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The band structure of surface plasmon polaritons (SPPs) on the Ag surface in the presence of
gratings and SPP-based surface-enhanced Raman scattering (SERS) are investigated theoretically
and experimentally. The SPP bandgap position can be tuned by geometric parameters. The SPP
band edge dominates the SERS behavior. The template stripping process is introduced to reduce
SPP propagation losses, improving SERS sensitivity by ~40. Apart from flexibility and a moderate
SERS enhancement factor of the order of 10°~10°, the SPP band structure is highly reproducible
with a relative standard deviation of 10.9%. Our results open opportunities for SPP band structures
to serve as SERS substrates. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4997303]

Surface-enhanced Raman scattering (SERS) is a power-
ful spectroscopic technique for chemical and biological
analyses, for identifying the chemical fingerprint of the mol-
ecules.! The physical mechanism that dominates the
enhancement behavior is based on strong electric fields asso-
ciated with localized surface plasmon resonances (LSPRs).
Recent SERS systems have been predominantly based on
dimer structures, i.e., nanoparticle pairs of noble metals or
particle on mirror configurations.”™ Large amplification of
an electrical field occurs in the gap of a dimer structure com-
pared to that at the surface of a single nanoparticle. The gap
positions are termed SERS “hot spots”. Using such plas-
monically enhanced spectroscopy, the Raman detection of
single molecules has become a reality.”™ High sensitivity
SERS systems often suffer from variable signal magnitudes,
making their use as quantitative metrological techniques
problematic, and thus, there is a demand for SERS substrates
which can show reproducible signal enhancement and can be
manufactured easily. Periodically arranged “hot spots” such
as nanogap array structures would be of benefit to attain this
goal.”~!* In this situation, the collective effect of the periodic
arrangement of nanostructures often emerges. For instance,
“hot spots” could be linked with surface plasmon polaritons
(SPPs) and interact with each other, which can be utilized to
supplement the Raman enhancement factor (EF). However,
the surface roughness and inhomogeneities will reduce the
device performance as the SPP is extremely sensitive to the
support surface or interface."”

In this letter, we investigate the impact of SPPs, rather
than LSPRs, on the SERS properties, taking a simple one-
dimensional (1-D) grating structure as an example. The grat-
ing parameters are optimized with regard to Raman EF. Both
the theoretical and experimental results show that the SPP
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band edge plays an overwhelming role in the field enhance-
ment. In our experiments, the 1-D grating structure was
formed on ultrasmooth, template stripped Ag films thus min-
imizing SPP propagation losses and the reproducibility of
such a SERS substrates evaluated.

The template stripping process was adopted to obtain an
ultrasmooth Ag surface by means of a cleaned Si substrate,
in which gratings were fabricated by focused ion beam (FIB)
etching (strata FIB 201, FEI Co. 30keV Ga ions). Then, a
200nm Ag film was deposited on the Si substrate using ion
beam sputtering at a rate of 6.0 nm/min under 7keV and
300 puA. After that, a ~1 mm thick Cu foil was electrodepos-
ited on the Ag film and peeled off from the Si substrate
together with the patterned Ag film. The fabrication process
is illustrated in Fig. 1(a). The surface morphology of stripped
surface of the Ag film was characterized by atomic force
microscopy (AFM). A three-dimensional (3-D) AFM image
of Ag grating is shown in Fig. 1(b). The root-mean-square
roughness of the Ag surface with and without the template
stripping process is 0.980 and 2.72 nm, respectively, over an
area of 2 x 2 um?>.

The structural parameter optimization and the theoreti-
cal SPP band structure of the 1-D grating were investigated
using 3-D finite-difference time-domain (FDTD) software
(Lumerical FDTD Solutions). The Raman electromagnetic
EF approximately scales as g*, g =|E|/|Eo|, where E is the
resulting electric field outside the 1-D grating and E is the
incident electric field. There are three adjustable structural
parameters for a 1-D rectangular grating, i.e., the grating
period (P), the groove depth (H), and the ridge width (W), as
depicted in Fig. 1(a). The largest electric field intensity, for
an incident wavelength of 2=1532nm, was determined by
scanning the above parameters. The Fabry-Pérot (F-P) cavity
resonance within the grating grooves results in discrete
extreme values of the groove depth, when the other two
parameters are fixed. For simplicity, we set the groove depth
H =30nm, corresponding to the first-order F-P resonance. In

Published by AIP Publishing.
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FIG. 1. (a) Schematic diagram of the template stripping process. The
enlargement shows a cross-sectional sketch of the 1-D grating. (b) The 3-D
AFM image of the grating.

this case, the electromagnetic EF depends on period P and
the duty ratio (r=W/P). Figure 2 presents the mapping
image of the calculated electromagnetic EF, from which the
optimum values of P and r can be determined as 475 nm and
0.57, respectively.

It is well known that the size of an SPP bandgap changes
with r and H, while its central position changes with P. Here,
we demonstrate the influence of P on the SPP band structure
with H=30nm and = 0.57. From the calculated dispersion
relation shown in Fig. 3(a), one can see that the bandgap is
opened up, and the central bandgap position red shifts with
P. Especially, the upper and lower SPP band edges lie in
A=532nm for P =475 and 525 nm, respectively. The exper-
imental dispersion relations were obtained by mapping the
reflectivity in a plane conjugate to the Fourier (back focal)
plane of a 50x objective. The reflectivity indicates whether
SPP modes are generated or not. The SPPs are excited at
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FIG. 2. The calculated EF as a function of the grating period and the duty
ratio.
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FIG. 3. (a) The theoretical and (b) experimental dispersion relation of the
1-D gratings with various periods but the same groove depth # =30nm and
duty ratio = 0.57. The white dashed line corresponds to the position of inci-
dent wavelength =532 nm.

certain angles and wavelengths with lower reflectivities.
Figure 3(b) shows the measured dispersion relations, which
are in good agreement with those calculated. Compared to
the theoretical one, the measured lower SPP band edge is not
clearly distinguished partially due to the limited angular res-
olution of 1° in the experiments.

For a grating, the resultant electric field is inversely pro-
portional to SPP group velocity vg:dw/dk.16 The smaller
the v,, the larger the magnitude of E. From Fig. 3, the small-
est SPP group velocity v, locates at the SPP band edge. As a
far-field property, the reflectivity provides valid information
on the near-field property. The values of reflectivity near
zero angle at A =532 nm were extracted for different periods,
as is shown in Fig. 4(a). It can be seen that the trend of the
theoretical curve is coincident with that of the experimental
curve. Two valleys of reflectivity are in line with the upper
and lower SPP band edges, respectively. We calculated the
electric field at A =532 nm for different P values, as shown
in Fig. 4(b). The maximum |E| appears with minimum reflec-
tivity. Both the minimal reflectivity and the strongest electric



S N B~ O

Appl. Phys. Lett. 111, 051601 (2017)

FIG. 4. (a) Theoretical and experimen-
tal reflectivity at A=532nm for the
1D gratings with various periods but
the same groove depth H=30nm and
duty ratio r=0.57. (b) The electric
field distribution at A=532nm of
four representative grating periods. (c)
3 Raman spectra taken from the same

1-D grating structure with H =30nm,
r=0.57 and P=475nm on the Ag
surface with/without the template strip-
ping process, as illustrated in Fig. 1(a).
(d) The SERS EF at the 1145cm™'
corresponding to (a).
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field occur at P =475nm (position B), conforming with the
results of Figs. 2 and 3. The electric field is weakest at
P =505nm (position C) due to the fact that 2 =532nm is
within the SPP bandgap. That is, no SPP modes exist in this
case, referring to the dispersion relation shown in Fig. 3. As
for the SERS performance, the upper SPP band edge behaves
better than the lower one, which can be observed from the
SPP band structure shown in Fig. 3(a). Moreover, the electric
filed distribution of 1-D gratings in Fig. 4(b) shows that the
largest |E| is situated in the corner of grating ridge because
of the tip effect.

For the SERS measurements, the self-assembled mono-
layer of 4-aminothiophenol (4-ATP) molecules was formed
on the Ag surface by the following process. The sample was
immersed in an ethanol solution of 4-ATP at a concentration
of 1 x107*M for 6h. Then, the sample was rinsed several
times with ethanol and deionized water to remove excessive
molecules and dried up with cleaned nitrogen. After that,
SERS measurements were taken immediately. The SERS
properties were investigated using a confocal Raman system
(Horiba Scientific, LabRAM HR Raman spectrometer). The
sample was excited by a laser at A =532 nm via a 50x objec-
tive. We examined the superiority of the stripped structures
over those directly fabricated on the Ag film using optimized
grating parameters H=30nm, r=0.57, and P=475nm,
with which the best SERS performance will be expected.
Figure 4(c) shows such two different SERS spectra of the 4-
ATP molecular monolayer adsorbed on the 1-D Ag grating.
By comparison, the maximum Raman intensity without the
template stripping process is about 40 times smaller than that
with the template stripping process. To estimate the experi-
mental EF, the expression EF = (Isgrs/Nsurt)/(Irs/Nvol) Was
used.'” Isgrs and Ig are the measured Raman intensities of
the self-assembled monolayer of 4-ATP on a 1-D grating

' 0
420 440 460 480 500 520 540
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surface and 4-ATP powder, which was placed on a clean glass
slide for normal Raman measurements. The former belongs to
the SERS measurements; the latter belongs to the normal
Raman (non-SERS) measurements. Ng,+ and Ny, are the
evaluated numbers of 4-ATP molecules involved in the SERS
and normal Raman measurements. It should be noted that
Raman peaks of adsorbed molecules shift with the substrates.
In our experiments, the SERS peaks of 1076cm™' and
1145cm™" [Fig. 4(c)] correspond to normal Raman peaks
of 1092cm™" and 1177 cm ™', respectively. We choose the
SERS peak of 1145cm ™' as an example below. The Raman
spectra were measured for samples with different P values,
and the values of the SERS EF at 1145cm ™' were collected
to compare with those calculated, as shown in Fig. 4(d). There
are two peaks of EF, which are consistent with two valleys of
reflectivity in Fig. 4(a), as well as the SPP band edges in Fig.
3. The above results show that the electric field enhancement
of the 1-D grating relies on the SPP group velocity v,, which
can be modulated by SPP band engineering. Therein, the SPP
band edge makes a significant contribution to the enhance-
ment with the EF as large as 4 x 10° experimentally and
7 % 10° theoretically. The discrepancy between the experi-
mental and theoretical results may arise from several factors,
e.g., a rounding of the corners of grating ridge (in experiment
compared to model) and SPP propagating losses induced by
remaining roughness on the Ag surface in spite of the template
stripping process.

The Raman mapping image was acquired to study the
reproducibility of SERS substrates. Figure 5 presents a
Raman mapping at the 4-ATP Raman peak of 1145cm ™', A
50x objective was used with the scanning area of 15 x 15
pm?® and the total number of the scanning spots 225.
The relative standard deviation (RSD) is evaluated as low
as 10.9%.
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FIG. 5. SERS mapping image at 1145cm ™" for the 1-D grating under a
50x objective.

In conclusion, we have investigated the SPP band
structure of 1-D Ag gratings both theoretically and experi-
mentally and applied it for the development of SERS sub-
strates. The largest SERS enhancement takes place at the
SPP band edge. Being identical to LSPRs, the SPP-based
SERS mechanism can be ultimately linked to electromag-
netic enhancement. The wavelength position of SPP band
edges can be tuned by geometric parameters of gratings.
The SPP-based SERS substrates have advantages of high
reproducibility. The technology of template stripping is
beneficial in developing SERS substrates with a large
SERS EF. Owing to the flexibility and reproducibility, the
SPP band structures provide a practical way for chemical
and biological sensing.
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