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Tunable Interband Transitions in Twisted #-BN/Graphene Heterostructures
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In twisted A-BN/graphene heterostructures, the complex electronic properties of the fast-traveling
electron gas in graphene are usually considered to be fully revealed. However, the randomly twisted
heterostructures may also have unexpected transition behaviors, which may influence the device
performance. Here, we study the twist-angle-dependent coupling effects of 4-BN/graphene hetero-
structures using monochromatic electron energy loss spectroscopy. We find that the moiré potentials alter
the band structure of graphene, resulting in a redshift of the intralayer transition at the M point, which
becomes more pronounced up to 0.22 eV with increasing twist angle. Furthermore, the twisting of the
Brillouin zone of #-BN relative to the graphene M point leads to tunable vertical transition energies in the
range of 5.1-5.6 eV. Our findings indicate that twist-coupling effects of van der Waals heterostructures
should be carefully considered in device fabrications, and the continuously tunable interband transitions
through the twist angle can serve as a new degree of freedom to design optoelectrical devices.
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Two-dimensional (2D) materials have various electronic
structures and can be artificially assembled, drawing great
attention since the first exfoliation of graphene [1]. When
stacked together, there will be no strict limitation in lattice
matching during heterostructure assembling due to the van
der Waals interaction in 2D materials [2], bringing pos-
sibilities for many complex structures [3—5]. The twist angle
between these stacked 2D layers also supplies a new
degree of freedom to perform band gap engineering [6—8].
The tunable interfacial interaction offers platforms to study
many interesting phenomena, e.g., the continuously tunable
van Hove singularities (vHS) [9-13] and subsequent super-
conductivity [14] in twisted bilayer graphene, second-
generation Dirac cones in hexagonal boron nitride (2-BN)/
graphene heterostructures [15,16], and moiré excitons in
twisted transition-metal-dichalcogenides [17,18].

In van der Waals heterostructure optoelectronic devices,
h-BN and graphene are often used as dielectric encapsu-
lation layers [19] and electrodes [20,21], respectively.
h-BN usually serves as a substrate or encapsulation layer
to hold other fragile 2D materials or protect them from
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exposure to the environment and avoid oxidation or
contamination due to its stability and dangling bond-free
properties [17,18,22,23], while it has a minor influence on
the intrinsic performance of the devices due to its large
band gap [24]. As a 2D semimetal material, graphene has a
flat surface and zero band gap [25,26] and is thus suitable
for electrical contact in 2D devices [27]. However, the
contact of graphene and 4#-BN creates 2D heterointerfaces,
in which the interfacial moiré potential between them may
influence the band structure [28]. Especially at some
specific twist angles, the overlapped bands of the stacked
layers created new VHS without symmetry protection, and
some unexpected interlayer vertical transitions may also
influence the electrical and optical properties of the
devices.

Herein, by using scanning transmission electron micros-
copy—electron energy loss spectroscopy (STEM-EELS)
and first-principle calculations, we find that the interband
transition behavior in 4-BN/graphene van der Waals
heterostructures exhibits a strong twist-angle dependence.
The moiré potentials add interference to the energy bands
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FIG. 1. Twist-angle-resolved STEM-EELS of h-BN/graphene (Gr) vertical heterostructures. (a) Schematic of the STEM-EELS

measurement. (b),(c) Diffraction patterns (b) and HAADF images (c) of 4-BN/Gr with twist angles of 5.6°, 10.3°, 15.5° 21.9°, and
28.2°. Scale bars: 1 nm. (d) EELS spectra of monolayer Gr, monolayer #-BN, and #-BN/Gr heterostructures with different twist angles.
Three peaks labeled as first, second, and third transitions are found in these spectra. (¢) An example showing the process of extracting the
peak positions for the 24.0° twist ~-BN/Gr signal by Gaussian fitting. The pink, blue, and green peaks correspond to the fitted first,
second, and third transitions, respectively. The dashed gray line indicates the sum of three fitted peaks. (f) Extracted transition energies.

The error bars are calculated by multiple measurements.

of graphene, making the intralayer transition redshift as
the twist angle increases. Meanwhile, since the reciprocal
lattices of h-BN and graphene also twist concurrently as
their lattices twist in real space, such a twisting of the
h-BN Brillouin zone (BZ) projected onto the graphene M
point leads to tunable vertical transition energies. Our
study reveals the angle-dependent coupling behavior
between A-BN and graphene, indicating that the coupling
effects in 2D devices should be carefully considered to
prevent unexpected transitions and/or transition energy
shifts. Moreover, the revealed twist-angle-related transi-
tion behavior in twisted #-BN/graphene enables tunable
intralayer and interlayer transition energies, creating
opportunities for the fabrication of new 2D optoelectrical
devices [27,29] with artificially specified wavelengths.
We used chemical-vapor-deposition-synthesized gra-
phene and #-BN monolayers to assemble vertical hetero-
structures, which were subsequently transferred onto TEM
grids for characterization. A schematic of the STEM-EELS
measurement is shown in Fig. 1(a). High-angle annular dark
field (HAADF) images and EELS spectra were recorded
simultaneously. The former, together with the selected area
electron diffraction (SAED) patterns, were employed to
determine the twist angles. Figure 1(b) shows five typical
SAED patterns with twist angles of 5.6°, 10.3°, 15.5°, 21.9°,
and 28.2°, where two sets of sixfold symmetry diffraction
patterns corresponding to graphene and A-BN are rotated
from each other and show slightly different lattice constants
(the lattice constant of #-BN is ~1.8% larger than that of

graphene [30] ). The HAADF images taken in corresponding
areas show different moiré periods [Fig. 1(c) ], which fit well
with the results calculated from the twist angles extracted
from SAED (Supplemental Material [31] Fig. S1). The
typical EELS spectra of twist-angle-dependent transitions
in h-BN/graphene vertical heterostructures are shown in
Fig. 1(d). The overlaid peaks are fitted by Gaussian peaks;
e.g., a 24.0° twist case is shown in Fig. 1(e). The extracted
peak positions are plotted in Fig. 1(f). The corresponding
twist angle determined SAED patterns are shown in
Supplemental Material Fig. S2 [31]. Three main peaks
can be found in the range of 4-6 eV.

As a comparison, we also performed EELS on mono-
layer graphene and h-BN [dark and light gray lines in
Fig. 1(d), respectively]. Notably, the #-BN spectrum shows
no peaks below 6 eV, and only a rising edge at 6 eV results
from its band gap, which also appears in the h-BN/
graphene heterostructure spectra and remains unchanged
regardless of the presence of graphene or the twist angle.
The graphene spectrum has a single peak at ~4.75 eV,
close to the peaks with the lowest energies in the twisted
h-BN/graphene heterostructure spectra, and is labeled as
the first transition. The second and third transitions did not
appear in the #-BN or graphene monolayer spectrum, but
showed up in the #-BN/graphene heterostructure spectra,
indicating that the new second and third transitions origi-
nate from the interlayer transitions between h-BN and
graphene.
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FIG.2. Energy loss function and Gr-Gr intralayer transition. (a) Calculated energy loss functions of twisted #-BN/Gr heterostructures.
(b) Calculated band structure of 2-BN/Gr vertical heterostructure with 0° twist angle, in which the pink and blue arrows indicate the first
and the second transition pathways, respectively. (c) Comparison of experimental (pink) and DFT-simulated results (gray) of the Gr-Gr
transitions in 4-BN/Gr heterostructures with different twist angles. (d) Calculated Gr DOS in #-BN/Gr heterostructure with different
twist angles, in which the pink and blue shades cover the ranges of DOS peaks in Gr valence and conduction bands, respectively.

We then used the independent-particle approximation
(IPA) [42] to calculate the electron energy loss function
(ELF) as the imaginary part of the inverse of the dielectric
function —Im(e~!) [39], as shown in Fig. 2(a). The
heterostructure models used in these simulations are
integrated in Table S1 in the Supplemental Material
[31]. All three branches of peaks can be found in the
calculated ELFs. The first transition energies show rather
stable values. The second and third transition energies have
inverse tendency as the twist angle increases, and come to
the same value near 30°. The third transition appears when
twist angles are larger than ~16°. The peak intensities of the
second and third transitions are smaller than that of the first
transition, and become stronger when twist angles increase.
All these features agree well with the experimental results.

Previous studies reported that the excitonic effects can
be found in graphene and transition-metal dichalcoge-
nides [43,44]. In our study, considering the transition
energy evolutions in experimental results fit very well
with the TPA calculations even without considering the
excitons’ effect [42], the possible excitonic effects should
not play a significant role in our case. But further
theoretical approaches considering the excitonic effect
may lead to more accurate results in simulations.

Earlier studies recognized the peak in graphene at
~5 eV as z plasmons [45,46] because of their dispersive
behavior with plasmon feature [40-42]. However, recent
work noted that this excitation is actually an interband
transition [47] in EELS characterizations. In fact, in typical
on-axis EELS experiments with ¢ = 0 signal included, the
signal with g # 0 is much weaker than that at ¢ =0,

making the direct transmission electrons, i.e., g — 0,
prominent, while the contribution from the nonzero-
momentum-transfer signal is almost negligible (a detailed
discussion can be found in the Supplemental Material and
Fig. S5 [31]). Moreover, the plasmon disappears when
q =0 [41], and the excitation energy approaches the
single-particle energy gap [40]. Therefore, the plasmon
influence should be very small. The effects of the plasmon
are studied experimentally and presented in Figs. S6 and
S7 in the Supplemental Material [31]. Considering the
large convergence angle in experimental conditions has
much better spatial resolution but little influence on the
EELS results, we choose large convergence and collection
semiangles to avoid the possible effects of carbon con-
tamination in our experiment (see Methods and Fig. S8 in
Supplemental Material [31] for details). We will only
consider vertical interband transitions hereinafter.

Combined with first-principle calculations, we identified
the first and second transitions as the graphene intralayer
transition and the interlayer transition from A-BN to
graphene [Fig. 2(b), the pink and blue arrows indicate
the transition pathways of intralayer and interlayer tran-
sitions, respectively]. For these two transitions, the end
points are the M point in the graphene conduction band,
while the starting points can be attributed to the M point in
the valence bands of graphene and a twist-angle-related
point in the valence bands of 4-BN, respectively [40]. The
third transition is caused by other interlayer transition
pathways from 4-BN to graphene owing to the twist and
will be discussed below.

016201-3



PHYSICAL REVIEW LETTERS 131, 016201 (2023)

We first studied the evolution of the graphene intra-
layer transition at the M point with the 4-BN interaction.
The statistics of all experimental results are shown as pink
points in Fig. 2(c). The transition energy decreases by
~0.22 eV with the twist angle increasing up to 30°. First-
principle calculations were performed to reveal the under-
lying mechanism of the energy shift. We can pinpoint the
transition start and end points by a comparison between the
peaks in the calculated ELFs and the energy differences of
the density of state (DOS) VHS and correspondent bands.
The DOS projected on graphene layers is shown in Fig. 2(d).
Two DOS peaks that originate from the graphene vHS at
the M point in both the valence band and conduction
band, contribute to the response in the EELS spectrum of
the graphene intralayer transition. The pink shade marks
the variation in the valence VHS of graphene, which is the
starting point of intralayer transition and decreases as the
twist angle increases. At the same time, the conduction vHS
(end point) covered by the blue shade remains unchanged
with different twist angles. Therefore, the intralayer tran-
sition energy drop is caused by the variation in the valence
band of graphene owing to a different moiré potential at the
heterointerface. Although the well-known band gap error
with the Perdew-Burke-Ernzerhof functional [48,49]
makes the simulated transition energies smaller than the
experimental results, the tendency of the simulated energy
shift [gray squares in Fig. 2(c) ] shows excellent agreement
with the experimental results.

To further distinguish the origin of the second and third
transitions, we compared the calculated ELF results
between 26.0° twisted h-BN/graphene heterostructures
with (~3.4 A interlayer distance) and without (15 A
interlayer distance) interlayer interaction, as shown in
Fig. 3(a). The second and third peaks disappear in the
separated structure, suggesting that they correspond to the
interlayer transitions between 4#-BN and graphene.

The energy of the second interlayer transition in the
h-BN/graphene heterostructure was extracted and repre-
sented as blue points in Fig. 3(b). The transition energy
decreases ~0.5 eV (from 5.6 to 5.1 eV) as the twist angle
increases. Based on the above discussion, this transition
occurs between the valence band of #-BN, which varies with
the twist angle, and the flat M-point conduction band of
graphene. Since the graphene M-point conduction band
remains fixed, we only considered the evolution of the
transition starting point on the #-BN valence band. The
BZ of the twisted system is schematically shown in Fig. 3(c),
where the pink and blue hexagons correspond to the BZ for
graphene and /-BN, respectively. When the twist angle 6
changes, the graphene M point will project onto different
positions in the #2-BN BZ. In this way, the starting points in
the interlayer vertical transitions will form a circular track in
the 2-BN BZ with a radius of the I' — M reciprocal distance
when 6 varies from 0° to 360° [indicated by the dark dashed
circle in Fig. 3(c) ]. We projected the M point of the graphene
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FIG. 3. h-BN/Gr interlayer transition. (a) Comparison be-
tween the calculated ELF of 26.0° twisted #-BN/Gr hetero-
structures with (~3.4 A interlayer distance) and without (15 A
interlayer distance) interlayer interaction. The blue and green
lines correspond to the fitted second and third transitions,
respectively. The light gray line is the background caused by
the h-BN intralayer transition. The dashed gray line is the
summed signal. (b) Experimental results (blue points) and DFT-
simulated results (gray line) of the transitions with different twist
angles. (c) Schematic of the @ twist 7-BN/Gr BZ, in which the
black dashed circle indicates the track of the Gr M point with all
possible twist angles. (d) Valence band energy of 4-BN in the
I'-M-K triangle, in which the black dashed line indicates the
trace Gr M point projecting on h-BN BZ. Color bar: The
relative energy of the #-BN valence band below the Fermi level.

BZ to the superimposed rotated first #-BN BZ, as the red
pointin Figs. 3(c) and 3(d) indicated. The projected BZ point
is located inside the #-BN BZ as shown in Fig. 3(d). Then we
pinpoint the corresponding transition starting point on the
first valence band of #-BN. As indicated by the black dashed
arc in Fig. 3(d), along the graphene M -point projection trace
in the #-BN BZ, the valence band energy decreases by
approximately 0.8 eV from the M point at 0° to a non-high-
symmetry point on the I' — K line at 30°. The energy drop is
thus equivalent to the shift of the starting point projected on
the 2-BN valence band. We tracked the energy shift when the
twist angle changes from 0° to 30° [gray line in Fig. 3(b) ],
and it qualitatively matches the tendency of the experimental
results. Note that we have only considered the influence from
the evolution of the transition start point based on the same 0°
twist structure in this part, while the band difference owing to
the twist-angle-dependent moiré potential [13,50] and the
contributions from other non-high-symmetry points are
ignored (see Supplemental Material Fig. S9 [31]), which
contribute to a discrepancy between the experimental results
and the calculated energy in Fig. 3(b).

For the third transition appearing at 18°-25°, it comes
from other interlayer transition pathways, as evident by
Fig. 3(a). Direct transitions on non-high-symmetry points
in reciprocal space contribute to the third transition. The
transition start and end bands are the same as the second
transition. The transition energies of the second and third
transitions become the same at large twist angles, leading
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FIG. 4. EELS mapping of the transition energies. (a) Schematic of a 27.6°/17.5° twist 4~-BN/Gr heterostructure boundary. (b),(c)
Diffraction patterns recorded on different sides of the boundary with a twist angle of (b) 27.6° (left) or (c¢) 17.5° (right). (d) Comparison
between the integrated spectra on different sides of the boundary. (e)—(g) Energy mapping of the (e) Gr intralayer transition, (f) #-BN/Gr
interlayer transition, and (g) #-BN intralayer transition at the boundary.

to the large peak overlap approaching 30° (a detailed
discussion can be found in Supplemental Material and
Fig. S9 [31]).

Notably, the difference of the transition energies
enables identification of the twist angle by characteristic
energies. In our experiment, the graphene we used is whole
single crystalline [51], while the h-BN stacked on gra-
phene is actually polycrystalline in micrometer scale [52],
which results in some horizonal boundaries between
h-BN/graphene heterostructures. Figure 4(a) shows a
schematic of a typical horizonal boundary with different
twist angles, which are estimated to be 27.6° and 17.5° by
diffraction patterns [Figs. 4(b) and 4(c) ], but are difficult
to distinguish in low-magnification HAADF images. The
typical EELS spectra are shown in Fig. 4(d). The graphene
intralayer transition energy and 4#-BN/graphene interlayer
transition energy show obvious redshifts of ~100 and
~280 meV from 17.5° to 27.6°, respectively, while the
band gap of A-BN remains unchanged (evaluated by the
rising edge before 6 eV) as the band gap is probably at the K
point [53], which has little overlap with the band of gra-
phene. We can clearly distinguish the characteristic energies
of the graphene intralayer transition and 4-BN/graphene
interlayer transition from the extracted energy distributions
[Figs. 4(e) and 4(f) ], which show sharp contrasts at the
boundary. For comparison, the mapping of the 4-BN band
gap [Fig. 4(g) ] does not have any spatial features and remains
uniform, indicating an intrinsic feature without influence
from the moiré potential.

In conclusion, we studied the twist-angle-dependent intra-
layer and interlayer transition behavior in #-BN/graphene
heterostructures. Owing to the moiré potential, the graphene
M-point intralayer transition energy decreases by ~0.22 eV
when the twist angle increases from 0° to 30°. Meanwhile, the
flat conduction band at the graphene M point offers a new
transition end state for the electrons in the 4-BN valence
band, making an interlayer transition with an energy even
lower than the band gap of h-BN possible. Because the
transition starting point changes when graphene twists on
h-BN while the end point is fixed at the graphene M point, the
transition energy varies from ~5.6 to ~5.1 eV when the twist

angle increases from 0° to 30°. Our study revealed that in
twisted 2D systems, even heterointerfaces between a wide
band gap insulator and a semimetal, such as 4-BN and
graphene, can contribute to new transition channels with
different twist angles. Therefore, we should carefully address
each 2D heterointerface to prevent unexpected influence
on devices. Additionally, this provides new ways to
design advanced 2D optoelectronic devices with artificial
wavelengths.
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