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We functionalized two-dimensional few-layer MoS2 based FET with graphene oxide (GO) in order to

improve its persistent photoconductivity and photoresponse time. Both pristine and GO functionalized

devices show n-type semiconductor behavior with high on/off ratio exceeding �105. The photoresponse

of the GO–MoS2 hybrid device shows almost complete recovery from persistent photoconductivity and

a substantial decrease in response time from �15 s in the pristine MoS2 device to �1 s in the GO–MoS2
device. The reasons behind this improvement have been explored and discussed on the basis of

electrostatic and photo interaction between GO and MoS2. As GO is a strong candidate for various

sensing applications, therefore this intelligent hybrid system, where GO interacts electrostatically with

the underlying MoS2 channel, has tremendous potential to add more functionalities to a pristine MoS2
device for realizing various smart nanoscale FET-based biochemical and gas sensors for myriad

applications.
Introduction

Two-dimensional (2D) material based heterostructures con-
sisting of various combinations like graphene–MoS2 and MoS2–
WSe2 have resulted in various new device architectures for novel
applications and transport studies.1–7 Of these heterostructures,
those involving MoS2 are of particular interest due to their
multi-functional properties, such as decent mobility, good
photoresponsivity, and application in bio, and gas sensing.8–11

The photo applications of MoS2 and its heterostructures have
attracted particular attention due to their highly responsive
photo-detecting properties, however, various issues such as
persistent photoconductivity (PPC) have plagued the photo-
response of MoS2 based photodetectors.2,7,12–15 Recently, several
studies have point out the role of defects and sulfur vacancy
within the material which can trap the photo activated carriers
resulting in a longer recombination lifetimes, thus leading to
PPC, however the role of interface charge and defects at SiO2

and air interface with MoS2 can also play detrimental effect in
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prolonging PPC.12,13,15 Although, several methods like
measurement in vacuum and encapsulating MoS2 layers have
been demonstrated to reduce PPC but a practical and simple
method is still evading.15 Further, heterostructures constituting
2D materials involves complex device fabrication and process
intensive techniques which make them impractical for scalable
production thereby limiting the application scope for such
devices. In the present study, we have proposed and demon-
strated a facile fabrication method which involves direct depo-
sition of graphene oxide (GO) onto MoS2 layers to address the
critical issue of PPC in MoS2 based devices. The fabricated
devices with GO show comparative electrical characteristics
aer GO deposition and negligible PPC as compared to pristine
MoS2 devices, which display considerable PPC in their photo-
current. In addition to improving the photo properties, such
hybrid devices holds huge potential to add further functional-
ities which can be readily applied for other applications like gas,
bio and chemical sensing.
Experimental
GO solution preparation

GO nanostructures used in the experiment were synthesized
using a modied Hummer's method. In this method, 4 g of
graphite akes were added to a 250 mL round-bottom ask
containing 120 mL of H2SO4 and stirred for 1 h. A KMnO4

aqueous solution was added to the mixture every 20 min while
stirring. The mixture was then slowly heated to, andmaintained
at 40 �C for 5 h in order to oxidize the graphite. Subsequently,
RSC Adv., 2016, 6, 23961–23967 | 23961
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150 mL of deionized (DI) water was added to the mixture fol-
lowed by 17 mL of H2O2 solution while stirring for 30 min. This
mixture was maintained at 40 �C for 24 h and then centrifuged.
The resultant mixture was enclosed in a dialysis tube and
washed repeatedly with ultrapure DI water in order to obtain
a pH level of 5. Finally, the GO was dried in a freeze dryer at�60
�C for 48 h. Before using the GO solution in the experiment, the
solution was ultra-sonicated for 24 h to reduce the size of GO
akes and then ltered. Approximately 1 nm-thick, few
microns-wide GO nanostructures were obtained aer ultra-
sonication.16,17

MoS2 akes

The MoS2 akes used in the experiment were produced by
standard mechanical exfoliation using the Scotch method from
commercial bulk MoS2 purchased from 2D semiconductors.

Characterization

In order to conrm the quality (chemical bonding, electrical
and structural properties) of MoS2 and GO layers, XPS (X-ray
photoelectron spectroscopy) (ESCA 2000, VG Microtech, UK)
was carried using twin anode X-ray sources Ka (1486.6 eV)/Mg
Ka (1253.6 eV) in a vacuum of 10�9 Torr, whereas Raman
spectra was obtained at room temperature using a WITec
Raman microscope with a 532 nm laser.

MoS2 FET device fabrication

The devices for the study were fabricated using exfoliated MoS2
transferred directly on a 290 nm SiO2–Si wafer by Scotch tape
transfer technique. Before MoS2 transfer, the wafers were
treated with 100 W O2 plasma for 60 seconds so to clean the
wafers from any polymer or organic residues. Aer MoS2
transfer, photoresist was spin coated at 4500 rpm for 30 seconds
followed by 90 �C annealing. At this stage a required mask was
loaded onto UV based mask aligner system (MDA-40FA). This
was followed by typical UV photo lithography double exposure
for dening contact region and the required pattern was then
developed in PR developer, thereby the developed pattern was
put in for metal deposition, where Ti/Au (10/70 nm) was
deposited by e-beam metal deposition system. Finally, the li-
off in acetone gives the required metal pattern with electrical
contacts and pads for probe and measurement. Before
measurement, the devices were annealed at 300 �C in argon
ambient for 30 min to enhance the metal–MoS2 interface
contact quality for good ohmic contacts with lower resistance.3

GO–MoS2 hybrid FET fabrication

For this, the pristine MoS2 devices were processed with the
basic UV photo lithography steps to patterned the metal contact
region with a few micrometer overlapping in the channel
region, this was done to avoid doping at themetal–MoS2 contact
regions which otherwise results in bad ohmic contacts
behavior. The UV photo lithography results in opening up the
channel region in the pristine MoS2 device. In this region, a 0.2
mL of graphene oxide solution (0.5 mg mL�1) was drop casted
23962 | RSC Adv., 2016, 6, 23961–23967
using a micro-pipette and allowed to dried in ambient condi-
tions, followed by cleaning in iso-propyl alcohol (IPA) and
drying using N2 gun.
Measurements

The electrical characteristics were measured using Keithley
4200 SCS at room temperature in ambient conditions. For
photocurrent, the device was globally illuminated with a laser
wavelength of 450 nm and power of 0.1 mW.
Results and discussion
Optical characterization

In order to conrm the quality of MoS2 and GO layers, XPS and
Raman analysis was carried out.

Fig. 1a shows the XPS spectrum of the MoS2 layers on SiO2–Si
substrate, where the Mo 3d shows two peaks at 232.2 eV and 229
eV, which are attributed to the doublet of Mo 3d3/2 andMo 3d5/2.
The peaks at 161.9 eV and 162.9 eV indicate the binding energy
for S 2p3/2 and S 2p1/2, respectively. These binding energies for
Mo and S are in good agreement with the reported values.18

Fig. 1b shows the deconvoluted C 1s peaks aer Gaussian–
Lorentzian tting and Shirley background corrections. As seen
from the gure, various functional groups associated with GO
can be inferred from its XPS spectra, where oxygen based
carboxyl, hydroxyl and epoxy groups in GO can be identied by
their peak position in the deconvoluted XPS spectra, C–C peak
at 284.6 eV, C–O peak at 286.6 eV, C]O peak at 288 eV and
COOH peak at 289 eV. These values are in good agreement with
the published results.16,17 Further, Fig. 1c shows the Raman
spectra for both MoS2 and GO where the difference between the
E1
2g (385.3 cm�1) and A1g (410.1 cm�1) peaks show that the

exfoliated layer is composed of a few layer MoS2 (5–6 layers),
whereas the Raman peaks of GO can be identied as D and G
peaks at 1340 cm�1 and 1563 cm�1 which are related to defects
and relative degree of graphitization in GO. In addition to D and
G peaks, broad bands/peaks appear in the high frequency end
of the spectrum, in the range of 2690–2300 cm�1, which are
usually composed of D peak overtones and combination of D
and G peaks, named as 2D, D + G and 2D0. The observed peaks
and band in the GO Raman spectra are also in agreement with
the other published results.17,19 Fig. 1d shows the Raman
spectra of MoS2 layer before and aer the GO deposition. It can
be seen clearly that the spectra is shied to the right and this
blue shi in the A1g peak of MoS2 spectra has been associated
with p-type doping whereas a similar shi in E1

2g peak is the
indicator of compressive strain in the layer.18,20 It may be noted
that not all the samples show such a large shi in E12g, since, GO
soln contracts while drying, therefore this peak shi can
depend on various factors like number of GO layers, van der
Waals interaction between GO and MoS2 etc. Additionally, in
some samples Raman measurement on GO–MoS2 was followed
by black spot formation, which may be associated with the
reduction of GO layers due to thermal heating from the laser
power, however such devices were discarded for electrical and
photocurrent measurements.
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Optical characterization of GO and MoS2 material. (a and b) XPS peaks of a MoS2 flake showing 3d and 2p peaks and carbon peaks of GO
flakes, respectively (c) Raman spectra of MoS2 and GOwith the inset showing wide scan profile (d) Raman spectra of a pristine MoS2 and after GO
deposition.
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Electrical measurement

Fig. 2a, c and d, show schematic and microscopic image of the
fabricated MoS2 based device on SiO2–Si substrate. Aer
measurements with the pristine device, the device was
Fig. 2 Schematic and devicemicroscopic image of the fabricated device
photoresist covering the vicinity of the contact area of the hybrid device,
showing the exfoliated few-layer MoS2 connected by the Ti/Au metal con
first patterned with photoresist followed by GO deposition.

This journal is © The Royal Society of Chemistry 2016
processed to pattern metal contacts region with photoresist,
followed by GO deposition, resulting in the hybrid GO–MoS2
device. Fig. 2b and e show the schematic andmicroscopic image
of such a device where a visible color contrast indicates the
. Schematic of (a) pristine MoS2 device and (b) GO covered channel with
(c and d) fabricated device chip where the zoom in microscopic image
tacts. (e) GO–MoS2 hybrid device where the contacts edge parts were

RSC Adv., 2016, 6, 23961–23967 | 23963
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Fig. 4 (a) Schematic energy band diagram at the GO–MoS2 junction
before and after GO deposition (b) band diagram showing lateral
electron transport before and after GO deposition in the GO–MoS2
hybrid device.
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dried GO solution in the photoresist dened region. The elec-
trical characteristics, measured by Keithley 4200 SCS at room
temperature in ambient conditions, are shown in Fig. 3, where
Fig. 3a plots drain current (Ids) versus drain voltage (Vds) at
various gate voltages (Vgs), ranging from �40 to 40 V. The linear
curves obtained indicate the formation of ohmic-like contacts
due to low barrier height at the metal–MoS2 interface.21 The
transfer characteristics are plotted in Fig. 3b at different drain
voltages. As seen from Fig. 3b, the device operates in depletion
mode, where a free carrier density exists at zero gate voltage and
can be modulated further by sweeping the gate voltage. The
existence of free electrons density in MoS2 has been attributed
to various factors like sulphur vacancy or substitutional doping
by impurities.22 In addition to other device parameters like
threshold voltage and subthreshold slope (SS), the eld-effect
mobility (mfe) can be obtained from the transfer characteris-
tics using the following expression:

mfe ¼
L

WCox Vds

dIds

dVbg

; (1)

where, L and W are the device channel length and width,

respectively, Vds is the applied drain bias,
dIds
dVbg

is the trans-

conductance and Cox, capacitance per unit area, is given by
303r

d
(30 is the absolute permittivity and 3r is the dielectric constant of
SiO2 of thickness d) and for 290 nm-thick SiO2 is 1.19 � 10�8 F
cm�2. The eld-effect mobility calculated at room temperature
vary in the range of 30–40 cm2 V�1 s�1 for a batch of 10 devices.
Among other device metrics, the sub-threshold slope, as
measured from the inverse slope of semi-log transfer plot, and
Fig. 3 (a) Ids–Vds at various Vgs and (b) transfer (Ids–Vgs) characteristics o
Vgs and (d) transfer (Ids–Vgs) characteristics of the GO–MoS2 hybrid dev
dashed lines in (b) and (d) mark the sub-threshold slope and mobility m
curve, respectively.

23964 | RSC Adv., 2016, 6, 23961–23967
Ion/Ioff ratio varies in the range of 1.5 to 2 V dec�1, and 105 to 106,
respectively. The obtained values are in agreement with the
published literature and demonstrate high quality of the
fabricated devices.23,24

Fig. 3c and d show the electrical measurement results for
GO–MoS2 hybrid devices. As seen from XPS and Raman analysis
that in GO, the sp2 hybridized carbon grid is partially oxidized
to carboxyl, hydroxyl and epoxy groups, which are known for
their protonic doping capabilities25 and therefore can deplete
carriers in the underneath MoS2 channel. The energy band
diagrams illustrating the depletion and lateral channel trans-
port are shown in Fig. 4. GO behave as a wide band gap insu-
lator, with band gap varying from 2.7 eV to 0.7 eV, with localized
f a few-layer pristine MoS2 transistor at various Vds (c) Ids–Vds at various
ice. The inset in (a) and (c) show schematic image of the device and
easurement point as obtained from the slope of semi-log and natural

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a and b) Photocurrent response plotted in dual panel linear and
semi-log scale for pristine and GO–MoS2 devices, respectively.
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energy states whose energy and density depend on various
factors like concentration of sp2–sp3 domains and clusters.25–27

Due to this unique property of GO, free carriers from MoS2 are
transferred to GO leading to a barrier formation all along the
lateral overlap plane of the channel region. This band bending
not only results in the decrease in carrier concentration, thus
high resistance to current ow in the form of higher energy
barrier under the GO overlap region, but also reduces the carrier
mobility due to remote ionized or Coulomb scattering from the
GO layer. These expected characteristics of Go–MoS2 device are
also evident from Fig. 3c and d, where current in the device
drops by almost an order aer depositing GO layers on the top
of MoS2 layer. Although, it led to a decrease in the mobility from
30 to 10 cm2 V�1 s�1 but other device metrics like SS and Ion/Ioff
ratio did not varies much. The role of photoresist covering the
vicinity of metal contacts can be understood from Fig. 4a where
if the contact region were also allowed to be covered by GO,
would have resulted in critical drop in the device performance
metrics like channel current, ohmic-like behavior, etc. due to
high Schottky barrier formation at the metal contacts thus
leading to very high contact resistance.28,29

Photocurrent measurement

Fig. 5a–d show photocurrent measurement at various drain
voltage with global illumination by 450 nm laser wavelength for
both pristine and hybrid devices. The incident of photons leads
to generation of electron and hole pairs which turn on the
device in the off-region as well. The observed photo gating effect
i.e., the shiing of threshold voltage to a higher gate voltage, has
been attributed to shallow traps near the valence band edge,
Fig. 5 (a) Transfer characteristics (Ids–Vgs) with dark and illuminated cu
various Vds for the pristine MoS2 (c) transfer characteristics (Ids–Vgs) with d
with gate voltage at various Vds for GO–MoS2 hybrid device.

This journal is © The Royal Society of Chemistry 2016
which on excitation becomes positively charged, thus photo
gating the device.15,30,31 The photocurrent, obtained by sub-
tracting the corresponding dark current from the illuminated
current, is plotted in Fig. 5b, where it can be seen that the
photocurrent varies with gate voltage, initially rising very fast
and start saturating aer reaching a certain peak value.

Various explanation have been proposed for this photo
behavior including quasi-fermi level position dependent
recombination rate, gate induced carrier concentration and its
mobility dependency etc.15,30 Similarly, Fig. 5c and d show photo
behavior of GO–MoS2 device with gate voltage. It can be seen
that despite an initial current drop in GO–MoS2 device, the gate
bias dependent photocurrent display a pattern similar to that of
rrent with (b) showing the photocurrent variation with gate voltage at
ark and illuminated current with (d) showing the photocurrent variation

RSC Adv., 2016, 6, 23961–23967 | 23965
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Fig. 7 (a) Schematic energy band diagram of MoS2 showing generation and recombination process under laser illumination. In the ambient
conditions, the interface can adsorb ambient species like gases and moisture which also play role in observed PPC in devices (b) band diagram
showing photo generation and recombination in the GO–MoS2 device illustrating the role of GO in photoresponse and reduced PPC.
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pristine MoS2 device, however with exceptions of showing peak
photocurrent at an early gate voltage and comparatively higher
photocurrent saturation.

To further investigate the photo behavior of these devices,
time-dependent photoresponse was also measured. As can be
seen from Fig. 6a, the pristine MoS2 device shows huge PPC as
the current in the channel do not recover back to its original
value even aer a prolong time period. In comparison, the
photoresponse of GO–MoS2 device, in Fig. 6b, shows
a completely different behavior, with the photoresponse time
decreasing sharply from an approx. 15 s to less than equal to 1 s
and the device shows negligible PPC. Several factors like charge
trapping at the interface, adsorbed impurities like gases or
moisture from ambient environment, material defects and
impurities have been attributed for the occurrence of PPC in
MoS2,12,14 as shown in the schematic of Fig. 7a. Although,
various methods like passivation by high-k dielectric or
measurement in vacuum conditions have shown to reduce the
PPC,13,15 but the technique of GO deposition in MoS2 devices
leverage the wide band gap of GO interspersed with localized
states to minimize the PPC in MoS2 based devices. One of the
possible explanation of the reasons behind this improvement,
as illustrated in Fig. 7b, is a complex process of photo-activity in
GO layers, which acts in a completely different way than simply
trapping electrons from theMoS2 layers. Upon illumination and
depending on the energy levels, the photo-generated carriers in
GO can be transferred to MoS2 or can recombine within GO
through various recombination process like SRH (Shockley–
Read–Hall), Auger and trap/localized states assisted recombi-
nation,25 whereas the photo-generated carriers in MoS2 can also
have additional recombination mechanism via GO localized
states apart from the typical recombinations. Due to these active
and additional recombination/generation mechanism at the
GO–MoS2 interface, the trapping of electrons on the ambient
MoS2 by atmospheric gases like O2 and H2O is suppressed
which results in the reduction of PPC. Similarly, when the
illumination is off, the active recombination centers in GO can
results in quick photoresponse of approx. 1 s, thus resulting in
negligible PPC in the GO–MoS2 device.
23966 | RSC Adv., 2016, 6, 23961–23967
Conclusions

In summary, GO–MoS2 hybrid devices were fabricated and
studied for variation in photo responses. The GO–MoS2 device
maintains reasonable Ion/Ioff ratio and subthreshold slope as
compared to pristine MoS2 device. The photocurrent response
demonstrates a substantial decrease in response time and
almost complete recovery from PPC effect. The device properties
and photoresponse can be improved further by optimizing the
GO concentration ratio and deposition thickness. Further, the
observed electrostatical interaction of GO layer with the
underlying MoS2 channel can be utilized to load additional
functionalities to a pristine device, especially for sensing non-
polar gases like H2 and other chemical and biological entities.
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