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ABSTRACT: Studying the phonons of hexagonal boron nitride (h-BN) is important for
understanding its thermal, electronic, and imaging applications. Herein, we applied high-
resolution electron energy loss spectroscopy (HREELS) to monitor the presence of edge
defects in h-BN films. We observed an edge phonon at 90.5 meV with the initial formation
of island-like domains on Ru(0001), which subsequently weakens with respect to the bulk
phonon as the islands congregate into a film. The presence of a weak edge phonon peak
even at full surface coverage of the h-BN film indicates the sensitivity of HREELS in
detecting line defects. A shoulder peak at ∼160 meV assignable to sp3 bonded modes was
attributed to grain boundaries arising from misaligned domains. In addition, the strengths
of substrate interaction and the rippling of the h-BN film can be judged from the shift in
the phonon energy of the out-of-plane TO⊥ mode.

Hexagonal boron nitride (h-BN) is a van der Waals
material that can exist as a 2D crystal with a hexagonal

structure similar to graphene but with a boron−nitrogen pair in
its unit cell. The structural similarity to graphene imparts h-BN
with comparable structure-based properties, such as a high
thermal conductivity,1 but the difference in composition causes
it to be an insulator with a bandgap of 6 eV,2 and thus h-BN
can be used as an ultrathin dielectric material with good heat-
dissipation properties.3

Phonons are lattice vibrations where neighboring atoms
oscillate in specific directions depending on the specific phonon
mode and are the primary mechanism in thermal conduction.
The interactions between phonons and other particles are
widely studied for their impact on applications, such as
scattering interactions that affect thermal transport4 and
electron mobility5,6 and coupling with infrared photons to
form phonon polaritons,7 which show potential for imaging and
detection applications.8

Because phonons are lattice vibrations, they are sensitive to
anomalies in the periodicity of the lattice, such as defects, grain
boundaries, and edges. In particular, localized edge effects on
phonons are interesting due to the abundance of edges in
nanosized materials.9 Such edge-localized phonons have been
observed in graphene to impact thermal transport10 and
conductance,11 demonstrating their importance in applications;
however, there is a lack of detailed studies on the edge phonons
of h-BN. Raman scattering is frequently used to characterize 2D
films, such as monolayer graphene and monolayer h-BN.12

Although h-BN has two Raman active modes, only the high-
energy mode can be detected experimentally as the lower

energy mode falls below the typical cutoff energy in Raman
scattering.
High-resolution electron energy loss spectroscopy

(HREELS) is a surface-sensitive technique that probes the
low-energy vibrational modes through scattering of incident
electrons. Specular scattering in HREELS is dominated by the
mechanism of dipole scattering, where the incident electron
interacts with an oscillating dipole. The two-atom unit cell of
monolayer h-BN results in six phonon modes: three acoustic
and three optical phonons. The polar nature of B−N bonds
leads to oscillating dipoles in the optical phonon modes,
making them easily detectable by specular HREELS, in contrast
with Raman scattering. The three optical phonons are identified
by their oscillation direction, namely, the out-of-plane trans-
verse phonon (TO⊥), the in-plane transverse phonon (TO||),
and the longitudinal phonon (LO). Because of the orientation
of the TO⊥ mode and the selection rule of HREELS for
vibrations with dipole moments normal to the surface, this
mode is strong and can be easily seen in the spectrum, in
contrast with the other two in-plane modes.
To investigate the edge effect on phonon energies of

monolayer h-BN, we studied monolayer h-BN in different
stages of its film growth, that is, from islands to a completely
coalesced film. h-BN was grown by the thermal decomposition
of borazine (B3N3H6) on Ru(0001), as had been demonstrated
in previous STM studies.13,14 Ru(0001) has an in-plane lattice
constant of 2.71 Å, which is a 8.4% mismatch with that of h-BN
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(lattice constant 2.50 Å), resulting in an incommensurate
structure; however, besides the lattice constant, the strength of
the interactions between the close-packed metal surface with
the h-BN layer also plays an important role in the formation of
moire ́ superstructure. Compared with other metal surfaces that
form incommensurate structures with h-BN, such as Pt(111)
and Pd(111) (lattice constants 2.78 and 2.75 Å, respectively),
the lesser filled d orbitals of Ru leads to a higher binding energy
with the h-BN layer,15 resulting in a highly corrugated moire ́
pattern known as h-BN nanomesh.14 While HREELS had been
performed on commensurate h-BN layers on Ni(111) surface16

and incommensurate, weakly physisorbed h-BN layers on
Pt(111) and Pd(111) surfaces,16,17 no studies have been carried
out on incommensurate, strongly bound h-BN nanomesh on
Ru(0001) surface, where the strong metal−BN interaction can
be expected to have an impact on the phonon energies. To
probe the effect of the substrate on the phonons of h-BN, we
carried out similar growth on polycrystalline Pt foil for
comparison.
Figure 1 shows the STM image of monolayer h-BN grown

on Ru(0001). The images reveal that in the initial stage of the

growth, the surface of Ru(0001) is dotted with triangular
“islands” of h-BN (Figure 1a). Triangular h-BN islands with
one single type of edge are dominant due to the relative
stability of the N-terminated edges over the B-terminated
edges.13,18 An increase in the dosage of borazine leads to the
merging of the islands (Figure 1b) to form a near complete film
(Figure 1c). The presence of the h-BN film is manifested by a
distinctive “nanomesh” moire ́ pattern formed by the incom-
mensurate lattices between h-BN and the Ru surface (Figure
1d), which was first reported on Rh(111).19 Ab initio
calculations suggested that this pattern is a result of strong
binding energy between the h-BN layer and the metal
substrate.15 Among the close-packed metal surfaces used to

grow h-BN, Ru(0001) has the highest binding energy, and the
resultant film has the largest corrugation.20 In contrast, h-BN
film interacts less strongly with a Pt(111) surface, giving a
relatively flat moire ́ pattern.21 The magnified image also reveals
the presence of several line defects on the monolayer h-BN
film. These are due to misfit grain boundaries arising from the
heteronuclear nature of h-BN and the incompatibility of N−N
bonds and B−B bonds. Hence, two independently grown
islands may not be able to meet at the correct position to
enable them to fuse together, leaving behind a gap where the
grain boundary should be. It is interesting to see if HREELS
will be sensitive to the presence of these line and edge defects
as well as ripples in the films.
Figure 2a shows the specular HREEL spectra of monolayer

h-BN films prepared using different dosages of borazine. The
spectra clearly show the peaks that correspond to the optical
phonon modes of h-BN, in particular, a very strong peak
between 90−100 meV. Off specular HREELS demonstrates
that this strong peak decreases in intensity much more
significantly compared with the other peaks at 180 meV
(Figure 2b), indicating strong dipole scattering contribution
characteristic of out-of-plane vibrations. This confirms the
assignment of the strong peak to the out-of-plane TO⊥ mode
and the other impact scattered peaks to the in-plane modes.
From the HREEL spectra, it is clear that the TO⊥ peak is

sensitive to the morphology of the film. In the initial stages of
film growth, where h-BN islands are formed, the TO⊥ peak is
∼90.5 meV, which is significantly lower than several other
reported values on various metal surfaces;16 however, when the
coverage of the h-BN film increases, a shoulder starts to appear
at 98 meV, which grows stronger and eventually dominates the
spectrum.
These changes in the phonon peak positions reflect

transition of the h-BN film from an island stage to a complete
film. The lower energy TO⊥ peak in the island stage can be
attributed to the edge atoms on the h-BN islands. To stabilize
the edges, the atoms may undergo some form of reconstruction
or form strong bonds with the underlying substrate to stabilize
themselves. The result is a shift in the phonon energy from that
of the bulk atoms, creating the edge phonons.9 Similar lower
energy phonon peaks have been reported when h-BN films
were broken up by heating22 and during the initial growth of
monolayer h-BN on Pt(111) surface.17

In a continuous film, the effects of such edge states are much
less significant. The film samples primarily show a TO⊥ phonon
energy (98 meV), which is close to that reported on other
incommensurate metal surfaces, such as Pt and Pd.16 HREELS
appear to be particularly sensitive to line defects remaining in
the film because the presence of a weak edge phonon peak can
be detected even at full surface coverage of the h-BN film.
The in-plane phonon modes (TO|| and LO) also show a

trend with respect to the different stages of h-BN growth
(Figure 2a). During the low dosage phase, almost no peaks can
be observed in this region, and only a very weak peak may be
observed at 180 meV; however, when the islands start to
coalesce, a broad peak can be observed to increase gradually at
179 meV. This peak is likely a composite peak of both in-plane
phonon modes, which are expected to overlap between 170 to
183 meV.16 The gradual appearance of the in-plane modes as
the h-BN islands grow into a film could be due to the rippling
of the h-BN monolayer, as it forms a moire ́ pattern on
Ru(0001) under compressive strain, causing the in-plane

Figure 1. STM images of h-BN grown on Ru(0001), showing the
evolution of the structure of monolayer h-BN from (a) triangular
islands, to (b) a coalescing film, to (c) a near complete film. (d)
Magnified image of the film in panel c shows distinctive moire ́ pattern
and line defects. Scale bars are (a−c) 100 and (d) 5 nm, respectively.
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vibration vector to be no longer strictly parallel to the surface,
thus allowing weak excitation of the in-plane modes.
Interestingly, as the h-BN film grows, a shoulder could be

observed to appear at ∼158 meV, which does not match any
known in-plane phonon mode energy and was not observed in
HREELS of complete h-BN film on other metal surfaces.16 One
possible reason for this peak is the presence of some sp3

character in the h-BN film. Cubic BN, an sp3 allotrope of BN,
has optical phonons at approximately 130 and 160 meV.23 The
lack of a peak at 130 meV indicates that the film consists of
majority sp2 bonded phase, but a broad in-plane modes peak
and the shoulder peak suggest that there is some degree of sp3

hybridization.24 This sp3 character may be manifested at the
grain boundaries of the h-BN film that are formed when the
islands merge, which explains its gradual increase in intensity as
the film grows.
Figure 3 shows the specular HREEL spectra obtained when

similar growth conditions were performed on Pt foil. The TO⊥

peak for the h-BN film agrees with the reported value for h-BN
film on Pt(111) surface (99 meV);16,17 however, the in-plane
modes form a very strong and broad peak at 182 meV, possibly
due to the formation of a disordered h-BN film on the rough
and polycrystalline surface of the platinum foil. Similar to the h-
BN film on Ru(0001), a shoulder at ∼161 meV indicates the
presence of some sp3 character.
However, unlike the Ru(0001) surface, h-BN islands on Pt

foil (2.4 L) show a TO⊥ peak at 98 meV. This is in contrast
with the observation on Pt(111), where a lower energy peak at
93 meV is observed during the growth process.17 This is
probably due to the random grain orientation of the
polycrystalline Pt foil, which results in misalignment between
the h-BN lattice and the substrate, negatively impacting the
interaction between the edge atoms and the underlying
substrate, resulting in an overall weaker interaction and a
higher phonon energy.
A comparison of the TO⊥ peak position of monolayer h-BN

islands or film deposited on the different substrates can be seen
in Figure 4, and a summary of the peak positions for all the h-
BN optical phonons is listed in Table 1. The result suggests a
softening of the phonon mode with stronger interaction
between substrate and h-BN film. From the Figure and the
Table, it can be observed that TO⊥ peak position is higher for
Pt foil surface compared with the Ru(0001) and highest for
free-standing h-BN film. A similar trend can be seen in the in-
plane phonon modes, even though the peak could not be
resolved into the individual modes as well as in the sp3 related
mode at ∼160 meV. The TO⊥ peak position for the free-
standing h-BN film is the closest to that for exfoliated h-BN
nanosheets25 and CVD grown h-BN thin films.26,27

The softening effect has been reported on Ni(111), on which
h-BN forms a commensurate layer, resulting in a π−d orbital
hybridization that downshifts the TO⊥ phonon significantly.16

Although the TO⊥ peak positions of h-BN film on Ru(0001)
and Pt foil are slightly softened compared with bulk h-BN, the
amount of softening is very small, suggesting that the overall h-
BN-substrate interaction is not very strong, as both metals form
incommensurate structures with h-BN. However, the larger
softening of the TO⊥ phonon on Ru(0001) reflects a stronger
interaction of h-BN with single crystalline Ru compared with

Figure 2. (a) HREEL spectra of h-BN grown on Ru(0001) using different dosages of borazine (6−144 L) and (b) measured in the specular direction
and 21° off specular direction.

Figure 3. HREEL spectra of h-BN grown on Pt foil for low (2.4 L)
and high (240 L) borazine dosages corresponding to islands and films,
respectively.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b01900
J. Phys. Chem. Lett. 2015, 6, 4189−4193

4191

http://dx.doi.org/10.1021/acs.jpclett.5b01900


polycrystalline Pt foil, which agrees with theoretical calcu-
lations15 and the trend in the moire ́ pattern observed under
STM.20 This lends support to the possibility that the edges of
the h-BN islands are stabilized by the stronger interaction with
the Ru(0001) surface, leading to the large decrease in energy of
the TO⊥ phonon. Further theoretical studies will be required to
shed more light on the phenomenon.
In summary, the phonon modes in h-BN, as detected by

HREELS, are highly sensitive to the morphology, edge defects,
and substrate interactions in h-BN. In particular, a highly
softened TO⊥ mode was observed for low coverage of h-BN on
Ru(0001) that could be attributed to edge states of the
triangular h-BN islands. The presence of line defects and grain
boundaries can be detected by the presence of phonon modes
at 90.5 and ∼160 meV. In addition, the interaction between the
h-BN lattice and the underlying substrate surface was found to
influence the phonon energies of monolayer h-BN. These
results highlight that edge and substrate effects are important
considerations in applications of h-BN that involve phonon
interactions, such as thermal dissipation and as a dielectric in
electronic applications.

■ EXPERIMENTAL SECTION

Preparation of Monolayer h-BN. Borazine (B3N3H6) is used as a
precursor to grow monolayer h-BN films onto single crystal
Ru(0001) surface (MaTek) in a UHV chamber. The Ru(0001)
surface was first cleaned by repeated cycles of annealing in an
oxygen atmosphere (5 × 10−8 mbar, 1073 K) and argon ion
sputtering (4 × 10−5 mbar backfill, 1.8 kV) followed up by a
flash anneal to 1273 K to remove surface oxygen. Borazine is
passed into a preparation chamber with a base pressure of 8 ×
10−10 mbar through a leak valve, while simultaneously heating
the clean Ru(0001) single crystal through electron beam
bombardment to 1173 K. The same growth procedure was also
performed on Pt foil (Alfa Aesar). Free-standing monolayer h-
BN film was prepared by transferring a h-BN film on Pt foil
using PMMA onto a graphene film on Cu foil, followed by
washing with acetone and annealing in vacuum.
Scanning Tunnelling Microscopy. STM measurements were

performed in an ultrahigh vacuum chamber with a base
pressure of 1.5 × 10−10 mbar. The chamber is equipped with an
STM 150 Aarhus unit (SPECS) with the Nanonis (SPECS)
SPM control system. The sample is typically prepared in the
adjacent preparation chamber, then transferred to the STM unit
and measured at 298 K.
High-Resolution Electron Energy Loss Spectroscopy. HREELS is

performed using a Delta 0.5 spectrometer (SPECS) in a UHV
chamber with a base pressure of 2 × 10−10 Torr. An incident
electron energy of 5 eV is used. For general scans of the
phonons, the scattered electrons are collected at the specular
angle. Off specular measurements are performed by rotating the
analyzer and detector with respect to the spectrometer axis.
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Figure 4. Comparison of the TO⊥ peak of various monolayer h-BN
samples grown on different substrates and under different conditions.
The spectra are normalized to the maxima of the respective TO⊥
peaks.

Table 1. Summary of Phonon Peak Energies of h-BN on the Various Systems Determined with Specular HREELS in This Work,
in Comparison with Literature Values Reported for Other Systems

system surface structure TO⊥ (meV) TO|| (meV) LO (meV) ref

h-BN islands/Ru(0001) incommensurate 90.5 180a 180a b

h-BN film/Ru(0001) incommensurate 90, 98 179a 179a b

h-BN islands/Pt foil incommensurate 98 181a 181a b

h-BN film/Pt foil incommensurate 99 182a 182a b

free-standing h-BN film 100 182a 182a b

h-BN/Ni(111)c commensurate 91 170 170 16
h-BN/Pt(111)c incommensurate 99 173 183 16
h-BN nanosheetsd 101 170 25
bulk h-BNe 97, 103 169, 170 200 28

aCould not be resolved into separate TO|| and LO peaks. bThis work. cHREELS of monolayer film grown in vacuum. dFTIR of chemically exfoliated
sheets. eIR and Raman of bulk h-BN.
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