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ABSTRACT: 2D Ruddlesden—Popper (RP) halide perovskites with natural multiple quantum well structures are an ideal platform
to integrate into vertical heterostructures, which may introduce plentiful intriguing optoelectronic properties that are not accessible
in a single bulk crystal. Here, we report liquid-phase van der Waals epitaxy of a 2D RP hybrid perovskite (4,4-DFPD),Pbl, (4,4-
DFPD is 4,4-difluoropiperidinium) on muscovite mica and fabricate a series of perovskite—perovskite vertical heterostructures by
integrating it with a second 2D RP perovskite R-NPB [NPB = 1-(1-naphthyl)ethylammonium lead bromide] sheets. The grown
(4,4-DFPD),Pbl, nanobelt array can be multiple layers to unit-cell thin and are crystallographically aligned on the mica substrate. An
interlayer photo emission in this R-NPB/(4,4-DFPD),Pbl, heterostructure with a lifetime of about 25 ns at 120 K has been revealed.
Our demonstration of epitaxial (4,4-DFPD),Pbl, array grown on mica via liquid-phase van der Waals epitaxy provides a paradigm to
prepare orderly distributed 2D RP hybrid perovskites for further integration into multiple heterostructures. The discovery of a new
interlayer emission in the R-NPB/(4,4-DFPD),Pbl, heterostructure enriches the basic understanding of interlayer charge transition
in halide perovskite systems.

B INTRODUCTION residing in the wells with enhanced Coulomb interactions
usually have a large binding energy,”” allowing the design of
perovskite excitonic devices. Inspired by the discoveries of
many interesting interlayer excitonic phenomena in other van
der Waals heterostructures such as 2D chalcogenides,zo_25 2D

Two-dimensional van der Waals halide perovskites are a new
class of emerging semiconductors whose flexibility of chemical
composition, > enhanced stability in ambient conditions due
to the hydrophobic organic 1ayer,4’S multifunctionality,é_9 and
tunable optoelectronic properties'®™"> make them promising RP halide perovskite heterostructures could also be exploited
candidates for technologically relevant optoelectronics.'*~" for exploring interesting excitonic physics.

2D Ruddlesden—Popper (RP) halide perovskites have a To fabricate heterostructures utilizing 2D RP halide
natural multiple quantum well structure where the stacked perovskites, the synthesis of RP halide perovskites with desired

inorganic layers serve as the potential “well” and the interlayer dimensional.ity and cr?rstallographi.c orientation is highly in
organic cation chains serve as the potential “wall.”’*™"® The demand. Direct chemical synthesis of 2D RP perovskite—

inherent weak van der Waals interaction between the
neighboring organic cation layers makes 2D RP perovskites Received: July S, 2022

an ideal platform to integrate with other layered materials to Published: September 13, 2022
form heterostructures that can be harnessed for the design of

intriguing optoelectronic functionalities which are not

accessible in a single bulk crystal. Due to the low dielectric

constant of the interlayer organic cations, their excitons
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perovskite heterostructures in solution has been reported,”*™*°

but this method lacks control on the registration of the final
structures (i.e, not epitaxial). Moreover, the direct solution
growth method is limited to adjusting the number of inorganic
octahedra building blocks per van der Waals layer of
neighboring perovskite phases. Recently, Pan et al.” reported
a controllable growth of various 2D RP perovskites at the
liquid—air interface and demonstrated a facile mechanical
transfer method to fabricate arbitrary vertical heterostructures.
However, these nanosheets are randomly distributed after
growth, limiting the fabrication precision for heterostructures.
Here, we propose a liquid-phase van der Waals epitaxial growth
of 2D RP perovskite on layered substrates (muscovite mica), as
shown in Figure 1. Unlike the randomly distributed sheets at
the liquid—air interface, the grown RP perovskites on the
substrate are expected to be well aligned with each other due

to epitaxy.

Figure 1. Schematic of liquid-phase van der Waals epitaxy of 2D RP
halide perovskites on mica. For clarity, the mica substrate has been
simplified with only the top potassium layer to show the
pseudohexagonal symmetry, and only one layer of octahedron and
organic functional group has been sketched to represent 2D RP
perovskites.

In this work, we have successfully achieved the liquid-phase
van der Waals epitaxial growth of a 2D RP perovskite (4,4-
DFPD),Pbl, (4,4-DFPD is 4,4-difluoropiperidinium) on
muscovite mica via a modified dissolution—recrystallization
process.”’ By stacking another 2D RP perovskite R-NPB [NPB
= 1-(1-naphthyl)ethylammonium lead bromide] onto the
synthesized horizontally aligned (4,4-DFPD),Pbl, belt arrays,
we found a type I interlayer emission in this R-NPB/(4,4-
DFPD),Pbl, vertical heterostructure. Our demonstration of
epitaxial (4,4-DFPD),Pbl, grown on mica via liquid-phase van
der Waals epitaxy provides a paradigm to prepare orderly
distributed 2D RP hybrid perovskites for further integration
into heterostructures.

B RESULTS

Figure 2a is an atomic model of (4,4-DFPD),Pbl, we aim to
grow. The typical growth condition is as follows. First, several
droplets of HI aqueous solution with saturated (4,4-
DFPD),Pbl, were dropped on the fresh and clean surface of
a flat mica substrate. Second, the mica substrate covered with a
flat liquid layer was then placed in a chemical hood at room
temperature. Third, water in the solution evaporates steadily,
favoring the nucleation and growth of (4,4-DFPD),Pbl,. More
details are presented in the Methods section. The as-grown
crystals have been confirmed to be (4,4-DFPD),Pbl, by X-ray
diffraction (XRD) (Figure S1). Figure 2b shows that the (4,4
DFPD),Pbl, belts grown on mica are aligned in one direction.
The surface height profile of these belts was further determined
by atomic force microscopy (AFM), which is around 22 nm (9

unit cells), as shown in Figure 2c. The width of (4,4-
DFPD),Pbl, belt and the interval between neighboring belts
can be adjusted by controlling the volume of the solution layer.
For a thinner liquid layer, thinner and narrower belts can be
formed, as shown in Figure 2d,e. The thickness of (4,4-
DFPD),Pbl, belts in Figure 2d is around S nm (Figure S2a),
corresponding to 2 unit cells. (4,4-DFPD),Pbl, belts with unit-
cell thickness can also be found after growth (Figure 2f). From
optical microscopy images, it can be seen that most belts are
aligned in one direction, though occasionally, some other
orientations can be observed (e.g. Figure S2b,c).

Electron backscatter diffraction (EBSD) analysis was further
performed to reveal the epitaxial relationship between the
horizontally aligned (4,4-DFPD),Pbl, belts and the mica
substrate (Figures 2g—i and S3). Figure 2g displays an EBSD
pattern quality map (Kikuchi band) of a thick (4,4-
DFPD),Pbl, belt. The obvious Kikuchi bands were indexed
(see details in Figure S3a), and they are all from the (4,4-
DFPD),Pbl, crystal. From the inverse pole figure (Figure 2h),
we know the surface normal direction is [001], while the in-
plane orientations are [010]lX and [100]llY. Note that the
(010)/(100) pole is not strictly aligned to the X/Y direction
(~5—10° shift), which is due to imperfect sample mounting
and alignments on the EBSD sample holder. No signals from
the mica substrate were detected because this (4,4-
DFPD),Pbl, belt is thick [thinner (4,4-DFPD),Pbl, belts
can be partially damaged by focused electron beam during
measurement]. We then collected EBSD signals of mica near
this (4,4-DFPD),Pbl, belt under the same coordinate system
(Figure S3b,c). By indexing the Kikuchi bands of the mica
substrate with the misalignment and possible substrate
distortion considered, its surface normal direction can be
identified to be [001] and the in-plane orientations are [310]ll
X ([310] is the normal direction of the (110) crystal plane)
and [110]llY {[110] is the normal direction of (130) crystal
plane}, as indicated in the inverse pole figure of Figure 2i. The
out-of-plane orientation of both (4,4-DFPD),Pbl, and mica
was further confirmed by XRD (Figure S4).

Based on these analyses, the epitaxial relationship between
horizontally aligned (4,4-DFPD),Pbl, belts and the mica
substrate can be determined. Figure 2j is a schematic showing
the crystallographic orientation of aligned (4,4-DFPD),Pbl,
belts grown on the mica substrate. The mica lattice is
pseudohexagonal,” while the perovskite in-plane lattice, on the
other hand, has a 2-fold symmetry. (4,4-DFPD),Pbl, belts are
crystallized with (001) as the top facet and (100) and (010) as
the side walls. The epitaxial relationship is (4,4-
DFPD),PbI,[001]llmica [001] and (4,4-DEPD),PbI,[010]Il
mica [310]. There is an offset angle y ~ 30° between the mica
[100] and the 2D perovskite [010]. To better understand the
microscopic mechanism for such an epitaxy, we calculated the
optimized lattice registration between (4,4-DFPD),Pbl, and
the mica substrate via geometrical sugerlattice area mismatch-
ing (GSAM) method (Figure §5).%73¢ The details of this
GSAM method are described in the Methods section. The
optimized rotation angles based on GSAM are around 0, 30,
60, and 90°. Our experimental observation is consistent with
the calculated results. We have also used substrates such as r-
sapphire (1102) and silicon (100) to grow (4,4-DFPD),Pbl,
(Figure S6). (4,4-DFPD),Pbl, crystals grown on both r-
sapphire and silicon are still beltlike. However, they are
randomly distributed with different orientations. Compared to
mica, we have found that there are less crystals on either
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Figure 2. Morphology and structural analyses of (4,4-DFPD),Pbl, belt arrays on mica. (a) Atomic model of (4,4-DFPD),Pbl,. (b) Optical image
of a (4,4-DFPD),Pbl, belt array grown on mica with parallel configuration. (c) AFM image of the belt array in (b). Inset is the height profile
extracted along the black solid line with its thickness labeled. (d,e) Optical image of thinner and narrower (4,4-DFPD),Pbl, belts under low
magnification (d) and high magnification (e). (f) Monolayer (4,4-DFPD),Pbl, grown on mica. Inset is the height profile extracted along the white
solid line with its thickness labeled. (g) EBSD pattern quality map on a thick (4,4-DFPD),Pbl, belt (>100 nm) with Kikuchi bands presented. (h)
Inverse pole figures transformed from (g). Note that the (010) pole is not strictly aligned to the X direction (~5—10° shift), which is due to
imperfect sample mounting and alignments on the EBSD sample holder, the same as the (100) pole in the Y direction. (i) Inverse pole figures of
the mica substrate near the thick (4,4-DFPD),Pbl, belt in (g). (j) Reconstructed lattice map representing the epitaxial relationship of horizontally
aligned (4,4-DFPD),Pbl, belts grown on the mica substrate. The lattice points of mica and (4,4-DFPD),Pbl, are shown as purple and light-yellow
dots, respectively. Main crystallographic directions of mica/(4,4-DFPD),Pbl, perovskite are shown by purple/light-yellow arrows. The combined

superlattice is shown by red dashed lines. Scale bars: 20 ym in (b), SO ym in (d), and S ym in (e).

substrate of Si or r-plane sapphire. This is likely due to the
poor wettability between (4,4-DFPD),Pbl, and these two
substrates.

Figure 3a,b shows the temperature-dependent photo-
luminescence (PL) study on (4,4-DFPD),Pbl, belts with
different thicknesses. For a thick (4,4-DFPD),Pbl, belt (~0.87
um, inset of Figures 3a and S7a), the peak energy changes from
~2.34 to ~2.35 eV as the temperature increases from 120 to
240 K. This blueshift is consistent with most bulk halide
perovskites,””** and it involves the ionic nature of Pb—I bonds
which carry a net positive deformation potential’”*’ (more
information can be found in Figure S8). For very thin (4,4-
DFPD),Pbl, belts (4 unit cells, inset of Figures 3b and S7b),
the peak energy changes from ~2.37 to ~2.38 eV when the

temperature increases from 120 to 240 K. It has a similar trend
compared with the thick one as the temperature changes.
However, we can find that there is ~0.03 eV offset for the PL
peak of these two samples at the same temperature. The
thickness-dependent PL shift for halide perovskite has been
observed and studied in several previous works but with
multiple explanations.”' ~*” For example, Dou et al.*' and Liu et
al.”* have reported that the blueshift of PL emission for the
ultrathin perovskite sheets is related to the structural relaxation
of the in-plane crystal lattice; Li et al.*’ suggest that the surface
effect with the decreasing of the thickness plays an important
role in this blueshift of PL emission. It is also likely due to
quantum confinement effect.*”*” We have also collected PL
spectrum of unit-cell thick (4,4-DFPD),Pbl, at a low
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Figure 3. PL study of (4,4-DFPD),Pbl, belts on mica. (a) Temperature-dependent PL spectra of a thick (4,4-DFPD),Pbl, belt grown on mica.
The temperature range is from 120 to 240 K with a step of 20 K per measurement. A blueshift of ~0.01 eV of the main PL peak with increasing
temperature is observed. Inset is an optical image of the thick (4,4-DFPD),Pbl, belt (~0.87 ym from AFM image). (b) Temperature-dependent
PL spectra of very thin (4,4-DFPD),Pbl, belts grown on mica. The temperature range is the same as that in (a). There is also a blueshift of ~0.01
eV of the main PL peak with increasing temperature. Inset is an optical image of the measured thin (4,4-DFPD),Pbl, belts (4 unit cells from AFM
image). (c) PL spectra of (4,4-DFPD),Pbl, with thicknesses of one unit cell and 4 unit cells grown on mica. The temperature is 120 K. Scale bars:

50 ym in (a) and 10 ym in (b).

temperature (120 K, Figure 3c). It shows that there is no
obvious difference for the peak position compared with that of
(4,4-DFPD),Pbl, belts with a thickness of 4 unit cells at the
same temperature. Temperature-dependent PL study on single
unit-cell thick crystal shows that the unit-cell thick film is easily
damaged by the laser excitation (see Figure S9), calling further
efforts to develop effective approaches to stabilize the film for
reliable PL tests.

The (4,4-DFPD),Pbl, belts grown on mica via van der
Waals epitaxy can be exfoliated from the mica substrate with
the help of a polydimethylsiloxane soft stamp. Figure 4a
displays a crossed array of (4,4-DFPD),Pbl, belts by stacking a
horizontally aligned (4,4-DFPD),Pbl, array onto another
horizontally aligned (4,4-DFPD),Pbl, array with an offset
angle of ~90°. This microcrossed array fabricated with 2D RP
perovskites creates many homojunctions demonstrating a
possible approach to fabricating twisted halide perovskites.

The mica substrate provides a solid base for the naturally
grown (4,4-DFPD),Pbl, belts, which is helpful for them to be
further processed into heterostructures in addition to the
homostructures. A plethora of van der Waals heterostructures
can be designed by covering these (4,4-DFPD),Pbl, belts with
other different layered materials [e.g, heterostructure of (4,4-
DFPD),Pbl,/CsBiNb,O, as shown in Figure 4b,c]. The
formed heterostructures are aligned with each other, and the
twist angle between the top layer and bottom layer of a
heterostructure can also be arbitrarily adjusted. Here, we
mainly focus on a vertical heterostructure utilizing the grown
(4,4-DFPD),Pbl, and another 2D RP halide perovskite R-
NPB. R-NPB is a right-handed chiral 2D perovskite™ with
anionic [PbBr,]*” layers of corner-sharing PbBr, octahedra
separated by bilayers of NEA* cations [NEA = 1-(1-
naphthyl)ethylamine]. It is synthesized via a solution
method,” and its structure has been confirmed by XRD
(Figure S10). Thin and flat R-NPB sheets are obtained by
mechanically exfoliating a bulk R-NPB crystal with thermal
release tape (more information can be found in Figure S11)
and are then directly transferred onto the (4,4-DFPD),Pbl,
belt array on the mica substrate. The atomic structure of an R-
NPB/(4,4-DFPD),Pbl, vertical heterostructure is sketched in
Figure 4d. According to ref 48, the band gap of R-NPB is about

3.1 eV. It emits white PL through the phonon-assisted
emission process (i.e., self-trapped excitons). Figure 4e is a
schematic of band alignments for this heterostructure. The
band gap of (4,4-DFPD),Pbl, is about 2.34 eV (corresponding
to 530 nm) based on the temperature-dependent PL
measurements in Figure 3a. The offset parameter AE./AEy
for these two materials approximates to 1/4 based on the
results observed in other iodine-based and bromine-based
halide perovskites.*” Thus, we can calculate AE to be 0.19 eV
and AEy to be 0.57 eV.

Based on this estimation, there are two possible interlayer
emissions.”” > One is around 2.53 eV (490 nm) and the other
is around 2.91 eV (426 nm), as represented by a cyan arrow
and a dark blue arrow, respectively, in Figure 4e. Figure 4f
shows the measured temperature-dependent PL spectra of an
R-NPB/(4,4-DFPD),Pbl, heterostructure. An extra PL line
labeled as A2 at around 494 nm (at 120 K) is indeed present,
which is very close to our estimation of one proposed
interlayer emission around 490 nm. Another proposed
emission of 426 nm is not identified due to the detection
limit of our CCD system. PL spectrum of pure R-NPB is also
collected (the black dashed line in Figure 4f and the pink curve
in Figure S12). As we can see, it is a broad spectrum of weak
white light emission at 250 K, and there is no significant PL
peak at around 490 nm. Similar PL results of R-NPB for other
temperatures can be found in Figure S12. The new emission of
A2 for the R-NPB/(4,4-DFPD),Pbl, heterostructure at
different temperatures can be attributed to the interlayer
exciton of this heterostructure. The intensity of the interlayer
emission A2 increases as the temperature decreases from 240
to 120 K. This is common for interlayer excitons of many other
different material systems such as incommensurate MoS,/
WSe, heterostructure and iso-(C,HyNHj;),Pbl,/WSe, hetero-
structure.””* There is a similar trend for the intensity of the
emission Al from (4,4-DFPD),Pbl, as the temperature
decreases, which may be related to the decrease in the rate
of nonradiative thermal recombination with decreased thermal
fluctuations.>

For the peak position, a blueshift occurs for Al emission
when the temperature increases from 120 to 240 K, which is
consistent with the PL spectra results in Figure 3a. However,
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Figure 4. Design and PL characterization of (4,4-DFPD),Pbl,-based homo/heterostructures. (a) Artificial crossed array of (4,4-DFPD),Pbl, belts
with an intersectional angle of ~90°. Inset is a zoom-out image. (b,c) Optical image of a (4,4-DFPD),Pbl, belt array grown on mica with part of it
covered by other different layered materials under different twist angles. (d) Schematic of the R-NPB/(4,4-DFPD),Pbl, vertical heterostructure.
The top layer is R-NPB, while the bottom layer is (4,4-DFPD),Pbl,. Inset is an optical image of a fabricated R-NPB/(4,4-DFPD),Pbl,
heterostructure [the green belt is (4,4-DFPD),Pbl,]. (e) Proposed band alignment for the R-NPB/(4,4-DFPD),Pbl, vertical heterostructure. (f)
Temperature-dependent PL spectra of the R-NPB/(4,4-DFPD),Pbl, heterostructure. The temperature range is from 120 to 240 K with a step
increment of 20 K. All signals are collected under an excitation fluence of 0.35 uJ/cm” and an integral time of 10 s. The black dashed curve
represents the PL spectrum of pure R-NPB at 250 K. (g) Normalized temperature-dependent PL spectra of this R-NPB/(4,4-DFPD),Pbl,
heterostructure. The cyan dashed arrow indicates a blueshift of Al emission, while the orange dashed arrow indicates a redshift of A2 emission as
the temperature increases. Scale bars: 10 ym in (a), S um in (b,c), and 50 ym in the inset of (a) and inset of (d).

there is a small redshift of the peak position of the interlayer
emission A2 as the temperature increases. This phenomenon
has also been observed in other material systems,54 and it may
be associated with the temperature-dependent band gap
evolution of both (4,4-DFPD),Pbl, and R-NPB, which can
lead to the variation of band alignments. Another interesting
feature is the variation of the relative intensity between Al and
A2 when the temperature changes, as revealed in Figure 4g. In
Figure 4g, we normalize the intensity of Al at different
temperatures to be the same. The intensity ratio of A2 to Al
increases as the temperature increases. For example, the ratio
of A2 to Al is about 0.14 at 120 K, and it increases to about
0.57 at 240 K. The temperature-dependent PL spectra of

another R-NPB/(4,4-DFPD),Pbl, heterostructure where the
R-NPB top layer is very thin have also been collected, and a
similar observation can be found (Figure S13). The faster
decay of Al emission with increasing temperature (compared
with that of A2) can cause such a variation in their relative
intensities.

The exciton dynamics in the R-NPB/(4,4-DFPD),Pbl,
heterostructure can also be adjusted by changing the excitation
fluence. Figure Sa displays the normalized PL spectra (with A2
peaks normalized to be the same) of an R-NPB/(44-
DFPD),Pbl, heterostructure at different excitation fluences
recorded at 240 K (see more spectra in Figure S14a). The
relative intensity between Al and A2 changes dramatically as
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(c) Exciton lifetime for the interlayer A2 emission at different temperatures extracted from curves in (b).

the excitation fluence changes. As we can see, the intensity of
A2 is lower than that of Al when the excitation fluence is
above 0.06 u_]/cmz. However, when the excitation fluence
reduces to 0.06 uJ/cm?” or less, the interlayer A2 emission
becomes stronger than Al. Such a signal reversal can also be
found in another R-NPB/(4,4-DFPD),Pbl, heterostructure as
shown in Figure S14b. For the R-NPB/(4,4-DFPD),Pbl,
heterostructure in Figure S14b, its critical fluence for dominant
interlayer A2 emission is less than 0.06 yJ/cm? (the intensity of
A2 emission becomes higher than that of Al when the fluence
reduces to 0.01 pJ/cm® based on the measured data). This
fluence-modulated PL intensity switching is believed to be
associated with the relative thickness of the (4,4-DFPD),Pbl,
layer and the R-NPB layer. Since the excitation light penetrates
the R-NPB top layer first, the thicker the R-NPB layer, the
more photons will be absorbed by it, leading to less excitation
in the bottom (4,4-DFPD),Pbl, layer relatively. It is noted that
the observed interlayer emission behaves differently from some
observations on the blueshift of interlayer emission in the
conventional transition metal dichalcogenide heterostruc-
ture.’® The relationship between the PL intensity and the
fluence for each emission has also been investigated at 240 K
(Figure S15). As we can see, there is an almost linear
relationship between the fluence and the PL intensity for the
A2 emission at low fluences (<1.54 uJ/cm?). This suggests
that the luminescence could likely originate from purely first-
order excitonic emission under low carrier density conditions.
However, there is a transition from linear to superlinear when
the fluence is over 1.54 yuJ/cm? It reveals the increased
contribution from the free electron/hole bimolecular recombi-
nation and suggests that the interlayer excitons tend to
dissociate into free charge carriers when the carrier density
becomes higher.”” For the interlayer Al exciton emission, the
integrated PL intensity shows an over linear relationship
(xP'*) for the whole fluence range. The deviation from a
purely excitonic behavior can be associated with competitions
from the bimolecular electron/hole recombination process in
our (4,4-DFPD),Pbl,.

Considering the carrier transfer across the interface of a
heterostructure, interlayer excitons usually have much longer
lifetimes than its intralayer emissions.””>”*” To confirm this
feature for our designed material system, time-resolved PL
(TRPL) measurements on an R-NPB/(4,4-DFPD),Pbl,

heterostructure are conducted, as shown in Figures Sb and
S16a. Figure Sb displays a series of TRPL measurements for
interlayer A2 exciton at different temperatures. The exciton
lifetime gradually increases as the temperature decreases from
240 to 120 K, which can be attributed to the reduction of
phonon scattering.so’61 The exciton lifetime for interlayer A2
emission extracted from these curves is plotted in Figure Sc. As
we can see, it increases to about 25 ns when the temperature
reaches 120 K. For the Al emission, its exciton lifetime has a
similar trend as A2 (Figure S16b). It is worth noting that a
lifetime of ~25 ns for the interlayer A2 exciton at 120 K is
substantial. For instance, the interlayer exciton lifetime is
around 1.8 ns at 20 K in the MoSe,/WSe, heterostructure.*”
The polarized optical feature of A2 emission has also been
studied considering R-NPB is a right-handed chiral 2D
perovskite (Figures S17 and S18). The PL intensity is a little
bit higher for right circularly polarized light excitation than left
circularly polarized light, although the difference is not so
obvious, which may be attributed to the extremely small
circular dichroism in the wavelength of interest.’

B CONCLUSIONS

We report a liquid-phase van der Waals epitaxial growth of a
2D RP hybrid perovskite (4,4-DFPD),Pbl, on muscovite mica
and a design of R-NPB/(4,4-DFPD),Pbl, perovskite—perov-
skite vertical heterostructures with interlayer emission. The
(4,4-DFPD),Pbl, belts grown on mica can be unit-cell thin
and are well aligned, allowing further integration into arbitrary
heterostructures with other 2D perovskites and potentially
other layered materials such as graphene, hexagonal boron
nitride, and transition metal dichalcogenides. The emission
intensity of the interlayer exciton A2 increases as the
temperature decreases, and its peak position shows a small
redshift with the increase of temperature from 120 to 240 K.
The relative emission strength between this interlayer exciton
and the intralayer exciton Al can be adjusted by changing the
excitation fluences. A carrier recombination lifetime of about
25 ns at 120 K has been identified for this interlayer emission.
Our findings suggest an avenue to grow and align 2D halide
perovskites in solution and indicate 2D RP perovskite—
perovskite heterostructures as a feasible platform to explore
exciton physics.
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B METHODS

Growth of Epitaxial (4,4-DFPD),Pbl, on Mica. Pbl,, PbBr,, HI
solution (47 wt % in water), HBr solution (47 wt % in water), R-1-(1-
naphthyl)ethylamine, and 4,4-difluoropiperidinium hydrochloride
(97%) were purchased from Sigma-Aldrich Corporation. We first
synthesized bulk (4,4-DFPD),Pbl, single crystals based on the
method in ref 8. Then, 0.4 mmol bulk (4,4-DFPD),Pbl, crystals were
put in 20 mL of HI solution, and the solution was evaporated under
~50 °C for 3 h to achieve a nearly saturated state. The solution was
cooled down to room temperature and kept in a closed glass vial as
the growth solution. A piece of muscovite mica was separated into
two parts along its cleavage facet. Several microliters of this saturated
solution were dispensed onto the fresh and clean surface of the split
mica. A flat liquid layer would form on the mica substrate. The mica
sheet covered with saturated (4,4-DFPD),Pbl, solution was then
placed in a chemical hood at room temperature for 6—12 h, during
which HI and water molecules in the solution evaporated steadily,
leading to the nucleation and growth of (4,4-DFPD),Pbl,. (4,4-
DFPD),Pbl, perovskite belts grown on the mica substrate were then
obtained and used for other characterizations and tests. For the R-
NPB RP perovskite, it was synthesized according to ref 48. Thin R-
NPB sheets were then obtained by simply exfoliating the synthesized
bulk R-NPB crystals with thermal release tape.

Structural and Microscopy Characterizations. XRD spectra
were collected on a Panalytical X’Pert PRO MPD system with a
Bruker D8 Discover X-ray diffractometer. The morphology of (4,4-
DFPD),Pbl, belt arrays on mica was characterized by a Nikon Eclipse
Ti-S inverted optical microscope. EBSD data were collected in a Carl
Zeiss Ultra 1540 EsB SEM-FIB system equipped with a NordlysNano
detector from Oxford Instruments. The crystallographic orientation
data were collected and analyzed by Aztec software from Oxford
Instruments. An Asylum Research MFP-3D atomic force microscope
was used to measure the thickness of (4,4-DFPD),Pbl, belts under
contact mode. A cantilever (AC240TM-R3) with a spring constant of
2 N/m and a tip radius of 15 nm was used.

PL Measurements. All PL measurements were conducted on a
customized system (a Nikon Eclipse Ti-$ inverted optical microscope,
a Thorlabs 4 Megapixel Monochrome Scientific CCD camera, and a
Princeton Instruments SP-2358 spectrograph). Samples were excited
using a PicoQuant 405 nm pulsed diode laser whose power can be
adjusted step-by-step. For temperature-dependent PL measurements,
an INSTEC HCS302 microscope cryostat was used to support the
sample and to provide low-temperature conditions via liquid nitrogen
pumping.

GSAM Calculation. This method analyzes possible epitaxial
relationships based on the overlayer—substrate pairs of superlattices
formed at the interface. It pursues a high density of closely coincident
lattice sites and a minimal superlattice area mismatch between the
epitaxial overlayer and the substrate. In our simulation, we define the
unit vectors of the substrate superlattice (mica) as u; and v; with an
angle 0, between them and the unit vectors of the overlayer
superlattice [(4,4-DFPD),Pbl,] as u, and v, with an angle 6, between
them. A, and A, are the substrate and overlayer superlattice areas,
respectively. The rotation angle y between these two superlattices is
defined as the angle between u; and u,. The superlattice area
mismatch (AA) is defined as AA = A(Au/u + Av/v + Af/tan 0); for
small superlattice mismatches, A ~ A, (or A,), u = u; (or u,), v = v,
(orv,), @~ 0, (or 0,), Au = lu; — u,), Av = lv; — v,l, and AG = 10, —
6,|. The smaller the value of AA and the smaller A, the higher the
configurational probability. In the simulation, the maximums of A,
Au/u, Av/v, and AG/0 are limited to 200 A, 10%, 10%, and 10%,
respectively.
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