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ABSTRACT: Lateral and vertical two-dimensional heterostructure devices, in particular graphene—MoS,, have attracted
profound interest as they offer additional functionalities over normal two-dimensional devices. Here, we have carried out
electrical and optical characterization of graphene—MoS, heterostructure. The few-layer MoS, devices with metal electrode at
one end and monolayer graphene electrode at the other end show nonlinearity in drain current with drain voltage sweep due to
asymmetrical Schottky barrier height at the contacts and can be modulated with an external gate field. The doping effect of MoS,
on graphene was observed as double Dirac points in the transfer characteristics of the graphene field-effect transistor (FET) with
a few-layer MoS, overlapping the middle part of the channel, whereas the underlapping of graphene have negligible effect on
MoS, FET characteristics, which showed typical n-type behavior. The heterostructure also exhibits a strongest optical response
for 520 nm wavelength, which decreases with higher wavelengths. Another distinct feature observed in the heterostructure is the
peak in the photocurrent around zero gate voltage. This peak is distinguished from conventional MoS, FETs, which show a
continuous increase in photocurrent with back-gate voltage. These results offer significant insight and further enhance the
understanding of the graphene—MoS, heterostructure.
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he van der Waals heterostructures consisting of various

two-dimensional (2D) materials, such as graphene,
transition metal dichalcogenides of molybdenum disulfide
(MoS,), and tungsten diselenide (WSe,), and insulating
dielectrics of hexagonal-boron nitride (h-BN) have given rise
to many interesting results and phenomena that have not only
enriched the physical understanding of 2D systems but have
also broadened the scope for their applications.'~*° It has been
demonstrated that such van der Waals heterostructures can be
used for novel 2D devices, such as vertical transistors, resonant
tunneling diodes, photodetectors, and photoresponsive mem-
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ory.”™'=13 Of these heterostructures, the combination of
graphene and MoS, is especially interesting because of various
factors including the excellent optical properties of MoS,,
tunability of graphene’s Fermi level, and high transparency of
graphene. The consequences and applications of these

properties in graphene—MoS, heterostructure have been
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Figure 1. (a) Schematic and (b) microscopic images of the graphene—MoS, heterostructure device. Energy band diagrams of the proposed device
geometry with Ti metal and graphene contact in the (c) isolated and (d) connected state. On the basis of work function difference, asymmetric
Schottky barriers are formed at metal and graphene contacts to MoS,. For metal-MoS,, the barrier height is fixed while for graphene—MoS,

junction, it depends on the doping level in graphene.

studied in this work through electrical and optical measure-
ments. Similar to the barrier formation at the metal-MoS,
contact, the heterointerface of MoS, and graphene also leads to
the formation of Schottky barrier due to the difference in work
function, which is supported by the observation of double Dirac
points in the heterostructure devices. The different work
functions of metal and graphene contact make asymmetric
barriers to the MoS, layer, which results in rectifying current—
voltage characteristics. As graphene forms a lower barrier with
MoS, than typical Ti/Au contact, it results in better electrical
performance of MoS, field-effect transistors (FETs)."*™'¢
Further, 2D-based devices also exhibit pronounced response
to the optical si%nals, which can be modulated with an applied
electric field.'”~*° Thoughh, earlier work focused mainly on
vertical current flow in the heterostructures,"” whereas the
asymmetrical contacts of MoS, with metal on one and
graphene on the other end are systematically studied in this
work. Optical response measurement from the global
illumination with various wavelength shows unique light—
matter interaction in MoS,—graphene heterojunction, such as
peak photocurrent and gate-tunability.

For the device fabrication, graphene and MoS, were
mechanically exfoliated using the scotch tape method. The
graphene was exfoliated directly on a 90 nm SiO,/Si wafer,
followed by a transfer of exfoliated MoS, using typical transfer
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technique (for details, see Supporting Information, Section A).
The connecting electrodes were fabricated by using e-beam
lithography and metal deposition of Ti/Au (10 nm/100 nm).
Figure la,b shows the schematic and microscopic image of the
fabricated device, respectively. The thickness of graphene and
MoS, were investigated by Raman spectroscopy and found out
to be a single and a few-layers, respectively (for details, see
Supporting Information, Section B). The band diagrams of the
constituent layers in the isolated and connected state are shown
in Figure lc,d, respectively. In general, MoS, display n-type
behavior due to sulfur vacancies and other lattice impur-
ities,”** and the energy band gap (E,) and electron affinity
(Ymos,) of few-layer MoS, are ~1.4 and 4.0 eV, respectively.”>**

For pristine monolayer graphene, the work function (¢,) at the
Dirac point is taken to be 4.5 €V,%” but graphene in our work is
highly p-doped, as found from electrical measurements,
probably due to charged impurities in the underlying substrate,
adsorbates, and polymer residue.”® The Fermi energy level of p-
doped graphene is calculated from the shift in the charge
neutral point in the electrical characteristics and found to be
~0.18 eV below the Dirac point, which corresponds to a work
function of 4.68 eV (for details, see Supporting Information,
Section C) Therefore, as seen in Figure 1d, the work-function
difference of MoS, with metal and graphene results in
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Figure 2. Electrical characteristics of the MoS,—graphene heterostructure device. (a) Current versus drain voltage curve at various back-gate voltages
for grounded MoS,; the inset shows the semilog curves. (b) Measured and fitted curve at the back-gate voltage of +2 V; the inset shows the
schematic of the measured device. (c,d) Energy band diagrams showing band alignments at negative and positive back-gate voltages, respectively.

asymmetric barrier formation at these junctions. As graphene
has low density of states (DOS) near its Dirac point, its work
function can be easily modulated by an external electric field."®
Thus, the variable barrier height at graphene—MoS, hetero-
junction can be employed for additional functionalities in such
devices.

Electrical characterization of the device was then performed
for both symmetrical and asymmetrical contacts. The sym-
metrical contacts refer to the case where metal contacts are
used for both source and drain, whereas, when one side is
connected by metal and the other by graphene, such
configuration is referred as asymmetrical contacts. As seen in
Figure 1b, the fabricated device can be measured in both
asymmetrical and symmetrical contact modes. First, the
asymmetrical combination with metal and graphene contacts
to MoS, (left graphene— and top metal-MoS, contacts in
Figure 1b) was measured as shown in Figure 2a, where
rectifying curves, well-modulated by the applied back-gate
voltage (V4,), are obtained. (for other asymmetrical contact in
Figure 1b, see Supporting Information, Section D) The
observed rectifying behavior can be explained by the
asymmetric Schottky barrier formation between the metal—
MoS, and graphene—MoS, contacts.

As seen in Figure 2a, on-current in the negative drain bias
can be modulated by the back-gate voltage, that is, for the
positive back-gate voltage, the on-current increases, and vice
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versa. However, the off-current in the positive drain side shows
a weaker dependence on the back-gate voltage. This is because
unlike in metals, the Fermi level of graphene can be modulated
by the applied gate voltage, that is, vertical electric field can
modulate the graphene Fermi level because of the low density
of states (DOS) in graphene.'” This gate-modulation of
graphene’s Fermi level results in the variation of barrier height
(qbgs) at the graphene—MoS, contact, whereas the barrier height
(¢ums) at the metal—MoS, contact remains relatively constant.*
This has also been illustrated schematically in Figure 2c,d for
negative and positive back-gate voltages, respectively. For
positive gate voltage (+V},), the Fermi level of graphene shifted
upward which decreases its work function, thus reducing the
barrier height, ¢, (= by — Xos,)- This reduction in the barrier

height along with a higher electron concentration in MoS, leads
to an increase current in the negative drain bias region, whereas
for positive drain bias (+Vj), the dominating barrier is the
metal—MoS, junction that, being higher than the graphene—
MoS, barrier, results in the lower current. Furthermore, the
current at this junction that shows weaker dependence on the
back-gate voltage, increases marginally with contribution from
tunneling and thermionic field emissions for positive back-gate
voltage.

In contrast, the negative back-gate voltage not only leads to
an increase in ¢, due to hole doping in the graphene but also
reduces the electron concentration in MoS,, which results in
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Figure 3. (a) Transfer characteristics of the few-layer MoS, transistor on SiO, with the inset showing linear curves for good ohmic contacts. (b)
Transfer characteristics of the graphene FET showing typical p-type behavior with the inset displaying a linear ohmic behavior. (c) Transfer
characteristics of the hybrid heterostructure with both metal contact connected to MoS,. The upper inset shows good ohmic behavior of the
graphene layer, while the device schematic in the lower inset highlights the measured contacts. (d) Resistance variation and transfer characteristics
showing double Dirac point, with star symbols indicate the fitting curve using eq 2.

lower current for both negative and positive drain voltages.
Finally, the device turned off when the back-gate voltage
crossed the threshold voltage of the MoS, layer, where
electrons are fully depleted in the channel (for details, see
Supporting Information, Section E). The rectifying curves in
Figure 2a,b, resemble typical semiconductor diode behavior and
were analyzed using typical diode equations. The ideality factor,
n, can be derived from the slope of the In((IIl/IL,) + 1) versus
Vg curve from Figure 2b (for details, see Supporting
Information, Section F). Such a gate-tunable diode behavior
can be used for tunable rectification of an alternating signal.
(for details, see Supporting Information, Section G)

With the electrical characterization of the asymmetrical
contacts to MoS,, the symmetrical metal contacts to both
graphene and MoS, are studied as follows. Figure 3 plots the
curves for symmetrical contacts, where Figure 3a,b plots the
results from other similar devices fabricated along with the
device in Figure 1b, while the curves in Figure 3c,d were
obtained from the device shown in Figure 1b. As observed in
Figure 3a,b, well-defined transfer characteristics were obtained
for both few-layer MoS, and bilayer graphene devices. As
expected, MoS, device exhibits n-type behavior with a threshold
voltage of around —8 V, whereas the graphene device exhibits
ambipolar behavior with a shift in Dirac point to +10 V due to
hole doping by substrate impurities and other polymer residues.
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The insets of Figure 3a,b show linear output curves, illustrating
Ohmic contact formation in both MoS, and graphene devices.
In addition to other device parameters, the field-effect mobility
(upp) can be obtained from the transfer characteristics using the
following expression

L dl

WCOX‘/dS d‘/bg

'MFE (1)

where C,, is the oxide capacitance per unit area given by (¢,¢,)/
d (&, is the absolute permittivity and ¢, is the dielectric constant
of SiO, of thickness d), L and W are the device channel length
and width, respectively, Vy; is the applied drain bias, and dI,/
dV,, is the transconductance. For 90 nm thick SiO,, C,, is 38.3
nF cm™ and the field-effect mobility values at room
temperature are calculated to be ~55 and 500 cm? (Vs)™ for
few-layer MoS, and bilayer graphene, respectively. The
obtained values are in agreement with mobilities reported by
others.'®***”* Furthermore, the field effect mobility of ~15
cm?® (Vs)™! is obtained from the transfer characteristics of the
symmetrically metal connected MoS, (Figure 3c); this decrease
in mobility can be due to the additional barrier formation from
charge transfer to the underlapped graphene or polymer
residues. In Figure 3, panels ¢ (inset) and d, the symmetrical
metal-contacted graphene layer was characterized by linear
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Figure 4. (a) Schematic of graphene—MoS, hybrid device on a 300 nm SiO, substrate. (b) Current versus drain bias curve for back-gate voltage
varying from —50 to S0 V with (c) showing the semilog plots. (d) Transfer characteristics of the hybrid device for drain voltage varying from 5.0 mV

to 5 V with current plotted in the log scale on the secondary axis.

output curve and double-Dirac transfer curve, respectively. One
possible reason for the observation of the double-Dirac curve
could be the additional doping from the MoS, layer in the
overlapped region. However, various other causes have been
analyzed before reaching to any conclusion; one cause for the
observation of double-Dirac points is the unpinning of the
Fermi level under the metal contacts, possibly due to the
formation of thin oxide layers or intermittent residues, which
leads to the formation of a p—n junction at low drain bias.”’
However, this explanation is not valid in our case because
several graphene devices, which were fabricated with both Ti/
Au and Cr/Au contacts, showed well-defined single Dirac
curves with a p-type behavior. Another instance for such an
observation in graphene is high negative gate stress with high-
drain-bias-induced lateral p-type doping, which was also not
observed in the device.’* In addition to the above factors,
multiple Dirac points can be observed in graphene either due to
local gates or chemical-doping-induced p—n junction for-
mation. Therefore, in Figure 3d, the double-Dirac points are
possibly due to the charge transfer from the MoS, to graphene,
which results in an additional doping in the graphene. This
charge transfer and the observation of the double-Dirac points

have also been modeled using the following equation®' ™
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R— R4 1(L1] 1 N 1(L2]
T=ReT — | I7F7——7—— 1T |,
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1

[ 2
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where R_ is the contact resistance and y; (u,), L, (L,), W,
(W), ng; (ng,), and n; (n,) are the mobility, length, width,
residual carrier, and back-gate modulated carrier density in the
device nonoverlap (overlap) region, respectively. In general, the
expression for the back-gate modulated carrier concentration
can be expressed as 1 = Co(Vyg — Vigo)/q, where Vi and g are
the Dirac point and the electron charge, respectively. Although,
the transfer charge may have a back-gate dependence but for
simplicity, it was considered as a constant quantity. Using the
known values, the double-Dirac curve was fitted with eq 2 and
the best fit was obtained for u, (u,) =~ 477 (980) cm?® (V-s)~!
with the transferred charge of ~3.2 X 10'* cm™. This can also
be verified from the difference in the Dirac point voltages
(AV), that is, n, = (C,AV)/q = 2.99 X 10" cm™ for 12.5 V,
which is consistent with the fitted value. Therefore, the region
marked as ppp”, pnp and nn'n in Figure 3d can be explained
as follows: for far negative back-gate voltage, the nonoverlap
regions are more heavily hole-doped (p-type) as compared to
the overlapped region, so as voltage is swept to the right the
lightly doped region reaches the neutral point first as compared
to the nonoverlapped regions which results in the observation
of first Dirac peak (—2.5 V), beyond this point the overlap
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Figure S. (a) Transfer characteristics on linear and (b) semilog scale in dark and under laser illumination where the inset in (a) shows a schematic of
the illuminated device while in (b) shows band diagrams for illumination at far negative and positive gate voltages. (c) Variation of the photocurrent
with back-gate voltage on semilog scale with the inset plotting the curves on linear scale. (d) Ratio of relative variation in photocurrent with back-
gate voltage with the inset showing the plot on semilog scale for 520, 655, 785, and 850 nm wavelength light.

region becomes electron-doped (n-type) while the non-
overlapped region are still p-type, resulting in pnp region.
However, with increase of positive back-gate voltage, the
nonoverlapped regions reaches the neutral point (+10 V) while
the overlapped region becomes heavily electron doped, leading
to the nn'n configuration beyond the second Dirac point.
Finally, the optical characteristics of the asymmetrical
graphene—MoS, device were measured using variable laser
wavelength of 520 to 850 nm. Figures 4a shows the schematic
of the fabricated device. In this device, a trilayer MoS, was
exfoliated on a 300 nm SiO,/Si substrate and a single layer
graphene was transferred thereon (for details, see Supporting
Information, Section H). Figure 4b shows current versus drain
voltage curves of the graphene—MoS, device at different back-
gate voltages. The semilog curves plotted in Figure 4c illustrate
that the linear curves, as seen in Figure 4b, appear only at high
positive back-gate voltage and the typical rectified curves are
observed for lower positive or negative gate voltages. These
small variations in the device behavior can be due to various
factors including variations in contact area, intrinsic doping
level in both MoS, and graphene, and unintentional doping due
to substrate. Figure 4d shows the transfer characteristics for
drain voltage varying from 5.0 mV to 5.0 V with the on/off
ratio, threshold voltage, and mobility of ~10% —5 V, and 30
cm?(V-s) ™!, respectively, at room temperature. Figure Sa,b plots
the transfer curves in response to the laser beam of different
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wavelengths on linear and semilog scales, respectively. The
global illumination of the device (as shown in the inset of
Figure Sa) with the laser of 520, 655, and 785 nm has a minor
effect on the on-current, whereas in the off-region the device
turned on with a large current along with a prominent shift in
the threshold voltage, which decreases gradually from 520 to
785 nm. However, in contrast to the other wavelengths, 850
nm laser shows a negative impact on the on-current, along with
almost no shift in off-current and threshold voltage.

This dependence of photoresponse on back-gate voltage is
illustrated in the inset of Figure Sb, which shows schematic
band diagrams for negative and positive gate voltages, that is, in
the off and on state, respectively. In the negative gate voltage
regime, electrons are depleted in the MoS, channel, so the
current is dominated by the photogenerated carriers, whereas in
positive bias regime, the photogenerated current becomes
comparatively negligible to the thermionic field current across
the barrier. This can be seen clearly from the photocurrent (I,
defined as the difference between the illuminated current and
dark current, L, = Ijuminated — Laan) plots in Figure Sc,d, where
the photocurrent shows a clear back-gate voltage dependence.
In general, the photocurrent decreases as the wavelength
increases from 520 to 850 nm."** It can also be seen from
Figure 5¢,d that for all wavelengths, the photocurrent peaks at a
certain gate voltage and decreases thereafter. These photo-
current peaks, as observed in the inset of Figure Sc, most likely
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originate from the barrier height dependent contributions of
the MoS,—metal and —graphene junction to the photo-
current,>>™* as the effective barrier height of the junctions,
especially graphene—MoS,, varies with the back-gate volt-
age.'¥*' On the other hand, the relative photocurrent peaks
observed on the semilog and linear plots of the main and inset
of Figure Sd, respectively, illustrate the relative contribution of
the thermionic field current. Similarly, the negative photo-
current, which is observed after a certain back-gate voltage for
all the wavelengths in Figure Sc,d with the crossover point
decreasing from 48.3 to 38.5 V to 28.5 to 12.4 V for 520, 655,
78S, and 850 nm, respectively, either owns its origin to the
junction effect or related to the high carrier density and traps/
impurity states response and their nonlocal hot-carrier
behavior.*” Tt may be noted that a slight variation in the dark
current was observed after illumination, especially for 785 and
850 nm wavelength, where the device took very long time (few
hours) to recover; however, for 520 and 655 nm, recovery was
relatively quick (few minutes). This delay in the recovery can
be due to the persistent photoconductance (PPC) phenomen-
on, which has been observed in other studies as well.>* This
phenomenon is related to the complex decay-time behavior of
exciton relaxation and recombination through traps and
impurities states. In addition to PPC phenomenon, impurities
and dangling bonds at the layer and SiO, interface along with
adsorbent molecules in the ambient environment also lead to
hysteresis behavior in the transfer characteristics (for details,
see Supporting Information, Section H).

Quantitatively, the optical response has been characterized
by the responsivity (R = I,,/P;,) defined as the ratio of the
photocurrent to the incident optical power, where P, is the
incident power.”>** The maximum values of R obtained for
520 nm light for an incident optical power density of 14 mW
cm™? is ~2.06 X 10° AW, which is significantly higher than
the published results.”** Further, for more suitable comparison
the specific detectivity D*, which is a more useful metric for
direct comparison between devices of different geometry, is also
calculated using the following expression, D* = AY2/NEP
where A is the photodetector area and NEP is the noise
equivalent power, NEP ~ (2qlyq)"?*/R by considering a
dominating shot noise in the dark current. For V4 = 1.0V, V;,
= 4.0V, and D* ~ 1.5 X 10'° Jones, which is in good agreement
with the other published results based on MoS, photo-
detector.****

In summary, graphene—MoS, heterostructure devices were
fabricated, and their electrical and optical properties were
measured. In addition to exhibiting rectifying characteristics
due to asymmetric barrier, the devices displayed tunable
behavior, controlled by the external gate. The cross-connected
MoS, with metal contacts exhibited typical FET behavior with a
high on—off ratio, the transfer characteristics of the cross-
connected graphene with MoS, in between exhibited a double
Dirac point, which is interpreted in terms of charge transfer
from MoS, to graphene. For optical characterization, optical
response to various wavelengths was measured, and 520 nm
wavelength light resulted in the maximum photocurrent
behavior. Besides, highlighting the fundamental understanding
of layered heterojunction behavior and the present study can be
useful in potential application of these structures in optics and
electronic devices.
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