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Linewidth-Optimized Extraordinary Optical Transmission in
Water with Template-Stripped Metallic Nanohole Arrays

Si Hoon Lee, Timothy W. Johnson, Nathan C. Lindquist, Hyungsoon Im, David J. Norris,

and Sang-Hyun Oh*

The experimental observation of unusually sharp plasmon resonance peaks in
periodic Ag nanohole arrays made using template stripping is reported. The
extraordinary optical transmission (EOT) peak associated with the surface
plasmon polaritons at the smooth Ag-water interface shows a well-defined
Fano-type profile with a linewidth below 10 nm at a wavelength of around
700 nm. Notably, this sharp and intense radiant peak (Q factor of 71) is
obtained at visible frequencies in water and at normally incident illumination.
This is accomplished by obtaining high-quality Ag surfaces with a roughness
below 1 nm, which reduces the imaginary component of the Ag dielectric
function that is associated with material damping, as well as shrinking the
nanohole radius to decrease radiative damping of plasmons. The localized
spectral response of the radiant plasmon peak is characterized using the
nanohole array in water in a layer-by-layer fashion via sequential atomic layer
deposition of Al,O;. Because the ultrasharp EOT peak is obtained with excel-
lent uniformity over a centimeter-sized area from the metallic nanohole array
in water, these template-stripped nanohole arrays will benefit many practical

applications based on EOT.

1. Introduction

Engineered metallic nanostructures can exhibit unusual optical
properties not found in natural materials. With proper design,
tuning, and high-throughput fabrication, such metallic nanos-
tructures can be tailored for practical applications such as
biosensing, spectroscopy, imaging, and photovoltaics. In par-
ticular, following the discovery of extraordinary optical trans-
mission (EOT) through periodic subwavelength hole arrays in
metal films,[! extensive research has been conducted to both
understand the physical transmission mechanism®>! and to
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practically produce these nanostructured
films with high throughput for emerging
applications in plasmonics and nanopho-
tonics.[13] In EOT, the excitation of sur-
face plasmon polaritons (SPP) in metallic
films leads to a series of optical transmis-
sion peaks. The SPP excitation conditions
and the peak transmission wavelengths
are determined by geometrical param-
eters (hole size, shape, periodicity, and
film thickness) as well as dielectric func-
tions of the metal film and surrounding
medium.P! The far-field EOT peaks exhibit
an asymmetric profile described by the
Fano-type interference between direct
transmission through the holes and the
resonant surface modes.[®1418]

For many applications in plasmonics, it
is desirable to minimize the spectral linew-
idth to obtain sharp and intense resonance
peaks. EOT peaks can be made sharper by
reducing the radiative damping of SPPs
due to the nanoholes or by reducing the
optical losses in the metal. Typically, EOT spectra in the visible
regime have been studied using hole diameters ranging from
150 to 300 nm.P! However, previous work demonstrated that the
radiative damping of SPPs increases with the fourth power of
the hole size.'’"21l In the near-infrared regime, Tetz et al. dem-
onstrated linewidth reduction by placing gold nanohole arrays
between two crossed polarizers to allow only SPP-mediated
transmission.l®l Recent work also reported a sharp resonance
profile in air by using sub-radiant modes excited at angled illu-
mination.?2l However, sub-radiant modes are much weaker in
intensity compared to direct EOT peaks, and the measurements
were performed in air. For biosensing, it is desirable to utilize
sharp peaks from a “bright” mode in the visible regime while at
the same time using nanoholes immersed in water.

To accomplish this, one needs to simultaneously reduce radi-
ative damping by tuning the hole size and minimize the optical
losses at visible frequencies by producing extremely high-
quality metal films. Since SPPs are tightly bound to the metal
interface, they are very sensitive to nanometric geometries—an
attribute good for sensing but that also makes SPPs vulnerable
to any random surface roughness and grain boundaries in the
metal film. Because as-deposited metal films exhibit rough top
surfaces, there is often a mismatch between theoretical calcu-
lations and measured device performance. A simple technique
known as template stripping!?®l can resolve this problem and

wileyonlinelibrary.com 4439

dadvd T1TInd


http://doi.wiley.com/10.1002/adfm.201200955

-
™
s
[
-l
wd
=
™

4440 wileyonlinelibrary.com

produce atomically smooth metallic surfaces with improved
optical performance. Recently, template stripping has been
extended to produce patterned metals, wherein metal films are
deposited and subsequently stripped from a reusable patterned
silicon template, replicating the smooth interface.l'3?42°] This
technique can meet the stringent requirements of reproducible
high-throughput fabrication of high-quality metallic nanostruc-
tures. Furthermore, along with an improved dielectric function,
a substantial increase (5-7x) in the SPP propagation length has
been observed in template-stripped Ag films with roughness
below 1 nm.?>3% However, the effect of smooth surfaces and
improved dielectric function on the EOT linewidth, which is of
considerable importance for the development of practical plas-
monic devices, has not yet been investigated.

In this work, we perform extensive 3D computer modeling
to determine the parameters for optimizing the EOT linewidths
in metallic nanohole arrays in water, and use template stripping
to produce size-tunable nanoholes in cm-sized, ultra-smooth
Ag films. After optical characterization, the localized spectral
response of the template-stripped Ag nanohole array is meas-
ured in a layer-by-layer fashion in water by atomic layer deposi-
tion (ALD) of an Al,O; film, mimicking the molecular absorp-
tion process for biosensing. The Q-factor of the linewidth-opti-
mized, template-stripped Ag nanohole arrays is compared with
that of other plasmonic sensing platforms and 3D finite-differ-
ence time-domain (FDTD) simulations.

2. Results and Discussion

Previously, template stripping has been employed to make
nanohole arrays in metal films with a hole size down to
200 nm.['*2>28 In this work, significant effort was spent to
improve the process, reducing a nanohole size further down to
~100 nm, sharpening the EOT peaks while achieving extremely
uniform optical properties across cm-sized metal films, shown
in Figure 1. A large-area periodic nanohole Si template is first
fabricated by a nanoimprint process, followed by reactive ion
etching of the SiO, hard mask and Si substrate. Since the
mold has periodic nanohole array trenches, a high-fidelity peri-
odic plasmonic nanohole array can be replicated with a single
metal deposition and peel-off process (Figure 1d). The perfo-
rated nanohole-array film is template-stripped with a UV-cured
optical epoxy (NOA 61, Norland Products) (Figure 1le,f). During
the metal evaporation on the Si template, apertures are natu-
rally formed in the deposited metal film and the aperture size is
gradually reduced. Figure 1a shows a schematic of the diameter
control with template stripping. The lateral growth of metal can
be reduced via increasing the directionality of metal evapora-
tion (e.g., lower chamber pressure, longer source-to-sample dis-
tance, and smaller size of the metal source). We tuned these
parameters in the metal evaporation chamber to shrink the
nanohole size in a controlled manner and obtain a hole size
down to 100 nm. Figure 1b shows the scanning electron micro-
scopy (SEM) image of a Si template and template-stripped Ag
nanoholes. The measured nanohole diameter in the Si tem-
plate is 142 £ 7 nm. After a 100 nm thick metal deposition, the
diameter of the template-stripped nanohole is reduced to 128 +
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Figure 1. a) Schematic for fabricating size-tunable nanohole arrays in
ultra-smooth metallic films via template stripping. As the metal deposi-
tion thickness increases, the metal slowly grows laterally, shrinking the
hole size. b) A top-down SEM image of the Si template and different
thicknesses of template-stripped nanoholes. The measured hole diam-
eter of the mold is 142 £ 7 nm. The hole diameter is reduced to 128 £
11 nm at a 100 nm thick Ag. The hole diameter is further reduced to
98 + 8 nm at a 200 nm thick Ag. c) A photograph (left) and a cross-
sectional SEM image (right) of the Si nanohole templates after metal
deposition. d) Periodic nanohole arrays can be transferred on the glass
slide after stripping Ag films using UV-curable epoxy. e) A photograph
of an 8 mm x 8 mm area of periodic Ag nanohole arrays fabricated by
template stripping shows extremely uniform optical properties over the
entire patterned area. f) SEM image of template-stripped Ag periodic
nanohole arrays.
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11 nm. The diameter is further reduced to 98 + 8 nm when the
film thickness becomes 200 nm. Figure 1c shows a photograph
and a cross-sectional SEM of the Si nanohole template after
metal deposition.

To elucidate the major factors affecting SPP damping in a
nanohole array structure, we simulated the EOT spectra as we
varied both the hole diameter from 80 to 200 nm as well as the
dielectric functions through 3D FDTD simulations. A commer-
cial software package, FullWave (Rsoft Inc.) was used to per-
form the simulations. The simulation area contained a single
hole with periodic boundaries within the plane of the metal to
simulate an infinite array and perfectly matched layer absorbing
boundaries in the planes parallel to the metal film. The dielec-
tric functions for the template-stripped Ag films were meas-
ured with a VASE (J.A. Wollam Co.) spectroscopic ellipsom-
eter from 250 nm to 1100 nm from a freshly template-stripped
sample and numerically fit to a Lorentz-Drude model that was
then integrated into the FDTD simulations. As a comparison,
we modeled the same structure using dielectric functions
obtained from Palik,3!l which are commonly used values for
Ag. Figure 2b shows the imaginary part of dielectric function of
both materials. Notably, the optical loss is reduced significantly
in the template-stripped Ag film, as previously shown.[>3%
When the hole diameter is large, the transmission spectra show
similar behavior with the two different dielectric functions
(d = 200 nm in Figure 2a). This implies that at this diameter
range, the transmission peaks are broadened primarily through
radiative damping as opposed to material damping. The rough-
ness of the surface becomes important when the diameter
approaches =150 nm. Asymmetric Fano-type peaks become
noticeable in the EOT spectra modeled using template-stripped
Ag dielectric functions whereas the spectra modeled using Pal-
ik’s values show a Lorentzian profile (d = 150 nm in Figure 2a).
The spectral positions of the transmission peak maxima at the
different grating orders can be approximated with the following
equation!?l

Ay = .2 1-1/2 Ed€m
ag [(l +J )] —8d e,

where g, is the periodicity of the array, the integers (i,j) repre-
sent the Bragg resonance orders, and ¢,, and g, are the dielectric
functions of the metal and dielectric, respectively. Compared
to the (1,0) resonances, the (1,1) resonances, which have a
higher diffraction order and occur at shorter wavelengths, show
broader spectral widths. As the hole size is decreased further
(d = 100 nm in Figure 2a), an ultrasharp (1,0) resonance peak
is observed, which is associated with SPPs at the Ag-water
interface. Overall, reducing the hole size shifts the peak trans-
mission wavelengths toward shorter wavelengths (blue shift)
as previously shown,173233 and changes the line shape to
an asymmetric Fano profile. The position of the transmission
minima remain unchanged because they are mainly associated
with SPP grating coupling with the periodic array.?*

The relationship between the spectral linewidth and the
nanohole diameter is shown in Figure 2c. The linewidth is
determined by measuring the full width at half maximum
(FWHM) of the (1,0) peak at the Ag-water interface. With a

(1)
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Figure 2. a) 3D FDTD transmission spectra of a nanohole array with
varying hole diameter and dielectric functions. Hole diameters (D) are
changed from 80 to 200 nm while the periodicity and Ag thickness are
maintained at 500 and 200 nm, respectively. The transmission spectra
based on the measured dielectric functions of template-stripped Ag are
denoted by the thick solid lines and the transmission spectra based on
optical constants from Palik are denoted by the thin solid lines.’' All
simulations are performed in a water environment (refractive index value
1.33) with the Ag film attached to an optical epoxy substrate (refractive
index value 1.56). b) The imaginary part of the dielectric function used
in the 3D FDTD simulation before being fit to a Lorentz-Drude model.
The dielectric function of the template-stripped Ag film was measured via
ellipsometer. c) Spectral linewidth at the (1,0) resonance versus the hole
diameter. The linewidth is FWHM determined from the FDTD spectra.
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Figure 3. FDTD simulations of the full-field intensity distributions at the peak of the (1,0) water resonance for nanohole arrays with period, Ag thick-
ness, and hole diameters of 500 nm, 200 nm, and 100 nm, respectively, using dielectric functions from a) the template-stripped Ag and b) Palik.B'l
The significant increase in field intensity is further emphasized in (c), which shows the field enhancement between (a) and (b) (i.e., panel (a) divided
by panel (b)) and indicates both increased transmission and a longer plasmon lifetime.

nanohole diameter of 200 nm, the linewidths from the two
different dielectric functions are similar. When the diameter
decreases, internal damping, in our case due to excess rough-
ness of the metal surface, starts to emerge as a primary loss
mechanism. Upon further reduction of the diameter below
=120 nm, both linewidths start converging to minimum values
but show a considerable difference (FWHM = 3.8 and 9.0 nm
from using our experimentally measured template-stripped
Ag dielectric functions and those obtained from Palik,3!
respectively).

To further investigate the difference the dielectric functions
make, FDTD simulations were done showing the full-field
intensity distributions at the various resonances. Figure 3a,b
show the calculated field intensity for the nanohole arrays using
dielectric functions measured from template-stripped Ag films
vs. Palik’s at the (1,0) resonance (713.3 and 719 nm), respec-
tively. The period of 500 nm, Ag thickness of 200 nm, and hole
diameter of 100 nm are maintained the same. The field inten-
sity is much stronger for the case of the measured, template-
stripped dielectric functions (Figure 3a) and the enhancement
of the smooth, template-stripped Ag nanohole arrays is clearly
seen in Figure 3c. The field intensity is enhanced about 2x on
the transmission side of the nanohole array which corresponds
to the =2x increase in transmission of that peak shown (d =
100 nm in Figure 2a). On the incident light side of the nano-
hole array there is up to a 4x enhancement in the field inten-
sity, which indicates a longer plasmon lifetime in the template-
stripped Ag film.

Figure 4a shows the optical transmission spectra measured
from a 200 nm-thick template-stripped Ag nanohole array
having a 100 nm hole diameter and a 500 nm periodicity.
Through extensive device fabrication and FDTD simulations,
we performed systematic studies of the various parameters by
varying the metallic film thickness (100-200 nm), the substrate
index (1.6-2.5, FDTD only), and the array periodicity (500-
600 nm). An array periodicity of 500 nm was chosen to position
the (1,0) peak in water in the visible regime, close to 700 nm.
A film thickness of 200 nm was chosen to have an optically
thick Ag film while also reducing the hole size. The index of

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the substrate (experimentally set by the choice of template strip-
ping epoxy, n = 1.56) was chosen such that the EOT peaks asso-
ciated with the substrate and water sides are clearly separated,
which is required for biosensing as well as investigation of EOT
linewidth reduction via template stripping. The measurement
was performed after applying a drop of water on the nanohole
array and covering it with a glass cover slip. A tungsten-halogen
light source illuminated the top surface of the nanohole array
through a microscope objective (4x, NA = 0.13) and the directly
transmitted light was collected by a fiber-optic spectrometer
(Ocean Optics, USB-4000). A 3-D FDTD simulation with the
same geometric parameters is compared to the measured data
in Figure 4a. The A, of the (1,0) and (1,1) SP resonances on
the water-side of the film, where the surface is the smooth, tem-
plate-stripped Ag (Figure 4b) show close agreement between
experiment and the simulation. However, the peak positions
of the substrate (epoxy) side resonances deviate more from the
simulations and show broader linewidths, i.e., increased SPP
losses, which is likely due to the nominal roughness of the top-
side of the evaporated Ag film (Figure 4c). When the hole diam-
eter and metal surface are optimized, very sharp SPP resonance
peaks in template-stripped periodic Ag nanohole arrays are
observed experimentally. The FWHM of the (1,0) SP resonance
in water is measured to be 9.9 nm, and the simulated value is
3.8 nm. The discrepancy is likely due to the finite NA (0.13) of
the objective used for illumination and the residual roughness
on the nanohole sidewalls formed during metal evaporation.
The improvement in plasmon lifetime in nanohole arrays can
also be characterized using the measured linewidth relative to
the resonance wavelength (the Q factor). According to this defi-
nition, the Q factor measured from the (1,0) peak in water is
71, which is among the best values reported in water for visible
wavelengths, and indicates a longer SPP lifetime or propaga-
tion length on template-stripped Ag surfaces. While it was pre-
viously shown that angled illumination of nanohole arrays can
sharpen the transmission or reflection peaks,?>3>3% the fact
that we observe a high Q factor at simple normal incidence fur-
ther reflects a long SPP propagation length from the improved
dielectric functions of the metal film.

Adv. Funct. Mater. 2012, 22, 4439-4446
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Figure 4. a) Optical transmission spectra of template-stripped nanohole arrays with a 100 nm hole diameter and 500 nm periodicity in a 200 nm-thick
Ag film obtained experimentally (thick solid line) and from 3-D FDTD simulation (thin solid line). The spectral linewidths of the (1,0) plasmon peak
in water are 9.9 nm and 3.8 nm and Q-factors of these major peaks are 71 and 189 in the measured data and the FDTD simulation, respectively. b) A
SEM image of a water-side nanohole array which is the smooth, template-stripped Ag film. c) A SEM image of a substrate-side nanohole array, which

is the rough topside of an evaporated Ag film.

To characterize the device sensitivity for biosensing applica-
tions, we measured the bulk refractive index sensitivity as well
as localized sensitivity for thin-film adsorption. The bulk refrac-
tive index sensitivity of the device is measured by injecting solu-
tions with varying values of refractive index over the nanohole
arrays using a microfluidic channel. The index-calibrated solu-
tion is prepared by varying the amount of glycerol mixed with
water and confirmed by a refractometer (Refracto 30PX, Mettler
Toledo). Figure 5a shows the transmission spectra change as
the refractive index solution changes in the 3D FDTD (top) and
the experiment (bottom), respectively. The transmission peaks
due to SPPs on the Ag-epoxy interface remain unchanged
throughout the experiments. The bulk refractive index sen-
sitivity, evaluated from the shift of peak wavelength over the

change of refractive index unit (RIU), is presented in Figure 5b.
The measured (1,0) bulk sensitivity is 494 nm/RIU, which is
slightly lower than the theoretical values based on FDTD simu-
lations (524 nm/RIU). Experimentally, figure of merits (FOM)
as high as 50 (495 nm/RIU divided by 9.9 nm) in the visible
regime and in water are obtained from the template-stripped
nanohole arrays.

While the bulk index sensitivity is straightforward to measure
and provides a means to compare the performance of various
optical biosensors, the ultimate performance of these sensors
is determined by the signal changes resulting from thin-film
adsorption, i.e. localized surface sensitivity, since molecular
binding events occur within tens of nanometers from the
sensing surface. To quantify this local detection sensitivity,

Adv. Funct. Mater. 2012, 22, 4439-4446 © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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Figure 5. a) The transmission spectra of linewidth-optimized, template-
stripped Ag nanohole arrays in index-calibrated water-glycerol solutions.
3D FDTD simulation results (top) are compared with measured optical
transmission spectra (bottom). b) The spectral shifts are measured by
changing the refractive index of water-glycerol mixture from 1.333 to
1.356. The sensitivities of the (1,0) water SP resonance (S;o) are meas-
ured from the spectral shifts of the maximum peak position.

ALD of Al,O; has been used for layer-by-layer characterization
of the spectral shifts. Previously, such layer-by-layer ALD char-
acterization has been performed in air,?’3% but the plasmon
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decay length and local sensitivity will change when the sensor
is immersed in water. Therefore, we developed new procedures
to measure EOT spectra in water between each successive ALD
deposition.

Figure 6a shows a schematic of the local sensitivity meas-
urement of template-stripped Ag nanohole arrays by an ALD
process. The spectral shifts of the (1,0) peak are monitored
with increasing ALD thickness from 0 to 35 nm in 5 nm
intervals. To prevent surface oxidation of Ag, an initial 2 nm
of Al,O; layer is formed prior to the first measurement in
water. The aqueous condition is maintained during the meas-
urement by using a cover slide after applying a drop of water
on the nanohole array. Afterwards, the sample is completely
dried with a high purity N, before immediately proceeding to
the next ALD step. The ALD process is monitored after each
interval by ellipsometric measurements on the thickness of the
Al,O3 deposited on a Si chip processed in the same chamber.
While this characterization method is very time-consuming
and requires careful sample handling to avoid contamination

a Water
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Glass Slide
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E 40| ~%— Experiment
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£ 30-
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Figure 6. a) A schematic for a local sensitivity measurement of
template-stripped nanohole arrays by an Al,O; atomic layer deposi-
tion (ALD) process. b) The spectra shifts of (1,0) water SP resonance
peaks are measured by increasing ALD thickness. The result of FDTD
(triangle, dashed line) matches very well with that of experiment
(square, solid line). ALD intervals are 5 nm. The initial 2 nm of Al,O3
is deposited to protect the Ag surface from the oxidation of an aqueous
environment.
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and artifacts, the results obtained are more representative of
what one would expect from biosensing in an aqueous envi-
ronment. FDTD simulations were also carried out adding con-
formal layers with an index of 1.65 to the surface and in the
holes. The local sensitivity of the (1,0) SP resonance peak of
Ag nanohole arrays is 1.13 nm shift per 1 nm Al,O;, which
shows good agreement with the FDTD result (1.32 nm shift
per 1 nm Al,O; in Figure 6b). In addition, the spectral shift
increases linearly within the ALD thickness range used. Since
the ALD process is highly reproducible, this surface sensitivity
data obtained in water can help evaluate the local sensitivity
of various SPR and LSPR biosensors in practical biosensing
environments.

3. Conclusions

We have obtained unusually sharp EOT peaks in water by using
template-stripped periodic Ag nanohole arrays with optimized
parameters, thereby reducing the materials damping as well as
radiative damping. Besides being a massively parallel method to
create high-quality metallic nanostructures, the template-strip-
ping process also provides tunability for the nanohole diameter.
When the nanohole size is above =200 nm, the linewidth at vis-
ible frequencies is predominantly determined by the radiative
scattering of SPPs by the large nanoholes. Below =150 nm nano-
hole size, materials loss dominates the linewidth, and smooth
Ag films can further sharpen the EOT peaks in that regime. We
then determined the parameters to optimize the EOT linewidth.
The measured linewidth from nanoholes immersed in water is
less than 10 nm, among one of the sharpest radiant peaks dem-
onstrated in water. Furthermore, the measured Q-factor of the
EOT peak in template-stripped nanohole arrays is as high as
71 at visible frequencies in aqueous conditions. Bulk and local
sensitivity of this template-stripped device are in good agree-
ment with the theoretical results (FDTD). Since this sharp peak
(9.9 nm linewidth) can be obtained from the cm-sized nanohole
array with simple normal incidence illumination via an inco-
herent light source, it will benefit broad applications based on
EOT such as surface plasmon resonance imaging!!!***2 and
spectroscopy.[*3-4¢]

4. Experimental Section

Si Template Fabrication: A NXR-1025 nanoimprint resist (Nanonex
Corp., NJ USA) was spin-coated on a Si chip (1 x 1 inch) with
200 nm-thick thermally grown SiO, at 3500 r.p.m. for 60 s and cured
at 150 °C for 1 min. To prevent sticking, (heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trichlorosilane (Gelest Inc, Morrisville, PA USA) was
coated on the nanoimprint Si stamp for 12 h prior to the imprinting.
After placing the stamp on the resist-coated Si chip, imprinting was
performed with a pressure of 300 psi for 2 min at 130 °C. The oxide
hard mask was patterned by reactive ion etching (RIE, STS model 320)
with 25 sccm of CF, and 50 sccm of Ar gases at 150 W for & min
and 30 s. After removing the residual resist at 100 W for 5 min by
oxygen plasma ashing, the periodic nanohole Si template was made by
reactive ion etching (Plasma Therm SLR-770). The patterned Si mold
was cleaned in a 1:1 mixture of sulfuric acid and hydrogen peroxide
for 10 min and the remaining SiO, was removed by a buffered oxide
etchant (BOE) solution. The mold was then cleaned again in a 1:1

Adv. Funct. Mater. 2012, 22, 4439-4446
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mixture of sulfuric acid and hydrogen peroxide for 10 min and rinsed
with DI water.

Metal Deposition and Template Stripping: An e-beam evaporator was
used to deposit 100 or 200 nm-thick Ag films onto the Si mold. The
initial 20 nm was deposited at 0.2 A/s. Then, the deposition rate was
increased to 1 A/s for the rest of the thickness. After metal deposition,
a UV-curable optical epoxy (NOA 61, Norland Inc., Cranbury, NJ)
was applied and cured for 30 min under UV light before template
stripping.

Microfluidics: The microfluidic flow cell was fabricated by soft
lithography with polydimethylsiloxane (PDMS). SU-8 50 (Microchem)
negative photoresist was spin coated on a 4-in. Si wafer at 2000 rpm for
30 s and cured at 65 °C for 6 min and 95 °C for 20 min. Soft-cured SU-8
resist was exposed through a Cr-on-glass photomask using a Karl Suss
MA6 mask aligner. Post exposure bake was done at 65 °C for 1 min and
95 °C for 5 min. The resist was developed for 6 min in SU-8 developer.
After applying an anti-sticking coating (heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trichlorosilane (Gelest Inc, Morrisville, PA USA) on the
SU-8 mold, PDMS resin was poured and cured at 60 °C overnight. The
microfluidic device used in the refractive index sensing has a single
channel with a 50 um height and a 1000 um width.

Refractive Index Sensing: Various index-calibrated water-glycerol
solutions were made by adding glycerol into the DI water and confirmed
by a refractometer (Refracto 30PX, Mettler Toledo). Real-time spectra
shifts were measured with a temporal resolution of 2 s (500 ms
integration time and 4 times averaging). Different index solutions were
injected through a microfluidic flow cell sequentially by using a syringe
pump (Harvard Apparatus).

Atomic Layer Deposition: To evaluate the local detection sensitivity of
the template-stripped nanohole array device, atomic layer deposition
(ALD, Savannah, Cambridge Nanotech) of Al,O; was used for layer-
by-layer characterization of spectral shifts. Conformal Al,O; layers
are formed by alternately pulsing trimethylaluminum (Al(CHs);) and
water (H,O) vapor above the heated (50°C) substrate. The spectral
measurements were then taken as described above. Afterwards, the
sample is dried with a high purity N, before the next ALD step.

Computer Simulations: FDTD simulations were done using a
commercial software package, FullWave (Rsoft Inc.). The simulation area
contained a single hole with periodic boundaries within the plane of the
metal to simulate an infinite array and perfectly matched layer absorbing
boundaries in the planes parallel to the metal film. A nominal grid size
of 10 nm was used which was graded down to 3 nm within plane of
the metal and down to 5 nm in the z-dimension. For the simulations
with ALD overlayers the minimum grid size was shrunk to always be at
most one tenth of the thickness of the ALD layer (i.e., T nm grid in all
three dimensions for the simulation with 10 nm of ALD). The refractive
indices for the ALD overlayers and epoxy substrate set to 1.65 and 1.56
respectively. The dielectric functions for the metals were numerically fit
to a Drude-Lorentz model to be used in the computation.
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