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ABSTRACT

Nanoimprinting followed by metal deposition is a low-cost, high-throughput, and highly reproducible process for the fabrication of
large-size plasmonic substrates required for commercial products. However, the plasmonic substrates prepared by the process usually have very
broad surface plasmon resonances, which cannot be well reproduced by numerical simulations. The poor agreement between experiments and
calculations has prevented the detailed analysis of the field enhancement behavior and the improvement of the performance as plasmonic sub-
strates. In this work, we demonstrate that large-area plasmonic substrates with sharp surface plasmon resonances, which can be well reproduced
by numerical simulations, are produced by sputter-deposition of gold (Au) on a commercially available nanoimprinted substrate. The good
agreement between experiments and simulations allow us to identify the locations and field distributions of the hot spots. The angle depen-
dence of specular reflectance and diffuse reflectance measurements in combination with numerical simulations reveal that a dipolelike bright
mode and a higher-order dark mode exist at gaps between Au nanorods. Finally, we demonstrate the application of the developed plasmonic
substrates for surface-enhanced fluorescence in sandwich immunoassays for the detection of influenza virus nucleoprotein. We show that the
sharp resonance and the capability of precise tuning of the resonance wavelength significantly enhance the luminescence signal.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5119258

I. INTRODUCTION

Plasmonic substrates are key components for surface-enhanced
fluorescence (SEF) and surface-enhanced Raman scattering (SERS)
to maximize the sensitivity of biosensing and bioimaging.1–12

Elaborated metal nanostructures have been produced with very high
accuracy by using state-of-the-art nanofabrication technologies such
as electron-beam (EB) lithography8,13–15 and ion beam lithography.16

These processes are suitable for the proof-of-concept experiments
and for achieving record-high enhancement factors due to the high
processing accuracy. However, they are not very suitable for the pro-
duction of commercial devices due to the low production throughput
and the resultant high cost.

Nanosphere lithography (NSL), which uses a self-aligned
2-dimensional array of polystyrene or silica spheres as a template for
the formation of metal nanostructures, is one of the high-throughput
and low-cost processes to produce metal nanostructures on a large

substrate without using expensive equipment.17–25 A template of a
sphere array is also used in a metal film over nanosphere (FON)
process, in which a relatively thick metal film is deposited on the
sphere array to produce metal nanostructures.22,23,25 Similar to the
FON process, a metal film is deposited on a structured substrate fab-
ricated by nanoimprint lithography (NIL) to produce metal nano-
structures.26,27 Compared to the FON process, that using NIL has
higher controllability of the resonance wavelength and larger
freedom to design the location of hot spots. Furthermore, they have
higher uniformity in large areas and higher reproducibility.

There have been many reports on the production of plasmonic
substrates by metal deposition on structured substrates produced
by NIL.28–36 Li et al. produced a plasmonic substrate using gold
(Au) deposition on a silica (SiO2) pillar array prepared by NIL
and achieved a high area-average SERS enhancement (1.2 × 109)
and excellent uniformity (22.4% variation) in large area.28
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Alvarez-Puebla et al. deposited a silver (Ag) island film on a silicon
(Si) grating and a pillar array fabricated by NIL and studied the
surface plasmon resonance behavior.29 Yu et al. proposed a
one-step direct nanoimprint-in-metal method to fabricate periodic
structures on an Ag mirror and succeeded in detecting rhodamine
6G at concentration as low as 10−15 M by SERS.30 Lee et al. pro-
posed a hybrid approach combining NIL and a chemical deposition
method to form an Ag microbead array for SERS and achieved
the enhancement factor of 4.40 × 106 and the detection limit of
1.0 × 10−11 M.33 Zhu et al. produced a plasmonic substrate by Au
deposition on nanoimprinted polymer square nanopillars and
nanoholes for the detection of lung cancer A549 cells, retinal
pigment epithelial cells, and breast cancer MCF-7 cells and achieved
cell detection in the range from 5 × 102 to 1 × 107 cells ml−1.35

Barbillon succeeded in detecting streptavidin as low as 10 pM in a
biotin/streptavidin system by an Au nanodisk array on a glass sub-
strate fabricated by NIL and a lift-off process.36

These previous reports indicate that metal deposition on struc-
tured substrates produced by NIL is a promising process to produce
plasmonic substrates suitable for practical usages. However, in many
cases, the mechanism of the high electric field enhancement and the
location of hot spots are not very clear. Despite sharp plasmonic res-
onances predicted by simulations in plasmonic substrates prepared
by NIL and metal disposition,31,32 the measured reflection spectra
are usually much broader,28,29,31,32,34–36 and thus, calculated and
measured reflection spectra hardly agree.31,32 Therefore, the assign-
ment of the electromagnetic mode contributing to the field enhance-
ment and the identification of the location of the hot spots cannot
be made by numerical simulations. This is an obstacle for further
enhancement of the electric fields and for tuning the location of the
hot spots.

The purpose of this work is to realize plasmonic substrates
having surface plasmon resonances as sharp as those predicted by
numerical simulations by a simple process, i.e., Au deposition on a
commercially available nanoimprinted substrate. We show that by
improving the roughness of the Au surface, the surface plasmon
resonances become significantly sharp, and a very good agreement
between experimental and calculated reflectance spectra is achieved.
The good agreement allows us to identify the locations and field
distributions of the hot spots. From the angle dependence of specular
reflectance and diffuse reflectance measurements in combination
with numerical simulations, we show that a dipolelike bright mode
and a quadrupolelike dark mode exist at gaps between Au nanorods.
Finally, we demonstrate the application of the developed plasmonic
substrates for surface-enhanced fluorescence in sandwich immu-
noassays for the detection of influenza virus nucleoproteins.
We show that the sharp resonance and the capability of precise
tuning of the resonance wavelength of the plasmonic substrates
result in strong enhancement of the fluorescence signal, which
reduces the detection limit.

II. PREPARATION OF PLASMONIC SUBSTRATE

Figure 1(a) shows a schematic illustration of the process for
the fabrication of a plasmonic substrate.37 Polyolefin substrates
with dome-shaped structures fabricated by nanoimprinting were
purchased from SCIVAX (LP230/200-120). Figure 1(b) shows the

scanning electron microscope (SEM) (FEI, HELIOS NANOLAB
G3 UC) image of the nanoimprinted structure. The width, pitch,
and height of the dome-shaped structures are 230 nm, 460 nm, and
200 nm, respectively. On the dome-shaped structures, Au thin films
were deposited by electron-beam (EB) evaporation or sputtering.
Figure 1(c) shows the SEM image after Au deposition (nominal
thickness: 301 nm) by EB evaporation (EIKO) with the deposition
rate of 1 Å/s, while Fig. 1(d) shows the SEM image after Au depo-
sition (nominal thickness: 208 nm) by sputtering (SHIBAURA,
i-millerII) in Ar gas (20 SCCM) at 50W. We can see a clear differ-
ence in the morphology between the two methods: EB-deposited Au
is bumpy, while sputter-deposited Au is smooth. The difference is
explained by different kinetic energies of Au atoms during deposi-
tion.38 The specular reflectance spectra (incident angle: 5°) (JASCO,
V-670) of these substrates are shown in Fig. 1(e). The reflection loss
below 500 nm is due to the interband transitions of Au. The
EB-deposited substrate has a broad dip due to the surface plasmon
resonance around 850 nm, while the sputter-deposited one has a

FIG. 1. (a) Schematic illustration of the plasmonic substrate fabrication process.
(b) SEM image of a polyolefin substrate prepared using nanoimprinting. (c) and
(d) SEM images after Au deposition: (c) EB and (d) sputtering. Nominal Au film
thicknesses are 301 nm and 208 nm. (e) Reflectance spectra of the plasmonic
substrates shown in (c) (black) and in (d) (red). Arrows indicate the surface
plasmon resonance wavelengths. The incident angle is 5°.
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sharp dip around 550 nm. Considering the very rough surface of the
EB-deposited substrate, the broadening of the surface plasmon reso-
nance is due to roughness. In this paper, in order to analyze the
intrinsic property of the plasmonic substrate by excluding the effect
of roughness, we will employ sputtering for the Au deposition.

III. RESULTS AND DISCUSSION

Figure 2 shows top (a), (c), (e), (g), (i) and cross-sectional (b),
(d), (f ), (h), ( j) SEM images of plasmonic substrates. The Au depo-
sition time and the nominal thickness are shown in the figures.
The samples for cross-sectional observations were prepared by
focused ion beam milling after coating the samples by C, Os, and
Pt as protective layers. With increasing the Au deposition time, the
diameter and height of Au pillars increase and the gap between
adjacent Au pillars decreases. From the top view, we notice that the
shape of Au pillars changes from round to hexagon, and the boun-
dary between adjacent Au pillars changes from a point to a line.
Since the gap between the pillars is a hot spot for the field enhance-
ment as we will show later, the shape is an important factor to
determine the field enhancement behavior.28,39–41 In the longest
deposition time (2143 s), adjacent Au pillars partially contact. In
Fig. 2(k), the diameter, height, and gap length of Au nanostructures
estimated from SEM images and the nominal Au thickness are
plotted as a function of the sputtering time.

Figure 3 shows the measured specular reflectance spectra
(incident angle: 5°) of the plasmonic substrates with different
nominal Au film thicknesses. The spectrum of a flat Au film fabri-
cated by sputter-deposition of Au on a flat substrate is shown as a
reference. In the substrate with the thinnest Au (nominal thickness:
208 nm), a dip appears around 550 nm. The peak splits into two or
three peaks with increasing thickness, and the long wavelength one
shifts significantly to a longer wavelength. It is very plausible that
the coupling of surface plasmons of adjacent Au nanostructures is
the cause of the spectral change.4,42,43 In the substrate with the
thickest Au (nominal thickness: 488 nm), the surface plasmon reso-
nances are broader than others. This may be due to partial contact
of adjacent Au nanopillars as shown in the SEM image in Fig. 2( j).

In the application of a plasmonic substrate in fluorescence bio-
sensing, utilizing near-infrared light for excitation and detection is
preferable to avoid autofluorescence of biomolecules. In particular,
due to the availability of light sources, phosphors, and detectors,
the wavelength around 800 nm has been widely used. Therefore, in
the following, we proceed to detailed analyses for the plasmonic
substrate having the surface plasmon resonance around 800 nm.
Note that since the resonance shifts about 50 nm after the formation
of a sensor structure shown later, the resonance wavelength of a bare
substrate should be around 750 nm. As can be seen in Fig. 3, this
condition is satisfied when the nominal Au thickness is 386 nm.

In order to identify the surface plasmon resonance modes
responsible for the reflection dips, we measure the angle dependence
of the specular reflectance for p-polarized light (JASCO, V-670).
Figure 4(a) shows the reflection spectra of the plasmonic substrate
with the nominal Au thickness of 386 nm. The incident angle is
changed from 5° to 75°. Figure 4(b) shows the contour map of the
reflection spectra. We can see the existence of modes with a strong
angle dependence and those almost independent of the angle. We

FIG. 2. (a), (c), (e), (g), and (i) Top and (b), (d), (f ), (h), and ( j) cross-sectional
SEM images of plasmonic substrates prepared with different sputter-deposition
time. The sputtering time and the nominal Au thickness are shown in the figures.
C, Os, and Pt layers in the cross-sectional images are protective layers for the
ion-milling process. a, b, and c in the cross-sectional images represent the defini-
tions of the diameter, height, and gap length of Au nanostructures. The values of
a, b, and c estimated from the images are shown in the figures. (k) Diameter
(filled circle), height (filled square), and gap length (filled triangle) of Au nano-
structures and nominal Au thickness (open circle) as a function of sputtering time.
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will discuss the dispersion relation later by comparing the experi-
mental results with the simulation results.

In order to know the radiative and nonradiative nature of the
observed plasmonic modes in the specular reflectance spectrum in
Fig. 3, we distinguish the contributions of reflection, scattering, and
absorption by measuring the specular and diffuse reflectance
spectra of the same sample (nominal Au thickness: 386 nm).
Figure 5(a) shows the measurement setups of specular and diffuse
(SHIMAZU, SolidSpec-3700) reflectance spectra. The incident
angle is 8° in both the measurements. In the specular reflectance,
only the ratio of the reflected photons (R) with respect to the
incident photons is measured, while in the diffuse reflectance
geometry, that of the sum of the scattered (S) and reflected (R)
photons are measured by using an integrating sphere. Therefore,
by subtracting the specular reflection spectrum from the diffuse
reflection spectrum, the ratio of the scattered photons (S) is
obtained. Furthermore, by subtracting the diffuse reflection spec-
trum from 1, the ratio of absorbed photons (A) is obtained.
Figure 5(b) shows diffuse (black) and specular (red) reflectance
spectra, and Fig. 5(c) shows the scattering (blue) and absorpance
(green) spectra. We can see that the scattering intensity of the
714 nm resonance is about twice larger than that of the 563 nm
resonance, while the relation is vice versa in the absorpance.
These results suggest that the surface plasmon mode with the reso-
nance at 563 nm is a dark mode, while that with the resonance at

714 nm is a bright mode. The validity of these assignments will be
discussed later from the analyses of the electric field distributions.

We performed finite-difference time-domain (FDTD) simula-
tions (Lumerical Solutions, Inc.) of the reflectance spectra and electric
field distributions of a plasmonic substrate with the nominal Au
thickness of 386 nm. The geometrical parameters are obtained from
cross-sectional SEM images (see Fig. S1 in the supplementary
material). Figure 6(a) shows the schematic illustration of the
model structure used for the FDTD simulations. Au nanopillars
composed of Au cylinders, and hemi-oblates are aligned hexagonally.
The structural parameters are shown in the figure. The dielectric

FIG. 3. Reflectance spectra of plasmonic substrates prepared with different
sputter-deposition time. The sputtering time and the nominal Au thickness are
shown in the figures. The incident angle is 5°. The data of the Au flat substrate
are shown as a reference.

FIG. 4. (a) Incident angle dependence of reflectance spectra of a plasmonic
substrate with the nominal Au thickness of 386 nm. The incident light is p-
polarized. (b) The contour map of the reflectance spectra in (a).
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function of Au is obtained from Johnson and Christy,40 and the
refractive indices of air and olefin are set to 1 and 1.55, respectively.
The simulation region is defined by a unit cell consisting of one
pillar and four quarter-pillars surrounded by periodic boundaries

FIG. 5. (a) Schematic diagrams of specular and diffuse reflectance measure-
ment setups. The incident angle is 8°. R, S, and A represent the ratios of
reflected, scattered, and absorbed photons, respectively, with respect to the
number of incident photons. (b) Diffuse (black) and specular (red) reflectance
spectra of a plasmonic substrate with the nominal Au thickness of 386 nm. (c)
Scattering (blue) and absorpance (green) spectra derived from specular and
diffuse reflectance spectra.

FIG. 6. (a) Schematic illustration of the model structure used for FDTD simula-
tions. (b) Calculated spectrum of all reflected power (red) and measured diffuse
reflectance spectrum (nominal Au thickness: 386 nm) (black). (c) and (d) XZ
and (e)–(g) XY views of electric field intensity (jE=E0j2) at 563 nm (c), (e), (g)
and at 714 nm (d) and (f ).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 223104 (2019); doi: 10.1063/1.5119258 126, 223104-5

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


(in-plane) and perfectly matched layers (out-of-plane). A linearly
polarized plane wave light source, whose wave vector k is along the
z-direction and the electric field vector E is along the x-direction, is
placed above the nanopillar array to illuminate it. The absorbed
power is calculated by a monitor placed between the source and the
array, while all reflected power including reflection and scattering is
calculated by a monitor placed above the source. Note that the calcu-
lated spectrum of all reflected power corresponds to the measured
diffuse reflectance spectrum.

Figure 6(b) shows the calculated spectrum of all reflected
power (red) for the model structure of a plasmonic substrate with
the nominal Au thickness of 386 nm together with the measured
diffuse reflectance spectrum (black) [the same spectrum as that in
Fig. 5(b)]. We can see that the simulation reproduces the experi-
mental spectrum very well. The resonance wavelengths agree
almost perfectly. Furthermore, the depth and width of the 563 nm
dip agree very well. A slight difference is the depth of the 714 nm
dip; it is deeper in the simulation than in the experiment. It should
be stressed here that the agreement between the experiment and
the calculation in Fig. 6(a) is much better than those of previous
work on similar structures.4–6,31,32 The good agreement allows us to
discuss the origin of the resonant modes from the electric field
distributions.

Figures 6(c) and 6(d) show the xz cross sections of the electric
field (jE=E0j2) at 563 nm and 714 nm, respectively. At 563 nm, two
hot spots are formed around z = 200 nm and 352 nm in the gap
between adjacent Au nanopillars. The maximum field enhancement
factor is 186. On the other hand, only one hot spot (z = 236 nm)
exists at 714 nm. The maximum field enhancement factor is 414,
which is about 2.2-fold larger than that at 563 nm. The field dis-
tributions in the xz cross sections suggest that the resonance at
714 nm is a dipolelike lowest order cavity mode, while that at
563 nm is a higher-order multipole cavity mode.4,44 Generally, the
dipolelike mode is a bright mode being coupled to the far-field,
while higher-order modes are dark modes with negligible far-field
radiation.45 As can be seen in the experimental absorpance and
scattering spectra in Fig. 5(c), the 714 nm mode scatters light
more than the 563 nm mode. This is consistent with the field distribu-
tions in Figs. 6(c) and 6(d) that the 714 nm mode is a dipolelike mode
and the 563 nm mode is a higher-order mode. Figures 6(e)–6(g) show
field distributions in the xy cross sections at the height of hot spots;
(e) and (g) are at z = 352 nm and 200 nm, respectively, at 563 nm, and
(f) is at z = 236 nm at 714 nm. The field distributions in the xy cross
sections demonstrate that the hot spots exist at the gaps between adja-
cent Au nanostructures.

We also calculated the reflectance spectra in a wide incident
angle (θ = 0°–70°) (see Fig. S2 in the supplementary material) and
obtained the dispersion relation as shown in Fig. 7(a). The abscissa
is an in-plane wave vector calculated from k// = (ɷ/c) sinθ.
Similarly, Fig. 7(b) shows the dispersion relation obtained from the
angle dependence of the specular reflectance in Fig. 4(a). We can
see that the measured and calculated dispersion relations are very
similar. This again demonstrates that the designed structure is pro-
duced almost perfectly. The dispersion relation reveals that the low
energy mode has very small dispersion, while the high energy
mode has relatively large dispersion. Therefore, the low energy
mode is considered to be highly localized in the gap, while the high

energy mode is a coupled mode reflecting the periodicity of the
nanopillar lattice.45–48

Finally, we demonstrate the application of the developed plas-
monic substrate to a sandwich immunoassay for the detection of
influenza virus nucleoprotein (NP) by SEF. Figure 8(a) shows the
schematic illustration of the immunoassay. Anti-influenza IgG anti-
body (abcam, ab66191), a capture antibody, was immobilized via
self-assembled monolayer (SAM) on a plasmonic substrate. The
nominal Au thickness in the plasmonic substrates is changed from
208 to 488 nm. Depending on the thickness, the wavelength of the

FIG. 7. (a) Simulated and (b) measured dispersion relations obtained from
angle-resolved reflectance spectra. The measured dispersion relation is
obtained from the data in Fig. 4(a).
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dipolelike surface plasmon resonances changes from 550 nm to
1030 nm as shown in Fig. 3. If a recombinant influenza H1N1 NP
(Sino Biological, 11675-V08B), an antigen, is captured by the IgG
antibody, an anti-influenza IgG antibody (abcam, ac110661)
labeled with an organic dye (Thermo Fisher, Dylight 800), a detec-
tion antibody, sandwiches the NP by an antigen-antibody reaction,
and thus, the NP is detected by the photoluminescence (PL) of the
organic dye. Figure 8(b) shows the PL intensity of the sandwich
immunoassay [see Fig. S3 in the supplementary material for the PL
spectra]. The abscissa is the resonance wavelength of the plasmonic
substrates with different nominal Au thicknesses. The nominal
thickness is shown in the figure. The excitation and detection wave-
lengths are 785 nm and 800 nm, respectively. The PL intensity is
largely enhanced when the nominal Au thickness is 403 nm, i.e.,
when the resonance wavelength is close to the excitation and emis-
sion wavelengths.

We study the effects of surface roughness on the performance
of the plasmonic substrates in the immunoassay by comparing the
PL intensities between plasmonic substrates produced by EB depo-
sition and sputter-deposition. As we already discussed in Fig. 1, the

plasmonic substrate produced by EB deposition has a rough
surface, while that produced by sputtering has a smooth surface.
Figure 8(c) shows the PL intensity of a sandwich immunoassay as a
function of NP concentration. The data of the plasmonic substrates
produced by EB deposition (301 nm) and sputter-deposition
(403 nm) are shown. The thicknesses are chosen so that the surface
plasmon resonance wavelength is around 800 nm [see reflectance
spectra in Fig. 1(e) (black) and in Fig. 3 (green)]. The numbers in
the figure correspond to the PL intensities. Despite the almost
same surface plasmon resonance wavelength, the PL intensity of
the sandwich immunoassay with sputter-deposited Au is 2.5–4.0
times larger than that with EB-deposited Au in the whole NP con-
centration range. This suggests that the overall field enhancement
at the resonant wavelength is larger in plasmonic substrates with a
smoother surface.

IV. CONCLUSION

We have succeeded in achieving sharp surface plasmon
resonances in plasmonic substrates prepared using nanoimprinting
followed by Au sputter-deposition. The reflection spectra of the sub-
strates could be well reproduced by numerical simulations. The good
agreement between experiments and simulations allowed us to iden-
tify the locations and field distributions of the hot spots. The angle
dependence of specular reflectance and diffuse reflectance measure-
ments in combination with numerical simulations reveal that a
dipolelike bright mode and a higher-order dark mode exist at gaps
between Au nanopillars. Finally, we demonstrate the application of
the developed plasmonic substrates for surface-enhanced fluores-
cence in sandwich immunoassays for the detection of influenza virus
nucleoprotein. We show that the sharp resonance and the capability
of precise tuning of the resonance wavelength of the plasmonic sub-
strates with a smooth metal surface result in strong enhancement of
the luminescence signal.

SUPPLEMENTARY MATERIAL

See the supplementary material for the modeling of an Au
nanopillar array in FDTD simulations and calculated angle-
resolved specular reflectance spectra.
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