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Abstract

Van der Waals (vdW) bond is traditionally believed to be orders of magnitude lower
than the typical chemical bond (i.e., ionic, metallic or covalent) and hence the effects
caused by a vdW interface is thought to be trivial. In this study, by investigating the
vdW epitaxial growth of mechanically soft perovskite on the vdW substrate, we obtained
the solid proofs of strong, non-negligible vdW interaction. The experimental results
illustrate the formation of cracks and holes for the relaxation of vdW strain as well as a
lattice-constant dependent epitaxial angle evolution and a pronounced band structure
change. The first-principle calculations indicate that the contribution of the vdW
interaction energy at the epitaxial interface reaches up to more than a quarter of the
overall interaction energy far exceeding the traditionally recognized vdW bonding
strength. Both the experimental and theoretical work show that given the appropriate
material system, the vdW interaction could be strong enough to significantly manipulate
material properties.



The van der Waals (vdW) interaction is a dipole-dipole force(/) that is traditionally
considered much weaker than a chemical bond which involves a permanent charge
transfer/sharing process. Consequently the vdW bonding strength is normally thought as
trivial and can be easily disturbed or altered. By taking advantage of that, mechanical
exfoliation was first applied to obtain the atomically thin two dimensional graphene from
graphite(2, 3), together with a whole family of two dimensional materials including h-BN(4),
transition metal dichalcogenides(5, 6), etc. As a step forward, heteroepitaxy is found to exist
between two different vdW bonded materials and hence comes the vdW epitaxial growth(7, &).
Different from the traditional chemical epitaxy, vdW epitaxy lifts the restriction of rigid
lattice match and even lattice symmetry thanks to the weaker interfacial interaction(7, 9, 10).
VdW epitaxially grown thin films are usually believed to be in a freestanding nature with few
defects that can lead to a high mobility and good properties(/0, /7). Over the years, various
materials have been proven to grow epitaxially on a single mica substrate by vdW epitaxy[8],
which includes both naturally layered materials (transition metal dichalcogenides, metal
halides, etc.) and non-layered materials (halide perovskite, metal oxides, group II-VI
materials, etc). Like a double edge sword however, vdW epitaxy largely broadens the material
selection but at the same time is generally believed to be unable to manipulate the overlayer
property via substrate effect. However, if indeed strain engineering also exists in the vdW
epitaxy, one of the major benefits would then be the capability to strain materials that are hard
to obtain via conventional epitaxy, i.e., materials whose suitable substrate are yet to be found.

Despite the above commonly accepted understandings of vdW interaction, there are more
and more observations that indicate otherwise as the research on two-dimensional materials
deepens. For example, ultraflat graphene is and can only be obtained when muscouvite mica,
a layered substrate, is supported underneath(/2). The experimental observation as well as
subsequent theoretical work(/3) both indicate a strong interaction that can be vdW in nature.
At the same time, a strong interlayer electron-phonon interaction between h-BN and WSe,
was observed(/4), indicating a non-trivial vdW interface. For the epitaxial vdW
heterostructure, largely-strained growth of organic thin film on mica substrate has been
demonstrated(/5). Recently for the pure inorganic material system, an
incommensurate-commensurate transition was observed for h-BN and graphene that resulted
in a large vdW strain(/6). Previously we have also studied the possible vdW strain
engineering on Pbl,(/7). Even for a quasi vdW epitaxial growth, e.g. only one of the
film/substrate is a layered material, it is found that the choice of substrate can result in a
significant strain of an presumably strain-free two dimensional material(/$).

With the discrepancy between the assumptions and observation in vdW interaction, there
are, of course, intriguing questions remains to be answered. Since the interlayer vdW
interaction is so trivial, why can epitaxy always be formed? When a quasi-vdW epitaxy is
formed, what is the nature of the interface interaction? Is there a case when vdW interaction
could be strong enough so that the conventional strain engineering occurred in chemical
epitaxy can be repeated? Can the vdW interaction be more pronounced if the growth material
is mechanically soft in nature and at the same time contains heavy elements since the vdW
interaction scales with atomic weight? In this report, we attempt to address these questions by
studying the vdW epitaxial growth of CH;NH;(MA)/CsPbXj3, an emerging semiconducting
material family with Young’s modulus ranging from 14 to 19 GPa(/9-21), on mica substrate.
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From our previous experience with the halide perovskite(9, 22), single crystalline and
epitaxial flakes were grown. Thanks to the soft nature of the halide perovskite material(23),
we found solid evidence both from morphology, structural and optical characterizations that
indicate a very strong, non-negligible vdW interaction existing between mica and halide
perovskite and the possible existence of significant vdW strain. By performing the density
functional theory (DFT) calculations, we studied the nature of bonding at the halide
perovskite/mica interface and revealed the indispensable role of vdW interaction. Our study
shows that by the proper selection of the material systems, the strength of vdW epitaxial
interaction can be fully unleashed to achieve the promising vdW epitaxy-based strain
engineering.

Epitaxial halide perovskite has been grown on mica substrate via Chemical Vapor
Deposition (CVD) with controlled parameters that can influence the flake size and thickness.
Additional information concerning the details of the growth setup can be found in the
materials growth and characterization in the Supplementary Information (SI) (24). Fig. 1(a)
shows an optical image of the large scale epitaxial growth of MAPbBr; flakes about ~10 um
in lateral size on mica substrate. It can be easily observed that all the flakes show a
square/rectangular morphology that corresponds to the Wulff construction of the {100} lowest
surface energy facets. Meanwhile, the flakes are well aligned towards one single direction that
indicates a well-constructed epitaxial relation with the substrate. Moreover, the as-grown
flakes show a similar weak color contrast under optical microscope, indicating a uniform and
relative small thickness. A closer examination of the morphology and thickness profile of the
same flakes was performed by Atomic Force Microscope (AFM), with the resultant image
shown in Fig. 1(b). The AFM images shows that the halide perovskite has a smooth surface
across the whole flake that is comparable to the atomically flat mica surface. The thickness of
the individual flakes ranging from 4.8-16 nm has been labeled. A similar AFM image with a
larger scale that contains more flakes can be found in Fig. S1. The thinnest flake we have
been able to grow so far is about 6 atomic layers of MAPbBr;. The inset of Fig. 1(b) shows a
relatively thicker flake (~31 nm), nonetheless it has the same surface smoothness. A more
clearly quantitative illustration of the thickness profile of three individual flakes are shown to
the right of Fig. 1(b), with the surface of each flake showing no observable thickness
variation.

However, as the flake grows in both lateral size and thickness, a completely different
situation was observed, as will be discussed later in Figs.1 (c) to (e). Fig. 1(c) shows a large
CsPbBrj; flake with its lateral size exceeding 100 um and thickness over 100 nm. Surprisingly,
well-aligned crack networks parallel to the edges along <100> directions can be easily
observed even in the optical microscope. As a step forward, we found for even larger area
CsPbBr; “thin film”, not only cracks but also square holes, as displayed in Fig. 1(d). It can be
easily seen that for the square holes in Fig. 1(d), still the <100> edge dominates. That the
appearance of cracks and holes in thicker and larger flakes and the absence of those in thinner
ones, even though both are epitaxial in growth, is of great interest. Holes and cracks are
commonly interpreted as signatures of strain relaxation once the film thickness exceeds a
critical limit in the conventional chemical epitaxial growth of thin film(25, 26). The
appearance of those, especially in thicker flakes, indicates that for vdW epitaxy, the
interaction at the flake interface is comparably strong and more importantly, the thinner, crack
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and hole-free flakes may be highly-strained due to the soft nature of halide perovskite. To
investigate the nature of the morphology of the holes, AFM characterization was further
conducted and shown in Fig. 1(e). Consistent with the observation made in optical images,
AFM shows holes on single flakes with sharp <100> edges. Moreover, we also observe at the
vicinity of the square hole very clear layer-by-layer terraces with the step height equal to one
atomic layer of MAPbBr3, as shown by the height profile to the right of Fig. 1(e). A magnified
view of the layer-by-layer terrace can be found in Fig. S2. The presence of terraces, i.e., the
Stranski-Krastanow (SK) growth, is also another typical sign of strain relaxation, although
less drastic, compared to the formation of cracks and holes(27, 28). In addition to that, we
also observed trench networks 45° to the hole edges (i.e., along <110> directions). The
trenches could be another sign of the SK growth mode and the formation of islands to
accommodate strain. More AFM image concerning the relative orientation of the hole edges
and the 45° steps can be found in Fig. S3.

While the morphologies of the as-grown vdW epitaxial halide perovskite flakes show
solid evidences of strong interface interaction, the resultant strain and strain relaxation is
likely to render a structural reconstruction of halide perovskite compared with the bulk crystal.
To investigate the structural information of the epitaxial growth, both synchrotron X-ray
diffraction (XRD) and Transmission Electron Microscope (TEM) studies were carried out.
Figs. 2(a)-(b) shows the result of synchrotron XRD characterization of the MAPbBTr; flake on
mica substrate under a reflection mode (i.e., the out-of-plane lattice spacing is measured).
Taking advantage of the nano beam, we were able to focus the synchrotron X-ray flux into a
~500 nm spot so that the diffraction information of a single flake can be acquired.
Unfortunately, due to the extensive beam damage, only relatively thick flakes can be
characterized. Fig. 2(a) shows the rocking curve of MAPbBr; (002) with a
Full-Width-at-Half-Maximum (FWHM) less than 0.05°. This again confirms the high quality
single crystallinity of the as-grown flakes. Fig. 2(b) shows the 0-20 out-of-plane scan with the
(006) and (008) reflection of mica substrate and (002) reflection of MAPDbBr; cleared
presented. Interestingly in addition to those, one extra reflection (which is labelled as
“interface layer” in Fig. 2(b)) is also observed that can be fit to neither the flake nor substrate.
The extra spot is very unstable and would disappear soon after a prolonged synchrotron
irradiation. With all available knowledge, we hypothesize that the reflection comes from
either an interfacial layer that helps better buffering the MAPbBr; on mica substrate, or more
surprisingly, from a highly strained layer of perovskite at the interface that rapidly relaxes
after an external perturbation (e.g., high energy synchrotron irradiation). Meanwhile, when
the (002) reflection was checked for individual flakes, we still observe a noticeable peak shift,
with the thinner one being smaller in the out-of-plane spacing (Fig. S4), indicating possibly
some residual compressive out-of-plane strain. Even though we have been unable to
characterize the sub-10 nm flakes, by studying the thicker flakes, we are still able to conclude
that the flakes are no longer freestanding and strain-free as previously assumed.

To better understand the structural information of the film’s in-plane orientation with the
substrate, we carried out in-plane TEM electron diffraction analysis of MAPbCl; and CsPbBr3
flakes on mica. The CsPbBr; and MAPbCI; flakes are chosen due to the feasibility of TEM
sample preparation and at the same time we can see how the epitaxial relationship would be
modified if halide perovskite with different lattice constant are grown. In general, the samples
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tested have lateral dimension of about micrometers according to the TEM real space image.
The thickness cannot be directly measured by the TEM but estimated being < 20 nm based on
the growth condition. The resultant TEM diffraction patterns of different crystals are shown in
Fig. 2 (c)-(e) where (c) is for MAPbCI; and (d)-(e) are for CsPbBr; flakes. All the indices of
mica have been accurately labeled based on its monoclinic crystal structure. With the limited
in-plane TEM samples we can prepare, surprisingly we found that for CsPbBr; samples,
different flakes indeed show different in-plane lattice constant of 5.77 A in (d) and 5.86 A in
(e), supporting the argument of epitaxial strain for thinner flakes. More interestingly, we also
found that as the lattice constants for different halide perovskite change, their epitaxial
relationships with mica substrate also change in a regular pattern. That is, the reciprocal
vector offset angle between the perovskite (200) and mica (200) increased from 5.26° to
50.68° as the lattice constant increases from 5.69 A to 5.86 A. This progressive angle change
is in great resemble to the Novaco-McTague theory(29) where they proposed that when
incommensurate epitaxy is formed on a vdW substrate, the incommensurate angle (in our case
the angle between perovskite (200) and mica (110)) would gradually change as the lattice
constant of the overlayer changes. The angle change itself is believed to be a pathway for
strain relaxation. Later experimental results of noble gas adsorption on graphite successfully
proved the theory(30) but so far such angle dependent incommensurate epitaxy has yet to be
proved in inorganic material systems. Therefore, the angle dependence we found would very
likely be the result of vdW strain relaxation and a sound proof of the strong vdW interaction
when epitaxy is formed. We believe the observance of the angle dependence is a result of the
mechanically soft nature of the halide perovskite and the high mobility of adatoms on a vdW
surface. Such angle dependence is again confirmed when we carried out a transmission mode
synchrotron diffraction on a group of small epitaxial CsPbBr; crystals, as shown in the result
in Fig. S5. Fig. S5 is a magnified portion of a synchrotron diffraction pattern where the
diffraction spot dispersion in radial direction denotes the lattice spacing variation and the
dispersion in tangential direction denotes the orientation angle dependence. We can clearly
observe that while the diffraction spots for CsPbBr; has the same “sharpness” as mica in the
radical direction, these spots are much more dispersed along tangential direction that is
consistent with our angle dependent observation in the TEM characterization. The structural
characterizations overall indicate that strain may very likely to exist at least at the early stages
of the vdW epitaxial growth of halide perovskite, which will later relaxes either by the
formation of cracks/holes or through an incommensurate angle.

Meanwhile, we also believe that if the strong vdW interaction would influence the
morphology and structure of halide perovskite, its electronic band structure and optical
properties will be altered as well. For that purpose, we conducted photoluminescence (PL)
study on MAPDBr; flakes with different thicknesses and showed the resultant spectra in Fig.
3(a). By observing the color contrast in optical images we can easily identify the relative
thickness of the flakes being investigated. Fig. 3(a) shows that with decreasing film thickness,
we see a uniform trend of blue shift of PL peaks of MAPbBr; from about 2.31 eV for solution
produced bulk single crystal to 2.44 eV for the thinnest MAPbBTr; flake we have been able to
characterize. The insets of Fig. 3(a) are the optical images of the individual samples being
tested. The lateral size of all the flakes tested in Fig. 3(a) is around micrometers and their
thickness is well beyond the range of quantum confinement. We did not observe any PL
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dependence on the lateral size of the flake. The thickness dependent PL blue shift for halide
perovskite has been observed and studied for some time(3/-33), with a conclusive
explanation yet to come. However, it should also be noted that our result, together with other
experimental work(33) on epitaxial growth, produces a much more drastic thickness
dependency compared with other non-epitaxial work(3/, 32). Due to the very recent
popularity of halide perovskite, there has been very limited study on the conventional
epitaxial growth of the material and we have been demonstrating earlier the epitaxy growth
on the NaCl substrate[36]. However, it is found that it is still very challenging to strain the
material by NaCl and study the thickness dependent PL in that case. The strain will be
completely relaxed for thicker film (so there is no PL shift) and for thinner film, Cl will
diffuse into the overgrow layer and mediate the lattice mismatch and the resultant PL will be
from the mixed halide perovskite instead of a strained thin film layer. Nonetheless, the finding
in this report, to the best of our knowledge, has shown the most significant thickness
dependent PL shift. Meanwhile we may also exclude other mechanisms that may result in the
PL shift. First, for the reabsorption of self-emitted PL(34, 35), such phenomenon can be
neglected for thinner flakes and indeed for thicker ones, a shoulder at low energy side starts to
show up which can be interpreted as the result of self-absorption. Secondly, we also rule out
the Burstein-Moss effect(36) since previously an excitation intensity dependent PL of similar
flakes by us(37) showed no observable peak shift. The intensity dependent PL can also be
referenced to rule out the possibility of optical Stark effect, a fluence-dependent energy level
splitting phenomenon(38). To further verify the peak shift comes from a change in the
electronic band structure instead of other dynamics, we performed micro-photoreflectance
(PR) study on two flakes, together with their PL results shown in Fig. 3(b). It can be observed
that the peak shift in PR spectra is consistent with the PL difference, indicating that excitonic
effect is negligible, thus the two flakes indeed differ in the band structure since reflectance is
an absorption-related first order effect. With all the discussions above, we have reasons to
believe that it is the mica substrate and vdW epitaxy that induce a more drastic PL shift.
Besides the aforementioned observations, a comparison between the temperature dependent
PL of vdW flakes and bulk single crystals of MAPbBr; would give rise to another proof of the
strong interaction from mica substrate. As shown in Fig. 3(c), upon changing temperature, the
peak energy from bulk single crystals changed more drastically than that of vdW flakes. Since
for the same kind of material, the electronic band structure is to a large extent determined by
lattice parameters, the lattice of bulk single crystal MAPbBr; changed more drastically
compared to vdW flakes. We tentatively attribute this discrepancy to the interaction with mica
substrates. Considering the larger thermal expansion coefficient of halide perovskite(39) than
that of mica(40), the thermal expansion of vdW flakes will be reduced by that from mica, thus
a larger thermal strain is observed in bulk single crystals. This observation indicates that the
vdW interaction might be strong enough to mediate the mismatched thermal strain during
various heating/cooling processes.

All the experimental results above indicate that the bonding nature between a layered
mica substrate and non-layered halide perovskite is much more intriguing than expected and
that the qualitative analysis is insufficient to unveil the fundamental physics. With that
consideration, first-principles calculations were carried out to understand the interface
between mica and CsPbBr;. The inorganic perovskite is chosen due to its structural simplicity
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but similar chemical and mechanical properties with its hybrid counterpart. The DFT
calculations were carried out in the Vienna ab initio Simulation Package (VASP)(41). The
projector-augmented-wave (PAW) method was utilized to model the core electrons(42). The
electron exchange and correlation were modeled within the generalized gradient
approximation (GGA) using Perdew-Burke-Ernzerhof (PBE)[42]. A non-local optB86b-vdW
exchange-correlation functional(43, 44) was used to describe the dispersion interaction (vdW
forces) approximately, as it has been demonstrated to be among the most accurate vdW
functional(45). The plane wave basis kinetic energy cut off was set to 400 eV. In the
simulation supercell, the mica was selected as the substrate and three layers of CsPbBr;
lattices were covered on the mica surface to simulate the growth interface. The top K atoms
layer of mica and the three layers CsPbBr; lattices were allowed to relax until the forces on all
the relaxed atoms were less than 0.05 eV/A. The rotation angle between the mica and
CsPbBr; was selected as 33.69°, mainly by considering the following reasons: to decrease the
macro strain imposed on the CsPbBr; lattice and reduce the consumption of computational
resource.

Fig. 4 (a) is the relaxed mica/CsPbBr; supercell and we can clearly observe the distortion
at the interface of mica/CsPbBr;. Due to the lattice/symmetry mismatch between the mica and
CsPbBr;, an incommensurate interface is formed. Fig. 4(b) shows the atomic stacking and
charge transfer distribution in the planar view between mica and CsPbBrs3, clearly illustrating
the distortion at the interface. Fig. 4(c) illustrates the cross section of the blue dashed line
noted in Fig. 4(b), where the strong ionic interaction between K layer of mica and PbBr layer
of CsPbBr; could be observed. The existing strain at the mica/CsPbBr; interface will
consequently influence the CsPbBr; electronic band structure as well as PL spectra, and the
effects will attenuate with the CsPbBr; thickness increasing, which might be closely related
with the thickness dependent of blue shift of PL peaks.

The characteristics of the interfacial interactions between the mica and CsPbBr; is then
determined by the contributions of the ionic and vdW interaction through comparing the
difference between interaction energies of the nonlocal correlation functional and the one
without it(/3). In the two calculations, we firstly calculated the interfacial characteristics
including both the ionic and the nonlocal vdW interactions with the optB86b-vdW functional
(shown as the red column in Fig. 4d). Then, utilizing the same atomic structure we calculated
the ionic interface properties of the mica/CsPbBr; with only plain PBE and obtained the blue
column in Fig. 4d. Comparing with the two columns, we could distinguish the energy scale of
vdW interaction. The obtained results shown in Fig.4(d) indicate that the ionic interactions
play the major role at the interface, which is reflected by the effective charge transfer
(corresponding to Fig. 4(c)), while the rest contribution of vdW interaction could still reach
up to 26.69% (about 20 meV/A%). This value is already a considerable fraction of chemical
bond and goes far beyond the conventional assumption that vdW interaction is orders of
magnitude lower than a typical chemical bond. For example, the calculated vdW energy at the
interface is about 1/4 of the silicon (111) free surface energy of 76.8 meV/A? (46), and several
times higher than the surface energy of graphene of ~3 meV/A® (47), a typical value for
conventional vdW bonding.

In summary, in this study we made a series of attempts to understand what a “strong”
vdW interaction could look like in the soft perovskite system. By the observations of various

7



possible strain relaxation mechanisms including the formation of cracks/holes, the lattice
constant-dependent incommensurate rotational epitaxy and the thickness dependent
PL/reflectance, we show that if the material is soft enough, vdW epitaxy can also result in a
non-trivial substrate-film interaction. DFT calculations confirmed the vdW interaction in our
case can contribute over one-fourth of the interfacial interaction between the soft crystal and
the vdW substrate, suggesting a substantial part of the strain-related phenomena could stem
from vdW force.
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Figures and Figure Captions
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Fig. 1 Morphology characterization of halide perovskite flakes grown on mica substrate.
(a) Optical image of large scale growth of epitaxial MAPbBr; on mica substrate. The square
flakes of halide perovskite are aligned into one direction and the similar color reflects a small
thickness variation. (b) AFM characterization of the flakes in (a), the individual flake
thickness is labeled. The inset shows another thicker flake also with very smooth surface. The
right of (b) shows the thickness profiles of three individual halide perovskite flakes. (c)
Optical image of a large, thick CsPbBr; square flake with perpendicular cracks on the surface.
The crystallographic orientations of the crack have been labeled. (d) Optical image of
CsPbBr; thin film with square holes and cracks on the surface. The cracks and holes can be
viewed as signs of strain relaxation. (e) AFM characterization of the holes in MAPbBr; thin
film on mica. At the vicinity of the square hole there exist terraces of monolayer thickness
(shown by the height profile on the right). Perpendicular lines with 45° to the edge of the
square can also be observed, which are hypothesized to be [110] dislocations. (Scale bar: (a)
10 pm; (b) 5 um; (¢) 30 pmy; (d) 10 pmy; (e) 1 pm)
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Fig. 2. Structural characterization of epitaxial halide perovskite on mica. (a) Synchrotron
X-ray diffraction rocking curve of (002) peak from a single MAPbBr; flake. (b) Synchrotron
X-ray diffraction O0L scan of halide perovskite on mica. Apart from the (006) and (008)
diffraction from mica, and the (002) diffraction from perovskite, another diffraction pattern is
also recorded that could come from an interfacial layer. (c-¢) TEM planar view electron
diffraction patterns of halide perovskite grown on mica substrate with (c) MAPbCI; and (d-¢)
CsPbBr;. Two sets of diffraction spots belonging to the substrate (red) and film (orange) have
been indexed. Halide perovskite with different lattice constants result in a different
incommensurate epitaxial angle with the mica substrate. The angle dependence of lattice
constant has been labeled.
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Fig. 3. Optical characterization of halide perovskite flakes on mica. (a) PL spectra of
MAPDBBr; flakes with different thicknesses. A significant blue shift of PL peaks with
decreasing thickness is observed. The optical image to the left shows each flake where the
spectrum is acquired. The color contrast of the optical image can be used to deduce the
relative thickness of the flake. (b) PL spectra (black) and micro-PR spectra of the same
CsPbBrj; flakes. The two kinds of characterization show a consistent shift of peaks, indicating
a difference in the band structure. (c) Temperature dependent PL spectra of vdW epitaxial thin
film and bulk single crystal. A remarkable difference in the slopes can be observed. The vdW
thin film follows more to the thermal expansion of the substrate when changing temperature.
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Fig. 4. DFT simulation of the interfacial interaction between epitaxial halide perovskite
CsPbBr; and mica substrate. (a) Atomistic model of the relaxed supercell used in DFT
calculations. The atoms have been labeled and drawn to its relative sizes. (b) The planar view
of atomic stacking and charge transfer at the CsPbBrs/mica interface. (c) Cross section noted
as the blue dashed line in (b), and a significant charge transfer between the Potassium and
Bromine atoms can be observed. (d) Calculation of the interaction energy at the interface that
with and without vdW interaction. The vdW interaction takes a significant portion of the
overall interaction energy, meaning a relative strong vdW force.
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