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We report an efficient surface-enhanced Raman scattering (SERS)
substrate by utilizing the multi-dimensional plasmonic coupling in Au
nanoparticle (NP)—graphene—Ag NP hybrid structures. An ultrasensi-
tive SERS detection with a limit of down to 10 * M has been achieved
when the sandwiched hybrid film is fabricated on an Ag substrate.

Surface-enhanced Raman scattering (SERS) has attracted increasing
attention in diverse areas, including chemistry, biology, food safety
and biomedical diagnostics since the first observation reported
on a rough silver electrode in 1974." Until now, metallic nano-
structures with various morphologies and interparticle spaces,
such as nanocubes,” nanospheres,® nano-octahedrons,® nanostars,’
nanowires® and nano-pyramids,” have been explored to enhance
the Raman signals since the hot spots depend strongly on the
shape of metal nanoparticles (NPs) and the interparticle distance.
Among the metals used, silver (Ag) has been demonstrated to have
a greater enhancement factor (EF) than gold (Au) due to the
absence of interband absorption,'®™* but the bad chemical stability
and biocompatibility restrict the long-term employment of
Ag-based SERS substrates. Many strategies, e.g. by developing
Ag-Au,">™ Ag-Si0," and Ag-TiO," core-shell nanostructures,
have been proposed in order to sheath Ag NPs for improved
stability. However, the accurate control of the reaction conditions
to obtain uniform NPs and reproducible Raman signals remains a
challenge.'>"” Moreover, a certain thickness of the shell layer is
necessary for a complete coverage of Ag,'® but may severely depress
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the Raman signal as the electric field enhancement is a highly
localized effect and decays exponentially away from the Ag surface.”
In addition, it is difficult to tune the plasmonic resonant wavelength
of such core-shell NPs through the fabrication, leading to limited
Raman sensitivity.”>*"

Graphene has been intensively studied and been found to play an
important role in SERS.>**® For example, an EF of 2-17 has been
obtained from mechanically cleaved graphene for detecting aromatic
molecules.”® This enhancement has been attributed to the chemical
enhancement since the surface plasmon of graphene is in the mid-
infrared or terahertz regions.”® In the visible and near-infrared
regions, on the other hand, graphene acts as a dielectric.”” Thus
graphene-metal NP structures have been designed to enhance
Raman sensitivity. For example, graphene-covered metallic nano-
structures”®® and NPs residing on graphene®”>*° have been
proposed with improved Raman activity. Although graphene oxide
(GO)/reduced graphene oxide (rGO) embedded hybrid structures
could also enhance Raman signals, the considerable difficulty in
controlling the reaction conditions makes it difficult to obtain
uniform and well-defined thickness of GO/rGO or the reduction
degree of rGO."*"®*"*? In our previous work, we have developed a
simple technique to achieve sub-nanometer gaps between two layers
of Au NPs by constructing Au NP-graphene-Au NP sandwich
hybrids; the Raman signals of graphene and biomolecules on such
a hybrid substrate have been enhanced due to the coupling of
NP-NP and NP-graphene.*® However, owing to the mismatch of the
plasmonic resonant wavelength with the excitation laser wavelength
and the relatively weaker Raman activity of Au than Ag (resulting
from the absence of interband absorption of Ag), the SERS sensitivity
could not be optimized by simply tuning the particle sizes of Au in
our previous work. As far as we know, there have been no compre-
hensive experimental schemes that take into account the optical
tunability, chemical stability and Raman sensitivity when two
different metals, e.g. Au and Ag, are involved in a chemical vapor
deposition (CVD) grown graphene-plasmonic hybrid system.

Herein, we propose an efficient SERS substrate by utilizing the
multi-dimensional plasmonic coupling in Au NP-graphene-Ag NP
structures. It is found that the plasmonic resonant wavelength and
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magnitude of the hybrid platform can be readily tuned by the
thickness of both Au and Ag films deposited. In this way, a resonant
wavelength equal to the excitation laser wavelength (532 nm) is
achieved using an 8 nm Au/monolayer graphene (1LG)/8 nm Ag
hybrid film. Finite element simulations reveal that both the
coupling between the same type of metal NPs and that between
vertical Au/Ag NPs contribute to the electric field enhancement.
Based on the multi-dimensional coupling in the hybrid films, we
demonstrate that as-fabricated 8 nm Au/1LG/8 nm Ag structures
show a dramatic enhancement in Raman signals when detecting
aromatic molecules such as rhodamine B (RhB) and rhodamine 6G
(R6G) and explosive trinitrotoluene (TNT).

The fabrication procedure of Au NP-graphene-Ag NP hybrid
films is schematically illustrated in Fig. 1a. Ag films were firstly
deposited onto a freshly cleaned quartz substrate by plasma
sputtering.>* Ag NPs were obtained by annealing the deposited
Ag film at 300 °C for 100 min with 100 sccm flowing Ar in a quartz
tube furnace (step 1). Monolayer graphene films grown on Cu foils
by CVD were then wet-transferred onto the surface of Ag NPs using
poly(methyl methacrylate) (PMMA) as a transfer reagent,*® forming
a graphene-covered Ag NP structure (step 2). Au NP-graphene-Ag
NP sandwiched films were obtained after another Au film was
deposited and annealed (step 3). Fig. 1b—g show the SEM and AFM
images of the samples sequentially obtained from the steps men-
tioned above. Fig. 1b is the SEM image of the 1LG-covered Ag NP
structure obtained by depositing and annealing an 8 nm-thick Ag
film, showing both the bare Ag NPs and graphene-covered regions.
For convenience, in the following discussion we shall name the Ag
NPs obtained by annealing 8 nm-thick Ag film as ‘8 nm Ag’ and the
Au NPs obtained by annealing 8 nm-thick Au film as ‘8 nm Au’. The
topography for 8 nm Ag and 1LG-covered 8 nm Ag was tracked by
AFM and is shown in Fig. 1d and e. The size distribution of 8 nm
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Fig. 1 (a) Schematic illustration of the sample preparation process for the
Au NP—graphene—Ag NP hybrid structures. (b) SEM image of 1LG-covered
8 nm Ag, showing both bare Ag and graphene-covered regions. (c) SEM
image of the same area shown in (b) after an 8 nm-thick Au film was
deposited and annealed. AFM images of (d) 8 nm Ag, (e) 1LG-covered 8 nm
Ag, (f) 8 nm Au/8 nm Ag and (g) 8 nm Au/1LG/8 nm Ag films, respectively.
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Ag is shown in Fig. S1, ESL.f The surface of graphene covered Ag
NPs shows a smaller roughness (arithmetic average deviation) of
6.5 nm compared with that of bare Ag NPs (13.6 nm). Fig. 1c shows
the SEM image of the exactly same area shown in Fig. 1b after the
8 nm-thick Au film was deposited and annealed. In contrast to the
sandwiched structure with graphene embedded (Fig. 1g), the 8 nm
Au/8 nm Ag direct stacking without graphene embedded aggregates
to a single layer of NPs with a larger particle density, as shown in
Fig. 1f. The Raman spectra further evidence the uniform coverage
of graphene in graphene-covered 8 nm Ag and 8 nm Au/1LG/8 nm
Ag structures (Fig. S2, ESIT). Our previous work has shown that the
electrons in Au NPs are reluctant to interact with neighboring
graphene;*® thus the graphene layer here serves as a good medium
to define an ideal sub-nanometer gap for enhancing the coupling
between plasmonic Au/Ag NPs.

The optical properties of bare Ag, bare Au, Au/Ag and Au/1LG/Ag
hybrid films have been investigated as a function of the thickness
of metals, as shown in Fig. S3 and S4, ESL.{ As can be seen, the
proposed hybrid film has an advantage of a tunable resonant
wavelength, which allows us to fabricate a structure with a resonant
wavelength close or equal to the excitation laser wavelength, in
order to maximize the SERS sensitivity.”® Such a tunability is not
easy to be realized by simply tuning the thickness of bare Ag or bare
Au films.*****” Thus the 8 nm Au/1LG/8 nm Ag hybrid film was
prepared to match the laser wavelength of 532 nm used in our
measurements. In contrast, the weak Raman sensitivity from bare
metal NPs compared to Au NP-graphene-Ag NP hybrids may be
related to the weak light absorption (see ESIT).*****° Fig, 2a shows
the curves of optical absorption versus wavelength for 8 nm Au,
8 nm Ag, 8 nm Au/8 nm Ag and 8 nm Au/1LG/8 nm Ag, respectively.
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Fig. 2 (a) Absorption spectra of 8 nm Ag, 8 nm Au, 8 nm Au/8 nm Ag and
8 nm Au/1LG/8 nm Ag films on quartz substrates. (b) Optical images of 8 nm Ag
(region 1), 1LG-covered 8 nm Ag (region 2), 8 nm Au/8 nm Ag (region 3)
and 8 nm Au/1LG/8 nm Ag (region 4). (c) Simulation configuration of Au
NP-graphene—Ag NP on a quartz substrate. The lateral period is 120 nm; the
diameter of both Au and Ag NPs is 48 nm; 1LG veiling on Ag NPs has a
thickness of 1 nm. A plane lightwave with a polarized electric field along the
x direction was launched normally from the top. (d) Simulated electrical field
intensity distributions of Au NP—graphene—Ag NP on a quartz substrate in the
xz plane with y = 24 nm. The color bar demonstrates the magnitude of the
electric field normalized by the incident field.
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As we can see, the resonant wavelength is located at 429 nm or
548 nm for pure 8 nm Ag or 8 nm Au, respectively; while the peak
from the hybrid films is located in between, e.g. at 517 nm for 8 nm
Au/8 nm Ag or at 532 nm for 8 nm Au/1LG/8 nm Ag. Correspond-
ingly the optical images in Fig. 2b demonstrate that the color of the
hybrid film transits from light yellow for 8 nm Ag to orange for
8 nm Au/1LG/8 nm Ag, originating from the strong reflection of
yellow light or red light. Apart from the shift of the resonant
wavelength, the increase in the absorption is considered to be
caused by the enhanced coupling in the graphene-plasmonic
hybrid systems with enhanced light-matter interactions.>”*®
Numerical simulations based on the finite element method
(FEM) were performed to investigate the coupling effects in Au
NP-graphene-Ag NP hybrids. As shown in Fig. 2¢, a layer of
1 nm-thick graphene was sandwiched between vertically stacking
Au and Ag NPs with a diameter of 48 nm (mimicking the 8§ nm Ag
or Au) in the simulations. Fig. 2d shows the simulated electrical
field intensity distributions in the xz plane. It can be clearly seen
that the localized electric field is mainly distributed at the gaps
formed between horizontal Au or Ag NPs or between vertical Au/Ag
NPs. Especially, the electric field has been strongly enhanced at the
interface where graphene acts as a sub-nanometer dielectric gap,
leading to a maximal enhancement of 87 (the maximal electric field
enhancement is 3.9 or 8.5 for horizontal Au/Au or Ag/Ag NPs,
respectively). Thus, a multi-dimensional coupling system including
the plasmonic coupling on both horizontal and vertical directions
has been established in such an Au-graphene-Ag hybrid structure.
As a result of the strongly enhanced electric field in the hybrid
system, the SERS signals have been largely enhanced, as illustrated
in Fig. 3a. For comparison, the Raman spectra of RhB with the same
concentration on quartz, 8 nm Ag and 8 nm Au/8 nm Ag films, were
also measured and are shown in the figure. The excitation of surface
plasmons has led to much stronger Raman signals on metal NPs
substrates than those on quartz, and all typical vibrational modes
are observed. In detail, the 1359, 1506 and 1649 cm ' peaks are

Raman intensity (a.u)
Raman intensity (a.u)

600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Raman shift (cm™) Raman shift (cm'1)

Au/Ag AwilG/ag i B RhB/
Au/lLG/Ag [ B

Fig. 3 (a) Raman spectra of 10~/ M RhB on quartz (curve 1), 8 nm Ag
(curve 2), 8 nm Au/8 nm Ag (curve 3) and 8 nm Au/1LG/8 nm Ag (curve 4),
respectively. (b) SERS spectra of RhB on the 8 nm Au/1LG/8 nm Ag
structure with 6 different molecular concentrations. Spatially resolved
Raman intensity mapping of (c) G peak of graphene at 1597 cm™! before
depositing RhB and (d) 107 M RhB at 1649 cm ! on both 8 nm Au/8 nm Ag
(left region) and 8 nm Au/1LG/8 nm Ag films (right region).
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attributed to aromatic C-C stretching; 1281 cm ™" to aromatic C-C
bridge-band stretching, 1200 cm ™" to aromatic C-H bending and
622 cm™* to aromatic bending.'® Compared to the case of 8 nm Ag,
the Raman signals of RhB (based on 1649 cm™ ') were enhanced
about 2 times on 8 nm Au/8 nm Ag and 5 times on 8 nm Au/1LG/
8 nm Ag films, respectively. A similar phenomenon was also
obtained for R6G molecules (Fig. S5a, ESIt). The large enhancement
in Raman signals for Au-graphene-Ag hybrids can be attributed to
the wide range of hot spots with intensely enhanced electric field and
the unique structure of the sandwiched structure that was optimized
to match the excitation laser wavelength.*>*® In addition, the
chemical enhancement of graphene due to the m-m interactions
and charge transfer between graphene and aromatic RhB and R6G
molecules may also benefit the Raman enhancement.”¢

The SERS spectra of RhB deposited on the 8 nm Au/1LG/8 nm Ag
hybrid structure at various molecular concentrations are shown in
Fig. 3b and the intensity versus concentration curve is shown in Fig. S6,
ESLt The Raman signals are still observable even when the concen-
tration is decreased to a value as low as 0.01 nM. The detection limit of
0.01 nM was also obtained from R6G (Fig. S5b, ESIt) and TNT
(Fig. S7a, ESIt) on a hybrid substrate. By comparing the Raman spectra
of RhB, R6G and TNT (Fig. S7b and S8, ESIt) on quartz substrates, the
EFs obtained from the 8 nm Au/1LG/8 nm Ag films are 2.3 x 10’ for
RhB, 1.7 x 10° for R6G and 3.8 x 10° for TNT, respectively.

The spatially resolved Raman intensity mapping is used to demon-
strate the high sensitivity and uniformity of Au NP-graphene-Ag NP
hybrid films. Fig. 3d shows the mapping images of RhB at 1649 cm ™'
in the area of 10 x 10 pm” for 8 nm Au/8 nm Ag film (left region) and
8 nm Au/1LG/8 nm Ag film (right region). It can be seen that the SERS
intensity mapping of RhB is highly consistent with the G peak
mapping of graphene that was measured before depositing RhB, as
shown in Fig. 3c. This agreement suggests that the presence of
graphene is essential to the enhanced SERS sensitivity of RhB
molecules. At the same time, the graphene embedded area shows
highly homogeneous adsorption for RhB molecules,* further demon-
strating the reproducibility of Raman signals. We also measured the
Raman signals on the same 8 nm Au/1LG/8 nm Ag films after it was
kept in our lab for two months. The Raman intensity showed a
decrease of 4% for RhB and 2% for R6G (Fig. S9, ESIt), indicating that
the hybrid films fabricated by the simple and cost-effective prepara-
tion can maintain the Raman activity for a long time.

In addition, we found that the Raman enhancement of RhB on
the Au NP-graphene-Ag NP hybrid system can be further increased
by replacing the quartz substrate with a metal film-covered quartz
substrate due to the hybridization between the localized surface
plasmons (LSP) of metallic NPs and propagating surface plasmon
polaritons (SPP) on the metal film.**”*> Compared to the Raman
signals of RhB on the 8 nm Au/1LG/8 nm Ag/quartz substrate with
the same molecule concentration, the Raman intensity is further
improved about 7 times at 1649 cm ™" after setting the sandwiched
structure on a 100 nm-thick Ag film-covered quartz substrate, as
shown in Fig. 4a. FEM simulated results (Fig. 4b, inset) show an
additional SPP mode between the Ag NPs and the Ag film on quartz,
leading to the further coupling of the LSP modes (between horizontal
and vertical gaps of Au and Ag NPs) and the SPP mode (the maximal
electric field enhancement is 115 or 87 at the graphene-defined gap

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) Raman spectra of 107 M RhB on the 8 nm Au/l1LG/8 nm
Ag/100 nm-thick Ag film/quartz substrate (upper curves) and 8 nm Au/1LG/
8 nm Ag/quartz (bottom curves). The inset shows the schematic diagram of the
Au NP-graphene—Ag NP-Ag film/quartz structure. (b) Raman spectra of RhB
on the 8 nm Au/ILG/8 nm Ag/Ag film/quartz structure with molecular
concentration varying from 10~ M to 10~ M. The inset shows the simulated
electrical field intensity distributions of Au NP—graphene—Ag NP on an Ag
substrate in the xz plane with y = 24 nm. The color bar indicates the magnitude
of the electric field normalized by the incident field.
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for the hybrid system on Ag film or a quartz substrate, respectively),
ie., further enhanced multi-dimensional coupling.>® The Raman
signals of RhB can be clearly visible down to 10~ ** M (Fig. 4b),
demonstrating the ultrasensitive detection capability of the SERS
substrate based on the graphene embedded metal NP hybrid
structure on metal Ag films. Such a detection capability is not
achievable with typical Au nanosphere on Ag films” or Au NP/Ag
NP on Ag films (Fig. S10, ESIt). As far as we know, the detection limit
of 10~ M is the lowest value using a metal nanosphere (or similar to
a nanosphere) on metal films.>***!

In conclusion, we have developed an efficient SERS substrate
by utilizing the multi-dimensional plasmonic coupling in Au
NP-graphene-Ag NP hybrid structures. The plasmonic resonant
wavelength of the hybrid platform can be readily tuned by the
thickness of Au or Ag films deposited; an 8 nm Au/1LG/8 nm Ag
structure has achieved a resonant wavelength equal to the excita-
tion laser wavelength (532 nm). Finite element numerical simula-
tions were used to identify the coupling between horizontal and
vertical Au/Ag NPs, leading to a strong electric field enhancement.
The Au NP-graphene-Ag NP structures on quartz have demon-
strated SERS EFs of over 10° for RhB, R6G and TNT. Moreover, an
ultrasensitive SERS detection with a limit down to 10" M can be
achieved when the hybrid film is fabricated on the Ag substrate
instead of quartz due to the hybridization between LSP of metal
NPs and SPP of Ag film. The proposed SERS systems may find
promising applications in areas of analytical chemistry, biomedical
diagnostics, biological sensing and imaging.
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