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Abstract

We demonstrate a graphene-MoS, architecture
integrating multiple field-effect transistors and
we independently probe and correlate the con-
ducting properties of van der Waals coupled
graphene-MoS, contacts with the ones of the
MoSy channels. Devices are fabricated start-
ing from high-quality single-crystal monolayers
grown by chemical vapor deposition and charac-
terized by scanning Raman and photolumines-
cence spectroscopies. Transconductance curves
of MoS, are compared with the current-voltage
characteristics of graphene contact stripes, re-
vealing a significant suppression of transport
on the n-side of the transconductance curve.
Based on ab-initio modeling, the effect is un-
derstood in terms of trapping by sulfur vacan-
cies, which counter-intuitively depends on the
field-effect, even though the graphene contact
layer is positioned between the backgate and
the MoS, channel.

Keywords

graphene, MoS,, heterostructure, field-effect,
single-crystal

Letter

Van der Waals (vdW) heterostructures, formed
when two or more atomically-thin crystals are
bonded by vdW interaction,! are intriguing ar-
chitectures, enabled by the discovery of two-
dimensional (2D) materials, such as graphene,
hexagonal boron nitride, and transition metal
dichalcogenides (TMDs). Within this fam-
ily, peculiar junctions can be obtained when
graphene is used as a contact material for
a TMD monolayer. While the interface be-
tween a TMD and a conventional, bulk metal-
lic electrode tends to display Schottky behav-
ior due to intrinsic and extrinsic Fermi pinning
phenomena,“® vdW graphene-TMD junctions
yield well-behaved linear transport character-
istics.” This contacting approach has been suc-
cessful in improving TMD-based devices.® Nev-
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ertheless, the exact physics behind graphene-
TMD vdW junctions is still debated™ and dif-
ficult to probe in a direct way. In particu-
lar, devices typically include only two contacts,
which makes effects on the transport character-
istics due to the interface not easy to distinguish
from those due to the resistivity of the two-
dimensional materials, since typically only the
global conductance of the device can be mea-
sured.

Charge transfer phenomena,™ strain,™ and
charge trapping in defects, ¥ might also play
an important role. Furthermore, in the case of
field-effect devices, the low density of states in
the vicinity of the Dirac point leads to weak
screening properties despite the metallic nature
of graphene.’¥ This implies that a non-trivial
response to field effect can be observed, and
exploited in novel device concepts. 2017 Gating
on graphene-MoS, heterostructures has been
widely investigated from a numerical™® and ex-
perimental ™2 point of view, and in differ-
ent stacking configurations. Indeed, the re-
ciprocal electrostatic screening of the junction
materials can remarkably affect the contact re-
sistance, and it was shown theoretically that
MoSs can screen the field effect on graphene,
or not, depending on the order of the specific
stacking sequence.’® Nevertheless, to the best
of our knowledge, direct experimental evidence
of how the formation of vdW interfaces leads to
changes in the trasport properties of the indi-
vidual materials involved in field-effect transis-
tor (FET) devices is still missing.

The progress of large-scale chemical vapor
deposition (CVD) techniques gives the oppor-
tunity to investigate vdW interfaces from a
different angle. High-quality and large-scale
monocrystalline flakes of graphene??23 and
TMDs2%#25 can be reproducibly grown. When
this technique is associated with a patterning
of the seed points, predictable flake arrays of
chosen sizes can be achieved,?8 opening to a
promising pathway to the fabrication of multi-
ple parallel devices combining different 2D ma-
terials. In this Letter, we take advantage of this
opportunity to demonstrate a novel graphene-
dichalcogenide architecture where a monocrys-
talline MoS, channel is contacted by a large
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Figure 1: Multi-FET device architecture.
(a) Monocrystalline contact stripes obtained by
patterning a periodic array of graphene CVD
flakes (scale bar is 100 um). (b) Monocrys-
talline CVD MoS, flakes before transfer onto
the SiOy/Si substrate (scale bar is 50 um). (c)
Optical picture of one of the studied devices im-
plementing a multiple FET structure, as visible
in the cross-section sketches: graphene multi-
contact MoSs FET (AB section) and MoS,-
covered graphene FET (CD section).

number of monocrystalline graphene stripes,
each of them crossing the whole MoS, channel
as schematized in Fig. [l Each stripe can thus
act as ohmic contact for a MoSs backgated FET
(see cross-section AB in Fig. 1), and be simul-
taneously contacted at its terminations to im-
plement an additional MoSs-covered graphene
FET (cross-section CD in Fig. [I)). This struc-
ture can so act as a MoSy FET and as a set of
graphene FETs at the same time, which will
be referred to as a multi-FET in the follow-
ing. Such unique arrangement allows a first in-
dependent study of the conducting properties
to be performed for the different components
of graphene-MoS, systems, highlighting a sup-
pression of the electron-side transconductance
in MoS,-covered graphene, in coincidence with
the conducting threshold of free MoS, in the
main device channel. This behavior is appar-
ently at odd with recent predictions for defect-
free MoS,,I8 nonetheless it can be understood
in terms of a gate-driven trapping by sulfur va-



cancies which further highlights the non-trivial
weak screening properties of graphene.

The multi-FET fabrication starts from a
square array of ~ 150 um-wide single-crystal
monolayer graphene flakes, with a spacing of
200 pum. Arrays are grown on Cu foil via CVD*
and then transferred on a p+-+ Si substrate
covered by 300nm thermal SiO, following the
procedure described in Ref. 22 Each flake is
patterned into a set of 5pum-wide and 5 pm-
spaced stripes via electron-beam lithography
followed by reactive ion-etching, leading to the
structures visible in Fig. [Th. Single-crystal
MoS; monolayer flakes with an average size of
~ 50 pm were grown via CVD following Ref. 27
and 28 (see Fig. [Ib). Given the chosen spac-
ing between the stripes, the process typically
yields various devices with 4 — 5 contacts and,
since the flakes are triangular, with an uneven
coverage of the graphene stripes. The trans-
fer process employed for MoS, is very similar
to the one for graphene except for the delami-
nation step, which was obtained by immersing
the sample in a 1M solution of NaOH rather
than by an electrochemical method.*” After the
transfer, excess MoS, flakes were removed by a
further dry etching step and, finally, metallic
Cr/Au (10/50nm) electrodes were defined by
electron-beam lithography and thermal evap-
oration. Each fabrication process yields var-
ious devices in parallel, one of them visible
in Fig. [Ie. Further details about fabrication
are reported in the experimental methods in
the Supporting Information (Fig. Sla shows a
schematic of the fabrication procedure).

Both the patterning procedures and the for-
mation of vdW interfaces can significantly per-
turb the properties of the 2D materials. For
this reason, photoluminescence (PL) and Ra-
man spectroscopy were employed to character-
ize the 2D crystals at relevant device processing
steps. In Fig. Ph-c, we report Raman spectra
of a typical transferred MoS, flake and analyze
the influence of the graphene contact stripes.
The characteristic A and FEsc modes visible
in panel (a) exhibit a strong dependence on
thickness®! and their separation Aw ~ 19 cm™!
is in good agreement with the expected mono-
layer nature of the MoS, flake. Raman data

contain also information on the local doping
and strain, which can be analyzed based on the
correlation plot in Fig. [2b, where the position
of the A;q peak is plotted against the one of
Esq.*? Mean Raman shifts of the Fog and Aiq
peaks in graphene-free regions are 384.5 £ 0.3
cm ! and 403.3£0.4 ecm ™, respectively. These
values are quite close to the neutrality point,
located at the intersection between zero strain
and zero doping line (Fog = 384.6 + 0.2cm™!
and A;q = 402.7 + 0.2cm™1).%? Interestingly,
Raman shifts from regions where MoS, over-
laps graphene (Ebg = 383.4 + 0.5cm™! and
Ajg = 404.3 £0.3cm™!) indicate a variation in
tensile strain distribution of ~ 0.10—0.35% and
a sizable electron reduction of (3.041.8) x 10'2
cm 2. Thanks to the sensitivity of the A, peak
on doping,®? the spatial doping modulation of
MoS; due to graphene can be directly appreci-
ated in the map of the A,¢ position in Fig. 2.
The map is shown in overlay to an optical pic-
ture of the flake, to highlight the good correla-
tion between the map patterns and the position
of the graphene stripes. Consistent evidences
are obtained from graphene Raman data shown
in Fig. 2d-f. In panel (d), graphene spectra in
the presence/absence of MoSs are compared.
Both curves show a single sharp Lorentzian-
shaped 2D peak, which is a typical signature of
monolayer graphene,*” and no D peak, which
indicates a negligible density of defects.®* The
absence of defects was confirmed for all the
fabrication steps (see Supporting Information
Fig. S2). We also note that when graphene is
covered in MoS, (orange curve), a strong base-
line appears below the Raman peaks due to the
MoS, PL signal. As in the case of MoSs, strain
and doping profiles can be derived from the Ra-
man data,”Y based on the correlation plot of
the 2D and G modes reported in Fig. [2e, see
Supporting Information for additional correla-
tion plots (Fig. Sle-f). The positions of the
G and 2D peaks in regions free from MoS, are
1582.740.9 cm ™! and 2676.24+2.2 cm ™!, respec-
tively, corresponding to a p-type doping. Dif-
ferently, Raman data collected in MoSs-covered
regions (1585.441.5cm ™! and 2685.84+3.7 cm ™"
for the G and 2D peaks, respectively) fall on
the strain line, thus indicating a neutralization
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Figure 2: Optical characterization of the MoS,-graphene structures. (a) MoS; Raman
spectra after transfer on top of the graphene stripes: both spectra from MoS, on top of graphene
(orange) and graphene-free MoS, (blue) are reported. (b) Correlation plot of the position of A;g
as a function of the position of Esg. Zero strain and zero doping line are taken from Ref. 29/ (514.5
nm laser excitation).(c) Map of the position of A;g. (d) Raman spectra of graphene after the
MoS, transfer: both spectra in the presence (orange) and absence (green) of the MoS, overlayer
are reported. (e) Correlation plot of the position of 2D peak as a function of the position of G
peak. Zero strain and zero doping line are taken from Ref. (514.5 nm laser excitation) (f) Map
of the position of 2D peak. (g) PL spectra of MoS, both in a region where it overlaps graphene
(orange) and in a graphene-free region (blue). Gaussian fits of A and B excitons are shown in
dashed and dot-dashed lines respectively. (h) Map of the position-dependent quenching of the A
exciton signal. (i) Map of the position-dependent A exciton broadening. All maps are shown in
overlay to an optical image of the analyzed flake, scalebars in the panels correspond to 10 ym.



of graphene. The variation of mean peaks po-
sitions corresponds to an electron increase of
(2.3 £1.5) x 10'? em™2 and to a variation of
strain nature from compressive to tensile. The
spatial modulation of the doping can be seen
from the 2D peak position map in panel (f),
showing a good correlation with the position
of the MoS, flake. A modified strain is also
observed, turning from slightly tensile to com-
pressive &~ 0.10 — 0.30%. We note that the dop-
ing and strain trends observed where MoS, and
graphene overlap are opposite and thus consis-
tent. We further highlight that while Raman
data clearly indicate an electron transfer from
MoS, to graphene, absolute equilibrium car-
rier densities are not obvious to be determined,
due to the presence of photo-excited carriers
during the Raman measurements. The forma-
tion of the heterojunction can be further in-
vestigated based on the PL spectra of MoSs,
which are reported in Fig. g. Three main
peaks are highlighted by Gaussian deconvolu-
tion. These peaks are attributed to the A exci-
ton (1.81eV), the B exciton (1.94eV) and the
trion (1.71eV).5%6 We observe that the pres-
ence of graphene modifies the MoS, response
and the signal of the A exciton is quenched
when MoS, is coupled to graphene (orange
curve) with respect to stand-alone MoSy (blue
curve): indeed, a lowering of the A intensity
by =~ 30% and a lineshape broadening from
~ 66 meV to ~ 96 meV is retrieved. The spatial
modulation of the effect can be directly appre-
ciated from the maps of the intensity and width
of the A exciton in Fig. 2h and Fig. 2}, respec-
tively. Additional spectroscopic data are re-
ported in the Supporting Information (S5-S9).

The graphene stripes form ohmic contacts
to the MoS, channel and lead, at room tem-
perature and in vacuum conditions (P <
1075 mbar), to highly linear two-wire IV curves
over the 2V range. In Fig. Bh, we report
the Isp vs Vgp characteristics of a represen-
tative MoS, FETSs, measured as a function of
the gate voltage (V) in the 0 — 80V range.
The transfer characteristic in Fig. [3p indicates a
positive threshold voltage, with a sizable clock-
wise hysteresis, as frequently reported in lit-
erature for FETs based on 2D materials and

(a)

107 80V

10+

','I,u =8.6cm?/Vs
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0 20 40 60 80
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Figure 3: Transport characteristics of
MoS;. (a) Room-temperature IV characteris-
tics of the MoSs channel as function of the gate
voltage Vi in the 0 — 80V range. (b) Trans-
fer characteristics showing a strong hysteresis,
with red arrows indicating the sweep direction.
Red dashed lines are the linear fits used to esti-
mate the field-effect mobility for each of the two
curves. Inset: an optical image of the measured
device, with a sketch of the channel geometry
and contacts highlighted by black dots.

nanowires, 3740 a5 well as in Kelvin probe mi-
croscopy experiments.*2 The effect is gener-
ally ascribed to the slow dynamics of trap
states leading to a time-dependent screening
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Figure 4. Effect of the MoS, overlayer on electron transport in the graphene contact
stripes. (a-b) Optical images of the two devices used to estimate the effect of different MoS,
coverage levels on conduction in the graphene stripes. Used contacts are highlighted by colored
dots. (c-g) Transfer characteristics of the graphene stripes for different MoS, coverages ranging
from 0% to 79%. The curve colors match the ones used to highlight the contacts in panels (a)
and (b): red 48%, blue 55%, yellow 69%, purple 79%; the black curve corresponds to a reference
MoS,-free graphene stripe (device image not shown).

of the field effect of the gate. Trap states
may have several origins, including defects at
the SiO, substrate interface,2! adsorbates, 4 or
MoS, point defects.? In our devices, possi-
ble sources of traps include interfaces between
MoS,, graphene and SiOy (see AFM data in
the Supporting Information S-10) as also S va-
cancies in MoSs, which are know to occur in
quite large densities (typically few 10 cm™2)
in CVD flakes.®# The field-effect mobility of
MoS, carrier can be estimated from the transfer
characteristic according to

dG L*

el 1
h= e (1)

where Cg is the capacitance and the MoSs
trapezoid channel sketched in the inset of
Fig. is approximated as a rectangle with
a length L = 5.5+ 0.3pum and width W =
19.5 + 0.5 um. Considering both curves in the
hysteresis loop, we extract two mobility values
~ 5.3cm?/Vs and ~ 8.6 cm?/Vs. Similar anal-
ysis on different FETs yielded field-effect mobil-
ities in the range 5.3 — 6.6 cm?/Vs. Given that
gate hysteresis generally indicates that part of
the gate-induced carriers end in charge traps,
field-effect measurements are known to overes-
timate the carrier density induced in the chan-

nel and to underestimate mobility.?¥45 Both the
mobility values above should thus be considered
as a lower bound to the true room tempera-
ture electron mobility in the specific MoS, flake.
The method also neglects the effect of contact
resistances, which may lead to a mobility under-
estimation but are not expected to have a sig-
nificant effect in the explored transport regime,
based on preliminary four-wire measurement
data.

Our multi-FET devices were specifically de-
signed for comparing the MoS, transport char-
acteristics with the electron configuration in the
graphene stripes, which play here the dual role
of the contact in the MoSy; FET and of the
channel in MoSsy-covered graphene FETs. The
IVs of all our graphene stripes are found to be
highly linear (data not shown) and in Fig.
we report the transfer characteristic of various
graphene FETs as a function of the Vg, from
which we obtain a mobility ~ 4085 cm?/Vs. In
the plot sequence (c-g), we compare the con-
ductivity of stripes characterized by a differ-
ent MoS, coverage: conductivity is calculated
from the total resistance using the geometri-
cal form factor of the stripe and contact resis-
tances are estimated by comparing the p-side
of the gate sweeps; MoS, coverage is quantified



from the ratio between the area of the MoS,-
graphene and the graphene regions, see opti-
cal pictures in Fig. [da-b. Coverage goes from
0% (MoSs-free graphene in panel (c¢)) to 79%
(panel (g)). A clear trend is observed in the
transfer characteristics: curves go from a con-
ventional ambipolar behavior in panel (c) to a
limit of strongly quenched n-type conduction
for the largest coverage in panel (g). The obser-
vation of a quenching of field effect in graphene-
TMD heterostructures has been reported in the
literature, for instance in WSy-graphene het-
erostructures and in graphene functionalized
with different materials, such as TiO, or or-
ganic molecules as well IBH46HE On the other
hand, the observed behavior is somewhat puz-
zling since, ideally, MoS, should not affect car-
rier density in graphene when positioned on top
of back-gated graphene due to the reciprocal
screening in the vdW heterostructure.®

Our analysis allows for identifying the origin
of this apparent discrepancy as due to vacancies
in TMDs,*** which are also likely a main cause
of the hysteretic behavior reported in Fig. [3
Using Density Functional Theory (DFT),?¥ we
made an ab-initio analysis of the electronic
states of graphene-MoS,”# in the presence of
sulfur vacancies: these have an energy that
falls in the gap® of MoS, and are located at
a distance of few Angstroms from graphene, so
their effect is hard to evaluate without a first-
principles approach (see Methods and Support-
ing Information for further details). Numeri-
cal calculations were performed using a den-
sity of S-vacancies of p, ~ 7.5 x 10 cm—2.
In Fig. p we report the electronic band struc-
ture and projected density of states (DOS) of
the graphene-MoS, heterostructure for Vg = 0:
as visibile in the plot, the Fermi energy of the
system lays in the proximity of MoS, mid-gap
states generated by the S-vacancies. This sug-
gests that such states may influence the mobile
carrier density induced in the graphene layer
by the gate when Vi # 0. This is confirmed
by calculations performed at different values of
Ve, where the distribution of the resulting ex-
cess of carrier density is evaluated by means of
the topological analysis of the electron density,
using the Bader procedure.*#2U5057 Ag shown

in Fig. bp, even if MoS, is placed on top of
graphene, it affects the carrier density induced
by the gate in the graphene layer. In particu-
lar; the n-side of the field-effect response is re-
duced by &~ 50%; this, combined with the likely
increased scattering caused by the large DOS
close to the Fermi energy, clearly reproduces
the behavior reported in Fig. 4l In Fig. Pl-d,
the atomistic structure and the model of the
typical setup for a field-effect measurement are
shown. The charge density isosurfaces, together
with the planar averaged carrier charge den-
sity, give a pictorial view of the different be-
havior with negative and positive backgate volt-
ages. We point out that our results do not con-
tradict, but rather complement, the conclusion
drawn in recent literature:*® calculations also
show that no charge transfer is obtained in the
case of defect-free MoSs since in that limit the
TMD cannot support any electron state in the
relevant energy range (see Supporting Informa-
tion Fig. S8). Nonetheless, it is interesting to
highlight that, in the presence of vacancies, a
TMD overlayer can indeed have a remarkable
impact on the backgate response of these vdW
heterostructures and of devices based on them,
extending the range of non-trivial consequences
of the weak screening properties of graphene.

In conclusion, we have demonstrated a
graphene-MoS, architecture integrating multi-
ple graphene-contacted MoS,; FETs and MoS,-
covered graphene FETs and used it to corre-
late the field-effect characteristics of a MoS,
monolayer with the conducting properties of
graphene used to contact it. Such a study can-
not be performed in a conventional FET struc-
ture since the individual resistive contributes
cannot be discriminated in any obvious and
direct way. Our results show that MoS, can af-
fect the field-effect conduction of a back-gated
graphene monolayer, even when placed on top
of the vdW stack, and the suppression of con-
duction in the graphene stripes is observed over
a gate voltage range which is consistent with
the conduction threshold of the MoSy channel.
This behavior is explained in terms of a filling
of sulfur vacancies in the MoS,, as supported
by ab-initio calculations.

Methods. Further details on the fabrication
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Figure 5: Field-effect response in the presence of S-vacancies. The impact of sulfur vacancies
was simulated by removing one S atom from a MoS, supercell (density of S-vacancies of p, ~ 7.5 x
10 cm™2). (a) Supercell band structure and projected density of states (DOS) of the Graphene-
MoS, interface; the red dashed line indicates the Fermi energy Fr. In the DOS plot, pristine
graphene is indicated with a continuous line and the S-vacancy appears as a peak close to the Dirac
point. (b) Field-effect induced charge distribution as a function of gate voltage Vg, evaluated as
the difference between the gated (Vi # 0) and ungated case (Vi = 0); the topological analysis of
the electron density was done by means of the Bader procedure.?®%2 The solid (dashed) red line
indicates the excess holes on the graphene (MoS;) monolayer, while the solid (dashed) blue line
indicates the excess electrons. In order to mimic the experimental values, the values of Vg are
rescaled considering that there is a 300 nm thick layer of SiOy between the metal gate and the
Graphene-Mos interface. (c-d) Side view of the gated Graphene-MoS, interface. In the two panels,
the charge isosurface for Vo < 0 (left) and Viz > 0 (right) is evaluated as the difference between
the charge densities for the gated and ungated limit; on the two sides, the averaged surface charge
density is shown considering S-vacancies with doping n ~ —1.2 x 10'® em~2 which corresponts to
Vg = +45 V in panel b . The location of the S-vacancy is marked by the green ball.



are reported in the Supporting Information (S3-
S4). The properties of graphene and MoSs were
monitored by Raman and photoluminescence
spectroscopy, using a Renishaw InVia spec-
trometer equipped with a 532 nm laser. Laser
power was ~ 1 mW and the typical acquisition
time was 4s.°8 Transport measurements were
performed in a vacuum chamber using source-
measure units K4200 and K2614B and a Femto
DDPCA-300 current preamplifier. We investi-
gated how field-effect doping affects the elec-
tronic structure carrying out DFT calculations
by using the QUANTUM ESPRESSO (QE).293
To obtain information on the charge transfer
between the two moieties (Graphene-MoS,) we
performed a topological analysis of the electron
density by means of the Bader procedure®”" as
implemented in CRITIC2.%%2 See Supporting
Information for further details.22-27:2302105
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