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ABSTRACT: Despite their weak nature, van der Waals (vdW) interactions have been
shown to e ectively control the optoelectronic and vibrational properties of layered
materials. However, how vdW e ects exist in Ruddlesden Popper layered halide
perovskites remains unclear. Here we reveal the role of interlayer vdwW force in
Ruddlesden Popper perovskite in regulating phase-transition kinetics and carrier
dynamics based on high-quality epitaxial single-crystalline (C,HgNH;),Pbl, akes with
controlled dimensions. Both substrate perovskite epitaxial interaction and interlayer
vdW interaction play signi cant roles in suppressing the structural phase transition. With
reducing ake thickness from 100 to 20 nm, electron phonon coupling strength
decreases by  30%, suggesting the ine ectiveness of phonon con nement of the natural
quantum wells. Therefore, the conventional understanding that vdW perovskite is
equivalent to a multiple quantum well has to be substantially amended due to signi cant
nonlocal phononic e ects in the layered crystal, where intralayer interaction is not drastically di erent from the interlayer force.
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ince the experimental synthesis of graphene, the library of

layered materials has been growing, for example,
transition-metal dichalcogenides (TMDCs), hexagonal BN
(hBN), and black phosphorus.* Because of the lack of dangling
bonds at free surface and weak interlayer van der Waals (vdW)
interactions, layered materials are supposed to show negligible
thickness dependence compared with nonlayered materials.
Counterintuitively, as weak as vdW interactions are, the
electronic, phononic, and structural properties of layered
materials can be adjusted at reduced thickness such that non-
layered-like behaviors are sometimes observed. For example,
most TMDCs show direct-to-indirect electronic band structure
transition from monolayer to multilayers.? An opposite trend is
observed in Pbl,, where the interlayer interaction is relatively
stronger.® In MoS,, when the number of layers increased from
1 to 20, the Raman modes and their relative intensities varied
signi cantly. Even for graphene, where the extremely strong
C C bond stabilizes the layered structure, the Raman
response of few-layer graphene still shows salient thickness
dependence.” In addition to the interlayer interactions, vdwW
interaction with substrates plays a similar role as well. For
example, symmetry-forbidden Raman modes in WSe, were
activated in the WSe,/hBN vertical heterostructure, with the
new electron phonon coupling behaviors being attributed to
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the vdW interactions with hBN.® Surface ripples of graphene
can also be suppressed by substrate vdW forces.” Monolayer
FeSe grown on SrTiO; shows intriguing superconducting
properties, and electron phonon coupling with substrate Ti
O vibrations might be one possible mechanism.’

Very recently, the layered Ruddlesden Popper (R P)
phase hybrid halide perovskites, for example,
(C4HgNH3),Pbl,, combining the interesting properties of
layered materials and also the excellent optoelectronic/electro-
optical performance of hybrid halide perovskites, have ignited
new interests in the materials community.® ** As sketched in
Figure 1la, three unique features make layered halide
perovskites slightly di erent from conventional layered
materials: () They consisted of alternating semiconducting
lead-halide octahedron layers and insulating organic ligand
layers; the self-assembled multiple quantum well (MQW)
structure enables spatially con ned charge carriers and huge
exciton binding energy up to 300 500 meV.'? (b) The overlap
and entanglement between long organic chains may further
enhance the interlayer vdW interactions and adjust structural
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Figure 1. Electron phonon coupling and phase transition in (C,HyNH,),Pbl,. (a) From top to bottom, 2D projection of the electronic, crystal,
and vibrational structures of (C,HyNH;),Pbl,. Pb | octahedrons and organic ligands are drawn as gray polyhedrons and blue jagged lines,
respectively. One unit cell is marked by a green dashed line, whereas the interlayer vdW gap is marked by a red dashed line. The dark shades in the
MQW structure indicate the con nement of charge carriers in Pb | layers. In the lower drawing, organic ligands, Pb | octahedron layers, and the
vdW gap are shown as thick black, green, and thin gray springs, respectively, indicating descending vibration frequencies. (b) Possible cross-layer
vibrations in (C,HyNH,),Pbl, akes with di erent thickness. The vertical direction L, is parallel to the ¢ axis. The curves in the crystal show the
amplitude and direction of vibrations, indicating that longer wavelength phonons are allowed in thicker akes. The upper right part shows the
allowed phonon wavelength in the dispersion of optical phonons. The Hamiltonian of Frohlich interaction (Hg,) is shown in the middle, where the
inverse dependence with wave vector (q) is highlighted by red and | is electrostatic potential, L is well width, m is quantization number, u g is
displacement of positive/negative ions, e is elementary charge, and F is material-related constant. (c) Role of vdW interactions on locking phase
transition. The restoration of crystal structure, that is, the soft modes, are shown by the sinusoidal curves, and the dashed curve in low-temperature
phase indicates the absence of restoration. Refer to the main text for more discussion.

phase transitions. (See Supporting Information S1 for more LO) coupling strength decreased by 30%, indicating long-
details.)™ (c) The relatively small lead-halide bonding strength range interlayer vibrations enabled by interlayer vdW
partially softens the layered structure, and lattice relaxation has interactions. These non-layered-like electron phonon inter-
been observed in few-layer (C,HgNH;),PbBr, single-crystal- actions in layered perovskites reveal the major in uence of
line akes.'® Similar to other layered materials, electron vdW interactions and may shed light on low-dimensional

phonon interactions in R P-phase layered perovskites and, perovskite systems on a reduced scale.
speci cally, the coupling mechanism, strength, and ligand Phonon Effects in Epitaxial Ruddlesden Popper Halide
dependence have been studied."” *° However, it remains Perovskites at Reduced Dimension. Figure 1a shows the layered
elusive whether vdW interactions or thickness could adjust the structure of (C,HygNH3),Pbl, and the electronic and vibra-
electronic and phononic properties as in TMDC and graphene. tional energy levels of corresponding parts. Although the
In this work, to probe the nonlocal phononic behaviors in insulating nature of organic ligands is well known, whether
layered R P phase perovskites, we developed vapor-phase vibrations could pass through or couple across the vdW gap
epitaxy of single-crystalline (C,HgNH;),Pbl, akes with (shown in red) remains unclear. Because the Raman signals
various thicknesses. As two important indicators, electron from soft crystals are rather weak, more facile methods are
phonon coupling and structural phase transitions were studied needed to probe the vibrational behaviors. (See Supporting

by temperature-dependent micro-photoluminescence (PL). Information S2 for more discussion.)
Because of the vdW interactions between perovskite layers One method we propose is checking electron phonon
and from substrates, the structural phase-transition temper- coupling strength from PL line width. The predominant
ature was reduced by >150 K. With reducing ake thickness coupling mechanism, the Frohlich interaction formulated in
from 100to 20 nm, electron phonon (longitudinal optical, Figure 1b, scales inversely with LO phonons’ wavevector, Hg,
6677 DOI: 10.1021/acs jpclett.8b02763
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Figure 2. van der Waals epitaxy of (C,HgNH3),Pbl,. (a,b) (C,HsNH;),Pbl, akes grown on muscovite mica and Si (001), respectively. The insets
are enlarged images of step structures showing the layer-by-layer growth. All scale bars are 20 m. (¢) XRD of (C,HgNH3),Pbl, akes grown on Si,
bulk (C,HgNH5),Pbl, single-crystal and bare Si substrate. (002n) peaks are highlighted. (d,e) Lattice registration between (C,HgNH3),Pbl, and
mica and Si substrates calculated from GSAM. The lower drawings sketches the predicted lattice registration. The lattice points of mica, Si and
perovskites are shown as light-blue, gray, and red dots, respectively. Crystallographic directions of mica, Si, and perovskites are shown by dark-blue,
black, and red arrows, respectively. More discussion can be found in the main text and Experimental Methods.

q %% In this regard, the long-wavelength phonon leads to
a higher scattering rate and, in turn, larger PL fwhm. In MQW
of group Il V materials like GaAs/AlAs, because of the
mismatched phonon frequencies between well and barrier
layers, phonons can be partially con ned in well layers.** 2° In
vdW (C,HyNH,),Pbl,, the highly incoherent interface across
the vdW gap is obviously not an e ective barrier for phonons.
If phonons are con ned e ectively, then PL fwhm should be
thickness-independent. If phonon con nement fails, then we
should observe lower PL fwhm in thinner akes because the
LO phonon wavelength is still limited by the thickness of

akes.

For the second method, similar to the aforementioned case
of WSe,/hBN and single-layer (C,HyNH3),Pbl, on SiO,/
Si,#” phonons can also be probed with structural transitions.
From a soft mode perspective, when the Kkinetic energy of a
crystal is too low to support certain low-energy (soft) vibration
modes, the symmetry of the crystal will decrease, and a phase
transition occurs.™»*® With external perturbation (vdW force
from substrate), such energy landscape will change, and the
critical temperature, T, at which soft modes freeze will shift to
T, as sketched in Figure 1c. See Supporting Information S2
for more discussion.

Epitaxy of (C4HgNH;),Pbl,. To minimize the interference
from impurities and grain boundaries and also guarantee an
intimate contact with substrates, single-crystalline akes were
grown on muscovite mica and Si using cold-wall chemical
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vapor epitaxy (Figure 2a,b). The detailed methods are shown
in the Experimental Methods.”> Optical images showed
uniform color and well-de ned (truncated) rectangular shapes
with lateral size 5 30 m. The di erent colors were attributed
to optical interference, indicating that various subwavelength
thicknesses were obtained in these akes. With reducing
thickness, the akes became more translucent, and step-like
features were observed, indicating layer-by-layer growth,
shown in the insets of Figure 2ab. X-ray di raction of
(C4HgNH3),Pbl, akes grown on Si, bulk single-crystal, and
bare Si substrates are shown in Figure 2c. The (002n) peaks
were clearly observed in both akes and bulk crystals,
indicating that (C,HgNH;),Pbl, crystallizes with (001)
parallel to substrate, consistent with previous reports.>’
Therefore, the edges of rectangular akes are parallel to
[100] or [010] directions. Over 90% of the akes shown in
Figure 2a,b were oriented parallel, indicating that epitaxy has
been obtained. On the basis of the optical microscopy and the
in-plane orientations of mica (refer to Supporting Information
S3 for more details) and Si (known from wafer cutting and the
shape of cleaved substrates), we were able to gure out the
epitaxial relation between akes and substrates.

To understand the microscopic causes for such orientations,
we calculated the optimized lattice registration between
(C4HgNH5),Pbl, and substrates based on the %eometrical
superlattice area mismatching (GSAM) method.*® Basically,
the superlattices of perovskite and substrate were rotated by an
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Figure 3. Structural phase transition in 2D (C,HgNH3),Pbl, and 3D CH3;NH;Pbl;. (a ¢) (C,HgNH3),Pbl,. (a) Color contour of normalized PL

intensity of (C4HgNHS,),Pbl, bulk single crystal as a function of temperature. The normal phase transition was observed at

240 K. (b)

Normalized PL intensity of (C,HyNH,),Pbl, akes. The phase transition was locked by vdW interactions from substrate. (c) PL peak energy as a

function of temperature in (C4HgNH;),Pbl, 50 nm,

100 nm, and bulk samples. Phase transitions in all epitaxial akes were locked. The inset

showed the phase-transition temperature of di erent (C,HgNH;),Pbl, samples. The dashed lines mark liquid-nitrogen and helium temperature.
(d f) CH;3NH4Pbl,. (d) Normalized PL intensity of CH3NH3Pbl; bulk single crystal as a function of temperature. The normal phase transition

was observed at

110 K. (e) Normalized PL intensity of CH;NH;3Pbl; akes. The phase transition was also locked by vdW interactions from

substrate. (f) PL peak energy as a function of temperature in CH3;NH;Pbl,.

in-plane angle . By maximizing the superlattices’ overlap, the
optimized orientation is obtained. The mismatched area A as
a function of in-plane rotation s plotted in Figure 2d,e. The
size of the circle is inversely proportional to the superlattice
area. The smaller the A and the larger the circle (superlattice
area), the more favorable the alignment. All of the predicted
orientations were observed experimentally, indicating that vdwW
epitaxy does exist between (C,HgNH,),Pbl, and Si/mica. (See
the Experimental Methods and Supporting Information S4 for
more discussion.)

Structural Phase Transition in Epitaxial (C,HgNH,),Pbl,.
The structural phase transition of (C,HyNH;),Pbl, was
studied by temperature-dependent PL. As a comparison, we
synthesized the bulk single crystal of (C,HgNH;),Pbl, by the
solution method.** As shown in Figure 3a, the PL peak
position of bulk single crystal (C,HgNH,),Pbl, blue-shifted
from around 2.40 to 2.53 eV upon cooling, consistent with
previous reports.?’ The fact that this di usionless phase
transition proceeded rapidly in bulk single crystal indicates that
kinetic e ects like nucleation and heat conduction do not
cause a signi cant delay of phase transition in bulk sizes. As
expected, the phase transition in epitaxial akes was locked
(Figure 3b). Such phase locking might reduce the transition
temperature T, even lower because some exfoliated akes were
reported to remain in the high-temperature phase, even at
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liquid helium temperature ( 4 K).?” Phase transitions in
di erent samples were further quanti ed in Figure 3c. Flakes
with uniform color, typically green or yellow, showed thickness
around 100 nm or higher, whereas those translucent ones like
the gray step-like structure in the inset were 50 nm. (Refer to
Supporting Information S5 for AFM results.) Hereafter we will
refer to these two categories of akes on Si as “50 nm akes”
and “100 nm akes”.

The inset of Figure 3c summarizes T, of various
(C4HgNH5),Pbl, samples. The absence of phase transition
in exfoliated akes rules out the size e ect as a potential cause
for reduced T.. Rectangular akes were also grown on 300 nm
SiO,/Si substrates. Probably due to the reduced interaction
with amorphous SiO, surface, the T, was only partially
reduced, and most  akes transitioned from 120 to 150 K. Some
single-domain  akes by chemical vapor deposition (CVD)
showed uniform color but failed to reach equilibrium shape.
(Refer to Supporting Information S6 for details.) T, of these
nonequilibrium akes ranged from 160 to 240 K. From these
comparisons, a positive correlation between the contact with
the substrate and phase locking is clearly revealed; the vdW
interaction is strong enough to lock the phase transition of
around 40 layers (>100 nm) of (C,HgNH,),Pbl, See
Supporting Information S7 for more discussions.
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Figure 4. Electron phonon coupling strength in (C,HyNH;),Pbl, akes with di erent thickness. (a) Normalized room-temperature PL line shape
of (C4HgNH5),Pbl, akes and bulk single crystals. No PL shoulder was observed at lower energy side. (b) Temperature-dependent PL fwhm in
(C4HgNH,),Pbl, akes with di erent thickness. Left panel, on Si; right panel, on mica. (c) Electron phonon coupling strength as a function of

ake thickness, L,. The four dashed curves are the estimated coupling strengths with di erent e ective phonon wavelengths ranging from 10 200

nm.

As a comparison, we also grew 3D CH;NH;Pbl; akes by
vdW epitaxy.*> See Supporting Information S7 for more
discussion. Substrate vdW forces can be transferred much
more e ectively by 3D CH;NH,Pbl,. As shown in Figure 3d
f, the same phase transition delay was observed around 110 K,
indicating the non-negligible impact from interlayer inter-
actions in 2D (C,HgNH,),Pbl,.

Electron Phonon Coupling in Epitaxial (C;HgNH5),Pbl,. It is
generally believed that Pb | bond (vibration energy 100
cm 1) is the main cause for the electron phonon coupling in
Pb I-based compounds.'®*¥333* As shown in Figure 4a, the
room-temperature PL spectra of 20 and 70 nm
(C4HgNH;),Pbl, akes grown on mica and single crystals
are compared. The three curves showed a similar asymmetric
shape, and no broad shoulder appeared at the low-energy side,
indicating that di erent samples in this study are pure and
homogeneous and are free from reabsorption e ects. There-
fore, PL fwhm in this work is determined intrinsically by
electron phonon coupling, whereas the in uence from other
extrinsic factors is negligible. See Supporting Information S7
for more discussions.

The electron phonon coupling is characterized by the
phenomenological formula®"#*

T) = + T+$+_6Eb/kBT
( ) 0 AC eELO/kBT 1 imp (1)

The four terms stand for inhomogeneous broadening, acoustic
phonon scattering, Frohlich interaction, and scattering from
impurities, respectively. | is the phonon coupling strength,
and the denominator stands for LO phonon population. E, o
means LO phonon energy (100 cm %).}” E, represents the
impurity binding energy. Both the impurity term and the
acoustic term were ignored in this work.*"** (See Supporting
Information S8 for more discussion.) The temperature-
dependent PL fwhm of (C,HgNH,),Pbl, akes (all locked in
high-temperature phase) with di erent thickness is shown in
Figure 4b and is tted by eq 1. In both panels of Figure 4b, the
red curves, which correspond to thicker akes, are steeper than
the blue curves, which t the thinner akes. With temperature
approaching 80 K, the fwhm narrowing gradually decelerates
and might be related to the onset of acoustic phonon
scattering. As summarized in Table 1, the LO coupling
strength of thicker akes was higher than those in thinner
akes. All LO coupling strengths distributed between 20 and

6680

Table 1. Fitting Results of Di erent (C,HgNH,),Pbl,
Samples

L0 Lo Standard error 0 o Standard

sample (meV) (meV) (meV) error (meV)
20 nm on mica 20.54 2.26 40.72 2.04
70 nm on mica  29.16 179 38.03 170
50 nmon Si 19.72 1.00 3532 0.95
100 nm on Si 23.77 134 36.23 128

30 meV, comparable to previous values. All of the
inhomogeneous broadening terms ranged between 35 and 41
meV, indicating that all akes had similar crystal quality.

A previous study on AlGaAs/GaAs and InGaAs/GaAs single
quantum well (QW) showed that once phonons were con ned
in the well layer, the coupling strength yields*®

2 Lz

|HFr| Lzzqz + 2 (2)
where the square of the Frohlich Hamiltonian |HgJ? is
proportional to coupling strength, L, stands for the well
thickness, and g stands for the e ective wavevector of LO
phonon. (See Supporting Information S8 for more discussion.)
As sketched in Figure 1b, because the interlayer vibrations have
been proved to be delocalized, some long-wave vibration
modes could involve multiple layers. Thus it is fair to consider
the top and bottom surfaces of each (C,HgNH,),Pbl, ake
(not individual layer) as the phonon barrier. The whole ake
should be treated as a single QW, and ake thickness becomes
the well thickness L, in eq 2. Because the strength of Frohlich
scattering is proportional to phonon wavelength, we ignore the
contribution from short-wave phonons and assume that there
is only one single phonon mode in each ake.

The L, dependence is summarized in Figure 4c, where |Hg/?
is sketched with di erent LO phonon wavelengths. As shown
in Figure 4c, various q are substituted into eq 2 to estimate the
e ective phonon wavelength in (C,HyNH3),Pbl,. For each
assumed wavelength, the maximum coupling strength is
reached when L, and phonon wavelength are close. In our
case, the e ective phonon wavelength in akes grown on mica
and Si turned out around 120 and 200 nm, respectively. These
values are on the same order as those reported in AlGaAs/
GaAs single quantum wells.?® The fact that the calculated
e ective wavelength exceeds L, indicates that the in-plane
phonon component also contributed to the electron phonon
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coupling processes. Although the precise microscopic picture
of electron phonon coupling in (C4HgNHS,),Pbl,, especially
that across the vdW gap, remains unknown, the phenomeno-
logical estimations in this work are su cient to reveal the
nontrivial interlayer interactions in layered (C,HgNH3),Pbl,.

In addition to chemical composition®®*" and dielectric
environment,>"***° ydw forces in epitaxy provide another
method for manipulating the various properties of layered R P
halide perovskites. Strain engineering,*® a conventional
approach,** remains to be developed in these systems.

In conclusion, vdW interlayer interactions are nontrivial for
the optoelectronic and vibrational properties of layered
materials. In this work, by checking the change in structural
phase transition and size dependence of electron phonon
coupling, we probed the non-layered-like behaviors in single-
crystalline layered Ruddlesden Popper perovskite
(C4HgNH5),Pbl, enabled by nontrivial interlayer vdW forces.
Single-crystalline (C,HgNH3),Pbl, akes with lateral size 5
30 m and thickness 20 100 nm were grown on Si and mica
by vdW epitaxy. Because of the vdW interaction with the
substrates, the structural phase-transition temperature of the
(C4HgNH5),Pbl, akes was reduced by >150 K. The interlayer
vdW force was found to be strong enough to stabilize over 40
layers of (C,HgNH;),Pbl,. By temperature-dependent PL
studies, we discovered a thickness-dependent electron
phonon coupling (Frohlich interaction), which indicates
nontrivial phonon coupling across vdW gaps in layered
(C4HgNH5),Pbl,. We further estimated that the e ective LO
phonon wavelength in akes is around 100 200 nm,
comparable to those in AlGaAs/GaAs single quantum wells.
Similar to some layered materials, the layered perovskite
(C4HgNHj3),Pbl, behaves to a large extent like nonlayered
materials.

EXPERIMENTAL METHODS

The growth of the R P-phase halide perovskite was conducted
in a customized cold-wall chemical vapor deposition system.
The coevaporation of Pbl, and C,HgNH,-HI was applied to
provide vapor-phase precursors for epitaxial growth of akes
on both Si (001) and muscovite mica (001) substrates. Optical
microscopy images were obtained by a Nikon Ti S inverted
optical microscope. A Panalytical X'pert PRO MPD XRD was
used to reveal the crystal structure of the akes and their
epitaxial relations with substrates. Temperature-dependent PL
spectra were collected by a customized optical spectroscopy
system in which a Picoquant 405 nm laser was used as an
excitation source. Non-contact-mode AFM was used to reveal
the surface morphologies of the akes. A Renishaw 2000
Raman spectrometer and a Zeiss Supra EDX were used to
con rm the phase and composition of the crystals, respectively.
The GSAM method was applied to simulate the epitaxial
relation between akes and substrates. More details of the
experimental methods are given in the Supporting Information.
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