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ABSTRACT Using different types of WSe, and graphene-based

heterostructures, we experimentally determine the offset between
Xwse, = 4.06 eV

the graphene neutrality point and the WSe, conduction and valence
band edges, as well as the WSe, dielectric constant along the c-axis. In
a first heterostructure, consisting of WSe,-on-graphene, we use the

>
()
WSe, layer as the top dielectric in dual-gated graphene field-effect @
transistors to determine the WSe, capacitance as a function of L«»
thickness, and the WSe, dielectric constant along the c-axis. In a

Graphene

second heterostructure consisting of graphene-on-WSe,, the lateral
electron transport shows ambipolar behavior characteristic of graphene combined with a conductivity saturation at sufficiently high positive (negative)
gate bias, associated with carrier population of the conduction (valence) band in WSe,. By combining the experimental results from both heterostructures,

we determine the band offset between the graphene charge neutrality point, and the WSe, conduction and valence band edges.
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ransition metal dichalcogenides

(TMD)' 3 possess interesting proper-

ties that render them attractive for
electronic applications.* Similar to graph-
ene, they have a two-dimensional (2D)
character, can be isolated down to a mono-
layer, and have a relatively large bandgap
(1—2 eV)? which helps overcome some of
graphene's limitations for electronic and op-
toelectronic applications.*> However, in or-
der to assess and benchmark the potential
of TMD materials and their heterostructures
for applications, key fundamental properties
such as carrier mobility, dielectric constant,
and band offsets of different van der Waals
heterostructures®” need to be determined
experimentally.

Tungsten diselenide (WSe,) is a layered
TMD semiconductor with a hexagonal crys-
tal structure (@ =3.282 A, c=12.961 A),2 and
band gap of ~1.2 eV*'° for bulk. Thanks to
van-der-Waals bonding along the c-axis,
WSe, can be mechanically exfoliated simi-
larly to graphene. The WSe, band structure
has been investigated theoretically,”" ">
and shown to undergo an indirect-to-direct
gap transition in the monolayer limit,'*'* a
finding substantiated by photoluminescence
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measurements.'>'*'>  Several proof-of-

concept devices, such as field-effect transis-
tors (FETs),'® '8 solar cells,'®?° light-emitting
diode,®*' photodetector® and light-emitting
transistors®> have been demonstrated using
WSe,. However, a number of WSe, funda-
mental properties, such as intrinsic mobility,
dielectric constant, and band alignment in
heterostructures remain to be established.

RESULTS AND DISCUSSION

In this study, we experimentally investi-
gate the electrical properties of WSe, using
a combination of WSe, and graphene-
based van der Waals heterostructures.
Two different types of heterostructure are
fabricated using a layer-by-layer transfer
approach. A first heterostructure (HS #1)
consists of WSe,-on-graphene where we
extract the WSe, dielectric constant (kyseo)
along the c-axis thanks to a capacitance
measurement as a function of WSe, thick-
nesses. In this structure, we use WSe, layer as
the top dielectric of dual-gated graphene
FETs. In a second heterostructure (HS #2)
consisting of graphene-on-WSe,, we observe
ambipolar conduction in lateral transport,
characteristic of graphene. At sufficiently high
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Figure 1. (a) Schematic view of WSe,-on-graphene heterostructure HS #1. (b) Optical micrograph of trimmed graphene on
SiO,, (c) WSe; layer transferred on graphene, and (d) completed device after metal deposition on WSe,. (e) Schematic view of
graphene-on-WSe, heterostructure (HS#2). (f) AFM topography of exfoliated WSe, after UHV anneal, and (g) transferred
graphene on WSe,. (h) Optical micrograph of completed device after Ni/Au deposition.

positive (negative) gate bias, the conductivity satu-
rates, a finding associated with carrier population of
the conduction (valence) band in WSe,. By combining
the experimental results from the two types of hetero-
structures, we determine the energy offset between
the graphene charge neutrality point and the WSe,
conduction/valence band edges.

The fabrication processes of HS#1 and HS#2 is
described in Figure 1a—d, and Figure 1e—h, respec-
tively. The main difference between these two hetero-
structures is the stacking order of the graphene and
WSe,. The details of the fabrication process are de-
scribed in the Materials and Methods section.

Figure 2 describes the electrical characteristics of HS
#1 samples, where the top WSe; layer is used as a top
dielectric in dual-gated graphene FETs. Figure 2a shows
the graphene resistance (R) measured as a function of
top-gate bias (V4g), and at different fixed back gate
biases (Vpg) ranging from —40 to 10 V. Each trace
shows the typical ambipolar behavior of graphene
FETs, with a neutrality point (Vg pirac) Which shifts as
a function of Vgg. The linear dependence of Vg pirac VS
Vg data [Figure 2a inset] allows the extraction of the
top WSe, capacitance (Crg) using AVigpirac/AVss =
Cee/Cra; Cag = 12.5 nF/cm? is the capacitance of
285 nm SiO,, measured on separate metal pads. We
note that since our analysis uses the gate bias values
of the graphene charge neutrality, corresponding to
zero chemical potential level, the graphene quantum
capacitance does not play a role in this analysis.

To determine experimentally the value of kyseo,
we examined the top-gate capacitance dependence
on WSe, thickness (twsez) on three devices with tyses
values of 4.6,11.0,and 14.7 nm. Figure 2b shows the Grd
as a function of tyse,. The tyseo values were determined
by atomic force microscopy (AFM). Since the mea-
surement accuracy of tyse is important for this analy-
sis, cross-sectional transmission electron microscopy
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Figure 2. Electrical characteristics of HS #1 samples. (a)
Resistance (R) vs V4 of dual gated graphene FET, at Vgg
ranging from —40 to 10 V. Inset: Vpjac 16 VS Vie. (b) CGd vs
twse2. Inset: TEM cross section of exfoliated WSe, on SiO,.

(TEM) of WSe, exfoliated on SiO, was used as a point
of comparison for the AFM measurement of the WSe,
thickness [Figure 2b inset]. On the basis of comparison
between the AFM data with TEM cross-sectional result,
we verified that the measured tyse, using AFM has an
error of approximately one WSe, layer (~0.7 nm),
which is reflected in Figure 2b.

The top gate capacitance of HS#1 consists of two
components, the WSe, capacitance in series with an
interface capacitance (G;,,). We can therefore write Gy as
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Figure 3. Electrical characteristics of HS#2 samples. (a) o vs
Vg measured at T = 30 K for both Vgg sweep directions
with 9.8 nm WSe, flake. At high positive (negative) gate
bias the conductivity saturates, as marked in the figure,
thanks to electrons (holes) populating the WSe,. The finite
hysteresis present when the WSe, is depleted of mobile
carriers is associated with traps at the SiO,—WSe; interface.
(b and c) Band diagram across the heterostructure at high
negative [panel b] and positive [panel c] gate bias illustrat-
ing the WSe, valence, and conduction band population,
respectively.

Cre ' = G +7tWSe2 M
kwse, X €0
where &, is the vacuum dielectric permittivity. Using a
linear fit to Figure 2b data, we extract kyse; = 7.2 = 0.3.
This k-value will be later used in the following to
determine the offset between the graphene charge
neutrality point and band edges of WSe,.

We now turn to the experimental investigation of HS
#2 samples, consisting of graphene Hall bars on WSe,
flakes. Figure 3a shows the four-point conductivity (o)
vs Vg measured at a temperature T= 30K, for a sample
with tysex = 9.8 nm. Figure 3a data are similar to the
graphene ambipolar characteristics, except for a marked
saturation at high positive and negative bias. The
carrier mobility («) in graphene, extracted using u =
1/Cgg x do/dVgg is 7000 cm?/V s, Figure 3a also shows
a finite hysteresis depending on the Vg sweep direc-
tion. We address in the following both these findings.

At Vi values below a certain threshold, marked in
Figure 3a, the WSe, layer acts as a back-gate dielectric
for graphene. While the back-gate induced electric
field adds an electrostatic potential drop across the
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WSe,, the chemical potential remains between the
WSe, conduction and valence bands. At a positive
(negative) Vg threshold the electrostatic potential
drop across the WSe, is sufficiently large to bring the
WSe, conduction (valence) band edge at the WSe,—
SiO, interface in coincidence with the graphene
chemical potential level [Figure 3b,c]. Once the WSe,
starts to become populated with electrons (holes), the
carrier density in graphene remains largely insensitive
to Vg as the WSe, carriers screen the back-gate, an
observation which will be substantiated by Figure 4
data. The Vpg threshold depends on both the offset
between the graphene neutrality point and the respec-
tive band edge, as well as on the WSe, thickness
and dielectric constant. This observation is similar to
experimental data in graphene—MoS, heterostruc-
tures,*?> where conductivity saturation correspond-
ing to the MoS, becoming populated with electrons is
observed at positive Vg values. In graphene-on-WSe,
heterostructures, however, we observe signatures of
both the WSe, conduction and valence band becom-
ing populated with carriers.

We attribute the hysteresis of o vs Vg of Figure 3a to
afinite trap density at the WSe,—SiO, interface.In a Vg
up-sweep (red trace) the traps become populated con-
comitantly with the population of the WSe, conduc-
tion band. During the Vg back-sweep (blue trace), the
delocalized electrons in the WSe, conduction band
respond to the back-gate and are depleted, but the
trap states remain charged down to the Vpg threshold
corresponding to the WSe, valence band population
with holes. Once the valence band becomes populated
with holes, the delocalized holes render the traps
charge neutral. This mechanism is confirmed by ex-
perimental data of graphene-on-WSe, heterostuctures
using hexagonal boron nitride (hBN) as dielectric,
where a negligible Vg hysteresis is observed (see
Supporting Information).

To further substantiate the mechanism described in
Figure 3c,d, magnetotransport measurements were
used to measure the carrier density in graphene as a
function of V. Figure 4a shows the longitudinal
resistance (R,,) of a graphene-on-WSe, heterostructure
measured as a function of perpendicular magnetic
field (B), at Vg values ranging from —55 to 55 V. The
data display Shubnikov-de Haas oscillations which we
attribute to quantum Hall states (QHSs) in the graph-
ene layer. The QHS filling factors v = £ 6, 10, 14, 18 and
22, characteristic of monolayer graphene are marked
on each trace. From Figure 4a data, we extract the
graphene density (ng) using ng = ((€B,)/h)v, where B, is
the B-field value at filling factor v, and e and h are
electron charge and Plank constant, respectively. More
specifically, at each Vg value, we determine ng using a
linear fit to the B, vs 1/v x (h/e) data. Figure 4b shows
the ng vs Vg extracted from Figure 4a data for both the
up-sweep and down-sweep Vg directions. The data
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show a linear ng vs Vg dependence at small Vg values,
expected for a back-gated graphene layer. At suffi-
ciently large positive (negative) Vg values, ng departs
from the linear dependence, and eventually saturates
thanks to the WSe, becoming populated with elec-
trons (holes).

To determine the band alignment in the graphene—
WSe, heterostructure, it is instructive to examine
the equilibrium conditions including the chemical
potentials of the graphene (ug) and WSe, layer
(uwse,). The graphene chemical potential density
dependence is g (ng) = sgn(nghve(ng))'?, where
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Figure 4. Magnetotransport properties of HS#2 samples.
(@) Ry vs B measured at different Vg values and at T=30 K.
The SdH oscillations stem from QHSs in the graphene layer.
The QHS filling factors v are indicated in the figure. (b) ng vs
Vg extracted panel a data.

(@)

vacuum

?

Xwse, = 4.06 £ 0.09 eV WFg= 4.56 eV

Eg=1.31+0.09 eV

Ve = 1.15 x 10® cm/s is the experimentally measured
Fermi velocity;*® the ng values are positive (negative)
for electrons (holes). If we reference uyyse, with respect
to the charge neutrality point of graphene, and define
AEc and AEy as the offsets between the graphene
neutrality point and the WSe, conduction and valence
bands, respectively, it follows that uyse, = AEc when
the WSe, chemical potential is at the conduction band
edge, and uwse, = AE, when the WSe, chemical
potential is at the valence band edge. The equilibrium
condition between the graphene and WSe, writes:

2

Ng
o twse, = fwse, @

,ug(nG) +
€WSe2€0

We note here that eq 2 is valid for a heterostructure
where the graphene is assumed undoped at Vg =0 V.
If the graphene has a finite doping density (no) at Vgg =
0 V stemming from residues or adsorbates on top of
the graphene layer, eq 2 rewrites as
e’(ng — ng)
He(NG) + " twse, = fse, (3)
€Wse2€0
Therefore, by using the measured graphene carrier
density at onset of the WSe, conduction (ngc), and
valence (ngy) band population, along with ng, the band
offsets AEc and AE, band offset can be calculated as
following:
e*(ngc — No)

AEc = ug(nge) + —————— twse, 4
€wse2€0

(ngy — no)

2
e
AEy = uglney) + twse, (5)

€Wse2€0
The green symbols in Figure 4b mark the points at
which the values of ngc and ngy are determined
experimentally; the orange symbol marks the Vg =
0 V point, where ny is extracted. Because of the finite
hysteresis as a function of Vg, for the purpose of
calculating the band offsets, we use the Vg up-sweep,
during which the traps at the SiO,—WSe; interface

Normalized Intensity (a.u)

1.2 1.3 1.4 1.5 1.6 1.7 1.8
Energy (eV)

Figure 5. (a) Band alignment in the WSe,—graphene heterostructure. (b) Normalized PL spectra of WSe, samples with various
thicknesses. The data reveal two peaks, associated with the indirect (/) and direct (D) gap interband transitions.
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remain unfilled up to WSe, conduction band popula-
tion threshold.

Figure 5(a@) summarizes the graphene-WSe, band
alignment, including the electron affinity values. Using
eqs 4 and 5, and experimental data from two samples
with WSe; thickness of 9.8 nm (14 layers) and 10.5 nm
(15 layers), respectively, we obtain AE-=0.54 + 0.04 eV
and AE, = —0.77 + 0.05 eV, and a corresponding WSe,
bandgap of Eg = AEc + |AEy| = 1.31 & 0.09 eV. Using
the graphene work function of 4.56 eV,?”*® we calcu-
late an electron affinity for WSe, of 4.06 + 0.09 eV.
Figure 5b shows photoluminescence (PL) measure-
ment on WSe, flakes with different thicknesses, rang-
ing from monolayer to more than 10 layers, measured
at room temperature. The direct gap transition

MATERIALS AND METHODS

Device Fabrication. For HS#1 samples, graphene is mechani-
cally exfoliated on 285 nm thick SiO,/Si substrates. Raman
spectroscopy and optical contrast are used to identify the
monolayer flakes. Electron beam lithography (EBL) and O,
plasma etching are used to define a set of 1—2 um-wide stripes
[Figure 1b], followed by ultrahigh-vacuum (UHV) anneal at
350 °C to remove the resist residues. WSe, flakes, exfoliated
onto separate substrates, are then aligned and transferred onto
the graphene layer [Figure 1c] using a mask aligner with a
heated sample holder.>® After transfer, the samples are an-
nealed again in UHV at 350 °C. A second EBL followed by metal
(Ni/Au) deposition is used to define contacts to the graphene
layer, as well as a top-gate onto the WSe; flake [Figure 1d].

The fabrication of HS#2 is similar, but the opposite order of
stacking is used. WSe, flakes are first mechanically exfoliated on
285 nm SiO,/Si substrates, followed by 350 °C UHV annealing to
remove tape residue. The flake thickness and topography were
probed by atomic force microscopy (AFM) [Figure 1e]. Mono-
layer graphene flakes, exfoliated onto separate substrates, are
aligned and transferred onto the WSe; [Figure 1f]. After transfer,
EBL and O, plasma etching are used to define a Hall bar shape
on the graphene monolayer [Figure 1e], followed by a second
UHV anneal at 350 °C to remove the resist residues. A second
EBL and metal (Ni/Au) deposition are used to define contacts to
the graphene layer [Figure 1g].

Electrical Characterization. The electrical characterization is
done using a combination of DC and small signal lock-in
measurements, in a variable temperature refrigerator with
a base temperature (T) of T = 1.5 K, and in magnetic fields up
to12T.
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