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In this study, we developed a facile technique to fabricate a surface-enhanced Raman scattering (SERS)
substrate. The technique involves self-assembling monodispersive SiO, spheres on silicon wafer, then
coating with a thin Ag film to form a SERS substrate comprised of a Ag coated monolayer array of SiO,
spheres. The substrate can detect minute amounts of organic dye. By optimizing the fabrication process,
including controlling the size of the SiO, spheres, the distribution of the SiO, spheres on the silicon
wafer, and the thickness of the Ag film, a dramatic increase in the enhancement of Raman scattering
signals by surface plasmon resonance can be achieved. The enhancement of Raman scattering is closely
correlated to the absorption peak of the organic dye and the excitation wavelength of the Raman
system. A 40 000-fold enhancement has been observed for a substrate prepared with 350 nm SiO,

spheres self-assembled on silicon wafer and coated with a 150 nm Ag layer. Through experimental and
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Introduction

The technology for fabricating periodic metallic structures has
been advanced rapidly due to the increased applications of
surface-enhanced Raman scattering (SERS) spectroscopy in
recent years."™ Conventional Raman spectroscopy is not suffi-
cient to detect all matter, but impressive progress has been
made in the development of surface-enhanced Raman scat-
tering spectroscopy.®*® The SERS spectroscopy technique has
been developed as a fast and non-invasive analytical method for
detecting environmental pollutants, bacteria, conducting poly-
mers, metal oxides, etc."* The SERS signal intensities are
related to the size,’*"” shape,”*™ and distributions of the
nanostructures.”** The SERS signals can be enhanced by a
strong local electromagnetic field due to localized surface
plasmon resonances (LSPR) coupled with the vibration
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substrate are useful for the design and fabrication of functional devices and sensors.

intensities of the molecules near the nanostructures. Metallic
nanostructures are usually used to study surface plasmon
resonance and can be fabricated by lithography techniques,
followed by thermal evaporation of a noble metal. However,
some lithography techniques are time consuming and/or high
cost, such as photolithography,* focus ion beam etching,* and
electron beam lithography.>**” Recent advances in colloidal
lithography®®*® provide a number of advantages: firstly, the
technique can form nanopatterns in a single step. Secondly, it is
of a lower cost compared to the other expensive lithographic
techniques. However, the metallic surface morphology fabri-
cated by colloidal lithography has quite a complex surface
plasmon resonance effect due to the superimposition of two
gratings consisting of half-shells and truncated tetrahedra that
are formed in the spaces between the spheres.’* Among the
metals with the SERS effect, silver is an excellent candidate for
use as a SERS substrate because the plasmon resonance
frequency is usually within the visible region, and silver has an
acceptable price.*"*?

The fast and convenient detection of a dye or pigment in
effluents has attracted great interest in recent years because the
presence of dye in wastewater can inhibit sunlight penetration
into watercourses and, therefore, reduce or even cease photo-
synthetic reactions in the aquatic environment. Moreover, some
synthetic dyes are quite toxic, even carcinogenic, and harmful to
people. As a result, developing a quick and easy method to
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detect dyes in solutions becomes important from both a
scientific and environmental point of view.*?

In this study, we developed a highly-sensitive and low-cost
SERS substrate, consisting of a Ag coated monolayer array of
SiO, spheres synthesized by the self-assembly of the SiO,
spheres on Si, then followed by thermal evaporation of a thin Ag
film. The fabricated SERS substrate was used to enhance Raman
scattering signals of organic dyes, such as methyl red, methyl
orange, brilliant green, and methylene blue. The light intensity
distributions of different SERS structures were simulated using
the finite-difference time-domain (FDTD) method. The surface
plasmon resonance behavior of dye on the SERS substrate was
investigated. The physical mechanisms of SERS were discussed
based on both experimental observations and numerical
studies. The results of this study provide a useful strategy to
fabricate highly-sensitive and low-cost SERS substrates for
detecting organic molecules.

Results and discussion

Various SERS substrates were prepared by spin coating mono-
dispersive SiO, spheres onto Si at different spin rates, followed
by coating a thin Ag film on top of them. Samples prepared from
380 nm SiO, spheres are denoted as xTyyy. The first letter x can
be 1, 2, 3, 4, or 5 and indicates a spin rate of 1000, 2000, 3000,
4000 and 5000 rpm respectively. The second letter T means
the thickness of Ag and the last three letters yyy represent
the thickness of the Ag, which can be 50, 100, 150, 200 or
250 nm. The microstructures of the different SERS substrates
were investigated using SEM. Fig. 1(a) shows a multilayer
morphology of SiO, spheres for the substrate prepared at a spin
rate of 1000 rpm. When the spin rate is increased to 2000 rpm,
the microstructure becomes a close packed layer of SiO, spheres
as shown in Fig. 1(b). Subsequently, the amount of SiO, spheres
on the substrate decreases on increasing the spin rate up to
5000 rpm as shown in Fig. 1(c)-(e). Furthermore, the electro-
magnetic coupling between two spheres causes extremely large
Raman enhancements, and it is called the “hot-spot” effect. It
has been reported that a large amount of “hot-spots” can be
used as very powerful detection tool.** Finally, we chose the
SERS substrate prepared at the 2000 rpm spin rate for further
study due to its large amount of hot spots and periodic struc-
ture. Fig. 1(f) shows the cross-sectional SEM image of the SERS
substrate prepared at a 2000 rpm coating rate. A monolayer of
SiO, spheres can be clearly observed.

The morphologies of the different sized SiO, spheres on the
SERS substrate fabricated at a fixed spin rate of 2000 rpm were
also evaluated using SEM. Fig. 2 shows that the SiO, spheres can
be self-assembled into a close packed monolayer. The sample
prepared with 380 nm SiO, spheres (Fig. 2(a)) shows the closest
self-assembly packing when compared with the samples either
prepared with the 425 nm (Fig. 2(b)) or 525 nm (Fig. 2(c)) SiO,
spheres. Although some defects still existed in the imperfect
hexagonally-arranged SiO, sphere film, the proportion of
defects was less than 10% as shown in Fig. 2(a). The extinction
spectra of the different SERS substrates prepared by the self-
assembly of different sizes of SiO, spheres on silicon wafer are
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shown in Fig. 2(d). The extinction spectra show a red shift of
Amax from 625.0 nm to 780.0 nm and then to 879.2 nm with an
increase in the size of the SiO, spheres from 380 nm to 425 nm
and to 525 nm, respectively. For the 2T100 SERS sample, Apax
(625 nm) is the closest to the excitation wavelength of 632.8 nm.
Thus, as the peak position of the surface plasmon resonance
approaches the excitation laser wavelength of 632.8 nm, we are
able to obtain a larger enhancement of the surface-enhanced
Raman scattering. Additionally, the SEM images (Fig. 2(a)-(c))
indicate that the sample prepared with the 380 nm SiO, spheres
has the largest amount of hot spots among the three different
sizes of SiO, spheres.

In order to confirm the effect of surface-enhanced Raman
scattering on our SERS substrate, we selected several organic
dyes as model compounds to coat our SERS substrate. Fig. 3(a)-
(d) are Raman spectra of methyl red, methyl orange, brilliant
green, and methylene blue on SERS substrates respectively. The
substrates were prepared using different spin rates for spin
coating the SiO, spheres. They are arranged in vertical rows and
labeled from 1 to 5 from bottom to top with increasing spin
rates as shown in Fig. 3(a-1)-(a-5) to (d-1)-(d-5). Fig. 3 indicates
that the substrate prepared at 2000 rpm exhibits the strongest
Raman scattering signals. The Raman peak at 1388 cm ™" in the
spectra of methyl red is the deformation vibration of the
aromatic C-N bonds.*® The Raman peak at 1141 cm ' in
the spectra of methyl orange is the deformation vibration of the
aromatic C-C bonds.*®**” The Raman peak at 441 cm ' in
the spectra of brilliant green is the deformation vibration of the
conjugated aromatic C-C bonds.*® The peak at 484 cm™ " in the
spectra of methylene blue is the deformation vibration of the C-
N-C bonds.** We chose the characteristic peak of each dye to
calculate its enhancement factor (EF). The EF value is defined by
dividing the intensity of the Raman characteristic peak of the
organic dye on the SERS substrate by its intensity on a glass
slide as shown below:*"*

EF = ISERS substrate/Iglass slide (1)

The EF values of the 2T100 SERS substrate for methyl red,
methyl orange, brilliant green, and methylene blue are 200, 700,
27 000, and 1500, respectively. Brilliant green on the 2T100
SERS substrate results in the largest SERS enhancement factor
(27 000 times), because its absorption A, of 625 nm is close to
the wavelength of the He-Ne laser (Fig. 4). The photon energy of
the surface plasmon resonance is close to that of the excitation
so the strongest enhancement is observed. In order to calculate
the EF value in our study, some literature reported that the
difference between the number of adsorbed molecules on the
SERS substrate and a flat glass surface needs to be considered
due to the fact that the surface areas are different.****> However,
using the spin coating process to deposit organic dyes on the
SiO, sphere substrates will cause movement or outflow of the
SiO, spheres. Hence, we used eqn (1) to calculate the EF value
here.

The thickness of the metal on the SERS substrate is a key
parameter in determining the position of surface plasmon
resonance. The SiO,/Si sample, prepared by the self-assembly of

This journal is © The Royal Society of Chemistry 2014
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Fig.1 SEM images of various SERS substrates prepared by first spin coating 380 nm SiO, spheres on Si at different spin rates, then coating them
with 100 nm Ag, (a) 1000 rpm (Sample 1T100), (b) 2000 rpm (Sample 2T100), (c) 3000 rpm (Sample 3T100), (d) 4000 rpm (Sample 4T100), (e)
5000 rpm (Sample 5T100), (f) the cross section image of the 2T100 SERS substrate.

SiO, spheres at 2000 rpm on Si, exhibits the largest amount of
hot spots and was selected for further study. The SiO,/Si sample
was coated with five different thicknesses of silver: 50 nm, 100
nm, 150 nm, 200 nm and 250 nm, to make SERS substrates. The
surface morphologies of these SERS substrates were investi-
gated by AFM. Fig. 5(a)-(f) show that the Z-range surface
roughness decreases from 373.0 nm to 103.0 nm upon

increasing the metal thickness from 0 nm to 250 nm. Table 1
summarizes the results.

From the AFM topographic images and SEM images, we
speculate that the growth mechanism of the SERS hot spots
stems from the process of Ag deposition on the sample of self-
assembled SiO, spheres on silicon (SiO,/Si). The deposition of
Ag on SiO,/Si gradually fills the gap between the SiO, spheres as

— 525 nm
— 425 nm
—— 380 nm (2T7100)

—
Q.
—

Extinction (a.u.)

500 600 700 800 900
Wavelength (nm)

Fig. 2 SEM images of the different SERS substrates prepared by self-assembly of different sizes of SiO, spheres on silicon wafer using spin
coating, (a) 380 nm (Sample 2T100), (b) 425 nm, and (c) 525 nm. (d) The extinction spectra of various SERS substrates. The spin coating rate was

fixed at 2000 rpm.
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Fig. 3 Raman spectra of four kinds of organic dyes, (a) methyl red, (b) methyl orange, (c) brilliant green, and (d) methylene blue, on various SERS
substrates prepared from self-assembled SiO, spheres at different spin rates, (Y-1 series) 1000 rpm (Sample 1T100), (Y'-2 series) 2000 rpm
(Sample 2T100), (Y'-3 series) 3000 rpm (Sample 3T100), (Y'-4 series) 4000 rpm (Sample 4T100), (Y'-5 series) 5000 rpm (Sample 5T100).
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depicted in Fig. 6. We estimate that the gap is about 50 nm
before the Ag deposition. With the increasing Ag thickness, the
gap decreases to approximately 30, and then 10 nm as shown in
Fig. 6(a)—(c). The gap closes when the thickness of Ag is over 150
nm and a shallow ditch forms as a hot spot as shown in
Fig. 6(d)-(f).

The finite-difference time-domain (FDTD) method is adop-
ted to verify our speculation. This method calculates the electric
field intensity distribution in our ordered SERS substrates. In
our simulation, a plane wave is set to illuminate from the top to
the bottom, the perfectly matched layers are set on the top and
bottom surfaces, and the periodic boundary conditions are set
on the side walls. The results are presented in Fig. 7. The strong
electric field enhancement occurs at the bottom of the spheres
where the Ag shell and SiO, interact and is induced by the
narrow ditch between spheres. The emitted light penetrates the
Ag through to the SiO, when the deposited Ag shell is thin
(=100 nm) as shown in Fig. 7(a) and (b). When the thickness of
Ag increases (>100 nm), the margin between two spheres causes

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 The topographic images and cross-section profiles of (a) self-
assembled SiO; spheres on the Si sample (2T000) and 5 different SERS
substrates coated with different metal thicknesses, (b) 2T050, (c)
2T100, (d) 2T150, (e) 2T200 and (f) 2T250.

Table 1 The Z-range and enhancement factor of various SERS
substrates coated with different metal thicknesses

Metal thickness Z-range Enhancement
Sample (nm) (nm) factor (times)
2T050 50.0 352.7 17 700
2T100 100.0 3171 27 000
2T150 150.0 288.2 40 000
2T200 200.0 123.4 34 000
2T250 250.0 103.0 32000

the strong field enhancement to couple with SiO, in Fig. 7(c)
and (d). The sample covered with 150 nm Ag (2T150), exhibits
the strongest field enhancement above the Ag surface. When
the thickness of Ag is increased further, the granules of Ag
become larger and the Ag surface becomes smoother. The
sample with the 250 nm Ag coating (2T250) behaves like bulk
silver with a rough surface and the emitted light can't reach the
SiO, as shown in Fig. 7(e). Though the enhanced field is as
strong as those shown in Fig. 7(a) and (b), it concentrates in
SiO, or the bottom of the spheres where the dyes can't reach or
the Raman signal can't be detected. Thus, the Raman

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

Fig. 6 Schematic sketch of the growth mechanism of SERS hot spots
as shown by the cross-section of various samples (a) without Ag
(2T000), with different Ag thicknesses: (b) 2T050, (c) 2T100, (d) 2T150,
(e) 2T200 and (f) 2T250.

intensities of 2T050 and 2T100 are smaller than the others and
2T150, 2T200 and 2T250 achieve stronger Raman intensities
because the field enhancement concentrates on the Ag surface
of the ditch. The Raman spectra of brilliant green on various
SERS substrates with different metal thicknesses are shown in
Fig. 8. The results are summarized in Table 1. Sample 2T150 has
the strongest Raman intensity due to its groove between the
SiO, spheres being the narrowest among the five samples. The
result is in agreement with the extremely high surface plasmon
enhanced resonance electric field observed in gold bowtie
nanoantenna.** Our proposed growth mechanism of “hot spots”
in the SERS substrates is confirmed both theoretically and
experimentally. From Fig. 9, increasing the Ag thickness of the
SERS substrates can lead to the red shift of the extinction peak
due to the different extent of coupling between the SiO, spheres
and the Ag surface plasmon resonance. We can tune the surface
plasmon resonance by adjusting the Ag thickness to coincide
with the excitation wavelength of 632.8 nm. As a result of the
likely efficient energy transfer from silver surface plasmons to
brilliant green, 2T150 exhibited the strongest Raman intensity
of up to 40 000 because its Anax (634.5 nm) of the extinction
spectra is close to that of the excitation. Thus, as the peak
position of the surface plasmon resonance approaches the
excitation laser wavelength of 632.8 nm, we are able to obtain a
larger enhancement of the surface-enhanced Raman scattering.
Therefore, the high sensitivity, low cost and quick response

RSC Adv., 2014, 4, 10043-10050 | 10047
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Fig.7 The electric field distributions of SERS substrates with different Ag thicknesses of 50, 100, 150, 200, and 250 nm for samples (a) 2T050, (b)
2T100, (c) 2T150, (d) 2T200, and (e) 2T250, respectively. They are the electric field distributions in the cross section of a sphere at a wavelength of
633 nm. The scale is logarithmic. The distribution is calculated using the FDTD method.
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Fig. 8 Raman spectra of brilliant green on various SERS substrates
with different Ag thicknesses, 50, 100, 150, 200 and 250 nm for
samples 2T050, 2T100, 2T150, 2T200 and 2T250, respectively.

provided by this type of SERS are useful for the design and
fabrication of functional devices and sensors.

Experimental details
Synthesis of amorphous monodispersive SiO, spheres

Amorphous monodispersive SiO, spheres were synthesized by
using a sol-gel method reported in the literature.** 20 ml of
tetraethylorthosilicate (TEOS, 98%, Acros Organics) was dis-
solved in 200 ml ethanol (95%) and the solution was stirred at
30 °C for 30 min. Then, different amounts of ammonia solu-
tion (ammonium hydroxide, 28-30 wt% solution of NH; in
water) ranging from 20 to 40 ml were added to the TEOS

10048 | RSC Adv., 2014, 4, 10043-10050
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Fig. 9 Extinction spectra of various SERS substrates with different Ag
thicknesses, 0, 50, 100, 150, 200 and 250 nm for samples 2T000,
2T050, 2T100, 2T150, 2T200 and 2T250, respectively.

solution and stirred for 2 h. After 2 h of the reaction, SiO,
spheres with different particle sizes, such as 380, 425 and
525 nm, were obtained. Then, the SiO, colloid solutions were
centrifuged at 5000 rpm for 10 min to separate the SiO,
spheres from the liquid. The SiO, spheres were then washed
using 200 ml ethanol accompanied with ultrasonication. The
washing procedure was repeated three times to ensure the
complete removal of reactants. Finally, the SiO, spheres were
dried at 100 °C for 12 h.

Fabrication of the surface-enhanced Raman scattering
substrate of Ag coated SiO, spheres on Si

2.0 wt% of amorphous monodispersive spherical silica parti-
cles of different particle sizes were dispersed well in ethanol-
deionized (DI) water solution (95%) by ultrasonication for
3 hours. The layer of amorphous monodispersive spherical
silica particles on silicon wafer (10 x 10 mm?*) was formed by
spin coating the solution at different rotation speeds: 1000,
2000, 3000, 4000 and 5000 rpm. Then, these SiO, coated
silicon wafers were dried in a vacuum oven at 80 °C for
24 hours. Finally, a thin layer of silver of different thicknesses
(50 nm, 100 nm, 150 nm, 200 nm and 250 nm) was deposited
onto the SiO, spheres/silicon wafer using a thermal evaporator
(Kao Duen Tech. Corp., Taiwan) to make the Ag coated SiO,/Si
SERS substrate.

This journal is © The Royal Society of Chemistry 2014
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Preparation of organic dye containing SERS substrates

In order to verify the effectiveness of our Ag coated SiO,
spheres on silicon SERS substrates in the detection of organic
molecules, the following four kinds of organic dyes were
chosen for the experiments: methyl red (C;5H;5N30,, Acros,
99%), methyl orange (C;,H1,N3NaO;S, Acros, 99%), brilliant
green (C,,H3;N,0,S, Acros, 99%), and methylene blue
(C16H18N3SCl, Acros, 99%). These organic dyes were used as
received without further purification. The chemical struc-
tures of the organic dyes are shown in Fig. 10. An aqueous
solution of the organic dye (1 x 10~ M) was prepared first,
then it was coated onto the SERS substrates by spin coating at
5000 rpm.

Characterization of the SERS substrate with and without dye

Field-emission scanning electron microscopy (FE-SEM, Eli-
onix, ERA-8800FE, Japan) was used to observe the micro-
structures of the SERS substrates, and atomic force
microscopy (AFM, Digital Instruments, Dimension-3100
Multimode) was used to measure the surface topography of the
SERS substrates. For the optical measurements, UV-Visible
absorption spectra were obtained using a UV/Vis spectropho-
tometer (Perkin-Elmer, Lambda 35). The extinction spectra of
various SERS substrates were evaluated using a spectral
microreflectometer (Mission Peak Optics, MP100-ME) equip-
ped with an optical microscope. Unpolarized light was focused
on the sample under the silicon substrate at a spot size of <20
mm to measure the difference between the incident and
reflected light with wavelengths ranging from 450 nm to 900
nm. For Raman scattering spectra of the various organic dyes
on the SERS substrates, the specimens were positioned on a
high-resolution piezoelectric stage of the scanning microscope
(WiTec, Alpha300S) and excited by a He-Ne laser of 632.8 nm
(25 mW). The laser beam was focused with a 100x objective
lens (Nikon plane objective, NA = 0.9), and the diameter of the
laser beam focus was about several pm.

(a) (b)
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Q\N z H,c\ /NOQ=O
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Fig. 10 Chemical structures of various organic dyes (a) methyl red, (b)

methyl orange, (c) brilliant green and (d) methylene blue.
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Conclusions

In summary, we developed a facile technique to fabricate
surface-enhanced Raman scattering substrates to detect minute
amounts of dye. The technique involves preparing a monolayer
array of self-assembled SiO, spheres on silicon by spin coating,
and then coating the ordered SiO, with a thin layer of Ag to form
the SERS substrate. By optimizing the fabrication process, the
substrate can enhance Raman scattering signals dramatically.
The enhancement of the Raman scattering is closely correlated
to the absorption position of the organic dye and the excitation
wavelength of the Raman system. A 40 000-fold enhancement
has been observed for brilliant green on the 2T150 SERS
substrate. This technique can provide high sensitivity, low cost
and quick response devices or sensors for the detection of
organic compounds and environmental pollutants.
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