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ABSTRACT: Surface-enhanced Raman scattering (SERS) is of great importance
for the sensitive, rapid, and repeatable detection of target analytes. The
electromagnetic enhancement has a major contribution to the signal enhancement
in SERS which is critically dependent on the micro-/nanomorphology of noble
metal (e.g, Au and Ag) film substrates. Herein, Ag nanocubes/polyelectrolyte/Au
(Ag/PE/Au) sandwich-structured film is fabricated by the layer-by-layer
deposition and then utilized as an efficient SERS substrate by the coupling of
localized surface plasmons (LSPs) and surface plasmon polaritons (SPPs)
resonances while the electromagnetic field enhancement is confined within the PE
gap layer which is sandwiched between Ag nanocubes and Au film. With
rhodamine 6G and crystal violet as the probe molecules, the Ag/PE/Au sandwich-
structured film demonstrates highly sensitive SERS signals, which is further
supported by the theoretical simulations as well. This work indicates that the Ag/
PE/Au sandwich-structured film can be employed as a reliable SERS substrate for sensitive molecular sensing applications.
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1. INTRODUCTION

Surface-enhanced Raman scattering (SERS) has been attract-
ing extensive interests, as it is a unique technique that can
afford a rapid, sensitive, nondestructive, label-free detection of
a wide range of molecular analytes.' > SERS effect was first
reported by Fleischmann et al. in 1973 with pyridine adsorbed
on electrochemically roughened silver surface.* The Raman

activity than those of spherical nanoparticles associated with
the presence of greater electric fields. For instance, Ag
nanocubes with good monodispersity were used for the
fabrication of SERS substrates due to an enhancement of the
electromagnetic field."” The LSP absorption can be regulated
by several structural parameters, including the shape, size, and
crystal structure of metal nanoparticles, interparticle distance,
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amplification depends on chemical and electromagnetic
enhancement that in general arises from roughened metal
surfaces (e.g,, Cu, Ag, Ay, etc.).””” The electromagnetic fields
close to the rough metal surface can be drastically enhanced
through the excitation of localized surface plasmons (LSPs),
which is a critical factor for SERS applications.*” '’ In the past
decade, various SERS substrates have been explored to boost
the sensitivity of SERS toward meetin% the demand for
efficient detection of single molecule."'~'* According to
previous reports, the achievement of strongest SERS perform-
ance relies on the regions of the electromagnetic field that are
highly concentrated by plasmonic metallic nanoparticles or the
gaps between nanostructures and analyte molecules. Tremen-
dous efforts have been devoted to fabrication techniques which
can accurately control the distance within a few nanometers for
investigating the interparticle coupling effect on SERS.'>'¢

In particular, a more pronounced enhancement can be
achieved by either the fabrication of plasmonic nanostructures
or assembly of plasmonic nanomaterials.”'® In general,
nanomaterials with sharp edges demonstrate higher SERS
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and dielectric properties of the metal and the surface media,
respectively.”~>* However, significant challenges still remain
due to the complicated self-assembly process, unfavorable
aggregation, and low reproducibility.”®

Recent reports have pointed out that the electromagnetic
field could be further utilized, and that metallic nanoparticles
could be positioned over a metal film, through (precisely tuning
the gap between the film and nanoparticles.”>*” In principle,
the LSPs and SPPs can coexist at the boundaries between
dielectric and conductive materials, resulting from the metallic
nanoparticles and periodical metal nanostructures. Previous
work revealed that the electromagnetic field can be confined
and enhanced in the gap due to the hybridization of SPP and
LSP resonance as the metallic nanoparticles were placed near a
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metal film with a nanoscale gap.”**’ Therefore, the electro-
magnetic coupling can be further employed to improve the
detection sensitivity via SERS, holding a promising Fotential
for the design and fabrication of a large-scale device.”

In this work, we demonstrate a convenient and efficient
method to fabricate a Ag nanocubes/polyelectrolyte/Au film
(Ag/PE/Au) sandwiched structure by randomly dispersing as-
synthesized Ag nanocubes on the nanometer thickness
polymer spacer layer. Ag nanocubes were assembled on the
PE layer surface without using any additional process to
control their spatial arl'zingemen'c.3l_34 An accurate distance
between as-deposited Ag nanocubes and underlying Au films
was fabricated by a layer-by-layer deposition of PE layers.
Remarkable enhancement in SERS signals was experimentally
achieved through the rationally designed SERS substrate and
probe molecules (rthodamine 6G and crystal violet) due to the
coupling of multiple LSP and SPP resonances.”” >’ A high
degree of morphological, size, and distance control facilitates a
better understanding of the enhancement mechanisms in SERS
and search for optimal conditions. The electromagnetic
enhancement was further investigated by the finite-difference
time-domain simulations.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Ethylene glycol (A.R.), poly(vinylpyrrolidone)
(PVP, M, =~ 58000), poly(allylamine) hydrochloride (PAH, M,, = 70
kDa, Aldrich), HCl (36.0—-38.0 wt %), AgNO; (>99.8%, AR.),
carbamide (CO(NH,),, >99%, A.R.), polystyrenesulfonate (PSS, M,,
= 70 kDa, Aldrich), rhodamine 6G (R6G, C,sH;;N,05ClL, 99%), and
crystal violet (CV, C,H;(CIN;, 99%) were used directly with no
further purification. Deionized water (18 MQ-cm) was obtained from
a Milli-Q water-purification system.

2.2. Synthesis of Ag Nanocubes. Briefly, Ag nanocubes were
synthesized according to previous method.>* In a 20 mL vial, ethylene
glycol (5 mL) was first heated in an oil bath and kept at 140 °C for 1
h. Then, 1 mL of HCl (3 M) and 100 uL of CO(NH,), (0.39 M)
were added into the above solution under vigorous stirring for 20 min.
Then, the ethylene glycol solutions of AgNO; (99.13 mM, 3 mL) and
PVP (155 mM in terms of the repeat unit, 3 mL) were simultaneously
injected to the above solution under continuous stirring for 50, 100,
and 120 min for the production of Ag nanocubes with different sizes.
The as-obtained Ag nanocubes were aged in deionized water at 25 °C
for a week for the formation of Ag nanocubes with truncated corners.
Nonuniform Ag nanocubes were a mixture of different sizes of sharp
edge/corner and truncated ones. All samples were washed with
acetone and water three times to remove excess ethylene glycol and
PVP for the morphological and structural characterization.

2.3. Preparation of Si Substrate. Si substrate was used for the
deposition of Ag nanocubes and probe molecule (Ag/Si substrate).
The Si substrate was cleaned by deionized water, sulfuric acid,
hydrogen peroxide, and deionized water, in sequence.

2.4. Preparation of Ag/PE/Au Film. Ag/PE/Au film was
prepared by a layer-by-layer deposition method. First, Au film (S0
nm) with a Cr adhesion layer (5 nm) was sputtered onto a Si
substrate via a magnetron sputtering apparatus (MSP-620). Second,
the Au film was alternatively immersed into the cationic
polyelectrolyte solution of PAH (0.003 mol of monomer/L)/NaCl
(1 M) and anionic polyelectrolyte solution of PSS (0.003 mol of
monomer/L)/NaCl (1 M) for 30 min. After each immersion, Au film
was thoroughly rinsed with deionized water, soaked in deionized
water for 1 min, and further immersed in NaCl solution (1 M) for 30
s. It should be noted that the outermost layer was PAH for the
assembly of each PE layer. Moveover, Au film was dried with a stream
of nitrogen before the next PE layer deposition. Ag nanocubes were
immobilized on the PE surface by bringing the PE-coated Au film
face-down into contact with Ag nanocubes solution, following by
rinsing with deionized water and drying under a stream of high-purity
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nitrogen. The coverage of Ag nanocubes on Au film can be modulated
by adjusting the concentration of Ag nanocubes solution and the
deposition time. The as-prepared Au films were fully rinsed with
deionized water and dried under a continuous flow of high-purity
nitrogen.

2.5. Characterization. The ultraviolet—visible (UV—vis) ex-
tinction spectra were acquired at room temperature by a Lambda
7508 spectrometer. Transmission electron microscopy (TEM) studies
were performed with a Hitachi 7650, and scanning electron
microscopy (SEM) images were acquired with a JSM-7S00F.
Raman spectra were collected with a HR800 Raman spectrometer
(Horiba Jobin Yvon). The excitation wavelength was 633 nm with a
laser spot size of ~2 ym and a power of 1.71 mW.

2.6. SERS Measurements. R6G and CV were used as probe
molecules. The as-prepared Ag/PE/Au substrate was immersed in the
probe molecules solution (107>—107'" M) for 1 h and then
thoroughly rinsed with deionized water to remove the free probe
molecules. For silicon substrates, Ag nanocubes was mixed with probe
molecules solution to reach a final concentration and left the mixtures
there for S h. Then, the different concentrations of probe molecules
was dropped onto the precleaned Si substrate. Laser wavelength: 633
nm; power: 1.71 mW; lens: 100X objective; acquisition time: 3 s. For
each SERS spectrum, we measured 20 SERS spectra on randomly
chosen positions of the substrate and then took the average values of
them.

2.7. Theoretical Simulations. Finite-difference time-domain
(FDTD) simulations were performed with a simulated Ag/PE/Au
assembly with a periodic structure of transversal translation. The
outermost layer of the Ag/PE/Au sandwiched structure is covered
with Ag nanocubes. The geometric parameter of the Ag nanocube is
set at 60, 90, and 115 nm. In addition, the thicknesses of Au film
(bottom layer) and Si substrate are fixed at SO and 100 nm along the
z-direction, respectively. The PE gap (middle layer) between the Ag
nanocube and Au film (Ag nanocubes/PE/Au film) is set at 0, 4, 8,
and 12 nm. The complex refractive indexes of Ag, Au, and
polyelectrolyte are adopted from tabulated values measured by
Johnson and Christy. The medium outside of Ag/PE/Au sandwiched
structure film was an atmospheric environment. Periodic boundary
conditions were applied along the x- and y-directions while perfectly
matched layers (PML) boundary conditions were utilized along the z-
direction. A plane wave (300—2000 nm, linear polarized light) with
the electric field parallel to the x-axis illuminated normally the
periodic structure along the —z-direction. A conform mesh technique
is employed to mesh the structure and the minimum mesh is set at 0.5
X 0.5 X 0.5 nm®. The localized electric field distribution of the Ag/
PE/Au structures on the y = 0 plane (excitation wavelength, 633 nm)
is collected by the field monitor.

3. RESULTS AND DISCUSSION

Ag nanocubes with different sizes and morphologies are
successfully synthesized by a recently developed method,
which involved the use of carbamide as the additive/
promoter.” Figure la demonstrates a representative SEM
image of truncated Ag nanocubes in comparison with the
freshly prepared Ag nanocubes (Figure 1b and Figure Sla,b).
XRD measurements confirmed the formation of Ag nanocubes.
As presented in Figure 1c, all samples exhibited four major
peaks at 20 = 38.1°, 44.3°, 64.4°, and 77.5°, corresponding to
(111), (200), (220), and (311) planes of face-centered cubic
(fcc) Ag nanocystals.”*® The corresponding size distributions
of Ag nanocubes are included in the insets of Figure 1d—f. The
SEM and XRD characterization confirmed the formation of Ag
nanocubes, indicating that the facets of Ag nanocubes were
primarily composed of (200) planes.””*" After the formation
of truncated Ag nanocubes, the peak intensity of the (200)
plane decreased in comparison to the case of sharp Ag
nanocubes. It should be noted that the size of Ag nanocubes
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Figure 1. SEM image of (a) truncated Ag nanocubes and (b) freshly
prepared Ag nanocubes. Insets are the TEM images of a single Ag
nanocube. (c) XRD patterns of freshly prepared Ag nanocubes and
truncated Ag nanocubes. SEM images of Ag nanocubes collected at
the reaction times of (d) 50, (e) 100, and (f) 120 min.

can be modified by the reaction time. From Figure 1d—f; it can
be seen that the edge length of as-synthesized Ag nanocubes
could be tuned from 60 to 90 and 115 nm by increasing the
reaction time of from 50 to 100 and 120 min, respectively. It
should be pointed out that all Ag nanocubes had a uniform
edge length with small variations (<5 nm).

The optical properties of Ag nanocubes were characterized
by UV—vis absorption measurements. The UV—vis spectra of
Ag nanocubes with different sizes (Figure 1d—f) are shown in
Figure 2, demonstrating Ag nanocubes (edge length ~60 nm)
exhibited a greenish color while other nanocubes were found

to be brown (edge length ~90 nm) and yellow (edge length

Extinction (a.u.)

500 600 700

Wavelength (nm)
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Figure 2. UV—vis absorption spectra of as-prepared Ag nanocubes of
different edge lengths: (a) 60, (b) 90, and (c) 115 nm. Inset shows
the corresponding photograph.
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~115 nm). It should be mentioned that all Ag nanocubes
exhibited two prominent absorption peaks. On the one hand,
the sharp one at 345 nm can be attributed to the SPR of the
corners and edges of uniform Ag nanocubes. On the other
hand, the second one is much broader and more intense, which
is ascribed to the major LSP resonance of the (100) plane of
fcc Ag nanocubes.”””" As the size of Ag nanocubes increased
from 60 to 90 and 115 nm, the LSP resonance peak displayed
an apparent red-shift from 434 to 462 and 479 nm,
respectively.

The as-prepared Ag nanocubes were assembled onto a PE
surface which deposited on the Au film (see Figure 3). No

s ol o]

Figure 3. Schematic illustration of Ag/PE/Au sandwich-structured
film. First, the Au film was functionalized with dielectric spacer.
Second, Ag nanocubes were immobilized by electrostatic attraction.

obvious agglomeration was observed as the Ag nanocubes
solution concentration was lower than 10 mM (Figure S2a).
However, Ag nanocubes were found be agglomerated on the
PE/Au film regardless of the time of deposition as the high
concentration of Ag nanocubes solution was used (see Figure
S2b). Moreover, the coverage of Ag nanocubes on the Au film
was modulated by prolonging the deposition time. It should be
noted that partial agglomeration of Ag nanocubes was
observed as the deposition time extended to 90 min (Figure
S3b). As exhibited in Figure 4a,b, the SEM characterizations
revealed that both of the as-prepared and truncated Ag
nanocubes can be randomly adsorbed on the PE surface
without apparent agglomeration. Although nonuniform Ag
nanocubes (Figure S1c) can be adsorbed onto the PE/Au film
as well, partial aggregation can be observed (Figure 4c).

The application of the Ag/PE/Au sandwich-structured
substrate as a SERS substrate was examined by using R6G
and CV as the analyte molecules. It should be mentioned that
no distinct Raman signals of R6G were observed without any
metal substrate even at the R6G concentration as high as 107
M (see Figure S4). Yet, by using freshly prepared Ag
nanocubes deposited on a Si surface (Ag/Si), we can clearly
detect well-defined Raman signals (Table S1). As shown in
Figure SSa, the detect limit of R6G was found to be 107 M.
Furthermore, the SERS enhancement was found to vary with
the morphology of Ag nanocubes. The freshly prepared Ag
nanocubes exhibited the highest Raman enhancement in
comparison with truncated and nonuniform Ag nanocubes
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Figure 4. SEM images of Ag nanocubes/PE/Au film: (a) freshly
prepared nanocubes, (b) truncated nanocubes, and (c) nonuniform
nanocubes, obtained with fixed initial concentration (10 mM) and
deposition time (60 min).

(see Figure SS5b). As shown in Figure lc, the XRD analysis
indicated the enhanced SERS performance originated from the
morphology control rather than the change of crystal structure
of Ag nanocubes.

Further enhancement was achieved by using the Ag/PE/Au
sandwich-structured substrate. From Figure S6, it can be seen
that the SERS sensitivity of Ag/PE/Au substrate was about 2
times higher than that of Ag/Si substrate alone, and the
detection limit of R6G by using the Ag/PE/Au substrate was
found to be at the 107 M level (Figure S7). There was no
Raman peak of R6G without Ag nanocubes, indicating that Ag
nanocubes played a vital role in SERS activity. Furthermore,
we found that Ag/PE/Au substrate also demonstrated
excellent Raman enhancement for CV with a detection limit
up to 107'® M as well (Figure S8 and Table S2). The Raman
signal enhancement became intensified by decreasing the size
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of the freshly prepared Ag nanocubes from 115 to 60 nm, as
shown in Figure Sa. This can be ascribed to the fact that
smaller Ag nanocubes contain a larger fraction of sharp edges
and corners, acting as the “hot spots” for SERS.">*"** The
number of probe molecules adsorbed on surface of Ag
nanocubes also increased with decreasing size. Figure Sb
(R6G) and Figures S9 and S10 (CV) demonstrated the SERS
spectra with different numbers of PE layers in the Ag/PE/Au
sandwiched-structured substrate. We found that the sensitivity
of the Raman signals first increases and then decreases with the
increase thickness of the PE layer while reaching a maximum
signal at three layers of PE. The same feature also appears in
the Ag/PE/Au substrate built by truncated Ag nanocubes for
both R6G and CV molecular (Figure S10). In fact, for the
nonuniform nanocubes deposited on PE/Au film, there was no
regulation to follow due to the uncontrollable agglomeration of
nanoparticles on the PE surface (see Figure S11). For the
sandwich-structured film, the collective oscillation of electrons
gathered in the waveguide cavity between Ag nanocubes and
Au film.*® The electromagnetic field was centrally localized
within the gap between Ag nanocubes and Au film due to the
hybridization of LSP and SPP resonance. Moreover, the PE
spacer between Au film and Ag nanocubes acted as phase
retarder, leading to a stronger SERS singal."’

In fact, the observed resonances could be viewed as
waveguide modes in the sandwiched structure where electro-
magnetic energy can reflect back and forth with the assistant of
the underlying Au film as a mirror."*~° The above-mentioned
results indicated that the coupling strength between the LSP
and SPP resonance could be precisely tuned by regulating the
thickness of PE layer and the morphology or size of Ag
nanocubes.”” The generation of high E-field enhancements
through the design of plasmonic nanostructure facilitated the
rapid and sensitive SERS detection of target analytes."’

Although the high enhancement factors have been reported
for various nanostructured substrates, it remains a challenge to
achieve a high reproducibility of SERS measurements. To
evaluate the repeatability for as-fabricated SERS substrate, we
randomly selected four different points on the Ag/PE/Au
substrate (Figure S12). There were no obvious changes in the
intensity of characteristic Raman peaks of R6G at 610 and
1650 cm™}, indicating the assembly of Ag/PE/Au substrate
provided a potential strategy for application in the near future.

To verify our experimental results, FDTD simulations were
performed to examine the influence the electric field intensity
in the PE spacer at different thicknesses. Figure 6 demonstrates
a dynamic process of the cross section of the spatial electric
field distribution at the excitation wavelength of 633 nm while
increasing the distance between Ag nanocube (60 nm) and Au
film. The E-field distribution without the involvement of PE
layer was found to be located at the upper corners of the Ag
nanocube (Figure 6a). As the distance between the Ag
nanocube and Au film increased to 4 nm, which refers to three
layers of PE, there was a strong E-field located at the cavity
defined by the Ag nanocube and Au film (Figure 7b). The
SERS enhancement factor is proportional to |E/Egl due to the
increased hot spots for SERS.* As the gap is further increased
(8 to 12 nm, >4 layers; see Figure 6¢,d), the E-field intensity
was actually subdued, indicating an optimal gap layer thickness
for the Ag/PE/Au substrate. As demonstrated in Figure 6, the
greatest enhancement was observed with three PE layers in the
Ag/PE/Au sandwich-structured substrate.
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Figure 5. SERS spectra of R6G solution (1077 M) based on Ag/PE/Au sandwich-structured substrate (three layers) (a) with freshly prepared Ag
nanocubes of different sizes and (b) with different numbers of PE layers.
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Figure 6. Simulation models of the Ag/PE/Au substrate with different gaps are built. The corresponding E-field distribution of Ag/PE/Au
substrate calculated with the FDTD method is shown in a (0 nm), b (4 nm), ¢ (8 nm), and d (12 nm); the scale bar at the right for the magnetic
field enhancement. The polarization of the incident laser is along this plane.

The corresponding E-field distribution of Ag/PE/Au
substrate is shown in Figure 7. The polarization of the
incident laser was along the XZ-plane. Numerical simulations
were also performed to further verify the size influence of Ag
nanocube to the electric field intensity. As shown in Figure 7,
the electric field intensity decreased gradually with increasing
the size of nanocube. The 60 nm Ag nanocubes exhibited a
much stronger E-field intensity than the larger ones (e.g., 90
and 115 nm). The simulation results agreed well with our
experimental results, which are presented in Figure S13.
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4. CONCLUSIONS

In summary, Ag nanoparticles were synthesized in large
quantities with different size and morphology. The Ag
nanocubes/polyelectrolyte/Au sandwich-structured film was
facilely fabricated and then employed as SERS substrate with
reproducible and uniform SERS activity. The electromagnetic
enhancement resulted from the strong coupling of multiple
LSP and SPP resonances between adjacent Ag nanocubes and
between Ag nanocubes and Au film. The FDTD simulations
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Figure 7. Simulation models of the Ag/PE/Au substrate with
different Ag nanocube sizes (gap = 4 nm): a (60 nm), b (90 nm), and
c (115 nm); scale bar at the right for the magnetic field strength.

further revealed the enhancement of the electrical field
strength within the polyelectrolyte gap layer, where the
optimized gap thickness was identified to be three polyelec-
trolyte layers. In this work, we demonstrate that Ag
nanocubes/polyelectrolyte/Au sandwich-structured film can
be considered as an inexpensive and sensitive SERS substrate

in practical sensing applications.
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