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ABSTRACT

In this paper, the study of using masks to directly generate large area, highly ordered and periodical nanostructure has been exhibited.
Periodic Au nano-discs(NDs) arrays have been fabricated on top of graphene by using holey SisN4s mask which is directly fixed on top of
graphene and Au metal is deposited through the holes in mask by thermal evaporation method under vacuum condition. This fabrication
method provides an easy, fast and cost efficiency way to generate periodical nanostructure. Also, Au nanoholes(NHs) structure has been
studied by using holey SisN4 as a template. The surface-enhanced Raman scattering (SERS) sensitivities of periodical Au NDs/graphene and
graphene/Au NHs hybrid structures have been systematically studied. The internal mechanisms could be explained by chemical mechanism
effect of graphene and electromagnetic mechanism effect of metallic nano-structures. The enhancement factors have been systematically
investigated by varying the diameter and the thickness of Au discs and Au NHs. Raman mappings of Au NDs with 2.5 pm diameter illustrate
that the larger SERS enhancements exist in the rim of NDs which has good agreement with the electric field simulation result. The SERE
enhancement factors of fluorescein obtained from Au NDs/graphene substrates shows an improvement factor of 500% in comparison of
graphene substrate. The calculated SERS enhancement factors of graphene/Au NHs achieve 1,200% in comparison of graphene/planar Au

film substrate.
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1 Introduction

In the past decades, Raman spectroscopy has been regarded as a very
important, promising and powerful technique in characterizing the
structure of chemical materials without any damages [1]. In the
beginning, Raman spectroscopy technology was neglected because
of its weak intensity, inelastic scattering process with a very low
cross-section, fluorescence interference, inefficient light collection
and detection [2-6]. These defects have limited analysis efficiency
and applicability of Raman scattering. Consequently, finding a way
to enhance signals of Raman spectroscopy is a long-term pursuit, no
matter in theory studying or in practical meaning. Surface-enhanced
Raman scattering (SERS) provides an opportunity to make Raman
as a powerful technique for ultrasensitive and selective detection in
biology and chemistry. Currently, SERS is the only method capable
of simultaneously detecting a single molecule and providing its
chemical fingerprint [2, 7-10]. Normally, two widely accepted
mechanisms are chemical mechanism (CM) and electromagnetic
mechanism (EM) [2, 7]. The CM is mainly caused by charge
transfer between target molecules and substrate, usually it has a
minor enhancement factor of 10-100 [8]. The EM is based on local
electromagnetic field caused by surface excitation plasmon under
light illuminate condition. The enhancement of electromagnetic
field results in a significant increase in the cross section of the Raman
scattering and up to 10® or more [4, 11, 12].

The CM is usually thought to be a “first layer effect” because that

the charge transfer needs less distance. Some studies show that the
first monolayer molecules absorbed on substrate often exhibit a SERS
cross section which is much larger than that of the second layer [11].
For such reason, a uniform and small roughness surface is needed
to get much chemically enhanced signal. In comparison with other
kinds of materials, monolayer graphene with homogenous and quite
flat surface comes into our sight. As a two-dimension (2D) material,
monolayer graphene is composed of carbon atoms with a hexagonal
lattice structure. It has lots of interesting properties such as atomic
thickness, high thermal conductivity [12], high current density [13],
intrinsic field-effect mobility [14], and transparency (2.3% light
absorption at normal incidence)[15]. In addition, graphene possesses
characters of excellent bio-compatibility and chemical stability. So,
considerable efforts have been devoted to graphene SERS sensors in
identification and detection of chemical and biological species in a
label-free environment [16, 17]. For EM effect, metallic plasmonic
nanostructures are regarded as the most promising candidates for
applications in SERS [8]. The metallic nanostructures possess very
important properties, one of which is the possibility of a collective
excitation of conduction electrons by UV-visible light. This excitation,
known as surface plasmon excitation, is responsible for remarkable
size/shape/environment-dependent optical properties of metallic
nanostructures [18]. Plasmon excitation leads to strongly enhanced
electromagnetic fields near the nanoparticle surfaces, and this is
responsible for the electromagnetic contribution to the Raman signals
observed in SERS [2, 11]. As a result, molecules adsorbed near the
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electromagnetic hot spots dominate the Raman intensity. Various
metallic nanostructures with tuneable plasmonic properties have been
widely explored as excellent SERS active systems [19, 20]. In the work
of Cheng Mu, Au nano-particles (NPs) were spin-coated on prepared
substrate with small channel to align Au NPs [21]. Au NPs modified
substrate was fabricated through directly immersing the organic
group pre-modified substrate into colloid suspension [22]. Isolated
Au nanoparticles substrate was generated using O plasma treat Au
film [23]. In addition, periodical structures have been studied, such
as using AAO template to get Au pillars [24], focus ion beam to
fabricate Au nanorod [25, 26] and electron beam lithography (EBL) to
generate Au disc [2]. The advances in colloidal synthesis methods
and nanofabrication techniques such as e-beam and nanosphere
lithography now allow for the fabrication of well-defined nanoparticles
and therefore more homogeneous structures [16-18], but these
methods need advanced instruments, several fabrication steps and
longer time. So, finding an easy approach way to fabricate large area,
highly ordered and periodical nanostructure is still an interesting
topic. In this study, we provide a simple and efficient approach to
achieve a hybrid system by sandwiching a monolayer graphene
between periodic Au nanostructures and SiO./Si substrate. Graphene
is transferred on SiO»/Si and Au atoms go through the holes in SisN4
mask to form Au NDs. Designing such structure combined EM
and CM is a promising strategy in SERS performance. Thus, this
combination of graphene and metallic plasmonic nanostructures
is an effective way to enhance light matter interaction within visible
wavelengths, which also could encourage potential applications in
other fields. The role of graphene played in this structure graphene
is an atomically thin, seamless, and chemically inert net with few
functions which are: 1) ultrathin graphene layer can provide effective
transfer of the electromagnetic field from the metallic structure
through to the probe molecule; 2) graphene can efficiently reduce
the fluorescence background of dye molecules which make the Raman
scattering signal much clear; 3) the charge transfer between monolayer
graphene and probe molecules is much easier. By varying diameter
and thickness of the Au NDs and Au NHs, SERS enhancement factor
has a good agreement with the electromagnetic field simulation results
of NDs and NHs.

2 Experimental

2.1 Materials

Fluorescein molecules powder is purchased from Sigma-Aldrich. The
holey $i:N masks and Kapton” tape are purchased from TED PELLA,
INC. The gold wire with a diameter of 0.25 mm and purity of 99.99%
is ordered from ADVENT Research Materials Ltd.

2.2 Characterization and instruments

Scanning electron microscope (SEM, JSM-6700F) and atomic
force microscope (AFM, NT-MAT) were used to characterize the
morphology of Au NPs deposited on substrates, before and after
graphene transfer. Bruker OPUS Raman system was applied in SERS
measurement.

2.3 Details of transferring graphene from copper foil to
Si0,/Si substrate

Graphene was synthesized by atmospheric pressure chemical vapor
deposition (CVD) at 1,000 °C on copper foil with methane as carbon
source [27]. In order to get a clean substrate surface, SiO»/Si substrate
was immersed into acetone ultrasound bath and ethanol ultrasound
bath alternately for several times. After the cleaning process, nitrogen
gas was applied to dry the substrate. Graphene grown on copper
foil was cut into 4 cm x 4 cm square and then fixed onto one piece of
clean normal glass by using Kapton” tape. Commercially available
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PMMA solution (A4 solution) had been spin coated on the top of
graphene surface in order to generate support film at a speed of
4,000 r/min for 1 min. Remove the tape and turn the PMMA/
graphene/copper sample upside down and then fixed it on one
piece of clean glass, it should be noticed that the PMMA film now
was facing the glass. Treat the sample with O plasma for 2 min
under condition of 150 mL/min O:flow speed, 100 W supplied power.
The purpose of this treatment was aiming to remove the backside
graphene. Cut PMMA/graphene/copper sample in a certain size and
then put on APS solution (0.1 g/mL) for 2 h in order to etch copper
foil. After Cu was completed etched, a clean process was necessary
for transferring PMMA/graphene sample onto a water bath three
times and the total cleaning time was 30 min. After that transfer
PMMA/graphene on SiO./Si substrate and keep PMMA/graphene/
SiO./Si sample into desiccator for 24 h under vacuum. After that
acetone bath was applied to remove PMMA supporting film for
several times. At last use N gas to dry the graphene surface.

2.4 Fabrication and characterization of the Au array on
graphene

The fabrication procedure of the highly periodic Au NDs on SiO./Si
and graphene/SiO./Si substrates is schematically illustrated in Fig. 1.
Si;Ny membrane with 200 nm thickness was directly fixed on top of
SiO./Si or graphene/SiO./Si substrates surface by Kapton® tape.
Then the sample was transferred into thermal evaporation chamber
overnight under a pressure of 8.6 x 107® mbar in order to get better
contact between SizNs; membrane and the sample surface. The Au
depositing process was under the pressure of 2 x 107 mbar. The
thermal evaporation rate was at 20-30 A/s. The Au NDs thickness
was monitored by a quartz balance and the final diameter and
thickness were confirmed by AFM measurement.

2.5 SERS experiments

SERS experiments were carried out using a Raman system (OPUS)
with laser excitation at 532 nm. The excitation laser spot was about
1 um and the effective power of the laser source was kept at 2 mW
for fluorescein molecules. The system is connected to a microscope,
and the laser light was coupled through an objective lens of 50,
which was used for exciting the samples 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 520 cm™. SERS substrates were spin coated fluorescein
solution at a speed of 4,000 r/min for 1 min. The SERS measurements
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Figure 1 Schematic fabrication process of hexagonal-arranged Au NDs on
graphene using holey SisN4 mask and fabrication of graphene/Au NHs structure.
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were performed from at 8 random locations in the NDs area and
another 8 random locations which are located out of Au NDs but
on the graphene with an accumulation time of 1 s. If there was no
special instruction, the mentioned Raman spectra were expressed
in terms of average spectra.

3 Results and discussion

The fabrications of periodical Au NDs/graphene (left side) and
graphene/Au NHs structures (right side) are illustrated in Fig. 1.
Firstly, PMMA/graphene/copper was put in APS solution in order
to remove copper. Then acetone was applied to remove PMMA thin
film which served as a support film. After that the SisNs mask was
directly fixed on the top of graphene and then using thermal
evaporation method to generate Au NDs. For graphene/Au nanohole
structure, the Au film was directly evaporated on the top of holey
SisNs and then graphene was transferred on the top. The fabrication
details had been described in experimental section.

3.1 Characterization of Au NDs arrays

Figure 2 shows the SEM images of hexagonally arranged Au NDs
deposited on SiO»/Si substrate and graphene/SiO./Si substrate which
was used SisNs membrane as mask. The diameter of both discs is
1 um and the edge to edge distance is nearly 200 nm. In comparison
with Au disc on SiO/Si substrate and graphene, the edge of Au disc
on Si0»/Si substrate is much sharper. This phenomenon is caused by
the un-flat surface of graphene. The possibility of generated wrinkle,
breaking area and PMMA residue in transferring process of graphene
result in a larger gap between the mask and graphene surface which
caused the diffusion of Au atoms.

S .
™Y .. ‘.‘.
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Figure 2 SEM images of Au NDs deposited on SiO»/Si (a) substrate and graphene/
SiO2/Si (b) substrates. Blurred structures appearing in (b) indicate diffusion of Au
atoms during deposition.
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Figures 3(a) and 3(d) are AFM images of periodic Au NDs grown
on graphene substrate with different thicknesses and diameters.
After evaporation and peeling the SisN4+ mask off, the periodic and
uniform Au NDs array grown on the graphene surface with hexagonal
structure can be clearly observed which indicated the successful
fabrication. The diameter of NDs is controlled by using different
masks with certain nanoholes diameters and the thickness of NDs
is controlled by evaporation time. Through the line cross-sections
profiles, the diameter and the thickness of NDs in Figs. 3(a)-3(d)
can be easily calculated and the corresponding diameter and
thickness are 500 nm and 10 nm, 500 nm and 20 nm, 1 um and
10 nm, 1 pm and 20 nm, respectively. The Au NDs on graphene
surface are regarded as electromagnetic “hot spots” under light
illumination, which can make the final combined structure exhibit
electromagnetic enhancement active. Figures 3(e)-3(g) are AFM
images of graphene/Au NHs substrates and the thickness of Au is
40 nm which calculated through the film thickness balance during
evaporation process. The diameter of Au NHs in Figs. 3(e)-3(g) are
1,000, 500, and 300 nm respectively. From Figs. 3(e)-3(g), it can be
clearly seen that the graphene film has been successfully transferred
on the Au NHs. In addition, the broken area of graphene film also
could be observed which look like “black holes” with big contrast.

3.2 SERS activities of Au NDs/graphene and graphene/Au
NHs substrates

In order to detect the SERS property of different substrates,
fluorescein has been used as a probe molecule. In this experiment
fluorescein ethanol solution (1 x 10~ mol/L) is spin coated on clean
SiO./Si substrate, graphene/SiO./Si substrate, planar Au film,
graphene/planar Au film and Au NDs/graphene substrate and
graphene/Au NHs. In SERS experiment, samples with spin coated
molecules are put on a high-speed encoded stage which has been
controlled by the build-in Raman system software. In such case the
sample can be automatically moved in XYZ directions by simply
marking the area or points.

Figures 4(a) and 4(b) are obtained Raman spectra of different
substrates. As shown in Fig. 4(a), Raman spectrum of fluorescein
molecule spin coated on SiO»/Si and planar Au film is quite weak
and very noisy and the Raman signal of fluorescein spin coated on
planar Au film also is very weak. In comparison with SiO./Si
substrate, planar Au film substrate does not show any enhancement.
This is expectable because that the planar Au film does not have
any plasmonic effect. For the graphene/SiO./Si substrate and
graphene/planar Au film substrate, peaks located at 595, 636, 763,
1,182, 1,331, 1,409, 1,549 and 1,634 cm™" can be clearly observed. The
Raman frequency range from 1,000 to 1,800 cm™ contains skeletal
vibrational modes of the xanthene moiety of fluorescein [28-30]
and the torsional motions between the xanthene ring and benzoate
are below 1,000 cm™. These peaks are in good agreement with
previous reports for Raman shift of fluorescein molecules [28].
By comparison, the signal of molecules on the graphene sample
is much stronger than the sample without graphene. This result
indicates the chemical enhancement of graphene. Graphene as a
two-dimensional material provides a surface with more well-defined
molecule-substrate interactions such as molecules absorption and
charge transfer between molecule and graphene [31]. In comparison
with Raman signals intensities of fluorescein molecules on graphene/
planar Au substrate, the signal graphene substrate intensity does
not show much difference. This result demonstrates that the planar
Au film does not show any interactions with graphene and does not
contribute to the enhancement of Raman signal. The Raman signal
of fluorescein molecules which located on periodical Au array and
Au array/graphene substrate exhibits an excellent enhancement,
due to localized surface plasmon resonance (LSPR) of highly uniform
Au NDs arrays. The average enhancement of Au array/graphene is
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Figure 3 (a)-(d) AFM images (5 pm x 5 um) of Au NDs deposited on graphene/SiO/Si substrate with different diameters and thicknesses. The cross-section profiles
illustrate the thickness and the diameter of corresponding Au NDs. The corresponding diameter and thickness in (a) and (d) are 500 and 10 nm, 500 and 20 nm, 1 pm
and 10 nm, 1 um and 20 nm, respectively. (e)-(g) AFM images (10 pm x 10 pm) of transferred graphene on Au NHs with different diameter under the Au thickness of

40 nm. The diameters of Au hole are 1 um (e), 500 nm (f) and 300 nm(g).
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Figure4 (a) Raman spectra of fluorescein spin coated on SiO»/Si and SERS spectra fluorescein which spin coated on Au film, pure Au NDs substrate, graphene,
graphene/Au film and Au NDs/graphene. (b) Raman spectra of fluorescein spin coated on graphene/Au NHs with different diameters.

larger than pure Au array substrate due to the CM enhancement of
graphene between NDs. The highly uniform Au NDs arrays fabricated
on certain substrates over large surfaces are efficient “hot spots”
which make the final combined structure exhibits electromagnetic
enhancement active resulting in enhancing the Raman signals of
molecules. For such reason, generated the electric field of Au NDs
dramatically enhancement the vibration of the molecules. After
calculating the enhancement of Au NDs/graphene sample, the
enhancement is 5 times larger than fluorescein on the graphene
substrate. For the Au NHs samples, rim of Au NHs contributes to the
magnetoelectrical field which results in the enhancement. Obtained
Raman spectrum of Au NHs samples are similar to Au NDs/graphene

samples.

In order to quantify the Raman enhancement factor of the Au
NDs samples, we used the graphene area’s Raman spectrum which
located next to the Au NDs array area and Au nanohole as a “built-in”
SERS intensity gauge. Beside the characteristic peaks of fluorescein,
some additional weak peaks are also observed. These additional
peaks are difficult to be assigned precisely, which may be due to the
various possible interactions between substrates and fluorescein
molecules, including charge transfer between metal and molecules
or some damage of samples, etc. Figure 5 displays original SERS
spectra which are obtained under the Au array areas and without
Au array area.
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Figure 6 illustrates the evaluated peaks intensity of fluorescein
on different Au disc array/graphene substrates and graphene/Au
nanoholes. For Au NDs samples peak intensity is evaluated using
the same peak intensity which is obtained from graphene substrate
as referee. For graphene/Au NHs samples, graphene/Au film is
regarded as referee. The D peak of graphene is the second order
scattering process involving a defect site and a phonon, and it is
usually used for defect diagnosis. D band of graphene is located at
1,343 cm™ and the Raman signal of fluorescein also shows one peak
near D band of graphene (Fig. 4(a)). Consequently, both D band of
graphene and Raman signal of fluorescein contribute the broad
peak from 1,276 to 1,371 cm™. In the following evaluation, the broad
peak and the peak located at 1,588 cm™ corresponding to G band of
graphene are ignored in order to avoid the effect of graphene. In

Nano Res. 2019, 12(11): 2788-2795

Fig. 6, we can see the enhancement factors of seven peaks
corresponding to fluorescein are different. For vibration at 1,409 cm™
which belongs to C-CH bond and C-C stretch [28], the peak intensity
is dramatically enhanced in comparison with other peaks. The
vibration of peaks which belong to torsional motions between the
xanthene ring and benzoate [32] located below 1,000 cm™ exhibit
less enhancement. This indicates that the LSPR really does affect
the whole spectra but the enhancement efficiency for each peak is
not the same. In the theory of electromagnetic models, metallic
structures are always considered as efficient “hot spots” for enhancing
intensity of SERS spectra and a molecule close to such structure is
treated as a polarizable point dipole. Due to this hypothesis the
overall enhancement is approximately equal to the product of the
gain at the laser angular frequency and that at the Raman angular
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Figure 5 SERS spectra obtained from different Au discs array patterned on graphene and graphene substrate. The diameters and the thicknesses of Au NDs array are:
(a) 500 nm and 10 nm, (b) 500 nm and 20 nm, (c) 1 um and 10 nm, (d) 1 pm and 20 nm.
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frequency [33]. According to this model, the larger enhancement
can be predicted under conditions which are both frequency of the
incident laser and the scattered Raman electromagnetic field
approach the resonance frequency of LSPR. The theoretical analysis
predicts that the maximum SERS effect occurs when the LSPR
wavelength, Aiser, is equal to half the summation of the excitation
(Aexc) and the Raman scattering (Ars) wavelengths; that is, Arspr = 1/2
(Aexc+ Ars) [33, 34]. The absorbance spectra of Au NDs with different
diameters and thickness have been plotted in Fig. S1 in the Electronic
Supplementary Material (ESM). From Fig. S1 in the ESM, the
absorption peaks of 500 nm diameter NDs with 10 and 20 nm
thickness are 595 and 636 nm, and absorption peaks of 1 um diameter
NDs with 10 and 20 nm thickness are 616 and 673 nm. In this study,
the excitation laser wavelength is fixed at 532 nm. According to the
theory of LSPR theory, for the Raman peak of 1,409 cm™ (which is
575 nm on wavelength scale), the calculated Aviser is ~ 554 nm. So,
the enhanced Raman intensity by Au NDs with 500 nm diameter
with the Aispr of 633 nm (which is closer to 554 nm) is larger than
1 pum NDs with the Awser of 673 nm. This just matches the result in
Fig. 6(c). From Figs. 6(a) and 6(b) it can be observed that at the same
diameter of the Au discs array the intensity of all peaks increases
with increasing the thickness of Au disc. This could be due to that
Au disc with large thickness can exhibit stronger electric field under
light illumination. Strong electrical field interact with the molecular
probe by photon-electron interaction leading to an effective
amplification of the inherent weak Raman signal [35]. In Fig. 6(d),
it is observed that at the same thickness of Au, the smaller diameter
NHs substrates show larger SERS enhancements. This result can
be affected by several factors, such as: 1) shifting of Aisr which is
caused by the changing of diameter of NDs or NHs [36]. 2) The
plasmon area captured by Raman microscope is not the same. In
comparison with larger diameter NDs or NHs structures, the small
diameter NDs or NHs structures can contribute more plasmon region
which mainly enhance the SERE signals. 3) The electromagnetic fields
of the small diameter NDs or NHs are larger than big ones which is
confirmed by simulation results (Fig. 7). The experimental results
show that the maximal enhancement of graphene/Au NDs and
graphene/Au NHs structures are 5 times larger than graphene substrate
and 12 times larger than graphene/planar Au film structure,
respectively.

In order to better understand the electric field enhancement
of the Au NDs and Au NHs array with different diameters, the
numerical simulations based on the finite-difference time-domain
method simulations have been performed in Fig. 7. For Au NDs
structures, the constructions were made up of hexagon gold NDs
array without graphene. For the Au NHs structures, the hexagon
Au NHs covered with 0.35 nm thickness graphene layer formed the
simulation model. For both constructions, electric field distributions
in the XY plane on top of structure surface have been monitored. In
the simulation part, a plane light wave is launched perpendicular to
the substrate with the wavelength of 532 nm. The total simulation
area is 3 um x 3 pm in the horizontal dimension and the com-
putational domain is considered as a single unit cell. X axis is using
anti-symmetric boundary condition and Y axis is using symmetric
boundary condition. The structure is 50 nm thickness Au NDs
array and Au NHs array. From the results of simulation, the NDs
with 500 nm diameter exhibits stronger electric field than the 1 um
diameter NDs, and the 500 nm diameter Au NHs structure shows
stronger electric field than NHs with 1 pm diameter. These results
have good agreements with the SERS results that small diameter of
NDs and NHs show larger Raman signal enhancement.

According to the simulation results, the larger electric field exists
around the rim of NDs. In order to confirm the larger electric field
contributes larger enhancements, the Raman intensities distributions
of Au NDs with 2.5 um diameter has been illustrated using spatially

/ um 0.13

Figure 7 (a) and (b) Electric field in the plane on top of 500 nm and 1 pm Au
NDs array for thickness of 50 nm. (c) and (d) Same for 500 nm and 1 pm Au
NHs array for thickness of 50 nm. The colour bar value is nonlinear and the
electrical value is calculated with a formula of logz(absolute electric field value)
in order to enlarge the color distribution difference.

resolved Raman mapping. Figure 8 are Raman mappings of fluorescein
spin-coated on 2.5 pm diameter NDs with 20 nm thickness. The
scanning area is 8 um x 8 pm and the resolution is 20 pixels X
20 pixels with a division of 400 nm. For the confocal Raman system,
the Rayleigh criterion implies that the resolution cannot be physically
higher than half of the spot size. The spot size which reaches the
charge coupled device (CCD) can be given by the Airy disk equation,
that is S = 1.22A/NA. In which A is the laser wavelength, § is the laser
spot diameter, and NA is the numerical aperture of the objective. In
our Raman system, the A was 532 nm and the 50x objective (with a
numerical aperture of 0.75) were applied. So, the calculated laser
size was 865.4 nm. The Rayleigh criterion implies that the resolution
and the maximal physical resolution cannot be physically higher
than half of the spot size which was ~ 433 nm/pixel [37]. In order
to cover the whole scanning area, the 400 nm/pixel parameter has
been selected in this study. The color bar in Fig. 8 is nonlinear and
the value of bar is calculated with formula which is log.(absolute
electromagnetic field value) in order to enlarge the color distribution
difference. Figure 8(a) is the Si Raman intensity distribution at
521 cm™ and the background image in Fig. 8(a) is the optical image
of periodic 2.5 um NDs array. In Fig. 8(a), it is clearly observed that
the Raman intensity of Au NDs covered area show less Raman
intensity and the color distribution looks like “circular patterns”
with the diameter of around 2.5 pm which matches the diameter of
Au NDs. Figures 8(b)-8(h) are Raman distribution at peak of 595,
636, 763, 1,182, 1,409, 1,549, and 1,634 cm™', respectively. From
Figs. 8(b)-8(h), it is shown that the Raman intensity at the rim of
NDs is larger than the center area of NDs or substrate surface area
without Au NDs deposited. Through this way, the rim of Au NDs
generates larger electromagnetic field is precisely focused using
Raman intensity mappings. Combing the simulation results that the
rim of NDs generated larger electric field, the Raman mappings
confirm the EM mechanism in SERS performances.

4 Conclusion

In conclusion, we designed a very easy, convenient and cost efficient
way to generate Au NDs/graphene and graphene/Au NHs hybrid
structures in this research. By combining the chemical factor of
graphene and electrical magnetic field factor of plasmon structure
the weak signal of molecules has been enhanced. The enhancement
of molecules which spin coated on the surface of substrate exhibits
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Figure 8 Raman mapping fluorescein molecules spin-coated on Au
NDs/graphene substrate with 2.5 um Au NDs diameter. (a)—(h) are integrated
Raman intensities distribution of peaks located at 521, 595, 636, 763, 1,182,
1,409, 1,549, and 1,634 cm™, respectively.

systemic change through tuning the thickness and the diameter of
Au NDs and Au NHs. The Raman mappings show the results that
SERS enhancements at the rim of NDs are larger than that at the
centre of NDs or without Au NDs region. This result has a good
agreement with the simulation results that the rim of NDs generates
larger electric field and confirms the EM mechanism of SERS. The
fabrication method in this paper provides us a promising way to
generate a highly perform platform to identify the structure of
molecules by enhanced Raman signals. The Raman mapping
provides a way to focus the large enhancement region. In addition,
these structures, both Au NDs and Au NHs structure, provide a
functional component in sensing, spectroscopy and photonic devices.
In future, nanostructure fabrication with different shapes and
diameters and their applications in different domains are still needed
to be studied. The process of making this method as universal
technique will be a long journey with practical meaning.
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