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ABSTRACT: An easy-handling and low-cost method is utilized to controllably
fabricate nanopattern arrays as the surface-enhanced Raman scattering (SERS)
active substrates with high density of SERS-active areas (hot spots). A hybrid
silver array of nanocaps and nanotriangles are prepared by combining
magnetron sputtering and plasma etching. By adjusting the etching time of
polystyrene (PS) colloid spheres array in silver nanobowls, the morphology of
the arrays can be easily manipulated to control the formation and distribution of
hot spots. The experimental results show that the hybrid nanostructural arrays
have large enhancement factor, which is estimated to be seven times larger than
that in the array of nanocaps and three times larger than that in the array of
nanorings and nanoparticles. According to the results of finite-difference time-
domain simulation, the excellent SERS performance of this array is ascribed to —
the high density of hot spots and enhanced electromagnetic field.
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1. INTRODUCTION spots can be significantly improved in the SERS substrates
prepared by NSL.%'"'®

Generally, a monolayer of close-packed polystyrene (PS)
colloid spheres array is used as a template for the preparation of
large-area and ordered nanostructrual arrays by NSL. When
some metals are deposited on the template by evaporating or
sputtering, two different kinds of nanostructural arrays are
generated. One is the hexagonally regular array of metal film
over nanosphere, and the other is the nanotriangles array which
is formed after the removal of the template.'®*>** Here the
noble metal is usually utilized to deposit on the template since
it can generate localized surface plasmon resonance (LSPR)
which is helpful to obtain the enhanced electromagnetic field.**

Surface enhanced Raman scattering (SERS) is the most
promising spectroscopy technique for biochemistry,"” chemical
detection,” surface science,”” and so on since it is non-
destructive, ultrasensitive, and selective.' It is known that the
SERS substrate with high density of SERS-active areas (hot
spots) is greatly desired since it can achieve enhanced Raman
signals.6 Accordingly, many studies about SERS are focused on
the preparation of substrates with noble metal nanoparticles
and ordered nanostructural arrays with nanogaps,” which can
provide hot spots with enhanced electromagnetic field.
However, during the preparation of these SERS substrates,

the aggregation of metal nanoparticles will lead to the reduced It is worth noting that using the technology of NSL hot spots of
density and inhomogeneous distribution of the hot spots, which nanostructural arrays can be manipulated by adjusting the
remarkably decrease the enhancement factor (EF).7_10 There- preparing parameters which is promising with regard to
fore, the preparation of SERS substrates with large area and achieving enhanced SERS signals.lz’w By combining the
high density of hot spots remains a great challenge. It is technologies of magnetron sputtering and plasma etching, an
reported that the low-cost nanosphere lithography (NSL) is an easy-handling and low-cost method is proposed in this paper to
important method to prepare SERS-active substrates.”*° fabricate a hybrid nanostructural array, which is composed of
Through this method, a wide variety of nanopatterns with nanocaps and nanotriangles. Through this method, the
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large areas such as periodic nanocaps,'' ~'* nanotriangles, formation and distribution of hot spots can be easily

nanobowls,"®'® nanotubes, na.norings,zo’21 and nanopillars
arrays”” can be prepared. More importantly, many nanogaps Received: November 2, 2016
can be formed in these nanostructural arrays by adjusting the Accepted: February 13, 2017
technical parameters.''~>* Consequently, the density of hot Published: February 13, 2017
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Figure 1. Schematic of preparation of the silver nanostructural arrays.

manipulated to control the morphology of nanostructural colloid spheres was fabricated by the self-assembly method on a
arrays, which significantly increase the density of hot spots. The hydrophilic silicon wafer and the area of the PS colloid spheres array
results of finite-difference time-domain (FDTD) simulation was about 1 cm? The self-assembly method was described in detail in
demonstrate that large EF in our nanostructural arrays is due to our previous _WOY}CZS )
the high density of hot spots and enhanced electromagnetic 2.2. Fabrication of the Silver Nanostructural Arrays. The
field. silver film coated on the PS colloid spheres array was fabricated by
using the magnetron sputtering technique (ATC 1800-F, AJA, USA).
2. EXPERIMENTAL SECTION The base pressure of vacuum chamber was 2.0 X 107* Pa. During the
2.1. Preparation of the Large-Area and Ordered PS Colloid film deposition, the distance between the PS colloid spheres array
Spheres Array. PS colloid spheres with diameter of 200 nm substrate and the silver target was 20 cm. Argon with purity of
monodispersed in 10 wt % aqueous solution were commercially 99.999% was used as the working gas with a pressure of 0.6 Pa. The
supplied by Duke corporation. A monolayer array of close-packed PS silver film was deposited with a rate of 0.17 nm s!, while the
7711 DOI: 10.1021/acsami.6b14008
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Figure 2. SEM images for (a) the silver nanobowls array; silver film on PS colloid spheres array etched for (b) 0's, (c) 60's, (d) 1205, (e) 240 s, and
(f) silver film on silicon wafer. The insets are the schematic image of the neighboring silver nanotriangle sites (a), optical photos of the different
nanostructural arrays (b—e), and AFM image of silver film on silicon wafer (f).

sputtering power was 17 W. Afterward, the silver nanocaps array was
stripped by 3M double-sided tape from the original silicon wafer and
removed upside down to the other silicon wafer immediately. Then,
the PS colloid spheres were etched by different time (0, 60, 120, and
240 s) with a rate of 1 nm s™* in a plasma cleaner equipment (Model
1020, E.A. Fischione Instruments Inc.). With the increase of etching
time, the diameter of the PS colloid sphere decreased gradually while
the shape and periodicity of the PS colloid spheres array kept
unchanged.”® Finally, the silver film of 20 nm was deposited on the
etched PS colloid spheres array in the silver nanobowls using the same
depositing conditions.

2.3. Characterization of the Silver Nanostructural Arrays.
The scanning electron microscopy (SEM) images of the silver
nanostructural arrays were recorded by a JEOL 7800F. The reflection
spectra were measured by a spectrophotometer (Shimadzu UV-3600).

2.4. SERS Measurements. SERS spectra were measured with the
radiation laser of 532 nm using Renishaw Micro-Raman spectrom-
eter.”> The nanostructural arrays were immersed into the 4-
mercaptobenzoic acid (4-MBA) ethanol solution (107 mol/L) for
30 min. After that, the substrates were washed with anhydrous ethanol
and dried with nitrogen gas before SERS measurement.

2.5. FDTD Simulations. The FDTD simulation was performed
using commercial software (Lumerical FDTD solution). The
substrates were placed in the x—y plane. A unit of the periodic
structure along the %, y, and z was simulated.”” The distribution of
electromagnetic field was simulated with a 532 nm laser. The light was
normal incidence, and the refractive index of PS colloid sphere was
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considered to be 1.585. The permittivity and permeability parameters
of silver were provided by the software material database.”® The
geometric parameters of the silver nanostructural arrays were obtained
from the SEM images.

3. RESULTS AND DISCUSSION

3.1. Fabrication Process and Characterization of the
Silver Nanostructural Arrays. Figure 1 presents the
preparation process of the silver nanostructrual arrays. First,
the ordered PS colloid spheres (200 nm) array is fabricated on
a silicon wafer using the self-assembly technique (Figure la).
Then, silver film is deposited on the close-packed PS colloid
spheres array along perpendicular direction, forming a nano-
caps array on the ordered PS colloid spheres array. Meanwhile,
the silver nanoparticles can penetrate the interstice among the
three nearest-neighboring PS colloid spheres to reach the
silicon wafer substrate, creating a triangular-shaped silver
nanoparticle arrays with Pémm symmetry, which is shown in
Figure 1b. Then, the close-packed nanocaps array is stripped via
3M double-sided tape from the silicon wafer. As shown in
Figure lc, the silver nanotriangles array is retained on the
silicon wafer. After that, the close-packed nanocaps array is
removed upside down to the other silicon wafer (Figure 1d).
When the close-packed nanocaps array is completely inverted
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and the PS colloid spheres are all removed, a silver nanobowls
array is formed which is shown in Figure le. Next, the PS
colloid spheres in the silver nanobowls are etched with different
etching time (0, 60, 120, and 240 s) to form the smaller ones.
Finally, the silver film of 20 nm is deposited on the etched PS
colloid spheres array in the silver nanobowls using the same
depositing conditions. As shown in Figure 1f, three different
nanostructural arrays are obtained by this method.

Figure 2a shows the SEM image of the silver nanobowls array
in which some nanotriangle sites are observed among the three
nearest-neighboring PS colloid spheres. Based on the geometric
calculation of the close-packed PS colloid spheres array,'' the
relationship between the nanotriangle spacing (dip) and the
perpendicular bisector of the nanotriangle (a) to PS colloid

LD and a =

NG
)D. Here the sizes of d;, and a are calculated

sphere diameter (D) is expressed as d;, =
3 1

(-i-5
to be about 115 and 46 nm, respectively. These results agree
well with those estimated from the magnified SEM image (dip =
115 + 5 nm and a = 46 + 5 nm). Here the distance between
the nearest tips of nanotriangle (d,,) is about 54 + S nm. The
schematic image of d,, a, and d,, is plotted in the inset of Figure
2a.

Figure 2b—e shows the SEM images of three types of the
silver nanostructrual arrays. The corresponding optical photos
given in the insets show different reflected colors, which are
ascribed to the different diameters of PS colloid spheres array.
For the same type of silver nanostructrual arrays, the uniform
diffraction color indicates that the high-ordered PS colloid
spheres array is formed.”® The formation of these silver
nanostructrual arrays are strongly dependent on the etching
time of PS colloid spheres array in the silver nanobowls. When
the etching time is O s, only the nanocaps array is observed.
Under this condition, the sizes of unetched PS colloid spheres
are large enough,21 so the nanotriangle sites are too small to be
distinguished in Figure 2b. As the etching time increases to 60
s, some nanotriangles with average size of 4 = 65 + S nm are
observed. These nanotriangles and nanocaps compose a hybrid
nanostructural array, which is shown in Figure 2c. Between the
every two neighboring nanaotriangles, a nanogap with average
size of dy = 34 + S nm is formed. Besides these nanogaps,
another type of nanogap which locates between the
neighboring nanocaps and nanotriangles are observed as well.
However, due to the relatively large size of the nanocaps, this
type of nanogap is very narrow, and the number of them is
limited. When the etching time is 120 s, the morphology of the
nanostructural array is not changed, but the size of nanocaps
further decreases, forming a larger nanotriangle with the
average size of a = 85 + 5 nm. Due to the reduced size of PS
colloid spheres, the surface of nanocaps with silver nano-
particles becomes rough. Under this condition, the nanogaps
between nanocaps and nanotriangles enlarge, and the number
of these nanogaps increases remarkably. Meanwhile, the average
size of nanogap between the every two neighboring
nanaotriangles d,; decreases to 14 + 5 nm, which is shown in
Figure 2d. When the etching time increases to 240 s, the PS
colloid spheres are etched away completely. At this time, all
adjacent nanotriangles connect to each other, and the size of d,,
decreases to almost zero. Now, a new nanostructural array of
nanorings and nanoparticles is formed, which can be observed
from Figure 2e. In this array, the nanogaps only locate between
the nanorings and nanoparticles, leading to the decreased

p’
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number of nanogaps. The silver film is also deposited on the
silicon wafer, which is shown in Figure 2f. As estimated from
the inset, the average size of silver nanoparticle is about 25 nm,
which will be used in the following FDTD simulation.

3.2. Evaluation of SERS Activity of the Silver Nano-
structural Arrays. In order to select the proper exciting light
wavelength in SERS measurement, the reflection spectra of
three types of silver nanostructrual arrays are measured. As
shown in Figure 3, two localized surface plasmon resonance
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Figure 3. Reflection spectra of three types of silver nanostructural
arrays. (a) nanocaps array, (b) nanocaps and nanotriangles array
(etched for 120 s), and (c) nanorings and nanoparticles array.

(LSPR) bands are observed at 622 and 525 nm, for the array of
nanocaps and the array of nanocaps and nanotriangles (etched
for 120 s), respectively. For the array of nanorings and
nanoparticles, no obvious LSPR band is observed. Thus, we
select the 532 nm laser as an excitation light to match LSPR
band in SERS measurement.

Figure 4 shows the typical SERS spectra of the silver
nanostructrual arrays, in which 4-MBA is used as a SERS probe.
Two strong SERS peaks appearing at about 1575 and 1073
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Figure 4. Raman spectrum of 4-MBA for silver film on PS colloid
spheres array etched for (a) 0's, (b) 60 s, (c) 120 s, and (d) 240 s,
under 532 nm laser excitation.
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cm™! are assigned to aromatic ring vibrations, which are
employed to evaluate the SERS activity of different substrates.
The weaker SERS peaks at about 1173 and 1357 cm™' are
assigned to the C—H deformation and COO™ stretching
vibration modes, respectively.””>* For the silver nanostructural
arrays, the SERS intensity of 4-MBA first increases with the
increasing etching time and shows the highest enhancement at
120 s. When the etching time increases to 240 s, a remarkable
decrease of the SERS signals is observed. It is well-known that
the SERS signals is closely related to the electromagnetic field
derived from the LSPR effect of noble metals.”* In the
nanostructural SERS substrates, the hot spot located at the
nanogaps can lead to the further enhancement of the
electromagnetic field, which is helpful to increase the SERS
activity.” For the silver nanostructural arrays in this paper, the
number of nanogaps increases with the etching time increasing
from 0 to 120 s, which leads to the increase of the density of
hot spot. As shown in Figure 2d, the maximal number of
nanogaps is obtained in the hybrid nanostructural array of
nanocaps and nanotriangles, which is responsible for the
highest SERS enhancement. As the etching time increases to
240 s, the nanogaps only locate between the nanorings and
nanoparticles, which would decrease the number of nanogaps
and the density of hot spots, leading to the weak SERS signals.

The reproducibility of Raman signal is an important
parameter for the SERS substrate. Figure 5 shows the SERS

Raman shift / cm™

Figure 5. Reproducibility of SERS spectra for the nanocaps and
nanotriangles array.

spectra of the hybrid array of nanocaps and nanotriangles
(etched for 120 s), which are collected from 10 random
positions of the substrate. As shown in Figure S, the standard
deviation of the SERS intensity at the band of 1073 cm™ is
calculated to be less than 5.0%, indicating the uniformity of the
SERS substrate.

3.3. SERS Enhancement Factor of the Silver Nano-
structural Arrays. SERS enhancement factor (EF) is usually
used to identify the SERS ability of substrate. The EFs of the
arrays of nanocaps, nanocaps and nanotriangles (etched for 120
s), and nanorings and nanoparticles are calculated according
t0" ™ EF = (Isprs X Nyu)/ (B X Nogrs). Herein, Ny, =
PALg:hNy/M is the average number of probe molecules which
is obtained from the bulk 4-MBA. In our research, the diameter
of laser spot (A,) is 1 #m, the density of 4-MBA powder (p)
is 1.50 g/cm?®, and the molecular weight (M) is 154.19 g/mol.
For the Renishaw micro-Raman spectrometer (532 nm laser
line), the penetration depth is about 19 um (h).”® Ngggs is the
adsorbed number of 4-MBA on the SERS-active substrate.
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Nggrs = NgApgerAn/0, where Ny is the density of the PS colloid
spheres. Ay is the half surface area of a PS colloid sphere, and ¢
is an occupied area of a single 4-MBA adsorbed on the
substrate, which is about 0.33 nm2'***** Based on the
aforementioned equations, the values of Ny and Ngggg are
calculated to be 8.74 X 10'° and 4.76 X 10°, respectively. Ispxs
and I, are the SERS intensity of 4-MBA adsorbed on three
types of silver nanostructural arrays and the Raman intensity of
the bulk 4-MBA, respectively. The values of Iggre/ Iy are 1.54,
10.21, and 3.44, for the arrays of nanocaps, nanocaps and
nanotriangles (etched for 120 s), and nanorings and nano-
particles, respectively. Therefore, the values of EF are calculated
to be 2.84 X 10% 1.87 X 10%, and 6.32 X 10* for the arrays of
nanocaps, nanocaps and nanotriangles (etched for 120 s), and
nanorings and nanoparticles at the band of 1073 cm™,
respectively, which is shown in Figure 6. The results show
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Figure 6. Etching time dependence of SERS enhancement factor for

the three nanostructural arrays at the band of 1073 cm™.

that the novel array of nanocaps and nanotriangles has large EF,
which is estimated to be seven times larger than that in the
array of nanocaps and three times larger than that in the array
of nanorings and nanoparticles.

3.4. FDTD Simulations of the Silver Nanostructural
Arrays. The FDTD simulation is employed for numerically
calculating electromagnetic fields around the silver arrays of
nanocaps, nanocaps and nanotriangles (etched for 120 s), and
nanorings and nanoparticles to study the effects of different
nanostructrual arrays on the hot spots distribution. The
simulation results show that the distribution of the hot spots
is significantly influenced by different morphology. For the
silver nanocaps array, the hot spots are in the regions between
the nearest two nanocaps,”” which is shown in Figure 7a. In
the silver array of nanocaps and nanotriangles (etched for 120
s), a large number of nanogaps appear, so in this case, the
density of hot spots increases remarkably, which can be seen
from the top image of Figure 7b. As indicated by the SEM
image (Figure 2d), the surface of nanocaps in this
nanostructure is very rough, which can affect the distribution
of electromagnetic field as well. In the FDTD simulation, this
structure is regarded as the nanocaps and nanotriangles covered
with some silver nanoparticles. According to the AFM image in
Figure 2f, the diameter of silver nanoparticles of the film is
estimated to be 25 nm. The simulation data reveals that the
electromagnetic field also distributes at the surface of silver
nanocaps and nanotriangles,”*~** which can be clearly observed

DOI: 10.1021/acsami.6b14008
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Figure 7. FDTD simulation results for the array of (a) nanocaps, (b) nanocaps and nanotriangles (etched for 120 s), and (c) nanorings and
nanoparticles. The top and bottom rows show the electromagnetic fields distribution of top and side views, respectively.

from the bottom image of Figure 7b. Therefore, the hybrid
nanocaps and naotriangles array has the highest density of hot
spots, which is responsible for the highest enhancement of
SERS. As for the silver nanorings and nanoparticles array, the
FDTD simulation result demonstrates that the strong electro-
magnetic field only distributes in the nanogaps between the
nanorings and nanoparticles, while the electromagnetic field
located on the surface of nanoparticles is very weak, shown in
the top and bottom images of Figure 7c. Meanwhile, the
number of nanogaps in this array reduces markedly, which leads
to the decrease of the density of hot spots and relatively weak
SERS signals. Here the FDTD simulation agrees well with the
experimental data for the three types of silver nanostructrual
arrays, suggesting its feasibility in the simulation of the
distribution hot spots.

4. CONCLUSION

In this work, we report an easy-handling and low-cost method
to prepare the large-area hybrid nanostructrual arrays with high
density of hot spots. By controlling the etching time of PS
colloid spheres array in silver nanobowls, three different
nanostructural arrays of nanocaps, nanocaps and nanotriangles,
and nanorings and nanoparticles are prepared. The strongest
SERS signals are observed in the hybrid array of silver nanocaps
and nanotriangles (etched for 120 s), for which the EF is
estimated to be 1.87 X 10°. Experimental results indicate that
these SERS signals are reproducible and uniform across the
sample surface. The FDTD simulation demonstrates that the
large SERS signals stem from the high density of hot spots and
enhanced electromagnetic field. This work provides a
promising way to prepare the SERS-active substrates with
good performance.
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