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ABSTRACT

In this research, it reported a novel three-dimensional (3D) metallic hybrid system by introducing single-layer graphene (SLG)
between silver nanoparticles (NPs) and silver nano-discs (NDs) arrays (Ag NPs/SLG/Ag NDs). By combining the plasmonic metallic
nanostructures and the unique physical/chemical properties of graphene, Ag NPs/SLG/Ag NDs hybrid substrate was fabricated,
and it exhibited extremely high surface-enhanced Raman scattering (SERS) performance. By tuning the diameter of Ag NDs, the
SERS performance of Ag NPs/SLG/Ag NDs hybrid substrate has been systematically studied. The detection limit for rhodamine 6g
(R6G) could reach the concentrations as low as 1 x 1072 mol/L, and the average enhancement factor (EF) of the Ag NPs/SLG/Ag
NDs substrate could reach 5.65 x 10°. These advantages indicated that the Ag NPs/SLG/Ag NDs hybrid substrate could be regarded
as a candidate for organic molecules detection under extremely low concentration. Besides, spatial Raman mapping of Ag
NPs/SLG/Ag NDs with 2.5 pm diameter NDs showed the larger SERE signal existed around the rim of Ag NDs which was related to
the localized surface plasmons. This phenomenon was contributed by a larger electromagnetic field which was tuned by Ag NPs
and the edge of Ag NDs. This mechanism also has been confirmed by the electromagnetic simulation result.
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1 Introduction

Raman spectroscopy as a very promising and powerful technique
is widely applied in characterizing the chemical structures of
materials without any damages. Due to its weak intensity, inelastic
scattering process with a very low cross-section, fluorescence
interference, inefficient light collection and detection, Raman
spectroscopy technology was neglected by many researchers
[1-6]. Surface-enhanced Raman scattering (SERS) as a promising
method make Raman spectroscopy be a powerful technique in
detecting extremely low concentration compounds [7-9], and
it has exhibited amazing potential for ultrasensitive analytical
applications [10-12]. Until now, SERS has been known as the
only method capable of simultaneously detecting a single molecule
and providing its chemical fingerprint [1, 13-16]. The widely
acceptable mechanisms of SERS are chemical mechanism (CM)
and electromagnetic mechanism (EM) [1, 13]. The charge transfer
process between target molecules and substrate contributes to
the CM mechanism [14]. EM mechanism is based on the local
electromagnetic field caused by surface plasmon (SP) which is
the coherent oscillations of conduction electrons under light
illuminate condition [17-19]. In order to explore morphologies
related electromagnetic field, different kinds of metallic structures
in nanoscale with various morphologies have been explored,
such as spheres [20], stars [21], cubes [22], octahedrons [23],
wires [24] and pyramids [25, 26]. Among these structures, most
of “hot spots” randomly generated. The disordered structures
could result in unstable and un-reproducible SERS signals.

Sometimes the SERS signals in random locations may be
completely different. In order to avoid such disadvantages, the
periodic structures have been regarded as a class of promising
SERS substrates with uniformity, signal reliability, and repro-
ducibility [27, 28]. Until now, lots of such efforts have been
made in the SERS community. The researchers used different
fabrication methods to synthesis controllable, periodic and
reproducible structures, such as periodic nano-discs (NDs) [1, 29],
nano-holes (NHs) [30, 31], nano-pillar [32], Ag nanoparticles
(NPs) array [33] and Au nano-pyramid [26, 34]. These architec-
tures were two-dimensional (2D) structures. Although the
periodic 2D structures could solve the problems above mentioned
in SERS, it still faced two imperfections which were 2D structures
that did not fully utilize the vertical spaces, and the only gaps
between horizontal patterns mainly contributed to the electro-
magnetic field. As a consequence, the SERS sensitivity of such
simple periodic 2D structures was usually restricted by the limited
density of the hot spots and the electromagnetic field [35, 36].
Due to such limits of 2D structures, the three-dimensional (3D)
structures were an alternative option of making full use of
vertical dimension to improve the SERS sensitivity. By fabricat-
ing “hot spots” in perpendicular dimension, electromagnetic field
in the vertical gaps could also result in improving the SERS
sensitivity. 3D metallic nanostructures, such as Au NPs deposited
on Ag NPs [37], Au NPs decorated porous Al membrane [38],
Au nanorods coupled with Ag NPs [39] and Ag nanoclusters
on ZnO nano-dome arrays [40] have already been studied. For
random 3D metallic nanostructures, they faced the disadvantages
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of the stability of SERS signals. For the periodic 3D metallic
nanostructures, it remained arduous to fabricate the uniform
nanometer or sub-nanometer scale structure and space.

Normally, Au and Ag are wildly applied in SERS structures.
In comparison with Au, Ag has been demonstrated to possess
a larger SERS enhancement factor (EF) than Au because of its
absence of inter-band absorption [37, 41, 42]. In this study, Ag
NPs deposited on periodic Ag NDs structures with single-
layer graphene (SLG) as an intermediate component has been
designed and fabricated. The porous SizNs membranes were
applied as a shadow mask to generate large area (as large as
500 pm x 500 pum square), periodic and highly-ordered Ag NDs
array in a few minutes. In comparison with the aluminum
anodic oxide (AAO) template method, photolithography method
and electron beam lithography method, this method possessed
some advantages which were the fabrication time was extremely
shortened and the fabrication process can be repeated several
times through the same mask. The graphene material with
atomic thickness generated sub-nanometer gaps between Ag NPs
and Ag NDs could result in an extremely large electromagnetic
field. The m-m stacking between aromatic molecules and
graphene also contributed to the Raman enhancement through
the charge transfer process [14, 25]. This ordered 3D metallic
Ag NPs/SLG/Ag NDs structure integrated the stronger lighter
interacted plasmon structure with SLG which possessed
mechanical flexibility and compatibility. By applying Ag NPs/
SLG/Ag NDs in detecting R6G under low concentration, we
demonstrated that the periodic 3D metallic Ag NPs/SLG/Ag
NDs hybrid system could be applied as a promising SERS
substrate with extremely high sensitivity, good reliability, and
stability.

2 Experimental sections

2.1 Fabrications of Ag NPs/SLG/Ag NDs substrates

Holey SisN: membrane with 200 nm thickness has been used
as a template that was purchased from Ted Pella, Inc. The
sputtering method was applied to generate 40 nm thick Ag
NDs through the holey SisN+ membrane. Graphene was grown
on copper foil, which was deposited by atmospheric pressure
chemical vapor deposition (CVD) at 1,000 °C with methane as a
carbon source. In the transfer process, graphene was spin-coated
with poly(methyl methacrylate) (commercial PMMA solution
with the type of A4) in order to generate a supporting film.
The spin coating speed was 4,000 r/min and the spin coating
time was 1 min [43]. Ammonium persulfate solution (APS) bath
with a concentration of 0.1 g/mL has been applied for etching
copper foil. After the PMMA/SLG film was transferred on
top of the Ag NDs substrate, the acetone bath was used for
removing the PMMA film. Another 10 nm thick of Ag film
was deposited on top of SLG/Ag NDs by using a sputtering
method. In order to generate Ag NPs, the Ag film/SLG/Ag NDs
sample has been annealed through the thermal treating process
under the pressure of 10~ mbar. The annealing temperature
was 350 °C and the time was 60 min.

2.2 Raman scattering experiments

Raman scattering experiments have been carried out by using
a Raman system (Bruker SENTERRA II Raman Microscope)
equipped with a 532 nm incident laser. The effective power of
the laser source was 2 mW for all measurements. The exposure
time was 1 s. The Raman spectroscopy system was connected
to a microscope, and the laser light was coupled through an
objective lens of 50x, which was used for exciting the samples
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as well as collecting the Raman signals. Prior to each Raman
experiment, calibration of the instrument was done with the
Raman signal from a silicon standard centered at 521 cm™.
For molecules SERS experiments, the molecules with certain
concentrations have been drop-casted on the substrate. The
samples were dried in the air without any heating. The SERS
measurements were performed from 16 random locations in
the working area to avoid some special points. If there was no
special instruction, the mentioned Raman spectra were expressed
in terms of average spectra.

3 Results and discussions

3.1 Characterization of the substrates

Figure 1 illustrates a brief fabrication procedure of Ag NPs/
SLG/Ag NDs structure. Firstly, the holey SizNs membrane with
200 nm thickness was applied as a template. The sputtering
method was applied in generating 40 nm thick Ag NDs structures
through the holes in the SisNs membrane. Afterward, graphene
film was transferred on top of Ag NDs by using the wet transfer
method to form the SLG/Ag NDs structure. After then, 10 nm
thick Ag film was deposited on top of the SLG/Ag NDs structure,
and a thermal treating method was used to synthesis Ag NPs
under vacuum. A detailed description of this process was
described in the experimental section.

Figures 2(a), 2(c) and 2(e) are atomic force microscope
(AFM) images of Ag NDs deposited on SiO»/Si substrate with
three different diameters. They illustrated the periodic and
homogenous Ag NDs structures which proved the feasibility of
fabrication. The heights and diameters of the Ag NDs have
been illustrated in cross-section profiles which are illustrated
in Figs. S1(a), S1(c) and S1(e) in the Electronic Supplementary
Material (ESM). The heights of all Ag NDs were 40 nm which
was controlled by the deposition time, and the diameters of Ag
NDs are 2.5 pm, 1 pm and 500 nm. The edge to edge distances of
Ag NDs were the same as the NDs diameter which were 2.5 um,
1 um and 500 nm, respectively. From Figs. 2(b), 2(d) and 2(f),
it can be observed that the morphology of Ag NDs was
maintained and the Ag NDs were successfully decorated by Ag
NPs in which graphene as an intercalation layer. The generation
of Ag NPs owed to the spatial reactivity during the annealing
process, which led to local nucleation sites and the growth of
small NPs [32, 37]. The corresponding cross-section profiles are
illustrated in Figs. S1(b), S1(d), and S1(f) in the ESM.

To test the SERS performance of the Ag NPs/SLG/Ag NDs
with three different NDs diameters, rhodamine 6g (R6G) was
applied as a probe molecule. The 20 pL of R6G ethanol solution
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Figure 1 Illustration of the fabrication process of proposed Ag NPs/
SLG/Ag NDs structure.
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with a concentration of 1 x 107° mol/L was dispersed on the
three substrates with the same total area to avoid concentration
effects. The SERS spectra were averaged spectra which were
obtained from 16 random locates. In Fig. 3, the Raman shifts
located at 610, 772, 1,181, 1,506 and 1,647 cm™ can be observed
and these peaks have a good agreement with the characteristic
peaks of R6G [44, 45]. By comparison with the Raman intensity
of the substrate with different diameters, the 500 nm diameter
Ag NDs showed the largest SERS enhancement. This was

Figure2 AFM images of fabricated Ag NDs on SiO»/Si and Ag NPs/
SLG/Ag NDs structures. (a), (c) and (e) AFM images of Ag NDs deposited
on SiO»/Si substrate with the NDs diameter of 2.5 um, 1 ym and 500 nm,
respectively. (b), (d) and (f) AFM images of Ag NPs/SLG/Ag NDs structure
with the NDs diameter of 2.5 pm, 1 pm and 500 nm, respectively.

— 500 nm
— 1.0 um
———2.5 pm

Intensity (a.u.)

A

600 800 1,(;00 . 1,2I()0 |,4|00 1,(:00
Raman shift (cm™)
Figure 3 SERS spectra of R6G on the Ag NPs/SLG/Ag NDs with 2.5 um,
1 um and 500 nm diameters NDs array structures. The concentration of
R6G was 1 x 107 mol/L.
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caused by the larger electromagnetic field of smaller NDs
substrate [30].

3.2 SERS spectra of different molecule concentrations

To investigate the SERS performance and sensitivity of the
proposed Ag NPs/SLG/Ag NDs, the SERS spectra of R6G with
different concentrations, which were drop-casted on of Ag
NPs/SLG/Ag NDs with 500 nm diameter NDs array, have
been illustrated in Fig. 4(a). The SERS signals of R6G under
the concentration of 1 x 107> mol/L can be observed which
proved the superior detection limit of Ag NPs/SLG/Ag NDs
substrate. This detection limit was lower than proposed
reported substrates, such as single-layer graphene-Au NP with
the detection limit of 1 x 10~ mol/L [46], 1LG/Ag NP array
with the detection limit of 1 x 10™" mol/L [13], Ag NP/GO with
the detection limit of 1 x 10”7 mol/L [47], Au NP/1LG/Au NP
with the detection limit of 1 x 10™° mol/L [48], Au NP/RGO/Ag
dendrite with the detection limit of 1 x 10 mol/L [41] and
Au@Ag NP/GO/Au@Ag NP with the detection limit of 1 x
107" mol/L [49]. With increasing the concentration of R6G
molecule, the SERS signals of the above characteristic peaks
were significantly improved. For the SERS spectrum with the
concentration of 1 x 107 mol/L, the Raman shifts located at
610, 772, 1,181, 1,506 and 1,647 cm™ became much clear, and
these peaks showed a good agreement with previous reports
[44, 45]. Under the R6G concentration of 1 x 10™° mol/L, not
only the characteristic peaks of R6G were observed, but also
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T T T T T T
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Figure 4 (a) SERS spectra of R6G on Ag NPs/SLG/Ag NDs with 500 nm

diameter NDs array with the concentrations from 1 x 107 to 1 x 107 mol/L.

(b)-(f) Integral peak intensities of R6G molecules as a function of con-

centrations. The selected Raman shifts in (b)-(f) were 610, 772, 1,181,

1,506 and 1,647 cm™, respectively.
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some additional weak peaks were shown as marked by blue
arrows. These additional peaks could be ascribed to chemical
adsorption-induced vibrations, molecular deformation, and
distortion [50, 51]. Various possible interactions between Ag
NPs/SLG/Ag NDs substrate and the R6G molecules, such as
charge transfer between the metal and molecules, photo-induced
damage and metal-catalyzed side reactions, may all affect the
final signals and make it difficult to assign these additionally
peaks precisely to a SERS spectrum [2, 52]. To verify the
capacity of quantitative detection, the relations between the
logarithm of the SERS intensities and concentrations were
illustrated in Figs. 4(b)-4(f), and the characteristic peaks
located at 610, 772, 1,181, 1,506 and 1,647 cm™ were selected.
From the linearly fitted curves, the intensities of the SERS
spectra of R6G were proportional to the logarithm of the
concentrations of R6G ethanol solution. By averaging, the relation
between SERS signal intensity and molecules concentration
could be written as

1g(Isgs) = 0.261g(Cypgs) + 4.9 1)

Through the linear response from 1 x 10 to 1 x 107> mol/L
in log scale, it revealed that the metallic Ag NPs/SLG/Ag NDs
substrate possessed a great potential in identifying and
quantitatively detecting organic materials.

The EF of SERS for R6G on the Ag NPs/SLG/Ag NDs substrates
could be calculated through the standard equation [13, 33, 53]

EF = IS;RS ;zSERS (2)
RS RS

where Isers and Izs correspond to peaks intensities of the SERS
spectra and the normal Raman spectra, respectively. Nsers and
Nrs are the numbers of molecules absorbed on the substrates
with or without “hot spots” In EF calculated experiments, R6G
ethanol solution with a certain volume Vsers and concentration
Csers was dropped on the SERS-active substrates to get SERS
signal. For non-SERS substrate, a certain volume Vrs of R6G
ethanol solution with a concentration of Cgs was dispersed to
an area of Sgs on a clean SiO./Si substrate, and let it dry to
form R6G solid thin film. Thus Eq. (2) could be converted to

EF = ISE;RS SsersVrsCrs (3)
I RS SRSVSERSCSERS

Figure 5 showed the SERS spectrum and the normal Raman
spectrum of R6G from the Ag NPs/SLG/Ag NDs substrate
and SiO/Si substrate. The peak intensities of 610 cm™ have
been selected to calculate the EE. For SERS spectrum, 20 pL of
1 x 1072 mol/L R6G ethanol solution was dispersed to a total
area of about 1 cm x 1 cm substrate (the working area of Ag
NPs/SLG/Ag NDs was 500 um x 500 um), and 20 pL of 1 x
10~ mol/L R6G solution was dispersed on SiO./Si substrate
with a total area of about 1 cm x 1 cm. For the calculation, we
considered the dried molecules film on the surface of the total
substrate surface was homogeneous. Consequently, both Sgzrs
and Sgs were regarded as 1 cm” In Fig. 5, the peak intensities of
solid R6G film on Ag NPs/SLG/Ag NDs and SiO./Si substrates
were 87.5 and 17.5 counts, respectively. According to the Eq. (3),
the calculated EF was 5.65 x 10° for the Ag NPs/SLG/Ag NDs
array substrates. This experimental EF was the average value
of the total SERS substrate. In Li’s work, the simulated EF of Ag
NPs-graphene-Ag substrate film was 1.02 x 10° [54]. However,
this value was calculated only from the largest electromagnetic
field region. The average experimental EF of G/Ag NP array
substrates reported by Zhang was 4.8 x 107 [53]. For the Au
NPs-SLG-Au NPs substrate in Khang June Lee’s work, the
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—— 1E—4 mol/L R6G on SiO,/Si
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Figure 5 The SERS spectrum of R6G ethanol solution with the concentration
of 1 x 107"2 mol/L which was dispersed to a total area of about 1 cm x 1 cm
substrate, and normal Raman spectrum of R6G solution with the concen-
tration of 1 x 107 mol/L was dispersed on SiO»/Si with the total area of
about 1 cm x 1 cm.

average experimental EF was 2.9 x 10° [55]. By comparison,
it proved the excellent SERS performance of proposed Ag
NPs/SLG/Ag NDs substrates.

3.3 Spatial Raman mappings of Ag NPs/SLG/Ag NDs
substrates with 2.5 um diameter NDs

Spatial Raman mappings of Ag NPs/SLG/Ag NDs substrates
with 2.5 pm diameter NDs have been illustrated in Fig. 6. The
scanning area was 4 um x 4 pm, and the resolution was 10
pixels x 10 pixels with a division of 400 nm. Figure 6(a)
illustrates the Spatial Raman mapping of Si. In Fig. 6(a), the Ag
NDs covered area shows less Raman intensity, and the space
between NDs shows stronger Raman signal. Figures 6(b)-6(d)
are spatial Raman mappings at 1,340, 1,580 and 1,680 cm™
which belong to D band, G band and 2D band of graphene,
respectively. From Figs. 6(b)-6(d), it can be observed that the
SERS signals of D band, G band and 2D band mainly enhanced
at the rim of NDs. We believe this phenomenon due to the
larger electromagnetic field tuned by Ag NPs which were located
at the rim area of Ag NDs. Figure S2 in the ESM illustrates

473

Figure 6 Spatial Raman mappings of Ag NPs/SLG/Ag NDs substrates
with 2.5 um diameter NDs. Raman intensities at 521 (a), 1,340 (b), 1,580
(c) and 1,680 cm™ (d) which belonged to Si, D band, G band and 2D band
of graphene, respectively. The background images were the optical image
of Ag NPs/SLG/Ag NDs and the color distributions illustrated the region
where was scanned.
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a typical SERS spectrum of SLG from Ag NPs/SLG/Ag NDs
substrates and normal SLG Raman spectrum with 532 nm
incident laser. By comparison with the normal Raman spectrum,
the G band of graphene has been extremely enhanced resulting
in the larger EF(G) than EF(2D). This caused the SERS signal
of G band larger than the 2D band [56, 57]. D band of graphene
was considered as a sign of disordered graphene [58, 59]. The
appearance of the D band was caused by the possibilities of
the graphene break and wrinkles in the transfer process or the
original defects in the graphene growing process.

3.4 Spatial Raman mappings of R6G and fluorescein
drop-casted on Ag NPs/SLG/Ag NDs substrates with
2.5 pm diameter NDs

To testify the applicability Ag NP/SLG/Ag NDs substrates,
R6G and fluorescein were selected as analytes. The scanning
area was 8 um x 8 pum, and the resolution was 20 pixels x 20
pixels with a division of 400 nm. Figures 7(a)-7(d) illustrate
the spatial Raman mappings of R6G and fluorescein molecules
drop-casted on Ag NPs/SLG/Ag NDs with 2.5 um diameter
NDs. The substrates employed in detecting R6G and fluorescein
were not the same noes, and they came from different batches.
Figures S3(a) and S3(b) in the ESM are typical Raman spectra
obtained from R6G and fluorescein molecules drop-casted on
Ag NP/SLG/Ag NDs substrate. In Fig. S3(b) in the ESM, the
Raman shifts located at 595, 636, 763, 1,182, 1,331, 1,409, 1,549
and 1,634 cm™ can be clearly observed. These peaks agreed with
the characteristic peaks of fluorescein [60-62]. Integral Raman
intensity of 521 cm™ in Figs. 7(a) and 7(c) belonged to Si, and
the color distributions clearly showed the circular patterns
which revealed the position of Ag NDs. In Figs. 7(b) and 7(d),
the integral Raman intensities of 1,182 cm™ belonging to R6G
and 611 cm™ belonging to fluorescein have been illustrated.

' 6.4

10.6

21.8

16.2

Figure 7 Spatial Raman mappings obtained from Ag NPs/SLG/Ag NDs
substrates with 2.5 um diameter NDs which was drop-casted by 20 uL of
R6G solution with the concentration of 1 x 107° mol/L, and fluorescein
molecules with the concentration of 1 x 107 mol/L. (a) and (c) The
distribution of integral peak intensities at 521 cm™ which corresponded
to Si. (b) The distribution of integral peak intensity at 1,182 cm™ which
corresponded to fluorescein. (d) The distribution of integral peak intensity
at 611 cm™ which corresponded to R6G. The background images were the
optical image of Ag NPs/SLG/Ag NDs and the color distributions illustrated
the region where was scanned.
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From the color distributions in both images, it can be observed
that the larger Raman intensities mainly located around the rims
of Ag NDs, and they looked like “rings”. This ring structure
was contributed by the larger electromagnetic field of the edge
of the metallic structure [63-66]. In Ag NPs/SLG/Ag NDs
structure, the edge electromagnetic field of Ag NDs has been
amplified by demarcating Ag NPs with a sub-nanometer gap
(carbon atom thickness). Consequentially, the SERS signal
of molecules absorbed in such a rim region was extremely
enhanced. This result has been proved through the simulation
result in Fig. 8.

87
65
44

22

0.0

Figure 8 The simulated electromagnetic field in the YZ plane of simplified
model.

3.5 Electromagnetic field simulation performance

To better understand the nature of the EM mechanism of SERS,
the electromagnetic field simulation of Ag NPs/SLG/Ag NDs
substrate has been performed. The simplified model has been
applied and the simulated result was displayed in Fig. 8. In the
simulation part, a plane light wave was launched perpendicular
to the substrate with a wavelength of 532 nm. The X-, Y- and
Z-axes were using perfectly matched layer (PML) boundary
conditions. The structure was 40 nm thick Ag NDs array with
a diameter of 180 nm. 1 nm thick graphene was applied. The
circular Ag NPs with 80 nm diameter and 10 nm edge to edge
distance were decorated on top of graphene. The meshing
setting was 1 nm in X-, Y- and Z-directions. From the simulated
results of the simplified model, it was clear the edge of the
structure showed a large electromagnetic field which matched
the result of spatial Raman mapping results.

4 Conclusions

In conclusion, this work presented an efficient strategy for
designing and fabricating high-performance SERS substrates
and confirmed the EM mechanism of SERS. By combining the
EM of Ag NPs and Ag NDs as well as the unique properties of
single graphene, Ag NPs/SLG/Ag NDs illustrated high SERS
sensitivity. The SERS enhancement of Ag NPs/SLG/Ag NDs
substrate has been modulated by varying the diameter of Ag
NDs from 500 nm to 2.5 pm and the substrate with 500 nm
Ag NDs diameter possessed large EF. By analyzing the spatial
Raman mapping of Ag NPs/SLG/Ag NDs with 2.5 um NDs
diameter, the lager enhancement region was mainly at the rim
of Ag NDs due to the larger electromagnetic field of this region.
This has been proved through the electromagnetic field simulation
results. The high performance of Ag NPs/SLG/Ag NDs indicated
it could be a promising candidate in characterizing the molecules
under extremely low concentration.
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