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ARTICLE INFO ABSTRACT

Keywords: Van der Waals heterostacks can exhibit emergent properties as a result of the coupling between the individual
LEEM layers stacked. Here we focus on heterostacks of graphene and hBN, and study both coherent electron resonances
€V-TEM ed (or unoccupied states) and inelastic losses. For this, we measure electron reflection and transmission spectra of
Unoc_cuPle states the stack, as a function of electron energy. Special attention is paid to the symmetry upon flipping the hetero-
Probing depth . S
Interference stack, i.e., whether the electrons are first incident on the graphene or on the hBN surface: whereas electron
Van der Waals reflection may be sensitive to sample orientation, electron transmission should not. Experimentally, we compare
LEEM (reflection) and eV-TEM (transmission) IV spectra measured on free-standing graphene-hBN heterostacks
with either the graphene or hBN side facing the LEEM objective lens. Resonances and inelastic loss are first
modeled with the help of a simple wave interference toy model inspired by optics. More advanced calculations
are performed to obtain the spatially resolved density of unoccupied states in the heterostack. We relate these
calculations to the measured spectra, taking into account the finite probing depth of the reflected electron beam.

1. Introduction

Stacking two different van der Waals (vdW) materials produces a
heterostructure that breaks the out-of-plane symmetry of a sample [1].
The graphene-hBN heterostack specifically is commonly used in exper-
iments, where hexagonal boron nitride (hBN) provides an insulating flat
surface for graphene with a minimal lattice mismatch [2,3]. Placing
graphene on or between hBN is known to yield better transport char-
acteristics (e.g., higher charge carrier mobility in graphene [4-6] than
on other common substrates like silicon and silicon nitride. Further-
more, it is in hBN sandwich structures that superconductivity in twisted
bilayer graphene is found [7]). It is generally assumed that the coupling
of hBN to the graphene can be neglected at the Fermi level, as hBN is a
large band gap insulator [8,9].

Like graphene, hBN is a vdW material with a hexagonal lattice, with
all boron (B) and nitrogen (N) atoms located in one plane. Following a
wave interference toy model [10], one can expect interlayer states (i.e.
unoccupied electronic states located between atomic layers) in
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multilayer hBN just like in multilayer graphene [11,12], and even in a
graphene-hBN heterostack. These states should be observable in LEEM
IV-spectroscopy, provided they are above the vacuum energy.

Indeed, Hibino et al. [13] have previously reported on mono- and
bilayer graphene on top of mono- and bilayer hBN on a cobalt (Co)
surface. Their LEEM-IV spectra show a characteristic interlayer state
minimum even for one-layer graphene on one-layer hBN, and a splitting
of the minimum upon adding more layers of graphene and/or hBN.

Jobst et al. [14] have also investigated hBN interlayer states using
LEEM. They observed a splitting of the hBN interlayer states for two to
five layers of hBN on silicon, similar to the case of two to five layers of
graphene. Furthermore, they presented self-consistent electronic struc-
ture calculations showing that few-layer graphene on bulk hBN retains
its characteristic splitting of the interlayer state, while few-layer gra-
phene on few-layer hBN should show a mixed interlayer state.

In this work, we present and discuss measurements on freestanding
hBN-on-graphene heterostructures, thus removing the substrate from
the system. For this, our multilayers are suspended over the 2-um holes
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of a TEM grid. We present LEEM- and eV-TEM IV spectra of these free-
standing heterostructures and compare these to the previously pub-
lished reports. The fact that the sample is prepared on a TEM grid also
allows us to investigate the role of symmetry: We can flip the sample and
measure LEEM and eV-TEM spectra on the reversed order of layers. We
model our system in two ways. Initially, we apply a simple toy model to
get an intuition for the problem. Subsequently, we compare the exper-
imental data to calculations of reflection and transmission obtained by
constructing the Bloch eigenfunctions of the different graphene-hBN
heterostacks.

2. Experiment

The sample was prepared from CVD-grown hBN and graphene (ac-
quired from [15] and [16], respectively), transferred to a holey TEM
grid (silicon nitride [17]). First, the holey TEM grid was sputter-coated
with 5 nm platinum/palladium from both sides to make it conductive
and thus prevent charging by absorbed electrons. Next, we float a glass
frame on a 0.1 M ammonium persulfate (APS) solution and place the
CVD-grown graphene on Cu inside the frame. Following the
polymer-free transfer method [18], the surface tension of the etchant
prevents the graphene from crumbling onto itself. Once the Cu is
removed, the graphene is picked up by lowering the hBN on Cu onto it.
Then the stack is flipped, such that the Cu is on the bottom, and the
process is repeated to etch away the copper. Finally, the floating gra-
phene on hBN is picked up from the top with the sputter-coated SiN TEM
grid. The resulting stack on the TEM grid is tilted away to break the
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surface tension and the excess etchant left on the surface is blotted away
with filter paper. We note that no additional cleaning steps have been
performed, i.e., the graphene and hBN surfaces in contact with each
other have been exposed to air and the outer surfaces of the stack were in
contact with Cu and etchant.

Two free-standing areas of the sample are shown in Fig. 1, with the
micrographs recorded both in LEEM (Fig. 1a,c) and eV-TEM (Fig. 1b, d)
mode. In the usual orientation of the TEM grid, i.e., with the flat side
towards the LEEM objective lens, the resulting order of layers as seen
from the LEEM objective lens-side is: hBN (on top of) / graphene (on top
of a holey) / SiN TEM grid. A comparison to a previous LEEM inspection
of the individual CVD-grown materials - still on their copper substrates -
indicates that the multilayer areas of elongated tears (Fig. 1, blue ar-
rows) or folds are in the graphene and the triangular multilayer areas
(Fig. 1, red and yellow arrows) are in the hBN.

The graphene/hBN film on the TEM grid (Fig. 1) does not show tears,
indicating that the majority of the sample is covered by a monolayer of
graphene with a monolayer of hBN on top, denoted as 1Gr1hBN. The
other layer combinations are enumerated by their graphene (Gr) and
hBN count, inferred from the shapes of the features. Below, we will
confirm the layer count by comparing the spectra measured to the
previous publication of Hibino et al. [13].

The option of flipping the sample allows us to acquire four spectra
per heterostructure and compare these to the considerations about
symmetry. These four spectra cover all possibilities of perpendicular
electron transmission and reflection of the sample. In the left column of
Fig. 2, we show spectra recorded in the usual configuration (with the

mmsm 1Gr1lhBN
mmmm 1Gr2hBN
1Gr3hBN
2GrlhBN

Fig. 1. LEEM images (a,c) and eV-TEM images (b,d) of the hBN-on-graphene heterostack. While most areas are covered with one layer of hBN on top of one layer of
graphene, some triangles of additional layers of hBN and lines of additional graphene layers show. The Pt/Pd-coated SiN support grid is impenetrable for the
electrons and corrugates the layered material on top of it, compared to the free-standing areas. The arrows point to areas with an additional layer of graphene
(2Gr1hBN) and additional layers of hBN (1Gr2hBN and 1Gr3hBN). The other areas are one layer of hBN on one layer of graphene (1GrlhBN, not marked

with arrows).
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Fig. 2. Sketch of the graphene-hBN heterostack sample with (a) the original orientation (reflection from the hBN side), with the reflection spectra (c) and trans-
mission spectra (e) measured in this configuration. For the subsequent measurements the sample was flipped as shown in (b) (reflection from the graphene side) and
the reflection/transmission spectra (d) and (f), respectively, were acquired in this flipped orientation.

hBN side towards the LEEM lens as sketched in Fig. 2a), with the
reflection spectra in Fig. 2¢) and the transmission spectra in Fig. 2e). In
the right column of Fig. 2, the spectra recorded in the flipped configu-
ration (with the graphene side towards the LEEM lens as sketched in
panel b) are depicted, with reflection and transmission spectra in panel
2d) and 2f), respectively.

The spectra d) and f), acquired with the flipped geometry, are cut off
at 15 and 10 eV, respectively, as the spatial resolution, especially limited
by astigmatism, does not allow for distinguishing between the areas of
different layer count at higher energies. The imaging conditions are
inherently worse in the flipped condition, as the holey silicon nitride
(SiN) membrane is recessed ~300 um into the SiN frame. Since the
potential difference from the sample to the electron lens is much larger
on the LEEM side (15 kV) than on the eV-TEM side (~200 V), the electric
equipotential surfaces close to the TEM grid are much more curved,
when the recessed - instead of the flat side — of the TEM-grid is facing the
LEEM side. The in-plane electric field resulting from the curved equi-
potential planes deflects the electrons when imaging an area that is not
at the center of the TEM grid. The deflection can be compensated to
some degree by tilting the sample (relative to the LEEM lens), adjusting

the centering on the aberration-correcting mirror, and — only in the
LEEM case — adjusting the incidence angle of the electrons. However, we
find that these compensations are optimal at a low energy and get worse
with increasing energy.

The spectra in Fig. 2 show features that resemble interlayer reso-
nances seen in multilayer graphene, as well as features that are unique to
hBN spectra. The number of reflection minima associated with inter-
layer states (around 2.5 eV above vacuum level) only depends on the
number of layers, not whether these are graphene or hBN layers. Like in
freestanding graphene, there are n — 1 minima for n layers. Before dis-
cussing the individual features, we will gain intuition for the expected
interlayer resonances with the help of a simple interference toy model.
After returning to the experimental spectra, we will relate their hBN-
specific features to the density of states (above the vacuum level)
calculated from first principles for different graphene/hBN stacks and
different orientations.

3. Symmetry and inelastic toy model

In contrast to the multilayer graphene samples previously studied in
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eV-TEM [10,19], the present hBN-on-graphene heterostacks clearly
break the out-of-plane symmetry. We will first discuss what symmetries
of the reflection/transmission coefficients to expect upon flipping the
sample. Flipping the sample is equivalent to illuminating the sample
with electrons from the opposite side.

In the case of fully elastic scattering the transmitted and reflected
electron flux must be independent of the orientation, as implied by
scatter matrix theory [20,21]. Hence, in the absence of inelastic scat-
tering, we expect that the real-valued transmissivity T and reflectivity R
of electrons remain the same for the flipped sample.

In practice, we will have to consider inelastic scattering as well. In
that case, an asymmetric sample with a thickness larger than or com-
parable to the Mean Free Path (MFP) will not show the same reflectivity
on both sides. To give a simple example: consider a silicon chip with a
typical thickness of ~1 mm with graphene deposited on one side. On the
graphene side, we expect to measure a graphene signal in LEEM, whilst
only a Si signal is expected from the other side. The transmission for both
cases, however, should be the same in general.

To investigate the role of elastic and inelastic scattering in the het-
erostack we first turn to a semiclassical wave interference toy model
borrowed from thin film optics. For purely elastic scattering, at each
graphene- or hBN-layer, the electron wave is partially reflected and
partially transmitted with real-valued coefficients r and t, respectively,
such that 2 + t*> = 1. To denote inelastic effects, we assume that the
electron wave function amplitude is diminished by a real factor § at
every layer (replacing r by g-r, and t by p-t, with 0 < g < 1), corre-
sponding to an inelastic scattering probability of 1 —p? for every
interlayer distance travelled. In [10], we used this model to extract
elastic and inelastic mean free paths (MFPs) from the reflection and
transmission spectra of multilayer graphene. This model can easily be
modified to allow for material-specific reflectivities r and loss factors
in the hBN and graphene layers.

Fig. 3 shows toy-model transmission and reflection spectra of elec-
trons incident on heterostacks calculated with different losses and
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reflectivities for graphene and hBN. For graphene, we choose g =
exp ( — ak /20), with wavenumber k and layer spacing a, (equivalent to
Ainel = 324 = 1.6 4, with energy-dependent electron wavelength 1) to
model an inelastic loss that increases with energy like seen in previous
experiments [19]. The intensity loss factor 2 is plotted in the Fig. 3 in
black. The spectra are calculated for electrons incident from either side
to investigate this (a)symmetry. Comparison of the micrographs of
1Gr2hBN and 2Gr1hBN in Fig. 1 shows that the predominantly hBN-like
stack is both more reflective and more transmissive, i.e., has less loss.
Therefore, we choose to model hBN with a doubled electron reflectivity
relative to graphene, i.e., r2;y = 2-r2,. Additionally, with the inelastic
MFP given by Aine = — a/(2Ing) (with layer spacing a), we set the in-
elastic MFP in hBN to twice that in graphene, i.e. By = +/Bc;- We kept
the phase propagation the electron wave undergoes over a layer distance
the same for both hBN and graphene, as the interlayer distance is almost
the same (3.35 Ain graphene vs. 3.31 Ain hBN).

In Fig. 3 we show the resulting curves for a heterostack consisting of
one layer of graphene and one (1GrlhBN), two (1Gr2hBN), or three
(1Gr3hBN) layers of hBN. All of the curves show interference minima in
reflection (maxima in transmission) around 2.5 eV. These features are
associated with the interlayer resonances and allow for determination of
the (total) layer count. Upon reversing the order of layers, the trans-
mission spectra stay the same, as they should. However, while the
reflection spectra show the same qualitative features (related to inter-
layer resonances) independent of orientation, there is a quantitative
difference between both orientations: The reflection in the orientation
with hBN on top is consistently higher than with graphene on top, as we
modelled the hBN with a higher reflectivity coefficient r. Furthermore,
the features measured with graphene at the LEEM-lens side (top side) are
much sharper than for the flipped configuration. The reason for that is
that the electron interaction with the underlying layers is diminished by
the higher r-$ for the hBN layer (i.e. higher reflectivity at the top layer,
less penetration into deeper layers).

Interestingly, the toy model also suggests that the interlayer states

(a) (c) 1Gr1hBN
c 0 0
hBN o 10 C 10
top 8 s N7 1 ¢ N —
=2 S 10714 ~1 810ty T )
o 3 £
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Fig. 3. Calculated toy-model reflection and transmission spectra for multiple hBN layers on top of one graphene layer (sketch in (a), blue) and the flipped stack
(sketch in (b), orange). Calculation where graphene and hBN are assumed to have different inelastic reflectivity (r(z;r = r}leN /2 = 0.2) and different mean free path

(MFPpgy = 2-MFPg;). The chosen energy dependent intensity loss factor 2 for graphene is plotted in black. The phase propagation over a unit cell is kept the same.
The reflected spectrum changes upon flipping the sample, while the transmitted spectrum is invariant.
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are less visible in transmission than in reflection, in accordance with the
experiment (Fig. 2). However, we have not yet considered the energy
widths of the respective electron guns in the toy model, which is broader
for the thermal eV-TEM gun (0.75 eV) than for the cold field emitter
LEEM gun (0.25 eV).

Comparing Fig. 2 to Fig. 3, we find that the experimental reflection
and transmission baselines decrease more rapidly with energy than
those for the toy-model calculations. This implies the inelastic MFP has a
stronger energy-dependence than was assumed in our simple ansatz for
B. We will see below that a larger loss also worsens the visibility of the
splitting of the interference features, as it is the case for the second order
interference (around 21 eV) in the experimental data.

In Fig. 4 we focus further on the relationship between the widths of
the spectral features and inelastic scattering. We show reflection and
transmission spectra for a 1Gr2hBN sample under various inelastic mean
free paths, i.e., f-values, in the hBN, while the reflectivity of graphene
and hBN is chosen this time to be the same throughout, rg, = r2;y =0.2.
The inelastic loss in graphene is not varied; its inelastic loss factor > vs.
E is again plotted in black.

Ultramicroscopy 271 (2025) 114117

The MFPs chosen for hBN are arranged in increasing order, i.e.
decreasing in loss (increasing in f) from top to bottom in Fig. 4. With
decreasing loss, reflection and transmission both increase in both ori-
entations of the sample. Accordingly, the inelastic absorption decreases.
The increase in reflection is stronger for hBN on top than for graphene on
top, because we vary the loss of the hBN layer.

In Fig. 4, the splitting of the interlayer band around 2.5 eV is visible
in all the reflection plots. The broadening of the resonances due to in-
elastic processes leads to an apparent shift of the reflection minima that
also depends on whether graphene or hBN is on the top. However, the
splitting is (barely) visible in transmission plots for MFPypy > 1-MFPg,
(and not at lower MFPyy). The splitting of the second-order interlayer
state around 21 eV is only visible in reflection for MFPygy > 1-MFPg,
and in transmission for MFPygy > 2-MFPg,. We can expect interference
effects to be visible when the inelastic MFP is larger or comparable to
twice the interlayer spacing. All plotted cases and energies in Fig. 4, that
were chosen to match the experimental data realistically, are around this
length scale. However, to be detected as transmitted flux, the electron
has to transverse a total of three layers, and the expectation value of the
travelled path including multiple reflections is even larger. To compare
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Fig. 4. Toy model reflection and transmission spectra of 1Gr2hBN for different losses in hBN, with inelastic losses in hBN decreasing top to bottom. The transmission
peaks are less distinguishable at higher loss (top), i.e., lower finesse. The effect is not as strong on the reflection spectrum, though visible, especially for the incidence
from the hBN side. The reflectivity of graphene and hBN are set to r2 = 0.2 and the chosen energy dependent intensity loss factor /? for graphene is plotted in black.
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to a Fabry-Pérot interferometer, where the light is reflected multiple
times between mirrors with high reflectivity and very low loss, the
spectral widths of peaks relative to the separation of interference orders
is referred to as finesse [22]. While optical cavities typically reach a
finesse of 10° to 10°, the electron cavity with the reflectivity assumed in
our toy model would have a finesse in the order of 1 (measured in
vacuum wavelength, not in energy).

4. Spectra

After this discussion of spectral features expected due to interlayer
interference, let us return to the experimental data shown in Fig. 2.
When we concentrate on the spectra recorded in the original orientation
first (Fig. 2c/e), some general observations are visible upon adding more
layers of graphene and hBN. We will name them here, before discussing
them in more detail:

1. An increased reflectivity and a decreased transmissivity baseline
with an increasing number of layers.

2. At or near the resonant states, the reflectivity (transmittivity) can
locally decrease (increase).

3. Splitting of the resonant states at 0-5 eV with every added layer with
splitting energies slightly depending on whether graphene or hBN is
added.

4. Development of the hBN-specific minima that correspond to two
electron bands between 8-11 eV upon adding hBN layers [14].

5. Graphene/hBN dependent shifts of the ~20 eV band.

Observation 1) is indeed expected in a framework of inelastic pro-
cesses. The transmissivity has to generally decrease with layer count, as
electrons are scattered inelastically with a certain probability in each
layer. With a constant inelastic mean free path (ijyrp), and ignoring
multiple scattering, the flux of electrons not intercepted by inelastic
scattering decreases exponentially with thickness d, as T«exp(—
d /Amrp). Generally, the reflectivity increases with layer count (at least
far from the bands which allow the electrons to propagate into the
sample), as the electrons can elastically reflect from every layer with a
certain probability. The reflection minima (transmission maxima) at the
interlayer states split with increasing layer count, thus turning a
reflection minimum at a certain energy into a maximum upon addition
of a layer. This splitting can be seen as the interference of the wave-
function of an electron that undergoes multiple reflections at the layers,
as we discussed above.

Still, it is notable, that the increase in reflectivity in Fig. 2c is small
for an added layer of graphene compared to 1Gr1hBN, i.e., the 2Gr1hBN
curve, and comparably large for added layers of hBN, i.e., the 1Gr2hBN
curve. This has led us to model hBN with a larger reflectivity, rZ,y =
212, in Fig. 3.

Remarkably, in the eV-TEM spectra the splitting of the interlayer
state leads to a striking situation, where the transmissivity of the
1Gr2hBN stack oscillates around the transmissivity of the 1Grl1hBN
stack, i.e., the transmissivity increases at 2 eV and 5 eV upon adding a
layer of hBN, although the electrons have to pass three layers as opposed
to two in the 1Gr1hBN case. This example shows how important it is to
distinguish between elastic and inelastic MFP. In a material that is
dominated by inelastic scattering, a thicker sample would always have a
lower transmissivity.

As to observation 3), in the LEEM spectra in Fig. 2c, the energy
resolution is sufficient for counting the total number of layers. In eV-
TEM (Fig. 2e) in the same measurement configuration, the splitting is
just barely visible. For one part, we relate this difference to the different
impact of inelastic losses on the visibility of these splittings in reflection
and transmission, as seen in Fig. 4. Furthermore, the energy dispersion
of the eV-TEM electron gun is about three times that of the LEEM gun.

The transmission for 1Gr2hBN is larger than for 2Gr1hBN (both three
layers total), indicating that Gr is more lossy (shorter inelastic MFP) than
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hBN over the full energy range. This has led us to choose a larger loss for
graphene in Fig. 3.

As for Observation 4), the resonances around 8-11 eV are known
from bulk hBN data and calculations, e.g., [13,14,23-25], but do not
exist in graphene, nor in graphite (compare [19,26]). In the LEEM
spectrum, this feature is visible for the data with only one layer of hBN
and it splits in two distinguishable dips for more layers of hBN, as dis-
cussed below.

Finally, Observation 5) concerns the resonant state around 20 eV,
that manifests itself in the data as a minimum in reflectivity and a
maximum in transmissivity. It shifts to lower energy for more graphene-
like heterostacks and to higher energy for more hBN-like heterostacks.
The state is seen in both (bulk) graphene and (bulk) hBN. In our inter-
ference toy model, it is the result of the next-order interlayer resonance
(as compared to the 0-5 eV split band). No layer-dependent splitting of
the state is visible, however, which is attributed to increased inelastic
scattering at higher energies.

5. Calculated location of states

While the interference toy model explains the interlayer states and
gives an intuition for inelastic losses, it cannot capture the hBN specific
band at 8-11 eV. Hence, we introduce more advanced modelling in this
section. In fact, since the experimental spectra are acquired on free-
standing areas, they are free of substrate effects and especially suited
for comparison to (and testing of) calculations. To simulate and interpret
the experiment, electron density plots and the resulting reflectivity
spectra (Fig. 5 and 6) were calculated. We calculated the wavefunction
for low energy electrons incident on one side of the respective hetero-
stack. This was done for three stacks in both possible directions, i.e. for
1Gr1hBN, 1Gr2hBN, and 2Gr1hBN. We solve the Schrodinger equation
by matching Bloch waves inside the material and outside the material
(in vacuum) [27,28]. The reflectivity spectra (Fig. 6) are obtained from
the amplitudes of the reflected wave.

The color map in each plot of Fig. 5 shows the electron density
(normalized from O to the respective maximum), thus the absolute
square of the electron wave function at a given energy. As the calcula-
tion is done in three dimensions, the electron density is projected onto
the out-of-plane dimension. The horizontal axis shows the out-of-plane
dimension, or z-axis, with the electrons incident from the right, and
the position of each layer marked. The transmission states show up as
maxima on the left side of the sample (the transmission side), and
minima on the right side of the sample (the electron incidence and
reflection side). The transmission states go hand in hand with charac-
teristic localized density maxima inside of the sample, that indicate their
hBN-, graphene or interlayer-like character. While the reflection spectra
in Fig. 6 coincide for the two flipped orientations of a stack (as required
by the Schrodinger equation for a lossless system), the projected electron
densities in Fig. 5 actually differ. We will use the electron density plots to
show that the measured LEEM spectra are dominated by the states
closest to the surface facing the electron gun, as inelastic scattering leads
to a finite probing depth in LEEM.

The calculated reflection spectra for the 1Gr1hBN, 1Gr2hBN, and
2Gr1hBN stacks are shown in Fig. 6. R(E) is the reflected intensity in the
specular spot, thus directly comparable to the LEEM data. By compari-
son to experiment, the work function was fitted to be ® = Eyoc —
Er ~ 4.3 eV. We note that in these calculations no loss is applied,
implying that — as long as no diffracted beams are formed - all electrons
are either reflected or transmitted (in the specular spot).

We will now discuss the spectra (Fig. 6) and the electron density
(Fig. 5) in conjunction, following the order of features as discussed
previously for the experiments.

As in Observation 2) and 3), the lowest-energy reflectivity minimum
shows an energy shift depending on the material added (dashed lines in
Fig. 6). Like in our experiment, the state seen for 1Gr1hBN splits and
shifts to lower energy upon the addition of a layer of hBN, whereas it
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Fig. 5. Projected electron density p in the LEED state for the 2Gr1hBN (a,d), 1Gr1hBN (b,e) and 1Gr2hBN (c,f) stacks. The horizontal axis is the out-of-plane
dimension (‘z-axis’) with the positions of the hBN layers (BN) and graphene layers (C) marked. The energy scale refers to the Fermi energy Er, while the experi-
mental spectra are given with respect to the vacuum level E,,. = Er + @, with the work function ® =~ 4.3 eV. The electron wave is incident on the sample from the
right side, thus the interference of the incident and reflected wave is visible on the right of the sample, with the wavelength shortening with increasing energy. The
top row shows stacks with the hBN- side facing the electron source, the bottom row shows stacks with the graphene side facing the electron source. Flipping the stack
did not affect the calculated reflectivity. Note that inelastic effects are not considered here.

splits and shifts to higher energy upon the addition of a layer of gra-
phene. The electron density of the states (Fig. 5) is centered in between
the layers, as is expected for the interference state, but also has some
electron density in the layer, with more in the hBN than in the graphene
layer.

As in Observation 4), the hBN-specific state around E = 9 eV with
respect to Ey,.. (= Ep+ 13 eV) shows up as one minimum in the
1Gr1hBN and 2Gr1hBN spectra (dashed lines in Fig. 6), i.e., the spectra
that have one hBN layer, and as two minima in the 1Gr2hBN spectrum.

Other experiments [13,14,23] and calculations [13,24,29] on multilayer
and bulk hBN also show two reflection minima. In all the heterostacks
the electron density associated with these states is not centered in the
layers, but shows up as three maxima in between the layers, resembling
a 3p, orbital. Independent of the orientation, the majority of the electron
density is shifted towards the hBN layers, indicating that these states are
hBN-specific.

The splitting of the hBN-specific state is different from the splitting of
the first interference state at 3 eV. This is seen in the energy width of the
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Fig. 6. Calculated reflectivity of the bilayer and the two different trilayer stacks in the specular spot without loss. The low energy reflectivity minima are marked
with dashed lines in the corresponding colors to compare their energies. For the bands above 20 eV (with respect to Er) the dotted lines indicate the energies of 50%
reflectivity, as we can only resolve a general broad minimum at that high energy in experiment. The energy shifts of the low energy minima, the splitting of the ~13
eV minimum, and the general shift of the broad high energy minimum are also seen in the experiment, compare Fig. 4.

minima, which is much narrower than for the interference states, and
the fact that the minima do not split further for more than two layers of
hBN. For multilayer hBN, the bands are dispersive, and thus show up in
the electron reflection spectra as minima, although -with their very
narrow linewidth- their spectral weight is quite small.

Comparing to Observation 5), the calculations show that the broad
reflection minimum at 17 to 22 eV (=~ Er+ 21 to 26 eV) consists of
multiple minima that shift and split depending on the composition of the
heterostack. Note that the sharpest features in Fig. 6- a minimum, fol-
lowed by a maximum at ~21.5 eV - is caused by the formation of the
first-order diffraction beams. The range of the combined interlayer
resonances is indicated in Fig. 6 by dotted lines in the respective color at
50% reflectivity. Inelastic scattering shortens the lifetime of the state
and thus broadens it in energy.

The shift of this broadened band, as marked by the dotted lines at
50% reflectivity, follows the same systematics as in the experiment: it
shifts to lower energy for the addition of graphene and to higher energy
for the addition of hBN. However, the shift between the 2Gr1hBN and
the 1Gr2hBN stack is only 0.8 eV, compared to ~3 eV in the experiment.
We attribute this to inelastic scattering, which is not included in the

calculation, and the resulting short inelastic mean free path (IMFP) at
these higher energies. In LEEM, the probing depth is limited to the order
of the IMFP (which is less than 1 layer at this energy), thus the spectrum
will be dominated by the material the electrons encounter first — in this
case the hBN. The LEEM spectrum at this energy thus resembles the bulk
hBN spectrum (see [14]) more than the lossless calculation.

This reasoning of finite probing depth is supported by the electron
density plots (Fig. 5). The broad reflection minimum is associated with
states both in the graphene and the hBN at different energies. The state
that is centered in the graphene layers is at lower energy (Er + 21.5 eV),
while the states at higher energy (Er + 23.5 to 26 eV) are dominant
around the hBN layers for all heterostacks. Upon including inelastic
losses, we expect to probe more of the states closer to the incidence side
of the LEEM electrons, thus shift to lower energy for the incidence on the
graphene side and higher energy for incidence on the hBN side.

6. Conclusion

We have shown how the low electron energy reflectivity and trans-
missivity spectra of a freestanding graphene-hBN heterostructure
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depend on both the layer count and the stacking order of the layers. As
these freestanding areas are independent of substrate influences, they
are especially suited for comparison to theory. The interlayer states’
splitting around 1-4 eV show that there is a direct interaction of the
graphene and hBN layers, consistent with an interference toy model.
Hence, contamination between both layers in the sample stacked from
CVD-grown films must be minimal.

The freestanding heterostructures also allowed us to test for sym-
metry experimentally. Theoretically, for elastic scattering from a po-
tential, the electron transmission and reflection coefficients are
invariant under flipping the electron propagation direction. The intro-
duction of inelastic loss in our (toy) model, allows for asymmetry in
reflection, but not in transmission. Experimentally, we do find differ-
ences for both the reflection (major) and transmission (minor) under
illumination from both possible sides. The differences in transmission
are explained by the practical geometry, specifically the asymmetric
shape of the local electric field. The toy model also explains how the
visibility of the interlayer states diminishes with increasing loss, com-
parable to the finesse decreasing with loss in an optical cavity.

Comparison to the calculated probability density of electrons in real
space shows how the LEEM spectra are mostly probing the states close to
the incidence surface. Thus, the finite probing depth of LEEM - caused
by inelastic electron scattering — leads to different recorded spectra upon
flipping the sample. The states that are specific to graphene or hBN are
located at the respective layer. The interlayer states in turn are centered
in between the layers and can be seen as an interference of the electron
wave function upon partial reflection from both the graphene and hBN
layers. More generally, the combination of eV-TEM and LEEM can serve
as a unique probe for both unoccupied states and inelastic electron
processes in the general realm of (heterogeneous) van der Waals mate-
rials, provided their thickness does not exceed the inelastic scatter
lengths at the energies of interest [30].

Graphene-hBN heterostacks as measured here may, in turn, serve as
high-transmissivity substrates for eV-TEM investigation of layers that
grow better on hBN than graphene, e.g., pentacene [31], or be used to
encapsulate a sample in between. Improvements to the measurement,
especially in the flipped-sample geometry, may come from additional
alignment degrees of freedom of the eV-TEM gun. Adding a deflector to
control the incidence angle of the eV-TEM electron beam would allow
for angle-resolved transmitted-electron spectra measurements, comple-
mentary to ARRES and ARPES.
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