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Second Floor of Flatland: Epitaxial Growth of Graphene

on Hexagonal Boron Nitride

Alexander Mehler, Nicolas Néel, Elena Voloshina, Yuriy Dedkov, and Jorg Kroger*

In the studies presented here, the subsequent growth of graphene on hexa-
gonal boron nitride (h-BN) is achieved by the thermal decomposition of
molecular precursors and the catalytic assistance of metal substrates. The
epitaxial growth of h-BN on Pt(111) is followed by the deposition of a tempo-
rary Pt film that acts as a catalyst for the fabrication of the graphene sheet.
After intercalation of the intermediate Pt film underneath the boron-nitride
mesh, graphene resides on top of h-BN. Scanning tunneling microscopy and
density functional calculations reveal that the moiré pattern of the van-der-
Waals-coupled double layer is due to the interface of h-BN and Pt(111). While
on Pt(111) the graphene honeycomb unit cells uniformly appear as depres-
sions using a clean metal tip for imaging, on h-BN they are arranged in a
honeycomb lattice where six protruding unit cells enframe a topographically
dark cell. This superstructure is most clearly observed at small probe—surface
distances. Spatially resolved inelastic electron tunneling spectroscopy enables
the detection of a previously predicted acoustic hybrid phonon of the stacked
materials. Its’ spectroscopic signature is visible in surface regions where the
single graphene sheet on Pt(111) transitions into the top layer of the stacking.

metries and concomitant functionalities.!]
Electronic and optical®®l as well as mag-
neticl®1% properties associated with van-
der-Waals-coupled layers were reported.
The combination of graphene on hex-
agonal boron nitride (h-BN) is a particu-
larly interesting stacking of 2D mate-
rials.'"2 Using h-BN as a supporting
substrate for graphene has several advan-
tages compared to graphene on SiO,,
which represents the most commonly
used substrate for graphene devices to
date.31 The inertness of h-BN together
with the absence of dangling bonds,
which both are favored by the strong ionic
in-plane B—N bonds, are supposed to
help decouple graphene very efficiently
from the environment and, thus, retain its
genuine properties. Indeed, the graphene—
h-BN stacking revealed improvements in

1. Introduction

The stacking of 2D materials, which are coupled by the weak van
der Waals interaction, is attracting increasing interest. Owing
to their low mutual hybridization rotational and translational
degrees of freedom allow the control of distinct stacking sym-
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the graphene electron mobility,!!! fractional
quantum Hall effect,l”) and in the ballistic
charge transport.[#!

The preparation of graphene on h-BN, however, represents
an experimental challenge. Very often, the heterostructure
is fabricated by transferring graphene—chemically grown
or exfoliated—onto h-BN. This transfer procedure may lead
to pronounced graphene rippling and trapped contaminants
residing at the graphene-h-BN interface.') Alternative routes
to the growth of graphene on h-BN were reported previously,
such as chemical vapor deposition (CVD).2%2% In many cases,
CVD proceeds via the thermal decomposition of molecular pre-
cursors, which is facilitated by the catalytic activity of a metal
surface. At the same time, a minimal residual coupling of the
individual 2D layers with the metal is most desirable in order
to retain a quasi-free state of the adsorbed 2D materials. The
residual hybridization of graphene on h-BN with some metals,
such as Ni, hampers the preservation of the unique free-state
properties. The additional intercalation of Au was previously
suggested to more efficiently decouple graphene from a h-BN-
covered Ni(111) film grown on W(110).7] A more general class
of substrates serving as hosts for the stacking became accessible
by plasma-enhanced CVD.[?82]

In the work presented here the fabrication of graphene atop
h-BN on Pt(111) on the basis of the thermal decomposition of
molecular precursors and the catalytic assistance of the metal
substrate is reported, which so far has successfully been applied
to the growth of bilayer graphene.’% The combination of STM
and density functional calculations shows that the resulting
moiré pattern of the graphene-h-BN stacking is due to the

© 2021 The Authors. Small published by Wiley-VCH GmbH
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h-BN-Pt(111) interface. At small probe-surface distances, STM
images show that the graphene-h-BN heterostructure in addi-
tion to the moiré lattice exhibits a honeycomb superstructure.
The stacking was further characterized by inelastic electron tun-
neling spectroscopy (IETS). A predicted acoustic hybrid phonon
of the graphene-h-BN stacking leaves its fingerprint in spectra of
the differential conductance (dI/dV) atop surface regions where
the single graphene layer on Pt(111) transitions into the top layer
of the graphene-h-BN stacking. Sufficiently far from the transi-
tion zones, the graphene-h-BN stacking as well as monolayer
graphene (MLG) on Pt(111) remain featureless in IETS. The latter
observation together with the additional graphene honeycomb
superstructure hint at a finite graphene-surface coupling, which
contrasts expectations of a quasi-free state of graphene on h-BN.

2. Results and Discussion

2.1. Fabrication of the Graphene—h-BN Stacking and Its
Moiré Pattern

The use of Pt as a metal substrate is motivated by two advan-
tages. First, the Pt substrate acts as a catalyst for the growth of
h-BN on Pt(111) in the initial step of the growth procedure. The
Pt film deposited on h-BN in the subsequent step then serves
as the catalytically active metal substrate for graphene growth.
Second, the h-BN-Pt(111) hybridization is weak,! which is sup-
posed to favor a reduced residual graphene—Pt(111) coupling, too.
Furthermore, the catalytically assisted thermal decomposition of
molecular precursors—BNH; for h-BN and C,H, for graphene—
guarantees a self-limiting growth process for h-BNB32-3¢ and gra-
phene, P39 that is, the number of the individual 2D layers is
restricted to one in each of the subsequent preparation steps.
Figure 1 shows STM images of the surface that were acquired
after individual steps of the preparation of the graphene-h-BN
stacking on Pt(111). The fabrication of h-BN on Pt(111) from
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Figure 1. Preparation of graphene on h-BN. a) STM image of a single h-BN layer on Pt(111) (bias voltage: 2.4V, tunneling current: 100 pA,
size: 100nm X 100 nm). Inset: Atomically resolved h-BN lattice with indicated positions of B and N (10mV, 600nA, 2nm x 2nm). b) STM image of
h-BN-covered Pt(111) after deposition of a Pt film (1.15V, 100 pA, 100 nm x 100 nm). Compact protrusions are due to Pt clusters residing on the closed
metal film. c) STM image of a surface region where the graphene-covered Pt film (left) is juxtaposed to the graphene—h-BN stacking (right) by a Pt film
step edge (0.5V, 100 pA, 30nm x 30nm). d) STM data for the graphene—h-BN stacking on Pt(111) (1V, 100 pA, 100 nm x 100 nm). The sketches under
the STM images in (a-d) represent side views of the suggested stackings.

molecular precursor BNH; leads to a closed sheet that extends
over several terraces (Figure la), in agreement with previous
works.B14041] The subsequent deposition of the Pt film gives
rise to a strongly corrugated surface, which is due to Pt clus-
ters residing on a closed Pt film (Figure 1b). At the film—h-BN
interface an epitaxial relationship between the Pt film and
h-BN likely applies, as observed for Au deposition on h-BNI[*
or for Pt on graphene.™! Due to strain relief with increasing
film thickness, this possible epitaxial relationship may be lost,
however. A sufficiently thick film—30 to 50 atomic layers— is
needed for the preparation of graphene by the thermal decom-
position of C,H,. The required annealing of the sample in the
process of graphene formation concomitantly induces the effi-
cient Pt intercalation through h-BN, which in case of too thin
a Pt film reduces the catalytically active surface regions. Test
experiments revealed that annealing of the Pt-covered h-BN—
Pt(111) sample at 1170 K for 20 min results in an entirely interca-
lated Pt film (see Figure S1, Supporting Information). Figure 1c
presents an STM image that was directly acquired after gra-
phene growth on the Pt film. Most obvious is a periodic array
of protrusions in the right part of the STM image; its period
is =1.65nm. As will be scrutinized below, this array reflects a
moiré pattern that is due to the h-BN-Pt(111) interface. From
similar STM data with atomic resolution (see below) the pres-
ence of graphene covering the entire probed surface region in
Figure 1c can be inferred. Therefore, the left part of the STM
image in Figure 1c shows graphene on the residual Pt deposit.
Additional annealing produces a laterally extended graphene-h-
BN stacking (Figure 1d) with the moiré lattice of Figure 1c vis-
ible on all terraces. Average lateral extensions of the stacking
exceed 150nm x 150nm. The large-scale quality of the stacking
also reflects that the intercalated Pt film grew in the expected
layer-by-layer manner with (111) orientation, as reported for the
Pt deposition on pristine Pt(111) at elevated temperature. [
Before analyzing the moiré pattern of the graphene-h-BN
stacking in more detail, the actual presence of the stacking
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Figure 2. STM image of graphene (lower right) and graphene on h-BN
(upper left) (100mV, 200 pA, 10nm x 10nm). The intercalated Pt film has
adopted a (117) orientation. The graphene honeycomb lattice is resolved in
both surface regions that are separated by a transition zone within the two
parallel dashed lines. A crystallographic direction of graphene is indicated.
The dashed arrows point at two of the multiple Pt(111) surface defects.
A mound of the moiré pattern visible on the graphene—h-BN stacking is
marked by a dashed circle. Inset: Suggested stacking geometry where the
top graphene sheet covers both h-BN (left) and the Pt surface (right).

and its order-graphene on top of h-BN-is clarified. To this
end, Figure 2 shows a representative STM image of a surface
region where—presumably—MLG on Pt(111) (lower right part
of the STM image) transitions into the graphene-h-BN stacking
(upper left part). The atomic resolution was achieved owing to
the accidental termination of the tip apex with a surface impu-
rity. The transition region, which is approximately confined
between the pair of parallel dashed lines in Figure 2, is charac-
terized by an irregular arrangement of protrusions. Most likely,
these structures are due to residual intercalated Pt atoms or clus-
ters. Importantly, in agreement with previous reports30-3941461
moiré pattern is absent from the lower right part of the STM
image, which strongly hints at graphene rather than h-BN as
the imaged 2D material because h-BN-covered Pt(111) gives
rise to a clearly discernible moiré lattice (see Figure S2, Sup-
porting Information). Indeed, the absence of a moiré pattern
is consistent with the weak graphene-Pt(111) hybridization*]
and large twist angles enclosed by the close-packed lattice direc-
tion of graphene, (1120)_, and Pt(111), (110),***! as inferred
from the atomically resolved graphene (Figure 2) and Pt(111)
(see Figure S3, Supporting Information) lattices. The enclosed
angle in the present case is gen=2((1120),(170)=12°%2°. In
addition, spectroscopy of dI/dV performed atop the monolayer
is indicative of graphene (see Figure S4, Supporting Informa-
tion). Furthermore, hydrocarbon molecules adsorbed on these
surface regions exhibit signatures of Franck-Condon vibrons
that are characteristic for graphene (see Figure S5, Supporting
Information) and clearly deviate from the situation on h-BN.[*lI
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Therefore, the presence of MLG on Pt(111) after the subsequent
growth of h-BN and graphene can reasonably be assumed.

Graphene remains the top layer in stacking regions of the sur-
face, which can be inferred from Figure 2 as well. It is obvious
from the STM image that irrespective of the transition, the gra-
phene sheet continuously covers the entire surface area and
retains its orientation. The occurrence of the moiré pattern
(Figure 1c,d) in the upper left part of the STM image in Figure 2
hints at the presence of a bilayer stacking. Furthermore, defect
sites of the Pt(111) surface that appear as faint depressions in STM
images of MLG-covered Pt(111) (dashed arrows in Figure 2) are
suppressed in surface regions where the moiré pattern occurs.
Therefore, one may reasonably conclude that a bilayer stacking
is present on the surface and that the top 2D material is gra-
phene. The preparation method strongly lends support to h-BN
presenting the bottom layer of the stacking. The calculations to
be discussed next indeed demonstrate that the moiré pattern is
due to the h-BN-Pt(111) interface and, thereby, further corrobo-
rate that the bilayer stacking is graphene on h-BN. Moreover, the
IETS experiments that will be presented in the following section
are compatible with the excitation of a graphene-h-BN hybrid
phonon and likewise reveal the presence of the heterostacking.

Next, the moiré pattern visible in Figure 1c,d will be ana-
lyzed and its origin identified. To this end, Figure 3 presents
a cascade of typical STM images of the same stacking surface
region as a function of increasing tunneling current, that is, of
decreasing tip—surface distance. At low current (Figure 3a) the
main moiré lattice, referred to as M hereafter, is spanned by
unit cell vectors m; and m, with m=m, |5 m, |=1.65+0.04nm.
The atomically resolved graphene lattice atop h-BN (Figure 2)
unravels the angle @y 54(m1,<11§0>6):5°12°. Increasing the
tunneling current (Figure 3b-d) yields an additional super-
structure that gradually appears in the STM images and
will be referred to as A. The individual C atom honeycomb
cells arrange themselves in a honeycomb superlattice where
a diamond unit cell spanned by vectors aj, a, (Figure 3d) con-
tains two C honeycomb cells that appear as protrusions in STM
images (red dots in Figure 3e) and one C honeycomb cell that
appears as a depression. The analysis of a multitude of STM
images yields |a, |=|a,|=0.45+0.03nm = 3g (g lattice constant
of graphene) and /(a,,(1120)_)=30°%1°. Therefore, the honey-
comb superstructure may be described as (v3 x~/3)R30° with
respect to the graphene lattice spanned by g, g, (Figure 3e).

It is tempting to trace M to the twist angle enclosed
by graphene and h-BN lattices, ¢ gy 54(<11§0>G,<11§0>h7w).
Twist angles @g, ppy = £8.5° can reproduce the experimen-
tally observed spatial period of M, m = 1.65nm. However,
the angle between this modeled moiré lattice and (1120)_
is @uc=F20°#@yc. Furthermore, a moiré superstruc-
ture due to the twist of graphene with respect to Pt(111)
can likewise be excluded. Using the measured twist angle
@g pr = 12° leads to a moiré lattice constant of =0.65nm, which
deviates clearly from m (see Figure S6, Supporting Informa-
tion). Therefore, in order to account for the origin of M it is
necessary to resort to the h-BN-Pt(111) interface. Using twist
angles @ g = A((llio%ﬁw, <1T0>)=i7° a spatial period of
~1.65nm is obtained. The known (170} direction of Pt(111) (see
Figure S3, Supporting Information) requires to set @y, gy, py =—7°
(see Figure S6, Supporting Information).

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Moiré pattern of graphene—h-BN on Pt(111). a) STM image (10mV, 100 pA, 3.6 nm X 3.6 nm) with my, m, spanning the unit cell of the moiré
lattice M. b—d) STM images of the same surface region as in (a) with increasing tunneling current. The additional superstructure A is spanned by a;, a,.
e) Graphene lattice spanned by g;, g,. Red dots indicate the honeycomb array of protrusions visible in STM images at elevated current. The diamond

unit cell of superstructure A contains 6 C atoms. The scale bar depicted in (b) applies to (a,c,d) as well.

Before presenting the calculated results it is worth men-
tioning that a nearly uniform graphene orientation was
observed across all explored surface regions. For different
stacking domains the h-BN-Pt(111) moiré lattice orientation
varies by =7°, which is compatible with changes of not more
than 1° in the twist angle enclosed by h-BN and Pt(111) lattices.
These observations indicate that graphene growth atop h-BN
forces a particular orientation of the h-BN layer. Without gra-
phene, h-BN is known to grow on Pt(111) with alignment of the
crystallographic orientations.[048l

For the density functional calculations the experimentally
obtained geometric data served as initial input parameters.
Figure 4a summarizes the structural model inferred from
observed data such as the <1TO> direction of Pt(111), the
twist angles @ppy, pr = —7° and @¢, p; = 12°. A simulated STM
image based on calculated charge densities (see Figure S7,
Supporting Information) of the stacking with relaxed atom
positions is presented in Figure 4b. The spatial period and the
orientation of the moiré lattice are in agreement with the exper-
imental data (Figure 4c). Given the complexity of the stacking
of two different 2D materials on a metal surface the degree of
agreement represents a notable achievement. The accordance
of the two data sets is further corroborated by comparing cross-
sectional profiles (see Figure S8, Supporting Information).
According to the simulations, the bright moiré mound regions
in STM images correspond to sites where N and B atoms reside
above top and fcc hollow sites of the Pt(111) lattice, respectively.
Since the involved orbitals overlap effectively at these sites, the
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main STM contrast is governed by the charge distribution at
the h-BN-Pt(111) interface. The contrast is additionally modu-
lated by the electron density at C atoms of the graphene lattice
(see Figure S9, Supporting Information).

The 2D Fourier transforms of calculated and experimental
STM images depicted in Figure 4d,e deviate from each other.
While M and graphene lattices are well reproduced by the
simulations, the calculations reveal a superstructure M’ that is
not visible in the Fourier transform of the experimental STM
image (Figure 4e). In direct space, M’ yields a spatial period of
=0.75nm and a twist angle @, ¢ =16° with respect to <11§0>G.
These values are compatible with a moiré pattern resulting
from twisted graphene and h-BN lattices with @¢ gy = 19°
(Figure 4a). STM images recorded at elevated current are domi-
nated by the strongly corrugated A, M and graphene lattices,
which can explain the absence of M’ from experimental data
due to its low buckling. Topographic data acquired at low
tunneling currents where superstructure A and the graphene
lattice are efficiently suppressed indeed show an additional
superlattice, which is consistent with twisted graphene and
h-BN meshes (see Figure S10, Supporting Information).

While the overall agreement of simulations and experi-
mental data with regard to the bilayer stacking of two different
2D materials on a metal surface is very good, the complexity
of the stacking—graphene on h-BN on Pt(111)—is difficult to
match in the density functional calculations. In particular, the
finite unit cell underlying the calculations (see Figure S7, Sup-
porting Information) is an approximation to the experimental

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Comparison of calculated and experimental STM data. a) Suggestion of stacking geometry on the basis of experimental data. b) Calculated
STM image (50mV, 12.7nm x 13.5nm). c) Experimental STM image (10mV, 200nA, 12.7nm x 13.5nm). The depicted scale bar applies to (b), too.
d) Fourier transform of data shown in (b) with indicated (dashed lines) directions of graphene, M and M’ lattices. e) Fourier transform of data shown

in (c) with indicated (dashed lines) directions of graphene, M and A lattices.

situation and, therefore, can lead to missing superstructures,
such as A. The origin of A remains elusive. It is not related
to the geometry of the stacking alone; that is, a recurring
stacking sequence of atoms with the regularity of superstruc-
ture A is missing. In addition, relaxations of the 2D lattices
are unlikely due to the low charge transfer between Pt(111) and
h-BN as well as between h-BN and graphene (see Figure S7,
Supporting Information). Moreover, trapping of Pt atoms at the

Small 2021, 17, 2102747 2102747 (5 of 9)

graphene-h-BN or h-BN-Pt(111) interface in the course of inter-
calation is unlikely, too, in view of the extended annealing at
elevated temperature. The electronic structure of the stacking
remains as a reasonable origin of the superstructure. Because
structure A becomes most clearly visible at small tip-graphene
distance, electronic wave functions that are confined to the gra-
phene plane appear to play an important role in the occurrence
of A.

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Phonon spectroscopy on the graphene-h-BN stacking. a) STM image of a surface region where graphene on Pt(111) (lower right) transi-
tions into graphene on h-BN (upper left) (70mV, 100pA, 8 nm x 8 nm). Dots and numbers mark spectroscopy sites. b) Spectrum of d//dV recorded
above site 4 indicated in (a). A is defined as the change in dI/dV due to phonon excitation with respect to 6, = d//dV(V = 0V). c) Spectrum of d?//
dV2 recorded atop site 4. d) Spatially resolved d//dV spectra acquired at sites 1-7 marked in (a). Spectra 2-7 are vertically offset. Dashed lines indicate
inelastic excitations at =41 mV. In (b—d) raw data appear as dots and smoothed data as solid lines. Feedback loop parameters for (b—d): 70 mV, 100 pA.
e) Evolution of AG/G, at —41mV (squares) and 41mV (dots) with the spectroscopy site. f) Sketched side view of suggested transition of MLG on Pt(111)

into stacked graphene on h-BN with indicated spectroscopy positions.

2.2. Phonon Excitations

The significance of the phonon spectroscopy experiments to be
presented next is twofold. First, the excitation of a hybrid gra-
phene-h-BN phonon in IETS additionally corroborates the suc-
cessful fabrication of the desired heterostacking. Second, more
fundamentally, owing to the presumably weak hybridization of
the heterostacking with the Pt(111) surface the injected electron
(or hole) is expected to efficiently couple to the phonon degrees
of freedom of the stacking before it relaxes to the metal. There-
fore, strong IETS signals should be measured, as observed
for example, for graphene on SiC,* Si0,,>*% h-BN-covered
Si0,,°12 delaminated graphene nanostructures on Pt(111),5’]
Ir(111),>% and alkali-metal-intercalated graphene on Ir(111).15>5¢)

Several surprising observations for graphene on h-BN-cov-
ered Pt(111) are reported here, however. Figure 5a shows an
STM image where graphene on Pt(111) (lower part of the STM
image) transitions into the graphene-h-BN stacking (upper
part), similar to Figure 2 without resolution of the graphene

Small 2021, 17, 2102747 2102747 (6 of 9)

honeycomb mesh. Spatially resolved dI/dV and d?I/dV? spectra
were acquired atop the indicated positions 1-7 Representa-
tive examples of such spectra are displayed in Figure 5b,c. As
most clearly seen in the d?I/dV? data a dip-peak pair, which is
symmetrically positioned around zero bias voltage is observed
at =~41mV (dip) and =41mV (peak), both marked with an
asterisk. This dip-peak pair is assigned to a phonon excita-
tion. All other features exhibit bias voltages that are not sym-
metric with respect to zero bias voltage and are not attributed to
inelastic excitations.

The signature at =t41mV is common to all spatially resolved
dI/dV spectra (Figure 5d) with varying signal strength. Spectra
acquired =5nm away to either side of the transition region, that
is, on the stacking as well as on MLG, do not exhibit inelastic
signatures (see Figure S4, Supporting Information). The signal
strength is evaluated as the ratio Ac/c, (Figure 5b), which
adopts =5% on graphene-covered Pt(111) close to the transition
zone and exceeds 15% atop the transition region (Figure 5e).
The relative changes in dI/dV due to phonon excitation are

© 2021 The Authors. Small published by Wiley-VCH GmbH
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similar to the changes reported from IETS experiments on gra-
phene-covered h-BN on Si0,."%2 The extracted phonon energy
of =41meV, however, does not match the reported values.’"?
Moreover, this energy is not compatible with flat dispersion
branches and, thus, high phonon density of states (DOS) of
freel’l or quasi-freel®-*!l graphene.

Two possible scenarios may resolve these conflicting obser-
vations. The first scenario attributes a hybrid graphene-h-BN
phonon to the spectral signatures at ~41mV. A previous cal-
culation showed that a hybrid out-of-plane acoustic phonon
mode exhibits a nearly horizontal dispersion and, thus, high
phonon DOS along a symmetry direction of the brillouin zone
(BZ) with an energy of 299.8cm™ = 37meV.[*? Moreover, in
gated planar tunneling junctions comprising a graphene-h-BN
stacking, the so-called K; phonon appeared at ~46mV in IETS
and was assigned to a graphene-h-BN hybrid phonon, too.[?!
The deviation from the previously reported energies(®2%3 may
be caused by different twist angles. While the calculations were
performed for the graphene-h-BN Bernal stackingl®? and the
planar tunneling studies were carried out for the AA stacking
sequence of graphene on h-BN,[%3 the experimentally inferred
twist angle between the 2D materials reported here is 19° £ 2°
(Figure 4a). Indeed, a dependence of graphene phonon energies
on the twist angle was demonstrated for bilayer graphene. 6]

The second scenario reflects a possible impact of the
(V3x+/3)R30° superstructure on the phonon dispersion. Back-
folding effects may distort the dispersion relation of, for
example, the out-of-plane acoustic phonon of graphene along
the T'K and I'M direction of the BZ (see Figure S11, Supporting
Information). This scenario does not necessarily require the
presence of a graphene-h-BN hybrid phonon.

The observation that phonon signals only occur in the
spectra recorded atop the transition region while they fall
below the detection limit sufficiently far away from it (=5nm
to either side) provides a hint to a possible stacking configura-
tion in the transition region (Figure 5f) and a preference to the
applicability of the first scenario, which favors the presence of
a hybrid phonon mode in IETS. Residual Pt intercalants, which
can be Pt atoms or clusters, detach graphene and h-BN from
the Pt(111) surface. The concomitant reduction of the hybrid-
ization with the metal substrate is most likely the reason for
the phonon signature appearing in IETS. Previously, graphene
blisters and wrinkles that were partly delaminated from Pt(111)
and Ir(111) surfaces were reported to yield appreciable gra-
phene phonon signals.’3>4 The illustration of the stacking in
Figure 5f also explains that the observation of phonon excita-
tion in spectra 1 and 2 are compatible with a hybrid graphene—
h-BN phonon. While the graphene-h-BN stacking is already
present on the left side of the intercalant (Figure 5f, positions
1 and 2 in Figure 5a) the characteristic moiré pattern is not
visible in STM images because of the elevated interface width
between h-BN and Pt(111). This interpretation includes that the
graphene-h-BN stacking well apart from the transition region
exhibits a residual hybridization with the Pt(111) surface that is
strong enough to impede the efficient excitation of phonons.
A previous work demonstrated that the signal strength in
IETS reflects the balance between elastic and inelastic electron
transport channels whose transmissions are determined by the
hybridization of the 2D material with the metal electrodes.>>>¢
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The transmission of the elastic transport channel increases
with increasing coupling of the 2D material to the metal sub-
strate, which concomitantly reduces the relative contribution
of the inelastic transport channel in IETS. Therefore, the spec-
troscopic results presented here support the idea that the gra-
phene-h-BN stacking on Pt(111) is not in its quasi-free state,
in contrast to expectations. It will be interesting to explore
whether the quasi-free state can be approached by different sets
of twist angles.

3. Conclusion

The subsequent epitaxial growth of laterally extended graphene
on h-BN by means of the catalyst-assisted thermal decomposi-
tion of molecular precursors has been achieved on Pt(111) and
a temporarily intermediate Pt film. The growth process benefits
from the catalytic activity of both the single-crystalline metal
surface at the start of the growth process and the deposited
metal film prior to growth of the second 2D material. Further-
more, the self-limiting growth controls the number of layers—
one h-BN sheet residing beneath one graphene sheet. While
the presented method has successfully been used to prepare
laterally extended stacking regions of graphene on h-BN-cov-
ered Pt(111) with a high degree of crystallinity, the fabrication
of other 2D stackings falls into the realm of the preparation
protocol. Moreover, different substrate materials are likely to be
applicable in place of Pt. Accompanying density functional cal-
culations are important to identify the origin of moiré patterns
and to explain the contrast formation in STM images, which
give valuable insight into the actual stacking geometry. A hybrid
graphene-h-BN acoustic phonon appears in IETS only in sur-
face regions where the stacking is partly delaminated from the
metal surface due to residual intercalant clusters. Consequently,
the local vibrational spectroscopy of graphene on h-BN-covered
Pt(111) exhibits a finite residual hybridization with the surface,
in contradiction to common expectations.

4. Experimental Section

Experiment: The experiments were performed with an STM operated
at 5K and in ultrahigh vacuum (10°Pa). Surfaces of Pt(111) were
prepared by repeated Ar" bombardment and annealing (1400K) in an
O, atmosphere (4 x107>Pa). Ammonia borane (BNHg, purity 97%) was
sublimated from a heated Ta crucible and deposited onto clean Pt(111)
at room temperature. Annealing at 1200K yielded a single layer of h-BN
owing to self-limiting growth.32-3¢] The Pt film was subsequently grown
by exposing the h-BN-covered surface to a Pt atom flux resulting from a
partly sublimated Pt wire (purity 99.99%) wrapped around a resistively
heated W filament. The film thickness was estimated by readings of a
quartz balance in combination with STM images of submonolayer Pt
coverage as 30 to 50 atomic layers. Graphene was then prepared on
this film by the thermal decomposition of ethylene (C,H,, 4 x 107°Pa,
purity 99.9%) at 1200K. The entire intercalation of the Pt film was
achieved by the additional annealing of the sample at 1200K. STM
images were recorded at constant current with the bias voltage applied
to the sample and processed with WSxM.® Spectroscopy of dI/dV
and of d?//dV? proceeded by sinusoidally modulating (5 mV,ms, 754 Hz)
the bias voltage and measuring the, respectively, first and second
harmonic of the current response of the tunneling junction with a lock-in
amplifier.

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Theory: Density functional calculations based on plane-wave basis
sets of 400eV cutoff energy were performed with the Vienna ab initio
simulation package.’’®® The Perdew—Burke—Ernzerhof exchange-
correlation functional®® was employed. The electron—ion interaction was
described within the projector augmented wave method® with C (2s,
2p), B (2s, 2p), N (2s, 2p) and Pt (5d, 6s) states treated as valence states.
The BZ integration was performed on I'-centered symmetry-reduced
Monkhorst—Pack meshes using a Methfessel-Paxton smearing method of
first order with 6 = 0.2eV. The k mesh for sampling the supercell BZ was
chosen to be as dense as 3 x 3. Dispersion interactions were considered
by adding a 1//* atom-atom term as parametrized by Grimme.’!l The
system studied in the present work was considered in the supercell
geometry due to the relative lattice size mismatch between graphene
and the underlying metal. This supercell was constructed from a slab of
four metal layers, a h-BN and graphene layer adsorbed on one (top) side
of a metal slab and a vacuum region of =2nm. The simulated supercell
was thus composed of 344 C, 163 B, 163 N, and 532 Pt atoms. The lattice
constant in the lateral plane was set according to the optimized value of
free-standing graphene (0.2464nm). The positions (x, y, z coordinates) of
C, B, N atoms as well as z coordinates of the two topmost layers of the
substrate were fully relaxed until forces became smaller than 0.2eVnm™.
The STM images were calculated using the Tersoff-Hamann formalism./2
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