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Abstract. We fabricated large-area stacked complementary plasmonic crystals (SC PICs) by employing ultra-
violet nanoimprint lithography. The SC PICs were made on silicon-on-insulator substrates consisting of three
layers: the top layer contacting air was a perforated Au film, the bottom layer contacting the buried oxide layer
included an Au disk array corresponding to the holes in the top layer, and the middle layer was a Si photonic
crystal slab. The SC PICs have prominent resonances in optical wavelengths. It is shown that the fabricated PICs
were precise in structure and uniform in their optical properties. We examined the photoluminescence (PL)
enhancement of monolayer dye molecules on the SC PIC substrates in the visible range and found large

PL enhancements of up to a 100-fold in comparison with dye molecules on nonprocessed Si wafers. © The
Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in
part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JMM.13.2.023007]
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1 Introduction

Plasmonics that deal with artificial metallic nanostructures is
an emerging field to manipulate electromagnetic (EM) waves
in the subwavelength dimensions.'” Various applications,
such as plasmon-resonance-enhanced spectroscopy, single
molecule sensing, and ultrafast processing of signals at opti-
cal frequencies along metallic surfaces, are expected. The
fundamental aspect of light-matter interaction in locally
enhanced EM fields is also attracting interest. Due to the
development of fabrication technologies, numerous studies
on plasmonics have been conducted, revealing many features
of various plasmonic structures, such as nanospheres, nano-
rods, and nanoantenna. Still, it is a challenge to fabricate
precisely controlled metallic nanostructures with areas
greater than 1 X 1 ¢cm?. Large-area plasmonic substrates are
important in making functional plasmon-enhanced sensing
practical.® There is further demand for better designs and
experimental demonstrations of new plasmonic substrates.
It has been reported that the plasmonic resonances medi-
ate enhanced excitation and radiation processes; the resonant
modes have even been effectively applied for controlling
photoluminescence (PL).* Moreover, spectroscopic tech-
niques such as surfaced-enhanced fluorescence have been
demonstrated as optical detection methods for bioanalytical
applications, wherein the excitation of plasmonic resonances
induces strong interactions with the local EM field in close
vicinity to metal surfaces.’ On the other hand, when the mol-
ecule is placed directly on the metal surface, the PL intensity
in some cases is reduced due to nonradiative decay channels
that quench rapid energy transfer to the metal.® Therefore, it
is important to engineer the radiative coupling between the
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emitters and the structure in order to enhance the PL extrac-
tion efficiency as well as the local EM field-enlarged
artificial structures. Most demonstrations of practical sensing
substrates involve the use of nanoscale surface structures. A
large PL enhancement up to 1340-fold was reported based on
bowtie-shaped plasmonic nanoantenna;’ however, the results
showed inhomogeneous enhancement distributions depend-
ing on the locations of the molecules. Similarly, metal nano-
particle-based PL enhancement is inhomogeneous due to
the limitation of structural reproducibility of the size and
local features.®

Artificially controlled plasmonic nanostructures at the
subwavelength scale are smaller than the available wave-
length of illumination. The preparation of such subwave-
length plasmonic nanostructures usually involves the use
of expensive high-performance equipment for semiconduc-
tor mass production. Conventionally, direct-writing electron
beam lithography or focused ion-beam techniques are
adopted for the fabrication of the nanoscale structures.
These techniques are necessary to produce plasmonic reso-
nance in visible regions. However, these methods are slow
and expensive, limiting their practical application for the
fabrication of large-area surfaces. Given these considera-
tions, nanoimprint lithography (NIL) is considered to be
an ideal solution for large-area patterning of nanoscale
structures at relatively low cost.”!® The NIL technique is
based on the direct physical and mechanical deformation of
the resist, making it suitable to obtain significantly high
resolution, unlike conventional photolithography techniques
associated with the light diffraction or scattering. Because of
its high resolution, feasibility for mass fabrication, reproduc-
ibility, and good uniformity over large surface areas, NIL can
be regarded as the most effective nanofabrication technique.
Thus far, some studies have demonstrated the fabrication of
emission-enhanced substrates using NIL. Nevertheless, most
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studies have mainly focused on the imprint polymer-based
PL properties of dielectric substrates.'""'* Moreover, previous
studies on PICs-based emissions did not demonstrate a sig-
nificant enhancement because their surrounding dielectric
layer of emitters is limited by the effective coupling between
the emitters and the excited plasmonic resonances.'>'* A
uniform spectral response of plasmonic resonances without
local spot dependence has not been sufficiently demon-
strated,'>1® although higher uniformity of plasmonic reso-
nance on large-area surfaces would enable more quantitative
sensing on the substrates.

Figure 1(a) shows the schematic of an SC PIC substrate;
the whole view (left) and section view (right) are drawn. The
SC structure was conceived to make use of a feature sug-
gested by Babinet’s principle,!” which holds approximately
true in actual systems including real metals with finite thick-
ness. The principle implies that two structurally complemen-
tary layers have equi-wavelength hetero-resonances, so that
when the two layers are closely located, the resonances in
each layer couple and form new constructive resonances
that are not simple bonding—anti-bonding states.'®!® The
new resonances are featured in the SC structure. Here, we
produce large-area silicon-on-insulator (SOI)-based SC
PICs comprised three layers, including two complementary
layers in terms of metallic structures. As drawn in Fig. 1(a),
the top layer is a perforated thin Au film with 35-nm
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Fig. 1 (a) Schematic of a stacked complementary plasmonic crystal
(SC PIC) fabricated in this study. Left: The whole view at an oblique
angle. Right: Section view taken at the section indicated at the left.
The SC PIC is composed of three layers of SOI; the top layer consists
of perforated Au film, the middle layer is perforated Si slab, and
the bottom layer includes Au disks. (b) The blue solid curve shows
the calculated reflectance (R) spectrum for the SC PIC with periodicity
P = 410.5 nm, hole diameter D = 220 nm, and SOI and BOX (SiO,)
layer thickness of 200 and 400 nm, respectively. Incidence sheds nor-
mally on the top xy-plane with polarization parallel to the x-axis in (a).
The black dashed curve shows the calculated R spectrum of the
Au/SOI/BOX multilayer structure without any hole.
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thickness. The middle layer consists of a perforated Si
layer, that is, Si photonic crystal slab with a hexagonal
array of air holes; the periodicity was 410.5 nm and the diam-
eter of air holes was 220 nm. The SOI layer was 200 nm in
thickness. The bottom layer includes Au disks arrayed in
a Si layer of the same thickness as the top layer. Figure 1(b)
displays the reflectance (R) calculated by the rigorous
coupled-wave approximation method? at the normal inci-
dence onto the top xy-plane. Incident polarization was
parallel to the x-axis. Several reflection dips are seen in the
Au SC PICs modeling the actual sample (blue line), whereas
weak reflection responses are seen for multilayer Au/SOI/
BOX on Si wafer (dashed line) that does not include any
hole. The permittivity of Au and Si was taken from the
literature,”"*? and that of BOX (or SiO,) was set to 2.1316.

In this paper, we demonstrate the large-area fabrication of
Au SC PIC substrates composed of highly uniform nanohole
arrays using the ultraviolet (UV)-NIL technique. The surface
structures prepared in this study exhibit strongly modified
and enhanced emissions compared with the reference Si
wafer without Au SC PICs. The observed enhancement in
emissions is attributed to the interactions between the emitter
and the plasmonic resonances in the SC PICs. This experi-
mental study can offer practical PIC substrates that are quite
sensitive to luminescent materials.

2 Methods

The fabrication process for Au SC PICs is illustrated in
Fig. 2. The overall mold used was a 33 X 33 mm? quartz
stamp with 10 x 10 mm? nanopillar arrays. First, the mold
was cleaned by organic solvent pretreatment followed by
excimer irradiation with vacaum UV light (4 = 172 nm)
at 150°C. The vacuum UV light cleaning is better than
the conventional UV-based cleaning” and was done to
remove contaminations for the multiple-used mold. The
mold surface was subsequently treated with an octadecyl-
silyl-based monolayer anti-adhesive to improve demolding
properties. The anti-adhesion treatment was inevitable in
the NIL method using quartz molds because less hydropho-
bic mold surface adheres to the resist during the imprint press
procedure. Note that this step differs from the polymer-mold
UV-NIL procedure.’** In the present procedure, the quartz
mold was immersed in solutions for 10 min and then gradu-
ally taken out of the solution at a constant speed using
specifically designed tools. This was performed to ensure
a stable and uniform coating. The surface of the mold was
subsequently rinsed and then dried at 60°C for 10 min.
The used polymer resist (NICT82510, Daicel Chemical
Industries, Ltd., Osaka, Japan) was spin-coated with a thick-
ness of approximately 240 nm on a cleaned 50 X 50 mm?
SOI wafer and baked at 80°C for 1 min to evaporate residual
solvent [Fig. 2(a)]. We used high-precision UV imprint
equipment (ST-50, Toshiba Machine Company, Numazu,
Japan). The prepared mold and substrate were set, and the
mold was then pressed against the substrate at a pressure
of 1.5 MPa under the programmed sequential process to
control irradiation power and time. The wafer was placed
on a 1.5-mm thick Si rubber to avoid partial press distortion
during the press process. After imprinting, the mold was
removed and the imprinted substrate was baked at 80°C
for 10 min [Fig. 2(b)] in order to harden the resist and
increase its resistivity for the following dry etching.
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Fig. 2 Fabrication procedure of an Au SC PIC using UV NIL technique. (a) Resist coating, (b) imprint
press (stamp and UV irradiation), (c) release and residual removal, (d) anisotropic etching, (e) resist strip,

and (f) Au deposition.

The imprinted substrate was etched (not shown in this
figure) in the presence of Ar gas to remove the residual
or scum [Fig. 2(c)]. Here, achieving a thin layer of residue
was highly important for achieving high-aspect-ratio result-
ant structures. In this study, we optimized the thickness of
the resist in the spin-coating step to obtain almost zero
imprinted residual. If the thickness was not optimized, resists
with thicknesses that are less than half of the mold height
were usually ripped away during the demolding step. Thus,
it was necessary to optimize the thickness of the resist. The
imprinted pattern was subsequently transferred to the SOI
layer via anisotropic plasma reactive-ion-etching (RIE) using
the Bosch process with SF¢ and C4Fg gas for the alternating
cycles of etching and passivation, respectively [Fig. 2(d)].
After removal of the resist layer, a 35-nm thick Au film
was deposited at an optimized rate of 0.12 nm/s to obtain
an Au layer without cracks. The Au was deposited perpen-
dicularly to the air holes using an electron beam evaporation
technique [Figs. 2(e) and 2(f)]. Optical characterization of
the fabricated Au SC PICs was performed from the air side.

Figure 3(a) shows the photograph of the resist pattern
imprinted onto the substrate in a 10 x 10 mm? area. The
thickness of the residual layer was limited to the extremely
low thickness of 10 nm, which was close to our target of
10 £ 5 nm [Fig. 3(b)]. The residual layer was subsequently
removed via a short Ar plasma-etching treatment. Since
the original shape of the quartz mold pattern was slightly
tapered, the final profile of the imprinted section was also
slightly tapered.

The scanning electron microscopy (SEM) images of the
fabricated Au SC PICs structure are presented in Fig. 3(c).
The obtained hole diameter was 225 nm, which is almost the
same size as the master mold design. The surface was found
to have a uniform hole diameter. The Au thin film was suc-
cessfully deposited without any cracks during evaporation.
The section-view SEM image of Au SC PICs is shown in
Fig. 3(d); 35-nm thick Au layers are clearly observed in
the top and bottom layers, and the holes exhibit a slightly
bulging rather than a tapered shape. This is attributed to
the Bosch Si etching process used in this study to ensure
the successful Au profile in the holes. Consequently, we
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did not observe any isolated Au particles at the middle
layer of the SOI walls.

In measuring reflection spectra at the normal incidence,
we used a micro-spectroscopy system composed of a 0.4
numerical aperture objective, achromatic imaging lenses,
and a charge coupled device (CCD) camera. Reflection spec-
tra of the SC PICs were measured using incident polarized
white light from a tungsten-halogen lamp, a cooled CCD
detector array, a multimode fiber, and a spectrometer.
The PL measurement was carried out with the same spectros-
copy system. The pump laser was a continuous-wave solid
state laser with an output wavelength of 532 nm, which
was suitable for the dye molecules of Rhodamine 6G (R6G)
excitation. The polarization of the laser light was parallel to
the x-axis of the Au SC PICs. The pump laser light through
a neutral density filter was focused on a 25-uym diameter
spot on the sample surface. In the PL measurements, we
observed the PL signals at the spots without an inhomo-
geneous aggregation of molecules.

To explore emission enhancement, we used R6G dis-
persed on the fabricated Au SC PICs substrate. The R6G
was melted in methanol at a concentration of 1 X 1075 M.
We also made a reference substrate by dispersing the R6G
solution onto Si wafer. After the solvent was entirely evapo-
rated, the PL measurements were carried out at a room
temperature. From the concentration of the solution, the
average density of R6G on the SC PICs substrate and
the Si wafer was estimated to be 1 molecule/(5 X 5 nm?),
suggesting that each molecule was isolatedly dispersed.

3 Results and Discussion

Figure 4(a) shows the reflection spectra at normal incidence.
The 24 spectra of an Au SC PIC substrate are plotted, mea-
sured at different spot with each other. The resulting multiple
spectra exhibited significant overlap with each other. The
averaged dip minimum corresponds to a reflection efficiency
of 13.7% at a wavelength position A (718 nm). The observed
results at this position have 1% reflectance variation for the
averaged value. We note that our results were obtained with a
temporal fluctuation of the incidence with an approximately
1% variation in light intensity. Therefore, the results of all
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Fig. 3 (a) Photograph of the imprinted substrate with two-dimensional hole array resist patterns.
(b) Section-view scanning electron microscopy (SEM) image of the imprinted resist patterns. (c) Top-
view SEM images of fabricated Au SC PICs. The SEM image shown in the inset reveals highly uniform
shapes of the holes and the Au surface. The hole diameter and lattice constant are 225 and 410.5 nm,
respectively. (d) Section-view SEM image of the Au SC PICs clearly indicating the 35-nm-thick Au at

the top and bottom of the SOI layer.

24 spots show an almost identical response compared with
the results in other studies.'*!® The reflection spectra imply
high spatial uniformity, which is enough to obtain the ini-
tially intended optical quality over the whole substrate sur-
face. In addition, the measured result is in good agreement
with the calculated reflection efficiency shown in Fig. 1(b).
Distinct deep plasmonic resonances were observed at posi-
tions A and B, as obtained in the calculation. Because the
calculations were implemented based on the ideal model
of an Au SC PIC, the observed minor deviations in the reflec-
tion efficiency could come from the differences between
the model and the actual fabricated structures.

The strong plasmonic resonances observed in the reflec-
tion spectra are expected to induce enhanced EM fields
around the Au SC PIC, and to significantly enhance emission
from the dye molecules. Figure 4(b) shows the measured
PL enhancement in an SC PIC substrate. The enhancement
factor is the ratio of the PL intensity observed from the dye
molecules on an SC PIC substrate to that from molecules
adsorbed on a reference substrate (or Si wafer). The inset
shown in Fig. 4(b) shows the PL spectrum of the reference
Si wafer with a pump power of 250 yW. The peak
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wavelength was about 610 nm. The PL spectrum from the
Au SC PIC is strongly modified when compared with that
of the reference substrate. The observed distinct peaks are
attributed to the engineered plasmonic resonance effect,
and the highest peak at 717 nm indicates a 100-fold increase
in the PL intensity for SC PIC compared with the Si sub-
strate. To our knowledge, this is the largest enhancement
concerning the highly luminescent R6G molecules. The
large enhancement of the PL intensity on the SC PIC can
be attributed to the strong interaction between the excited
dye molecules and plasmonic resonance modes. The wave-
length of the strongly enhanced peaks corresponds to the
measured reflection dips. Additionally, another peak at
around 800 nm exhibits a 36-fold enhancement. Although
the PL of R6G on Si wafer is extremely weak at 800 nm,
the highly enhanced PL on the SC PIC substrate is due to
the corresponding resonance effect. A slight shift in the
peak of the enhancement factor to the reflectance B dip
around 800 nm was observed. This shift suggests that the
enhanced PL comes from plasmon-molecule coupled states
and will be studied in detail by clarifying the plasmon res-
onance. In the experimental conditions of this study, the dye
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Fig. 4 (a) Measured reflection spectra of the fabricated Au SC PICs
at the normal incidence. Twenty-four spectra are overlaid.
(b) Photoluminescence (PL) enhancement of the fabricated Au SC
PICs and Au/SOI/BOX structure on the same substrate. The inset
shows the PL spectrum of R6G on the nonprocessed Si wafer.
(c) PL intensity at 717 nm, plotted as a function of the pump
power. The inset shows the corresponding PL spectra. The laser
spot on the sample had a diameter of 25 um.

molecules were isolatedly dispersed on the substrates; there-
fore, the enhancement factor is an averaged value over
the excitation light spot.

On the other hand, PL enhancement in the order of unity
was observed for the R6G molecules dispersed on the Au/
SOI/BOX multilayer on the same substrate with SC PIC.
The Au/SOI/BOX multilayer does not have so large an
EM field due to its simple flat structure; the reflection spec-
trum is shown in Fig. 1(b). In this case, the reduction of
the PL intensity due to quenching on the metal surface may
not be negligible.”® Figure 4(c) presents the pump power
dependence PL intensities at 717 nm for Au SC PIC to verify
that our PL measurements were performed within a linear
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response regime of pump intensity. The PL intensity depends
almost linearly on the lower pump power (<300 uW).
However, when the pump power exceeds a certain critical
range, the peak intensity decreases and exhibits a nonlinear
dependence, suggesting a photo-breaching effect of the dye
molecules.

The emission properties presented here correspond to the
resonance response over a large surface structure. One of
the meaningful applications of the SC PIC substrates is sur-
face-enhanced Raman scattering®’ because the Au SC PICs
can offer several definite resonant modes in the visible range
of interest.

4 Conclusions

In this paper, the PL-enhanced large-area two-dimensional
Au SC PICs using the UV NIL technique combined with
RIE and metal deposition are demonstrated. The observed
PL intensity of the fabricated structure with R6G was signifi-
cantly increased by two-orders of magnitude compared with
the PL intensity on a reference Si wafer. The three-layered
PICs with hole arrays were precisely fabricated over the sub-
strate in 10 X 10 mm? areas. The fabricated substrate showed
deep plasmonic resonances in the measured reflection
spectra for visible frequency range. The high-optical uni-
formity of the fabricated structures is also confirmed by
tens of reflection measurements. The optical uniformity
suggests that the nanoimprint fabrication process adopted
here can be applied to the production of high-quality surface
engineered substrates for optical sensing.
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