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This paper presents highly efficient, flexible, and low-cost photo-transistors based on graphene nanorib-
bon (GNR) decorated with MoS; nanoparticles (NPs). Due to high carrier mobility, GNR has been used
as carrier transport channel and MoS; NPs provide strong advantage of high gain absorption and the
generation of electron-hole pairs. These pairs get separated at the interface between GNR and MoS;
NPs, which leads to electron transfer from NPs towards GNR. The fabricated devices based on GNR-MoS,
hybrid material show a high photo-responsivity of 66 AW-" and fast rise-time (t;) and decay-time (ty)
of 5ms and 30 ms, respectively, under blue laser illumination with a wavelength of 385 nm and power
density of 2.1 wW. The achieved photo-responsivity is 1.3x10° and 10 times larger than that of the first
reported pristine graphene and MoS, photo-transistors, respectively. Furthermore, fabricated devices
show a high stability for bending radii larger than 6 mm. The simple solution based process, high gain
and reproducible operation of fabricated photo-transistors indicate potential applications of them in state
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of the art photo-detectors and imaging systems.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, two-dimensional materials provide an emerg-
ing class of potential practical applications, due to their unique
electrical and mechanical properties. Graphene or single layered
graphite has introduced great era for fabrication of nanoscale
devices because of its crystal structure and semimetal electrical
properties [1-3]. Because of linear relation between energy and
momentum, two-dimensional structure of graphene behaves as
massless Dirac fermion [1,4,5]. Furthermore, carriers in graphene
describe by relativistic Dirac equation, which exhibit zero mass
and effective speed of 10 ms~! (near speed of light). At the same
time, zero energy bandgap between the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) provides ballistic transport for charge carrier for poten-
tial application in ultrafast electronic devices [6,7]. In addition,
to induce an electric band gap, a graphene sheet can be tailored
into nanoribbon, where the energy gap is inversely proportional to
the ribbon’s width [8-11]. This unique properties of band struc-
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ture in graphene delivers wavelength independent opacity [12]
and thermal conductivity [13], suitable for optoelectronic appli-
cations.

Because of spectral band width and ultrafast response time,
graphene has been introduced as a promising material for photo-
detectors [14-18]. However, due to low light absorption in
graphene photo-responsivity (the generated current per incident
optical power) less than 102 AW~-1 has been obtained [14-18].
One of the main reasons for low photo-responsivity of graphene
is fast recombination of photogenerated carriers before reach-
ing to electrodes or any p-n junction, which are necessary for
electron-hole separation in photo-detectors. Different strategies
such as thermoelectric effect [19-21] or graphene plasmonics [22]
have been used to improve light absorption in graphene. Imple-
mentation of photoconductive gain - the ability to provide multiple
carrier per single incident photon - is one of the recommended
solution for ultrafast graphene photo-detectors to make them more
practical.

Large surface area with high density of states, make graphene
an attractive choice as matrices for interfacing with inorganic
nanostructures [23]. Due to atomically thickness of graphene,
its conductance is very sensitive to any electrostatic perturba-
tion by chemical or physical experience close to the surface.
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Considering this advantage, functionalization of graphene with
other nanostructure can emerge a new class of application com-
bining advantage of nanostructures [24]| and graphene [25].
Photo-detectors based on graphene matrices decorated with
nanoparticles have been previously demonstrated [26,27].

On the other hand, molybdenum disulfide (MoS,) — a transi-
tion metal dichalcogenide (TMD) with a direct bandgap (~1.8 eV for
monolayer and ~1.3 eV for bulk) — has received much interest for
nanoscale electronics on various type of substrate [28-34]. Due to
large surface to volume ratio, high carrier mobility (~700 cm?/V-s
atroom temperature) [35] and high mechanical strength [36], MoS,
is a compelling semiconductor for sensor application and flexi-
ble electronics. High gain photo-transistor with photo-responsivity
from 7.5 mAW~-1 to 880 AW~ and fast optical switching have been
reported by different groups [38-41].

Synthesis of heterostructure of graphene and single layer
MoS, have attracted interest because of two dimensionality of
both materials [42-44]. Combining excellent properties of MoS;
NPs and GNR, a low cost, flexible, efficient photo-detector is
demonstrated in this work, where the MoS, NPs are used as
photon absorber. The photo-excited electron-hole pairs at the
surface of the nanoparticles act as photo-induced gate which
perturb the carrier transport in the GNR channel through elec-
trostatic coupling. The photo-transistors based on the GNR-MoS,
NPs heterostructures show photo-responsivity value higher than
66 AW

2. Experimental
2.1. GNR-MoS, NPs heterostructures preparation

Here, we describe a simple solution based process to dec-
orate GNR with MoS, NPs. Oxidized graphene nano ribbon
(GO) was obtained according to unzipping of MWCNT by the
method reported by Kosynkin et al. [45]. 100 mg of MWCNTSs
was suspended in sulphuric acid for 2 h, followed by treatment
with 600wt% KMnO4 for 2h at room temperature. Then the
solution was stirred about 1h. Oxidized graphene nanoribbon
was obtained after several washing of the solution with HCl
and ethanol and filtration by PTFE membrane (with 0.45pum
pore).

Then, 15 mg GO was dispersed in 20 ml of DMF and the solution
was stirred 30 min. In photo-detector applications, for tuning the
cut-off wavelength, the size of NPs is controlled by varying the pro-
cess parameters such as; solvent to surfactant molar ratio, reagent
concentration and process time. Here, in order to adjust the adsorp-
tion wavelength, various concentrations of GNR/(NH4),MoS,4 from
1.5 to 3 with 4 steps have been used with respect to constant DMF
volume. Afterward, 10 mg, 8 mg, 7 mg and 5 mg-ratio from 1.5 to 3,
respectively- of (NH4),MoS,4 were added to the separate solutions
and each suspension was stirred 30 min at room temperature until
aclear brown solution was obtained. After that, 2 mg hydrazine was
added to solution and stirring was continued for 45 min to reduce
the graphene oxides to graphene nanoribbon. Then, solution was
transferred to a 60 ml Teflon-lined autoclave and was heated at
210°Cfor 10 hin a standard oven without any controlled tempera-
ture ramp. Centrifugation process at 6000 rpm for 15 min was used
to collect the final nano hybrid material. Annealing of powder was
carried out in presence of H, at 60 °C for 1 h to saturate any dangling
bonds and reduce scattering sites alongside GNR.

2.2. Device fabrication

Compared with the rigid and flat substrates like silicon wafers
and glass plates, polymers are light, flexible, cheap and easy to

Fig. 1. The schematic structure of the fabricated photo-transistor based on GNR-
MoS; NPs.

adjust their material properties. Especially, polyethylene tetraph-
talate (PET) film was widely used as a substrate for various kind
of devices due to its transparency, flexibility, thermal resistance
and mechanical strength [46,47]. The flexible devices were fabri-
cated on PET substrates with a thickness of 150 wm. Photoresist
can be spin-coated on the PET by direct dispensing technique using
micropipette. Since the PET film has flexible and relatively rough
surface, the thickness of photoresist layer may not be uniform. This
non-uniform coating of resist normally produced non-uniform lift-
off process and some patterns may be disrupted. In order to prevent
the formation of non-uniformity, thin layer of resist was used. The
resist was spin coated on PET substrate at 3000 rpm for 30s. After
spin coating, PET film was baked at 90 °C for 2 min. Source and drain
were patterned using conventional lithography for 100 wm chan-
nel length. Then the 20 nm thick Cr film was deposited as adhesive
layer, and 200 nm Al was deposited on it using sputtering system
(Yar Nikan Saleh Co., Iran). Deposition was followed by lift-off and
interdigit (IDT) patterns were fabricated successfully. Then 200 nm
Al was also coated on backside of the PET, resulting in a back-gate
structure.

10 mg of nanomaterial with GNR/(NHg4),MoS4 ratio of 1.5 were
dispersed in 20ml DMF, then sonicated for 10 min to obtain a
homogenous solution. The suspension was then spin coated on Al
electrodes at 600 rpm and GNR-MoS; NPs have randomly arranged
between source and drain. Finally, the samples were annealed at
60 °C for 5 min. The schematic of the fabricated device is shown in
Fig. 1.

2.3. Characterization

Raman spectra was recorded at ambient temperature using
a standard backscattering geometry. Excitation wavelength of
785 nm were produced by a high-power laser diode source capa-
ble of supplying 50 mW of power. Optical spectroscopy at UV-vis
region was employed to investigate the optical absorption and
cut-off wavelength. Morphology of the nanostructures were stud-
ied using transmission electron microscopy (TEM, model Philips
EM208) operated at 100kV. Elemental composition of the final
nanomaterial was analyzed by energy dispersive spectroscopy
(EDS) using Zeiss scanning electron microscopy (SEM) equipped
with Oxford Instruments. Photo-response of the fabricated photo-
transistors were investigated with standard optoelectronic set-up
consist of focused beam blue laser (A=385nm) and at various
illumination intensities by measuring drain-source current (Ips)
versus change of drain-source voltage (Vps) and backgate voltage
(Vgg). The devices were characterized before and after the bend-
ing tests. In the bending tests, the flexible samples were bent up
to a radius of 7mm and the conductance was measured in each
point.
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Fig. 2. Raman spectra of graphene oxide (red) and GNR-MoS; NPs (black).

3. Results and discussions
3.1. Raman spectroscopy

The Raman spectra of GNR-MoS; NPs nanomaterial is shown in
Fig. 2 and compared to the corresponding spectra for the graphene
oxide nanoribbon. Several locations on each sample surface were
probed in Raman spectroscopy to ensure reproducibility of the data.
G band and D band of appearing at 1596cm~! and 1359cm™! are
originated from the Raman active mode of the graphene. The dis-
placement in the G band to 1540 cm~! is and evidence of removing
of the oxygnerated functional group after reduction process. In
addition, a comparison of intensity ratio of I(D)/I(G) peaks is uti-
lized to characterize the reduction of graphene oxide [48], whereas,
the increase in this ratio is attributed to new graphitic domain gen-
erated during reduction of GO [49]. This relatively low intensity of
I(D)/I(G) suggests the presence of nanoscopic hole in the graphene
plane or small size of the sp? domains [50]. Furthermore, Fig. 2
shows two Raman active modes of Exg and Aqg at 377 cm~! and
403 cm~! which are associated with the vibrational phonons of
MoS, NPs [51]. By decreasing the MoS, particle size, a large density
of state can be produced by zone-edge phonons [52] which cause
additional disorder peaks. Using the 785 nm laser energy excitation
can also cause extreme features in the phonon density of states near
the phonon energies which leads to disorder peaks near 750 cm™!
[53].

3.2. UV-vis spectroscopy

Fig. 3 shows the cut-off wavelengths of 680 nm, 505 nm, 500 nm
and 500 nm for the various ratio of GNR/(NH,4),MoS,4 of 1.5, 1.875,
2.143 and 3, respectively. The measurement reveals the cut-off
wavelength of 680 nm and 500 nm in final hybrid nanomaterials
consistent with few-layer and mono-layer of MoS; [36,37] and dis-
close the spectral selectivity of the nano-heterostructures (NHs)
because of the bandgap tenability of NPs by controlling the param-
eters of process [27]. As shown in the UV-vis spectrum (Fig. 3), the
absorption peak of GO (230 nm) corresponding to a w-m absorp-
tion band of aromatic C=C bonds and an n-m" absorption band
at 295nm are appeared [54]. The redshift of -7 to 265nm for
GO after decoration with MoS; NPs, may suggest the reduction
of graphene oxide [55]. The increased absorption intensity of the
entire spectrum above the 300 nm region, offered the reduction of
the GO and restoration of the aromatic structure gradually [56].
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Fig. 3. UV-vis spectrum of the GO and GNR after decoration with MoS; NPs at 210°C
for 10 h with various ratio of GNR/(NH4);MoS4 of 1.5, 1.875, 2.143 and 3.

3.3. Morphological study and EDS analysis

TEM was used to investigate the morphology of NHs. Fig. 4a
shows that sidewalls of MWCNT being completely unzipped with
smooth edges. The successive opening reaction can be attributed
to amount (500 wt%) of oxidation agent (KmNOg4) introduced to
system for unzipping. Fig. 4b presents the MoS, NPs after thermal
decomposition of (NHg);MoS,4 with a diameter of about 100 nm.
The decomposition process leads to MoS3; and ammonia and hydro-
gen sulfide, starting at 155°C [57]. Then MoS; NPs obtain by
decomposition of MoS3; in temperature range of 300-820°C by
various crystal quality [58]. The decomposition processes are men-
tioned below:

(NH4),M0S4— MoS3+2NHs+H,Sat155°C(1)

MoS3—> MoS,+5at800°C(2)

Fig. 4c confirms the attachment of MoS; NPs on the graphene
nanoribbon, suggesting successful association of MoS,; NPs with the
reduced graphene nanoribbon. Fig 4c (right TEM image) also reveals
the effective coverage of GNR with MoS, NPs. The EDS analysis is
presented in Fig. 4d while, the y axis presents the number of counts
per element. Carbon, Mo and S elements indexed in the EDS spectra
indicate the presence of the graphene and MoS; NPs in the final
product.

3.4. Photo-response characterization

For assessing the ohmic properties of the fabricated devices,
electrical characterization was performed under different illumi-
nation intensity of 0.18 wW, 0.58 wW and 2.1 wW with a focused
beam blue laser (A =385nm). Maximum illumination intensity of
0.1 W cm~2 for a 50 wm diameter spot size has been obtained using
a stage controlled objective lens. Fig. 5a presents the Ips—Vpg char-
acteristics of the photo-transistors under different illumination
intensities and Vg =0V. The decreased Ips for higher power den-
sity demonstrates effective relation between carrier-charge density
and electron-hole pair generation in the GNR-MoS, NPs hybrid
material. Linear dependence of the photo-current on the Vps also
presents the ohmic contact behavior of the devices. At low illumina-
tion power of 0.21 wW, the device reaches the photo-responsivity
of 66 AW~1, ~1.3 x 10° times higher than the first graphene pho-
todetectors [17] and ~10* time higher than first single layer
MoS; photo-transistors [38]. Zhang et al., recently introduced a
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Fig. 4. TEM images of (a) reduced unzipped MWCNT obtained after treatment with N,Hy4 (b) MoS; NPs obtained by thermal decomposition of (NH4 ), MoS4 (c) GNR decorated
with MoS; NPs, (right image shows GNR is covered with MoS;), (d) EDS analysis of GNR-MoS; NPs nano heterostructure which reveals presence of Mo, S and C.

photo-transistor based on graphene-MoS, heterostructure with
photo-responsivity of 107 AW~1[58]. This high photo-responsivity
can be attributed to large area and continues CVD grown mono-
layer MoS; with effective transferring of graphene on it with
minimum defects. Li et al., also reported a self-powered graphene-
MoS; hybrid photo-transistor with photo-responsivity of 3 AW~!
[59]. This low photo-responsivity arises from low photo-carrier
injection from mechanically exfoliated few-layer MoS, towards
graphene because of high defect density in scotch-tape based
mechanical exfoliation of bulk MoS,. Fig. 5b shows the depen-
dence of the conductance on backgate voltage at different power
densities. In the dark condition, photo-transistor shows the charge
neutral point (Vcnp) at about Vg = 10 V. The positive Venp indicates
that holes - like pristine p-dope graphene- are dominated carri-
ers in the photo-transistor channel. This feature can be attributed
to more conductivity property of the graphene compare to MoS,.
The blue laser illumination upon photo-transistors shifts the Veyp
towards more negative voltage. This negative shift demonstrates
the photo-gating effect [27] which photo-generated electron-hole
pairs separate at graphene-MoS, interface and electrons trans-
ferred from MoS; NPs to graphene which is consistent with

previous result by Zhang et al., [58]. At the same time, increasing the
conductance at n-type channel (Vgg > Venp) and decreasing the con-
ductance at p-type channel (Vg < Venp) reveal that photogenerated
electrons are transferred carriers from MoS; NPs to graphene. This
can be explained by bandgap alignment at the interface of MoS; NPs
and GNR, as shown in Fig. 5c. The p-type graphene- due to electro-
static doping- has more unoccupied states contributing to transport
between source and drain [60]. By type conversion from p-type to
n-type, a large number of unoccupied states are unavailable and
fewer states contribute to transport mechanism near Fermi level.
To understand the time dependent photo-response of the
photo-transistors, exposed to blue laser (A =385 nm), the rise-time
(tr) upon turning on the light and decay-time (t4) upon turning off
the light have been characterized at Vps =1V and Vps=10V. Fig. 6a
shows the photo-response of the fabricate photo-transistor which
reveals t; ~ 5ms and t; ~ 30 ms. In consistent with previous reports
[58,59], the fast rise-time of the fabricated photo-detector can be
due to fast band-to-band excitation of the photo-excited electron-
hole pairs between MoS, and GNR because of low defect density in
MoS; NPs and their interface with graphene, as previously reported
for SWCNTs decorated with PbS NPs [46]. The dominant part of
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Fig. 5. (a) Drain-source current (Ips-Vps) characteristics under different illumination power densities. (b) Shift of charge natural point voltage under various illumination
power densities which reveals photo-gating effect. Shift towards negative voltage demonstrates electron transferring from NPs to graphene. (c) Schematic of the bandgap
alignment at MoS; NPs and graphene interface for p-type and n-type graphene. Schematic shows the effect of type conversion on the transport prompted states.

decay-time of fabricated photo-transistor is originated from life-
time (t;) of the trapped positive charges in the MoS,; NPs which
produce photo-gating effect that, decay time could be ascribed from
the excitation between the defect or charge impurity states and the
band edge. As proposed by Konstantatos et al. [27], the decay-time
can be reached to smaller values by reducing the potential barrier
between trapped charges at NPs and graphene using an electro-
static doping. In photo-conductive detectors, photo-current gain
can be enhanced by tuning the mobility of the carriers and con-
sequently transit-time (tpangi¢) Which transie = L2/(14Vpias) Where, L is
source-drain distance and  is the mobility of the carrier at the
active region [61]. In Fig. 6a, enhanced carrier drift velocity due
to increased Vps is the main cause of the reduced carrier transit-
time (t,qnsir) Which improves the photo-current of the illuminated
devices. As shown in Fig. 6a, the fabricated photo-transistor also
shows reproducible photo-switching response under repeated on-
off cycles of blue laser diode.

In order to evaluate the effect of bending on response of the
photo-transistors, the conductance was measured under 2.1 pW
illumination power and Vgg =0V as a function of the bending radius.
As shown in Fig. 6b, after repeatedly bending in each radius, the
photo-response found to be highly stable for bending radii larger
than 6 mm. For smaller bending radii, however, the conductance
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Fig. 6. (a) Time dependent photo-response of the photo-transistor under blue laser
(A=385nm) illumination power density of 2.1 wW, Vg =0V and different drain-
source bias voltages of Vps=1V and Vps=10V. (b) Effect of bending radius on
the conductance of the photo-transistor under illumination intensity of 2.1 uW at
Vec=0Vand Vps=1V.

of the photo-transistor is significantly reduced and does not revert
back to the original value.

4. Conclusion

In summary, we have fabricated photo-transistors based on
graphene nanoribbons decorated with MoS; NPs hybrid material
as photo-absorption active area. Graphene nanoribbons act as fast
carrier transfer channel and MoS, NPs act as photo-harvesting
elements at A =385 nmin the final devices. Raman and UV-vis spec-
troscopy has been carried out to investigate the chemical bonds and
optical properties of the final materials. Morphology and elemen-
tal composition of the GNR-MoS, NPs has been evaluated using
TEM and EDS analysis to ensure on the final structure of the mate-
rial. Our photo-transistors showed a photo-responsivity of 66 A
W-1 which is ~1.3 x 10° times higher than the first demonstrated
graphene photo-detectors and ~10% time higher than first single
layer MoS, photo-transistors. Furthermore, the effect of the back-
gate voltage on the device operation has been evaluated, which
reveals more conductance at negative backgate bias due to more
unoccupied states in p-type graphene. Rise-time and decay-time
of 5ms and 30 ms have been obtained, respectively, which demon-
strate the low defect density in MoS,; NPs and their interface
with graphene. Photogenerated trapped holes in the NPs induced
photo-gating effect, which shifted Ip-Vpg characteristics towards
more negative voltages. According to low-cost and simple process
of NP decoration on graphene nanoribbons, this hybrid material
has a high potential to be used in state of the art applications
such as low-cost high gain photo-transistors and imaging sys-
tems.
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