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Abstract

We study the interactions in graphene/WS; 2D layered vertical heterostructures with variations in the
areal coverage of graphene by the WS,. All 2D materials were grown by chemical vapour deposition and
transferred layer by layer. Photoluminescence (PL) spectroscopy of WSz on graphene showed PL quench-
ing along with an increase in the ratio of exciton/trion emission, relative to WS; on SiO; surface, indicat-
ing a reduction in the n-type doping levels of WS; as well as reduced radiative recombination quantum
yield. Electrical measurements of a total of 220 graphene field effect transistors with different WS, cov-
erage showed double-Dirac points in the field effect measurements, where one is shifted closer towards
the OV gate neutrality position due to the WS> coverage. Photo-irradiation of the WS, on graphene region
caused further Dirac point shifts, indicative of a reduction in the p-type doping levels of graphene, reveal-
ing that the photogenerated excitons in WS, are split across the heterostructure by electron transfer from
WS: to graphene. Kelvin probe microscopy showed that regions of graphene covered with WS, had a
smaller work function and supports the model of electron transfer from WS, to graphene. Our results
demonstrate the formation of junctions within a graphene transistor through the spatial tuning of the work

function of graphene using these 2D vertical heterostructures.
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Introduction

Two-dimensional (2D) van der Waals (vdW) crystals including graphene, boron nitride and tran-
sition metal dichalcogenides (TMDs) have been considered as promising candidates in a new generation
of nano-electronics, with the potential to extend scaling limits of conventional silicon-based transis-
tors.">3 Alongside their ultrathin nature, high mechanical strength due to covalent bonding and wide range
of electronic properties, 2D vdW crystals also serve as promising building blocks for new flexible elec-
tronics and optoelectronic devices.** Forming heterojunctions of 2D vdW crystals is a common approach
to modulate the electronic properties of the materials for device applications. These heterojunctions based
on vdW interactions rather than covalent bonding are not limited by crystal lattice mismatch, offering a
wider range of choices in materials systems. Furthermore, the lack of dangling bonds on the monolayer

crystal surfaces also enables high quality, atomically regulated interfaces.

The discovery of graphene in 2004 has led to a surge of research in the physical phenomena of 2D
materials as well as their device functionalities.” The high charge mobility, strong and broadband adsorp-
tion per unit mass, excellent mechanical strength, flexibility and transparency of graphene makes it a
promising material for transparent electrodes and ultrafast photodetectors.®® Optoelectronic properties of

TMDs such as WS and MoS; have also been investigated due to their sizable and direct band gaps,'%-!2

which are believed to complement graphene’s absence of band gap. Multiple studies have investigated the

device applications of graphene/TMD heterostructures by artificially stacking the 2D crystals. Reports on
tunneling field effect transistors,'> biosensors,'* photodetectors and photovoltaic cells,'>!® have demon-
strated the unique electronic properties and enhanced light-matter interactions that the graphene/TMD
heterojunctions could offer. Prior investigations have revealed optical and electronic properties of these

graphene/TMD heterostructures. In particular, photoluminescence (PL) quenching on TMD and a n-dop-



ing effect on graphene were observed in the mechanically exfoliated 2D crystals.!”'® Mechanically exfo-
liated samples are often free from polymer residue and this enables atomically sharp interfaces between
each 2D crystal in the vertical heterostructure. However, the prospect of utilizing mechanically exfoliated
samples in commercial applications is small, and this promotes the investigation of similar properties in
all chemical vapour deposition (CVD) grown 2D material vertical heterostructures. 2D crystals grown by
CVD normally show properties different from their pristine form due to unintentional doping during
growth and transfer process. Obtaining atomically sharp 2D heterointerfaces is more challenging using
CVD materials due to residues that may form during transfer. Thus exploring whether such strong inter-
layer coupling exists in these of vdW crystals grown by CVD is essential for large-scale manufacture and

would warrant potential industrial applications for such heterostructures.

In the following, we demonstrate the fabrication of a p*-p isotype junction on graphene channels
utilizing the charge transfer in graphene/WS; heterostructure. The doping effect of graphene brought by

WS> can be further tuned by illumination. Both graphene and WS, were grown using CVD method and a

total of 220 devices were fabricated. We investigate the doping effect through examining the devices’

electronic characteristics when altering the spatial coverage of WS> on graphene FETs. The observed
surface transfer doping, unlike conventional doping methods of graphene that involves electrostatic mod-
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ulation, chemical interaction,? or intercalation,?® relies on charge transfer between interfaces without

introducing significant structural defects to the as-doped material.>> This finding offers an alternative
method to selectively and controllably tune the Fermi level of graphene regions that could potentially
form lateral p-n junctions on graphene transistors using other 2D vdW crystals. The doping asymmetry at
these junction interfaces are found to be essential for effective photoresponsivity in graphene.®?® The
controllable doping of graphene proposed in our study may also facilitate researches on the mechanisms

of photocurrent generation in graphene-based photodetectors.?”-?® As no additional gate voltage is required



in modulating the charge carrier density, the junctions created in our devices using graphene/TMD 2D

heterostructure can therefore be applied in fully transparent and flexible photodetectors. °
Results and Discussion

Both graphene and WS> were grown by CVD methods using our previously reported ap-
proaches.?*=° Graphene/WS; hybrid devices were made by transferring graphene onto a silicon chip with
300 nm oxide, pre-patterned with more than 500 pairs of Cr/Au pads that act as source and drain elec-
trodes. The graphene is then patterned by electron-beam lithography and oxygen plasma etching into
channels. A WS2/PMMA film is subsequently transferred on top of the chip containing the graphene
channels. As the CVD-grown WS; crystals are randomly distributed across the region, multiple WS; crys-
tals are transferred directly onto the graphene channels, forming vertical heterostructures that have spa-

tially different coverage amounts.

Figure la,d shows a SEM image and an optical microscopy image of the device consisting of
graphene/WS; heterostructures. The WS> domain extends across the three different surfaces of SiO», gra-
phene and gold. The spatial map of integrated PL signal from the monolayer WS> is shown in Figure le
and shows quenching in regions where the WS> domain lies above the graphene channel and gold elec-
trode. Photo-excited electrons on WS, are able to transfer to gold or graphene, resulting in a suppressed
recombination process of excitons and the quenching of PL signal. This agrees well with previous reports
on the quenching effects in metal-semiconductor interfaces of 2D crystals.!”*! The quenching of PL is an

indicator of good contact between graphene/WS; vertical stacks.
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Figure 1. PL intensity spatial map of graphene/WS; heterostructure. (a) SEM image of devices with graphene

channel and vertically stacked WS, crystals. Bright square regions are Cr/Au electrodes which are used as
source/drain contacts of the graphene FETs. Dark triangular domains are WS crystals. (b) SEM image with false
colour of the region indicated in the blue dashed rectangle in (a). (c) Side view schematic of device structure. (d)
Top view optical image of the graphene FET device with WS; partial coverage, with added colour overlay to help

identify the different regions. () Spatial Map of the integrated PL intensity of WS, in the red dashed rectangle in

().

Figure 2a shows the PL peak position map of the same hybrid device shown in Figure 1d. A blue
shift of collected PL signal is observed when the WS2 domain lies above the graphene ribbons. The PL

peak signals of WS; on graphene and SiO, substrates are plotted for further analysis. Using Lorentzian



fitting, the main peak of photoluminescence signal can be deconstructed into two separate peaks, at-
tributed to the exciton (X) and negative trion (X°) emission with corresponding photon energies of around
2.01 eV and 1.97 eV respectively. The energy difference of around 40 meV in the two peak positions is

attributed to the binding energy of excitons to form negatively charged trion, which is consistent with

previous reports of trion binding energy ranging from 20 to 40 meV.3>** For WS, on the graphene ribbons

(i.e the vertical heterostructured region), the spectral weight of negative trion emission decreases relative

to that of the exciton peak (Figure 2b), suggesting that electrons are depleted from WS, within the region.
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Figure 2. PL composition analysis of graphene/WS; heterostructure. (a) Spatial PL peak position map of WS,

in heterostructure device. (b) PL spectra of WS, domain on Si substrate and graphene. Lorentzian fitting was used

to decompose the PL peak to compare the spectral weight of negative trion (blue curve) and exciton (red curve).

The photoluminescence measurements in Figures 2 and 3 demonstrate the significant interaction
between the WS, and graphene layer that should lead to changes in the local charge carrier densities. To
explore this further we examine the electronic properties of field effect transistors. Figure 3 shows the
field effect change in graphene channels for different levels of WS, coverage. The CVD-grown graphene
on SiO; substrate has a Dirac point at around 70 V, which is typical for CVD graphene measured on SiO>

in air and indicates p-doping. When graphene is partially covered by a WS crystal, a second Dirac point



under a back gate potential of 20 V is observed. The appearance of two Dirac points in the gate sweeps
suggests electron transfer from WS, to graphene, which reduces the level of p-doping of the graphene
within the heterostructure region, forming a lateral separation on the graphene channel with different
Fermi levels. When graphene is fully covered by WS, domains, the entire graphene channel has reduced
p-doping compared to uncovered graphene and only one Dirac point is observed in the gate sweeps at

much lower voltages.
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Figure 3. Gate dependence of graphene FETs. (a, b, ¢) Optical images with added schematic of 3 different types

of graphene channels according to WS, coverage (no coverage, partial coverage and full coverage). (d,e,f) are

corresponding field effect measurements of the different graphene transistors.

To further investigate the relationship of Dirac point positions and the coverage of WS; on gra-

phene channels, we have studied a total of 220 graphene FET devices with variable WS, coverage. We



classify three different types of Graphene FETSs, graphene channels without WS, coverage, graphene
channels that are fully covered with WS, and graphene channels with partial WS, coverage. The average
value of the Dirac point positions and the standard deviation are shown in Table 1. Compared with un-
covered graphene channels and channels that are fully covered by WS> domains, graphene channels which
are partially covered by WS, have corresponding Dirac points of around the same position at around 70
V and 20 V. This suggests that the difference in WS, coverage on graphene does not affect the positions
of Dirac point significantly, but rather affects the relative weighting contribution of the two Dirac points
in the gate sweeps. This can be interpreted using a simplified model of two resistors in series as shown in
Figure 4a, where the overall channel resistance is the sum of the contact resistance and two laterally
separated graphene regions, one covered with by WS> and the other without, expressed as Rw and Ry
respectively. Figure 4b shows a schematic illustration of the band structures of these two graphene regions
under different applied back gate potentials. The doped graphene reaches its neutrality point at around 20
V, transitions from p-type to a n-type transistor with increasing gate potential, while the uncovered gra-
phene that is initially more p-doped reaches neutrality point at a larger back gate potential of around 70

V.

Table 1. Dirac point position of 3 types of graphene channels

Graphene channels # of devices Average Dirac point position (V) o (V)
No WS2 coverage 93 70.9 6
Full WS, coverage 12 22.9 10.7
Partial WS, coverage (a) 115 76.9 8.9
Partial WS, coverage (b) 115 22.2 8.2

The device characteristics of channels with graphene/WS; heterostructure can be represented us-
ing a simplified model of two distinct graphene regions with different doping levels connected in series.

The total channel resistance (R) of the graphene can thus be expressed using the equation R = k- R, +



(1—k) Ry + Rc , where k is the percentage of WS, coverage on graphene channel, R, the contact re-
sistance, and R,,, R, the resistance of doped graphene covered by WS; and plain graphene respectively.
To analyze the resistance of each regions of graphene, we introduce a model?* to account for the electron-
hole puddle density (Supporting Information section S2), in which the total charge carrier concentration
is approximated using equation ny = \/W where n, is the residual carrier concentration and n

is carrier concentration induced by a back-gated electric field. n; can be further determined by the dif-

ference of the applied back-gate potential V/; and the position of graphene’s charge neutrality point Vi yp,

also known as Dirac point. The resistance of a region of graphene can be expressed as R =

Q|-

L
w

S

L= 4 where A, B are related to carrier mobility u, and residual charge carrier density

et \/1+(Vg—VCNp)2/BZ

ny. The excellent agreement between the measured channel gate-sweep characteristics and modelled

curves shown in Figure 4f-h confirmed the local tuning of graphene’s Fermi level due to transfer of elec-
trons from WS, onto graphene.

The p-doping of CVD graphene has been commonly attributed to charge impurities unintention-
ally introduced by substrates, polymer residual and absorbents under ambient conditions.® Reports have
shown that the encapsulation of graphene using TMDs and other 2D crystals remove the absorbed water
molecules by a van der Waals self-cleaning process,®®*” and thus a less p-doped graphene would be ex-
pected with transfer of WS, on graphene. However, this does not seem to be the main reason of the Dirac
point shifting of graphene within the heterostructure. In the statistical analysis of charge carriers derived
from the best fitting results of 115 graphene devices with double-Dirac points, we have found that the
concentration of charge carriers of graphene under WS, domains is on average 1.85x10' cm, while
graphene without WS, coverage has 1.15x10* cm2. From the fitting results, we can conclude that the
residual charge carrier density of graphene has in most cases increased after the stacking of WS, domains

(Supporting Information Figure S2).This suggest that the main mechanism of the observed doping effect



is more likely to be an introduction of charge carriers rather than just a simple cleaning process with the
removal of absorbed gas and water molecules, which would have resulted in a more pristine graphene

with a lower residual charge carrier.
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Figure 4. Electronic model of laterally separated graphene channel. (a) Simplified resistance model of gra-

phene channel where Ry, and R,, which represent the resistance of doped and un-doped graphene respectively, are
series connected within the transistor channel. (b) Schematic illustration of band structure of the two distinct gra-
phene regions under different applied back gate potential. (c,d,e) Optical images with added schematic of graphene
channels with 28%, 50% and 85% WS: coverage. (f,g,h) Corresponding field effect measurements and simulated

resistance from electronic model.

The charge transfer that has taken place at the interface can also be reflected by the surface poten-
tial at the lateral isotype junction along the graphene transistor. Previous studies have reported using Kel-

vin Probe Microscopy (KPM) measurements to investigate the heterojunction as well as the doping effect
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of graphene and TMDs*-%. During a KPM measurement, a direct current is applied to the sample to

nullify the contact potential difference (CPD) between the KPM tip and the sample surface, thus a sample
on a conductive substrate is required (Figure 5a). A representative energy band diagram at equilibrium
state is shown in Figure 5b to demonstrate the relationship of the measured CPD work functions of the
different surface. The difference in the vacuum level, denoted as Evac, of the different materials is due to
band bending when the charge transfer take place for their Fermi levels, denoted as Er, to align. CPD of
the KPM tip and graphene or graphene/WS; heterostructure can thus be written as the difference in their

work  function, i.e., CPngphene=m for graphene and CPDys,/graphene =

¢tip

_¢WS:/9m”he”e for the heterostructured region, wWhere @i, ®graphenes Pws, /graphene are Work func-

tions of the tip (Cr/Pt), graphene, and heterostructured region respectively. From Figure 5d and 5e, we
find that the work function of the heterostructured region is smaller than graphene, which translates into
a higher Fermi level before reaching equilibrium and reinforces our claim of the introduction of electrons

to graphene from WS,.
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Figure 5. KPM Surface potential map of graphene/WS; heterostructure on Au. (a) Side view schematic of
heterostructure sample for KPM. (b) Schematic of energy band diagrams of graphene and graphene/WS: hetero-
structure, relative to KPM tip, depicting CPD and work function. (c) Optical image with added contrast of gra-
phene/WS; heterostructure on gold electrode. (d) KPM map of the surface potential of the Au, WS, and graphene

(e) Line scan of surface potential across Au, WS, and graphene.
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In Figure 6 we demonstrate further n-doping of graphene by photo-irradiation of the heterostructured
region using a 532 nm laser with variable power. The field effect behavior of the graphene transistors
with partial WS, coverage is highly responsive to the input laser power (Figure 6¢ and 6d). The two Dirac
points, which are attributed to the WS,-doped region and uncovered graphene respectively, shift at dif-
ferent rates with increasing laser power, resulting in a split of the two Dirac points (Figure 6d). This
suggests that a further n-doping effect can be induced from photo-excited states at the WS»/graphene
interface along with initial charge transfer that occurs upon simple contact between the two materials. The
photoinduced doping of graphene is attributed to charge separation of photo-generated excitons at the
WS;/graphene interface, with holes confined in the WS while the electrons are transferred into graphene.

This agrees with prior reports on interlayer coupling and charge transfer in other 2D crystal vertical het-

erostructures.*-*3 This result also supports the observation of PL quenching with concomitant reduction

in the ratio of trion/exciton emission for WS, on graphene, seen in Figure 1 and 2. Placing WS; on gra-
phene causes an initial charge transfer of electrons from WS to graphene, which reduces the level of n-
doping in WS and thus reduces trion emission relative to excitonic emission. A decrease in the p-doping
of graphene in FET measurements is also an effect of this. Upon photo-irradiation, excitons in WS are
split, with electrons transferred to graphene and holes remaining in the WS. The splitting of the exciton
causes a reduction in the quantum yield of the direct excitonic recombination process in WS> and further

reduction in the p-doping levels of graphene.*

13
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Figure 6. Photo-irradiation of WS,/graphene interface. (a) Optical image of a graphene transistor partially cov-
ered by WS,. (b) Optical image of device illuminated with 532 nm laser. The laser is centered at the edge of the
WS, domain so that both graphene and heterostructured region are illuminated. (¢) Field effect measurement device
under increasing laser power. (d) Contour plot of the resistance of graphene channel in response to the illumination

power and applied back-gate voltage.
Conclusion

In summary, we have created graphene/WS; vertical heterostructures using all CVD grown materials and
characterized the interlayer coupling of the vdW crystals using optical spectroscopy and electronic meas-
urements. Strong quenching of the PL is observed for WS> on graphene, indicative of strong interactions
between the two layers, which is also supported by the electronic transport measurements of graphene

and the photoinduced doping effect. By only partially covering graphene with WSy, it is possible to locally
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modulate the doping of graphene and construct graphene FETs with double-Dirac points. Our work shows
that CVD grown WS> can be transferred on top of the graphene and still exhibit strong interactions in
both optical and electronic properties. The doping effect can be further modulated by controlling the laser
power illuminating the heterostructure. This opens up the possibility of large scale device fabrication
based on all CVD materials that cannot be achieved with 2D materials isolated by mechanical exfoliation.
Our findings can serve as ground work for novel photodetectors using surface charge transfer between

2D crystals.
Experimental Methods
CVD Synthesis of monolayer WS,

Monolayer WS, was grown on 90nm SiO2/Si substrate using our previously reported method with slight
modifications of the CVD set up.2%* The two precursors, sulphur powder (400 mg of purum grade 99.5%)
and WO3 (200 mg of puriss grade 99.9%) are placed separately in a double-walled-quartz-tube. Sulphur
and WOz powder were positioned in the external and internal tube respectively and heated by two furnace
systems. Vaporized precursors are brought to the reaction zone by argon gas flow, where WOz undergoes

sulfurization. The as-grown WS, samples were fast cooled as soon as the reaction is completed.
CVD Synthesis of monolayer Graphene

Monolayer graphene was grown using our previously reported method involving Cu as catalyst and tung-
sten as substrate.*® Cu and W were cut into 1 cm? pieces and rinsed in acetone and IPA. Hydrochloric acid
was applied to Cu before rinsing to eliminate the oxide layer. Cu was mounted on W and placed in the
furnace. 100 sccm of Hydrogen (25%) and 200 sccm of Argon was used to anneal the sample at 1090 for
30 min before growth. Graphene was grown on the melted Cu with a flow of 200 sccm Argon, 30 sccm

Hydrogen (25%) and 10 sccm of Methane (1%) for 90 min, subsequently followed by a secondary growth

15



process at 1060 °C for 30 min. The sample was subsequently removed from the heating zone and cooled

to room temperature.

Transfer of Graphene and WS, domains

The as-grown CVD samples were first spin-coated with a poly(methyl methacrylate) (PMMA) scaffold

(8 wt% in anisole, 495k molecular weight) at 4500 rpm for 60 s and cured at 150 °C for 15 min. W

substrate of the Graphene sample was electrochemically etched in NaOH (2 M) by connecting a 2.4 V on
the sample and using a Cu foil as anode. The PMMA/Graphene film was then separated from Cu substrate

by (NH4)2S20s etching (0.1 M). The PMMA/WS; film was separated from the SiO2/Si substrate by KOH

etching (1 M) at 60 °C. The floating PMMA/Graphene and PMMA/WS; films were carefully transferred

several times into deionized water to dilute residual contaminants. The films were subsequently trans-

ferred onto Si chip and baked at 150 °C for 30 min for sample adhesion.

Device fabrication

JEOL 5500 FS EBL system was used to pattern contacts in a bilayer PMMA resist. A thermal evaporator

was used to deposit Cr/Au (10 nm/80 nm) electrodes onto a 300nm SiO2/Si substrate, followed by liftoff

in acetone at 45 °C. Graphene/PMMA film was scooped and transferred onto the Si chip with pre-pat-

terned electrodes and baked overnight at 180 °C for better contact. Graphene were subsequently patterned

using EBL with negative resist and oxygen plasma etching to define the graphene channels with a length

and width of 100 pum and 25 pm respectively. The sample was soaked in hot acetone to remove residual

PMMA and negative resist. Lastly, WS2/PMMA film was transferred onto the sample and baked at 150 °

C for 30 min. PMMA was removed in hot acetone.

16



Electrical Characterization

Heavily p-doped silicon was used as back gate. The field effect of graphene channels was characterized
using a HP4156 Semiconductor Parameter Analyzer and probe station. A total of 220 devices were char-

acterized under ambient conditions.

Optical Characterization

PL spectroscopy was carried out using a LabRam Aramis Raman Spectrometer. Samples are illuminated

with a 532 nm laser of 200 uW, through a x50 objective lens with a spot size of ~2 um.

Kelvin Probe Microscopy (KPM) Characterization

KPM was used to probe the surface potential of WS, and Graphene with a gold substrate as reference.
KPM measurements have been performed on an Asylum Research MFP-3D atomic force microscope with
a Cr/Pt plated cantilever with a spring constant of 2.17 N/m and resonance frequency of 67.12 kHz. A
standard two-pass procedure is used to map the topography and KPM information, in which each meas-
urement of the topography line in the amplitude-modulated non-contact mode is followed by the acquisi-

tion of a KPM line 50 nm above the topography trace.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:

Raman, PL and TEM of 2D materials used for device, fitting model with e-h puddle, statistics of
residual charge carrier concentration of devices, comparison of doping effects of WS, with/with-

out gold connection.
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