
PHYSICAL REVIEW B 95, 085410 (2017)

Direct observation of the band structure in bulk hexagonal boron nitride
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A promising route towards nanodevice applications relies on the association of graphene and transition metal
dichalcogenides with hexagonal boron nitride (h-BN). Due to its insulating nature, h-BN has emerged as a natural
substrate and gate dielectric for graphene-based electronic devices. However, some fundamental properties of
bulk h-BN remain obscure. For example, the band structure and the position of the Fermi level have not been
experimentally resolved. Here, we report a direct observation of parabolic dispersions of h-BN crystals using
high-resolution angle-resolved photoemission spectroscopy (ARPES). We find that h-BN exfoliation on epitaxial
graphene enables overcoming the technical difficulties of using ARPES with insulating materials. We show
trigonal warping of the intensity maps at constant energy. The valence-band maxima are located around the K
points, 2.5 eV below the Fermi level, thus confirming the residual p-type character of typical h-BN.
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I. INTRODUCTION

Two-dimensional materials have received increasing atten-
tion since the discovery of graphene. Hexagonal boron nitride
(h-BN), a structural analog of graphene, possesses only a
1.7% lattice mismatch with graphene, but, in contrast, a large
band gap (∼6 eV). These h-BN films have a wide range of
attractive properties, including high temperature stability, high
mechanical strength, and high thermal conductivity leading to
a large variety of potential applications.

Graphene is considered to be an ideal material for the
fabrication of nanoelectronic devices due to its excellent
electrical properties. Therefore, it has been suggested that
because of the close matching of the lattice parameters
between h-BN and graphene, h-BN on graphene would give
rise to a band gap opening of graphene. It is argued that
h-BN could serve as a good gate dielectric material for
graphene transistors [1]. As a perfect dielectric layer, h-BN
has an atomically flat and dangling-bond-free surface, which
reduces impurity bonding and the formation of charged traps
associated with the graphene/dielectric interface. In particular,
graphene/h-BN vertical stacks exhibit extremely high carrier
mobility [2,3]. The combinations of graphene, transition
metal dichalcogenide (MX2), and h-BN, including both
stacked graphene/h-BN and MX2/h-BN structures, have also
demonstrated very intriguing physical properties [4–8]. The
availability of high-quality h-BN flakes also paves the way to
the application of h-BN in far-ultraviolet light-emitting diodes
and transparent electronics, due to its excellent mechanical
strength [9], chemical inertness, [2] and optical transparency.
These attractive properties of h-BN have led, in the last
few years, to finding ways of synthesizing it and targeting
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its large domain size, uniform thickness, and then creating
high-quality multilayer h-BN in order to offer the best context
for studying its electronic properties [10–13]. However, due
to its insulating nature, the band structure of h-BN has
not been studied experimentally in its bulk form [14–16],
but only in monolayers. To our knowledge, few studies have
looked at the band structure of h-BN at the single-layer
level, where the electronic interaction between single-layer
h-BN and the substrate cannot easily be estimated. Usachov
et al. [15] used Au intercalation in order to decouple a h-BN
layer from a Ni substrate. They obtained a quasifreestanding
h-BN single layer and confirmed this by observing its band
structure through angle-resolved photoemission spectroscopy
(ARPES). In contrast to multilayer graphene or graphite, the
usual spectroscopic characterization techniques such as x-ray
photoemission spectroscopy (XPS) and ARPES are not easy
to use with bulk h-BN [17] due to its insulating nature, as well
as in some cases, its micrometric sample size.

Here, we demonstrate for the feasibility of angle-resolved
spectroscopy (XPS/ARPES) with a h-BN crystal. Instead of
using h-BN as a substrate for graphene, we adopted the
opposite strategy by using graphene as an ideal substrate for
studying the electronic band structure of h-BN. We found that
depositing h-BN on graphene overcame the technical difficulty
of carrying out ARPES on insulating h-BN. The high quality
of the h-BN material transferred onto the graphene underlayer
was proved by atomic force microscopy (AFM) and Raman
spectroscopy measurements. Consequently, a detailed study
of the structural properties and electronic band structure of
exfoliated h-BN was carried out using XPS and nano-ARPES
measurements, together with band-structure calculations. We
have calculated an effective mass of about –0.49me which is
roughly equal to the measured experimental value. We provide
a comprehensive explanation of the h-BN electronic structure,
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fundamentally important for a better understanding and control
of the band offset between bulk h-BN and two-dimensional
(2D) materials.

II. METHODS

Mechanical deposition of h-BN flakes on a graphene layer
was carried out using the standard Scotch tape technique. Our
crystal is a commercial h-BN crystal from HQ Graphene. AFM
measurements were performed on a Veeco AFM with a scan
rate of 0.299 Hz and a resolution of 512 points per line. Raman
measurements were carried out using a commercial confocal
Renishaw micro-Raman microscope with a 100× objective,
a Si detector (detection range up to ∼2.2 eV), and a 532-nm
laser at room temperature. To ensure the reproducibility of
the data, we followed a careful alignment and optimization
protocol. In addition, the excitation laser was focused onto
the samples with a spot diameter of ∼1 μm and incident
power of ∼5 mW. The integration time was optimized to
obtain a satisfactory signal-to-noise ratio. XPS experiments
were carried out on the TEMPO beamline [18] (SOLEIL
French synchrotron facility) at room temperature. A Shirley
background was subtracted in all core level spectra. The B 1s

and N 1s spectra were fitted using sums of Voigt curves, that
is, the convolution of a Gaussian by a Lorentzian, in which
the full width at half maximum was fixed at 70 meV for the
B 1s [19] and 115 meV for the N 1s [20], respectively. For
the used photon energy of 820 eV we had a full width at half
maximum (FWHM) ∼1 eV (overall resolution of ∼150 meV).
The spot size was 100 × 80 μm2. Nano ARPES experiments
were performed on the ANTARES beamline (SOLEIL French
synchrotron facility). The ARPES data were taken at a photon
energy of 100 eV, using linearly polarized light, a base pressure
of 5 × 10−11 mbar, and keeping the sample cooled at ca. 40 K.
More details on the material configuration are given in the
Supplemental Material, S1 [21]. Band-structure calculations,
performed with the ABINIT code [22], are in good agreement
with results from the literature [23–26]. Computational details
are summarized in the Supplemental Material, S4 [21].

III. RESULTS AND DISCUSSIONS

Among different graphene substrates, the use of epitax-
ial graphene on silicon carbide provides several potential
advantages for the electronic study of h-BN, as well as its
interaction with graphene [27–32]. In particular, these include
high electron mobility [33,34], tunable substrate coupling
[35], wafer-scale processability, and crystalline ordering that
can provide templates commensurate with the substrate. The
graphene used in this work was obtained by annealing 4H-
SiC(0001) at 1550 °C in 800 mbar argon for 10 min [36,37].
Figure 1(a) presents the crystal structure of the layered h-BN.
Each single layer of h-BN consisted of B and N atoms
arranged in the two inequivalent A and B sublattices of the
hexagonal lattice structure. For this structure, AA′ stacking
with each B atom on top of a N atom is mostly observed
[38,39]. The BN and BB bond lengths are about 1.45 and
2.52 Å, respectively [40]. The interlayer separation of the
bulk is 3.33 Å [17,40,41]. The graphene underlayer presented
a very inert surface ensuring the presence of only van der

FIG. 1. Crystal structure and micro-Raman spectroscopy of mul-
tilayer h-BN: (a) crystal structure of h-BN, (b) and (c) micro-Raman
spectra and map taken on the h-BN/graphene layer. The Raman
spectra of (b) have been measured along a terrace of the SiC substrate
at the location indicated by the corresponding colored dots in (c).

Waals (vdW) interactions between h-BN and graphene. The
mild roughness of the graphene surface guaranteed a reduced
strain on multilayer h-BN and a negligible impact on the band
structure and the Fermi energy level.

Micro-Raman spectroscopy was used to characterize the
quality and crystalline form of a large multilayer h-BN sample
(20 × 100 μm2). Several spectra representing the fundamental
stretching mode in different sample positions are shown in
Fig. 1(b). The E2g mode was centered at ∼1365 cm−1, the
expected value for bulk h-BN [4], suggesting that no stress
was induced by the graphene substrate. The linewidth of this
peak, estimated from a Lorentzian fitting, was very small
at only 8 ± 0.5 cm−1. This intense and narrow Raman peak
indicated the high-crystalline structure of the h-BN flake
with minimal defects [42]. Figure 1(c) shows the map of
the E2g mode full width at half maximum (FWHM). The
FWHM on the terraces was 8 cm−1 (with a variation below
0.5 cm−1) indicating the homogeneity of h-BN on the whole
flake. An increase in FWHM was observed at surface steps
and in particular on the few wrinkles, highlighted by white
arrows in Fig. 1(c), where a FWHM of about 9.5 ± 0.5 cm−1

was obtained. Moreover, only this E2g mode was observed.
This is characteristic of the hexagonal BN structure, cubic
BN giving rise to Raman modes at 1056 cm−1 (TO phonon)
and 1306 cm−1 (LO phonon). Such Raman spectra have only
been reported for the highest-quality h-BN grown using the
liquid-metal method [11]. Our measurements thus showed
that the quality of our h-BN film was similar to that of
single-crystal h-BN. A typical AFM image of the sample
is reported in Fig. 2(a). The underlying graphene on SiC
presented large terraces (∼6 μm), separated by straight step
edges. The h-BN flake was clearly completely flat, following
perfectly the morphology of the graphene/SiC underlayer. The
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FIG. 2. AFM images and XPS spectra of h-BN: (a) AFM image
of h-BN/graphene, (b) AFM height profile corresponding to the blue
line in (a). (c), (d) are high-resolution XPS spectra at hν = 820 eV of
N 1s and B 1s core levels, respectively.

average size of the h-BN terraces was limited by the SiC terrace
dimensions. One important observation is that the h-BN layer
was clearly continuous over the step edge without dislocations
or fractures, indicating the possibility of large-scale transfer of
h-BN. This structural coherency across steps was also shown
in the micro-Raman images. The profile scan presented in
Fig. 2(b) allowed us to measure the height of the flake and we
obtained an estimation of the number of layers to be about 210
(c/2 = 3.3 Å). The high number of layers ensured the bulk
nature of the h-BN flake.

The chemical bonding environment of the h-BN flake was
investigated using high-resolution XPS. We used 820 eV
photon energy. The boron 1s (B 1s) and nitrogen 1s (N 1s)
spectra are shown in Figs. 2(c) and 2(d), respectively. The
experimental data are displayed as dots, while the solid line
is the sum of the fitted components. One main sharp peak
(FWHM = 1.0 eV) was recorded in both spectra, measured
at binding energies (BEs) 190.8 and 398.4 eV, for B and
N, respectively. This suggests a main chemical environment
corresponding to the B-N bond in the hexagonal structure
[4,43–47], as expected for a h-BN crystal. In the B 1s

spectrum no shoulders are present at lower binding energies,
indicative of B-C [48,49] or N-C [48,49] binding, or at higher
binding energies, expected for B-O [17,50], N-N [17,49], or
N-O [17,49,51]. A very small shoulder is present in the N
1s spectrum at higher BE (about 1.4 eV). This peak is the
signature of interstitial nitrogen defects which is bound with
N atoms of the lattice forming a N-N pair [52]. This type
of defect is expected in particular for a p-type h-BN. The

FIG. 3. Electronic structure of bulk h-BN: (a) nano-ARPES
spectra of h-BN at hν = 100 eV and calculated GW band structure
(blue lines) of bulk h-BN for kz = 0.3 π/c. The inset of (a) shows
the Brillouin zone of graphene and h-BN with a twist angle of 30°.
(b) Second-derivative spectra of (a) to enhance the visibility of the
bands. Black dashed lines indicate the Fermi level position.

very low defect concentration confirms the high quality of the
h-BN crystal obtained after the transfer process on epitaxial
graphene.

Although Raman, AFM, and XPS are standard character-
ization techniques, which can be routinely used with h-BN
samples, ARPES measurements for h-BN have not been
reported so far due to the large band gap of this material,
which induces a charging effect detrimental to ARPES. Here
we demonstrate a strategy that can circumvent this issue
and provide experimental determination of the h-BN band
structure. Thanks to the graphene underlayer, the absence of
an electrostatic charging effect of the transferred h-BN flakes,
as well as its high structural and electronic quality, have made
it possible to study the electronic structure in the low-energy
range. Moreover, nano-ARPES enabled us to focus the x-ray
beam on a spot size of ∼120 nm on the h-BN flakes in order
to reach detailed band-structure measurements [53,54]. Due to
the transfer process, the graphene and h-BN flake is arbitrarily
rotated through a certain twist angle. Using ARPES constant
energy maps recorded outside [Fig. S2(a)], and inside the h-BN
flake [Fig. S2(b)], we found that the h-BN Brillouin zone (BZ)
was rotated by 30° with respect to the graphene BZ [inset of
Fig. S3(c)] from the constant energy map of the graphene layer
and h-BN, where a sixfold-symmetry structure is observed.

In Fig. 3(a), the photoelectron intensity (for a photon energy
hν = 100 eV) in h-BN is shown as a function of binding
energy and the wave vector k|| along a path in a plane parallel
to �KM [in the following we will adopt the hexagonal surface
BZ name convention for high-symmetry k points; see inset
in Fig. 3(a)]. The second-derivative spectrum is provided in
Fig. 3(b) to improve the band-structure visibility. The π states
of h-BN are degenerate at the K̄ point of the hexagonal BZ. In
the intensity map, two parabolic bands disperse in the �̄K̄ and
M̄K̄ directions towards the valence-band maximum, as clearly
shown in the derivative spectrum. The h-BN π bands are the
prominent features that disperse from a binding energy of 9 eV
at the �̄ point, up to about 2.5 eV near the K̄ point, and down to
about 2.8 eV at the M̄ point. These bands are degenerate at K̄
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[a closeup of Fig. 3 is shown in Fig. S3(a)], with a maximum
splitting of 1–2 eV at �̄ [Fig. 3(b)]. The presence of this π -band
splitting, clear signature of a bulk h-BN band structure, is
confirmed also by the two bands observed around the M̄ point
along the �̄M̄ direction of the h-BN first BZ [Fig. S3(b)]. This
splitting arises from the coupling between BN layers. Indeed,
by increasing the interlayer distance, the splitting is reduced
[41], while in the limiting case of a monolayer there is just a
single π band [22,55].

The BN σ bands are well resolved, dispersing downwards
from 4 eV at the �̄ point, where they are degenerate, to 12 eV
at the K̄ point. The high intensity and good resolution of the
π and σ bands attest to the high quality of the h-BN sample.
Moreover, the signatures of rotated domains of h-BN are not
observed [Figs. S2(b)]. This finding suggests the presence
of only a single orientation of the h-BN and the absence of
rotational disorder and twinning domains.

The ARPES spectra were compared with state-of-the-art
band-structure calculations for bulk h-BN [blue lines in
Figs. 3(a)]. The band dispersion was computed within the GW
approximation [56] of the ab initio many-body perturbation
theory [57], in which the self-energy is given by the product
of the one-particle Green’s function G and the dynamically
screened Coulomb interaction W. While the Kohn-Sham
eigenvalues of density-functional theory cannot be rigorously
interpreted as the removal energies measured in ARPES,
from the poles of the Green’s function G, one obtains the
quasiparticle energies that form the measured band structure
[58]. The comparison between ARPES and GW calculations
in the whole three-dimensional Brillouin zone [Fig. S4(a) and
S4(b)] allowed us to determine the value 0.3π/c of the kz

wave-vector component perpendicular to the �KM plane that

was measured in the experiment. From the excellent agreement
between the measured band structure and the GW calculations
[Figs. 3(a) and S3(c)], we conclude that the epitaxial graphene
is an ideal substrate to study bulk h-BN band structure.

A further insight into the band structure is provided by the
intensity maps at constant energy [59]. Figure 4 shows the
experimental data collected here compared to the theoretical
results for three different binding energy values, where the
color code represents the intensity. Thanks to images from 2.4
to 4.35 eV, we can observe different parallel cuts of the band
structure around K̄ (K̄ ′) points, characteristic of multilayer
bulk h-BN. At Fermi energy EF , the intensity map shows no
signature near the K̄ points of the first Brillouin zone, thus
highlighting that the Fermi level lies deep inside the gap of
the h-BN flakes. When the binding energy was increased to
2.5 eV, the map shows the presence of six points [Fig. 4(a)].
The absence of a graphene substrate (1×1) signature is due
to the thick h-BN multilayer, which completely attenuates the
photoelectrons from the underlayer. When the binding energy
was increased to 4 eV [Fig. 4(b)], these objects expanded and
acquired a triangular warping shape. As the energy changed to
4.35 eV, the constant energy map deviated to a circular shape
centered on the � point of the BZ.

Finally, the experimental and theoretical data confirmed
the splitting of the π states along the �̄K̄ and K̄M̄ directions.
These two parabolic bands dispersed along �̄K̄ and K̄M̄ ,
thus revealing the major difference with a h-BN monolayer,
where only one π band is present along these directions with a
maximum near the K̄ (K̄ ′) point, 2.9 eV below the Fermi level.
Considering the 2.5-eV energy difference between the Fermi
level and the top of the valence band and the 6-eV quasiparticle
band gap, we can infer that our sample had a residual

FIG. 4. 2D structure of the bulk h-BN band, as measured on the sample: (a)–(c) Local 2D k// projection of the first Brillouin zone at binding
energies of 2.4, 4, and 4.35 eV, respectively, obtained by measuring one-fourth of the BZ and mirroring two times to obtain the full BZ. (d)–(f)
Theoretical calculations of (a)–(c) projections, at the same binding energies.
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p-type doping character typical of bulk h-BN. Moreover, a
good agreement between theory and experiment has been
found for the electron effective mass in the �→K direction
near the K point; this mass is equal to about –0.49me (where
me is the electron mass).

The determination of the band structure and the top of
the valence band of h-BN represents real advances in the
design of heterostructures based on h-BN and 2D material
layers. The performance of these heterostructures is governed
by the band alignment and the interlayer interaction between
the different materials. However, before using these alternative
materials in actual applications, the physics of such structures
must be understood, particularly a deep understanding of
the electronic structure of these heterojunctions, since one
of the key parameters in designing the heterojunction relies
on the determination of band offset. Indeed, the very low
dimensionality of these systems (a few angstroms thick)
prohibits the formation of a depletion region. The absence
of a depletion region leads to a different operational mode of
the junction that has not yet been studied on the atomic scale.

IV. CONCLUSIONS

In summary, we have successfully conducted high-
resolution nano-ARPES on h-BN. Thanks to the graphene
underlayer, the absence of an electrostatic charging effect of
the transferred h-BN flakes, as well as its high structural

and electronic qualities, has made it possible to study the
electronic structure in the low-energy range. The electronic
properties of h-BN were characterized using XPS/ARPES and
micro-Raman spectroscopy, showing that the quality of the
h-BN flakes on graphene is very similar to single-crystalline
h-BN. The electronic band structure shows a valence-band
maximum near the K̄ (K̄ ′) point; revealing these values is
crucial in the design of all possible heterojunctions. The study
of h-BN band structure shows that epitaxial graphene is an
ideal substrate to study bulk h-BN band structure. Thus, the
deposition of h-BN flakes on graphene films provides the
possibility of obtaining their wave-vector-resolved electronic
structure, as reported here, as well as a way to study their
physical properties in a devicelike context. These results
would be extremely valuable in designing, fabricating, and
optimizing these materials for future device applications.
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