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ABSTRACT: Tuning of the electrical properties of graphene
via photoexcitation of a heteroassembled material has started
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from reduced graphene oxide (rGO) and photoactive titania
nanosheets (Tig;,0,”*>") was employed as a channel to construct a field effect transistor (FET) device, and its UV light response
on the electrical transport property was examined. The UV light illumination induced significant improvement of the electrical
conductance by ~7 times on the basis of simultaneous enhancements of the electron carrier concentration and its mobility in
rGO. Furthermore, the polarity of the FET response changed from ambipolar to n-type unipolar. Such modulated properties
persisted in vacuum even after the UV light was turned off. These interesting behaviors may be explained in terms of
photomodulation effects from Tiyg,0,%**” nanosheets. The photoexcited electrons in Tiyg;0,”**" are injected into rGO to
increase the electron carrier concentration as high as 7.6 X 10"* cm™. On the other hand, the holes are likely trapped in the
Tip,0,”**" nanosheets. These photocarriers undergo reduction and oxidation of oxygen and water molecules adsorbed in the
film, respectively, which act as carrier scattering centers, contributing to the enhancement of the carrier mobility. Since the film
likely contains more water molecules than oxygen, upon extinction of UV light, a major portion of electrons (~80% of the
concentration at the UV off) survives in rGO, showing the highly enhanced conductance for days. This surpassing
photomodulated FET response and its persistency observed in the present superlattice system of rGO/Tijg,0,*%*" are

noteworthy compared with previous studies such as the device with a heteroassembly of graphene/h-BN.
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B INTRODUCTION

The discovery of graphene' and its novel properties'™® have
sparked an enormous research boom, which has further
extended over a ran%e of two-dimensional (2D) materials
based on metal oxides,” ™’ hydroxjdes,7 and nitrides,'*'" as well
as chalcogenides.u_14 The unilamellar 2D sheets or stacks of a
few layers frequently exhibit intriguing properties, arising from
their nanoscale thickness and an ultimately large surface area.
Thus, many new applications are being developed on the basis
of the distinctive functionalities, which are difficult to realize in
bulk materials.>>”%'3*

Among a wide range of research directions relating to
graphene and its analogues, the organization of heterostructures
with multiple 2D materials has emerged as a promising research
front. Synergetic electronic, magnetic, or chemical interactions
between different 2D materials are expected to develop new or
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greatly enhanced functionalities. Several reports have demon-
strated the effectiveness of this strategy.>'"">~'® Among nearly
limitless combinations, one of the promising targets is the
modulation or tuning of the superior electrical properties of
graphene by combining it with other types of 2D materials. For
example, a vertically aligned n-channel field effect transistor
(FET) was fabricated by sandwiching a few layers of MoS, as
the semiconducting channel between a graphene sheet and a
metal thin film, achieving a high device performance, an on—off
ratio of >10%, and a hi§h current density of up to 5000 A cm™>
at room temperature.'® A hexagonal boron nitride (h-BN)/
graphene/h-BN structure with a unique edge contact geometry
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Figure 1. Schematic diagram of a FET device based on (rGO),, (Tiy5,0,"**) ¢ and (rGO/Tiy5;,0,%%*),, films under UV illumination. The various
multilayer and superlattice films composed of rGO and Tijg,0,%** nanosheets were fabricated on a Si substrate with 300-nm-thick SiO,. The
metallic terminals (S nm Ti/S0 nm Au) were deposited on top of the films by electron beam deposition, acting as source and drain electrodes,

whereas the heavily doped Si was used as the back gate electrode.

was found to achieve low-temperature ballistic transport over a
distance longer than 15 ym, and its room temperature mobility
is comparable to the theoretical phonon-scattering limit due to
the reduced impurity scattering and contact resistance.'®
Recent work based on graphene/h-BN heterostructures
demonstrated that photoinduced carrier doping from the
defects of h-BN into graphene could modify the electrical
properties of graphene, which indicates the potential for new
scientific studies and alpplications.19 However, h-BN is an
insulator with a large bandgap of 5.2 eV, which can absorb only
ultraviolet (UV) light at high energy (1 < 240 nm). The
observed modulation is associated with electrons transferred
from h-BN trapped at impurity levels. This photoinduced
doping effect resulting from an impurity is typically rather
modest.

One important class of 2D materials is oxide nanosheets. A
wide variety of layered metal oxides have been delaminated into
colloidal elementary layers through a soft-chemical route via
intercalation/ swelling.7’20’21 The obtained unilamellar 2D layers
are monodispersed polyanionic sheets, and they can be
assembled layer-by-layer into well-organized nanostructured
films by solution-based processes, such as electrostatic
sequential adsorption®” and the Langmuir—Blodgett method.**
Of particular interest is the titania nanosheet, which acts as a
wide-gap semiconductor, exhibiting useful physical and
chemical properties. The titania nanosheet efficiently absorbs
UV light and exhibits high photocatalytic and dielectric
properties.9

We recently fabricated a superlattice film of alternately
stacked graphene oxide (GO) and titania nanosheets of
Tis,0,>°*" and demonstrated that GO could be effectively
converted into a reduced form (rGO) upon exposure to UV
light due to the photocatalytic activity of Tiyg,0,%%27.%*
Therefore, it is important and meaningful to explore the
modulation of the electrical behavior of such a FET device
based on the film of rGO/Tiy,0,%**” upon light illumination.
The strong absorption of UV light by Tijg,0,"*>” nanosheets
and the intimate stacking with rGO at a molecular scale is
expected to facilitate the injection of photogenerated carriers.
Efficient and controllable photoinduced modulation of the
transport properties is expected because of the alternate
assembly of molecularly thin 2D materials.

B EXPERIMENTAL SECTION

Preparation and Characterization of Films. GO was prepared
by a modified Hummers method,® whereas titania nanosheets,
Tigg,0,>%*", were derived from KggTi;,3Lig,,0, through a soft-
chemical exfoliation process.”® AFM observations revealed that these

nanosheets have a typical thickness of 0.8 and 1.1 nm, with an average
lateral size of 1 ym and 300 nm, respectively (Supporting Information
Figure S1). The multilayer and superlattice films, such as (PDDA/
GO),,, where PDDA denotes poly(diallyldimethylammonium chlor-
ide), (PDDA/Tiy5,0,%%*7),0, and (PDDA/GO/PDDA/
Tigg,0,"%7) 0, Were assembled in a layer-by-layer manner on a
heavily doped Si substrate, with a 300-nm-thick SiO, layer, through
sequential adsorption using PDDA as the cationic linker. The
successful fabrication of the multilayers was indicated by the
progressive enhancement of UV—vis absorbance during the fabrication
process on the quartz substrates (Supporting Information Figure S2).
The (PDDA/Tiy5,0,"%*7),o and (PDDA/GO/PDDA/Tij5,0,>%7 ),
films were exposed to UV light for 48 h to promote photocatalytic
reduction of GO to rGO and decomposition of the PDDA. The UV
treatment was the same as that employed in our previous study for the
film of (PDDA/Tiyg,0,"%7),,, where the total removal of PDDA was
confirmed.”” To achieve a similar reduction extent with the
photoreduced (rGO/Tiyg;,0,***7),o film, the (PDDA/GO),, film
was heated at 400 °C for 1 h under vacuum to obtain the (rGO),, film.
The prepared samples were kept in ambient air prior to electrical
measurements.

Electrical Transport Property Measurements. The transistor
action and its photoelectrical performance were examined on FET
devices fabricated with the films as the channel using the heavily doped
Si substrate as the gate electrodes, as is commonly employed. Ti/Au (5
nm/50 nm) electrodes were deposited on the films via electron beam
deposition with a channel length (L) and width (W) of 40 and 400
pum, respectively. The measurements were carried out under vacuum
(<1073 Pa), using a semiconductor parameter analyzer (Keithley 4200-
SCS, Keithley Instruments Inc.) with a low-temperature probe system
from Nagase Electronic Equipment Service. The voltage difference
between the source and drain (V) was set at 1 V. A xenon lamp
(XEF-501S, San-ei Electric) with an optical fiber was used as the light
source. The light was guided through the optical filter and irradiated
the device vertically when the photomodulation was monitored. The
light intensity was calibrated by a spectroradiometer (USR-4S, Ushio).
To examine the photomodulation of the transistor action, we recorded
various data, such as I3~V and G-V, relationships, (I4: current
between the source and drain electrodes, V: voltage between the

source and gate electrodes) in the dark immediately after turning off
the light.

B RESULTS AND DISCUSSION

The multilayer films (rGO/Tiyg,0,>%*7)1o (rGO)y, and
(Tipg,0,>%*7),, were obtained by a layer-by-layer method
followed by the reduction processes. Compositional and
structural aspects of the films were reported in our previous
work.** The thickness of the films estimated from XRD data
was 18.4, 11.4, and 9.8 nm, respectively. In this paper, we focus
on the photomodulation effects on the electrical transport
properties of the films.
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The FET devices were fabricated employing the resulting
films as channel materials, as illustrated in Figure 1. The Si
substrate works as the gate electrode, whereas metallic
terminals (Ti/Au, thickness: 5/50 nm) deposited on top of
the films act as source and drain electrodes. An ohmic response,
or a linear current (Iy)—voltage (V) relationship, was
observed for the films of (rGO/Tiyg,0,"%*7);, and (rGO),,
suggesting that the energy barriers at the contacts are negligible
(Figure 2). In contrast, the I;;—Vy curve for the (Tiyg,0,>*) ;o

150 = UV 20 min (rGO/Ti, ,,0,0%%),,
— UV 20 min (rGO),,
100} — Original (rGO/Ti,,,0,°%),,
— Original (rGO),,
50+
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Figure 2. I;;—V,; curves for (rGO);o and (rGO/Tigg,0,%**7);, films
before and after the UV illumination. The measurement was
performed at Vi, = 0 V for both films. The UV light used here
ranged from 270 to 400 nm, with an intensity of 14 mW cm ™, and the
illumination time was 20 min. The data for the (rGO);, film are nearly
superimposable with each other because of a negligible change before
and after the UV treatment. In contrast, the resistance for (rGO/
Tigg,0,”%*7) 0 Was significantly reduced after the UV treatment.

film could not be obtained with our instrument because of the
highly insulating character of this nanosheet.”® The resistances
for the as-fabricated films of (rGO), and (rGO/Tiy5,0,"%* )10
were 3.3 X 107 and 2.8 X 10° Q sq~!, respectively. Considering
the highly insulating nature of the Tiyg,0,"**” nanosheet, it is
reasonable to assume that the rGO layer in the (rGO/
Tip5,0,>*7);o film primarily contributes to the conductive
properties.

Then, the devices were illuminated with UV light (270—400
nm, 14 mW cm™>) for ~20 min under vacuum (<1073 Pa).
After this treatment, the resistance for the (rGO/
Tig5,0,>**7) o film significantly decreased to ~'/, to 3.9 X
10° Q sq”', whereas that of the (rGO);, film changed
negligibly. These films have been fully reduced through the
aforementioned treatments involving photocatalytic or thermal
reduction, excluding a possibility for further reduction under
the UV illumination during the electrical measurements.”* We
also carried out the measurements under different illumination
conditions (Supporting Information Figure S3). The device

with the (rGO/Tiyg,0,%°%);, film exhibited only a slight
change in conductance under visible light, whereas a noticeable
enhancement was observed under UV light. The conductance
enhancement was accelerated at a higher intensity. These data
indicate that the photoinduced modulation effects observed for
(rGO/Tiyg;,0,%%7); film should be associated with carriers
generated in the Tiyg,0,***” nanosheet via bandgap excitation.

Typical conductance—gate voltage (G—V,,) curves for the
(rGO/Tiyg,0,°%7) o and (rGO),, films before and after the
UV light treatment are compared in Figure 3. The conductive
nature of the (rGO/Tiyg,0,"°%7);, film changed from
ambipolarity to n-type unipolarity upon UV light treatment
(Figure 3a), while the ambipolarity of the (rGO),, film
remained largely unchanged (Figure 3b). This result for the
(rGO)yo film is compatible with previous reports on FETSs
based on graphene as well as rGO prepared by various
processes, where the ambipolarity remained unchanged after
light illumination.'”?® Thus, the photoresponse of the
conductive behavior to the n-type unipolarity observed in
(rGO/Tiy5,0,%%7),y may be unique in a number of the
graphene-based devices.

The exposure to UV light generates excited electrons and
holes in the Tij 4,0, nanosheets of the superlattice film via
bandgap excitation. Because the conduction band edge of the
Tips70,”**” nanosheet is more negative than that of rGO,*%3!
the electrons are transferred to rGO. Similar electron transfer
was reported in heterosystems of TiO, nanoparticles and
graphene.32_35 Furthermore, under the UV illumination, the
Tig5,0,** nanosheet shows a strong photocatalytic ability to
remove species such as water and oxygen molecules, which
have a p-type doping effect.”***” These species are easily
adsorbed on the film surface and are difficult to remove by
normal evacuation. Furthermore, the film contains water
molecules or oxonium ions in the interlayer gallery because
of the solution-based fabrication process. Under UV illumina-
tion, excited electrons can reduce molecular oxygen to be
desorbed, and holes may decompose water molecules in the
film. The n-type conductive polarity observed for the (rGO/
Tig5,0,"%*7) 0 film upon UV irradiation may be understood in
terms of these two effects.

To gain further insights into these aspects, the G—V,, curves
of the (rGO),, and (rGO/Tigg,0,"%7),, films were recorded
by sweeping the gate voltage in the forward (from —100 to 100
V) and reverse (from 100 to —100 V) directions in the dark
before and after the UV light treatment. The gate voltage values
at the charge neutrality point (CNP), Vemin for the (rGO)yq
film before the UV light treatment were different between the
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Figure 3. G—V), curves before and after UV illumination process: (a) (rGO/Tigg,0,*%%7) 0 and (b) (rGO),p. The blue traces denote the curves
recorded before light illumination, whereas the red traces denote the curves recorded after UV (14 mW cm™) illumination for 20 min. The

measurements were performed at Vy, = 1 V for both films.
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forward and reverse sweeping (—12 and 14 V, respectively;
Figure 4a). The G-V, curves did not change significantly after
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Figure 4 G—V,, curves for (3, b) (tGO)}, and (¢, d) (rGO/
Ti5,0,"*) 10 films before and after UV illumination (14 mW cm™)
for 1 min. The data were obtained during the forward sweeping (red
traces, from —100 to 100 V) and the reverse sweeping (black traces,
from 100 to —100 V). Inset in part d shows a magnified drawing of the
curves in the area designated by the rectangular dotted frame.

the UV exposure for 1 min, although the V., values shifted to
be negative, indicating n-type doping (Figure 4b). The
hysteresis was still observed after 20 min of UV light treatment
(Supporting Information Figure S4). The hysteresis observed
in FET devices using a channel based on nanomaterials is
typically caused by the adsorption of water or molecular oxygen
onto the channel surface,**~*® which might be polarized under
an applied electric field. The hysteresis observed should be
attributable to these effects. In contrast, the hysteresis of the
(rGO/Tig4,0,"5%),, film was smaller than that of (rGO),,, and
the ngm values (=20 and 0 V for the forward and reverse
sweeping, respectively) were more negative than the corre-
sponding values for (rGO),, (Figure 4c). One minute of UV
light treatment suppressed the hysteresis of the (rGO/
Tigg,0,"*7);p film to 2 V and increased the conductance
(Figure 4d). The suppressed hysteresis observed for the (rGO/
Tig5,0,>*7) , film supports the notion mentioned above that
removing adsorbed species such as oxygen and water molecules
takes place due to the strong photocatalytic activity of
Tiy5,0,***" nanosheets. As will be shown below, the carrier
mobility enhancement was confirmed in this system.

Graphene and its derivatives have great potential as
electronic and optoelectronic materials. However, their
electrical properties are considerably influenced by the
atmosphere; water and oxygen molecules easily adsorb on the
device. Many methods have been proposed to recover their
intrinsic properties, such as annealing in reducm§ atmosphere"’
and shielding them with h-BN nanosheets." The present
system, rGO coupled with photoresponsive Tigg,0,>%*"
nanosheets, provides another facile and effective way to exclude
the influence of the atmosphere.

Series of G—V,, curves in the forward sweep process for the
films of (rGO/T108702 27) 0 and (rGO),, were collected in
the dark immediately after UV illumination (14 mW cm™2) for

a certain period (Supporting Information Figure SS). From the
obtained G—V,
voltage at CNP (Vj,,), carrier mobility (i), and carrier

curves, the conductance at CNP (G,,,), gate

concentration at CNP (n;) upon illumination, as well as the
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Figure 5. Changes of (a) conductance at CNP (G,,;,), (b) gate voltage
at CNP (Vyin), (c) carrier mobility (u) for electrons (@) and holes
(0), and (d) carrier concentration at CNP (n,) for (rGO/
Tig4,0,>*7) ;o (red) and (rGO),, (black) upon UV illumination
and the subsequent dark process. The blue and green trace in (c) stand
for the change of the hole carrier mobility for (rGO),, and (xGO/
Tios70," 1o

subsequent dark process, were deduced (Figure S). Gy, is
related to the carrier concentrations and mobility as follows:

G in — (Ids)min/‘/:is = [nie(/"e + ﬂh)W]/(V::ls/E)
= ne(y, + p,)(W/L) (1)

where E is the electric field, n; is the surface charge density, p,
and py, are the related electron and hole carrier mobilities,
respectively, and W and L are the channel width and length,
respectively. The carrier mobility (#) was obtained using the
derivative of the Drude equation,""® and the charge density
(n;) was estimated according to eq 1. G, of the (rGO/
Tips70,"%*7); film was noticeably enhanced as the UV
illumination time increased (Figure Sa). In contrast, such an
enhancement of G,,;, was observed only to a limited extent for
the (rGO),, film. After illumination for 20 min, G, of the
(rGO/Tiyg,0,%° _)10 film increased from 3.8 to 25 uS, an
increase of 7-fold.*' This change is ~50 times higher than that
reported previously for graphene-based FETs,"”*® which
exhibited only modest enhancements upon exposure to visible
light.

First, let’s discuss the differences between the films of (rGO/
Tigg;0,%7)1p and (rGO);o. It is clear that the superior
conductance for (rGO/Tiyg,0,*%7),, is attributable to the
higher carrier mobility and concentration. The largely enhanced
carrier mobility, or reduced energy barriers for carriers
transferring between the rGO sheets, may be attributed to
effective dielectric shielding from the high-x Tijg,0,%%*"
nanosheets, which intimately sandwich rGOs at a molecular
level, and the above-mentioned removal of oxygen and water
molecules in the film, which are known to act as carrier
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scattering impurities. The noticeable increase in carrier
concentration for the (rGO/Tiyg,0,>%*7), film can be ascribed
to the efﬁcient transfer of electrons generated in the
Ti0.8702 nanosheet to rGO. Vg, of the (rGO/
Tigs;0,"%%7) ;o film gradually shlfted negative upon UV
illumination (Figure Sb), which is a typical phenomenon
related to electron doping. The value changed by 80 V from
—20 to —100 V after 20 min of UV illumination, leading to the
unipolar response. This n-doping effect is considerably smaller
for (rGO),, without a coupled photoresponsive material.

As the UV illumination time increased, both y, and n; for
(rGO/Ti5;,0,"%),, increased, whereas y;, decreased to nearly
zero (Figure Sc,d). Hence, the increase in the carrier
concentration (n;) mainly contributes to the improved
conductance G, during the UV illumination process. A
significant increase in electron carrier mobility (¢.) (Figure Sc)
was observed, which should be accounted for by the effects
above, removal of the adsorbed water and oxygen.

Among these photoinduced modulation effects, one of the
most marked features is the extremely high electron carrier
concentration, reaching 7.6 X 102 ecm™. To the best of our
knowledge, this concentration is the highest value among
reported data for graphene- or rGO-based FETs, many of
which exhibited an electron concentration that was 1 order of
magnitude lower."***3**7% This remarkably high accumu-
lation of electrons in rGO in the present system is due to the
efficient transfer of excited electrons generated in Tiyg,0,%%>"
nanosheets to rGO. The charge induced by the gate potential is
considerably smaller than the electron carrier concentration of
7.6 X 10" cm ™ observed. A value of ~1 X 10" cm™ at a gate
voltage of 100 V is expected on the basis of the standard
estimation for the present system with 300-nm-thick SiO, as a
gate insulator." This large difference may account for the rather
broad and n-unipolar response observed for the G—V,, curves
observed (Supporting Information Figure SS). The apparent
unipolarity may be understood, considering the fact that the
number of holes induced by the gate potential is also
significantly smaller than that of the photoinduced accumulated
electrons.

Interestingly, the photoinduced, highly enhanced transport
properties of rGO coupled with the Tiyg,0,%**” nanosheets
were nearly unchanged after turning off the UV light. Although
the conductance exhibited a modest ~10% decay upon UV
extinction, the residual high value remained constant for at least
4 days (Figure 6). 6 Although we could not record data for a
longer duration due to the limitation of the instrument, we
expect that the conductance will not exhibit a noticeable decay

<— Light off In air

5 /Lighton In air

0 n n ~ L
0 2,000 4,000 6,000 8,000
Time (min)

Figure 6. CNP conductance (G,,,) as a function of time for (rGO/
Tigg,0,"%) o (red trace) and (rGO);, (black trace) during the whole
UV illumination and dark process shown in Supporting Information
Figure S3.

for a prolonged duration as long as it is kept in vacuum. The
carrier concentration exhibited a similar trend; namely, it
decreased to ~80% at the termination of UV illumination but
remained nearly constant after that. The decrease can be
understood by recombination with the remaining holes trapped
in Tipg,0,>%* nanosheets, or those not consumed in the
photocatalytic decomposition of water. The electron carrier
mobility increased from 0.21 to 0.22 cm® V™' s™' when turning
off the UV lamp (Figure Sc), whlch may be ascribed to the
decreased carrier—carrier scattering.*”

On the basis of the results, we may understand the enhanced
conductance of the (rGO/Tiyg,0,>%*7),, film upon UV
illumination and its persistency according to the schematic
model illustrated in Figure 7. The channel in the FET has water
and oxygen molecules adsorbed onto the surface when in air
(I). In addition, the film intrinsically contains water molecules
or oxonium ions in the intersheet gallery. These molecules
persist, even upon evacuation, as has been discussed in previous
studies.’®*® When the device is 111um1nated with UV light,
charge separation occurs in the Tiyg,0,”**” nanosheets, and
the generated electrons are transferred to rGO (II). A major
portion of the positive holes in Tiyg,0,"**” nanosheets having
strong oxidative power are consumed in oxidizing water
molecules, whereas some of electrons are involved in the
reduction of oxygen molecules (III). When the illumination is
terminated, the remaining holes are extinguished via recombi-
nation with electrons in rGO (IV). It is reasonable to assume
that the number of adsorbed oxygen molecules is less than that
of water molecules, considering the hydrophilic nature of
Tigg,0,"%*” nanosheets and the solution-based fabrication
process of the superlattice film. Thus, there are more
photogenerated electrons than holes, and a significant number
of electrons survive (V), contributing to the enhanced
conductance. The charge neutrality of the entire film may be
maintained with protons, which are formed through the
oxidative decomposition of water molecules with holes. The
resulting system (V), or electrons accumulated in rGO, should
be stable in vacuum, exhibiting the persistently enhanced
conductance. The charge accumulation into niobate nanosheets
has been reported.*” However, this case is apparently different.
The charge accumulation into niobate nanosheets proceeded in
a colloidal system, while that in the present study was attained
in rGO in the FET device.

B CONCLUSIONS

In summary, the FET based on a superlattice hybrid film of
rGO coupled with Tiyg;,0,>**” nanosheets exhibited distinctive
modulation on electrical transport properties upon UV
illumination. The device exhibited an n-type unipolar response,
which changed from the ambipolar behavior observed prior to
the irradiation. At the same time, the conductance was
significantly enhanced by ~7-fold. The enhancement, as well
as the n-type unipolarity, is unique to the present device
compared to the rather modest photomodulation reported for
other graphene-based systems. These behaviors may be
understood by the eflicient transfer of photoexcited electrons
in Tiyg,0,"*>" nanosheets to rGO. Interestingly, electrons in
rGO could survive for a long time, showing the persistently
enhanced conductance for days. This result may be regarded as
effective charge storage, opening new applications for rGO or
graphene.

The molecularly thin nature of Tiyg,0,"**” nanosheets is
well-suited to be hybridized with graphene, rGO, and other 2D
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Figure 7. Schematic illustration of the enhanced conductance under UV illumination and its persistency. (I) Water and oxygen molecules are

adsorbed in the channel of the FET devices. (II) Charge separation occurs in the Tiyg,0,"%*~

nanosheets, and the generated electrons are transferred

to rGO. (III) A large portion of the positive holes is consumed by oxidizing the adsorbed water molecules, whereas some portion of electrons is
consumed by reducing oxygen molecules. (IV) Remaining holes are extinguished via recombination with electrons in rGO. (V) The excessive

electrons survive, contributing to the enhanced conductance.

materials because the intimate contact at a molecular level can
be achieved via facile solution processes. Such an aspect, as well
as the highly photoresponsive nature, will be beneficial for the
photomodulation of graphene transistor devices.
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