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Formation of a Quasi-Free-Standing Single Layer
of Graphene and Hexagonal Boron Nitride on Pt(111)

by a Single Molecular Precursor

Silvia Nappini, Igor P13, Tevfik Onur Mentes, Alessandro Sala, Mattia Cattelan,

Stefano Agnoli, Federica Bondino,* and Elena Magnano*

It is shown that on Pt(111) it is possible to prepare hexagonal boron nitride
(h-BN) and graphene (G) in-plane heterojunctions from a single molecular
precursor, by thermal decomposition of dimethylamine borane (DMAB).
Photoemission, near-edge X-ray absorption spectroscopy, low energy electron
microscopy, and temperature programmed desorption measurements
indicate that the layer fully covers the Pt(111) surface. Evidence of in-plane
layer continuity and weak interaction with Pt substrate has been established.
The findings demonstrate that dehydrogenation and pyrolitic decomposition
of DMARB is an efficient and easy method for obtaining a continuous almost
freestanding layer mostly made of G, h-BN with only a low percentage

(<3%) of impurities (B and N-doped G domains or C-doped h-BN or boron
carbonitride, BCN at the boundaries) in the same 2D sheet on a metal
substrate, such as Pt(111), paving the way for the advancement of next-
generation G-like-based electronics and novel spintronic devices.

thermal conductivity, in-plane mechanical
strength, and chemical inertness. h-BN
shares several of these properties, but,
at variance with G, is an insulator with a
wide band gap. Owing to the same struc-
ture, but very different carrier mobility,
the possibility to merge these two mate-
rials into vertically stacked layers or lateral
in-plane hybrid heterostructures is raising
a great deal of interest in the prospect,
for example, of building 2D atomic-layer
circuits!! or magnetic nanostructures at
the h-BN/G interface,? tailoring the con-
ducting properties of G, and engineering
the band gap.>"® Up to now, hexagonal
boron nitride-graphene (h-BNG) in-plane
hybrid structures have been obtained by
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1. Introduction

Hexagonal boron nitride (h-BN) and graphene (G) are hon-
eycomb atomic monolayer materials with identical structure
and very similar lattice parameters (less than 1.7% mismatch).
G has gained a clear prominence among materials thanks
to its superb carrier mobility, good transparency, excellent
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using chemical vapor deposition starting

from two or three precursors,13=! plasma-

assisted deposition, mechanical transfer or
a two-step process consisting in the growth of h-BN on existing
G patches,”1% or the growth of G on h-BN patches created by
etching reaction.!!! The atomic continuity of the h-BN and G
domains has been recently investigated on a local basis by scan-
ning tunneling microscopy.l’*12!

Here we report a novel approach to obtain continuous hybrid
hexagonal heterostructures combining h-BN and G within the
same 2D sheet (h-BNG layer) on single crystals in ultrahigh-
vacuum (UHV) environment by using only one molecular
precursor, dimethylamine borane (DMAB). This growth route
allows an easy and controlled preparation of a continuous
almost freestanding layer mostly composed by G and h-BN with
a very limited presence of B-doped G domains and C-doped
h-BN and boron carbonitride (BCN) boundaries by dehydro-
genation and pyrolitic decomposition of DMAB on Pt(111).
This method can be potentially used for band gap engineering
and applications in devices. The temperature is the principal
parameter to selectively grow the h-BNG layer in competition
with hybridized B-C-N layers on the clean crystal surface.['’]

In this paper we investigate the nearly freestanding h-BNG
layer on Pt(111) by core level X-ray photoemission (XPS), near-
edge absorption spectroscopy (NEXAFS), temperature pro-
grammed desorption (TPD), low energy electron microscopy
(LEEM) combined to X-ray photoemission electron micro-
scopy (XPEEM). The spatially resolved measurements are
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complemented with microspot electron energy loss spectros-
copy (p-EELS) and low energy electron diffraction (p-LEED)
data.

We have grown the in-plane h-BNG layer in UHV dosing
150 L of commercial dimethylamine borane (Sigma-Aldrich,
97%) molecules on a (111)-terminated platinum single crystal
held at different temperatures. 1000 K was found to be the
optimal substrate temperature to get the most ordered and flat
surface.

2. Results and Discussion

The LEED pattern (Figure 1) is characterized by the principal
hexagonal Pt(111)-(1 x 1) diffraction spots surrounded by sharp
noninteger moiré satellites and an arc-shaped diffraction pat-
tern rotated by 30° from the (1 x 1) Pt diffraction spots. The
moiré satellites appear as a hexagonal network of diffrac-
tion spots external to the substrate pattern and with identical
orientation. The distance ratio between first order substrate
reflections and external hexagonal-network spots is =9:10. An
analogous superstructure was also reported for h-BN/Pt(111)
layer obtained by borazine precursor at the same temperature
of the substrate.*1] This similarity suggests that the moiré
satellites can be ascribed to the presence of long-range-ordered
domains of h-BN aligned parallel to the substrate lattice. The
arc-shaped diffraction pattern centered at 30° from the Pt(1 x 1)
spots points toward the formation of G domains with different
azimuthal orientations in agreement with other works reporting
G growth on Pt(111) at the same temperature.['617]

The local order of the in-plane h-BNG layer grown on Pt(111)
was investigated by LEEM and p-LEED. The presence of a het-
erostructure is revealed by LEEM images in bright field (BF)
(see Figure 2a,a’), where a clear image contrast between darker
and brighter complementary areas is ascribable to the presence
of two phases on the sample. The two regions display different
electron reflectivity curves at low electron energy pointing to
distinct structures. As we will show further
below using spectromicroscopy measure-
ments, one area corresponds to G, whereas
the other to h-BN.

Dark field (DF) LEEM was used to corre-
late the LEED pattern to real space surface
structure. Representative DF images obtained
using the first order of diffraction of h-BN
and G spots are reported in Figure 2b,c,b’,c’.
In contrast to BF, DF LEEM is sensitive to the
rotational alignment. DF image measured
selecting the h-BN first-diffraction order spot
show many bright irregularly shaped areas
of a few hundred nm size. In the DF image
taken on the center of the G ring-like spot (at
30° from the first-order Pt diffraction spots)
smaller bright regions are observed. The two
DF images are only partially complementary;
this is more evident by the comparison of
the zoomed images Figure 2b’,c’ where the
inversion of contrast is not total. This is not
surprising considering that G domains have

Arc shaped
graphene
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different azimuthal orientations, as it is evident from the ring-
like LEED pattern. On the contrary, the BF (Figure 2a,a’) and
DF images on h-BN (Figure 2¢,c’) display a contrast inversion.
This is a confirmation of almost identical azimuthal orientation
of all the h-BN domains with respect to the substrate lattice as
derived from the moiré satellites spots observed in the LEED
pattern.

High-resolution core-level X-ray photoelectron spectroscopy
provides an indication on the h-BNG heterostructure forma-
tion, its structure on Pt(111), the strength of the interaction of
this layer with the substrate and between h-BN and G domains.
Both N 1s and B 1s spectra display slightly asymmetric peak
shapes (Figure 3). This asymmetric peak shape has been simu-
lated by two components, a main peak at 189.7 and 397.3 eV for
N 1s and B 1s, respectively, and a second weaker component
at binding energies of 190.1 and 397.9 eV, respectively. The
presence of very similar photoemission features in B 1s and
N 1s core levels was also observed in h-BN/Pt(111) layers and,
in this case, the weak components at higher binding energy
(BE) were assigned to a small geometrical corrugation of the
h-BN domains produced by different interaction of the N and
B atoms with the Pt(111) substrate when they are placed on dif-
ferent atomic sites.[®]

The N 1s spectrum exhibits also a third weak component at
a BE of 398.9 eV (Figure 3c). An increase of this component
was observed after dosing DMAB at temperatures below 1000 K
(not shown) and it can be assigned to pyridine-like nitrogen
impurities in the G domains!!>?% or to N atoms at the bound-
aries between h-BN and G domains.>® In the B 1s spectrum
(Figure 3b), traces of B-C bonds can be found at lower binding
energies. Two weak components at 188.4 and 187.5 eV can be
attributed to B-doping in carbon nanoparticles or G224 or B-C
bonds at the h-BN/G boundaries®! and to nonstoichiometric
B.C, boron carbide.”!l Corresponding B-C components in
C 1s spectrum are present at 283.4 and 282.6 eV, respectively
(Figure 3a). Their contribution to the whole C 1s peak is 3%.
The C 1s spectrum is dominated by a sharp peak at 283.9 eV

- h-BN moire

Figure 1. Left panel: LEED pattern of h-BNG layer on Pt(111) at 1000 K recorded with electron
energy Ey = 60 eV. h-BN moiré, graphene, and Pt spots are identified by the corresponding
labels. The distortion is due to imperfect diffraction imaging conditions in our instrument.
Right panel: Scheme of the LEED pattern; black hexagon represents the first-order diffraction of
Pt(117) substrate, the dark grey circle is due to the first-order diffraction of graphene domains,
with a preferential distribution (solid dark grey curves) =30° rotated domains (dark grey hex-
agon), the light grey hexagons represent the h-BN first-order diffraction and h-BN moiré.
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Figure 2. LEEM images of h-BNG layer on Pt(111) at 1000 K: a) Bright
field LEEM at Vi, = 6 €V; a’) zoomed area. b) Dark Field LEEM image
using the graphene first-order diffraction spot of 30° rotated domains
(Vstart = 35 eV); b’) zoomed area. c) Dark field LEEM image using the
h-BN first-order diffraction (Vi = 35 eV); c¢’) zoomed area. d) LEEM
(V) characteristics obtained from a stack of LEEM images with electron
energy from 2 to 30 eV at the locations marked in (a’).

assigned to sp? hybridized C atoms in G.[?}| From our investiga-
tion of the layers prepared at lower temperatures (not shown)
a component =286.1 eV, related to the N-C bonds is also
likely present, but it is obscured by the tail of the asymmetric
Doniach—-Sunji¢ (DS) line shape of the main peak.

By measuring the Pt 4f emission at high-energy resolution,
information about the strength of the chemical interaction at
the Pt interface with the h-BNG layer can be accessed. For clean
metals, the lower coordination of the atoms at the surface leads
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Figure 3. a) C 1s, b) B 1s, and ¢) N 1s high-resolution X-ray photoemis-
sion spectra of the h-BNG layer prepared on the Pt(111) substrate at a
temperature of 1000 K. The X-ray excitation energy was set to 520 eV.

to a different core-level binding energy components compared
to the bulk. This can be observed in Figure 4a where the Pt 4f;,
spectrum measured on clean Pt(111) can be decomposed in
two components, one centered at 70.90 eV (Pt bulk atoms), a
second shifted by 0.40 eV toward lower BE (Pt surface atoms),
in good agreement with the literature.[2*2¢]

Upon exposure to DMAB molecules keeping the substrate
at room temperature, the surface component is completely
reduced, whereas a new peak at 71.30 eV appears (Figure 4b).
The large shift of the surface component to higher BE value
implies a chemical interaction of Pt with the DMAB adsorbate.
The appearance of a new component located at higher binding
energy have been observed for other organic molecules, e.g.,
Zn-Pc?’l propene, ethylidine, 2-butenal, CCH3,?8?% with an
adsorbate-induced surface core level shift up to 0.36 eV.

On the contrary, after the formation of the h-BNG layer
at 1000 K, the Pt 4f;, spectrum can be well fitted with the
same peak components as in the case of clean Pt(111) surface
(Figure 4c). This is indicative of a very weak interaction and
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Figure 4. Pt 4f;, photoemission spectra of a) the clean Pt(111) surface,
b) Pt surface exposed to dimethylamine borane at room temperature,
and c) surface covered by the h-BNG layer. The spectra were decomposed
into components corresponding to photoemission from bulk and surface
top-most platinum atoms.

suggests that the h-BNG layer is almost free standing on the
Pt(111) surface.

X-PEEM measurements of the Pt 4f, C 1s, B 1s, and N 1s
core level emission (Figure 5a—d) confirm the presence of later-
ally separate h-BN and G regions, which cover the substrate in
a continuous manner. In fact, a total inverted contrast in the
XPEEM images of B 1s and N 1s images with respect to C 1s
ones can be observed, while the image obtained with Pt 4f;,
shows uniform intensity over the entire area.

X-PEEM measurements of the Pt 4f;), core level (Figure 5a)
indicate that, within the lateral resolution of the instrument, all
the Pt surface is covered by single layer h-BNG, without any
bi- or multilayer domains. This conclusion is further supported
by the energy-dependent low energy electron reflectivity meas-
urements in the real space (LEEM I(V) data shown in Figure 2d)
measured on G and h-BN domains separately.

LEEM I(V) gives a clear fingerprint of the number of layers in
G since mono-, bi- and multilayers display very different I( V) char-
acteristics.'®! The strong similarity of the present p-LEEM-I(V)
measurements on individual G domains with the pub-
lished LEEM I(V) measurements from a nearly free standing
monolayer G on Pt(111) and Ir(111)B%31 clearly excludes the
presence of bi- and multilayers.

The LEEM instrument used for this experiment is equipped
with an energy filter, enabling to obtain spatially resolved
p-EELS measurements. A good way to probe the electronic
structure of the h-BNG layer is the measurement of the exci-
tation of surface plasmons.??l The n plasmon is a sensitive
probe of G band structure near the Fermi level as observed,
e.g., in the work by Shin et al.133l who followed in single layer
G the modifications induced on m-plasmon by charge doping
and layer thickness. The plasmon loss is also very sensitive to
the interaction of the G layer with the substrate, as observed
by Oida et al.}Y in G grown on SiC(0001). In the latter case,
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when G layer is covalently bonded to the substrate no plasmon
loss is observed. Figure 5e reports the EELS spectra obtained
integrating the signal on a bright region (orange curve) and
on a dark region (light blue curve) of the BF LEEM image
shown in the inset of Figure 5. The BF LEEM image is meas-
ured with incident electron energy of 32 eV and scattering
geometry with both the incident and scattered beams normal
to the surface (g = 0). The analysis reveals that on the bright
area, assigned to G, the collective excitation of the electrons
is found at 6.5 eV, whereas on the dark area, assigned to h-
BN, a peak centered at 7.7 eV is found. The n-plasmon energy
loss measured for G in the present work is slightly larger than
the values reported in literature for pure single-layer nonin-
teracting G layer, measured in similar geometrical conditions.
For pure G/Pt(111)°] and for G/SiC (0001) after decoupling
of the G layer from the covalently bonded substrate by oxi-
dation®* a value of 6.2 eV is reported. This discrepancy sup-
ports the fact that in our case the electronic properties of G
are modified by the presence of atomic doping. In particular,
according to Shin et al.?®l a shift of =0.3 eV toward higher
energy corresponds to a n-doping of =5 x 10'3 electrons cm2,
which could be attributed to the presence in G of an excess
amount of nitrogen donors of =1%.

The plasmon energy loss measured on the dark regions at
7.7 eV is different from the value calculated (6 eV) for single
layer h-BN,3%37] but the observed energy position is in good
agreement with the 7.5 eV peak experimentally observed in
h-BN exfoliated flakes.’”] Following the calculation of Pan
et al.’”] the observed energy position can be explained con-
sidering the presence of impurities in the h-BN layer. In our
case, as already observed in the photoemission data, the h-BN
electronic properties are partly modified by the orbital mixing
inside or at the boundaries between h-BN with G domains.

As we have reported above, all the spectromicroscopy data
point to the existence of a continuous coverage of laterally
distinct G and h-BN domains. In order to confirm that there
are no uncovered Pt atoms below the lateral resolution limit
(=30 nm) of our microscopy setup, we have performed TPD
measurements. Carbon monoxide (CO) desorption spectra
recorded after 12 Langmuir CO exposure at 150 K, show no CO
desorption peak for h-BNG up to 600 K, whereas for Pt(111)
there is a clear desorption peak centered at 360 K (see Figure 6).
This indicates that the Pt(111) substrate is perfectly covered by
the composite layer®® and possible phase boundaries must be
continuous at atomic level and do not present significant voids
exposing Pt sites.

The layer continuity readily translates into a lowered reac-
tivity against adsorbates and in particular to oxygen. To demon-
strate the oxidation resistance of h-BNG, C 1s, N 1s, and B 1s
core levels were acquired after exposing the layer to a partial
pressure of O, (up to 5 X 107° mbar for 200 s) at different tem-
peratures of the substrate (300, 500, and 600 K) and no changes
have been observed (not shown). This indicates that the h-BNG
layer is chemically inert as G and h-BN.

Polarization-dependent NEXAFS is used to get information
on the structure and orbital hybridization of the layer. Figure 7
shows the spectra from the h-BNG layer at C, B, and N K-edges
measured using linearly polarized radiation incident with two
different angles between polarization vector and surface plane:
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is very pronounced, thus allowing us to
easily distinguish between m* states (fea-
tures labeled as A’, A, A”) and o* states (B,
C, D, E, E') of the hybrid h-BNG layer. For
C K-edge NEXAFS spectra the overall spec-
trum profiles are very similar to the ones
measured for pure G/Pt(111).1263% The main
absorption peak selected with p-polarization
corresponds to m* states, while the contin-
o TE i uous absorption at higher photon energies

BE(eV) : is assigned to o* states. The polarization
dependence shows that the m* states are sup-
pressed using s-polarized light, as expected
for flat and ordered G domains on Pt(111).12]
Also B and N K-edge NEXAFS spectra are
very similar to those measured for pure
h-BN on Pt(111).1""] The disappearance of the
m*-related structures going from p- to s-polar-
ization both in B K- and N K-edge NEXAFS
spectra indicates that also h-BN domains are
nearly flat.

However, h-BNG show small but sig-
nificant differences in NEXAFS spectra
with respect to those from pure G[®3% and
h-BNIPI on Pt(111), indicating a different
chemical state.

In the present h-BNG system C, B, and N
K-edge NEXAFS spectra show an increased
intensity of the features A’ and A” in the
m* state and a partial broadening of the o*
structures (B, C, D, E, E’) with respect to the
single pure systems G/Pt(111) and h-BN/
Pt(111).153% Generally, the A’ and A” shoul-
ders at the m* states appear when G and h-
BNI>3] have a stronger interaction with the
substrate, and it is often accompanied by a
strong broadening of the o™ states.

However, this hypothesis is not applicable
to our case, considering the evidence of a
very weak interaction between Pt and h-BNG
layer indicated by Pt 4f core levels. The pres-
ence or increased intensity of the A’ and
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Figure 5. XPEEM images at the a) Pt 4f; 5, b) Cls, c) B 1s, and d) N1s core levels. Pt 4fand B 1s P-EELS and core level photoemission.

were recorded using a photon energy of 260 eV, N 1s and C Ts using a photon energy of 520 eV.
The inset on bottom left of each image is the core level spectrum obtained by integrating the
signal on the whole field of view through a stack of XPEEM images measured at different kinetic 3. Conclusion

energy of the photoemitted electrons. e) Electron energy loss spectra recorded from the areas

labeled G and h-BN in the energy-filtered BF LEEM image reported in the inset. The imagewas A pgvel growth procedure is reported to
collected with electron energy Ey = 32 eV; the graphene patches appear bright, the h-BN dark.
The spectrum measured in region G shows a 7-plasmon loss at 6.5 eV; the spectrum measured
in region h-BN shows the 7-plasmon loss =7.7 eV.

obtain an almost free standing in-plane layer
mostly composed by G and h-BN domains on
Pt(111) using a single molecular precursor.

normal incidence geometry (O = 0°, s-polarization) and near LEEM measurements indicate that both G and h-BN domains
grazing incidence geometry (O = 60°, p-like polarization). As  can be as large as a few hundred nm. LEEM, in agreement with
expected for layered systems, the polarization dependence  TPD, XPS, and XPEEM, show that the layer fully covers the Pt
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Figure 6. TPD desorption spectra of 12 L CO (p = 1.3 X 1077 mbar,
t =2 min) dosed at 150 K on clean Pt(111) (solid curve) and on h-BNG
(dotted curve).

substrate and there are no voids exposing Pt sites. High-resolu-
tion photoemission core levels prove that the layer has a very weak
interaction with the substrate and is inert to oxidation, and high-
light the presence, although limited to small areas, of BNC hybrid
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Figure 7. Polarization dependent NEXAFS spectra at a) C K, b) B K, and
c) N K edge from the h-BNG layer. Solid lines correspond to p-polariza-
tion and dashed lines to s-like polarization geometry.
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domains. Angle-dependent NEXAFS spectra show that both G
and h-BN domains are flat, but display slight differences with
respect to G and h-BN layers on Pt(111) that can be associated to
orbital mixing inside or at the boundaries between domains.

4. Experimental Section

Sample Preparation: The sample was prepared at the Beamline for
Advanced diCHroism (BACH) in an ultrahigh vacuum (UHV) chamber
with a base pressure of 3 x 10719 mbar connected to the spectroscopy
chamber. The Pt(111) single crystal (MaTecK, GmbH, 99.999% purity)
was prepared with cycles of sputtering at 1.5 kV at 300 K, annealing at
925 K in the 2 x 1077 mbar O, partial pressure and flash annealing to
1025 K in UHV. All temperatures were measured by a thermocouple in
direct contact with the sample. The sample cleanliness was checked
using photoemission spectroscopy, monitoring the absence of any
contaminant, in particular C 1s and O Ts core level peaks, in surface
sensitive conditions (kinetic energy =230 and 105 eV for C 1s and O Ts,
respectively, and 60° grazing emission). The degree of the long-range
order on the surface was monitored by low-energy electron diffraction
(LEED). The Pt 4f;, and graphene (G) C 1s photoemission spectra
were fitted with DS line shapes convoluted with Gaussian function. N
1s and B 1s photoemission spectra were decomposed into the spectral
components using Voigt function line shapes. A Shirley type background
was subtracted from Pt 4f7/2, C 1s, and N 1s spectra and a linear
background from the B 1s spectrum.

DMAB (Sigma-Aldrich, 97.0%), purified by several cool-pump-heat
cycles, was dosed (6.65 x 10”7 mbar for 300 s) via a leak valve from a
glass tube kept at 41°C on the Pt substrate held at 7000 K.

XPS and NEXAFS Measurements: XPS and NEXAFS measurements
were carried out in an UHV multispectroscopy endstation of the CNR
beamline BACH at the synchrotron facility Elettra (Trieste, Italy) on
the same sample prepared in situ. The data were acquired using a
VG-Scienta R3000 hemispherical analyzer. The overall energy resolution
for core levels was set to 0.2 eV for XPS and 0.1 eV for NEXAFS spectra.
The NEXAFS spectra were measured in Auger electron yield mode
collecting the KVV Auger electrons with the electron energy analyzer
and the intensities were normalized to the photon beam flux, measured
by the drain current on a reference golden grid. Polarization-dependent
measurements were performed by rotating the sample between normal
incidence geometry (angle between the sample surface plane and
X-ray polarization vector 6 = 0°, s-polarization) and grazing incidence
geometry (6= 60°, p-like polarization).

LEEM, X-PEEM Measurements: LEEM, including intensity-voltage
I(V) LEEM measurements using the specular beam (0 0), X-PEEM,
and p-EELS measurements were performed at the nanospectroscopy
beamline  (Elettra—Sincrotrone  Trieste). For the microscopy
measurements the same sample was prepared ex situ after an
annealing at 350 °C in UHV. Nanospectroscopy beamline operates a
state-of-the-art spectroscopic photoemission and low-energy electron
microscope (SPELEEM) equipped with an energy filter. The instrument
combines LEEM and X-PEEM techniques, which provide structural and
chemical sensitivity, respectively.

In the SPELEEM, the electron kinetic energy is controlled by biasing
the sample with a negative potential referred to a start voltage, Viin. In
our measurements, LEEM was used in both bright and dark-field (BF and
DF) modes, respectively, utilizing the first or secondary order diffraction
beams for imaging. The microscope lateral resolution approaches
10 nm in LEEM mode and 30 nm in XPEEM; energy resolution is better
than 0.3 eV in imaging spectroscopy. Along with imaging, the SPELEEM
allows diffraction operation mode. In this mode, the probed area is
restricted to a micrometer-sized region by inserting a field-limiting
aperture in the image plane.

TPD Measurements: TPD experiments were carried out in a custom
made UHV system operating at a base pressure of 107'° mbar equipped
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with a Hiden quadrupole mass spectrometer, and facilities for LEED,
photoemission spectroscopy and sample preparation. In order to
analyze the desorption species coming only from the sample surface,
the quadrupole spectrometer, covered by a quartz shield holding bearing
a 6 mm wide sampling aperture, was placed at 5 mm from the Pt(111)
single crystal, which was suspended by two (2 mm diameter) tantalum
wires. Sample temperature was determined by a type K thermocouple
spot welded on the back of the sample. For all experiments we used a
heating rate of 2 K's™.
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