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ABSTRACT
Atomically thin transition metal dichalcogenides (TMDCs) are promising candidates for implementation in next generation semiconducting
devices, for which laterally homogeneous behavior is needed. Here, we study the electronic structure of atomically thin exfoliated WSe2, a
prototypical TMDC with large spin–orbit coupling, by photoemission electron microscopy, electron energy-loss spectroscopy, and density
functional theory. We resolve the inhomogeneities of the doping level by the varying energy positions of the valence band. There appear
to be different types of inhomogeneities that respond differently to electron doping, introduced by potassium intercalation. In addition, we
find that the doping process itself is more complex than previously anticipated and entails a distinct orbital and thickness dependence that
needs to be considered for effective band engineering. In particular, the density of selenium vs tungsten states depends on the doping level,
which leads to changes in the optical response beyond increased dielectric screening. Our work gives insight into the inhomogeneity of the
electron structure of WSe2 and the effects of electron doping, provides microscopic understanding thereof, and improves the basis for property
engineering of 2D materials.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0018639., s

I. INTRODUCTION

Semiconducting transition metal dichalcogenides (TMDCs)
such as MoS2 and WSe2 have attracted enormous scientific attention
in the last years.1 Their layered crystal structure allows downsiz-
ing them to single atomic layers without dangling bonds, which can
be functionalized in electronic devices with promising performance
parameters. This meets the desire to find electronically active materi-
als that may substitute silicon at the extreme miniaturization limit.2

Field effect transistors based on atomically thin MoS2 and WSe2 as
channel materials with excellent switching characteristics3 and high
mobility4,5 have been demonstrated. Moreover, TMDCs exhibit var-
ious other intriguing physical properties holding strong potential for
optoelectronic applications, such as thickness dependent bandgaps
in the visible energy range6,7 and the locking of spin and momentum
at the K/K′ valleys giving rise to the field of valleytronics.8,9

WSe2, in particular, possesses several advantages compared
to other TMDCs. It is easier to control the character of the

charge carriers ranging from hole dominated, ambipolar to electron
dominated.10,11 Moreover, the spin–orbit coupling is larger than that
in MoS2, making WSe2 especially suitable for studying spin and
valley dependent properties.

The great success of silicon as the backbone of semiconducting
industry roots partially in the ability to precisely control its prop-
erties by alloying, implantation or diffusion of dopant ions, and
maintaining high levels of homogeneity. Similar methods of band
engineering are needed for TMDCs. Indeed, several attempts have
been reported in this regard,12,13 e.g., controlled defect creation by
sputtering or thermal treatments,14,15 substitution with dopants, e.g.,
Nb,16,17 isovalent substitution of the type WSe1−xSx,18,19 and charge
transfer doping by donor or acceptor atoms or molecules.20 The
latter is achieved by solution based methods or by in situ evapora-
tion of the pertinent dopant material. It is a well established method
for layered materials and has been applied to bulk TMDCs and
graphite among others. Alkali metals figure prominently as donors
and, among the alkali metals, potassium offers probably the highest
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degree of electron transfer. It has been repeatedly used to achieve
n type doping in atomically thin MoS2 and WSe2 up to degener-
ate doping levels and the transition to a metallic state.21,22 The latter
has been directly monitored by angle-resolved photoemission spec-
troscopy (ARPES) by the observation of the electron pockets.23–26

Apart from providing electrons, potassium may introduce defects or
alter the existing ones.27 It may also affect the lateral homogeneity of
the doping level.

Spatial inhomogeneities play an important role for the prop-
erties of TMDCs and much work has been devoted to them.28–35

Inhomogeneities may originate from different sources, such as
intrinsic defects and doping variations, strain, and dielectric disor-
der.36,37 An important consequence is the local fluctuation of the
Fermi level with respect to the gap edges, which determines band
alignment.

Here, we measure the valence band with lateral resolution,
extract the energy landscape of its position, and determine how it
evolves upon electron doping. For controlled band and defect engi-
neering, it is crucial to understand the effects of doping beyond
simple band filling taking into account lateral inhomogeneities and
chemical modifications. To this end, we utilize photoemission elec-
tron microscopy (PEEM), electron energy-loss spectroscopy (EELS),
and density functional theory (DFT) and obtain a comprehensive
picture of the electronic structure of exfoliated, atomically thin
WSe2.

II. METHODS
2H-WSe2 single crystals have been purchased from HQ

graphene and exfoliated down to a single layer using poly-
dimethylsiloxane (PDMS) sheets. The WSe2 flakes were transferred
to a silicon substrate with an oxide thickness of 90 nm. To avoid
charging effects during photoemission experiments, the substrate is
coated with a 10 nm gold layer. The optical contrast is sufficient to
distinguish single layer differences.

Atomic force microscopy (AFM) measurements were carried
out using a Bruker Dimension Icon microscope in tapping mode.
Since photoemission experiments are highly surface sensitive, the
characterization via AFM was done after the photoemission mea-
surements, including the doping experiments resulting in rather
rough surface profiles. The results of the AFM measurements are
shown in the supplementary material.

The photoemission data were measured using a NanoESCA
system (Scienta Omicron) equipped with a helium lamp with an
energy of 21.21 eV (He I) and an energy resolution of ≤0.2 eV. The
spatial resolution is below 1 μm.

After obtaining an initial photoemission dataset of the freshly
exfoliated flake, potassium was deposited onto the flake in steps
using the SAES dispensers. The deposition rate was controlled by
a quartz crystal microbalance and found to be about 0.2 nm/min.

The EELS measurements were carried out using a purpose built
transmission electron energy-loss spectrometer with a primary elec-
tron energy of 172 keV and the energy and momentum resolution of
ΔE = 82 meV and Δq = 0.04 Å−1, respectively, at T = 20 K.38,39 The
films (thickness ≈ 100 nm) were exfoliated using a scotch tape. Subse-
quently, the films were mounted onto standard electron microscopy
grids and transferred into the EELS spectrometer. The undoped

crystals were intercalated in situ by potassium vapor from the SAES
dispensers.

The band structure calculations were performed using the full-
potential local-orbital code (FPLO)40 employing the Perdew-Wang
92 exchange-correlation-functional.41 For 1-layer to 4-layer WSe2,
we constructed super-cells with about 10 nm of vacuum between
layers and sampled the Brillouin zone with a (18 × 18 × 1) k-point
mesh. For bulk WSe2, a (12 × 12 × 12) k-point mesh was used. Only
the lattice constant a was optimized by minimizing the total energy
of bulk-WSe2 and was found to be a = 3.302 Å. The parameter c
was set to the experimental value of 12.982 Å42 since van der Waals
interactions are not taken into account. The lattice constants deter-
mined in this way were used for the 1-layer to 4-layer calculations
as well. All calculations were performed in fully relativistic mode.
The calculations have been performed for freestanding flakes, i.e.,
no interaction with the substrate is taken into account.

III. RESULTS AND DISCUSSION
An optical microscope image of the prepared flake is given in

Fig. 1(a). Figure 1(c) shows the same flake measured by photoe-
mission electron microscopy (PEEM) at four different energies. The
areas of different thicknesses can be distinguished in the images.
From atomic force microscopy and photoemission spectroscopy
(PES) measurements, we conclude that area 1 corresponds to a
monolayer, area 2 to a trilayer, and area 3 to a four layer. X-ray pho-
toemission spectroscopy of the Se 3d and W 4f core levels confirms
the absence of oxides and other foreign phases. See the supplemen-
tary material for further information and additional AFM, PEEM,
and XPS data.

A. Doping homogeneity
We start by considering the homogeneity of the electronic

structure. In order to do so, we apply PEEM to measure the valence
band laterally resolved at all positions of the flake. The inset of
Fig. 2(a) presents the low energy part of the monolayer valence band
integrated around the Γ point. The energy location of the valence
band depends on the position of the Fermi energy inside the gap and
represents a signature of the doping level. The position of the lead-
ing peak can be evaluated by standard fitting procedures (see the
supplementary material for details). Figures 2(a)–2(d) show these
positions for the monolayer region of the flake evaluated by pixel-
by-pixel analysis before and after potassium intercalation. Figure 4
of the supplementary material presents some explicit examples of the
spectra and fitting curves, confirming the high quality and reliability
of the fitting procedure. Note that the valence band maximum of the
monolayer is situated at K rather than Γ (see Fig. 2 of the supple-
mentary material). However, here, we are interested in the relative
changes in the energy rather than the absolute values of the valence
band maxima.

Figures 2(a) and 2(c) show the valence band positions of the
undoped and doped flakes on a joint color scale, whereas Figs. 2(b)
and 2(d) maximize the local contrast by applying separate scales to
the same data. The map of the undoped sample, indeed, shows inho-
mogeneities on the μm scale with the energy variations in the order
of 50 meV. The overall effect of potassium intercalation is a shift
to lower energy [Figs. 2(a) and 2(c)]. This is expected because of
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FIG. 1. (a) Optical microscope image of
the investigated flake on the substrate.
(b) Crystal structure of WSe2. (c) Pho-
toemission intensity distributions of the
right part of the flake at different bind-
ing energies. The areas 1 and 2 can be
distinguished.

the well known n type character of alkali metal intercalation.25,26,43

A closer inspection of Figs. 2(b) and 2(d) reveals that the shift is
not uniform. In particular, the contrast of some elongated, stripe-
like structures increases and they become generally more prominent.
This impression is confirmed by examining the valence band posi-
tion along the white dashed lines in Figs. 2(b) and 2(d), as shown
in Fig. 2(f). The energy difference, i.e., the contrast, across the elon-
gated structure becomes larger with doping (purple shaded region).
On the other hand, the contrast decreases in the turquoise shaded
region, where a more regular patch-like structure is situated for the
undoped sample. Hence, the response of the electronic structure for
these two regions is qualitatively different.

The histograms of the energy position for the undoped and
doped cases are depicted in Fig. 2(e). The overall shift amounts to
ΔE = 0.22 eV. The error of the individual fits is well below the width
of the histograms. Hence, the histograms represent the intrinsic dis-
tribution of the valence band positions. A laterally integrated spec-
trum may acquire additional broadening due to this inhomogeneity.

We interpret the two-fold response of the Fermi level position
on electron doping as a consequence of different types of inhomo-
geneity, whereas the elongated, stripe like structures are possibly
related to the microcracks introduced by the exfoliation transfer pro-
cess, and the patches could be due to the variations of dielectric
screening imposed by the local flake–substrate interaction. It has
been shown previously that edges and microcracks are more eas-
ily functionalized by extrinsic manipulations than the smooth inner
part of the flake.44–46 The edge sites probably are chemically more

reactive. This increases the inhomogeneity upon potassium interca-
lation. Local dielectric fluctuations, on the other hand, are expected
to be smoothened when immersed in an additional charge reservoir,
which increases screening.

Electron doping by potassium intercalation causes specific
effects not only depending on the type of underlying inhomogeneity
but also depending on the thickness and with respect to the involved
atomic orbital character.

B. Suppression of the Se states
Figure 3 presents valence band photoemission spectra taken

from the monolayer, the trilayer, and the tetralayer before and after
doping. The momentum window is again restricted to the vicinity
of the Γ point. The shape of the spectra depends on the number
of layers. The leading peaks of the trilayer and four-layer spectra
do not correspond to the first peaks of the density of states (DOS)
because the photoemission intensity of the uppermost bands is weak
and hidden below the tails of the main peak at E ≈ 2 eV (see Fig. S3).

When applying potassium intercalation to the sample, several
changes of the electronic structure are observed. First of all, the
intercalated spectra shift to lower energy for all thicknesses. For
a sufficiently large potassium concentration, the conduction band
would eventually become occupied and an insulator–metal transi-
tion occurs.44,47–49 The thickness dependent energy shifts are dis-
cussed in detail below. Here, we focus on the changes of the spectral
shape. In particular, there are well resolved peaks highlighted by
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FIG. 2. (a) Valence band position of the undoped flake. Inset: integrated valence band around Γ. (b) Valence band position of the undoped flake with a zoomed color scale.
The white line indicated the position of the line scan in (f). (c) Valence band position of the doped flake. (d) Valence band position of the undoped flake with the zoomed color
scale. (e) Histograms of the valence band positions of undoped (black) and doped (red) flake. (f) Line scan of the valence band position along the white dashed line in (b)
and (d). Black: undoped and red: doped. The purple and turquoise shadings are discussed in the text.

arrows for the undoped sample that vanish or become significantly
less intense upon doping. We associate the origin of this effect to the
orbital character of the involved bands. In the lower part of Fig. 3,
we depict the orbital resolved density of states (pDOS) calculated for
the undoped material. In order to facilitate meaningful comparison
to the experimental data, we restricted k-integration of the DOS to
the same window that applies for experiment (Δk ≈ 0.15 Å).

The leading peaks are dominated by the tungsten states in each
case. The smaller peaks indicated by arrows in Fig. 3 are mostly

formed by the Se states. We conclude that the potassium interca-
lation disturbs the Se lattice more profoundly than the W sublattice.
This is naturally explained by the sandwich type monolayer structure
where the middle W layer is protected by the outer Se layers. It is also
consistent with the previous DFT studies, which show that a chem-
ical bond between Se and K is established.21,50 The tungsten lattice
and the tungsten states appear to be intrinsically protected, which
is important because the uppermost valence band is dominated
by W 5d.

FIG. 3. Comparison of doped and undoped photoemission spectra integrated around Γ and partial density of states as a function of the number of layers.
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If the Se-related pDOS is modified by potassium intercalation,
other material properties should be affected. Of particular impor-
tance for the TMDC are the optical properties that depend on the
electronic structure and must be influenced by the purported sce-
nario.6,7 Therefore, we investigated the dielectric properties of potas-
sium doped WSe2 by EELS in the optical limit, i.e., momentum
transfer near zero. Figure 4 shows EELS measurements of undoped
(a) and doped (b) bulk samples.51 The undoped sample is gapped
below ∼1.7 eV followed by a sharp intensity onset and a peak at
E = 1.8 eV. This peak is of excitonic character.47,52,53 The structures
at higher energies are due to interband transitions but may also be
influenced by excitonic effects. The doped sample is metallic, as can
be seen by the presence of the charge carrier plasmon at E ≈ 1 eV.51

No exciton is present anymore, as expected for the metallic samples,
and the spectral shape at higher energies has changed with respect to
the undoped case.

FIG. 4. Experimental EELS data for (a) undoped and (b) doped WSe2 in its bulk
form. The red line represents the joint density of states, which accounts for the
higher lying features and their doping dependence. Inset: low energy region of the
doped sample covering the charge carrier plasmon.

In order to understand these changes and to connect the EELS
results with the PES measurements above, we compare the EELS
measurements with the joint density of states (JDOS) in Fig. 4. The
JDOS is proportional to the imaginary part of the dielectric func-
tion ϵ2(ω), which is an approximate measure of the so-called loss
function, determining EELS intensity. At the same time, ϵ2(ω) is
responsible for the optical absorption. The JDOS has been calcu-
lated based on the DFT results shown in Fig. 3 and shifted by 0.9 eV
to lower energy for better comparison with experiment. The JDOS
derived in this way relies on the one-particle band structure and can-
not reproduce the intense exciton at 1.8 eV correctly. However, at
higher energies, our model matches qualitatively the experimental
results and the doping dependence. The JDOS for the doped sam-
ple was calculated in the following way: motivated by the reduced
Se photoemission intensity after potassium deposition, we weighted
the JDOS by the tungsten orbital weight at each k-point, which
means that the Se derived states are suppressed. The downturn at
E = 2.6 eV–2.8 eV in Fig. 4(b) corresponds to this suppression of
the Se bands analogous to the doping dependence of the EDCs in
Fig. 3.

The effect of potassium doping on the optical properties can
be summarized as follows: it reduces excitonic effects by enhancing
the screening of many body interactions. From a rigorous treat-
ment, which involved the Kramers–Kronig analysis of EELS data of
an equivalent sample, we obtained previously an electron density of
1.2 e−/u.c.51 In addition, the underlying interband transitions them-
selves are altered in an energy range that is still accessible by visible
light.

FIG. 5. Comparison of undoped and doped photoemission spectra integrated
around Γ as a function of the number of layers. The leading peaks have been
aligned for the undoped samples of different thicknesses in order to highlight
the position dependence of the doped case. Inset: energy shift as a function of
thickness.
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C. Thickness dependence
The electron doping generally causes an upward shift of the

Fermi level. Now, we consider the thickness dependence of this
shift. Figure 5 collects the photoemission spectra of Fig. 3 on a joint
energy axis and aligns the leading peak of the undoped spectra for
each thickness. The corresponding doped spectra are shifted accord-
ingly. From this representation, it becomes clear that the energy shift
depends on thickness. The difference of the peak position is maximal
for the monolayer and decreases for the three layer and four layer
samples.

The amount of potassium evaporated per unit area is exactly the
same in each case. The effective doping per sample volume, on the
other hand, will be lower for the thicker parts of the sample. Hence,
the shift of the Fermi level is smaller. This means that the band
alignment of adjacent layers of different thicknesses depends on the
doping level applied. Such lateral homojunctions have been studied
before. A monolayer–bilayer junction features a type I band align-
ment accompanied by band bending near the interface.54–58 Alkali
metal intercalation represents a means of engineering the valence
band offset at such junctions. However, it follows from Sec. III A
that the interface region itself would be modified even stronger than
the inner regions of the films.

IV. CONCLUSIONS
We measured the electronic structure of atomically thin WSe2

by PEEM, EELS, and DFT. Lateral inhomogeneity is observed, which
spans an energy scale of ∼50 meV and a length scale of μm. Electron
doping by potassium intercalation affects the electronic structure in
various ways. It increases the inhomogeneity; especially along the
stripe-like regions possibly related to the microcracks or domain
walls, it suppresses the Se states, which means that the sample is
chemically modified, and it alters the thickness dependent valence
band offset across the flake. These changes have an effect on the
optical properties that goes beyond enhanced dielectric screening.

SUPPLEMENTARY MATERIAL

See the supplementary material for (i) AFM measurements, (ii)
further valence band photoemission data, including angle-resolved
measurements, a detailed description of the fitting procedure under-
lying Fig. 2 and example spectra, and (iii) XPS data.
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