography and (c) corresponding surface potential mapping of the vapor-treated perovskite film with PEAI/PbI2 = 4 at a reaction temperature of
125 °C examined by KPFM. The scale bar in (a−c) is 500 nm.
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our previous work45), suggesting that the surface of the high-
PEAI-added PbI2 film after the MA(g) vapor reaction is a 3D
MAPbI3 perovskite.
We conduct confocal PL microscopy to spatially map the 2D

layered perovskites with different n values in the vapor-reacted
perovskite film with PEAI/PbI2 = 4 at a reaction temperature
of 125 °C by receiving their characteristic PL emission
wavelength. The PL mapping of the 2D/3D hybrid perovskite
film excited by a CW laser (excitation wavelength of 532 nm)
is presented in Figure 4 by showing the integrated PL intensity
within the wavelength intervals of 540−545, 575−595, 615−
625, and 645−655 nm, which, respectively, cover the PL
emission of PEA2PbI4 (n = 1), PEA2MAPb2I7 (n = 2),
PEA2MA2Pb3I10 (n = 3), and (PEA)2(MA)3Pb4I13 (n = 4)
layered perovskites. The PL mapping in Figure 4a indicates the
spatial distribution of the PEA2PbI4 (n = 1) layered perovskite
which displays a branch-like pattern. The low-intensity purple
background in the PL mapping implies the existence of other
layered perovskites with n > 1, whose emission peaks are
beyond the integrated wavelength range, or holes without the
existence of the n = 1 layered perovskite. When looking in the
interval of 575−595 nm, Figure 4b shows the spatial
distribution of the PEA2MAPb2I7 (n = 2) layered perovskite.
Figure S7 illustrates the spatial correlation between PEA2PbI4
(n = 1) and PEA2MAPb2I7 (n = 2) by overlapping their PL
mapping images together. The overlapping image indicates
that most of the PEA2MAPb2I7 (n = 2) layered perovskite
locates beside the PEA2PbI4 (n = 1) 2D perovskite (region I in
Figure S7), while part of it occupies the low-intensity PL area
of the PEA2PbI4 (n = 1) layered perovskite (region II in Figure
S7). In region III, the PL signals of the PEA2MAPb2I7 (n = 2)
layered perovskite overlap with those of the PEA2PbI4 (n = 1)
layered perovskite. In Figure 4c,d, the PL mapping image of
PEA2MA2Pb3I10 (n = 3) or (PEA)2(MA)3Pb4I13 (n = 4)
exhibits more uniformity than PEA2PbI4 (n = 1). The steady
PL spectrum of the 2D/3D perovskite film excited from the
substrate side is shown in Figure S8, suggesting that the
bottom of the 2D/3D perovskite film is mainly composed of
the n = 1 layered perovskite. From the above results, n > 1
layered perovskites presumably cover the n = 1 layered

perovskite; that is, n > 1 layered perovskites are formed near
the film surface, while the n = 1 layered perovskite is mainly
located at the bottom of the film.
Halide perovskites exhibit large nonlinear optical effects,

including second and third harmonic generation, two-photon,
three-photon, and even multiphoton absorption, nonlinear
refraction, one-photon absorption saturation, and so on.53

Owing to the large third-order nonlinear susceptibility, the 3D
and 2D perovskites deliver remarkable two-photon absorption
effect at high photon density, leading to two-photon excited PL
emission mapping with enhanced spatial resolution. Recently,
two-photon excited PL mapping has been performed to
analyze the halide segregation, photocurrent mapping, and
carrier recombination pathway in the perovskite crystal or
film.54−56 We conduct the two-photon excitation microscopy
to spatially map the two-photon absorption-induced PL from
the perovskite film with PEAI/PbI2 = 4 after the vapor reaction
at a reaction temperature of 125 °C. A femtosecond pumping
laser with a wavelength of 800 nm is illuminated onto the
perovskite film surface, whose photon energy is below the band
gap of 2D layered perovskites with n = 1−5. The PL mapping
of the perovskite film due to two-photon absorption is realized
by inserting band-pass filters to choose the PL wavelength
within the intervals of 511−551, 583−613, and 609−653 nm,
which, respectively, cover the PL emission of PEA2PbI4 (n =
1), PEA2MAPb2I7 (n = 2), and PEA2MA2Pb3I10 (n = 3) and
(PEA)2(MA)3Pb4I13 (n = 4) 2D perovskites.
Figure S9a reveals the PL mapping that mainly results from

the n = 1 layered perovskite. Similarly, owing to the uneven
film, many holes corresponding to low PL counts (colored by
blue) are observed that are attributed to the absence of the n =
1 layered perovskite. Figure S9b shows the PL mapping of the
n = 2 layered perovskite. As evidenced from the steady PL
spectrum in Figure S4b, the PL intensity corresponding to the
n = 2 layered perovskite is much lower than that of other
layered perovskites, implying the low content of the n = 2
layered perovskite in the final film. Moreover, Figure S9b
indicates that the n = 2 layered perovskite is formed around the
hole shown in Figure S9a, suggesting that the n = 2 layered
perovskite is generated beside the n = 1 layered perovskite.

Figure 4. Confocal PL mappings of vapor-treated perovskite films with PEAI/PbI2 = 4 for the PL emission received within (a) 540−545, (b) 575−
595, (c) 615−625, and (d) 645−655 nm. The color bar displays the CCD counts.
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When the integrated spectral range moves to 609−653 nm, PL
signals resulting from n = 3 and n = 4 layered perovskites are
simultaneously detected, as shown in Figure S9c, which reveals
that n = 3 and n = 4 layered perovskites have wide spatial
distribution than the n = 2 layered perovskite. The trend of
mapping of various 2D perovskites by using two-photon
microscopy is similar to that by confocal PL microscopy.
Figure S9d overlaps the two-photon excitation PL mapping of
Figure S9a−c, revealing that high-intensity regions correspond-
ing to n = 2, n = 3, and n = 4 layered perovskites are located at
holes in Figure S9a. Most n = 2, n = 3, and n = 4 layered
perovskites are formed beside the n = 1 layered perovskite,
presumably due to the thin film at these positions. Combining
the PL mapping along with the SEM and KPFM images, we
infer that a high n-valued layered perovskite is formed near the
surface, while the n = 1 layered perovskite locates at the
bottom.
The chemical distribution of the carbon π* resonance state

in perovskite films with different PEAI/PbI2 ratios before and
after MA(g) vapor treatment is further studied by STXM, as
shown in Figure 5. The carbon images of the perovskite films

are determined using the difference in the STXM optical
density (OD) images at 285 and 280 eV (pre-edge). The
former is the Cπ* resonance state, which is the major
characteristic peak of the PEAI-added PbI2 perovskite film at
the C K-edge, as shown in Figure S10. The yellow (high-
intensity) areas in Figure 5 represent a higher carbon ratio at
the CCπ* resonance state. Before MA(g) vapor treatment,
only weak contrast is observed in Figure 5a, which represents
flaky patterns of the PEAI-added PbI2 film, whereas Figure 5c
shows more intensive CCπ* signals with uniform formation
of the PEAI-added PbI2 film. After the MA(g) vapor reaction,
perovskite films with enhanced contrast are observed in Figure
5c,d. The contrast changes could be due to the escape of the

PEA(g) vapor and the intercalation reaction of the MA(g) vapor
with the PbI6 octahedra at high working temperature, as
mentioned previously. Besides, not only the working temper-
ature but also the ratio of PEAI/PbI2 in the pretreated films is
another key factor affecting the formation of the 2D/3D hybrid
perovskite films.
The corresponding micro-near-edge X-ray absorption fine

structure (NEXAFS) spectra extracted from Figure 5 are
shown in Figure S10. Before MA(g) treatment, the pretreated
films with different PEAI/PbI2 ratios exhibit similar spectra,
and the chemical bonding of the CCπ* bond, C−Hσ*
bond, C−Nσ* bond, and C−Cσ* bond are the characteristic
peaks of the PEA molecule, as mentioned in our previous
study.45 The major difference in the C K-edge spectra for the
PEAI-added PbI2 films with PEAI/PbI2 = 2 and 4 without the
MA(g) vapor reaction is the variation of the absorption
intensity due to the concentration difference of PEAI. For
the PEAI-added PbI2 films with PEAI/PbI2 = 4, although
significant changes in contrast and morphology are observed
for the C map after MA(g) vapor treatment as shown in Figure
5d, there is no spectroscopic difference in this image. As a
result, the image variation is only due to the morphology and
the concentration of the carbon signal. Besides, in Figure S10b,
a weaker C K-edge signal with similar chemical states of the
perovskite film with PEAI/PbI2 = 4 after MA(g) vapor
treatment is observed. This result indicates the reformation
of the perovskite film during the vapor reaction at high
reaction temperature, and the major products are the
PEA2MAn−1PbnI3n+1 layered perovskites with low n values of
1, 2, 3, or 4 in a stacking form. With careful investigation of the
C K-edge spectra in Figure 5b, a clear phase separation
behavior for the PEAI-added PbI2 films with PEAI/PbI2 = 2
film after MA(g) vapor treatment is observed, and the measured
spectra at point A and B in Figure 5b are shown in Figure
S10a. For the spectrum at point B, the shape of the spectrum
and the feature peaks observed at 288.5 and 290 eV are very
similar to the reference spectrum of MAPbI3. Compared with
our previous result,45 the spectrum observed at point B is
attributed to PEA2MAn−1PbnI3n+1 layered perovskites with high
n values. In contrast, the spectrum measured at point A is
much more like the superposition of high n values and low n
values of the layered perovskites. All these results again confirm
the observation in PL spectra and confocal PL mapping of the
structure reformation during and after the LP-VASP.
Based on the above discussions, we propose the spatial

distribution of layered perovskites in the resultant perovskite
film, as illustrated in Figure S11. The surface composed of the
n = 1 layered perovskite is deteriorated into layered perovskites
with n > 1 due to the extended spacing by MA(g) intercalation.
Upon increasing the reaction time, more and more PEA(g)
vapor escapes from the bulk; meanwhile, the rising amount of
the MA(g) vapor favorably penetrates into the bulk. Since the
pretreated film is uneven, the n = 1 layered perovskite reacts
with MA(g) and converts into n = 2 layered perovskite at the
thin-film region. In the thick-film n = 1 layered perovskite, the
MA(g) vapor is unable to reach to the bottom and react with
the n = 1 layered perovskite. Therefore, the backbone of PL
mapping in Figure 4a mainly correlates with the nonreacted n
= 1 layered perovskite owing to its thicker film. The backbone
edge of the n = 1 layered perovskite, whose thickness is
presumably low, can deteriorate into n = 2 layered perovskites
that are formed around the n = 1 layered perovskite. From the
KPFM results, it can be found that the surface of the vapor-

Figure 5. STXM C color mapping of PEAI-added PbI2 films with
PEAI/PbI2 = 2 and 4 (a,c) before and (b,d) after MA(g) vapor
treatment, respectively. The scale bar in (a−d) is 5 μm. The micro-
NEXAFS spectra of dot A and B in (c) are shown in Figure S10.
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reacted perovskite film is composed of 3D MAPbI3. The
location of layered perovskite members depends on the
thickness of the pretreated film. At the region with a thick
film, the spatial distribution of layered perovskites shows a
gradient variation from the top with the 3D perovskite to the
bottom with the n = 1 layered perovskite. On the contrary, for
the region with a thin film, the spatial distribution of the
layered perovskites shows gradient variation from the top with
the 3D perovskite to the bottom with the n = 2 layered
perovskite.
Based on the results shown in Figure 1 and discussions

above, we further speculate the formation process of vapor-
treated perovskite films with different PEAI/PbI2 molar ratios
and reaction temperatures, as illustrated in Figure 6. Figure 6a
reveals the composition variation in the vapor-reacted
perovskite film with different PEAI/PbI2 molar ratios. When
the molar ratio of the PEAI/PbI2 precursor is less than 1, the
spin-coated film consists of PEA2PbI4 and excess PbI2. During
the LP-VASP, excess PbI2 reacts with the MA(g) vapor to form
the 3D MAPbI3 perovskite, while vaporization of PEA(g) from
PEA2PbI4 and diffusion of the MA(g) vapor into PEA2PbI4
extend the interlayer spacing to form the n > 1 layered
perovskite.45 For the pretreated film with PEAI/PbI2 > 2, the
spin-coated film is composed of the PEA2PbI4 layered
perovskite and excess PEAI. During the heating process, the
MA(g) and HI(g) vapors are produced by heating the MAI
powder. Owing to the lower sublimation point of MAI (∼234
°C)57 than PEAI (∼283 °C),58 the MA(g) vapor is first
evaporated to react with the PEAI-added PbI2 film. When the

chamber temperature further increases, PEA(g) and HI(g)
vapors evaporate from the PEAI-added PbI2 film (refer to
Figure 6b). The diffusion of the MA(g) vapor into the PEAI-
added PbI2 film accompanied with the escape of PEA(g) from
the PEAI-added PbI2 film gives rise to the deterioration of
PEA2PbI4 into PEA2MAn−1PbI3n+1 with multiple n values from
the film surface. Meanwhile, the nonreacted PEA2PbI4 layered
perovskite remains at the film bottom. As a result, a gradient
phase distribution of the n value is observed from the film
surface (n = ∞) to the film bottom (n = 1).
Figure 6c presents the evolution of the vapor-treated

perovskite film with the reaction temperature. When the
reaction temperature increases, more MA(g) diffuses into the
PEAI-added PbI2 film and more PEA(g) escapes from the
PEAI-added PbI2 film, leading to the conversion of low-n
layered perovskite members (such as n = 5, 4, 3, and 2) into
high-n layered perovskite members (such as n = 6, 5, 4, and 3)
near the film top. At the film bottom, the PEA2PbI4 layered
perovskite remains due to the limited diffusion length of the
MA(g) vapor. Upon further increasing the reaction temperature
(such as 125 °C), an increasing amount of PEA(g) escapes from
the PEAI-added PbI2 film and a higher amount of the MA(g)
vapor is produced, resulting in the conversion of high-n layered
perovskite members (n = 6, 5, 4, and 3) near the film surface
into the MAPbI3 perovskite. The higher reaction temperature
also improves the MA(g) vapor diffusion to the film bottom; as
a result, the PEA2PbI4 layered perovskite at the film bottom
deteriorates into low-n layered perovskite members (n = 5, 4,
3, and 2).

Figure 6. (a) Composition evolution in the vapor-reacted perovskite films with different PEAI/PbI2 molar ratios and reaction temperature. (b)
Reaction evolution in the 2D/3D perovskite films during the LP-VASP. (c) Schematic illustration of vertical phase distribution in the high-PEAI-
added perovskite film after the MA(g) vapor reaction with increasing reaction temperature.
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■ CONCLUSIONS
By incorporating a high concentration of PEAI in the PbI2 film,
the vertical phase distribution of layered perovskites with
gradient n values in the perovskite film can be demonstrated
via the LP-VASP. Moreover, multicolor emission from the
perovskite film is manipulated by changing the PEAI/PbI2
ratio and the vapor reaction temperature. A higher PEAI/PbI2
ratio is beneficial for creating multiple layered perovskites; on
the other hand, a higher reaction temperature leads to the
transformation of layered perovskites into 3D MAPbI3
perovskites since most PEAI vaporizes from the PEAI-added
PbI2 film. The vapor-treated perovskite film examined by
confocal PL mapping, two-photon excitation PL mapping, and
KPFM indicates the occurrence of gradient phase distribution
of 3D MAPbI3 to 2D layered perovskites from the film surface
to the bottom, which has great potential for application in
stable perovskite solar cells and efficient light-emitting diodes.
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