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Probing Nanoscale Schottky Barrier Characteristics at
WSe,/Graphene Heterostructures via Electrostatic Doping
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Mark A. Baker, Robert A. Dorey, Cristina E. Giusca, Fernando A. Castro, Olga Kazakova,

and Sebastian Wood*

The adoption of 2D transition metal dichalcogenide (TMD) based opto-
electronic devices is limited by Fermi level pinning effects and consequent
large contact resistances upon contacting TMDs with bulk metal electrodes.
A potential solution for near-ideal Schottky—Mott behavior and concomi-
tant Schottky barrier height control is proposed by contacting TMDs and
(semi-)metals in van der Waals heterostructures. However, measure-

ment approaches to directly assess interface parameters relevant to the
Schottky—Mott rule on a local scale are still lacking. In the present work, a
heterostructure of monolayer tungsten diselenide (WSe;) with monolayer
graphene (1LG) and bilayer graphene (2LG) is investigated on a bottom-gate
substrate. Kelvin probe force microscopy and tip-enhanced photolumines-
cence measurements at different electrostatic doping induced Fermi levels
in graphene enable decoupling and quantification of contributions from the
interface dipole and electrode work function. These are used to locally probe
Schottky barrier characteristics with below 32 nm lateral resolution, demon-
strating that the WSe,/1LG junction operates at the Schottky—Mott limit (S =
1). At the WSe,/2LG junction, a reduction of the interface dipole is directly
related to changes in excitonic emission properties. These are attributed to
charge transfer modulation across the interface, critical for obtaining high-
performance transfer characteristics in transistors and related devices.

vertically stacked X-M-X planes that are
weakly bound via van der Waals (vdW)
forces.! Each plane is formed according to
the chemical formula MX,, with the M-site
being occupied by transition metal atoms
and the X-site by chalcogen atoms. When
thinned to a 2D monolayer, TMDs (such
as M = Mo, W; X =S, Se) become direct
bandgap semiconductors.2-% The bandgap
energies are in the visible to near-infrared
range depending on the constituent atoms,
which makes these materials attractive for
(opto-)electronic devices. Applications of
2D optoelectronic devices include field-
effect transistors,”? photodetectors,1%-12
and solar cells.*! Although TMD mono-
layer channels exhibit excellent proper-
ties, forming effective interfaces and good
electrical contacts with metal electrodes is
challenging. Bulk metal contacts promote
Fermi level pinning through dangling
crystal terminations as well as defect for-
mation during electrode deposition.!61]
This leads to strong deviations from the
Schottky—Mott limit, characterized by a
weak relationship between the Schottky
barrier height and metal work function.!®!

1. Introduction

In their bulk form, transition metal dichalcogenide (TMD)
crystals are indirect bandgap semiconductors composed of
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Lack of control over the resulting Schottky barriers can lead to
high contact resistances with metal electrodes, which are det-
rimental to device performance characteristics.l'”! As a result,
interfacing bulk metal electrodes with TMDs for low resistance
junctions is intrinsically challenging.[2%

One approach to improving the contact and the resulting
device parameters is to use 2D materials of (semi-)metallic
character, typically graphene, as a buffer layer between the
TMD channel and bulk metal electrode.’'?] Here, the
vertical assembly of 2D materials results in junctions bound
by van der Waals forces and free of interface states due to the
absence of dangling bonds at the atomically flat surfaces. In
addition, the ability to alter the graphene work function via
electrostatic doping enables ambipolar device characteristics
as well as controlled Schottky barrier height tuning in
graphene/TMD heterostructures.l?*?] Computational studies
based on density functional theory (DFT) of these heterostruc-
tures have found the electronic structure of the individual
layers to be largely preserved upon electrical contact,?8-3%
enabling the Schottky barrier to be closely modulated by the
doping concentration.
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Key to understanding the Schottky barrier height is to unravel
the impact on local band structure and Fermi level alignment
when a 2D heterostructure of graphene with a TMD is formed.
The presence of a band offset was reported by Le Quang et al.
employing scanning tunneling spectroscopy, where vertical
heterostructures comprised of both MoSe, and WSe, were
shown to yield a fixed offset between monolayer and bilayer gra-
phene.’Y By employing Kelvin force probe microscopy (KPFM)
measurements on similar heterostructures, the band offsets
could be directly linked to a fixed work function shift.?? The
work function offsets of TMDs on monolayer and bilayer gra-
phene and the resulting differences in Schottky barrier height
were further associated with local variations in photolumines-
cence spectra, namely local populations of exciton and trion
emission.>’l Band offsets reported by the aforementioned tech-
niques appear to directly relate to the local charge transfer char-
acteristics, however an understanding of the recorded band off-
sets in the context of the Schottky—Mott model is still lacking.

In the present work, the electronic landscape of a vdW het-
erostructure formed out of monolayer and bilayer graphene on
a bottom-gate tunable substrate with monolayer WSe, on top is
investigated. This design allows us to locally separate the effects
of the presence of an interface dipole from those of a work func-
tion change upon gate modulation expected in an ideal Schottky—
Mott contact. We are able to individually assess the electrical
contact for monolayer and bilayer graphene and compare it
against the Schottky—Mott model. Using graphene work function
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modulation via electrostatic doping, this is achieved without
having to rely on comparisons between distinct heterostructure
regions such as between monolayer and bilayer graphene, as
reported in previous work.l*"33l We distinguish a fixed work func-
tion offset relative to the underlying graphene, which is attrib-
uted to an interlayer charge transfer related interface dipole,
from the work function modulation of the heterostructure
against the underlying graphene layer, demonstrating a Fermi
level pinning free contact. Further, we probe excitonic emission
with nanoscale-resolved tip-enhanced photoluminescence spec-
troscopy (TEPL). We record a gate voltage induced modulation of
local exciton and trion populations over a WSe,/bilayer graphene
region at electrostatic doping regimes when the interface dipole
reduces. Our results highlight the importance of disentangling
the metal work function and interface dipole contributions in the
overall Schottky barrier height and that the latter must be consid-
ered to achieve desired interface characteristics. Precise control
over the Schottky barrier height is a critical enabler for highly
gate-sensitive transfer characteristics.

2. Results

2.1. Heterostructure Characterization

The heterostructure is comprised of a WSe, flake transferred
onto a 50 um x 50 um monolayer graphene channel area.
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Figure 1. Physical characterization of the WSe,/graphene heterostructure. a) Diagram of the sample configuration with source (S), drain (D), and gate
(G) contacts together with the KPFM system. b) G-FET element with transferred WSe, flake. The WSe, flake (blue) is situated on the graphene channel
(gray). Inset shows atomic force microscopy image of WSe, flake. The monolayer WSe, is located on the left of the flake. ) Source—drain resistance
against gate voltage of graphene channel taken inside and outside dry nitrogen filled glovebox. d) PL spectrum on monolayer WSe, region. Inset shows
optical microscopy image with cross indicating the region where the PL spectrum was acquired. The scale bar represents 10 um.
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The geometry and layout of the 2D heterostructure are shown
in Figure 1a,b. The substrate contains several individual
graphene field-effect transistor (G-FET) devices as illustrated
in Figure la. Here, to simultaneously perform KPFM meas-
urements and induce electrostatic doping of the graphene
channel via gate voltage tuning, the source contact was
grounded. The drain contact (which was grounded during
KPFM measurements) was connected separately to the source
pad for channel resistance measurements. Each G-FET ele-
ment is composed of six gold pads contacting the channel, as
illustrated in Figure 1b. The four contacts arranged along the
top and bottom of the monolayer graphene enable Hall-type
measurements and were not electrically connected in the cur-
rent experiment. The two lateral contacts were wire bonded
to larger contact pads and used as source and drain contacts.
A gate contact was established by electrically connecting the
silicon gate substrate. An atomic force microscopy (AFM)
topography scan is shown in Figure 1b, which highlights the
overall bulk character of the WSe, flake (exceeding 10 nm
thickness) with a substantially thinner area to the left side of
the flake (a few micrometers in size).

The position of the charge neutrality point (CNP) in the
G-FET device containing the heterostructure was studied by
measuring the source—drain resistance as a function of the
applied gate voltage. The density of states has a minimum at
the CNP, resulting in a maximum of the channel resistance.
The CNP is therefore located by modulating the gate voltage,
which leads to a displacement of the work function via elec-
trostatic doping. Figure 1c plots the channel resistance against
the applied back-gate voltage recorded inside the glovebox
(dry N,), as well as in ambient conditions. To measure the
channel resistance at ambient conditions, the sample was
taken out of the glovebox with inert atmosphere the day
before the measurement. The peaks in resistance show that
the CNP in the graphene channel is reached at =10 and 17 V
of applied back-gate voltage when measured in the glovebox
and in ambient environment, respectively. A positive gate
voltage at the CNP indicates p-type doping of the monolayer
graphene at zero gate voltage, with further increased p-type
doping under environmental conditions. This suggests that
the p-type doping is induced by a combined effect of the gra-
phene/SiO, interfacel***° and airborne molecules adsorbed
on the free surface.®® This is reinforced by the characteris-
tics of the resistance curve under ambient conditions, where
the additional shoulder at 10 V could reflect the proportion
of graphene buried under the WSe,, which shields it from
adsorption of airborne molecules.

The monolayer character at the thin section of the WSe,
flake was probed via photoluminescence (PL) spectroscopy,
with a representative spectrum shown in Figure 1d. The spec-
trum was taken at the position marked by the white cross in
the optical microscopy image inset. The highly luminescent
spectrum centered at around 745 nm (=1.66 eV) is character-
istic of the neutral exciton emission in WSe,,”38 which is
consistent with the direct bandgap emission characteristics
of monolayer WSe, flakes. The emission peak has an asym-
metric tail toward the red end, which is indicative of radia-
tive recombination of trion states.*! Given the interface with
the underlying graphene, electron transfer from graphene
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toward the WSe, is expected, resulting in negatively charged
trions. 104

2.2. Charge Transfer Modulation

The presence of interfacial charge transfer suggested by the
asymmetric PL shape (above) was further investigated using
KFPM. KPFM measures contact potential difference (CPD),
which in our measurements corresponds to the tip surface
work function relative to the work function of the sample (see
the Experimental Section). Variation in the CPD signal reveals
local work function differences due to the amount of charge
transfer across the heterostructure interface. The additional
application of electrostatic doping via gate bias modulates the
local charge transfer and enables us to compare local junction
characteristics with the Schottky—Mott rule.

The KPFM measurements of the heterostructure region at
different back-gate voltages are shown in Figure 2. The region
of interest, containing the heterostructure composed of mon-
olayer WSe, and monolayer graphene, is shown in Figure 2a.
The applied back-gate voltage range was selected according to
the CNP identified via channel resistance measurements to lie
at 10 V when recorded under identical conditions inside the
nitrogen glove box. Thus, KPFM maps were recorded from
0 to 10 V back-gate voltage in 2 V increments as shown in
Figure 2b-g.

The KPFM maps in Figure 2b—g are all displayed in a fixed
CPD scale to facilitate the visualization of CPD changes with
different back-gate voltages. With increasing gate voltage, an
overall increase in the CPD of the free monolayer graphene
surrounding the surface, as well as of the WSe,/graphene het-
erostructure, is observed. With KPFM compensating voltages
applied to the probe, a recorded CPD increase corresponds with
a decrease in sample work function. Here, the work function
decreases as the gate bias increases, indicating a modulation
of p-type doped graphene towards the CNP, in agreement with
the channel resistance measurements. The KPFM results also
show a relation between work function modulation and struc-
tural disorder. Wrinkles in the WSe,, such as those highlighted
by the white arrows in Figure 2a exhibit smaller CPD changes
with gate voltage compared to the surrounding areas. This
behavior is shown by the cross-section plot in Figure 2h, where
the dips in CPD on the heterostructure region that correspond
to wrinkles are less separated with increasing gate voltage. We
attribute reduced work function modulation at wrinkles to the
increased distance between WSe, and the underlying graphene,
introducing a barrier to Fermi level alignment and charge
transfer.

We also observe that structural inhomogeneities in the gra-
phene layer alter the local charge transfer. One example is high-
lighted by the black arrow in Figure 2g, where a linear feature
with lower CPD lies perpendicular to one caused by a WSe,
wrinkle. As no corresponding topography feature is recorded at
the same line position, we identify it as a grain boundary in
the CVD graphene monolayer. This is confirmed by the appear-
ance of a visible grain boundary in the graphene film at the
high-resolution AFM scan in Figure S1 (Supporting Informa-
tion). Grain boundaries on graphene are rationalized to yield
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Figure 2. KPFM maps of monolayer WSe,/graphene heterostructure during electrostatic doping. a) AFM topography of the investigated heterostructure
region with white arrows highlighting structural defects on WSe,. b—g) KPFM measurements at heterostructure region recorded at 0-10 V gate bias in
2 Vincrements. In (g), black arrow highlights subsurface structural defect on graphene, and white ellipse contains bilayer graphene regions. h) Cross
section of contact potential difference (CPD) variation extracted along the white line shown in (b).

greater CPD variations close to the CNP as the lower density
of states inhibits screening effects.} Similarly, as the gate bias
increases, two islands of low CPD values appear at the left edge
of the flake—these are clearly visible in Figure 2e—g (see white
ellipse in Figure 2g) but indistinguishable in Figure 2a. These
islands were identified as AB stacked bilayer graphene by com-
paring their Raman spectra with the surrounding graphene
(Figure S2, Supporting Information).*? The bilayer graphene
also shows smaller CPD changes with gate voltage according
to Figure 2g, which is due to differences in the density of states
compared to monolayer graphene.

To quantify the differences in work function modulation by
electrostatic doping in heterostructures formed between mono-
layer WSe, and either monolayer (WSe,/1LG) or bilayer gra-
phene (WSe,/2LG), we evaluated the mean CPD values of the
respective areas. When computing the mean and standard devi-
ation of spatial areas, each pixel was assumed to represent an
independent measurement. When the lateral spacing between

Adv. Electron. Mater. 2022, 8, 2200196 2200196 (4 of 11)

pixels is larger than the lateral resolution of the measurement,
neighboring points do not contain overlapping information,
thus classifying as independent measurements. A cross sec-
tion extracted along a WSe, flake edge in Figure S3 (Supporting
Information) is used to demonstrate that the spatial resolution
is smaller than the selected step size of =32 nm.

Figure 3 shows the mean of extracted spatial areas with
uncertainty given by the standard deviation and assuming
a normal distribution using a coverage factor of 1. The cases
of monolayer and bilayer graphene were plotted separately in
Figure 3a,b, respectively. Comparing the blue points in each
figure shows that the CPD values for exposed monolayer and
bilayer graphene regions scale differently with applied electro-
static doping (gate bias). This can be ascribed to the differences
in charge carrier density (n) variation with Fermi level across
the CNP. For monolayer graphene the Fermi level varies as Jn,
with n being the carrier concentration, leading to an S-shape
with inflection point at the CNP.[¥! In bilayer graphene, the
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Figure 3. CPD variation against applied back-gate voltage for selected sample areas. a) Comparison of CPD evolution between exposed monolayer
graphene (1LG, blue), heterostructure of monolayer WSe, with monolayer graphene (WSe,/1LG, red), and difference between heterostructure and mono-
layer graphene (WSe,/1LG— 1LG, black). b) CPD evolution of bilayer graphene (2LG, blue), heterostructure of monolayer WSe, with bilayer graphene
(WSe,/2LG, red), and difference between respective heterostructure and bilayer graphene (WSe,/2LG— 2LG, black).

carrier density is modeled according to a 2D electron gas and
thus scales linearly (<n) with the Fermi level.¥l The work
function on the heterostructures largely follows the trend of
the underlying monolayer or bilayer graphene, as previously
predicted by DFT simulations.¥! To understand the back-
gate modulation of the CPD at the heterostructure relative
to the exposed graphene, the difference between the CPD on
the heterostructure and its exposed graphene counterpart was
evaluated and plotted in each figure corresponding to the black
dotted lines. The uncertainty was propagated as the square root
of the sum of the squared uncertainties between the CPD at
the heterostructure and the corresponding exposed graphene at
each gate bias and is represented by the gray shaded area.

The CPD measured for the WSe,/graphene heterostruc-
ture is persistently lower than that of the exposed graphene
surface, which is consistent with charge transfer between gra-
phene and the WSe,, as previously inferred from the presence
of trion emission. In the WSe,;/1LG heterostructure, the CPD
difference maintains a constant offset of around —135 meV. A
monotonic increase (decrease in absolute value) in CPD offset
(ACPD = CPDpeterostructure — CPDgraphene) is observed for the
WSe,/2LG heterostructure, where the ACPD starts at close to
—100 meV at 0 V back-gate voltage and reaches =—60 meV at
10 V back-gate voltage.

2.3. Optical Response to Modulation

To investigate the impact of back-gate induced charge transfer
towards exciton populations, spatially resolved PL was
employed. The size of the bilayer graphene islands is compa-
rable to the length scale of the optical diffraction limit, so tip-
enhanced PL (TEPL) spectroscopy was used to resolve these
features. Here, by irradiating the apex of a metal-coated AFM
probe, the excitation of a localized surface plasmon resonance
(LSPR) results in spatial confinement of the optical excitation
into a near-field volume on the nanometer scale.*~*I TEPL was
measured on a 1 um X 1 um area (40 X 40 pixels) capturing vdW
heterostructures with both monolayer and bilayer graphene. At
each pixel, a spectrum was acquired by using a dual acquisition
and computing the spectrum difference to isolate the near-field
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component of the signal, further details can be found in the
Experimental Section.

The TEPL measurements were carried out with 0 and 10 V
gate bias to match the graphene CNP position. These results
are displayed in Figure 4a,b, respectively. Each pixel repre-
sents the integrated area under the TEPL emission spectrum.
The false color intensity scale was kept fixed across maps to
facilitate the visualization of changes between applied back-
gate voltages. Specifically, the measured region corresponds
to the large wrinkle where the WSe, meets the flake edge,
which is further highlighted in Figures S1 and S4 (Supporting
Information). In Figure 4a, the area of the WSe,/2LG het-
erostructure is visible due to the reduced emission intensity
around the upper left side of the image. Between Figure 4a,b,
an overall decrease in the TEPL emission intensity is recorded
predominantly on the region containing bilayer graphene (top
left quadrant of the plot). The evolution of the TEPL emission
was further studied with back-gate voltages of —20 and 20 V as
shown in Figure S5 (Supporting Information). These meas-
urements confirm the emergence of a sharp decrease in emis-
sion intensity for gate biases between 0 and 10 V, with less
substantial changes between TEPL maps at —20 and 0 V as
well as between 10 and 20 V. The abrupt transition in emissive
properties on the WSe,/2LG region between 0 and 10 V gate-
bias thus falls in the same range as the previously recorded
ACPD increase.

To evaluate the spectral changes more closely, a set of aver-
aged spectra at regions of WSe,/1LG and WSe,/2LG vdW het-
erostructures were extracted inside the dashed rectangles. The
positions of the rectangles are slightly offset between Figure 4a
and Figure 4b, in an attempt to compensate a lateral drift
between images as seen in Figure S5 (Supporting Informa-
tion). In Figure 4c, spectra extracted from the WSe,/1LG region
were compared for 0 and 10 V gate bias, showing no appreci-
able changes due to electrostatic doping. In contrast, for the
WSe,/2LG region shown in Figure 4d, a substantial quenching
of the PL emission is measured with applied back-gate bias
(10 V), together with a slight redshift of 4 nm in the spectrum.
The redshift is further seen in the inset, where the peak inten-
sities were normalized, showing an enhanced low energy tail
for the spectrum extracted at 10 V gate bias. Quenching and
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Figure 4. TEPL investigation of region containing WSe,/1LG and WSe,/2LG vdW heterostructures. TEPL maps integrated across full spectrum with
a) 0 V and b) 10 V back-gate voltage. Selected spectral regions averaged inside dashed rectangles in (a) and (b) plotted for c) WSe,/1LG and
d) WSe,/2LG. d) Further contains inset of normalized spectra at 0 and 10 V back-gate voltage. Scale bars in (a) and (b) denote 250 nm.

redshift of the PL spectrum in a back-gated WSe,/1LG het-
erostructure is attributed to interlayer charge transfer, with
increased redshift and quenching denoting a larger proportion
of trion emission.*’!

3. Discussion

3.1. Quantifying Electrostatic Doping on Graphene

The macroscopic graphene channel resistance measurements
located the graphene CNP at an applied back-gate voltage of
around 10 V, identifying the graphene as naturally p-type doped
in the absence of a gate bias. The resulting charge carrier den-
sity variation (n) due to electrostatic doping can be obtained by
using a plate capacitor model with n=a(Vg — V"), *¥ where
Vi and V&Y are the applied gate voltage and the gate voltage
needed to reach the CNP, respectively. The geometric capaci-
tance coefficient o = g&/ed is determined by replacing the
dielectric constant of the SiO, gate dielectric & = 3.9 as well
as the gate dielectric thickness of d = 90 nm, whilst e and g,
are the elemental charge and vacuum permittivity constants,
respectively. Thus, at 0 V back-gate voltage an adjusted car-
rier density of n = —2.4 x 102 cm2 on monolayer graphene is
obtained, where the negative sign denotes hole doping. The
carrier density induced in graphene Dby electrostatic doping is
expected to be widely modeled by the geometric capacitance,
with little contribution from the quantum capacitance.*’!

The estimated doping density relative to the CNP from the
capacitor model can be converted into a Fermi level (Ep) in
monolayer graphene with the expression®®°% 52

Ep =% hve 7|0 1
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Here, the * sign is positive/negative for electrons/holes, 7 is
the reduced Planck constant, and vg the Fermi velocity, which
for monolayer graphene on a SiO, substrate has an estimated
value of vp = 1.1 x 10° m s7.1°% Inserting the carrier density of
n =24x 102 cm™? at 0 V (see above) yields an estimated
Fermi level offset of Er = —198 meV. From Figure 3a, the Fermi
level shift for monolayer graphene corresponding to gate bias
decreasing from 10 to 0 V is measured at —210 meV + 31 meV,
which is in good agreement with the predicted carrier den-
sity through electrostatic doping. This compatibility between
experimental (KFPM) and theoretical determination of Fermi
level position (based on well-known material properties and
the macroscopic CNP measurement) supports the use of
frequency modulation (FM-)KPFM for quantitative evalua-
tion of local work function.’*>” Using the linear relationship
between Fermi level and carrier density for bilayer graphenel®!
(which otherwise only shows a dependency with the effective
carrier mass), the carrier density resulting from electrostatic
doping can be estimated using the Fermi level values obtained
by KPFM. Using an effective carrier mass of meg= 0.033 m,,’!
where m.g is the electron rest mass, the total carrier density dif-
ference between 0 and 10 V back-gate voltages is estimated at
|An| = 1.94 x 102 cm™. In contrast to monolayer graphene, the
CNP of the bilayer graphene islands is unknown and could lie
inside or outside the investigated gate bias range. As undoped
(at CNP) monolayer and bilayer graphene work functions have
been measured to lie at 4.57 eV £ 0.05 eV and 4.69 eV £ 0.05 eV,
respectively,”® and considering the measured CPD of monolayer
graphene as an accurate reflection of its CNP, it is expected that
bilayer graphene remains p-doped throughout the investigated
back-gate voltage range. On this basis, the work function changes
during electrostatic doping for exposed monolayer and bilayer
graphene are illustrated in Figure S6 (Supporting Information).
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3.2. Interlayer Charge Transfer

When graphene and WSe, are contacted, electron transfer from
graphene to WSe, occurs, as identified by our experimental
results and predicted by DFT simulations in literature.3?l The
charge transfer aligns the Fermi level equilibrium and concom-
itantly leads to a rearrangement of the vacuum levels. The rear-
rangement is achieved via a vertical interface dipole forming
across 2D layers, as opposed to band bending in bulk junc-
tions. The magnitude of the interface dipole is influenced by
the work function difference of each material comprising the
heterostructure as well as the resulting interlayer separation
distance governed by the Pauli exclusion principle.®*® In our
KPFM measurements on the WSe,/graphene heterostructure,
a negative CPD offset of around —135 meV was recorded rela-
tive to the exposed (monolayer) graphene. The negative offset
in Figure 3D in the absence of a gate bias reflects a fixed offset
for both monolayer and bilayer graphene heterostructures rela-
tive to the uncovered graphene films within the uncertainty
of the measurement. This CPD offset evidences the presence
of an interface dipole and concomitant potential step in the

(KPFM)
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vacuum energy AV, driven by interlayer charge transfer when
both layers are contacted. Accounting for the interface dipole,
the resulting Schottky barrier for electrons and holes, respec-
tively, can be written as!6%63]

D@, =Ws = Ywse, o AV (2)

Dy, =— (WG —Iwse, i + AV) 3)

Here, Wg is the graphene work function, and Xwsejc and
Iyse, i are the electron affinity and ionization potential of the
vdW heterostructures, respectively, between WSe, and gra-
phene. By attributing the ACPD measured in Figure 3 to the
interface dipole, the entire work function difference at the
heterostructure is absorbed by the AV term with respect to
the exposed graphene. In reality, we may expect the under-
lying graphene at the heterostructure to undergo a work func-
tion shift when contacted with WSe,. However, we expect this
effect to be reasonably small, since the interface dipole remains
constant for monolayer graphene as shown in Figure 3a. This
would not be expected if the buried graphene in the WSe,/1LG

Figure 5. Energy band diagrams of 2D junction between graphene and monolayer WSe,. a) Energy band diagram of graphene and WSe, prior to
establishing electrical contact. b) Energy band diagram after contacting graphene and WSe,, characterized by the formation of a sharp interface dipole
AV across the vdW gap and a Schottky-type contact. Schematics in (c) and (d) illustrate KPFM measurements on graphene and WSe,/graphene
heterostructure.
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heterostructure had a substantially different work function rela-
tive to the exposed graphene, and thus would reach the CNP at
a different gate voltage.

The link between the electronic band structures and the
KPFM measurements is further established via the schematic
in Figure 5. Prior to being brought into contact, the energy
levels of the WSe, monolayer of p-type character (see the Exper-
imental Section) and graphene are illustrated in Figure 5a.
Once brought into contact, the vacuum level offset is character-
ized by the formation of an interface dipole AV across the vdW
gap from WSe, toward graphene and a Schottky-type contact
emerges (Figure 5b). During KPFM measurements, the addi-
tional presence of the Au-coated AFM tip and its work function
has to be taken into account. The band alignments between
graphene and the KPFM tip as well as the vdW heterostruc-
ture with the KPFM tip contacted to the graphene are displayed
in Figure 5c,d, respectively. On bare graphene, the DC bias
required to compensate the local CPD is given directly by the
difference between the tip work function (Wr;,) and graphene
work function (Wg). When measured on the vdW heterostruc-
ture, a vacuum level increase by AV will have to be addition-
ally compensated via the DC bias. In the absence of parasitic
effects, the recorded CPD of exposed graphene and the het-
erostructure should differ by the potential induced due to the
interface dipole. Under these circumstances it follows that the
ACPD plots (black lines) in Figure 3a,b act as a direct measure
of the interface dipole.

Following the interpretation of the junction characteristics
accessible via KPFM, we can use these to consider the extent of
Fermi level pinning at the vdW heterostructure. The presence/
absence of Fermi level pinning is typically assessed via the
interface parameter S, which evaluates the dependency of the
Schottky barrier height @y with the electrode work function (in
our case, graphene) Wg by S = d®p/dWg in the Schottky—Mott
theory. As AV, Xwse:ic, and Iys., c in Equations (2) and (3) are
all constants in relation to W, we used the data in Figure 3a
to calculate S = 1 (see Figure S7, Supporting Information).
This result represents a WSe,/G heterojunction interface with
negligible Fermi level pinning. Employing conventional bulk
metal electrodes to contact WSe,, interface parameters of 0.25
to 0.38 are reported.l®*®] Therefore, the results presented in
this paper represent a three- to fourfold increase in modula-
tion of Schottky barrier height relative to standard metal elec-
trodes. A greater control over the Schottky barrier height allows
engineering devices with reduced contact resistances as well
as ambipolar carrier injection while using the same electrode
material.

In the absence of applied gate bias, the vdW heterostructure
with bilayer graphene yields a comparable interface dipole as
the WSe,/1LG heterostructure, according to Figure 3b, sug-
gesting similar absence of Fermi level pinning. This observa-
tion is consistent with recent studies investigating the local
interface properties of heterostructures between WSe, and epi-
taxial graphene containing regions of monolayer and bilayer
graphene.’132 There, a Fermi level pinning free interface was
largely inferred from the Fermi level shift of the respective het-
erostructures displaying the same energy shift as the under-
lying monolayer and bilayer graphene. In the present work,
Fermi level pinning is locally studied on the same structure via
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independently modulating the graphene work function at mul-
tiple doping levels. This approach excludes any parasitic effects
such as a variation in equilibrium distance between WSe, and
monolayer/bilayer graphene, which is known to impact the
magnitude of the interface dipole.[%3]

Finally, the modulation of the work function of the under-
lying graphene further revealed a reduction of the interface
dipole between bilayer graphene and WSe,. The magnitude of
the interface dipole reduces by =40 meV as the back-gate voltage
increases from 0 to 10 V, evidencing a decrease in vacuum
level offset. This reduction in the magnitude of the interfa-
cial dipole is supported by the TEPL measurements, which
showed strong quenching of the emission spectrum at 10 V
back-gate bias along with a relative enhancement of the low-
energy tail (Figure 4d). This can be understood in terms of a
reduced potential barrier to interlayer charge transfer for photo-
generated excitons resulting in non-radiative interlayer relaxa-
tion as well as a relative enhancement of trion emission.[*]

As the interface dipole is driven by the electronic structure of
the constituent 2D materials and the equilibrium interlayer dis-
tance, the observed reduction in interface dipole is most likely
driven by a change in one of those parameters. Importantly, the
effects associated with a reduction in interlayer dipole strength
were only observed for the vdW heterostructure with bilayer
graphene. The interface dipole of the WSe,/1LG heterostructure
did not exhibit this effect and was measured simultaneously, so
instrumental artifacts are excluded. Local differences in band
alignment and PL emission had been observed for monolayer
and bilayer graphene vdW heterostructures with WS, at fixed
electronic configurations.B33l These results suggest that transfer
characteristics of optoelectronic WSe,/2LG devices would yield
greater sensitivity in the investigated gate bias range compared
to 1LG counterparts. Such control of the transfer characteristics
via dipole layers has been successfully realized in other mate-
rial systems.[°6:67]

4, Conclusion

We studied the interface properties of vdW heterostructures
between monolayers and bilayers of graphene and a monolayer
of WSe; as a function of electrical doping modulation through
bottom-gate biasing. Spatially resolving work function varia-
tions at different gate voltages via KPFM, we achieved lateral
resolutions below 32 nm. Together with macroscopic channel
resistance measurements, we attributed an initial p-type doping
of =200 meV below the CNP in the absence of gate voltage to
monolayer graphene, reaching the CNP with 10 V applied gate
voltage. We showed evidence of an ideal Schottky—Mott behavior
and subsequent absence of Fermi level pinning in graphene/
WSe, heterostructures by comparing the work function modu-
lation at the heterostructures relative to the surrounding free-
standing graphene during electrostatic doping. A fixed interface
dipole larger than —100 meV relative to the free graphene was
recorded that contributed toward the Schottky barrier height at
the interface. Over the gate voltage range studied, we recorded
ideal Schottky—Mott character for heterostructures with mono-
layer graphene, whilst bilayer graphene showed two distinct
regimes. When electrostatically gate-biasing up to 4 V, we
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measured heterostructures with bilayer graphene to closely track
the work function of surrounding exposed bilayer graphene.
For gate bias between 4 and 10 V, the interface dipole reduced
by more than 40 meV. These changes in electronic properties
were consistent with nanoscale tip-enhanced optical photolumi-
nescence measurements presented. While photoluminescence
spectra remained unchanged on the WSe, heterostructures with
monolayer graphene under the surveyed gate voltages, a sub-
stantial quenching and increased low energy emission tail was
recorded for the heterostructure with bilayer graphene.

The obtained results highlight the importance of combined
local nanoscale resolved investigation of electronic and optical
properties to gain insight into the charge transfer effects and
the impact on charge relaxation pathways. The methodologies
and conclusions developed in the present work are applicable to
a wide range of 2D vdW heterostructures. The benefit of using
work function modulation to the metallic 2D layer in a metal-
semiconductor vdW heterostructure is highlighted by being
able to monitor changes in interface dipole revealed under an
applied gate voltage. As demonstrated in the present work,
the assessment of the Schottky barrier height via the relative
work functions, which is critical for parameters such as device
transfer characteristics, is insufficient and changes in inter-
face dipole need to be considered. Increased charge transfer
recorded at heterostructures with bilayer graphene suggests
the ability to form highly sensitive devices by manipulating the
Schottky barrier height via the interface dipole, which impacts
critical device properties such as transfer characteristics.

5. Experimental Section

WSe,/Graphene Heterostructure: The monolayer graphene field effect
transistor (G-FET) device deposited by chemical vapor deposition (CVD)
was acquired from Graphenea Inc. (GFET-S10). The graphene was
contacted by patterned Au/Cr electrodes for source and drain contacts, with
the gate substrate formed of doped silicon separated from the graphene
channel by a 90 nm thick SiO, gate dielectric. Before WSe;, transfer, the as
purchased G-FET device was cleaned by submerging in an acetone bath
for at least 12 h. The WSe, monolayer was prepared by exfoliation from a
p-type bulk crystal (HQ graphene) onto a polydimethylsiloxane (PDMS)
film, followed by transfer onto a G-FET channel device via viscoelastic
stamping.%8 The micrometer-accuracy alignment between the PDMS
film and the G-FET was performed using a home-made microactuator
positioning system. The sample was continuously stored in a glovebox
environment under dry nitrogen conditions.

Channel Resistance Measurements: Measurements of the graphene
channel resistance as a function of gate voltage were performed
with a two-channel source/measure unit (Keysight B2921A, Keysight
Technologies), recording the source—drain current under constant 10 mV
bias applied on one channel, while incrementing the gate-source voltage
on the other separate channel.

Atomic Force Microscopy: AFM measurements were performed on a sample
scanner system (Combiscope 1000, AIST-NT). The system was incorporated in
a glovebox system with controlled inert N, atmosphere (Jacomex GP(Concept)
T2 4385), keeping oxygen gas and H,O levels below 1 ppm. Gold-coated
probes of force modulation type with nominal resonant frequency of 70 kHz
and force constant of 2 N m™ were used (OPUS 240AC-GG, MikroMasch)
and topography recorded by keeping the oscillation amplitude at the first
cantilever eigenmode constant with height displacement.

Kelvin Probe Force Microscopy: KPFM measurements were run in
parallel with AFM inside the same glovebox. KPFM was operated in
dual-pass frequency modulation (FM-)KPFM to minimize the impact
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of stray fields induced by the gate bias and give high lateral resolution.
Here, in the first pass topography was recorded equivalent to the
process described in the previous AFM section. During the second pass,
the Au-coated probe tracked the topography signal recorded during the
first pass at a lift height of 10 nm, while being mechanically driven at
the resonant frequency (f,.s = 70 kHz) and an additional lower frequency
AC voltage applied to the tip (fac = 512 Hz). The FM-KPFM feedback
loop was set at the first intermodulation product (fes = fac), where a
DC voltage was applied to compensate the local contact potential
difference.l®! With the voltages related to the KPFM feedback loop
applied to the probe, the measured CPD is given by the difference
between tip and sample work functions, CPD = (Wy, — Weample) /€.

Tip-Enhanced Photoluminescence Spectroscopy: TEPL spectroscopy
measurements were performed on the same scanning probe microscopy
platform as KPFM. Probes for TEPL were made by thermal evaporation
of a plasmonic coating. Here, silicon force-modulation type probes
with 85 kHz nominal resonant frequency and 2.8 N m™' force constant
(ATEC-FM, NANOSENSORS) were used. Initially a thermal oxide was
grown (=300 nm thickness) in a tube furnace at 1000 °C for 45 min
under continuous water vapor flow. The probes were subsequently
exposed to a UV—ozone cleaning treatment for 45 min (T10x10/OES/E,
UVOCS) before loading inside the thermal evaporator (LABmaster
SP/DP, MBRAUN). A purpose-built probe holder system was designed
to ensure the tip axis is maintained at the optimum angle to the plane of
the evaporator source. Silver wire with 99.9999% purity (Agar Scientific)
was thermally evaporated under high vacuum (=2 x 107 mbar) to a
total film thickness of 75 nm. Without breaking the vacuum, high purity
(99.9999%) aluminum (Agar Scientific) was subsequently deposited to a
thickness of 2 nm. The thin aluminum layer readily oxidizes into Al,O,,
acting as a protective barrier towards the underlying silver.”!l

TEPL spectra were recorded using a 0.7 NA infinity corrected long
working distance objective (Plan Apo, Mitutoyo) and 633 nm He Ne
laser pump excitation. The collected light was dispersed and recorded
with a Raman spectrometer (Labram HR Evolution, Horiba) using a
300 grooves mm~' grating. TEPL measurements were carried out
in ambient conditions, with the sample being taken out of storage in
inert glovebox conditions just prior to the measurement to reduce the
impact of environmental adsorbates. Spectra were recorded in “dual
spec” mode, where at each pixel separate spectra are recorded with
intermittent and contact mode topography feedback. Given the different
tip sample distances at each of the operation modes, subtracting the
recorded TEPL spectrum at intermittent mode from the contact mode
acquisition effectively removes the far-field component of the scattering
signal from the tip-enhanced near-field component.!*’]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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