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The environment contributes to the screening of Coulomb interactions in two-dimensional semiconductors. This can potentially be
exploited to tailor material properties as well as for sensing applications. Here, we investigate the tuning of the band gap and the
exciton binding energy in the two-dimensional semiconductor WS, via the external dielectric screening. Embedding WS, in van der
Waals heterostructures with graphene and hBN spacers of thicknesses between one and 16 atomic layers, we experimentally
determine both energies as a function of the WS,-to-graphene interlayer distance and the charge carrier density in graphene. We
find that the modification to the band gap as well as the exciton binding energy are well described by a one-over-distance
dependence, with a significant effect remaining at several nanometers distance, at which the two layers are electrically well
isolated. This observation is explained by a screening arising from an image charge induced by the graphene layer. Furthermore, we
find that the effectiveness of graphene in screening Coulomb interactions in nearby WS, depends on its doping level and can
therefore be controlled via the electric field effect. We determine that, at room temperature, it is modified by approximately 20% for

charge carrier densities of 2x 10'2cm~2,
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INTRODUCTION

Embedding two-dimensional (2D) semiconductors, such as transi-
tion metal dichalcogenides (TMDs), into van der Waals hetero-
structures offers a wide variety of opportunities for tuning material
properties and creating functionalities. These range from the
improvement of the homogeneity of light emission’3, the
creation of vertical and lateral heterojunctions*”, to the
emergence of hybridized electronic states® and twist-angle
dependent phenomena®'®. Even in the absence of electronic
hybridization, the intrinsic opto-electronic properties of the 2D
semiconductor strongly depend on the neighboring materials. In
particular, dielectric screening by the environment modifies
Coulomb interactions between charge carriers in 2D semiconduc-
tors'". This dielectric screening manifests as a reduction of exciton
binding energies compared to monolayers in vacuum®'? and is
accompanied by a reduction of the quasiparticle band gap due to
a weaker electron self-interaction®'3-'%, Controlling the dielectric
environment therefore constitutes a way of tailoring material
properties, which can be exploited, e.g., to induce lateral
heterojunctions in 2D semiconductors'*'®. Importantly, it can be
applied in addition to more traditional means, such as alloying,
straining, or doping'’~'°.

So far, modifications to the external screening have mainly been
investigated using TMDs in direct contact with various substrate
materials®'®2%21, For real applications, however, it might be
necessary to both electrically isolate the two layers as well as to
obtain a more gradual control over the dielectric screening.

Electrical isolation could, for example, be achieved using thin
hexagonal boron nitride (hBN) as spacer layers?>?3, The effect of
thin spacer layers on the screening has been investigated using
GW calculations, which predict that the quasiparticle band gap of

the TMD decreases with a one-over-distance dependence?*2°,

These calculations, however, have experimentally not been tested
and also do not describe excitonic effects, which dominate the
optical spectra of the TMDs.

Additional tunability of the screening has been suggested to be
possible by changing the charge carrier density of graphene?25,
This effect promises an in situ way of modifying the screening and
has yet to be demonstrated at room temperature?’.

Here, we provide a comprehensive picture of the dielectric
screening in 2D heterostructures at room temperature using the
2D semiconductor WS, graphene, and thin spacer layers of hBN.
We quantify the tunability of the exciton binding energy as well as
the quasiparticle band gap as a function of the distance between
WS, and graphene as well as of the charge carrier density of
graphene. Our results demonstrate a wide range of tunability and
will allow the design of heterostructures of 2D semiconductors
with (locally) well-defined material properties.

RESULTS
Sample design and preparation

The samples studied in this work consist of monolayers of WS,
and graphene, separated by spacers of nygy layers of hBN. These
heterostructures are fully encapsulated by the thicker top and
bottom layers of hBN. A sketch of the sample geometry with and
without spacer layers is shown in Fig. 1a. Some of the stacks
contain a graphite gate and an electrical contact to the graphene
layer, which allows tuning of the charge carrier density in
graphene by a voltage Vg (see Fig. 3a).

All materials were first exfoliated from bulk crystals onto Si/SiO,
wafers. Their thicknesses are then characterized by their optical
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Fig. 1 Sample structure and optical measurements. a Sketch of the 2D heterostructure, consisting of hBN-encapsulated WS, and graphene

monolayers, separated by npgy layers of hBN. b Three typical spectra taken at sample areas with 0 and 2 spacer layers as well as an area with
no graphene (positions shown in (d)). The curves are offset vertically for clarity. ¢ Derivative of the spectra (circles) shown in panel (b) and their
respective fits (lines), offset for clarity. d Optical microscope image of a typical sample. The black outline denotes the area of WS,, while the
black dotted lines separate areas of different hBN spacer layer thicknesses. Scalebar: 2 um. e, f Falsecolor maps of the 1s and 2s exciton
linewidth of the sample shown in panel (d). g Map of the 1s-2s exciton level spacing A;, of the same sample. Areas of increased 1s or 2s

linewidths are excluded.

contrasts toward the substrate??, which were initially calibrated by
atomic force microscopy measurements. The assembly of the
stacks was performed using a polymer-based dry transfer
technique®®?® in an inert atmosphere of a glovebox (see
“Methods” for details).

All heterostacks were assembled to contain areas of different
thicknesses of hBN spacer layers, and a total of 10 stacks with
26 separate areas were produced in this way. Since the
encapsulating hBN layers are typically more than 100 layers thick
on each side, the effect of any material beyond the outer hBN on
the dielectric screening is expected to be negligible®. Areas in
which WS, does not directly face a graphene layer therefore serve
as a reference and are treated as heterostacks with infinite layer
spacing.

A heterostack containing areas of 0 and 2 hBN spacer layers as
well as an area with no graphene is shown in Fig. 1d. The different
areas are not discernible by their broadband optical contrast in
the final stack and are thus marked in the image by dashed lines.

Distance dependence of the screening

We first determine excitonic binding energies and the quasipar-
ticle band gaps of WS, in samples of different interlayer spacing.
Both are obtained from whitelight reflectance contrast spectra at
room temperature via the energy difference of excitonic ground
(1s) and excited (2s) states. This energy is proportional to the
exciton binding energy and is used since the energy of the single-
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particle transitions (the quasiparticle band gap) is not experimen-
tally accessible using optical reflectance spectroscopy®'’.

Typical reflectance contrast spectra are shown in Fig. 1b at three
positions of different spacer layer thickness of the heterostack
shown in Fig. 1d (exemplary spectra of every sample are shown in
Supplementary Fig. 1). A small redshift of the excitonic 1s ground
state feature (around 2eV) for thinner spacer layers is visible,
accompanied by a much larger redshift of the excited exciton 2s
state (marked by arrows). Both indicate a simultaneous reduction
of exciton binding energy and the quasiparticle band gap with
reduced WS,—graphene distance®.

As the absolute absorption positions can vary between samples
and between sample positions, e.g., due to local strain'®, we
recorded reflectance spectra over the entire area of all hetero-
stacks. The energy of the excitonic absorption features is then
determined at each position by fitting the derivative of the
measured spectra using a thin-film interference model® (“Meth-
ods” for details). Examples of the fits and the corresponding data
are shown in Fig. 1c.

Figures 1e, f depict the color-coded 1s and 2s linewidth of the
heterostack shown in Fig. 1d. The linewidth can be taken as an
indicator for the local homogeneity of the WS, layer, as local
strain, doping and dielectric disorder lead to line broadening®. We
indeed find that areas of increased linewidth are usually
accompanied by visible bubbles or folds in the optical micro-
graphs; see, e.g., white arrows in Fig. 1d—f. Note that in large parts
of the sample, the linewidth is found to be =20 meV, which is
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Fig. 2 Dielectric screening as a function of WS,-graphene distance. a Exemplary histogram of the exciton 1s-2s energy difference for two
layer thick hBN spacers and four individual samples (total: gray bars, individual samples in color). b Distance dependence (upper x-axis) of the
energy separation of the excitonic 1s and 2s levels (blue points) realized by nngy hBN spacer layers (lower x-axis). The approximate exciton
binding energy is given on the right axis (see text for details). The data point of no graphene (“ng”) is equivalent to an infinite separation of
WS, and graphene. The orange line is a fit to the data with a one-over-distance dependence. ¢ Quasiparticle band gap as a function of hBN
spacer layers and interlayer distance. The orange line depicts the fit results using a one-over-distance dependence. Datapoints and error bars
in (b) and (c) are the means and standard deviations of the distribution of values of all samples.

slightly below the calculated homogeneous linewidth for WS, at
room temperature®’. We exclude areas in which the 1s (2s)
linewidths exceed 25 (30) meV in the further analysis (indicated in
pink in Fig. 1e, f). Figure 1g shows the 1s-2s separation, A5, in the
remaining parts of the sample. In the image, the three areas of
different hBN thicknesses can clearly be distinguished.

We now analyze the distance dependence of the screening in
more general terms, for which the above measurement and
analysis are repeated on nine additional heterostacks. For each
spacer layer thickness, we obtain a distribution of values of the 1s-
2s level spacing. An example of the distribution of these values,
collected on four different samples containing a two-layer hBN
spacer, is shown in Fig. 2a. Typically, these distributions have
widths of few meV, and sample-to-sample variations are of the
same order as variations within individual samples.

The mean value of the distributions of each interlayer distance
is shown in Fig. 2b, with the error bars indicating their standard
deviations. To account for the smaller standard deviation of
histograms to which only a single sample contributes, those errors
have been multiplied by a factor of two, conservatively estimated
from the sample-to-sample variations of the two-layer area. For
larger hBN thicknesses, the exact determination of the hBN layer
number becomes more difficult, leading to a small uncertainty in
their thickness as well. The experimentally determined value for
WS, with no graphene is shown as a horizontal line (dashed lines
indicate the error bars).

From the 1s-2s level spacing, we calculate the exciton binding
energy as Eg=b - Aq,. The proportionality factor depends on the
exact sample geometry and is estimated from GW calculations of
open-faced samples to be b=1.2%° (see “Methods” for details).
Note that factor b is expected to decrease with increasing
screening, such that assuming a constant factor slightly under-
estimates the change of the binding energy?°. The approximate
exciton binding energy is nevertheless given on the right axis of
Fig. 2b.

The data of A, and the exciton binding energies show a
monotonic increase with spacer layer thickness. Notably, they
remain well below the values for purely hBN-encapsulated WS,,
even for the thickest spacers investigated here, equaling 16 layers
or 53nm32,

Published in partnership with FCT NOVA with the support of E-MRS

In the simplest model, the reduction of Coulomb interactions in
the 2D semiconductor arises from the electrostatic interaction of
charges in the semiconductor with their image charges, which are
situated at twice the distance to graphene. In this model, the
screening-induced band gap modification is expected to follow a
one-over-distance dependence®>“, It has been argued that the
model will hold to a good degree for heterostructures of 2D
semiconductors and graphene?>.

We thus fit the data with the relation

a
Ep = Egng *m, )

where Eg g is the exciton binding energy of WS, encapsulated in
bulk hBN with no graphene, d is the hBN spacer thickness, and d,
is the distance between the center of the TMD and the first
graphene or hBN layer; see Fig. 1a, respectively (the two materials
have been found to have very similar interlayer distances in
heterostructures®). As a material-specific parameter, a is propor-
tional to the magnitude of the screening and will be discussed in
more detail in the next section. Egng, do, and a are left as free
parameters in the fit, while the hBN layer thickness is given by
d= Npen - 3.3 A32,

The fitted curve is shown as a solid orange line in Fig. 2b with
the optimized parameters of dy= (4.7 +0.3) A and a=(12617)
meV A. The obtained interlayer distance dj is within the error of
the distance of TMDs to hBN obtained from cross-sectional TEM
measurements of (5 +0.5) A6,

The distance dependence indeed well describes the exciton
binding energies in the investigated range of spacer layer
thicknesses, and the quality of the fit gives high confidence in
the validity of the model. It thus demonstrates that it can be
applied to excitons, despite them being neutral particles for which
multipole screening could lead to deviations. Such deviations,
however, likely only become important at interlayer distances
smaller than the thickness of the TMD itself*°.

From the measurement of the 1s exciton position E;s and the
approximate exciton binding energy, the respective quasiparticle
band gap can immediately be calculated as E;=E;s+ Eg; see
Fig. 2c. Due to small strain or doping variations, however, the
absolute position of the 1s exciton fluctuates much more than the
1s-2s distance, leading to a relatively large error of those data.

npj 2D Materials and Applications (2023) 29
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Fig.3 Dependence of the screening on charge carrier density in graphene. a Sketch of the device geometry (top) used to tune the charge
carrier density of graphene from electron (n > 0) to hole (n < 0) doping (bottom). b 1s-2s exciton energy difference vs. backgate voltage V for
different hBN spacer layers. ¢ Relative change of the parameter a (see Eq. (1)), proportional to the magnitude of the image charge in graphene,
as a function of the absolute charge carrier density |n| of graphene. S1 and S2 denote different samples. Error bars are standard deviations

from analyzing several spatial positions.

Nevertheless, a one-over-distance dependence (with d, fixed to
the previously determined value and E;ng=(2.178 £0.003) eV)
can also be used to fit the calculated quasiparticle band gap and
results in a value of a = (191 £ 13) meV A. The larger value of a for
the band gap reflects the fact that its absolute change is slightly
larger than the one of the exciton binding energy, as also seen in
the redshift of the 1s absorption peak. This distance dependence
is in qualitative agreement with theoretical calculations but of a
smaller magnitude®, which likely arises due to the absence of a
top hBN layer in the calculations.

Tuning the dielectric function of graphene

We now investigate the possibility of continuously tuning the
dielectric screening in the same type of heterostructures by
modifying the dielectric function of graphene. This is achieved by
electrostatic doping®® via a gate voltage, which tunes the Fermi
energy and therefore changes the concentration of free charge
carriers in graphene (see Fig. 3a). At the same time, it modifies its
dielectric function®’.

To quantify the exciton binding energy in the WS, layer,
reflectance contrast images were taken at various gate voltages.
From these spectral images, the energies of 1s and 2s excitonic
states and their errors are determined in the same way as before,
i.e, by analyzing and averaging every viable position in the
reflectance contrast image. To verify that the applied backgate
voltages do not significantly change the doping level of the TMD
itself, additional photoluminescence measurements were per-
formed, which reveal no signs of trion emission of WS, at any gate
voltage (see Supplementary Fig. 2), possibly due to charge transfer
from WS, to graphene3®3°. We conclude that the doping of the
TMD is negligible, and the observed modifications of the exciton
binding energies result from an external change in dielectric
screening.

The energy difference between 1s and 2s states, Ay of a
sample containing areas of one and two hBN spacer layers, is
shown as a function of backgate voltage in Fig. 3b. For both
positive and negative gate voltage polarities, the measured
energy difference decreases with applied voltage. This corre-
sponds to the Fermi energy being above and below the charge
neutrality point (CNP) of the graphene layer and a population of
free electrons or holes, respectively. The curve is found to be
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symmetric, which we ascribe to the electron-hole symmetry of
graphene. The center is found to be at a voltage of approximately
—0.25V, which points to a low residual doping level of graphene.
The absolute change of A, in Fig. 3b is larger in areas of smaller
interlayer distance, which is also expected from the distance
dependence described by Eq. (1).

We assume that the data can be analyzed in terms of the
parameter a as a function of the charge carrier density
independent of the carrier type, a=al(|n|). The data at each
interlayer distance and each voltage are therefore scaled by
2(d + d,), with dy = (4.7 £0.3) A being the previously determined
interlayer distance between WS, and graphene, and the factor
2 stems from the image charge being situated at twice the
interlayer distance.

The relative change a/ao, with ag = a(|n| = 0), is shown in Fig.
3c vs. |n| for all samples investigated. The charge carrier density
is calculated from the backgate voltages by n = ep¢,V/dngn Using
the bottom hBN thickness dgy of the sample, measured using
atomic force microscopy and the experimentally determined
out-of-plane dielectric constant of hBN ¢, = 3.4 +0.2°, Indeed, all
investigated sample areas show similar behavior, and no
remaining dependence on interlayer distance is discernible,
confirming that the charge carrier density of graphene only
impacts the material parameter a. We find a to exhibit a relatively
weak dependence on |n| around charge neutrality, followed by a
steeper rise, which starts to level off at higher charge carrier
densities. The relatively weak dependence close to the CNP is
ascribed to the thermal smearing of the Fermi energy, which
leads to a finite density of electron and hole charge carriers
(Jne| + |nnl) at [n| =0 and stands in contrast to experiments at
cryogenic temperature®’. Away from the CNP, the dependence is
expected to be nontrivial as both the dielectric function of
graphene as well as the screening itself depend on both
wavevector and frequency and cannot fully be described
analytically®”#', The maximum observed modification of the
parameter a is approximately 20%, which is reached at a charge
carrier density slightly above 2x10'2cm~2. This shows that,
even at room temperature, electrostatic doping of graphene
allows to tune Coulomb interactions in nearby 2D semiconduc-
tors such as WS,.
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DISCUSSION

In conclusion, our experimental work quantifies the tunability of
excitonic binding energies and the quasiparticle band gap due to
dielectric screening in TMD-graphene heterostructures with layer-
controlled hBN spacers. We find that both are described well by a
one-over-distance law. The distance at which half of the maximum
screening-induced change (for WS, in direct contact with
graphene) is reached is approximately at two atomic layers of
hBN. This shows that it is possible to simultaneously electrically
isolate the two materials??> while retaining a significant effect of
the screening. It is important to note that, while these results have
been obtained at room temperature, the same law is expected to
hold at cryogenic temperatures.

We have furthermore shown that electrostatic gating of the
graphene layer leads to a change of the exciton binding energies
in WS, at various interlayer distances and have quantified the
change in a single parameter. We have reached modifications of
this parameter of up to 20%, limited by a finite density of free
charge carriers at charge neutrality and the maximum voltages
applied to the samples.

While the tuning of the exciton properties of WS, is substantial,
we identify several avenues for increasing the absolute changes.
By using spacer layers and an encapsulating material with an
effective dielectric function smaller than that of hBN at
frequencies in the infrared*', both the maximum exciton binding
energy as well as the absolute changes will be increased.
Furthermore, the gate-induced screening effect at low densities
is limited by the minimal charge carrier density of graphene due
to thermal broadening. While this is straightforwardly reduced by
cooling down the samples, it could also be achieved at room
temperature by replacing graphene with a material possessing a
small band gap.

We expect the measured distance dependence of dielectric
screening to be valid for various kinds of two-dimensional bilayer
structures. Such systems have recently become of interest in
several contexts, such as for the investigation of interlayer
excitons®, doubly charged excitons*?, excitonic Bose-Einstein
condensation*?, correlation effects** as well as for the investiga-
tion of light-matter interactions in TMD superstructures®. We
have furthermore shown that electrostatically varying the charge
carrier density of graphene in the vicinity of a TMD allows for a
continuous and significant change in Coulomb interactions even
at room temperature. Combining both approaches might lead to a
novel way of studying Coulomb interactions in 2D materials
showing complex interactions.

METHODS
Sample preparation
Bulk crystals were obtained from hqg graphene (WS,), NGS
Naturgraphit (graphite), and NIMS (hBN). In the first step, all bulk
materials were cleaved using standard tape exfoliation. The tapes
were pressed onto Si/SiO, substrates, and suitable layers were
identified optically by their color contrast to the substrate*
(90 nm oxide for graphitic layers and thick hBN and 70 nm oxide
for WS, and monolayer hBN). The correspondence of color
contrast and thickness was initially confirmed using atomic force
microscopy (for hBN and graphene) and PL spectroscopy for WS,.
The assembly of the stacks generally follows the recipe
described in ref. 2°. The top layer of hBN is picked up with a
stamp made of a thin layer of polycarbonate (PC) placed on a
piece of polydimethylsiloxane, which is held by a microscope
cover glass. The other layers are picked up subsequently from top
to bottom. The approximate temperature at the pickup is
90-110°C. The whole stack is then released onto a substrate by
heating up to 180 °C, which releases the polymer film from the
PDMS. Nine out of ten samples are on Si/SiO; (285 nm) substrates,
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5
and one stack is on a quartz substrate. Lastly, the polycarbonate is

then dissolved in chloroform, leaving the final stack on the
substrate.

Reflectance contrast measurements

To record the reflectance contrast image, a tungsten whitelight
source was focused onto the sample by a 100x, NA = 0.9 objective.
The sample was then moved using an xy-scanning table, and the
reflectance spectra were recorded at every position using a
grating spectrometer. Typical integration times at each pixel are
20s.

The reflectance contrast R was subsequently calculated at each
pixel by Rc = Is/l,ef — 1, where [ is the spectrum at the pixel and /¢
is a reference spectrum. The reference spectrum was obtained by
averaging spectra from areas next to the WS, sample, in which all
other film thicknesses are the same. All measurements were
performed at room temperature.

Fits of the data

The reflected intensity measured in the experiment is a result of
the interference of light reflected at the various interfaces of the
samples. Each reflection depends on the dielectric function of the
materials above and below the interface. To fit the measured
reflectance contrast spectra, we thus use a thin-film interference
model (transfer matrix formalism implemented via the python
package solcore?’) to calculate the reflectance of the sample
region and a reference region (same layer sequence without the
sample). This calculation requires the dielectric function and film
thickness of each layer. For hBN and graphene, as well as silicon
and SiO,, reported dielectric functions are used*®>'. The thickness
of hBN is determined from optical contrast images and atomic
force microscopy measurements. The thicknesses of graphene and
SiO, are 3.3 A and 285nm, respectively, and the thickness of
silicon is taken to be semi-infinite as the substrate is several
hundred micrometers thick.

The dielectric function of WS, is the quantity that is varied in the
fit. It is constructed from three Lorentzian oscillators representing
the A exciton 1s, 2s, and the B exciton 1s absorption features plus a

constant offset ¢(0): ews, (w) = €(0) + 21-3:1 m The energies
]

hw;, amplitudes f, and dampings y; of these Lorentzians as well as
€(0) are the ten free parameters in the numerical optimization of the
calculated vs. the measured reflection contrast. For better numerical
stability of the fit, the derivative of the data is compared to the
derivative of the model.

Estimation of exciton binding energy
The exciton energy levels in the two-dimensional hydrogen model

scale like Eg :(nJT)Z' Therefore, Eg =3 Aq;. For a material of

non-negligible thickness, the electron-hole potential can be
approximated by a Rytova-Keldysh potential®2. As a result, the
energy-level spacing is non-hydrogenic'".

With increasing external screening, the field lines of electron-hole
interactions are more restricted to the plane of the material. This not
only decreases the binding energy but also makes it more 2D
hydrogen-like. Although no analytic expressions for b(e) exists, in
ref. 2%, the band gap, as well as 1s and 2s exciton energies, are
calculated for WS, on a substrate of effective dielectric ¢ (and with
vacuum on top). Extracting the factor b = % from ref. 2%, we find
it to vary between 1.35 for WS, on hBN to 1.2 for WS, on graphene.
With an extra capping layer of hBN replacing the vacuum, b is
expected to decrease slightly further, in particular for the less-
screening case (WS, on hBN). Here, we take a value of b = 1.2, which
is likely in the lower range of possible values. Note that this
approximation underestimates the change of binding energy
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between different WS,-graphene distances with an estimated
maximum error (0 spacer layers to no graphene) in the 10% range.

DATA AVAILABILITY

The data that support the findings within this paper are available at https://doi.org/
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