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Observationof interlayerplasmonpolaron in
graphene/WS2 heterostructures
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Kathleen M. McCreary 3, Jeremy T. Robinson 3, Berend T. Jonker3,
Simranjeet Singh 4, Roland J. Koch 5, Eli Rotenberg 5, Aaron Bostwick 5,
Chris Jozwiak 5, Malte Rösner 2 & Jyoti Katoch 4

Harnessing electronic excitations involving coherent coupling to bosonic
modes is essential for the design and control of emergent phenomena in
quantum materials. In situations where charge carriers induce a lattice dis-
tortion due to the electron-phonon interaction, the conducting states get
“dressed", which leads to the formation of polaronic quasiparticles. The
exploration of polaronic effects on low-energy excitations is in its infancy in
two-dimensional materials. Here, we present the discovery of an interlayer
plasmon polaron in heterostructures composed of graphene on top of single-
layer WS2. By using micro-focused angle-resolved photoemission spectro-
scopy during in situ doping of the top graphene layer, we observe a strong
quasiparticle peak accompanied by several carrier density-dependent shake-
off replicas around the single-layer WS2 conduction band minimum. Our
results are explained by an effective many-body model in terms of a coupling
between single-layer WS2 conduction electrons and an interlayer plasmon
mode. It is important to take into account the presence of such interlayer
collective modes, as they have profound consequences for the electronic and
optical properties of heterostructures that are routinely explored in many
device architectures involving 2D transition metal dichalcogenides.

Sophisticated heterostructure designs involving two-dimensional
(2D) crystals with pre-defined lattice mismatch and interlayer twist
angle have emerged as promising platforms for tailoring potential
energy surfaces and excitations in solid-state quantum simulators1,2.
While these systems leverage fine-control of complex lattice struc-
tures and quantum states, the close proximity of materials may
further induce additional interlayer correlation effects3. For exam-
ple, in heterostructures composed of graphene and semiconducting
transition metal dichalcogenides (TMDs), superlattice bands are
generated concomitant with screening-induced band shifts that

dictate quasiparticle band alignments and gaps4–7. Intriguingly,
recent experiments on twisted bilayer graphene interfaced with
single-layer (SL) WSe2 point towards even richer interactions, as the
presence of SL WSe2 stabilises superconductivity below the magic
twist angle of bilayer graphene8. In SL WS2 contacted with the
topological insulator Bi2Se3, interlayer exciton-phonon bound states
have been detected9. Such observations point to the importance of
interlayer collective excitations involving bosonic modes. These
may lead to the formation of polaronic quasiparticles that drama-
tically impact charge transport, surface reactivity, thermoelectric,
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and optical properties, as observed in a variety of crystals and
interfaces composed of polar materials10–14. Similarly, when oscilla-
tions of the charge density couple to conduction electrons the more
elusive plasmon polaron emerges15, which has been detected in
electron-doped semiconductors16–18 and graphene19.

We endeavour to determine how the electronic excitation spec-
trum of a representative semiconducting SL TMD is affected by a
doped graphene overlayer, as is present in a variety of device
architectures20–25. To this end, we focus on SL WS2 as this material
exhibits a direct band gap at the �K-point of the Brillouin zone (BZ) and
a large spin-orbit coupling (SOC) induced splitting of the valence
bands, allowing to simultaneously resolve energy- and momentum-
dependent electronic excitations around the valence and conduction
band extrema using high-resolution angle-resolved photoemission
spectroscopy (ARPES)26,27. The heterostructures are supported on
10–30 nm thick hBN, which serves two purposes: (i) it replicates the
heterostructures that are typically used in transport and optical mea-
surements, and (ii) provides an atomically flat and inert interface that
preserves the salient dispersion of SL WS2, since hybridization is
strongly suppressed due to the large band gap of hBN26. The entire
stack is placed on degenerately-doped TiO2 in order to prevent char-
ging during photoemission. The quasiparticle band structure from the
heterostructure is spatially-resolved using micro-focused angle-
resolved photoemission spectroscopy (microARPES) during in situ
electron doping by depositing potassium atoms on the surface. In
order to determine the effect of the graphene overlayer, we measure
two types of heterostructures - one with graphene and one without. A
schematic of our doped heterostructures is presented in Fig. 1a.
Spectra are collected along the �Γ-�Q-�K direction of the SL WS2 BZ, as
sketched in Fig. 1b.

Results
Electronic structure of doped WS2 and graphene/WS2
Figure 1c presents ARPES spectra of the effect of strong electron-
doping on bare WS2 with potassium atoms deposited directly on the
surface. Before doping, the expected band structure of SL WS2 is
observed with a local valence band maximum (VBM) at �Γ and a global
VBMat �K, a total gap larger than 2 eV, and a SOC splitting of 430meV in
the VBM28 (see left panel of Fig. 1c). At an estimated highest electron
density of (3.0 ± 0.2) ⋅ 1013 cm−2, induced by the adsorbed potassium
atoms, the conduction band minimum (CBM) is populated and the
shape of the VBM is strongly renormalized, as observed in the right
panel of Fig. 1c and previously reported26. The direct band gap at �K is
furthermore reduced to (1.64 ±0.02) eV (Supplementary Fig. 1), indi-
cating enhanced internal screening. A detailed view of the CBM region
in Fig. 1d, reveals the CBM to be relatively broad with an energy dis-
tribution curve (EDC) linewidth of (0.17 ± 0.02) eV and a momentum
distribution curve (MDC) width of (0.29 ± 0.02) Å−1 (Supplemen-
tary Fig. 2).

These spectra are contrasted with the situation where a graphene
layer is placed on top of WS2 in Fig. 1e. In the undoped case shown in
the left panel of Fig. 1e, the bands exhibit the same general features as
seen in the left panel of Fig. 1c, although they are noticeably sharper
and shifted towards the Fermi energy due to the additional screening
of theCoulomb interaction by the graphene5. Furthermore, a replicaof
the WS2 local VBM around �Γ is noticeable close to �Q due to the
superlattice formed between graphene and WS2

6. Upon doping gra-
phene to an electron density of about (4.8 ± 0.1) ⋅ 1013 cm−2, the SLWS2
valence band shifts down in energy and the shape of the VBMdoes not
renormalize as in the case of bare WS2 (see right panel of Fig. 1e and
Supplementary Fig. 1) The strongly dopedgraphene is accompaniedby

Fig. 1 | Quasiparticlebandsof electron-dopedWS2 heterostructures. a Layout of
systems with doping achieved by deposition of potassium atoms. b Brillouin zone
(BZ) of SL WS2 with ARPES measurement direction marked by a dashed line.
c, ARPES spectra of bare (left panel) and potassium-dosed WS2 (right panel) sup-
ported on hBN. The achieved electron density in the strongly doped case is esti-
mated to be (3.0 ± 0.2) ⋅ 1013 cm−2. d Close-up of the CBM region marked in c.

e, f Corresponding ARPES spectra for WS2 with graphene on top. The achieved
electron density in the potassium-dosed graphene layer is (4.8 ± 0.1) ⋅ 1013 cm−2. The
close-up of theCBM regionofWS2 in f reveals the formationof a polaron via a sharp
quasiparticle peak, which is demarcated by a blue arrow, and several shake-off
replicas marked by purple ticks.
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a relatively small occupation in the WS2 CBM (see ARPES spectra of
dopedWS2 and graphene in Supplementary Fig. 3) The total gap is now
(2.04 ± 0.02) eV (Supplementary Fig. 1) indicating that the non-local
Coulomb interaction inWS2 is not fully suppressed. However, the CBM
region looks dramatically different, as seen by comparing Fig. 1f and d.
In the situation with a doped graphene overlayer, a sharp quasiparticle
peak occurs. The peak is accompanied by a series of replica bands
towards lower kinetic energy, that are conventionally called shake-off
bands. The EDC andMDC linewidths of themain quasiparticle peak are
reduced by a factor of 3-4, compared to bare K/WS2 (Supplementary
Fig. 2) The feature bears resemblance to a Fröhlich polaron that is
observable in ARPESwhen the conducting electrons couple strongly to
phonons10,11,14,29.

Density functional theory (DFT) calculations for the K/gra-
phene/WS2 heterostructure (see Methods and Supplementary
Figs. 4, 5) confirm the experimental results which show that the
graphene Dirac bands do not strongly hybridize with theWS2 CBMat
�K, in line with previous reports30,31. As a result, there is only a van-
ishingly small charge transfer from the strongly K-doped graphene
layer to theWS2 layer. This explains the experimental observation of
strongly doped graphene, accompanied by the small �K valley occu-
pation in WS2. This also explains the absence of VBM renormaliza-
tion in WS2 covered by graphene, as this only occurs at carrier
concentrations larger than (2.0 ± 0.2) ⋅ 1013 cm−2 in WS2

26. These DFT
calculations, however, do not reproduce the still significant band
gap or the shake-off bands, pointing towards the important role
played here bymany-body interactions, that are beyond the scope of
DFT calculations.

Doping-dependence of shake-off bands
In order to understand the origin of the shake-off bands in the dis-
persion at �K in the graphene/WS2 heterostructure, we tune the
charge carrier density by sequentially increasing the amount of
adsorbed potassium on graphene. After each dosing step, we mea-
sure both the WS2 conduction band region and the graphene Dirac
cone to correlate the evolution of the shake-off bands spectral line

shapes with the filling of the Dirac cone. Second derivative plots of
the ARPES intensity are shown in Fig. 2a to highlight the relatively
faint shake-off bands compared to the intense quasiparticle peak for
a range of dopingwhere the graphene carrier concentration is varied
over a range of (1.0 ± 0.1) ⋅ 1013 cm−2. Corresponding EDCs with fits to
Lorentzian components are shown in Fig. 2b. The graphene wave
vector kF, illustrated with the Dirac cone in Fig. 2c, is extracted from
ARPES cuts through the center of the graphene Dirac cone at �KG, as
shown for doped graphene on WS2 in Fig. 2d. The Fermi momentum
is then obtained from anMDC fit at EF and given as the difference in k
between the MDC peak position and �KG. Note that �KG is determined
by mapping the (E, kx, ky)-dependent ARPES intensity around the
Dirac cone. One of the Dirac cone branches is suppressed in Fig. 2d
because of strong photoemission matrix element effects along this
particular cut, which is taken along the so-called dark corridor32. The
EDC analysis of the shake-off bands as a function of graphene doping
reveals the energy separation between shake-off bands increases
from (50 ± 8) meV to (141 ± 18) meV and that the increase is pro-
portional to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nG � n0

p
, as shown in Fig. 2e, while the WS2 CBM

binding energy, and thus doping level, approximately stays con-
stant. Note that a minimum carrier density in graphene of
n0 = (4.1 ± 0.1) ⋅ 1013 cm−2 is required for the WS2 CBM to become
occupied and thereby make the shake-off bands observable. The
EDC fits in Fig. 2b demonstrate that the shake-off band intensity
relative to themain quasiparticle peak diminisheswith doping in line
with our theoretical analysis below. Combined with the diminishing
intensity of shake-offs towards higher binding energies, this reduces
the number of shake-off bands we can observe with increasing
doping.

These observations provide further clues on the origin of the
shake-off bands. An internal coupling between WS2 conducting elec-
trons and phonons can be ruled out because the energy separation of
the shake-off bands at high doping exceeds the WS2 phonon band-
width of 55 meV33. Given the significant doping of graphene, there are,
however, two other bosonic excitations that could be responsible for
the shake-off bands in WS2: phonons and plasmons in graphene. In
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Fig. 2 | Doping-dependence of shake-off bands. a Second-derivative ARPES
intensity in the CBM region of potassium-dosed graphene/WS2 at the given elec-
tron density in graphene (nG). The error bars on the nG values are ± 0.1 ⋅ 1013 cm−2.
Ticks demarcate shake-off bands and the double-headed arrows indicate their
energy separation (ΔE). b Energy distribution curves (EDCs) with fits (black curves)
to Lorentzian components on a linear background. Peak components are shown
with fitted positions marked by colored ticks. c Sketch of graphene Dirac cone and

Fermi surface (dashed circle) with radius kF measured simultaneously by ARPES at
each doping step. d ARPES spectrum of potassium dosed graphene onWS2 with kF
indicated by an arrow. The spectrum is for the maximum achieved doping of gra-
phene of (5.2 ± 0.1) ⋅ 1013 cm−2. e Increase of shake-off energy separation with gra-
phene doping extracted from the analysis. The dashed line represents a fit to a
function proportional to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nG � n0

p
, where n0 is the electron density in graphene

that is required to populate the WS2 CBM.
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doped graphene, there are indeed phononswith energies between 150
and 200 meV with significant electron-phonon coupling. These pho-
non energies change, however, only by up to 20 meV upon tuning the
electron doping34,35 and can thus be ruled out as the origin for the
observed shake-offs. In stark contrast, plasmons in 2D materials are
known to be significantly affected by the doping level of the system.
Indeed, significant plasmon excitations have been observed in gra-
phene in the regime of doping we are considering19. Taken together
with the significant doping dependence of the energy separation
between shake-off bands, this suggests that the observed feature is an
interlayer plasmon polaron with unusually sharp line shapes and well-
defined shake-offs occurring atmoderateWS2 doping levels, unlike the
previously observed plasmonic polarons in electron-doped bulk
materials15–17 and in internally doped SL MoS2

18.

Many-body analysis of electron-plasmon interactions
To theoretically substantiate this interpretation, we use a generic
model consisting of a single layerwith a parabolic electronic spectrum,
mimicking the occupied WS2 �K-valley by setting the effective mass to
m* = 0.3me and the chemical potential to μWS2

= 0:02 eV
(nWS2

≈0:5 � 1013 cm−2). As justified by our DFT calculations, we assume
that the WS2 and graphene layers are electronically decoupled, such
that the only coupling between them is the long-range Coulomb
interaction. Based on this, we apply the plasmon pole approximation
(PPA) for the screened Coulomb interactionWq(ω), where ω and q are
frequency and wavevector, respectively. We subsequently use this
formalismwithin theG0W0 and retardedG0W0+ cumulant (G0W0+C)

36

frameworks to calculate the interacting spectral function within the
effective WS2 �K-valley.

For the plasmon polemodel, we assume a 2D plasmon dispersion

of the form ωq =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4e2vq=εq

q
, as depicted in Fig. 3a. Here the environ-

mental screening is taken into account using a non-local background
dielectric function εq, which in the long wavelength limit is given by
εq = εext +qhðε2int � ε2extÞ=ð2εextÞ37, where εext = 3.0 and εint = 8.57 are the

dielectric constants of the substrate and the WS2 layer, respectively,
and h ≈ 3.0 Å an effective dielectric thickness of the WS2 layer. In the
plasmon dispersion, v is a tunable parameter which would correspond
to a chemical potential in an isolated two-dimensional free electron
gas, that here controls the energy scale of the plasmon. The electron-
plasmon coupling a2

q is given by the usual long-wavelength PPA

expression a2
q =ωqUq=2, with Uq = 2πe2/(Aεqq) the background

screened Coulomb interaction in theWS2 layer and A = 8.79Å2 theWS2
unit-cell area. In Fig. 3b we show a2

q for a variety of plasmon energy

scales v. Note that the electron-plasmon coupling and the plasmon
dispersion are related, such that a2

q increases as v increases.

In Fig. 3c–ewe show EDCs of the dressed spectral function Ak(ω)
within the effective WS2�K-valley, for various plasmon energy scales
v. Within both G0W0 and G0W0+C theories, we identify the expected
CBM quasiparticle peak at ω = −0.02 eV and a plasmon polaron
shake-off peak with reduced intensity at lower energies. Within
G0W0+C this is extended to a whole series of partially pronounced
plasmon polaron shake-off peaks, which reduce in intensity for
peaks further from the CBM. As v is enhanced, the separation
between shake-off bands ΔE increases and the shake-off peak
intensity decreases. These results are reminiscent of polarons
formed by dispersionless bosons, where the energy separation
between shake-off bands is given by the boson frequency ωb

38. This
suggests that, even though the 2D plasmon is a highly dispersive
mode, there exists an effective plasmon frequency which dictates
the energy separation ΔE. Since WS2 is only weakly doped we can
evaluate the spectral function of the first shake-off band in G0W0+C
theory analytically (see Methods) and understand that the shake-off
bands appear in multiples of ωq= kF

� μWS2
below the CBM (indicated

by vertical black lines in Fig. 3c–e), with kF ≈ 0.04 Å−1 the WS2 Fermi
wavevector. To confirm this prediction, we plot in Fig. 3f the energy
splitting ΔE in G0W0+C theory (red line) as a function of the plasmon
energy scale v, which follows the analytically predicted ΔE =ωq= kF

�
μWS2

(dotted line). From the analytical derivations we also

Fig. 3 | Theoretical results. a, b The plasmon dispersion ωq and electron-plasmon
coupling a2

q, respectively, for various v. The vertical dotted line denotes q = kF.
c–e EDCs of the WS2 normal state spectral function in G0W0 theory (green dashed)
and G0W0+C theory (red solid) at �K for a variety of v. The vertical dotted black lines
denote ω= � μWS2

� nðωq= kF
� μWS2

Þ, for n =0 to 4. f Energy splitting ΔE between

the WS2 CBM and the first shake-off band as a function of v, in G0W0 theory (green
dashed) and G0W0+C theory (red solid). The black dotted line denotes
ωq= kF

� μWS2
, and the gray horizontal lines denote the experimentally mea-

sured ΔE.
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understand that the intensity of the first shake-off peak is propor-
tional to

Ak = �K ðω= � ωq= kF
Þ /

a2
q= kF

ðωq= kF
� μWS2

Þ2
vF

∣vpl � vF ∣
, ð1Þ

with vpl =∂ωq=∂qjq= kF
the plasmon group velocity at q = kF and vF the

WS2 Fermi velocity. Due to the low WS2 occupation, both μWS2
<ωq= kF

and vF < vpl, which explains the reduced intensity of the shake-off peaks
upon enhancing the plasmon energy scale v. Finally, the analytic
G0W0+C expressions explain that the non-zero intensity between the
shake-off peaks and the CBM is a consequence of the gapless
dispersion of the 2D plasmon mode.

Comparing G0W0 and G0W0+C theory, we show in Fig. 3c–e that
the EDCs predicted by G0W0 theory (green lines) capture only a single
shake-off band, whereas G0W0+C theory (red lines) predicts an infinite
series of shake-off bands. Furthermore, Fig. 3f shows thatΔE predicted
by G0W0 theory overestimates ΔE from G0W0+C theory by more than
50 meV for all plasmon energy scales v considered. These dis-
crepancies are consistent with earlier works15,18,36,38,39 and are a clear
sign that correlations beyondG0W0 theory (i.e., vertex corrections) are
playing a significant role here.

From the analysis above, we understand that in order to observe
an enhancement ofΔEon the order of 100meVuponK-adsorption, the
plasmon energy at q = kF should increase by the same amount. Addi-
tionally, the group velocity of the plasmon should be of similar mag-
nitude to the WS2 Fermi velocity to increase the shake-off intensity.
These restrictions allow us to investigate the origin of the relevant
plasmon mode. To this end, we depict in Fig. 4 the three possible
screening channels to the Coulomb interaction within the WS2 layer,
which could be responsible for the relevant plasmonicmode. Figure 4a
describes screening processes from within the WS2 layer, which
induces a plasmon mode that is spatially restricted to the WS2 layer.
Due to the quadratic dispersion of the WS2 CBM, this plasmon mode

behaves as ωWS2
q =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4e2μWS2

q=εq
q

in the long wavelength limit40. There

are therefore twoways in which the energy of thismode can be tuned:
doping of the WS2 layer and external screening to it. As for doping,
from the ARPES data we learn that the WS2 CBM does not exhibit an
observable shift over the range of K-doping where the polaron effect
emerges. Additionally, no shifts in the valence bands are observed,
such that we can conclude that the WS2 occupation is not significantly
altered over this doping range. We can therefore exclude that WS2
doping significantly changes the WS2 plasmon energy. As for screen-
ing, static screening from the graphene layer can change the energy
scale of the WS2 plasmon and is sensitive to the doping of graphene.
However,within a Thomas-Fermi screeningmodel,weunderstand that
as the doping of graphene is increased, the screening increases, such
that the WS2 plasmon energy decreases with enhanced K-doping. This
is opposite to the trend that is observed experimentally, thereby
excluding this mechanism. We conclude that the WS2 plasmon energy
is not significantly enhanced upon K-doping, which means it cannot

cause changes in the shake-off energy splitting on the order of
100 meV.

Figure 4b describes a dynamical screening process from the gra-
phene layer, which induces a graphene-like plasmon mode which is
coupled into the WS2 layer via long-range Coulomb interaction. The
experimental data as well as the DFT results show that the graphene
layer is readily doped by K-adsorption, such that this plasmon mode,

which behaves as ωG
q =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2μGq=εq

q
in the long wavelength limit41,

significantly increases in energy. While the trends in this scenario are
correct, the graphene plasmon energy scale of ωG

q= kF
≈460 meV at the

measured graphene occupation of nG = 4.8 ⋅ 1013 cm−2 yields an energy
separation ΔE which is too large compared to the measured value of
(113 ± 20) meV. In addition, the group velocity of the graphene plas-

mon vpl,Gq= kF
is approximately 4 times larger than the WS2 vF, such that

the intensity of the resulting shake-off peak is reduced. However,
hybridization with another boson mode, such as a phonon mode in
graphene, could flatten the plasmon dispersion and lower its energy at
q = kF to amore suitable regime, such that it could induce the observed
plasmon polaron bands in the WS2 layer.

Finally, Fig. 4c describes interlayer screening processes, which
induce interlayer plasmon modes. These can be interpreted as hybri-
dized graphene and WS2 plasmon modes. Such modes live on energy
scales in between those of decoupled intralayer graphene and WS2
modes, while at the same time being sensitive to the graphene occu-
pation. These hybridized interlayer plasmon modes can explain all
relevant experimental observations without the need of taking further
bosonic excitations into account.

Based on this, we conclude that the shake-off bands observed in
K-doped graphene/WS2 heterostructures are signatures of interlayer
plasmon polarons, which are formed byWS2 electrons coupling either
to renormalized graphene plasmonmodes, or to interlayer hybridized
plasmonmodes asa result of the inter-layerCoulomb interaction in the
heterostructure.

Discussion
Taking only the WS2 layer in the passive screening and/or doping
background of K-doped graphene into account cannot explain the
experimentally observed K-tunable formation of a series of shake-off
bands within the WS2 �K-valley. Our results thus clearly underline the
relevance of the full heterostructure, and especially the interlayer
Coulomb coupling, in facilitating the formation of plasmon polaron
bands in the WS2 layer. The graphene layer acts as a buffer to weaken
the doping of theWS2 layer, as well as providing an interlayer plasmon
mode, which couples strongly to the WS2 electrons and leads to the
formation of plasmon polarons. The sensitivity of these interlayer
plasmonmodes to the graphene occupation leads to a high degree of
tunability in the positions of the plasmonpolaron shake-off bands. The
missing higher-order shake-off bands in the G0W0 approximation are
further evidence of the need for vertex corrections18,38,42, which we
incorporated here within the G0W0+C approach.

a b c

Fig. 4 | Illustrations of the Coulomb interaction in WS2 and its screening
channels in graphene/WS2 heterostructures.Wavy lines and “bubbles" represent
bare Coulomb interactions and polarization processes, respectively. a Coulomb
interaction and screening fromWS2only.bCoulomb interactionbetween electrons
in WS2 screened by graphene polarization processes only, which couple graphene

plasmons to the WS2 Coulomb interaction. c, Illustration of mixed screening
channels from WS2 and graphene. Interlayer polarization effects are suppressed
due to the vanishingly small hybridizationbetween theWS2 �K valley and graphene’s
Dirac cone.

Article https://doi.org/10.1038/s41467-024-48186-4

Nature Communications |         (2024) 15:3845 5



The impact of these findings could be far-reaching, as interfaces
between graphene and TMDs have been exploited in various ways: to
induce large spin-orbital proximity effects43, for the stabilization of
superconductivity below magic angle twists in bilayer graphene inter-
faced with WSe2

8, or for charge carrier control of Wigner crystallization
and realizationsofdiscreteMott states indual-gatedTMDheterobilayers
contacted with graphite1,2. Our observation of interlayer polaronic qua-
siparticles induced by interlayer Coulomb coupling and upon adding
charge to a contacting graphene layerwill thus be important to consider
in the interpretation and modelling of device measurements. Further
experiments will be required to evaluate their impact on the optoelec-
tronic properties and band engineering of heterostructures as well as
their utility for ultrathin photonics and plasmonic devices.

Methods
Fabrication of heterostructures
First, bulk hBN crystals (commercial crystal from HQ Graphene) were
exfoliated onto 0.5 wt% Nb-doped rutile TiO2(100) substrate (Shin-
kosha Co., Ltd) using scotch tape to obtain 10-30 nm thick hBN flakes.
Next, we transferred chemical vapor deposition (CVD) grown SL WS2
onto a selected thin hBN flake using a thin polycarbonate film on a
polydimethylsiloxane stamp using a custom-built transfer tool. This
was followed by the transfer of CVD graphene on top of the WS2/hBN
stack6. After each transfer process, the sample surface was cleaned by
annealing inultrahigh vacuum (UHV) at 150 ∘C for 15min to remove any
unwanted residues or adsorbates from the surface.

Micro-focused angle-resolved photoemission spectroscopy
The photoemission experiments were carried out in the microARPES
end-station of the MAESTRO facility at the Advanced Light Source.
Samples were transported through air and given a 1 hour anneal at 500
K in the end-station prior to measurements. The base pressure of the
system was better than 5 ⋅ 10−11 mbar and the samples were kept at a
temperature of 78 K throughout the measurements.

Energy- and momentum-resolved photoemission spectra were
measured using a Scienta R4000 hemispherical electron analyser with
custom-made deflectors. All samples were aligned with the �Γ� �K
direction of the WS2 Brillouin zone (BZ) aligned along the slit of the
analyser.Measurements onWS2 sampleswithout a graphene overlayer
were performed with a photon energy of 145 eV, while measurements
on samples with a graphene overlayer were donewith a photon energy
of 80 eV. These energies were chosen on the basis of photon energy
scans revealing the optimummatrix elements for clearly resolving the
WS2 and graphene band structures. The photon beamwas focused to a
spot-size with a lateral diameter of approximately 10 μm using
Kirkpatrick-Baez (KB) mirrors.

Electron-doping of samples was achieved by depositing potas-
sium (K) from a SAES getter source in situ. Each dose had a duration of
40 s. After each dose, the �Γ� �K cut of WS2 was acquired for 5 minutes
followed by a measurement around the Dirac point of graphene for
3 minutes. Efficient switching between these two cut directions was
achieved using the deflector capability of the analyser, such that all
measurements could be done with the sample position held fixed. In
WS2 without a graphene overlayer, the carrier concentration in WS2
was estimated using the Luttinger theorem via the Fermi surface area
enclosed by theWS2 conduction band. In the samples with a graphene
overlayer, we determined the doping of graphene by directly mea-
suring kF, as shown in Fig. 2c, d, and using the relation nG = k

2
F=π. It is

not possible to determine the doping of WS2 under graphene in a
similarwayas for bareWS2because theCBMremains flat andpinned at
EF, preventing any meaningful extraction of a Luttinger area. We
therefore only report the graphene doping level for graphene/WS2
heterostructures, which can be reliably extracted as described above.

The second derivative plots of the ARPES intensity shown in
Fig. 2a of themain paper were obtained using themethod described in

ref. 44 and merely used as a tool to visualize the data. Analysis of
energy and momentum distribution curves was always performed on
the raw ARPES intensity.

A total of 3 samples were studied, which were a bareWS2 and two
graphene/WS2 heterostructures on separate TiO2 wafers such that
fresh doping experiments could be performed on all samples. The two
graphene/WS2 heterostructures exhibited twist angles of (7.5 ± 0.3)∘

and (18.1 ± 0.3)∘ between graphene and WS2, as determined from the
BZ orientations in the ARPES measurements. We found identical
behaviors with doping and the formation of polarons in the two het-
erostructures, confirming the reproducibility of our results.

Density functional theory calculations
To study the hybridization and the possible charge transfer between
the graphene and WS2 layers, we performed density functional theory
(DFT) calculations using a 4 × 4 WS2/5 × 5 graphene supercell with K
doping, as indicated in Supplementary Fig. 4. The supercell height has
been fixed to about 26 Å to suppress unwanted wavefunction overlap
between adjacent supercells. The WS2 lattice constant has been fixed
to its experimental value of 3.184Åwhile the graphene lattice constant
has been strained by about 3% to 2.547 Å to obtain a commensurable
heterostructure. The graphene-WS2 interlayer separation has been set
to previously reported 3.44 Å45 and the K-graphene distance has been
optimized in DFT yielding 2.642 Å in the out-of-plane direction. All
calculations were performed within the Vienna Ab initio Simulation
Package (VASP)46,47 utilizing the projector-augmented wave (PAW)48,49

formalismwithin the PBE50 generalized-gradient approximation (GGA)
using 12 × 12 × 1k point grids and an energy cut-off of 400 eV.

In Supplementary Fig. 5, we show the resulting unfolded band
structure (without SOC effects) together with the pristine WS2 band
structure (including SOC effects) following the approach from ref. 51
as implemented in ref. 52. From this, we can clearly see that in the
heterostructure new states in the gapofWS2 arise, whichwe identify as
graphenebands. Due tounfolding (matrix element) effects, the second
linear band forming graphene’s Dirac cone is not visible. Upon
unfolding to the primitive graphene structure, the Dirac point
becomes visible (right panel) showing a graphene Fermi energy of
about 0.6 eV in good agreement with the experimentally achieved
range. In the upmost valence states around the �K-point, we see that the
graphene and WS2 bands hybridize similarly to reported band struc-
tures on undoped graphene/WS2

31,45. In the conduction band region,
we however see that graphene states are far from the �K-valley, such
that hybridization between graphene pz and W dz2 orbitals (which are
dominating the �K-valley) is almost completely suppressed. As a result,
there is negligible charge transfer from graphene to WS2, so that pri-
marily graphene is doped by potassium. This is fully in line with our
experimental results.

Analytical G0W0+C expressions
For the G0W0+C calculations, we use the formalism proposed by Kas
et al.36, which is based on the cumulant ansatz for the dressed Green’s
function GkðtÞ=Gð0Þ

k ðtÞeCkðtÞ with the cumulant function given by

CkðtÞ=
Z

dω
βkðωÞ
ω2 e�iωt + iωt � 1

� �
, ð2Þ

where βkðωÞ= ∣Im Σdyn
k ðω+ ϵk � μÞ

� �
∣=π and εk = k2/(2m*) is the electron

dispersion. The self-energy ΣkðωÞ=Σstat
k +Σdyn

k ðωÞ is the G0W0 self-
energy, which we split into a sum of static and dynamic contributions.
The dynamic part canbewritten in the plasmon pole approximation as

Σdyn
k ðωÞ=

X
q

a2
q

nBðωqÞ+nF ðεk+q � μÞ
ω� εk+q +μ+ωq + iδ

+
nBðωqÞ+ 1� nF ðεk+q � μÞ
ω� εk +q +μ� ωq + iδ

 !
,

ð3Þ
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where nB and nF are the Bose-Einstein and Fermi-Dirac distributions.
Numerical evaluations are done using the expressions above, but for
the analytical analysis it is convenient towrite the cumulant function as
a sum of three terms Ck(t) =Ok(t) + iΔkt − ak, where Ok(t) = ∫ dωβk(ω)
e−iωt/ω2, Δk = ∫ dωβk(ω)/ω and ak = ∫ dωβk(ω)/ω2. In this way, the dressed
Green’s function can be written as

GkðtÞ= � iZkΘðt >0Þei �εk +μ�Σstat
k +Δk + iδð ÞteOkðtÞ, ð4Þ

with Zk = exp �ak

� �
the renormalization constant. Since we are

interested in occupied states, we will neglect the second term of
the G0W0 self-energy in Eq. (3). We will focus on the effective
K-valley of the WS2 layer by setting k = 0 and we will assume zero
temperature for simplicity. Taking the limit δ→0 we find
βk=0ðωÞ=

P
qa

2
qΘðμ� εqÞδðω� εq +ωqÞ, with Θ(x) the Heaviside step

function. Substituting βk=0(ω) into the three terms of the cumulant
function gives

Ok=0ðtÞ=
X
q

a2
q
e�iðεq�ωqÞt

ðεq � ωqÞ2
Θðμ� εqÞ, ð5Þ

Δk =0 =
X
q

a2
q

1
εq � ωq

Θðμ� εqÞ, ð6Þ

ak=0 =
X
q

a2
q

1

ðεq � ωqÞ2
Θðμ� εqÞ: ð7Þ

To obtain a Green’s function for each shake-off band separately,
we expand in Eq. (4) exp OkðtÞ

� �
=
P

nO
n
kðtÞ=n!, such that each term in

the expansion corresponds to the n-th shake-off band. Fourier
transforming and subsequently evaluating the spectral function
Ak=0ðωÞ= limδ!0 � Im Gk=0ðωÞ

� �
=π gives

Ak=0ðωÞ=Zk=0δ ω+ ECBM

� �
+Zk=0

X
q

a2
q

1

ðεq � ωqÞ2
Θðμ� εqÞδ ω+ ECBM � εq +ωq

� �

+OðO2Þ,
ð8Þ

where ECBM is the energy of the CBM. For all parameter regimes con-
sidered,ωq − εq is amonotonically increasing function of the norm q in
the range 0 < q < kF. As a consequence, the step-function restricts the
shake-off band from a dispersive 2D plasmon mode to the full energy
range between ω = − ECBM and ω= � ECBM +μ� ωq= kF

, where we used
that ωq=0 = 0 for 2D plasmons, leading to the maximal energy splitting
ΔE =ωq= kF

� μ. In contrast, a dispersionless boson mode with energy
ωb has a smaller allowed energy range − ECBM−ωb <ω < − ECBM+ μ −ωb,
which leads to a shake-off feature which is completely detached from
the CBM.

At each ω, the spectral intensity of the first occupied shake-off
band can be evaluated by approximating

P
q f ðqÞ≈ A

2π

R
qf ðqÞdq, with

A the unit-cell area, and using the property δ gðxÞð Þ=Piδðx �
xiÞ=jg 0ðxiÞj with xi the solutions of g(xi) = 0. This finally yields

Að1Þ
k =0ðωÞ=Zk=0

A
2π

a2
qðωÞ

ðεqðωÞ � ωqðωÞÞ2
qðωÞ��� ∂ωq

∂q � ∂εq
∂q

���
q=qðωÞ

Θð0<qðωÞ< kF Þ:

ð9Þ

with q(ω) the solution of ω + ECBM= εq(ω) −ωq(ω). Evaluating this func-
tion at the lower edge of the allowed frequency range (i.e., at q(ω) = kF)
yields Eq. (1) of the main text.

Data availability
The data that support the plots within this paper and other findings
of this study are available from the corresponding authors upon
request.
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