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Single nanowire on graphene (SNOG) as an
efficient, reproducible, and stable SERS-active
platform†

Hongki Kim,‡a Myeong-Lok Seol,‡b Dong-Il Lee,b Jiyoung Lee,a Il-Suk Kang,c

Hyoban Lee,a Taejoon Kang,*d,e Yang-Kyu Choi*b and Bongsoo Kim*a

Developing a well-defined nanostructure that can provide strong, reproducible, and stable SERS signals is

quite important for the practical application of surface-enhanced Raman scattering (SERS) sensors. We

report here a novel single nanowire (NW) on graphene (SNOG) structure as an efficient, reproducible, and

stable SERS-active platform. Au NWs having a well-defined single-crystal geometry on a monolayer

graphene-coated metal film can form a well-defined, continuous nanogap structure that provides

extremely reproducible and stable SERS signals. The in-NW reproducibility was verified by 2-dimensional

Raman mapping, and the NW-to-NW reproducibility was verified by the cumulative curves of 32 SERS

spectra. The simulation also indicated that a highly regular, line-shaped hot spot formed between the

Au NW and graphene. Furthermore, SNOG platforms showed improved photostability and long-term

oxidation immunity. We anticipate that SNOG platforms will be appropriate for practical biological and

chemical sensor applications that demand reproducible, stable, and strong signal production.

Introduction

Surface-enhanced Raman scattering (SERS) is a fascinating
phenomenon that increases Raman signals from molecules by
a factor of 108 or more.1,2 This dramatic signal enhancement
makes SERS an attractive method for highly sensitive mole-
cular detection, even a single molecule detection.3–5 Because
SERS enhancement strongly depends on a sub-10 nm gap
structure, several fabrication techniques have been developed
to generate nanogap-embedded structures.6–20 These fabri-
cated nanostructures, however, often suffer from poor reprodu-
cibility and environmental instability, remaining as
bottlenecks for practical application of SERS sensors.20–23 To
overcome the poor reproducibility of SERS signals, recent
studies have focused on the fabrication of uniform and sus-

tainable nanogap structures because the randomly distributed
nanogap structures lead to unevenly distributed SERS hot
spots, generating the variability in SERS enhancement.23–25

For example, Li et al. have reported shell isolated nanoparticles
(NPs) and their high quality SERS spectra.23 Zhang et al. have
shown that an Al2O3-coated Ag film provides reproducible
SERS signals.24 Lim et al. have reported uniform and reprodu-
cible SERS signals from DNA-tailorable NPs.25 Zhu et al. have
reported an Au–Ag NP decorated reproducible SERS platform
by adopting a poly adenine-mediated assembly strategy.26 In
addition, Wei et al. have demonstrated multiple DNA detection
by a reproducible Au NP decorated Si NW platform and Wang
et al. have reported a highly reproducible Ag NP decorated
multifunctional SERS chip for capturing, sensing, and in-
activating pathogenic bacteria.27,28 Furthermore, improving
the stability of SERS sensors is also an important issue. A few
groups have reported that hybrid nanostructures can improve
the photo- and time-stability of SERS signals via prevention of
reactive oxygen attacks on analytes.29–31 Steidtner et al. and
Kantsler et al. have demonstrated that the inhibition of ana-
lytes-oxygen interaction increases photostability.32,33

Graphene, a 2-dimensional (2D) carbon membrane, has
been used in a wide range of applications because of its
unique electrical, mechanical, and optical properties.34–39

Recently, graphene-mediated SERS (G-SERS) platforms have
attracted much attention because the following characteristics
of graphene provide unique advantages for SERS: (1) graphene
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itself can be an efficient Raman enhancing substrate through
a chemical enhancement mechanism.40,41 (2) The π–π inter-
action between molecules and monolayer graphene allows
controllable molecular distribution on G-SERS platforms, pro-
viding a clear SERS signal and reduced photobleaching.42–45

(3) Passivating the surface of nanostructures with graphene
can prevent oxidation and thus preserve the stability of the
G-SERS platforms.30,32 (4) Graphene can act as a sub-nm
spacer to create a uniform nanogap between plasmonic nano-
structures.46 The separation of nanostructure in the sub-nm
region is very important because SERS hot spots are critically
sensitive to the nanoscale spacer. These advantages prompted
us to combine monolayer graphene with a well-defined, NW-
based SERS-active platform for construction of an efficient,
reproducible, and stable single nanowire (NW) on graphene
(SNOG) structure.

The novel SNOG structure was fabricated by placing a
single-crystalline Au NW onto a monolayer graphene-coated
metal film. This well-defined architecture showed high quality
SERS spectra of Cu-phthalocyanine (CuPc), brilliant cresyl blue
(BCB), benzenethiol (BT), and graphene. Because the mono-
layer graphene in the SNOG platform enables the formation of
a uniform nanogap between the Au NW and the metal film by
acting as a nanospacer, highly enhanced and reproducible
SERS signals were obtained. We verified the in-NW reproduci-
bility by 2D Raman mapping and the NW-to-NW reproducibil-
ity with the cumulative curves of 32 SERS spectra. The uniform
line-shaped hot spot of the SNOG platform was demonstrated
by the calculated electric field distribution. Polarization-depen-
dent SERS enhancement was also investigated. Furthermore,
the monolayer graphene in the SNOG platform conferred excel-
lent photostability and long-term oxidation immunity.
Compared to the previously reported NW-based SERS-active
platforms,9 the SNOG structure exhibited highly improved
reproducibility and stability. We expect that SNOG platforms
could be used as efficient SERS sensors for biological and
chemical detection applications.

Experimental section
Materials

Polymethyl methacrylate (PMMA) was purchased from Micro-
chem. Buffered oxide etchant (BOE, 10 : 1) solution was
purchased from J. T. Baker. Au powder (99.99%), acetone,
ammonium persulfate (APS), trifluoroacetic acid (CF3COOH),
dichloromethane (CH2Cl2), CuPc, BCB, and BT were purchased
from Sigma-Aldrich.

Fabrication of SNOG platform

Single-crystalline Au NWs were synthesized on a c-cut sapphire
substrate by using a horizontal quartz tube furnace system as
described previously.47 Briefly, an alumina boat containing the
Au powder was positioned directly below the heat source. The
sapphire substrate was placed a few centimeters downstream

of the alumina boat. The heating zone was brought to 1100 °C
while the chamber pressure was maintained at 1–5 Torr. Ar gas
flowing at 100 sccm was used to transport the Au vapor. Au
NWs were grown on the sapphire substrate over a 1 h period.

Monolayer graphene was synthesized based on a modified
chemical vapor deposition (CVD) growth method48 and a
Cu-foil enclosure process. First, a 600 nm Cu thin film was de-
posited by e-beam evaporation on a Si wafer with a thermally
grown, 300 nm layer of SiO2. The Cu/SiO2/Si wafer was placed
on a quartz plate and subsequently enclosed by Cu foil. The
Cu foil maintains a high density of Cu vapors, which sup-
presses evaporation of the catalytic Cu film on the wafer. The
quartz plate prevents direct contact between the Si wafer and
Cu foil, which may possibly lead to the undesired formation of
a Cu–Si alloy. The enclosure was inserted into a commercially
available thermal CVD system. The pressure of the quartz tube
was reduced to below 1 mTorr. Then, the chamber was heated
to 990 °C for 1 h and annealing proceeded for 10 min in an
H2/CH4 (2/10 sccm) environment. After the annealing, the
enclosure was cooled to room temperature by flowing an Ar/H2

mixture (500/2 sccm). From this annealing process, a mono-
layer graphene was grown on a Cu/SiO2/Si wafer.

The graphene-grown wafers (graphene/Cu/SiO2/Si) were
coated with 100 nm PMMA and dipped into a BOE solution
for 9 h. Because the BOE etches the SiO2 layer, the PMMA/
graphene/Cu layer was detached from the underlying Si wafer.
The PMMA/graphene/Cu layer was immersed in APS solution
for 1 h to etch the Cu layer. Next, the PMMA/graphene layer
was transferred onto a metal film, washed with acetone, and
dried on a hot plate (50 °C) for 30 min. The metal films were
prepared by e-beam evaporation of 10 nm Cr followed by
300 nm Au or Ag on Si wafers. The Au NWs were transferred
onto the graphene-coated metal film using a simple attach-
ment and detachment process.12 Briefly, Au NWs on sapphire
substrates were flipped over onto the graphene-coated metal
films with a lubricant and detached. A drop of distilled water
was used as a lubricant. After N2 streaming, the fabrication of
the SNOG platform was completed.

SERS measurement from SNOG platform

For the SERS measurement of CuPc from a SNOG platform,
500 nM CuPc was dissolved in CH2Cl2 containing CF3COOH,45

and then the solution was drop-evaporated onto a SNOG
platform. For BCB, a 2 µM ethanolic solution of BCB was incu-
bated on a SNOG platform for 3 min. For BT, a SNOG platform
was incubated in 200 mM ethanolic solution of BT for 12 h,
washed several times with ethanol, and purged with N2.

Theoretical calculation method

The electric field profile was modeled by the finite element
method by using COMSOL software. The scattered harmonic
propagation of transverse magnetic (TM) wave mode in the
radio-frequency module was selected for the simulation
environment. The refractive index of graphene was determined
as 2.0–1.1i, and the other properties were extracted from
the graphite condition.49 Simulation environments were
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determined based on the actual experimental conditions. An
incident TM wave of 632.8 nm was applied, and the resulting
electric field profile was extracted as a color map.

Instrumentation

SERS spectra were recorded using a dispersive Raman spectro-
meter based on the LabRAM HR system (HORIBA Jobin Yvon,
France). An He/Ne laser with a wavelength of 633 nm was
focused on the sample, and the magnification of the optical
microscope was 50×. The polarization-dependent SERS spectra
were recorded using a micro-Raman system based on an
Olympus BX41 microscope. A 633 nm He/Ne laser was used as
an excitation source, and the laser was focused on the sample
through a 50× objective. The laser light was linearly polarized,
and its polarization direction was controlled by rotating a half-
wave plate. The SERS signals were recorded with a thermo-
dynamically cooled, electron-multiplying charge-coupled
device (Andor) mounted on a spectrometer with a
1200 grooves per mm grating. A holographic notch filter was
used to reject the laser light. Images of SNOG platforms were
obtained with an atomic force microscope (AFM, XE-100, Park

Systems) and a scanning electron microscope (SEM, Sirion,
FEI).

Results and discussion
Fabrication of SNOG platform

Fig. 1a shows a schematic illustration of the SNOG platform
fabrication procedure. The graphene layer was prepared by a
modified CVD process using a Cu foil enclosure.47 Compared
to other graphene formation methods, such as mechanical
exfoliation and solution-based deposition, the CVD method
has a clear advantage in terms of reproducibility and uniform-
ity of graphene. This advantage satisfies the requirement of a
well-defined SNOG platform fabrication, allowing us to use the
CVD-grown graphene. The as-grown graphene was initially
placed on a Cu-deposited Si wafer (Cu/SiO2/Si) and then trans-
ferred onto an Au film by using a water-assisted transfer
method.48 Briefly, a graphene/Cu/SiO2/Si wafer was coated
with 100 nm PMMA and dipped into the BOE solution to etch
the SiO2 layer. After 9 h of etching, the PMMA/graphene/Cu
layer was detached from the underlying Si wafer. The PMMA/

Fig. 1 (a) Schematic illustration of the SNOG platform fabrication procedure. (b) SEM image of a SNOG platform. (c) AFM image of a graphene layer
on Au film. The thickness difference is approximately 0.35 nm. (d) Raman spectra of a SNOG platform (red), graphene on Au film (blue), and bare Au
film (black).
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graphene/Cu layer was then dipped into an APS solution for
1 h to etch the Cu layer. The resultant PMMA/graphene layer
was transferred onto an Au film, washed with acetone to
remove the PMMA layer, and dried on a hot plate (50 °C,
30 min). Finally, single-crystalline Au NWs were dispersed
onto a graphene/Au film. Fig. 1b is a SEM image of a SNOG
platform. A single Au NW on a graphene-coated Au film was
clearly observed. The Au NWs were synthesized by a previously
reported vapor transport method.47 The widths of the NWs
were approximately 180 nm, and the lengths varied from 5 to
20 μm. The Au NWs are single-crystalline without surfactants
and have atomically smooth surface.47 These properties enable
the uniform nanogap formation between the NW and graphene-
coated Au film. To transfer the NWs onto a graphene-
coated film, we used a lubricant assisted simple attachment
and detachment method.12 The use of lubricant is beneficial
to the construction of the SNOG platform because it dimin-
ished the effect of mechanical friction.12 In a constructed
SNOG platform, a monolayer graphene acts as a nanospacer,
providing uniform line-shape hot spot.

To confirm the results of the graphene transfer process,
AFM analysis was conducted (Fig. 1c). The thickness of the
graphene layer is important because the thickness determines
the nanogap size, which affects the hot spot.43 The AFM image
showed that the thickness difference was approximately
0.35 nm, a well-known thickness of a graphene monolayer. In
addition, Raman analysis was conducted to determine the
number of graphene layers and the defect density. Fig. 1d
shows the Raman spectra of a SNOG platform (red), graphene
on Au film (blue), and bare Au film (black). The SNOG plat-
form provided significantly enhanced graphene Raman signals
compared to the graphene on Au film because of the strong
electromagnetic coupling at the nanogap between the Au NW
and the graphene-coated Au film. Generally, graphene
produces three important indexes (D at 1325 cm−1, G at
1586 cm−1, 2D at 2671 cm−1) in Raman spectra, and the defect
density of graphene can be identified by the D/G ratio.50 At a
place where the defect density is large, such as the edge of a
graphene sheet, the D band has a large intensity and the D/G
ratio increases. From the prepared graphene, the D band was
rarely observed. This suggests that the graphene layer had a
low defect density. Moreover, the number of graphene layers
can be identified by the 2D/G ratio of the Raman spectrum.
For monolayer graphene, the 2D/G ratio is larger than 2.0 and
the ratio decreases as the number of layers increases.43 In
this experiment, the 2D/G ratios of Raman spectra varied from
2.0 to 4.0, implying the successful fabrication of SNOG
platforms.

SERS enhancement of SNOG platform

To examine the SERS enhancement of a SNOG platform, we
recorded the SERS spectra of Cu-phthalocyanine (CuPc) from
SNOG platform, Au NW on Au film, graphene on Au film, and
bare Au film. 500 nM CuPc was dissolved in CH2Cl2 containing
CF3COOH and incubated in each of the substrates.45 Fig. 2a
shows the SERS spectra of CuPc recorded from the SNOG plat-

form (red), Au NW on Au film (orange), graphene on Au film
(blue), and bare Au film (black). All spectra were obtained
under the same conditions. The spectra of graphene on Au
film and bare Au film were multiplied by 70. The CuPc bands
at 1450 cm−1 and 1531 cm−1 were assigned to the deformation
of the indole ring system and the symmetric stretching mode
of isoindole groups, respectively.51 By taking the spectrum of
the bare Au film as a reference, the 1531 cm−1 band of CuPc
was enhanced 13 times on graphene on Au film, 1022 times
on Au NW on Au film, and 1639 times on the SNOG platform.
The intrinsic roughness of the evaporated surface of the bare
Au film contributed to the SERS enhancement. When
graphene was coated onto the Au film, the SERS signals were
further enhanced due to the chemical enhancement effects of

Fig. 2 (a) SERS spectra of CuPc recorded from SNOG platform (red), Au
NW on Au film (orange), graphene on Au film (blue), and bare Au film
(black). Spectra from graphene on Au film and bare Au film are 70 times
magnified in the vertical scale. The asterisk-marked peaks denote G and
2D bands of graphene. (b) SERS spectra of BCB (purple) and BT (green)
recorded from SNOG platforms. The asterisk-marked peaks denote G
and 2D bands of graphene.
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graphene.42–44 When a NW was placed on the Au film, the
SERS signals were significantly enhanced because of the for-
mation of a strong enhanced electric field between the NW
and the Au film. Finally, when a NW was placed on a graphene-
coated Au film, the highest SERS signals were observed.
To more precisely compare the SERS enhancement of the
SNOG platform and Au NW on the Au film, we calculated their
enhancement factor (EF) (ESI†). The EF of the SNOG platform
was calculated to be 1.18 × 106 and that of Au NW on the Au
film was 7.36 × 105. This high EF of the SNOG platform may
come from the chemical enhancement effects of graphene and
graphene-assisted uniform nanogap formation between the
NW and film.42–44 We also recorded the SERS spectra of BCB
and BT on SNOG platforms. As shown in Fig. 2b, high quality
SERS spectra of BCB and BT were clearly observed. The band
of BCB at 584 cm−1 is assigned to the aromatic C–C bending.52

The bands of BT at 999, 1022, 1072, and 1574 cm−1 are
assigned to the in-plane ring-breathing, the in-plane C–H
bending, the in-plane ring-breathing coupled with the C–S
stretching, and the C–C stretching, respectively.53 The high
quality SERS spectra of CuPc, BCB, and BT prove the versatility
of this novel SERS-active platform. The asterisk-marked peaks
in Fig. 2 denote the G and 2D bands of graphene. A SNOG plat-
form necessarily includes the SERS signals of graphene,
however, these signals were relatively weaker than the signals
of CuPc, BCB, and BT. Therefore, the SNOG platform can
detect target molecules efficiently without the interference of
graphene signals.

For the investigation of the electric field profile of the
SNOG platform, a COMSOL simulation was performed
(Fig. 3a). The SERS enhancement can be inferred from the
simulated electric field profile because the SERS signals are
proportional to the biquadrate of the electric field.3 As shown
in Fig. 3a, the scattered electric field was highly focused
between the Au NW and the graphene-coated Au film, i.e., the
nanogap region. This high electric field explains the highly
enhanced SERS signals of molecules on SNOG platforms. The
high electric field was valid continuously along the entire NW,
forming a line-shaped hot spot. We expect that the uniform,
line-shaped hot spot can be formed in the experimentally
fabricated SNOG platform because a single-crystalline Au NW
and monolayer graphene can assist the uniform nanogap for-
mation. Fig. 3b shows the polarization dependence of SERS
intensities measured from SNOG platforms. The upper image
is an optical micrograph of a SNOG platform and θ is the
angle between the incident polarization and the NW axis.
A bare SNOG platform and a CuPc-adsorbed SNOG platform
were exposed to a single-direction polarized 633 nm laser. The
SERS intensities at the 2671 cm−1 band (2D) of graphene (blue
plot in Fig. 3b) and the 1531 cm−1 band of CuPc (red plot in
Fig. 3b) are displayed in polar plots. Both band intensities
became the weakest when the polarization direction was paral-
lel to the NW axis (0° and 180°) and became strongest when
the direction was perpendicular (90° and 270°). The polariz-
ation dependence was well fitted the function A cos2 θ + B, as
suggested by previous reports.54 The polarization dependence

implies that the hot spot resulted from the electromagnetic
enhancement at the nanogap region.

Reproducibility and stability of SNOG platform

To evaluate the uniform, line-shaped hot spot of a SNOG plat-
form, the in-NW reproducibility was investigated by 2D Raman
mapping measurements. Fig. 4a shows an optical micrograph
of the SNOG platform from which we obtained Raman
mapping results. Fig. 4b and c show the Raman mapping
images for the 2671 cm−1 band (2D) of graphene and the
1535 cm−1 band of CuPc, respectively. The resolution of each
pixel was set to 500 nm, and a total of 400 unit pixels were col-
lected per each profile. The high intensity peaks were uni-
formly concentrated at the NW, confirming the formation of a
line-shaped hot spot. Because monolayer graphene acts as a
nanospacer, highly enhanced and reproducible SERS signals
could be obtained across the whole NW. In addition, the
regular molecular orientation and the strong chemical inter-
action provided by monolayer graphene may contribute to the
reproducible SERS signals.42–45

Fig. 3 (a) Simulated electric field profile of a SNOG platform. Perpendi-
cularly polarized light of 633 nm is applied to the SNOG platform. Right
panel is the magnified electric field profile at the nanogap region of the
SNOG platform. (b) Polar plots of SERS intensities at the 2671 cm−1 band
(2D) of graphene (left) and at the 1531 cm−1 band of CuPc (right) with
respect to the angle between the incident polarization and the NW axis
(θ). The dashed lines represent best fits to the function A cos2 θ + B.
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NW-to-NW reproducibility was also analyzed by measuring
the SERS spectra of CuPc from 32 randomly selected SNOG
platforms. Fig. 4d presents 32 overlapped SERS spectra of
CuPc. The peaks are clearly shown and the asterisk-marked
peaks are G and 2D bands of graphene. The overlapped
spectra show that the intensities of the peaks are quite similar,
verifying the NW-to-NW reproducibility of SNOG platforms.
The relative standard deviation (RSD) value of 1531 cm−1 CuPc
band intensity was calculated to be 6.17% (Fig. S2 in the ESI†).
For comparison, we obtained the SERS spectra of CuPc on 32
different Au NWs on Au film structures and the RSD value was
calculated as 14.63% of the average intensity (Fig. S3 in the
ESI†). The SNOG platform provided lower RSD value than that
of an Au NW on Au film structure, suggesting improved repro-
ducibility. For further statistical analysis, the cumulative per-
centages of the intensity distribution of four particular peaks
are plotted (Fig. 4e). We selected 1341 and 1531 cm−1 peaks of
CuPc and 1586 and 2671 cm−1 peaks of a graphene for the
cumulative curves. The weakest and the strongest intensities of
the 1341 cm−1 peak were 22.4 and 50.9, respectively. The
difference between the strongest and the weakest intensities
was within 130%. In a similar manner, the differences
between the strongest and the weakest intensities of 1531,
1586, and 2671 cm−1 peaks were 169%, 51%, and 11%,
respectively. We found that the peak variation of graphene was
less than that of CuPc, probably because graphene is more uni-
formly distributed than CuPc in SNOG platforms.

The SERS-active platforms should provide stable SERS
signals for practical applications.31 We analyzed the photo-
stability of a SNOG platform under continuous laser exposure.
As shown in Fig. 5a, two types of SNOG platforms (SNOG with
Au film, SNOG with Ag film) were prepared. We obtained 60
SERS spectra of CuPc from the same point on each SNOG plat-
form (Fig. 5b). The bands of CuPc and graphene were clearly
observed. In both SNOG platforms, the SERS intensities of
CuPc were stable during measurements under laser
irradiation. Compared to the NW-based SERS-active platforms
without graphene, SNOG platforms showed improved photo-
stability (Fig. S4 in the ESI†). We presume that the π–π inter-
action between CuPc and graphene contributes to the
photostability of the SNOG platform.42,43,45 Monolayer
graphene can provide an additional path for relaxation from
the excitation state to the ground state, thereby reducing the
photoreaction of molecules in the excited state.31,54 Addition-
ally, the high optical transmittance and the thermal conduc-
tivity of graphene may prevent the photodamaging of
molecules.55–57

Oxidation immunity is important in metal-based plasmonic
devices because reactions with oxygen in the atmosphere can
induce a drastic change or disappearance of the surface
plasmon resonance properties originating from the free elec-
trons at the metal surfaces.58 In particular, when the Ag
surface is exposed to ambient air, oxygen can chemisorb on
the Ag surface, resulting in the formation of Ag oxides that

Fig. 4 (a) Optical micrograph of a SNOG platform from which we obtained Raman mapping images. (b) Raman mapping image for the 2671 cm−1

band intensity (2D) of graphene. (c) Raman mapping image for the 1535 cm−1 band intensity of CuPc. (d) Overlapped SERS spectra of CuPc from 32
randomly selected SNOG platforms. The asterisk-marked peaks denote G and 2D bands of graphene. (e) Cumulative curves from the intensities of
four bands (1341, 1531, 2586, 2671 cm−1) in (d).
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cause the shifting and dampening of plasmonic bands.30

Moreover, atmospheric hydrogen sulfide (H2S) and carbonyl
sulfide (OCS) can react with the Ag surface and form Ag2S.

59,60

This sulfidation of Ag changes the surface morphology of the
nanostructure, leading to scattering loss.59,61 The oxidation of
SERS sensors can interrupt the sensitive and accurate detec-
tion of molecules; therefore, improving the oxidation immu-
nity of SERS sensors is important. To test the oxidation
resistance of a SNOG platform, we obtained the SERS spectra
of CuPc from SNOG platforms with the Ag film after storing
them under ambient conditions for 0, 7, 14 and 21 days. The
same experiment was performed with an Au NW on an Ag film
without graphene for comparison. Fig. 6a shows that the
SNOG platform was able to preserve SERS signals over 21 days.
In contrast, the SERS signals dramatically decreased on the Au

NW on an Ag film over time (Fig. 6b). After storage under
ambient conditions for 21 days, SERS intensity was reduced in
the SNOG platform by only 16.53%, whereas it was reduced by
58.08% on the Au NW on an Ag film (Fig. 6c). Interestingly, the
SERS signals of the SNOG platform mainly decreased in the
initial 7 days and were maintained in the following 14 days.
This might be ascribed to the imperfection of graphene.62 It is
known that perfect monolayer graphene is impenetrable to gas
molecules.63,64 This impenetrability can prevent the reaction

Fig. 5 (a) Schematic illustration of a SNOG platform with Au film (left)
and Ag film (right). (b) 60 SERS spectra of CuPc recorded at the same
point of a SNOG platform with Au film. (c) 60 SERS spectra of CuPc
recorded at the same point of a SNOG platform with Ag film.

Fig. 6 (a) SERS spectra of CuPc recorded from an Au NW on Ag film
after storage under ambient conditions for 0, 7, 14, and 21 days. (b) SERS
spectra of CuPc recorded from a SNOG platform with Ag film after
storage under ambient conditions for 0, 7, 14, and 21 days. (c) Plots of
the 1531 cm−1 band intensity versus storage time for a SNOG platform
with Ag film (red) and Au NW on Ag film (black). Data represent the
mean plus standard deviation from 10 measurements.
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of metal films with atmospheric molecules. Previous experi-
mental and theoretical reports also support the notion that
graphene can reduce Ag oxidation by acting as an electron
shuttle and a type of catalyst in deoxidation.30 However, real
CVD-grown graphene could have defects and grain boundaries,
allowing oxidation of the underlying metals. This oxidation
may be the cause of SERS signal decrease. Nevertheless, the
SNOG platform has significantly improved oxidation immunity
and can thus preserve its plasmonic properties. The high oxi-
dation immunity of SNOG platforms makes them suitable for
the long-term detection of chemical and biological molecules.

Conclusions

The novel SNOG structure described here is proposed to be an
efficient, reproducible, and stable SERS-active platform. The
line-shaped hot spot between a single-crystalline NW and a
monolayer graphene-coated metal film can produce highly
enhanced, reproducible, and stable SERS signals. We obtained
high quality SERS spectra of CuPc, BCB, and BT from SNOG
platforms, and the in-NW and NW-to-NW reproducibilities
were verified by 2D Raman mapping and cumulative curves.
The SNOG platforms also showed high photostability and oxi-
dation resistivity. These properties of SNOG platforms come
from: (1) the uniform nanogap formation by monolayer
graphene, (2) the improved molecular distribution via π–π
interaction of graphene and molecules, and (3) the passivation
effect of graphene. We anticipate that SNOG platforms
can function as a powerful tool in practical biological and
chemical sensor applications.
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