
This document is being made freely available by the Eugene McDermott Library
of The University of Texas at Dallas with permission from the copyright owner. All

rights are reserved under United States copyright law unless specified otherwise.

Erik Jonsson School of Engineering and Computer Science

Tuning Electronic Transport in Epitaxial
Graphene-Based Van Der Waals Heterostructures

©2016 The Royal Society of Chemistry. This article may not be further made available
or distributed.

Citation:

Lin, Yu-Chuan, Jun Li, Sergio,C. de la Barrera, Sarah M. Eichfeld, et al. 2016. "Tuning
electronic transport in epitaxial graphene-based van der Waals heterostructures."
Nanoscale 8, doi: 10.1039/C6NR01902A



Nanoscale

PAPER

Cite this: Nanoscale, 2016, 8, 8947

Received 9th March 2016,
Accepted 5th April 2016

DOI: 10.1039/c6nr01902a

www.rsc.org/nanoscale

Tuning electronic transport in epitaxial graphene-
based van der Waals heterostructures†

Yu-Chuan Lin,a Jun Li,b Sergio C. de la Barrera,b Sarah M. Eichfeld,a Yifan Nie,c

Rafik Addou,c Patrick C. Mende,b Robert M. Wallace,c Kyeongjae Cho,c

Randall M. Feenstrab and Joshua A. Robinson*a

Two-dimensional tungsten diselenide (WSe2) has been used as a component in atomically thin photovol-

taic devices, field effect transistors, and tunneling diodes in tandem with graphene. In some applications it

is necessary to achieve efficient charge transport across the interface of layered WSe2–graphene, a semi-

conductor to semimetal junction with a van der Waals (vdW) gap. In such cases, band alignment engin-

eering is required to ensure a low-resistance, ohmic contact. In this work, we investigate the impact of

graphene electronic properties on the transport at the WSe2–graphene interface. Electrical transport

measurements reveal a lower resistance between WSe2 and fully hydrogenated epitaxial graphene (EGFH)

compared to WSe2 grown on partially hydrogenated epitaxial graphene (EGPH). Using low-energy electron

microscopy and reflectivity on these samples, we extract the work function difference between the WSe2
and graphene and employ a charge transfer model to determine the WSe2 carrier density in both cases.

The results indicate that WSe2–EGFH displays ohmic behavior at small biases due to a large hole density in

the WSe2, whereas WSe2–EGPH forms a Schottky barrier junction.

Introduction

Two-dimensional electronic materials such as monolayer semi-
conducting transition metal dichalcogenides (TMDs), phos-
phorene, and graphene have opened up new research fields
because of their atomically thin nature, pristine surfaces, and
unique optical and electrical properties.1,2 While there are
limitations in the properties that an individual 2D material
can provide, combining various 2D materials into vdW hetero-
structures can produce structures that exhibit properties which
are unattainable in their constituent materials (i.e. band-struc-
ture engineering).3,4 There have been significant efforts on
making manually-stacked vdW heterostructures with 2D layers
exfoliated from bulk crystals.2,3 For example, graphene-WS2–
graphene tunneling field effect transistors,5 graphene-MoS2–
graphene heterojunction diodes,6 and graphene-MoS2 hetero-
junction phototransistors7 all have been realized via mechan-
ical exfoliation and stacking.

However, this process invariably produces interface con-
tamination, such as physical adsorbates or defects introduced
during the processing.8 In order to obtain high-quality vdW
heterostructures, powder vaporization (PV) and metal–organic
chemical vapor deposition (MOCVD) techniques have been
adapted for the direct synthesis of MoS2, WSe2, and GaSe on
graphene.9–13 Graphene is an ideal template for nucleation
and growth of vdW heterostructures since many of the 2D crys-
tals are isostructural.10 In addition, its interesting character-
istics such as high optical transparency, excellent flexibility,
highly tunable carrier concentrations, and high in-plane ambi-
polar conductivity make it attractive as a transparent and flex-
ible electrode.14,15 Synthetic monolayer WSe2 has been
demonstrated as a tunneling barrier in the WSe2–EG
diodes.11,16 However, large turn-on voltages (1.5 V–1.8 V) in the
I–V characteristics of this vertical diode were observed, and
tentatively attributed to the unfavorable n-type nature of the
EG.11 In this study, we demonstrate that the carrier type of the
graphene is a critical parameter in controlling the charge
transport at the TMD/graphene interface. Traditional mechan-
ical transfer processes also utilized transferred graphene,
which is inherently p-type due to water and environmental
doping. These dopants ultimately control the electrical charac-
teristics of the heterostructure stack. By controlling the doping
type and concentration of EG from n- to p-via in situ hydrogen
intercalation during the WSe2 synthesis,

17 we demonstrate the
origins of ohmic behavior in TMD/graphene structures, and
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obtain low resistance ohmic transport between a WSe2 and
graphene heterostructure. Low-energy electron microscopy,
low-energy electron reflectivity, and conductive atomic force
microscopy were performed on monolayer WSe2–EGPH and
monolayer WSe2–EGFH, with the results showing that use of
EGFH (p-type graphene) as the bottom electrode of WSe2–gra-
phene diodes can lead to an Ohmic I–V behavior. Thus, EGFH

can serve as a high quality contact for heterostructures invol-
ving WSe2 and additional 2D layers (located above the WSe2).

Experimental

Epitaxial graphene was synthesized via silicon sublimation of
the silicon face of 6H silicon carbide (6H SiC (0001)) at
1625 °C in a 200 Torr Ar environment inside a heating
chamber made of pure graphite. The SiC substrates were pre-
etched at 700 Torr with flowing 10% H2/Ar mixtures (total 500
sccm) to remove subsurface damage due to substrate-polish-
ing.18 The WSe2–EG growth is graphically illustrated in
Fig. 1a.16 The precursors chosen for WSe2 synthesis are tung-
sten hexacarbonyl (W(CO)6) and dimethylselenium ((CH3)2Se),
which provide the W and Se, respectively. In order to eliminate
carbon contamination from the precursor, a 100% H2 environ-
ment is utilized for WSe2 synthesis. This necessity of 100% H2

significantly modulates the chemical environment of gra-
phene, comparing to a dilute H2 environment for WSe2
growth. X-ray photoemission spectroscopy (XPS), equipped
with a monochromatic Al-Kα source (E = 1486.7 eV) and an
Omicron Argus detector operating with pass energy of 15 eV,
carried out on the samples grown via PV using 5% H2 at
900 °C and MOCVD using 100% H2 at 800 °C, both in the
same growth time, shows that the C 1s core level of the WSe2–
EG via MOCVD shifts towards a lower binding energy by 0.4 eV
compared to that of WSe2–EG grown via PV (Table S1†). This
shift of C 1s core level in EG has been associated with hydro-
gen intercalation.17,19 Evident from XPS, the 100% H2 environ-
ment leads to complete hydrogen interaction at the EG/SiC
interface, fully passivating the buffer at 900 °C.

The growth of WSe2 on EG proceeds by vdW epitaxy, med-
iating the high lattice mismatch between WSe2 and gra-
phene.20 Tungsten selenide (WSe2) atomic layers are grown via
MOCVD on EG/SiC substrates employing H2 as a carrier gas16

at 800 °C and 930 °C in order to study how hydrogen intercala-
tion impacts the electrical transport between graphene and
WSe2, for the different growth temperatures (Fig. 1b). In order
to eliminate carbon contamination in the WSe2,

16 a 100% H2

environment is utilized.
After 30 minutes growth, the as-grown atomic layers were

confirmed to be monolayer WSe2, 1 μm wide and 0.7 nm thick
with atomic force microscopy (AFM) (Fig. 1c). The optical
bandgap of monolayer WSe2 measured via photoluminescence
(PL) spectroscopy is found to be 1.63 eV (Fig. 2a), using a fitted
Lorentzian peak function.11,16 The Raman spectra exhibits two
peaks of WSe2 at 251 cm−1 and 260 cm−1 assigned to E12g + A1g

and 2LA, respectively (Inset, Fig. 2a).16 The B1
2g peak at

310 cm−1 typically seen in bi- and multilayer WSe2 is absent,
verifying the presence of a monolayer.16,21

Raman and PL measurements were performed in a WITec
Confocal Raman microscope with a 488 nm wavelength laser.
The topographic AFM micrographs were taken in a BRUKER.

Dimension with a scan rate of 1 Hz. The current-to-voltage
(I–V) measurements performed on the samples were done in
the same AFM with a PtIr-coated tip. Low-energy electron
microscopy (LEEM) characterization was performed with an
Elmitech III low-energy electron microscope. From sequences
of images acquired with 0.1 eV energy spacing, Low-energy
electron reflectivity (LEER) spectra were extracted at specific
spatial locations on the surface.

Results and discussion
WSe2 synthesis and buffer-layer decoupling

While crystal WSe2 can be synthesized over a range of tempera-
tures, the electrical properties of EG can be greatly modified at
higher WSe2 growth temperatures.19 As-grown EG on SiC con-
tains a C-rich “buffer layer” at the EC/SiC interface. The buffer

Fig. 1 (a) Illustration of MOCVD process of WSe2 monolayer on EG-SiC and the synthesis conditions. (b) When the process of WSe2 synthesis is
carried out at a lower temperature the buffer layer decoupling is incomplete (top). A higher synthesis temperature can efficiently convert the buffer
layer into a layer of graphene via hydrogen intercalation. (Bottom) (c) AFM image of WSe2–EG heterostructure. Monolayers are mostly 0.7 nm in
height. The wrinkles of graphene can be seen, which promoted vertical WSe2 growth.
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layer can subsequently be converted to a new layer of graphene
by passivating the interface with hydrogen atoms, at elevated
temperatures.17,19 Furthermore, it has been demonstrated that
the transformation of the buffer into an additional graphene
layer is more efficient at a higher temperature when the hydro-
genation time is fixed.19 The EG Raman spectra (D, G, and 2D
peaks)22 before and after WSe2 growth at 800 °C and 930 °C
was compared to elucidate the impact of WSe2 growth on
structural properties of the EG (Fig. 2b). For the 800 °C,
30 minute growth of WSe2, the D-peak intensity of EG
increases as evidenced by a higher D/G ratio. This phenom-
enon can be interpreted as partial hydrogenation of the epitax-
ial graphene (EGPH) that only converts a small portion of the
buffer layer into graphene domains.19,22 On the other hand,
for the 930 °C, 30 minute WSe2 growth, the D peak is sup-
pressed and D/G ratio is notably smaller than those from the
800 °C process. This transformation of the D peak as the
hydrogenation is increased is evidence of a more complete
buffer elimination.19 The Raman 2D peak of EG has been com-
monly used as an indicator for graphene thickness, graphene
layer stacking, and a measure of compressive strain induced by
graphene/SiC lattice mismatch.23 In this work, the 2D peak of
the 930 °C growth is at a relatively lower peak position, with
broader full-width-half-maximum (FWHM), compared to that
of the 800 °C growth. This is associated with a combination of
increased layer thickness and released compressive strain.19

This trend is evident (Fig. 2c and d) as an evolution of the
peak position and FWHM of the 2D peak of graphene in as-
grown (pre-WSe2 growth), 800 °C WSe2 growth, and 930 °C
WSe2 growth where data is accumulated in a 10 μm-line with
an interval of 500 nm (total 20 spots). The as-grown samples
have peak position and FWHM distributions of
2765–2782 cm−1 and 60–70 cm−1, respectively. While the
800 °C growth only slightly shifts the distributions, the 930 °C
growth leads to a shift of 40 cm−1 and an increase of 10 cm−1

in the 2D peak position and FWHM, respectively, indicating a

complete transformation of the buffer layer to an additional
EG layer. Additionally, the G peak (Fig. S1†) shifts towards a
higher wavenumber by 3–5 cm−1 following the 930 °C growth,
compared to as-grown graphene (1592.8 ± 3.5 cm−1) and
800 °C WSe2 growth (1593.5 ± 1.9 cm−1). The shift of G peak
has been associated with the doping effects on graphene, in
which the wavenumber of the G peak increases when the
Fermi energy of graphene moves away from the Dirac point
towards both n- and p-type direction.24 Since it has been
reported that the buffer removal would move the Fermi
energy to a point below the Dirac point,25 the stiffening G peak
of the EG from the 930 °C growth is hence contributed to a
conversion from n-type to p-type graphene due to the buffer
removal, as evident by the evolution of the 2D peak (Fig. 2c
and d). Although the G peak provides information on
the doping effects on graphene, the 2D peak has been chosen
to be an effective indicator since its peak position has a
larger shift than G peak in respond to hydrogenation/buffer
removal.

LEEM/LEER measurements and analysis

In order to locally study the surface and electronic structure of
the heterostructure samples, low-energy electron microscopy
(LEEM) with electron energies of 0–20 eV is employed. In
addition, low-energy electron reflectivity (LEER) spectra pro-
vides an accurate means of counting the number of graphene
layers as well as extracting the work function variation over the
surface.26,27 The LEEM images of WSe2–EG from 800 °C WSe2
growth show triangular islands of WSe2 with a characteristic
size of 1 µm, nucleating preferentially near SiC step edge on
the EG surface (Fig. 3a). The graphene is found predominantly
in monolayer + buffer form, but small bi- and tri-layer gra-
phene crystals are also found on the surface. This indicates
that the buffer is nearly intact as as-grown EG, or only a negli-
gible portion of it has been eliminated during the 800 °C WSe2
growth.

Fig. 2 (a) PL of the same samples in Fig. 1c emits at 1.63 eV corresponding to the optical bandgap of monolayer WSe2. Inset in (c) is the Raman
peaks of the same spot as PL. Peaks at 251 cm−1 and 260 cm−1 are assigned to E12g(Γ)/A1g(Γ) and A1g(M)/2LA(M) of WSe2 crystals, respectively.16 (b)
Higher growth temperature of WSe2 can enhance the in situ hydrogenation on EG, evident by comparing Raman spectra of EG from 800 °C and
930 °C process. As-grown EG is present as reference. All of the spectrums were deconvoluted with SiC background. (c) and (d) Among the Raman
2D peak positions and corresponding FWHM from as-grown, 800 °C process and 930 °C process, the 930 °C process resulted in the largest position
shift as well as width broadening, indicating increased graphene thickness and strain release due to the decoupling of buffer layers.
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Low-energy electron reflectivity spectra (LEER) shows
characteristic oscillations for graphene and WSe2 for the
respective regions of the surface and allow material identifi-
cation in the LEEM images, as shown in Fig. 3b for the 800 °C
WSe2 growth.28 Such LEER curves also permit determination
of the local work function on the surface, since for sufficiently
low sample voltages (∼2 V) the incident electrons are totally
reflected from the sample, i.e. the so-called “mirror-mode”
transition. This voltage of this mirror-mode transition corres-
ponds to the work function difference, ΔW, between the
sample surface and the LEEM electron emitter. Detailed fitting
of these transition voltages (energies) permits the extraction of
the variation in work function across the surface.2 A difference
of eV is found between the work functions of monolayer gra-
phene and WSe2 on the sample surface (uncertainty from a
combination of uncertainties in the measurement, analysis,
and variations of the sample surface). It should be noted that
this observed work function difference is between WSe2 in
contact with underlying graphene (G in the Fig. 3a) and a bare

graphene region without WSe2 covering the top (A or B in the
Fig. 3a). The presence of interface dipoles and a change in
local work function implies charge transfer between the WSe2
and the graphene below. Consistent with this interpretation, it
is noted that LEER curves measured on the WSe2 islands from
800 °C growth (Fig. 3b) display a broad, sloping feature for vol-
tages below the mirror-mode transition. This feature also indi-
cates the presence of charge, or more specifically, electric
dipoles on the edges of the triangular crystals which displace
the incident and reflected electron beam during measurement,
thus reducing the reflected intensity.27

The WSe2–EG from the 930 °C WSe2 growth shows similar
1 µm triangle islands of WSe2 on an EG surface in LEEM
(Fig. 3c), however, the sloping features in reflectivity associated
with charge accumulations are much smaller than in the
sample from the 800 °C WSe2 growth. In addition, the
extracted work function differences between uncovered bilayer
graphene and WSe2 (in contact) in the sample from 930 °C
WSe2 growth are negligible (0.03 ± 0.03 eV) compared to the

Fig. 3 (a) LEEM image of WSe2 grown on EG-SiC at 800 °C (EGPH), acquired at sample voltage of 6.2 V. Labeled points indicate location of reflectiv-
ity spectra in (b), which are used to identify the materials in the image. Bright triangles are WSe2 islands, dark regions are mono- to multi-layers gra-
phene on carbon-rich buffer layer. ΔW value, to the left of each spectrum in (b), quantify the electrostatic potential surface variation and hence the
variation of the vacuum level. (c) LEEM image of WSe2 grown on EG-SiC at 930 °C (EGFH). (d) Reflectivity spectra of the points labeled in the (c);
characteristic of a released buffer layer (due to passivated SiC dangling bonds). ΔW values show smaller variation than in the WSe2–EGPH case.
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one grown at 800 °C, suggesting limited charge transfer
between the layers after growth of WSe2 (Fig. 3d). These obser-
vations, along with the presence of an additional, small
minimum valley near 0 eV in the reflectivity spectra near the
mirror-mode transition,17 are attributed to full hydrogenation
of the SiC surface, which passivates bonds between the
carbon-rich buffer layer and the SiC.

This has the effect of releasing the buffer layer and increas-
ing the count of freestanding graphene layers in the hydrogen-
ated regions by 1, or creating quasi-freestanding-epitaxial
graphene (QFEG), which is situated on H-terminated SiC.19

Based on the evolution of graphene Raman spectra (Fig. 2b–d)
and the LEEM/LEER investigation (Fig. 3), we conclude that
the WSe2 growth at high temperatures (>900 °C) leads to
hydrogen intercalation and formation of fully hydrogenated
(EGFH) compared to those partially hydrogenated EG (EGPH) at
intermediate temperatures (750 °C to 850 °C), Fig. 1b.17,19 Con-
currently, the electrical properties of the WSe2/EG interface
appears to have significantly changed.

Conductive AFM I–V characteristics and band alignment
model

The hydrogenation process is known to have a significant
impact on the electrical properties of graphene on SiC. EG
residing on top of the buffer layer on 6H-SiC (0001) is n-type

doped18,19,29 due to the combination of bulk and interface
donor states25,30 and has a Fermi energy 0.45 eV above the
Dirac point.25 In contrast, QFEG is known to be p-type
doped.17,25 This change has been explained by the presence of
the spontaneous polarization of the hexagonal 6H-SiC sub-
strate, which lowers the Fermi energy to a position 0.28–0.30 eV
below the Dirac point for complete hydrogenation.25,31 This
modification in the doping of graphene can thereby influence
the electrical transport properties across the WSe2–graphene
interface on SiC. In order to elucidate the transport properties,
vertical current versus voltage (I–V) measurements were per-
formed on the 800 °C and 930 °C WSe2 growth (labeled as
WSe2–EGPH and WSe2–EGFH, respectively) in Conductive AFM
(CAFM).

A CAFM tip with PtIr coating, and the graphene, serves as
source and drain, respectively. While the WSe2–EGPH diode
exhibits a I–V with turn-on current at bias of ≥1 V; however,
the WSe2–EGFH diode turns on near zero bias (Fig. 4a and
S2a–2c†). The main component of the CAFM current near zero
bias for WSe2–EGPH is due to tunneling from the CAFM tip to
graphene through the WSe2 gap. On the other hand, For
WSe2–EGFH, the WSe2 layer acts as a short between the CAFM
tip and the EGFH (Fig. 4b).

Our LEEM measurements and analysis above indicate a
work function difference of 0.31 eV between the WSe2 (in

Fig. 4 Electrical measurements (a) show that the I–V of EGPH, EGFH, WSe2–EGPH, and WSe2–EGFH. WSe2–EGPH is more resistive than that of WSe2–
EGFH, indicating the barrier to transport is larger for WSe2–EGPH. (b) The WSe2–EGPH resulted in a small tunneling current (left), while the tunneling
current is magnified after the decoupling of buffer layer (right). The yellow surface of CAFM tips symbols PtIr coatings. Band alignment and vacuum
energy diagrams for the two heterostructures, WSe2–EGPH (c) and WSe2–EGFH (d), showing variations of vacuum energy of the surface due to
partial WSe2 coverage.
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contact with EGPH) and the uncovered monolayer EGPH, while
the work function difference between the WSe2 (in contact
with EGFH) and the uncovered bilayer EGFH is near zero. The
measured work function difference is a combination effect of
intrinsic interface dipole and extrinsic interface dipole. The
extrinsic dipole is due to doping caused by charge transfer
between WSe2 and graphene. The intrinsic dipole results from
redistribution of charge within the WSe2 or graphene itself
upon contact. In other words, it is the difference between
vacuum level of undoped WSe2 and that of undoped graphene
when they are put in contact. Density functional theory (DFT)
calculations of this intrinsic dipole are performed using the
Vienna ab initio simulation package (VASP)32 with the projec-
tor-augmented wave (PAW) method.33 The local density
approximation (LDA)34 is used to describe the exchange–corre-
lation functional with the partial core correction included.
More DFT calculation details are provided in the ESI.† As
shown in Fig. S3,† the vacuum energy level above WSe2 is
0.17 eV higher than that above graphene, indicating an (intrinsic)
dipole from graphene towards the WSe2.

Using this intrinsic dipole, along with the measured work
function differences, we propose a model in which the WSe2
has some unintentional p-type doping, and transfer of charge
between the EGPH or EGFH and the WSe2 (combined with the
intrinsic dipole) produces the observed variation in work func-
tion. With knowledge of the doping density of EGPH and EGFH

((4 ± 1) × 1012 cm−2 n-type and (1.5 ± 0.2) × 1013 cm−2 p-type,
respectively, from our previous electrical studies on EGPH and
EGFH),

19,35 and using reported values of electron affinities of
monolayer graphene (4.57 eV) and bilayer graphene (4.71
eV),36 we compute the transfer of charge between the WSe2
and the EGPH or EGFH. This charge transfer, for a given (un-
intentional) doping density of the WSe2, yields theoretical
values for the work function differences; the doping density is
determined by matching these differences to experiment. Our
model is illustrated in Fig. 4c and d. The dependence of the
results on the electron affinities of graphene is discussed
in ESI.†

For the charge transfer computation, we employ the stan-
dard linear band structure around the K point for the mono-
layer graphene from EGPH, and hyperbolic bands near the
band extrema for bilayer graphene from EGFH and for WSe2
around K points, based on tight-binding models.37,38 The
method to compute the electrostatics is similar to that
described by Li et al.39 Fig. 4c and d show band diagrams of
the WSe2–EGPH and WSe2–EGFH surfaces, which are graphene
partially covered by WSe2. Both the intrinsic interface dipole
and the charge transfer are taken into account and equili-
brium is reached when the Fermi levels are aligned. The differ-
ence between the vacuum energy of WSe2 (in contact with
graphene) and the underlying graphene (e.g. ΔW0 in Fig. 4c) is
thus a sum of the intrinsic interface dipole effect and the
charge transfer effect.

In order to match the theoretical work function difference
between the WSe2 (in contact) and the uncovered graphene
with the experimental values (0.31 eV and 0.03 eV for WSe2–

EGPH and WSe2–EGFH respectively), we employ an uninten-
tional p-type doping of 1.3 × 1012 cm2 for the WSe2 before
charge transfer between the WSe2 and the underlying gra-
phene. When the WSe2 is put in contact with EGPH (n-type),
electrons transfer from the EGPH to the WSe2, leading to nearly
complete compensation of the p-type doping in the WSe2 and
a negligible carrier density in the WSe2. The Fermi level ends
up well inside the bandgap of the WSe2 and near the charge
neutrality point in the graphene (Fig. 4c). For the case of the
WSe2 in contact with the EGFH (p-type), electrons transfer from
the WSe2 to the EGFH, making the WSe2 more p-type (carrier
density 2.9 × 1012 cm−2). The resulting Fermi level of the
WSe2–EGFH remains near the top of the valence band of its
WSe2. In other words, the WSe2 on the EGPH forms a Schottky
barrier (i.e. relatively low conductivity), whereas the WSe2 on
the EGFH forms as ohmic contact (i.e. high conductivity), and
leading to a ∼103× increase in current drive (Fig. 4a).

An additional output of our charge transfer computations is
the sum of the bandgap plus electron affinity of the WSe2,
χWSe2 + Eg (only the sum enters, since the electron density in
the WSe2 conduction band is negligible). In order to match
the observed work function variations, we deduce an uninten-
tional doping density in the WSe2 of 1.3 × 1012 cm−2, and the
value of χ

WSe2 + Eg is determined to be 5.1 eV. This value is
consistent with a recently reported electron affinity of ∼3.1 eV
for WSe2 using first-principles GW calculation,40 together with
a bandgap of ∼2 eV, which is in agreement with several
recently reported experimental values.41,42 Variation of our
deduced values due to uncertainty in the other parameters in
the problem is discussed in the ESI.†

Conclusions

By varying the temperatures for growth of WSe2 on EG in a
pure H2 environment, the transport across WSe2–Graphene
heterostructures is controllable. The investigation combining
LEED/LEEM, Raman spectra, and electrical measurements on
the heterostructures confirmed the transport across the inter-
face is controlled by the doping of the EG, which in turn is
tuned by the presence of a carbon buffer. The band alignment
diagrams of two different heterostructures were constructed
with the measured work function difference between the WSe2
and the graphene from LEER. Taking into account their intrin-
sic interface dipoles and charge transfer, the diagrams show
the presence of the Schottky barrier in WSe2–EGPH and a
reduced barrier in WSe2–EGFH, which are in agreement with
their I–V characteristics.

The work described here is foundational for understanding
vertical transport in graphene-based 2D heterostructures,
demonstrating that doping of the graphene plays a critical role
in these novel structures. Epitaxial graphene is unique because
it can be made n- or p-type based on the TMD growth con-
ditions, allowing for one to readily engineer the transport
between graphene and to n- or p-type TMDs with a truly pris-
tine interface.
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