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Recently, nanoparticle—film coupling systems in which metal nanoparticles (supported localized surface
plasmons, LSPs) are separated from a flat metal film (supported surface plasmon polaritons, SPPs) by a
spacer have been widely reported due to its strong local enhancement field. However, there is are
limited studies, which employ the design of combing metal grating into the nanoparticle-film gap
system. Here, we propose and fabricate a novel double-resonance SERS system by strategically
assembling Au NPs separated by a MoOs nanospacer from an Ag grating film. The Ag grating with clear
SPP effect is used for the first time in a double-resonance system, and the monolayer Au NPs array is
well assembled onto the top of the Ag grating with a compact and uniform distribution (inter-particles

gap of about 5 nm). As a result, we experimentally and theoretically demonstrate a significant near-field
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Introduction

Surface-enhanced Raman scattering (SERS) has been a prom-
ising and powerful analytical technique since its discovery.” It
refers to the phenomenon whereby Raman scattering is signif-
icantly enhanced when molecules are adsorbed on metallic
nanostructures.® There have been many debates regarding its
origin, whether it is electromagnetic or chemical. According to
the widely accepted view, SERS is mainly caused by electro-
magnetic contribution.*”

Surface plasmons (SPs) are the collective oscillation of elec-
trons at the boundaries between materials and are often cate-
gorized into two classes, namely, surface plasmon polaritons
(SPPs) and localized surface plasmons (LSPs).® SPPs are propa-
gating electromagnetic waves bound to the interfaces between
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plasmonic sensing and analytical science.

metals and dielectrics. They can be excited on a metal surface by
prism coupling or grating coupling over a large range of
frequencies. On the other hand, LSPs are non-propagating
excitations of the electrons in metal nanoparticles (NPs), which
are much smaller than the incident wavelength. The LSP reso-
nance properties of a metal nanoparticle depend on its size,
shape, and the permittivity and dielectric environment.” These
phenomena can lead to a strong electromagnetic field
enhancement near the surfaces of the nanostructure, where
they have been employed for SERS."**® Theoretical studies have
predicted that strong coupling between LSPs and SPPs occurs
when their resonance frequencies are approximately equal to
each other.*

Recently, the nanoparticle-film coupling systems in which
metal nanoparticles (supported localized surface plasmons,
LSPs) are separated from a flat metal film (supported surface
plasmon polaritons, SPPs) by a spacer have been widely repor-
ted due to its strong local enhancement field. One of the
interesting features of NPs—film coupling configuration is that
they are compatible, for most of its construction, which can be
popularly adopted in most typical analytical sciences and
related fields, such as surface-enhanced Raman scattering
(SERS), surface-enhanced fluorescence spectra, and other plas-
monic sensing with the requirements of large area and great
spot-to-spot uniformity.*** In the work of Chu,” the design
included a metallic nano-disk array separated from a gold film
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by a dielectric spacer. The SPP on the gold film interacted with
the LSPR of the metallic array, and double resonance charac-
teristics were observed in optical transmission measurements.
In the work of Banaee, “in-plane” nano-particle pairs were
used to obtain plasmonic coupling.

Metal grating structure is a well-known structure, which
shows efficient SPP. There are numerous reports on taking the
advantage of SPP effect from metal grating for applications in
plasmonic sensing and analytical science. Unfortunately, there
are just a handful of reports on the studies of the double plas-
monic effect given off by metal NPs supported by metal grating
structures. In this work, we propose and fabricate a novel
double-resonance SERS system by strategically assembling Au
NPs separated by a MoO; nanospacer from an Ag grating film.
The Ag grating showing clear SPP effect is used for the first time
in a double-resonance system, and the monolayer Au NPs array
is well assembled onto the top of the Ag grating with a compact
and uniform distribution (inter-particles gap about 5 nm). As a
result, we experimentally and theoretically demonstrate a
significant near-field enhancement (the experimental
enhancement factor reaches 2.47 x 10’, which is one of the
highest reported for the double-resonance system to date). The
very strong near-field enhancement produced in the proposed
SERS substrates is due to multiple couplings, including the Au
NPs-Ag grating film coupling and Au NPs-Au NPs coupling. In
addition, the as-proposed SERS substrates show good repro-
ducibility of SERS, which will have potential applications in
plasmonic sensing and analytical science.

Experimental
Synthesis of SERS substrates

1. Fabrication of Ag grating: PDMS, prepared by mixing an
oligomer (Silard 184, Dow Corning) and a curing agent (10 : 1, v/
v), was poured onto the silicon nanograting master. After
removing the air bubbles and thermally curing at 79 °C for 3-4
h, PDMS molds were obtained in which the grating of the
periodic nanostructures corresponded to the dimension of the
master grating. Silver (80 nm) layers and MoO; spacer
with different thicknesses were thermally evaporated in a
stepwise manner onto the PDMS grating mold under vacuum at
10~ Torr.

2. Fabrication of Au NPs: the synthesis of Au NPs was per-
formed using the chemical reduction of chloroauric acid with
sodium citrate method introduced by Frens.*” HAuCl, solution
(1.0 mL, 1.0 wt%) was mixed with water (99.0 mL) and heated to
its boiling point. Upon boiling, trisodium citrate tetrahydrate
(1.3 mL, 1.0 wt%) was added quickly to induce particle forma-
tion during prolonged heating under reflux for 30 min. The Au
NPs with a diameter of 25 nm were obtained. The synthesis of
Au monolayer film followed the gold nanoparticle assembly
approach previously developed by Zhou.?® A solution of 1 x 10™°
M mPEG-SH in deionized water was first prepared. An appro-
priate polymeric solution was added to 2.94 x 10°°® M of
colloidal Au NPs. The sample was maintained for about 8 h at
room temperature with stirring. Finally, the solution was
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assembled onto a substrate, and closely-packed NPs could be
easily obtained.

SERS and Raman experiments

The SERS data was collected on a LabRAM HR800 confocal
microscope Raman system (Horiba JobinYvon) using a He-Ne
ion laser operating at 632.85 nm. The laser beam was focused
on the sample of the size of about 1.5 pm using a x50 LMPLFLN
microscope objective. The laser power was approximately 1 mw,
and the integration time was 1 s for each spectrum. The data
was collected with the same accumulation and integration
times for all the samples. We dripped the crystal violet (CV)
solutions on the substrates, and after they were dry, the
substrates were subjected to SERS measurements. We collected
SERS spectra from several randomly selected positions on the
substrates.

Theoretical modeling

Maxwell's equations were rigorously solved by utilizing the
finite-difference time-domain (FDTD) method to better under-
stand the nature of the strong near-field enhancement in the Au
NPs-Ag grating coupling system.**?*® In this modeling, the
sample geometries closely matched those of the actual experi-
mental samples, i.e., a 25 nm Au NP on an Ag grating with a 350
nm period separated by a MoOj;. The thickness of MoO; was
tuned from 2 nm, 15 nm, 30 nm, and 70 nm, respectively. The
gap between the neighboring Au NPs was about 5 nm. The
complex dielectric constant of metallic Au was taken from
Johnson and Chrity.**

Results and discussion
Design and fabrication of double resonance substrate

A schematic diagram of the double resonance SERS substrate is
shown in Scheme 1. It consists of a gold nanoparticle array, a
MoO; spacer and a continuous silver grating film. PDMS mold
was first prepared, followed by the thermal evaporation of silver
layers and MoO; spacer onto the PDMS grating mold in a
stepwise manner. The period of grating is 350 nm, as shown in
Fig. 1A. Considering that the local field enhancement of hot
spots is critically sensitive to the spacer between the
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mes  Silver Layer | & Assemblmg"trL —
— 5 -
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Scheme 1 Schematic representation of the synthesis of Au NPs/
MoOs/Ag grating double resonance substrate. Actual device has
hundreds of periods along x and y axes; only a small portion is depicted
here.
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Fig. 1 (A) SEM image of Ag grating with a 350 nm period. (B) SEM
image of Au NPs distributed on Ag grating. (C) SEM image of Au NPs
distributed on Si wafer. (D) Statistical analysis of the gap size distri-
butions of Au NPs.

nanoparticle and the metal film, we studied the effect of MoO;
thickness on the SERS enhancement by fabricating four
substrates with MoO; spacers of different thickness (2 nm, 15
nm, 35 nm, 70 nm.)

After placing the MoO; film onto the surface of Ag grating,
we considered the placement of Au NPs onto the surface of
MoO; covered Ag grating. Here, we conducted our own simple
and versatile nanoscale force induced gold nanoparticle
assembly approach to form the ordered monolayer Au NPs array
(see Fig. 1C).*® In fact, if we cannot find an effective way to
uniformly arrange the Au NPs on the top of the grating, we will
encounter many problems, especially in SERS measurement
such as poor reproducibility of the SERS-active sites. Because
LSPR is highly dependent on the spacing between nano-
particles, a nanoparticle array with uniform shape and size
distribution provides the largest SERS enhancement. Fig. 1B
shows the SEM image of the as-proposed Au NPs-Ag grating
coupling system after a monolayer of Au NPs array was fabri-
cated by our own self-assembly method on the top of the MoOj3;
spacer. The Au NPs (25 nm) on the Ag grating surface were
distributed compactly and uniformly, which shows them to be a
promising substrate for highly-reproducible SERS detections.
Especially, the inter-particle gap (about 5 nm, which was clearly
revealed by the statistical analysis of the gap size distribution,
as shown in Fig. 1D, more details can be seen in Fig. S17) is very
small, which will be beneficial for the NP-NP coupling to
generate a huge plasmonic enhancement. Since there are four
gratings with different spacer thickness, we obtained four kinds
of double resonance substrates. Hereinafter, we name the
double resonance substrate using grating with a 2 nm thick
MoO; spacer as sample 1, the substrate using grating with 15
nm, 35 nm, 70 nm thick MoO; spacer as sample 2, sample 3,
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and sample 4, respectively. The Au NPs of the fabricated device
were spheres with a diameter of 25 nm and a period of 30 nm.
The silver film was 100 nm thick. The thickness of the MoO;
spacer was varied from 2 nm to 70 nm. The fabricated
substrates were illuminated with collimated and polarized laser
light at normal incidence. The polarization was parallel to one
of the axes of the rectangular lattice, i.e. the x axis in Scheme 1.

SERS measurements

To evaluate the sensitivity of the SERS performance of the
double resonance substrates, SERS experiments were con-
ducted using CV as the target molecule due to its well-estab-
lished vibrational features. We first studied the effect of the
thickness of MoO; on SERS performance. After obtaining the
optimized thickness of MoO3, we evaluated the SERS enhance-
ment performance by comparing the double SERS substrate (Au
NPs/MoO;/Ag grating) with the single SERS substrate, including
Ag grating and Au NPs. Fig. 2 shows the SERS sensitivity
measurement obtained from the double resonance substrates
treated in a series of CV with 633 nm excitation. The Raman
bands at about 422, 804, 913, 1174, 1368, and 1620 cm ™" can be
attributed to CV and agreed well with the reported literature.*?
With a decreasing CV concentration, the intensity of the Raman
peaks gradually weakened. Raman peaks can be obtained even
in 107° M of CV, which implies that the double resonance
substrates can maintain its sensitivity for SERS detection when
the concentration of CV is greater than 10~° M. It displays an
outstanding SERS sensitivity of the substrates. Furthermore, we
studied the enhancement of the four Au NPs-Ag grating
coupling system with different MoO; thickness by calculating
their enhancement factor (EF) (see Table 1).****” Assuming that
the excitation volume in the form of a cylinder, the diameter (d)
and the height (%) of the laser spot were determined by the
following equations:
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Fig. 2 The SERS spectra of different concentrations of CV solution
collected on (A) sample 1, (B) sample 2, (C) sample 3, (D) sample 4.
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Table 1 Calculated SERS enhancement factors for double resonance substrates and Au NPs arrays substrate

Substrate Sample 1 Sample 2 Sample 3 Sample 4 Ag grating Au NPs

EF 2.47 x 107 1.36 x 107 9.44 x 10° 1.29 x 107 6.58 x 10° 2.44 x 10°

J 1.22Xa5er 154 1 signals obtained from the double plasmonic structure (Au NPs-

“TNA O orm (1) Ag grating coupling system) to the single Ag grating or single Au

NPs structure exhibiting single resonance. Fig. 3A shows the

2.2n/hasc2r —2.89 um (2) SERS spectra obtained from the samples (Ag grating, Au NPs

(NA) array, sample 1, sample 2, sample 3, sample 4) treated in 1 X

where Apger is the wavelength of the laser (Aaser = 633 nm),
Numerical Aperture (NA) = 0.5, n is the refractive index of neat
CV crystal powder (n = 1.63). The absolute magnitude of the EF
for reversible hotspots was estimated according to the following
equation:

I N.
EF  [sers /Nsers 3)
Touic/ Nouic

where Isgrs and I, denote the Raman scattering intensities
from the CV adsorbed on the surface of double resonance
substrates and the solid CV, respectively; Nggrs and Npyx
represent the numbers of the corresponding surface and solid
molecules effectively excited by the laser beam, respectively. The
number of CV molecules excited in the bulk solid, Ny, can be
calculated by the following eqn (4):

2
Nbulk = T (4)

where p and M are the density and molecular weight of CV,
respectively, and N, represents the Avogadro constant. In this
study, the density of the solid CV was 1.19 g cm > and molecular
weight was 407.98 ¢ mol™". The calculated value of Ny was
9.45 x 10°. Ngggs is the average number of adsorbed molecules
in the scattering volume for the SERS measurements. We used 5
pL of 1 x 10™° M CV to evaluate the enhancement factor. In this
case, the CV molecules bound strongly to the Ag surface. We
assumed that all the CV molecules could adsorb onto the
surface of the substrate, and all the CV molecules were
uniformly distributed over the surface. The diameter (D) of the
substrate square piece was 2 mm, while the diameter (d) of the
laser spot was 1.54 pm (eqn (1)). Therefore, Nggrs was estimated
to be about 10°.

The study must be conducted under identical experimental
conditions (laser wavelength, laser power, microscope objective
or lenses, spectrometer, etc.), and the same preparation condi-
tions. Based on the intensity at 1620 cm™ ', we found that
sample 1 with 2 nm MoOj; thickness shows the strongest Raman
enhancement. Moreover, the calculated EF factor for grating
should be orders of magnitude smaller than the SERS
enhancement from particle arrays. The larger SERS observed
experimentally on grating could be caused by the rough surfaces
of the grating caused by thermal evaporation.

In addition to studying the effect of MoO; thickness on the
Au NPs-Ag grating coupling system, we also compared SERS

4802 | Analyst, 2014, 139, 4799-4805

10~° M CV with 633 nm excitation. It can be found that the SERS
signals of CV obtained from double resonance substrates are all
stronger than that obtained from single resonance substrates,
and sample 1 has the highest response. The SERS enhancement
intensity from sample 1 at 1620 cm ™ * (about 26 000) is 11 times
stronger than that of Au NPs (about 2300), which gives the
weakest enhancement. The SERS spectra obtained from the
samples treated in 1 x 1077, 1 x 107%, and 1 x 10°° M CV
demonstrated the same outcome, as shown in Fig. 3A. The SERS
signal obtained from composite substrates exhibiting double
resonance behavior are all stronger than that obtained from Au
NPs exhibiting single resonance, and sample 1, the substrate
with a spacer thickness of 2 nm, shows the highest enhance-
ment. As shown in Table 1, the double resonance structures can
provide an enhancement roughly 11 times larger than the single
resonance only “Au NPs array” structures. The experimental EF
reaches 2.47 x 107, which is one of the highest reported in the
double-resonance system to date. The very strong near-field
produced in the proposed SERS substrates is due to multiple
couplings, including the Au NPs-Ag grating film coupling and
Au NPs-Au NPs coupling (will be discussed by theoretical
modelling later). In addition, to the best of our knowledge, the
Ag grating showing clear SPP effect is used for the first time in
the double-resonance system, and the monolayer Au NPs array
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Fig. 3 SERS spectra of (A)1 x 107 M, (B)1 x 1077 M, (C) 1 x 1078 M,
(D) 1 x 107° M CV molecules obtained from sample 1, sample 2,
sample 3, sample 4, Ag grating and Au NPs array substrates.
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is well assembled onto the top of the Ag grating with a compact
and uniform distribution. Although a previous study on NPs—
planar film system achieved great success, limitations in
achieving double-resonance SERS system through the strategic
assembly of Au NPs spaced by a MoO; nanospacer from an Ag
grating film still exist. Our current study of a very simple and
versatile nanoscale force induced gold nanoparticle assembly
approach to form the ordered monolayer Au NPs array on the
top of grating surface can directly address these issues. As a
result, the results clearly indicate that the Au NPs-Ag grating
coupling system with a 2 nm MoO; spacer dramatically boosts
the intensity of Raman scattering and therefore, has the
potential to become a powerful tool in analytical science and
related fields.

Why does sample 1 substrate show the highest SERS
enhancement? As shown in Scheme 2, a surface plasmon is a
quantum of an electron concentration wave that can exist at a
dielectric-metal interface. The surface plasmon propagates
along the metal surface and decays exponentially into both the
media. Thus, the excited surface plasmons from the Ag surface
can be transferred to the top metal (Au) surface through the
dielectric layer. The thinner the dielectric layer is, the less the
surface plasmon decays. Accordingly, the conduction electrons
on the Au surface are further localized.

FDTD simulations

To better understand the nature of the strong near-field
enhancement in the Au NPs-Ag grating coupling system, we
conducted a theoretical study utilizing the finite-difference
time-domain (FDTD) method on the system in which the optical
interactions between Au NPs themselves as well as between Au
NPs and Ag grating were fully considered. In the modeling, the
sample geometries closely matched those of the actual experi-
mental samples, i.e., a 25 nm Au NP on an Ag grating with a 350
nm period separated by different thicknesses of MoO; spacer (2
nm, 15 nm, 35 nm, 70 nm). The gap between the neighboring
Au NPs was about 5 nm. We first simulated the near field
spectra for the single resonance and double resonance struc-
ture. Fig. 4 shows the cross-section near field profiles of TM
polarized light at 633 nm for different metal structures: (a) Au
NPs-Au NPs coupling with 5 nm, (b) single Ag grating, (c)
double-resonance Au NP/MoO,/Ag grating and (d) partial
enlargement of Au NP/MoO;/Ag grating. For the Au NPs array

© AuNP N _
MoOs3 Spacer ’/./\ ) o
: ( /
=== Silver Layer \
=== PDMS Grating ﬁ
s Asurtace Plasnjons. ) Q\&
P |

A

Scheme 2 Schematic of the fabricated double resonance substrate
showing high SERS enhancement.
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Fig.4 The cross-section near field profiles of TM polarized light at 633
nm for different metal structures: (A) Au NPs—NPs coupling with 5 nm,
(B) single Ag grating and (C) double-resonance Au NP/MoOs/Ag
grating, (D) partial enlargement of Au NP/MoQOs/Ag grating.

structure, we found a (plasmonic-induced) strong near-field
with a local enhancement factor (EF) of 9.21 x 10° where EF is
approximately defined as |Ejca/Eo|*. The strong near field
located at the NP-NP gap is caused by the strong plasmonic
coupling (Fig. 4A). In contrast, for the single Ag grating struc-
ture, the evanescent field above the Ag grating indicates the
excitation of the SPP mode at the interface of the Ag film and the
MoO; spacer (Fig. 4B) and the local EF is 5.24 x 10. For the Au
NP/MoO;/Ag grating double-resonance structure, enhanced
near fields in the vicinity of the Au NPs can be seen (Fig. 4C and
D) but with the addition of an extended evanescent field above
the Ag grating, which is characteristic of the SPP. These results
indicate that the two resonances for strong coupling case carry
both the characteristics of LSPs and SPPs, and finally the local
EF reaches 8.38 x 10%.

Then, we simulated the cross-section near field profiles for
double-resonance Au NP/MoO;/Ag grating structure with
different thickness of MoO3, as shown in Fig. 5. It can be seen
that enhanced near fields exist around the gold nanoparticles

15

Fig.5 The cross-section near field profiles of TM polarized light at 633
nm for double-resonance Au NP/MoOsz/Ag grating structure with
different thickness of MoOs: (A) 2 nm, (B) 15 nm, (C) 35 nm, and (D)
70 nm.

Analyst, 2014, 139, 4799-4805 | 4803


http://dx.doi.org/10.1039/c4an00540f

Published on 15 May 2014. Downloaded by Hefel Institutes of Physical Science, Chinese Academy of Sciences on 13/10/2015 03:14:03.

Analyst

and an extended evanescent field is above the Ag grating. We
observed that the Au NP/MoO;/Ag grating structure with a 2 nm
thick MoO; shows the highest field enhancement. We also
observed that the stronger plasmonic enhancement is, the
smaller the thickness of MoOj; spacer between the upper Au NPs
and lower Ag grating is. Our result is consistent with the
previous report that the local field enhancement of hot spots is
critically sensitive to the nanoscale spacer between the NP and
the film.*®

As a consequence, our experimental and theoretical results
reveal a greater field enhancement for Au NPs-Ag grating
coupling system due to the multiple couplings including Au
NPs-Au NPs coupling and Au NPs-Ag grating coupling, which
will play a very important role in the Au NPs-Ag grating system.
On one hand, the multiple couplings considerably strengthen
the near-field. Thus an enormous EF of 2.47 x 10’ has been
achieved. On the other hand, the very strong field enhancement
at system can also offer a unique opportunity in highly sensitive
analyte characterization.

Reproducibility of SERS detection

When employing SERS technology, the reproducibility of SERS
substrates should be taken into account. The relative standard
deviation (RSD) of major peaks is often used to estimate the
reproducibility of SERS signals. The main Raman vibrations of
CV at 1174, 1368, and 1620 cm™ " were obviously enhanced at all
the spots indicating excellent SERS activity and reproducibility.
Fig. 6 shows the SERS-RSD spectrum of CV molecules randomly
collected from 50 positions of sample 1. The RSD of the Raman
vibrations from sample 1 at 1174, 1368, and 1620 cm ' are
14.94, 13.54, and 14.96%, respectively. The maximal RSD value
of signal intensities of major SERS peaks was observed to be
below 0.2, indicating that the double resonance substrate has
good reproducibility across the entire area.* The compact and
uniform distribution of Au NPs on the Ag grating surface is the
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Fig. 6 (A) Series of SERS spectra of 107 M CV collected randomly
from 50 spots of sample 1. (B), (C) and (D) are the intensities of the main
vibrations of 107® M CV at 1174, 1368 and 1620 cm ™.
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reason why the double resonance substrate shows highly
reproducible SERS detection.

Conclusions

We proposed a novel NPs-film coupling system by introducing
Ag grating into this system. Our results show that the Au NPs-Ag
grating coupling system offers tremendous near-field
enhancements with one of the highest enhancement ratio (2.47
x 107) reported to date in the NPs—-film coupling system. The Ag
grating showing clear SPP effect is used for the first time in the
double-resonance system, and the monolayer Au NPs array is
well assembled onto the top of the Ag grating with a compact
and uniform distribution (inter-particles gap about 5 nm). Our
experimental and theoretical results show that the enhance-
ment can be explained by the multiple couplings between the
Ag NPs as well as between the Ag film and Ag NPs. By studying
the organic dye CV as an analyte, we show that the as-proposed
Au NPs-Ag grating coupling system can be used to realize the
sensitive detection of most environmental pollutants. Further-
more, we strongly believe that this simple and reliable method
would offer a stepping stone in enabling quantitative plasmonic
sensing at the single molecule level. Our results show that the
proposed system can function as a powerful tool in analytical
science and related fields.
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