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ABSTRACT: Here, we developed a simple method for obtaining a heterojunction
composed of graphene (G) and surfactant-coated Au nanoparticles (NPs) to measure film
conductivity and surface enhanced Raman scattering (SERS). Monolayer G is obtained by
chemical vapor deposition (CVD) and transferred via poly(methyl methacrylate)
(PMMA) to microfabricated Au electrodes, glass, and silicon. Post-synthesis treatments
of G with PMMA and ozone (O3) showed 1 and 6 orders of magnitude decrease in film
conductivity, respectively. The heterojunction formation with Au NPs had no major effect
on G conductivity. In this work is demonstrated that G quenches more than 90% of the
combined photoluminescence and fluorescence of Au NPs and Rhodamine B (RhB),
respectively. Signal quenching permitted quantitative analysis of SERS of RhB on various
substrates including as-transferred graphene, oxidized graphene (OG), and the
heterojunction. While G is mainly responsible for quenching photoluminescence and
fluorescence, ∼3 orders of magnitude increase SERS activity for RhB was accomplished by
the heterojunction. Finally, we wanted to correlate changes in film current during UV light sensing experiments. We found
striking differences in the sensing profiles at different UV energies.

KEYWORDS: graphene, nanoparticles, heterojunction, surface enhanced-Raman scattering, quenching, photoluminescence,
and fluorescence

■ INTRODUCTION

Graphene is a material comprised only of surface carbon atoms
organized in a sp2 honeycomb lattice. The unique chemical and
electronic properties of graphene (G) have been employed
towards sensing,1 photonics,2 optoelectronics,2 and surface
enhanced Raman scattering (SERS)3 applications, to mention
just a few. Graphene was initially isolated by mechanical
exfoliation from graphite using scotch tape.4 Later, other
methods were developed for obtaining G including Hummers,5

electrochemistry (electroexfoliation),6 and chemical vapor
deposition (CVD).7 The CVD approach is simple and allows
control on the size of G7 however, the transferring protocol
involves the use of poly(methyl methacrylate) (PMMA).
PMMA is a polymer widely used in clean room laboratories
during photolithography and in the construction of graphene
field-effect transistors (G-FET).8 Some researchers have used
PMMA as a protecting layer against oxidation with ozone (O3)

9

and during the detection of volatile organic compounds
(VOCs).10 Despite these advantages, PMMA usually remains
as a residue in the G film. Ruoff and co-workers11 demonstrated
the presence of PMMA on CVD grown graphene by comparing

XPS plots before transferring (graphene on Cu), after
transferring, and after thermal annealing. They determined
that after transferring and annealing, the C 1s peak never
returned to the original sp2 configuration indicating the
presence of PMMA residues on the G film. Other groups
also employed different approaches to completely remove
PMMA from as-transferred G.12−14 In line with the above, we
found that PMMA lowered G current altering its electronic
properties. The presence of PMMA on the G film is not trivial
and it should be considered during device fabrication, SERS,14

and sensing8 applications.
Raman scattering has a very low cross section ∼10‑31 cm2 per

molecule, and unevenly competes with fluorescence (FL)
whose probability of occurring is much higher (∼10‑16 cm2 per
molecule). Low molecule polarization in Raman scattering has
been overcome by a surface phenomena known as surface
enhanced Raman scattering (SERS).15 Once Raman active
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molecules locate nearby highly confined electromagnetic spots,
an electromagnetic16 and/or chemical17 enhancement may
occur carrying out the former the greatest signal enhancement
(1014). Since its discovery in 1970,15 researchers have been
pursuing new nanomaterials for improving SERS activity. For
instance, extremely low analyte concentrations have been
detected18 even down to a single molecule detection.19 Metal
nanostructures of various composition, size, and shape
employed in SERS are usually obtained by electrodeposi-
tion,20,21 photolithography and sputtering,22 and bench-top
chemical synthesis.23 Although the actual mechanism is still
unclear, the composition, shape, and size seem to play a crucial
role in SERS. One example are anisotropic nanoparticles (Ag
NPs) that posses a stronger enhancement over spherical ones
as demonstrated between sharp and truncated Ag nanocubes.24

Also, the composition plays a crucial role, which has led to the
use of Ag over Au nanostructures. However, there are some
drawbacks associated with the use of those nanostructures in
SERS due to the propensity of Ag to oxidize at ambient
conditions. As expected, oxidation of metallic nanostructures
with sharp tips not only changes the composition but also leads
to the loss of hot-spots by the formation of rounded features
(i.e., from nanoplates to nanoparticles).25 The incorporation of
metal nanoparticles (NPs) onto graphene is known to improve
SERS however, it has been demonstrated that photo-
luminescence (PL) intensity becomes an issue for nanoparticles
∼5 nm.26 In addition, some active molecules may undergo
fluorescence (FL) during laser excitation in Raman experi-
ments.27 Those undesired effects (i.e., oxidation of metal
nanostructures, PL, and FL) are detrimental to SERS because
of loss of hot spots and overlapping of the analytical signal.
At first glance, G seems to satisfy all the requirements for

SERS due to a vast surface area, delocalized electrons, ability to
charge transfer, and biocompatibility. All of those attributes are
true, however, CVD grown G has demonstrated poor Raman
enhancement of various analytes.9 Recently, Hou and co-
workers compared exfoliated graphene with reduced graphene
oxide (rGO).28 By controlling the degree of reduction of rGO,
1-fold increase in SERS activity of Rhodamine B (RhB) was
achieved. Later, Nam and co-workers exposed CVD grown G
to UV-generated ozone and observed ∼1 order of magnitude
improved SERS activity of RhB, Rh6G, and crystal violet.9 Liu
et al. initially formed a heterojunction with Cu NPs and
exfoliated G followed by dissolving the Cu NPs in order to
construct a nanomesh. This approach created several defects
(hot spots) within the G film ultimately resulting in ∼1.8
enhancement factor (EF) of RhB.29 Some groups have further
improved SERS activity by incorporating metal nanoparticles as
a co-enhancer.30−33 For instance, Murphy et al.30 reduced Ag+

in the presence of graphene oxide (GO) in order to form GO-
Ag nanoparticles composite. This elegant approach allowed the
detection of 140 nM porphyrin derivatives. Following a similar
procedure, Dutta et al. reduced Ag ions in the presence of GO
achieving a limit of detection (LOD) as low as 10 nM of uranyl
acetate.31 Others adsorbed Ag/Au alloy nanoparticles onto
functionalized GO, which exhibited ∼1.5 orders of magnitude
improved SERS activity of Alexa fluor 488 as compared to GO
alone.32 Just recently, Min and co-workers sandwiched organic-
coated Ag nanoparticles by placing the film between reduced
graphene oxide (rGO) at the bottom and GO at the top. This
approach prevented oxidation of Ag nanoparticles for more
than two months while improving SERS activity of Rh6G by
∼1.6-fold.33

In this report, we developed a simple method for obtaining a
heterojunction with G and surfactant-coated Au NPs via
hydrophobic interaction between both films. Although the use
of organic-coating surrounding the Au cores imparted stability
and allowed the formation of the heterojunction, the alkyl
chains had to be removed by thermal treatments. We explored
into conductivity and Raman (SERS) of as-transferred
graphene (G), oxidized graphene (OG), and the heterojunction
(Au NPs decorating either G or OG). We observed an
interesting synergy between both films upon quenching PL and
FL, and improving SERS activity. We encountered that as-
transferred graphene suppressed most of the undesired PL and
FL meanwhile, Au NPs acted as a co-enhancer of RhB. Since π-
electrons in nanocarbons rule conductivity, we were curious
about the effect of different UV light energies on the electronic
properties of graphene.34 These results may have important
implications in the construction of G-FET, SERS, and solar
panels.

■ EXPERIMENTAL SECTION
Synthesis of Au NPs and Graphene. The TOABr-coated Au

NPs were synthesized according to the two-phase Brust-Schiffrin
reaction but without the addition of alkanethiols as reported.35 The
NPs prepared this manner are 4.39 ± 1.25 nm diameter according to
TEM.36 Graphene was grown in a Cu foil and transferred to various
substrates following a protocol reported somewhere else.37 The
samples were transferred to Au microelectrodes separated either by 5
μm (interdigitated Au electrodes, IDA shown at the Inset in Figure

Figure 1. Plot of current vs potential (I−V) curves for as-transferred
graphene (G) onto microelectrodes and after 1 h immersed in
TOABr-Au NPs solution (A) and UV−vis spectra of as-transferred G
on glass immersed into TOABr-Au NPs solution for 1 and 12 h, and
after heating the film at 200 °C along with SEM images taken at the
indicated times (B).
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1A) or 23 μm for conductivity measurements. Glass and Si substrates
were employed in LSPR and SERS experiments, respectively.
Film Post-treatments. In order to clean as-transferred G, samples

were immersed in worm acetone for removing PMMA followed by
rinsing with various solvents and drying under N2 flow. Oxidation of
graphene was performed in an UVO ozone cleaner (Jelight Company
Inc., Irvine, CA) at different time intervals. The heterojunction was
formed either on graphene or oxidized graphene films accomplished
by immersing both films into Au NPs solution for 1 and 12 h. Drop-
cast Au NP films were drop-casted from 10 μL Au NPs (1.4-1.6 mg/
μL concentration) solution onto Si and SiOx substrates. Thermal
treatment was acquired in a Barnstead/Thermolyne Small Benchtop
Muffle Furnaces Type 1300 (Thermo Scientific) at 200 °C for 30 min.
Films Characterization. Films were characterized by XPS using

an Mg KR source (XR50, Specs GmbH) coupled to a hemispherical
electron energy analyzer (PHOIBOS 100, Specs GmbH). UV−vis
spectroscopy was acquired in a PerkinElmer Lambda 35 Spec. in a
wavelength range between 300 and 900 nm. The heterojunction was
formed on glass and films were run at ambient conditions. FTIR
spectra were acquired on a PIKE Miracle Varian 600 Instrument in
transmission mode and performed in clean glass before and after
addition of few drops of diluted PMMA in toluene. SEM images of the
heterojunction were acquired on a FEI QUANTA 400 between 15-20
keV. AFM images were acquired with a Veeco Digital Instruments
Nanoscope V (Santa Barbara, CA) using a Si tip operating in tapping
mode. Samples used for AFM were assembled and thermally treated
following the same protocol described below. Thermogravimetric
analysis (TGA) was acquired on NETZSCH STA 409C in a
temperature range between 30 and 500 °C. Nanoparticles powder
(50 mg) was placed in an alumina crucible and heated for 10 min in an
oxidizing air at intervals of 10 °C.
Raman Experiments. Raman spectra were acquired in a

LABRAM-HR Horiba Jobin-Yvon confocal microscope Raman system
with a 100× objective lens with numerical aperture (NA) of 0.9. The
laser excitation and power employed was 632.8 nm (He−Ne) and 1.7
mW, respectively. Low laser power was used in order to avoid laser-
induced heating. During SERS experiments, 20 μL (2.0 x 10−5 M) of
RhB aqueous solution (pH = 5) was drop-coated onto Si, SiOx, as-
transferred G, and OG, and films were allowed to dry for 1 h.
Conductivity Measurements and UV Sensing. Solid-state

electronic conductivity and sensing measurements were acquired in
a CH Instruments 700D Bipotentiostat (Austin, TX) electrochemical
workstation. Current was measured on graphene films across
interdigitated electrodes (IDA) or electrodes having a 23 μm gap.
The electrodes were fabricated in a clean room by photolithography
on a Si/SiOx substrate (INTI, Argentina). Wire leads were attached to
the electrode contact pads with Ag epoxy (cured 12 h, 80°C), which
was further insulated with an overlayer of torr-seal epoxy (cured 12 h,
80 °C). The electrode was cleaned by immersion in anisole and
dichloroethane followed by rinsing in acetone, ethanol, and
isopropanol, and drying under N2. One electrode was connected to
the reference and counter electrode leads while the other electrode
was connected to the working electrode lead. Sensing experiments
were performed in chronoamperometry mode (CA). The current was
monitored with time while a 0.3 V potential was applied between the
two electrodes and the sample was exposed to “on/off” cycles of UV
light applied at different energies. The highest energy lamp was
obtained with the UVO cleaner operating at 180 nm (for generating
highly reactive species) and 254 nm for oxidation of the organic
material. Two other Hg lamps operating at 254 and 365 nm (6 W/cm2

power intensity) were also used for comparing UV sensing profiles.
Ultraviolet (UV) illumination lamp was kept at 15 cm from the
samples. All the experiments were conducted at ambient conditions.

■ RESULTS AND DISCUSSION

Heterojunction Formation. The heterojunction was
simply formed by dipping as-transferred G into the toluene-
containing surfactant-coated Au NPs. Figure 1A shows a plot of
current as a function of potential (I−V curves) before and after

forming the heterojunction on interdigitated Au electrodes
(IDA) indicating small changes in conductivity. The potential
window applied for all the samples under study varied from
−300 to 300 mV. High quality monolayer G (See Figure S1
and S2 in Supporting Information) exhibits ohmic current ∼9.7
× 10−5 A (at 300 mV) in close agreement with measured
conductivity reported in the literature.8 On the basis of graphite
conductivity (σ ∼ 5.3 × 10−5 ohm.cm) reported by Wallace,38

we calculated39 film current across 5 μm gap on IDA Au
microelectrodes shown in the inset in Figure 1A. The calculated
current exhibited ∼0.4 A, which is generally 4 to 5-fold higher
current than the conductivity measured in our devices. We
believe that remaining PMMA and defects along the film
(cracks or voids as observed in Figure 1A) are responsible for
the decreased in film conductivity. Supporting Information
Figure S3 shows a complete characterization by means of XPS,
Raman, conductivity, optical images (refractive index), and
FTIR of as-transferred and post-treated G.
Figure 1B includes UV−vis spectra of a selected hetero-

junction (TOABr-Au NPs and G) formed on a clean glass
substrate. After 1 h dipping the graphene film into Au NPs
solution, the plasmon band appeared broad and red shifted (by
∼80 nm) as compared with the same NPs on glass,36 whereas
overnight immersion (∼12 h) resulted in no plasmon
absorbance, consistent with NPs agglomeration and purple-
looking film (not shown). Interestingly, just 1 h immersion
showed islands composed of agglomerated NPs in the form of
micelles40 within the entire image except for the defects. After
thermal treatment, the plasmon band blue shifted from ∼620 to
530 nm and sharpened. In addition, the film turned reddish
(not shown) consistent with SEM images, which exhibits a
more spread out configuration of Au NPs or islands. Both the
blue shifting and sharpening of the plasmon band are attributed
to a combination between film restructuring (separation
between NPs)41 and loss of organic material. The latter lowers
the refractive index (RI)42 leading to a blue shift and an
improvement of plasmon intensity43 as clearly noted in Figure
1B. We performed the same experiment using another
transparent/conductive electrode such as indium tin oxide
(ITO) in order to compare both substrates. Unlike G, ITO
electrode required functionalization, longer immersion times in
NPs solution (∼12 h), and thermal treatment for slightly
improving the plasmon intensity as shown in Supporting
Information Figure S4.

Photoluminescence (PL) Quenching by Graphene.
Before performing SERS of Rhodamine B (RhB) on G, we
wanted to characterize the heterojunction by means of Raman
spectroscopy. Figure 2A and B compare Raman spectra of Au
NPs deposited on Si and on G (heterojunction) before and
after thermal treatment, respectively. Few interesting aspects
should be considered as follows. First, the Si band at ∼958
cm−1 (marked with *) became completely shielded by a broad
and intense spectrum arising from the Si/Au NPs film after
thermal treatment (Figure 2B). The shaded area under the
spectrum indicates photoluminescence (PL) calculated by the
difference between the integrated area under the spectrum and
the area under the peaks after baseline correction (Supporting
Information Figure S5 shows an example of the calculated PL
area). Second, the band at ∼2885 cm−1 attributed to C−H
symmetric stretching displayed, after heating, more than 1
order of magnitude greater SERS activity. Finally, it is
noticeable the ability of graphene to suppress 93% of PL as
indicated in the bar chart in Figure 2C.
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Although the organic layer surrounding Au NPs imparted
stability and allowed the formation of the heterojunction via
hydrophobic interaction, it is known that alkyl chains may
diminish the SERS signal.44 Accordingly, both samples were
heat treated with the aim of removing the organic shell.
Supporting Information Figure S6 shows TGA and FTIR
experiments indicating that TOA+ ligands started desorbing at
∼150 °C and most of the organic material was removed
(∼98%) at 200 °C after the indicated time, respectively. The
removal of organics led to some considerations. It is known that
illumination on naked Au or Ag films may cause photo-
luminescence (PL).45 This phenomenon has been previously
observed on Au thin films46 and nanoparticles26 during Raman
experiments. In our experiments, PL appeared after sample
heating as clearly noted by the large intensity shown in Figure
2B. One reason for such a large PL intensity could be associated
with the loss of alkyl chains and nanoparticles annealing.47,48

Consistent with the latter, we observed an increase in the root
mean square (RMS) roughness from ∼4 to 8 nm after heating
the heterojunction. AFM images (Supporting Information
Figure S7) exhibited larger and well-defined NPs or islands
after thermal treatment consistent with SEM in Figure 1B. It
should be noted that the laser energy of 633 nm falls within the
plasmon absorption range (∼530 to 620 nm) as shown in
Figure 1B. Therefore, the significant suppression of PL could be
attributed to a resonance energy transferred from Au NPs to G
at the heterojunction as recently demonstrated to occur for Au
nanorods.49

Synergy between Graphene (G) and Oxidized
Graphene (OG) in the Heterojunction. In this section, we
explored into the synergetic behavior of the heterojuntion
towards SERS of RhB. Scheme 1 represents all the steps at
which G and oxidized graphene (OG) were subjected during
Raman experiments. SiOx substrates were used for comparison.
Figure 3A compares Raman spectra of RhB adsorbed on SiOx
and G. RhB peaks were indicated with (*) and appeared
mounted on an intense spectrum. The shaded area under the
spectrum corresponds to fluorescence (FL) evolved from RhB
and calculated the same manner as PL in Figure 2B (see
Supporting Information Figure S5 for details). The inset in
Figure 3A shows a zoom-in spectrum of RhB on G in a range

Figure 2. TOABr-Au NPs decorating Si (100) and G (heterojunction)
before (A) and after (B) heating at 200° C for 30 min, and a bar chart
indicating the percent photoluminescence (PL) quenched by G
calculated by the area under the curve for two different samples (C).
Raman plots in A are offset for better comparison.

Scheme 1. Raman Experiments Performed during the Construction of the Heterojunction

Raman experiments performed on graphene (G) and oxidized graphene (OG) subjected to different treatments as indicated. Note that Rhodamine B
is added twice due to desorption of the analyte after thermal treatment.
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between 1100 and 1800 cm−1. The inset shows two Raman
peaks that correspond to the G band of graphene and the
presence of PMMA (vide supra). This indicates that as-
transferred G lacks of SERS activity due to the absence of RhB
bands, which should have been appeared despite the large FL
intensity. Figure 3B exhibits FL (from Figure 3A) and PL (from
Figure 2B) spectra corresponding to RhB and Au NPs,
respectively along with RhB adsorbed on the heterojunction.
Both, PL and FL spectra are shown together in order to stress
on the ability of G to suppress both effects. It should be
mentioned that, although characteristic peaks of RhB at the
heterojunction are not well-defined, FL and PL were greatly
diminished by graphene. The bar chart shows quenching of
95% and 99% by OG and G in the heterojunction, respectively.
The actual Raman spectrum corresponding to OG is not shown
due to clarity purposes.

Figure 4A exhibits selected Raman spectra of RhB obtained
from the same area at each different step as indicated in Scheme
1. The spectra are separated into two panels for clarity. On the
left and right panels are shown SERS activity and the
characterization of the films by looking at the 2D and the
C−H stretching bands, respectively. It is clear from the left
panel that as-transferred G (i) is a poor Raman enhancer as
noted by the absence of characteristics RhB peaks at 1195,
1507, and 1646 cm−1 (vide supra). Second, after the
incorporation of Au NPs to G (ii), SERS activity was improved
almost 2 orders of magnitude. It has been recently
demonstrated that oxidization of CVD grown G dramatically
improves Raman signal of various analytes.9 Accordingly, we
exposed G to UV-generated ozone (O3) (see Supporting
Information section S8 for more details). For instance, the bar
chart in Figure 4B shows that OG alone (iii) exhibited better
SERS activity than Au nanoparticles on as-transferred G (ii).
Finally, once the OG film is decorated with Au NPs (iv) there
is more than 3-fold increase in intensity of RhB with respect to
as-transferred G alone (i) measured at 1507 cm−1. On the right
panel, as expected after oxidation and heating, the 2D band is
missing and the C−H asymmetric peak is best seen,
respectively. These results are consistent with the literature9

and our data. In summary, Au NPs improve SERS activity of
RhB however; the optimal enhancement was achieved by the
heterojunction formed with OG (iv).
The bar chart in Figure 4B shows SERS of RhB at ∼1507

cm−1 of the same selected sample before and after each step
indicated in Scheme 1. Table 1 shows statistics obtained from
two different spots within the same sample and measured at the
three characteristics peaks of RhB as indicated. The Table
shows an enhancement factor (EF) and the actual contribution

Figure 3. Raman plots of Rhodamine B (RhB) on SiOx and on as-
transferred G (A), RhB on SiOx, PL spectrum taken from Figure 2B,
and RhB on the heterojunction (Au NPs and G) as indicated (B), and
bar char indicating quenching of PL and FL by OG and G (C).
Characteristic RhB peaks are indicated with *. Spectra in part B are
offset for better comparison.

Figure 4. Selected Raman spectra of RhB on as-transferred G (i),
heterojunction formed with Au NPs on G (ii), oxidized graphene
(OG) (iii), and the heterojunction formed with Au NPs on OG (iv)
(A) and a bar chart indicating SERS activity of RhB (at ∼1507 cm−1)
at each step as noted (B). Plots are off set for better comparison.
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to SERS from each film involved in this study. The Table
indicates that the heterojunction formed with as-transferred G,
Au NPs are the main responsible in SERS activity. Never-
theless, when the heterojunction is formed with OG, the
presence of Au NPs played a minor role contributing only to
∼28% of the total SERS. In conclusion, there is an interesting
synergy between both films towards SERS and the degree of
enhancement depends on whether Au NPs are present and G
oxidized.
UV Light Sensing. We finally wanted to explore into the

effects of ultraviolet light (UV) on G. It has been
demonstrated50 and later corroborated by us (Supporting
Information Figure S9) that the D and 2D band shift and the
degree of change varies on the laser energy applied during
Raman experiments. Since the 2D band is associated with π-
electrons cloud, which controls the electronic properties of
graphene, we were curious about the effect of UV light on film
conductivity. Figure 5 displays a plot of current as a function of
time (chronoamperometry, CA) for various substrates sub-
jected to −0.3 V and exposed to 254 nm UV light during on/off
periods of 100 s as indicated. The Figure shows experiments
performed on SiOx and bare microelectrodes (Si/SiOx/Au
electrodes) because they constitute the platform. As-transferred
G films upon illumination displayed a decrease in conductivity
and incomplete recovery during “on” and “off” cycles,
respectively. As a control experiment, we covered the lamp in
order to determine potential effects caused by generated O3
inside the chamber.9 Results indicated that transient exposure
to O3 have no effect on conductivity. We mechanically
exfoliated few layers G (FLG) from HOPG and transferred
them onto microelectrodes. Although, the exfoliated film
showed similar conductivity to G there was no detectable
response upon UV illumination. This experiment shed light
onto the size-dependent properties of carbon materials.51

At this point, the sensing mechanism remains uncertain but
may involve photo-desorption of already adsorbed molecules
when the film is illuminated.52 It has been determined that
moisture and O2 readily adsorb on carbon withdrawing
electrons from the film and turning it into a p-type material
(majority of hole carriers).11,53 The sensing mechanism has
been explained as O2 desorption from the film upon UV
exposure. The observed decrease in film conductivity was
attributed to a decrease of hole carries in the film caused by
desorption of O2 molecules.54 As long as the UV lamp is turned
off, O2 species re-adsorb on G leading to an increase in
conductivity. This sensing behavior has been previously
observed in nanocarbon materials including semiconducting
single-walled carbon nanotubes (SWNTs),52 hybrid C60−Au

nanoparticles,55 and CVD grown G.54,56 In general terms, all
those reports have something in common: relatively fast
current response upon illumination and slow current recovery
in dark. Our results in Figure 6 show a dramatically faster
current recovery and higher sensitivity as long as the lamp
energy is increased. For instance, a comparison between 365
nm (∼3.0 eV) and 180 nm (∼6.9 eV) exhibits one-fold faster
response time (t90 from 70 to 6 s) and improved sensitivity
from −4 to −28 percent response (% R)57 for just double the
energy applied to G. We believe that at high illumination
energy ∼6.9 eV, reactive O2 species (ROS) are preferentially
formed on the surface. It is known that oxygen radicals evolve
at energies below 200 nm, therefore higher sensitivity (larger

Table 1. Average Relative Intensity of RhB, Enhancement Factor (EF), and Percent (%) SERS Contribution of Each
Nanomaterial

avg. relative intensity and standard deviation of RhB at % SERS contribution

films ∼1195 cm−1 ∼1507 cm−1 ∼1646 cm−1 peaks averaged EFe Au NPs Graphene

graphene (G)b,c 0.067* 0.092* 0.074* 0.077 O× 100
G + AuNPsb,c 3.5 ± 0.6 3.1 ± 0.2 2.4 ± 0.1 3.0 41× 97 3
oxidized G (OG)b,c 2.3 ± 0.1 6.4 ± 1.5 3.9 ± 0.9 4.2 57× 100
OG + Au NPsb,c 5.5 ± 0.6 6.1 ± 0.7 5.8 ± 1.0 5.8 78× 28 72

aNote: average relative Raman intensity of RhB taken at two different areas within the same sample and measured at 1195, 1507, and 1646 cm−1,
enhancement factor (EF), and percent SERS contribution of each film involved in this study. * indicates the average intensity value without standard
deviation because as-transferred graphene exhibited only one observable RhB signal from a pool of 7 samples. b,cCorresponds to the relative Raman
intensity of RhB peak with respect to ∼1589 and ∼1128 cm−1, taken on the same spectrum, respectively. dAverage from all RhB peaks.
eEnhancement factor (EF) indicates as many times RhB intensity was enhanced with respect to as-transferred graphene.

Figure 5. Chronoamperometry, CA (current vs time) plots of bare
SiOx (i), bare Au microelectrodes (Si/SiOx/Au pads) (ii), as-
transferred G on microelectrodes (iii), G in dark (iv), and few layers
G transferred from scotch tape to microelectrodes (v) along with their
corresponding baseline currents (ib) as indicated. Plots are offset for
better comparison.
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decrease in current) could be attributed to larger amounts of
desorbed species. During current recovery, one may consider
the same paradigm where highly unstable species take shorter
time to re-adsorb back onto graphene. More experiments will
be conducted in order to better elucidate the sensing
mechanism. Surface oxidation of G with O3 and the
heterojunction formation (with Au NPs) had no major effect
on UV sensing as demonstrated in Supporting Information
Figure S10 and S11, respectively.

■ CONCLUSIONS

In conclusion, we demonstrated that CVD grown G method
yielded to a monolayer carbon thick film as indicated by Raman
experiments. The film exhibited conductivity between 10−4 and
10−6 A however, we found that PMMA changed the electronic
properties of G and remained as a residue even after
conventional cleaning procedures. The G film demonstrated
the ability to be spontaneously decorated with surfactant-coated
Au NPs for LSPR characterization and Raman applications. It
was determined that the heterojunction is a great platform for
quenching FL and PL and improving the Raman signal of RhB.
We showed that graphene is mainly responsible for quenching
PL and FL while the heterojunction improved by more than 3-
fold the Raman activity of RhB. Finally, although the different
sensing profiles observed at different UV energies are not fully
understood, it seems to be associated with oxygen species on
the surface of graphene accompanied by the distortion of π-
electrons cloud. In the future, we will incorporate graphene-
coated Ag nanostructures in order to improve SERS activity of
various Raman active molecules.
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