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G
raphene, a novel two-dimensional
material with an atomic thickness,
has attracted much attention due to

its fascinating physical and electrical proper-
ties, such as giant carrier mobility.1�8 To
produce graphene, several methods such
as physical exfoliation and chemical vapor
deposition (CVD) have been reported. How-
ever, manageable methods for mass produc-
tionof grapheneare still needed toovercome
low yield and high cost problems. Recently,
chemically reducedgrapheneoxidenanopla-
telets (rGOs), which have semiconducting
properties, have been synthesized to avoid
the problems that arise during the mass
production of graphene. There are many
methods for oxidizing graphite into gra-
phene oxide nanosheets (GOs)9�11 and like-
wise for reducing GOs into high-quality
rGOs.12,13 According to electronic properties,
singly and doubly overlayered rGO layers
behave as a semiconductor, and even the
thicker rGO films behave as a semimetal.14

Furthermore, the thin-film rGOspossess a low
sheet resistance and a high transparence.15

Such semiconducting rGOs can be applicable
for use as an active component in memory
devices. For example, combining graphene
(or GOs and rGOs) and gold nanoparti-
cles (AuNPs) through a physical absorption
process has been attempted for memory
applications.16,17 In fact, nonvolatile memory
behavior has frequently been achieved by
charge trapping on the metal nanoparticles
embedded in the organic layers.18 Distribu-
tion of AuNPs into thick organic layers has
been shown to affect the memory ability of
the device. However, memory devices using
AuNPs physically embedded in the organic
layer or placed on the surface have not been
stable due to the relatively unrestrained mo-
bility of the AuNPs, which has resulted in
shortened device lifetimes. To make matters
worse, in the memory devices where AuNPs

wereembedded inpolymeric ororganic thick
films, theoriginof the chargingeffectwasnot
clear since the effect may have come from
the AuNPs, the organic layer, or both of them.
On the other hand, a nanometer-sized,

horizontally structured device with chemi-
cally immobilized, monolayered AuNPs on
the semiconducting rGO channel is prefer-
able to the previously reported devices of
AuNPs-embedded organic thick films for
sensing any minute charging effects from
the AuNPs. This new device system can pro-
vide a clearer understanding for the origin
of the charging effect in AuNPs-organic
memory devices. The two-dimensional
semiconducting rGO channel, fabricated
using a simple and inexpensive spin-coat-
ing technique, is employed to support the
AuNPs, leading to effective control of the
transport of charge carriers. Until now, how-
ever, owing to the difficulty of forming
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ABSTRACT Nonvolatile memory devices using gold nanoparticles (AuNPs) and reduced

graphene oxide (rGO) sheets were fabricated in both horizontal and vertical structures. The

horizontal memory device, in which a singly and doubly overlayered semiconducting rGO channel

was formed by simply using a spin-casting technique to connect two gold electrodes, was designed

for understanding the origin of charging effects. AuNPs were chemically bound to the rGO channel

through a π-conjugated molecular linker. The π-conjugated bifunctional molecular linker,

4-mercapto-benzenediazonium tetrafluoroborate (MBDT) salt, was newly synthesized and used as

a molecular bridge to connect the AuNPs and rGOs. By using a self-assembly technique, the

diazonium functional group of the MBDT molecular linker was spontaneously immobilized on the

rGOs. Then, the monolayered AuNPs working as capacitors were covalently connected to the thiol

groups of the MBDT molecules, which were attached to rGOs (AuNP-frGO). These covalent bonds

were confirmed by XPS analyses. The current�voltage characteristics of both the horizontal and

vertical AuNP-frGO memory devices showed noticeable nonlinear hysteresis, stable write�multiple

read�erase�multiple read cycles over 1000 s, and a long retention time over 700 s. In addition, the

vertical AuNP-frGO memory device showed a large current ON/OFF ratio and high stability.

KEYWORDS: reducedgrapheneoxide . self-assembledmonolayer . goldnanoparticle .
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chemical bonds between AuNPs and graphene, which
has no chemical reactivity, no study of AuNPs cova-
lently bound to graphene (or GOs and rGOs) for
memory applications has been reported. For the for-
mation of the covalent binding of AuNPs and gra-
phene, a new material consisting of a bridge molecule
(i.e., the molecular linker, which produces the chemical
bonds between the AuNPs and the rGO) and a matrix
platform (i.e., the rGO sheets) is suggested. In this new
system, AuNPs can molecularly link to rGOs and can
potentially provide controllable transport withinmem-
ory devices. In fact, several advantages arise when
using the rGO channel, instead of a polymer matrix,
as the important constituent element of AuNPs-
embedded memory devices: (1) As a highly sensitive
semiconducting material, the rGO has good hole and
electron mobility. Thus, the rGO can act as both sensor
and transducer for the charging and discharging of
electrons onto the AuNPs and as a matrix for the active
memory layer. (2) The rGO sheet provides covalent
anchoring sites for the single-layeredmolecular linkers.
Other polymers and solid materials cannot provide
these anchoring sites, making single layer alignment
of AuNPs even more difficult. (3) As an ultrathin plat-
form for a bottom-up fabrication, a GO aqueous solu-
tion can form an ultrathin (<3 nm) channel, which can
thenbe reduced into the rGO semiconducting channel.
The controlled thickness, length, and width of the rGO
channel formed between two electrodes can facilitate
homogeneous immobilization of the linker molecules
and the AuNPs, allowing for further fabrication steps.
Herein, we report a new nonvolatile memory horizon-

tal device composed of monolayered AuNPs chemically
bound to rGO sheets through a π-conjugated molecular
linker. 4-Mercapto-benzenediazonium tetrafluoroborate
(MBDT) salt as a molecular linker was designed to have
bifunctional groups: one end group is a diazonium salt
that can be chemically connected to rGOs, while the
other is a thiol group that can spontaneously anchor to
AuNPs. To transport the accumulated and/or polarizable
charges onto the AuNPs, the simplest π-conjugated
aromatic group, phenyl, was chosen as a communicative
wire. Since the MBDT molecular linker between the rGO
channel and theAuNPs is expected to provide an energy
barrier, the charge carriers of AuNPs can be stayed for
some time, leading to nonlinear current�voltage (I�V)
hysteresis and a long retention time. For the horizontally
structured device, singly and doubly overlayered rGOs
were chosen for the semiconducting transport channel
of charge carriers between twogoldelectrodes. Then the
rGO channel was functionalized with the MBDT molec-
ular linker to create functionalized rGOs (frGOs). It is
expected that the resulting rGO channel has sufficient
sensitivity to detect the charging/discharging of the
monolayered AuNPs. Furthermore, it is anticipated that
the rGO channel provides anchoring sites for the
bifunctional molecular linkers so that the MBDT

molecules can easily form a monolayer on the rGO. In
addition, for the vertically structured device, the bulk
AuNP-capped MBDT-functionalized rGOs (AuNP-frGOs)
were also used for charge transport and storage. The
vertically structured device (e.g., metal/insulator/metal
(MIM) configuration) with an AuNP-frGOs layer is ex-
pected to exhibit large hysteresis and good memory
properties for the realization of organic semiconduct-
ing memory devices.

RESULTS AND DISCUSSION

Figure 1 shows a schematic of the fabrication pro-
cess to make these two-type devices of AuNP-frGOs.
For the horizontal device, singly and doubly layered
GOs were formed by spin-casting on a SiO2 substrate
prepatterned with gold electrodes. Well-dispersed sin-
gle GOs in water were prepared according to previous
reports.19 The GOs on the device were chemically
reduced with hydrazine vapor (Figure 1a). The function-
alization of the MBDT molecules to the rGO was achie-
vedbyusinga self-assembly technique, leading to a thiol-
terminated surface on the rGO device (Figure 1b). In the
final step, AuNPs were spontaneously immobilized onto
the thiol-functionalized rGO device in solution, yielding
an AuNP-frGO device (Figure 1c). In addition to the
fabrication of the horizontal device, the vertically struc-
tured device was prepared as shown in Figure 1d, which
was composed of the AuNP-frGOs hybrid material as the
active layer between the two electrodes. The active layer
was spin-casted onto the bottom electrode (i.e., indium
tin oxide, ITO) by using AuNP-frGOs dispersed in di-
methylformamide (DMF). An aluminum top-electrode
(200 nm thick) was then vapor-deposited onto the active
layer (AuNP-frGOs, 50 nm thick) (i.e., Al/AuNP-frGOs/ITO).
For chemical and surface characterization of the

AuNP-frGO on the devices, X-ray photoelectron spec-
troscopy (XPS), atomic force microscopy (AFM), and
Raman spectroscopy were employed. Figure 2 shows
the XPS surface characterizations for each step. In the
XPS spectra of bare rGO samples for the C1s region, the
C�O peaks decreased significantly (Figure 2a) when
compared with those of GO (Figure 2c), indicating a
successful reduction.20 A carbon skeleton with several
oxygen functional groups appeared as a broad shoulder
peak of the C�C peak (284.438 eV), showing differ-
ent binding energies (BE) of 285.675 eV (C�O), and
287.109 eV (CdO) (Figure 2a).20 Several small oxygen
groups remained on the rGO, which were consistent
with the previous results of chemically reduced
GO.12,21 After chemical reduction, the thickness of a
single rGO sheet was measured as ∼0.8 nm22 (inset of
Figure 3a) in a topographical AFM image, which is
smaller than that of the single GO sheet (1.0�1.4 nm)23

due to the removal of oxygen groups from the GO. In
particular, an increase in the D peak of the rGO formed
at 1350 cm�1 from the Raman spectroscopy revealed
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a strong increase in the defect density, which is a
response of the defunctionalized epoxide and hydrox-
yl groups after chemical reduction. This process resulted
in the formation of sp3 C�C bonds in the basal plane
of the rGOs (Figure 3b).12,24,25 The rGO pieces were

overlapped, single layer by single layer, to form a
channel and were successfully connected to two gold
electrodes with a gap of 5 μm (Figure 3a). It is assumed
that singly or doubly interconnected GO layers are
formed in response to repulsive electrostatic interactions

Figure 1. Schematic of the fabrication process for the AuNPs-frGO memory devices: (a�c) An AuNPs-frGO horizontal device
was preparedby rGOdeposition on the SiO2 surfacebetween twogold electrodes (a), functionalization of rGOwithMBDT (i.e.,
frGO) (b), and attachment of Au nanoparticles (i.e., AuNPs-frGO) (c). (d) A vertically structured device was prepared by spin-
coating the synthesized AuNPs-frGOs (see experimental method section for details) onto an ITO glass substrate and then
vapor depositing Al onto the top layer to create Al/AuNPs-frGOs/ITO.

Figure 2. XPS spectra for chemical analysis of GO and rGO sheets in devices during the each fabrication step: (a�c) C1s region
of rGO (a), frGO (b), and GO (c). (d,e) S2p region of frGO (d) and AuNP-frGO (e). (f) Au4f region of AuNP-frGO.
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of the hydroxyl and carboxylic acid groups of GO. The
transfer curve (showing the drain-source electrode cur-
rent as a function of gate voltage, Ids�Vg) of the bare rGO
device was ambipolar and had a low current range from
1 � 10�6 to 1 � 10�9 ampere, indicating the semicon-
ducting property of this channel (Figure S1, Supporting
Information).
Furthermore, after functionalization of the rGOswith

MBDTmolecules, the C�C peak showed a positive shift
of approximately 0.2 eV to 284.639 eV in the XPS spec-
trum of the MBDT functionlized rGO (Figure 2b), which
indicated the presence of new sp3 C�C bonds owing
to the bonding of MBDT molecules to rGOs.26 A sig-
nificant amount (about 7%) of sulfur was detected
(Figure 2d), indicating that the rGO surface had success-
fully functionalized with diazotized MBDT molecules,
generating newC�C covalent bonds.26 Figure 2e shows
the XPS spectrum of the AuNP-frGO sample in the S2p
region, confirming the chemical binding between the
AuNP and the frGO. The binding energy of S2p around
164 eV27 was attributed to the unbound thiol groups on

the frGO (Figure 2d), and as the AuNPs immobilized on
the frGO via thiol linkers, the peak intensity of the
exposed terminal sulfur at 164 eV decreased dramati-
cally. A new peak appeared at 162.2 eV,27 which was an
S2p binding energy attributed to the bound sulfur on
the AuNPs (Figure 2e). These results are consistent with
previous studies,27�29 confirming the formationof cova-
lent bonds between gold and sulfur (i.e., AuNPs-MBDT
frGO). Furthermore, the Au4f peak in the AuNP-frGO
sample was observed at both 84.4 and 88.4 eV by XPS
(Figure 2f), indicating that AuNPs were bound to frGOs
with molecular linkers.30 Consequently, the XPS data
proved that AuNPs were successfully bound to rGOs
with chemical bonds by the thiol groups of the bifunc-
tionalizedMBDTmolecules. A topographical AFM image
(Figure 3c) also confirmed that AuNPs were well-at-
tached onto the frGO sheet; the cross-sectional analysis
showed ∼5 nm AuNPs on a ∼1 nm frGO sheet.
Figure 4a shows the I�V curves obtained from the

AuNP-frGO horizontal device. The samplewas tested in
vacuum (10�4 Torr) conditions. The I�V characteristics

Figure 3. (a) Topographical AFM image of rGO sheets deposited onto the SiO2 between an Au source-electrode (left) and an
Au drain-electrode (right) device (inset: a cross-sectional analysis of a single rGO sheet). The rGO single layers were
overlapped, single layer by single layer, to form a channel between two gold electrodes with a gap width of 5 μm. (b) Raman
Spectra of rGO sheets from the rGO device (black) and GO sheets from a GO device (red). The D and G peaks corresponding to
vibrations of sp2 carbon were observed at 1350 and 1600 cm�1, respectively, in both the rGO and GO devices. With the
chemical reduction by hydrazine vapor, the intensity ratio of the D and G peaks (I(D)/I(G): 1.07) in the rGO device increased
significantly compared with the ratio (I(D)/I(G): 0.80) in the GO device, revealing that some oxygen groups on the rGO were
removed, resulting in defects. (c) Topographical AFM image (7.1 � 7.1 μm2) of AuNP-frGO on a SiO2 substrate. The cross-
sectional analysis of a single AuNPs-frGO sheet indicates that AuNPs (5 nm) were successfully immobilized on the rGO sheet
by the MBDT linkers.
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of the device were measured by scanning applied
voltages from 0 to �5 V, from �5 V to þ5 V, and then
back to 0 V in a cycle. The scanning speed was 9.6 s/V
and the current error rangeswere(5 nA. The I�V curves
were consistently reproducible and showed nonlinear
hysteresis behavior. As shown in Figure 4a, the stable
current hysteresis was sustained during continuous
voltage sweeps. The current hysteresis behavior of the
device could be exploited as a switch or memory,
dependingon the retention time.31,32On theother hand,
a control experiment was also done with a blank device
that did not contain any AuNPs. No hysteresis loop was
observed in the I�V curves of this device (Figure S2,
Supporting Information). In addition, when AuNPs with-
out the MBDT molecular linker were used, no large
hysteresis effect was observed (Figure S3, Supporting

Information), whichwaspreparedbydirect immersionof
the rGO device into a gold colloid solution. Conse-
quently, the I�V curves in Figure 4a reveal that the
current hysteresis of the AuNPs-frGO device clearly
originate from the AuNPs covalently bound to the frGO.
For proving the thickness effect of the active AuNP-

frGOs layer on the memory device performance, we
also fabricated a vertical device with a sandwich struc-
ture between twometal electrodes (i.e., Al/AuNP-frGOs/
ITO). For the AuNP-frGO vertical device depicted in
Figure 4b, the ON/OFF ratios sharply increased with an
increase in AuNP-frGO film thickness. The I�V curves of
the AuNP-frGO vertical device were dipolar, stable, and
reproducible. The ON/OFF ratio was about 100 with a
50-nm AuNP-frGOs film thickness. These were recorded
by scanning the applied voltage from 0 to�3 V initially,

Figure 4. (a) I�V characteristics on linear scales of the horizontal AuNPs-frGO device (i.e., Au source-electrode/AuNP-frGO/Au
drain-electrode) and (b) I�V characteristics on log scales of the vertical device (i.e., Al top-electrode/AuNP-frGOs hybrid
material film/ITO bottom-electrode). Noticeable nonlinear hysteresis is observed in all devices.

Figure 5. Write�multiple read�erase�multiple read (WRER) cycles and retention times of anAuNP-frGOdevice. (a) Input and
(b) output of the WRER cycles of a horizontal device, for rewritable data storage applications. Voltage: W, �5.0; R, �3.0; E,
þ5.0; and R,�3.0 V. (c) Retention times for theONandOFF states of the horizontal device, probedwith voltages at�3.0 V. The
ON and OFF states were induced by pulses of�5.0 andþ5.0 V, respectively. (d) Input and (e) output of the WRER cycles of a
vertical device, for rewritable data storage applications. Voltage: W,�3.0; R, 0.3; E,þ3.0; and R, 0.3 V. (f) Retention times for
the ON and OFF states of the vertical device, probed with a voltage of 0.3 V. The ON and OFF states were induced by pulses
of �3.0 and þ3.0 V, respectively.
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then ramping up to þ3 V, followed by a reverse scan
fromþ3 to 0 V. Note that the positive bias corresponds
to a positive voltage applied to the top metal pad,
whereas a negative bias corresponds to a negative
voltage applied to the top pad. On the other hand, since
only the monolayer of AuNPs was employed, the ON/
OFF ratio of AuNPs-frGO horizontal device was 2
(Figure 4a), which is relatively small compared to the
thick-film memory devices including the AuNP-frGO
vertical device (Figure 4b).31 However, a small ON/OFF
ratiowith a lowdriving voltage is desirable in thefieldsof
nanoscaled molecular electronics.32,33 For example, de-
vices with small ON/OFF ratios can be used as random-
accessmemory devices.32 According to previous reports,
the retention time of the ON- and OFF-current states is a
critical determinant ofwhether thedevicecanbeusedas
a volatile or nonvolatile memory device.31

To determine whether the AuNP-frGO device pos-
sessed sufficient stability for use as a memory device,
its current responses to write�multiple read�erase�
multiple read (WRER) cycles were tested for each op-
erational voltage (Figure 5). For the horizontal device,
the write and erase operations were performed at a
voltage of�5 andþ5 V, respectively, and the read cycle
occurred at �3 V (Figure 5a). The ON and OFF states
emerged repeatedlywhen thebias voltagewas changed
from the writing (�5 V) or erasing (þ5 V) voltage to the
reading (�3 V) voltage (Figure 5b). Performances of
WRER cycles were notably stable when compared to
the previous thin-film or monolayer memory devices.
Figure 5c showed plots of current versus time for AuNP-
frGO horizontal device in both the ON (red) and OFF
(black) states. The ON (OFF) state was pulsed with a write
(erase) voltage at �5 V (þ5 V) for 10 s and then
programmed with a read voltage at �3 V. After pulsing
thewrite (erase) voltage, neither the ONnor the OFF state
decayed; these states were maintained for more than
1000 s. Furthermore, the retention times of the ON and
OFF states were greater than 1000 s without significant
enervation, indicating that the AuNP-frGO device can, in
fact, beusedas anonvolatilememorydevice.31 In addition
to the excellent memory performance of the horizontal
device, the vertical device also exhibited stable memory
performances: WRER cycles were found to be stable over
1200 s (Figure 5d,e) anda long retention timeofover 700 s
(Figure 5f) was shown, which indicate the stable conduct-
ing switching behavior of the AuNP-frGO vertical device.
On the basis of the results from our control experi-

ments (e.g., chemically functionalized rGO devices with
MBDT but without AuNPs, and physically immobilized

rGO devices with AuNPs but without MBDT linkers), the
charging effect that caused the AuNPs-frGO device to
operate with nonvolatile memory behavior can be
associatedwith the AuNPs connected to rGOs byMBDT
linkers.34,35 In general, the charged state of AuNPs may
lead to a space-charge field that prevents or accelerates
carrier transport. Then, the field distribution of the rGO
layers may fluctuate owing to the transport of moving
carriers charged by AuNPs viaMBDT molecular linkers.
Thus, AuNPs acting as capacitors can charge and dis-
charge moving carriers depending on the bias voltage
applied between the two electrodes.36�38 Presumably,
the high potential barrier is caused by the large differ-
ence in potential energy between the lowest unoccu-
pied molecular orbital (LUMO) level of the rGO and the
work function of the AuNPs.39 In fact, use of amolecular
linker between the rGO and the AuNPswas expected to
provide a larger potential barrier than that from direct
contact of AuNPs embedded in an organic layer.17,36

Because of the large energy barrier between the AuNPs
and the rGO channel, the AuNPs can access the elec-
trons when a bias voltage is applied to an AuNP-frGO
device, causing them to become trapped inside the
AuNPs. Consequently, these trapped electron carriers
can remain inside the AuNPs for a relatively long time,
even after the applied bias has been removed, resulting
in a remarkable nonvolatile memory effect for both
horizontal and vertical nanoscaled thin-film AuNP-frGO
devices.

CONCLUSIONS

We have successfully fabricated AuNP-frGO nonvo-
latilememory devices with both horizontal and vertical
structures. The horizontal memory device consisted of
monolayered AuNPs and a thin-film rGO semiconduct-
ing channel that were linked by bifunctional molecules.
The semiconducting transport channel in the AuNPs-
frGO device was constructed of singly or doubly over-
layered rGOs. By comparison to the control experi-
ments, the horizontal single-layered AuNP-frGO device
clearly demonstrated that the charging effect origi-
nates from the AuNPs covalently bound to the frGO.
The I�V characteristics of both horizontal and vertical
AuNP-frGO devices showed a reproducible and notice-
able nonlinear hysteresis, stable write�multiple read�
erase�multiple read cycles over 1000 s, and a long
retention time of more than 700 s. The vertical AuNP-
frGO memory devices showed a large current ON/OFF
ratio and high stability, making them potentially appli-
cable in nonvolatile memory electronics.

MATERIALS AND METHODS

Synthesis of 4-Mercapto-benzenediazonium Tetrafluoroborate (MBDT)
Salt. In a flask, 4-aminothiophenol was dissolved in ethanol, and
an aqueous fluoroboric acid (48% solution) was added to the

flask. The mixture was then cooled to�5 �C. Isoamyl nitrite was
added dropwise to themixture and then themixture was stirred

for 0.5 h. Themixture was then diluted with diethyl ether, which

resulted in the precipitation of MBDT as brown crystals. MBDT
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was purified by recrystallization using acetone and cold diethyl
ether, respectively. Chemical characterization was performed
by 1H NMR and FT-IR spectra (see Supporting Information for
NMR and FT-IR data).

Preparation of the GO Solution. Graphene oxide was synthe-
sized using a modified Hummer's method. A 40 mg portion of
GO and 40 mL of deionized (DI) water were mixed together in a
falcon-tube. To disperse GO in the DI water, sonication for more
than 2 h (using a Branson ultrasonicator) was necessary. The GO
solution was shaken at 200 rpm for 1 h, centrifuged at 500 rpm
for 1.5 h, and then left standing for 2 h. The supernatantwas then
removed and stored until needed for further experimentation.
Before use, the supernatant of the GO solution was sonicated for
1 h, shaken at 200 rpm for 1 h, and left standing for 2 h.

Fabrication of the Horizontal Device. An electrode-fabricated
device was chemically cleaned using a piranha solution, which
is a mixture of H2O2 and H2SO4 (note: handle with careful
caution). The device was then washed with DI water several
times. Using a microsyringe, the GO solution was spin-casted
onto the device at 4000 rpm. The GO device was dried for 24 h
under vacuum conditions. Then, the GO device was placed on
the top of a carrier in a glass chamber and hydrazine mono-
hydrate was dropped into the chamber. After sealing the
chamber, the whole system was heated at 80 �C for 24 h, and
the hydrazine was vaporized to reduce GO into rGO. After
reduction, an MBDT solution in acetonitrile (ACN) was prepared
at a concentration of 70mM. Then, the rGOdevicewas immersed
in the solution for 24 h. (All steps were performed in a glovebox.)
The frGO device was washed thoroughly with ACN and acetone
(both HPLC grade) and blown with nitrogen gas to remove the
solvent. The frGOdevicewas kept in a vacuumbefore use. For the
immobilization of the AuNPs, the frGO device was placed into a
gold colloid solution for 120 h, then washed with DI water and
blown dry with nitrogen gas. The AuNP-frGO device was then
kept in a vacuum.

Fabrication of the Vertical Device. (1) Synthesis of the AuNP-
frGO: Chemical reduction was carried out by adding 30 μL of
hydrazine monohydrate to a 30-mL GO solution (1 mg 3mL�1).
The reactionmixturewas heated at 95 �C for 1 h. After cooling to
room temperature, the predissolved MBDT aqueous solution
was added dropwise to the rGO solution while stirring. Next, a
3-mLgold colloid solutionwas added, and the reaction contents
were allowed to stir for 1 h at room temperature. The mixture
was then filtered through a 0.45 μm PTFE membrane, washed
with water and acetone (3 times), and resuspended in DMF to
remove the excess diazonium salt. This process was followed by
filtration (a 0.45 μm PTFE membrane) and copious washing of
the filter cake with acetone. The resulting solid was dried at
80 �C in a vacuum oven overnight yielding the AuNP-frGO. For
the control experiment, the gold colloid solution was not used
so that only frGO was prepared. (2) Preparation of the ITO/
AuNP-frGO/Al device: The ITO glass bottom electrode was
cleaned by sonication with acetone and ethanol, and then
was washed several times with deionized water and ethanol.
Finally, it was dried under a stream of nitrogen gas. For fabrica-
tion of the vertical device, AuNP-frGO (frGO as control) in DMF
solution was spun onto the ITO electrode at 200 rpm for 15 s,
followed by 1250 rpm for 45 s. The final speed was 2500 rpm for
20 s. Then the thin film was dried in a vacuum at room tempera-
ture overnight. An aluminum top-electrode (200 nm thick) was
evaporated through a shadowmask onto the AuNP-frGO surface
using an electron beam evaporator under 5.0 � 10�7 Torr.

Surface and Electrical Characterization. Atomic force microscopy
(SPA 3800, Seiko), Raman spectroscopy (Reinshaw, RM1000-In
Via), and XPS (VG microtech ESCA 2000) were used for surface
characterization. A 4200 Keithley semiconductor characteriza-
tion systemwas used formeasurements of the electrical proper-
ties of the device.
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