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We present experimental evidence of electronic and optical interlayer resonances in graphene van der
Waals heterostructure interfaces. Using the spectroscopic mode of a low-energy electron microscope
(LEEM), we characterized these interlayer resonant states up to 10 eV above the vacuum level. Compared
with nontwisted, AB-stacked bilayer graphene (AB BLG), an ≈0.2 Å increase was found in the interlayer
spacing of 30° twisted bilayer graphene (30°-tBLG). In addition, we used Raman spectroscopy to probe the
inelastic light-matter interactions. A unique type of Fano resonance was found around the D and G modes
of the graphene lattice vibrations. This anomalous, robust Fano resonance is a direct result of quantum
confinement and the interplay between discrete phonon states and the excitonic continuum.
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Resonant interference of confined waves can strongly
alter wave motion. Under certain configurations, exotic
bound states embedded in the continuum may emerge [1].
Confinement of waves is ubiquitous in nature, and is often
found at an interface, or on a surface [2,3], where symmetry
breaking is unavoidable and the role of boundary con-
ditions in wave motion becomes significant. In the quantum
regime, quantum confinement effects emerge when the
material system’s geometrical size is reduced to be com-
parable to an electron’s de Broglie wavelength [4–7].
The interference of electron waves scattered by different
boundaries or interfaces leads to quantized discrete energy
levels, forming standing-wavelike eigenstates, or quantum
well (QW) bound states in epitaxial thin films [5,8]. These
QW states modulate electronic behavior periodically at all
energy scales, including electronic states around the Fermi
level and electron-phonon coupling [5,8]. Previous reports
show that the QW states have a significant impact on
electronic spin [4,6,7], superconductivity [5], and the
electron mean free path [9].
In the case of graphene-based material systems, QW

states form due to a resonant interlayer multiple scattering.
The QW states in few-layer graphene appear as layer
number–dependent quantized electronic bands in both
occupied and unoccupied energy levels. The discrete
unoccupied electronic states that are above the vacuum
level can be captured by low-energy electron reflectivity
(LEER) measurements that use a coherent low-energy

(typically less than 10 eV) electron beam. A LEER
spectrum obtained from N layers of graphene usually
has N − 1 or N minima, depending on the substrate
interaction [9–11]. In particular, the LEER spectrum of
single-layer graphene (SLG) transferred on a substrate
(such as thermally processed SiO2) usually has no apparent
minimum, due to inhomogeneity in the supporting sub-
strate [12]. In bilayer graphene (BLG) systems, the LEER
spectra usually have one minimum located around 2.6 eV
above the vacuum level. This energy state is a manifestation
of interlayer resonant multiple scattering, and it is localized
in between the graphene layers. Discovery of supercon-
ductivity in a twisted “magic-angle” bilayer graphene
system [13] has stimulated renewed discussions about
weak van der Waals interlayer interaction in layered
material systems. Wu et al. proposed a phonon-mediated
superconductivity mechanism which highlighted the inter-
layer electron-phonon coupling [14]. Besides the commen-
surate small twist-angle BLG, an incommensurate 30°
twisted bilayer graphene (30°-tBLG) has recently emerged
as a promising system to study quasicrystallinity [15,16]
and exotic localization phenomena [17].
In this report, we present results of a comprehensive

investigation of the interlayer resonances and quantum
confinement effects in two types of unconventional gra-
phene interfaces: graphene-TiOx heterostructure interface
and graphene-graphene interface in 30°-tBLG [15,16]. We
have used two fundamentally different elemental particles
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as probes. First, we used electrons (fermions) at very low
energy (0–10 eV) in a back-scattering setup in a low-energy
electron microscope (LEEM) to probe the electronic
resonances. Furthermore, we used photons (bosons,
E ¼ 2.3 eV, λ ¼ 532 nm) for inelastic photon-electron
scattering in a confocal Raman spectromicroscope to probe
electron-phonon coupling. The schematic of the experi-
mental setup for electron and Raman scattering is shown
in Fig. 1(a).
The states detected by LEER correspond to electronic

states above the vacuum level in the continuum energy
range [18]. The local conduction band electronic structure
can be extracted with a high spatial resolution, up to a few
nanometers [18]. An electron traveling in a free space, with
energy Ee ¼ ðp2=2meÞ, can be described by a plane wave
function, ψðr⃗Þ ¼ eiðp⃗·r⃗−EtÞ=ℏ. Using de Broglie’s equation
λe ¼ ðh=pÞ, an electron with energy of 3 eV has a wave-
length of about 7 Å, which is comparable to the interlayer
spacing in few-layer graphene (≈3.34 Å in AB-stacking
configuration [19]). Under conditions of normal incidence,
an interlayer resonance forms when the interlayer spacing d
satisfies 2d ¼ nλ.
Thirty-degree twisted bilayer graphene was synthesized

by chemical vapor deposition (CVD) using a Ni–Cu
gradient alloy foil as the substrate following the recipe
reported in a previous study [20]. The as-grown graphene
samples were investigated using an aberration-corrected
LEEM [21]. In the LEEM bright-field mode, an image of
the surface is formed by elastically back-scattered elec-
trons, upon normal incidence of a coherent electron beam.

The atomic crystal 30°-tBLG is shown in Fig. 1(b).
Figure 1(c) shows a bright-field LEEM image of a
30 μm sample area of as-grown 30°-tBLG, accompanied
by an AB-stacked bilayer graphene (AB BLG) area, and an
SLG. Three different types of the 2D interfacial material
systems are readily available for investigation under the
same experimental conditions: 30°-tBLG graphene plane
interface, the AB BLG interface, and the SLG-substrate
interface. Distinct reflectivity contrasts were captured
between 30°-tBLG and AB BLG, indicating a difference
in the electronic structure between the two systems. Local
diffraction experiments were conducted in situ using the
microspot low-energy electron diffraction with a 1.5 μm
selected-area aperture. Figure 1(d) shows a diffraction
pattern acquired on the 30°-tBLG. Apart from the specular
spot in the center, the strongest spots are first order
diffraction beams due to graphene honeycomb lattice,
and are indexed as (10) and (01). A second set of first
order diffraction spots rotated by 30° is from the underlying
second layer of graphene. The inside, weaker 12 discrete
diffraction spots are the fractional order beams formed due
to elastic interlayer scattering. Extra spots that are marked
by red arrows originate from the substrate surface. Our
LEED data are consistent with a recent report on
the quasicrystalline perspective of 30°-tBLG grown on
SiC [15].
LEER experiments were conducted at room temperature

on the graphene transferred onto the TiOx substrates
developed for the QPress project at the Center for
Functional Nanomaterials, BNL. The 3.5 nm thick TiOx
films were grown by atomic layer deposition on the surface
of a 300 nm thick SiO2 on a Si wafer and annealed in
forming gas (4% H2=Ar2) to form an oxygen vacancy–rich
film. The ultrathin TiOx film is semiconducting and serves
two main purposes: (i) to provide sub nm–level flatness to
support a graphene system and enable interface interactions
and (ii) to induce effective electron wave or light wave
trapping to enable robust interactions through proximity
effects. A high-resolution transmission electron microscope
image of a typical TiOx film is shown in Supplemental
Material [22], Sec. I, Fig. S1. Detailed synthesis, graphene
transfer methods [20], and electronic transport characteri-
zation of the TiOx thin film are reported elsewhere [23].
Nanoscale local-area LEER curves were simultaneously

acquired by conducting dynamical measurements, in which
the incident electron energy is tuned, and the corresponding
reflected electron intensity is recorded in the form of
images of the surface, known as LEEM-IV [10,24].
Figure 2(c) contains the LEEM-IV spectra obtained from
the three different types of sample areas shown in Fig. 2(a).
Figure 2(b) shows the side view of the investigated
graphene interfaces. Two distinct minima were observed
on both, 30°-tBLG and AB BLG [marked by grey vertical
lines in Fig. 2(c)]. The energy difference between the two
minima ΔE is a result of energy state splitting due to a

(a) (b)

(c) (d)

30

FIG. 1. Low-energy electron microscopy of graphene grown
via CVD on a Ni–Cu gradient alloy foil. (a) Schematics of
electron and photon scattering experimental setup. (b) Atomic
model of the dodecagonal pattern formed by the 30°-tBLG crystal
structure. (c) Bright-field LEEM image of a typical sample
area, incident electron energy E ¼ 5.6 eV; the scale bar is
5 μm. (d) μ-LEED on a 30°-tBLG area taken at an electron
energy of E ¼ 42 eV.
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formation of interlayer electron resonant scattering state,
and it is a direct measurement of the interlayer bonding
energy in BLG systems. It can be associated with the
nearest-neighbor hopping integral t, by ΔE ¼ 2t [10]. For
AB bilayer stacking, we measured ΔEAB ¼ 2.6 eV, which
is consistent with the calculated value for the free-standing
scenario [11]. For the 30°-tBLG, ΔEtBLG ¼ 2.3 eV, which
is about 0.3 eV smaller than ΔEAB ¼ 2.6 eV. This δE ¼
0.3 eV energy shift due to a simple interlayer twist is
remarkable, and 1 order of magnitude bigger than pre-
viously thought [25]. Coincidentally, this δE is the same
value as the interlayer hopping energy, t⊥ [26].
The interlayer resonant electron energy is directly

associated with the wavelength of the electron wave packet
in the 2D interfacial confinement space. Using the de
Broglie’s equation λe ¼ ðh=pÞ, we write the standing
wave condition as 2d ¼ nλe, with integer n. The exper-
imentally relevant resonant mode corresponds to n ¼ 1 and
d ¼ ðλe=2Þ. The above analysis immediately yields the
direct relation between the experimentally observed dip
energy difference ΔE and interlayer spacing d in bilayer
graphene systems: ΔE ¼ ðh2=8meÞ × ð1=d2Þ or

d ∝ ΔE−1
2; ð1Þ

which produces ðdtBLG=dABÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðΔEAB=ΔEtBLGÞ

p

≈1.06.
Based on the simple estimate above, we find that the
interlayer spacing of 30°-tBLG is increased by about 6%,
compared with the AB BLG. Assuming an AB BLG
interlayer spacing of 3.34 Å, this means ≈0.2 Å increase
in the 30°-tBLG interlayer spacing. In the BLG systems, the
interlayer spacing and electronic structure are strongly

correlated [27]. The observed interlayer bonding energy
difference between AB BLG and 30°-tBLG may have a
deep impact on the system’s electronic properties and its
electron-quasi-particle interactions [28,29].
In the SLG-TiOx LEEM-IV spectrum, shown in

Fig. 2(c), there is a pronounced sharp minimum having
a Fano-asymmetry shape, which has not been previously
observed. This result indicates a formation of a robust SLG-
TiOx interface electron resonant state. This state is only
about 0.1 eVabove the vacuum energy level, as determined
by the energy difference of the first minimum and onset
drop of the reflected intensity. The Fano shape may indicate
the existence of continuum gradient resonant electronic
states [29]. The origin of this phenomenon could be due to
the formation of a gradient electric field in the interface
space induced by a high concentration of confined charges,
which are similar to previously reported epitaxially grown
graphene-substrate interfaces [15,28]. It is worth noting
that achieving a well-defined electronic interaction between
the transferred graphene and substrate without damaging
the graphene’s intrinsic properties is critical for the scaling
up and design of next generation graphene-based electronic
and optoelectronic devices.
A 1D quantum potential well model can be used to

illustrate the observed interlayer resonances. Each gra-
phene plane is modeled as an individual, Dirac delta
function potential with scattering strength vð1Þ0 and vð2Þ0

for the top and bottom graphene layers, respectively. The
TiOx substrate is modeled as a constant scalar scattering
potential normal to the surface vsr (see Supplemental
Material [22], Sec. II, for details). A comparison of our
analysis with the experimental LEEM spectra seen in
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FIG. 2. Dynamical low-energy electron reflectivity of graphene systems on TiOx substrate. (a) Bright-field LEEM image of a typical
30°-tBLG sample on TiOx, E ¼ 2.3 eV, scale bar is 5 μm. (b) Schematics of side view of presented graphene interface material system.
(c) LEEM-IV spectra of 30°-tBLG, AB BLG, and SLG samples on TiOx.
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Fig. 2(c) allows us to draw several conclusions about the
system: (i) The sharp dip pinned to the high-energy side
of the LEEM reflectivity plateau is observed in both
monolayer and bilayer systems. The dip occurs due to
the ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E − vsr
p

terms in the reflectivity formula (see
Supplemental Material [22], Sec. II) and does not have a
conventional Lorentzian profile. The sharpness of the dip is
very sensitive to the quality of the graphene-TiOx interface,
and it attests to an electronically sharp and well-defined
interface. (ii) The function of the amorphous TiOx substrate
can be approximated as a well-defined out-of-plane scalar
electric potential vsr ¼ 0.95 eV during a scattering event.
(iii) We find that the scattering potential of graphene is
negative, i.e., v0 < 0. That sign is consistent with an
attractive image potential between an incoming electron
and a graphene plane. (iv) For the bilayer systems, non-
vanishing reflectivity jrðEresÞj2 ≠ 0 at resonances Eres
indicates nonequal scattering potentials vð1Þ0 ≠ vð2Þ0 [30].
Quantified scattering potential on each plane can be found
in the Supplemental Material [22], Sec. II. The nonequal
scattering potential could indicate a charge redistribution
between the graphene layers in both BLG systems, which is
also a result of symmetry breaking, due to the TiOx induced
out-of-plane electric field. This is similar to the gating
effects in BLG which result in the formation of a gap in the
electronic spectrum [31]. Comparison of the calculated
electron reflectivity spectra with the experimental data
shows good agreement (see Fig. S2 in the Supplemental
Material [22], Sec. II, which includes Refs. [30–33]).

The external field induced by the substrate can have a
great impact on graphene’s properties, due to a proximity
effect and symmetry breaking [34,35]. In the SLG scenario,
Anderson localization-delocalization may happen in an
external electric field [35]. In case of a bilayer, an external
field would introduce charge transfer between layers,
leading to a formation of excitons [34]. If the exciton’s
lifetime is long enough, coupling with phonons can become
significant, giving rise to Fano resonance in the inelastic
Raman scattering process.
To examine this process, we explored in more detail the

electron-phonon interactions in the graphene bilayer sys-
tems, using a confocal micro-Raman spectroscopy with
a 532 nm (∼2.3 eV) excitation. For consistency, we
have located the same sample area as was investigated
in the LEEM-IV experiments. In the Raman spectrum
shown in Fig. 3, we identified three peaks: (i) 2D peak
at around q ¼ 2690 cm−1, (ii) G peak centered around
q ¼ 1600 cm−1, and (iii) D peak centered around
q ¼ 1349 cm−1. Comparing the Raman spectrum of
30°-tBLG with AB BLG, 2D peak intensity is strongly
enhanced, by approximately 4 times. We attribute this
enhancement to the increased probability of intervalley
double resonance scattering caused by replicated and
mirrored Dirac cones in the Brillouin zone in 30°-tBLG
[15]. For the SLG on TiOx substrate, the Raman spectrum
shows a distinct high-intensity D peak. The D peak does
not originate from the defects in the graphene sample itself.
The graphene samples are pristine, as the Raman spectrum

(a) (b)

(c)

(d)

(e)

(f)

(g)

FIG. 3. (a) Raman spectrum of a transferred SLG, AB BLG, and 30°-tBLG on TiOx substrate. (b)–(d) Scanning Raman image using
integrated peak intensity centered around D peak, G peak, and 2D peak, respectively; integration window is 100 cm−1. (e)–(g) Fano
model fitting of G peak for SLG, AB BLG, and 30°-tBLG, respectively.
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of graphene transferred to a conventional 300 nm SiO2

shows negligible intensity around q ¼ 1349 cm−1

[Supplemental Material [22], Sec. I, Fig. S3(a)]. Also,
the D peak does not originate from the TiOx substrate, as
shown in the Raman spectrum of bare TiOx in the
Supplemental Material [22], Sec. I, Fig. S3(b).
Previously, it was believed that the D peak in graphene
was from localized electronic defect states coupled with a
zone-center phonon mode of graphene [36]. In this
electron-phonon coupling process, only energy is trans-
ferred while momentum is not exchanged [36]. The D peak
was usually observed around defects, or boundaries of
graphene [36]. However, our experiments show that emer-
gence of the D peak is due to the interface interaction in the
SLG-TiOx heterostructure. Specifically, the defect elec-
tronic states at the surface of the TiOx substrate couple with
the graphene lattice vibrational modes. Moreover, the G
peak of SLG-TiOx shows enormous intensity, also having a
Fano-shape asymmetry. The intensity of the G peak is even
larger than the SLG 2D peak. On a conventional 300 nm
SiO2 substrate, the Raman spectrum of SLG shows a much
smaller G peak intensity compared with the 2D peak [see
Supplemental Material [22], Fig. S3(a)]. The G peak in
SLG-TiOx also shows a significant asymmetry feature with
a broad peak width (∼100 cm−1). Similar Fano effects
around the G peak have been reported by IR spectroscopy,
and were attributed to the graphene zone-center phonon
mode (0.2 eV) coupled with continuum electronic states in
the system [37]. However the origin of the continuum
electronic states was not elucidated, and the Fano-shaped
peak width only spanned ∼10 cm−1.
In summary, we have studied the electronic and optical

wave interferences and resonances in the unique, high
quality, large area SLG-TiOx and dodecagonal 30°-tBLG
interface systems. The LEED patterns show a strong
interlayer scattering and a 12-fold rotational symmetry in
as-grown 30°-tBLG. The energy of the interlayer electronic
resonant state in 30°-tBLG was found to be 0.3 eV lower
compared with the well-known AB BLG. This result
indicates that the interlayer spacing in 30°-tBLG is about
6%, or ≈0.2 Å greater than that of AB BLG. The increase
of the interlayer spacing in 30°-tBLG may have a profound
impact on its electronic properties, such as smaller inter-
layer bonding energy, which makes 30°-tBLG more sus-
ceptible to external perturbation. Both the LEEM-IV
and Raman results consistently show a strong graphene-
graphene interface interaction resulting from the continuum
electronic defect states coupled with phonon, or plasmon;
thus, the 30°-tBLG interface presents unique interlayer
resonant interaction, in which interlayer scattering is
greatly enhanced.
We have also shown that the SLG-TiOx interface hosts

multiple types of Fano resonances in both electron- and
photon-matter interactions. In the electron case, SLG-TiOx
functions as a waveguide (graphene) with a perfect

reflecting mirror (TiOx). The entire system reduces to a
1D Fabry-Perót resonator. It has a sharp Fano resonance
at energy just 0.1 eV above the vacuum level [2]. Upon
visible photon excitation, interlayer exciton forms and
interacts with phonons, manifesting itself as Fano-shaped
peaks in the Raman scattering process, around the G and D
mode of graphene. In the case of SLG-TiOx, waves are
confined within the interface between two individual
surfaces.
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