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S
urface plasmon resonance (SPR) sensing
is a real-time and label-free detection
technique to measure biomolecular in-

teractions on a gold surface.1�3 The most
commonmethod to induce SPR on the gold
surface is to utilize an optical prism, known
as the Kretschmann configuration. On the
basis of this SPR excitation technique, com-
mercial BIAcore instruments enable real-
time and label-free measurements of bio-
molecular binding affinity. In addition to the
prism couplingmethod, the SPR can also be
excited using metallic nanostructures.4�7

Biosensors based on extraordinary transmis-
sion of periodic nanohole arrays or nano-
slit arrays in gold have been proposed.8�15

Compared to the prism-based SPR sensors,
gold nanostructures take advantage of
small detection volume and a normal light
incidence condition. They provide a feasible
way to achieve chip-based, high-through-
put, and label-free detection for modern
DNA and protein microarrays.16,17 In peri-
odic metallic nanostructures, the extra-
ordinary transmission is usually accompa-
nied by an asymmetric resonant spectrum.
This observed Fano-like resonance profile is
understood in terms of the coupling of the
surface-bound state of a periodic array
(a discrete state) with the incoming wave (a
continuum state).18�20 The former is asso-
ciated with Bloch wave surface plasmon
polariton (BW-SPP) in periodic nanostruc-
tures. For normally incident light, the BW-
SPP condition for one-dimensional periodic
structures is described by

λSPR(n, i) ¼ p

i

εmn2

εm þ n2

 !1=2

(1)

where i is the resonant order, P is the period
of the nanostructure, εm is the dielectric

constant of the metal, and n is the environ-
mental refractive index. The resonant wave-
length is red-shifted when the refractive
index of the medium near the gold surface
changes. In general, the wavelength sensi-
tivity, ΔλSPR/Δn, is proportional to the per-
iod. Increasing the period can increase the
wavelength sensitivity. However, for real-
time and high-throughput applications,
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ABSTRACT

Nanostructure-based sensors are capable of sensitive and label-free detection for biomedical

applications. However, high-throughput and low-cost fabrication techniques are the main

issues which should be addressed. In this study, chip-based nanostructures for intensity-

sensitive detection were fabricated and tested using a thermal-annealing-assisted template-

stripping method. Large-area uniform nanoslit arrays with a 500 nm period and various slit

widths, from 30 to 165 nm, were made on plastic films. A transverse magnetic-polarized wave

in these gold nanostructures generated sharp and asymmetric Fano resonances in transmission

spectra. The full width at half-maximum bandwidth decreased with the decrease of the slit

width. The narrowest bandwidth was smaller than 10 nm. Compared to nanoslit arrays on

glass substrates using electron-beam lithography, the proposed chip has a higher intensity

sensitivity up to 10367%/RIU (refractive index unit) and reaches a figure of merit up to 55. The

higher intensity sensitivity for the template-stripped nanostructure is attributed to a smoother

gold surface and larger grain sizes on the plastic film, which reduces the surface plasmon

propagation loss.
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the change of transmission intensity at a fixed wave-
length is often employed as the signal. The intensity
sensitivity is defined as (ΔI/I0)/Δn, where ΔI/I0 is the
normalized intensity change. It is determined by both
the wavelength sensitivity and resonant bandwidth.
The figure of merit (FoM) of metallic nanostructures in
wavelength units is defined as (ΔλSPR/Δn)/Δλ, where
Δλ is the full width at half-maximum (fwhm) band-
width. The fwhm is related to the loss of SPR. It is
dependent on gold film properties and would be
different from different fabrication processes.
The majority of the fabrication techniques for gold

nanostructures utilize focused ion beam (FIB)milling to
directly pattern gold films or electron-beam lithogra-
phy (EBL) combinedwith a dry etchingmethod or a lift-
off process to generate a nanostructure on a substrate.
However, these writing techniques are not suitable for
massive production. Besides, the gold film made from
the vacuum deposition leads to higher SPR loss due to
the scattering of electrons at gold grain boundaries.
To solve the mass-fabrication problem, many groups
have proposed interference lithography,21 nano-
imprint lithography,22 nanosphere lithography,23 and
soft lithography techniques,24 etc. To solve the SPR loss
problem, the gold film can be annealed at an elevated
temperature to form large gold grains.25,26 Recently, a
mass-fabrication process for making high-quality me-
tallic nanostructures was proposed by using a thermal-
annealing and template-stripping method.25,27�29 It
does not require additional etching or lift-off pro-
cesses. Typically, a metallic film is coated on the
patterned silicon template. The exposed surface of
the metal is then attached to another substrate with
an epoxy adhesive. The optical epoxy acts as an
adhesion layer to attach the metallic film to a clean
substrate. It has to be cured thermally or with ultravio-
let light. After peeling off from the template, a smooth
gold or silver surface with larger grain sizes on the
epoxy film is obtained.25,29 Such template-stripped
gratings can have very sharp line widths (∼10 nm) in
the reflection spectrum.29 In this paper, we utilized a
thermal-annealed template-stripping method to fabri-
cate large-area gold nanoslit arrays on plastic filmswith
low cost and high SPR sensitivities. The gold film
coated on the patterned silicon template was directly
imprinted on the plastic film at a temperature higher
than the glass transition temperature of the plastic film.
The gold nanostructures are embedded on the plastic
film after peeling off from the silicon template. This
approach makes use of the poor adhesion of noble
metals on the silicon template and good adhesion to
the softened plastic film. It does not require additional
epoxy and UV cure processes. It is simpler and also
produces smooth gold surface and larger grain sizes. In
this work, gold nanoslit arrays with a 500 nm period
and various slit widths, from 30 to 165 nm, were made
and tested using the intensity interrogation method.

We found that a transverse magnetic (TM)-polarized
wave in these gold nanostructures generated sharp
and asymmetric Fano resonances in transmission spec-
tra. The fwhm values of Fano resonances decreased
with the decrease of the slit width, and the narrowest
bandwidth was smaller than 10 nm. The thermal-
annealed template-stripping SPR sensor can reach an
intensity sensitivity of up to 10367%/RIU and a FoM of
up to 55. This value is much higher than those of
previous nanoslit and nanohole arrays fabricated by
the EBL and FIB methods. From atomic force micro-
scopy (AFM) images, we confirm that such an en-
hanced intensity sensitivity for the template-stripped
nanoslit array is attributed to a smoother gold surface
and larger grain sizes during the thermal-annealing
process. It results in a decrease of surface plasmon
propagation loss.

RESULTS AND DISCUSSION

Figure 1a shows the measured transmission spectra
of the 500 nm period, 30 nm wide nanoslit array in air
andwater for normally incident TM-polarized light. The
TM-polarized light with E and k vectors versus the
structures is depicted in the inset. There are transmis-
sion peaks and dips in the spectrum due to the
couplings of direct slit transmission (or localized sur-
face plasmon resonance (LSPR) in the nanoslits) and
BW-SPPs on the periodic metal surface. The interaction
between direct slit transmission (a continuum state)
and BW-SPPs (a discrete state) creates a Fano-like
resonance profile consisting of a minimum, close to
the position predicted by eq 1, and an adjacent maxi-
mum. A sharp Fano-like resonance was observed in air.
The corresponding peak and dip wavelengths for the
Fano resonance were 796 and 809 nm, respectively.
From eq 1, the resonant wavelength of the BW-SPP is
832 nm at the PC/gold interface (εm = �29 þ 2.0i for
gold at 800 nm, i = 1, n = 1.584, and P = 500 nm).
Obviously, the experimental wavelength was close to
the theoretical wavelength. It is noted from eq 1 that
the resonant wavelength of the BW-SPP for the 500 nm
period array is 550 nm at the air/gold interface (εm =
�5.8 þ 2.1i for gold at 549 nm, n = 1 and P = 500 nm).
The expected resonance at the air/gold interface is not
found due to the large propagation loss of surface
plasmons at this wavelength. Gold is a highly disper-
sive material; the SPR propagation constant (kSPR) is
strongly dependent on the wavelength (λSPR) and can
be calculated by the following equation

kSPR ¼ 2π
λSPR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(εmn2)

(εm þ n2)

s
(2)

At λSPR = 700 nm (the water/gold interface, P =
500 nm, εm=�16.8þ 1.1i, n= 1.3320), the propagation
constant is 9.2544 þ 0.0191i (1/μm). The propagation
constant changes to 12.3891 þ 0.4029i (1/μm) when
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λSPR = 550 nm (the air/gold interface, εm =�5.8þ 2.1i,
n = 1). Comparing the imaginary part of the SPR
propagation constants, the propagation loss in air
(λSPR = 550 nm) is 25.8 times higher than that in water
(λSPR = 700 nm). Therefore, the BW-SPPmode at the air/
gold interface is not obvious for the 500 nm period
array. When the array was covered with water, there
were two Fano resonances in the water spectrum. The
resonant dip of Fano resonance at the water/gold
interface was at the wavelength of 694 nm. The
resonant dip of Fano resonance at the PC/gold inter-
face remained unchanged. From eq 1, the resonant
wavelength of the BW-SPP at the water/gold interface
is 704 nm (εm = �16.8 þ 1.1i for gold at 705 nm, i = 1,
n = 1.3320, and P = 500 nm). It is close to the experi-
mental wavelength. For the Fano-type resonance, the
resonant profile was also affected by the slit width.
Figure 1b shows the normalized transmission spectra
of 500 nm period nanoslit arrays with various slit
widths. The slit widths ranged from 30 to 165 nm. It
is obvious that as the slit width increases, the resonant
peak or dip is blue-shifted and the bandwidth in-
creases. The bandwidth of the Fano resonance dip or
peak as a function of the slit width is shown in
Figure 1c, and the inset depicts the definitions of fwhm
bandwidths. For a 165 nm wide nanoslit array, the

fwhm bandwidth of the Fano resonance peak near the
wavelength of 655 nm was 92 nm. Taking the line
width from the resonant peak to dip, the bandwidth
was 34 nm. When the slit width was decreased to
30 nm, the bandwidths were 12 and 11 nm for the
fwhm bandwidth and the line width from the peak to
dip, respectively. Moreover, considering the band-
width of Fano resonance dip, we found that the
narrowest bandwidths for the fwhm bandwidth and
the line width from the dip to peak were down to 6 nm
(see Figure 1d) and 9 nm, respectively. Utilizing the
proposed fabrication technique, the nanoslit arrays
with sharper Fano resonances were made.
The uniformity of a large-area nanostructure is an-

other important issue for high-throughput applica-
tions. We examined the uniformity of large-area
nanoslit arrays. Figure 2a shows the measured trans-
mission spectra of a 1 cm � 1 cm nanoslit array with a
500 nm period and 30 nm slit width in water for
normally incident TM-polarized light. The spectra were
measured at nine different positions of the nanoslit
array. Figure 2b,c shows the resonant wavelengths and
fwhm bandwidths of Fano resonances at the water/
gold and substrate/gold interfaces as a function of the
sample position. The fwhm bandwidths of the Fano
resonance peak and dip at the water/gold interface

Figure 1. (a) Measured transmission spectra of the 500 nm period, 30 nm wide nanoslit array in air and water for normally
incident TM-polarized light. The inset depicts the TM-polarized lightwith E and k vectors versus the structures. (b) Normalized
transmission spectra of 500 nm period nanoslit arrays with various slit widths. The slit widths are from 30 to 165 nm.
(c) Bandwidth of Fano resonance dip or peak as a function of the slit width. The inset depicts the definitions of the fwhm
bandwidths, “Peak” and “Dip”, and line widths, “LB” and “RB”. Both the fwhm bandwidths and the line widths are compared.
(d)Measured fwhmbandwidth of the Fano resonance dip at thewater/gold interface for 30 nmwide nanoslit array. The fwhm
bandwidth was 6 nm.
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(at the substrate/gold interface) were 14.9 nm (11.9 nm)
and 6.78 nm (7.02 nm), respectively. The mean values
for the resonant wavelengths of the Fano resonance
peak and dip at the water/gold interface (at the sub-
strate/gold interface) are 678.8 nm (797.3 nm) and
691.6 nm (809.9 nm), respectively. The standard devia-
tion values for the resonantwavelengths and the fwhm
bandwidths of the Fano resonance peak and dip at the
water/gold interface (at the substrate/gold interface)

are 1.18 nm (1.08 nm), 0.534 nm (0.197 nm), 1.95 nm
(0.943 nm), and 1.02 nm (0.706 nm), respectively. From
the above experiment, it is shown that large-area
uniform nanostructures can be made using the thermal-
annealing-assisted template-stripping method.

Bulk Sensitivity Test. To verify the high sensitivities of
sensors fabricated by the thermal-annealed template-
stripping method, we also compared nanoslit-based
sensors on a glass substrate made by electron-beam
lithography combined with a dry etching technique.12

Both samples had the same 500 nm period, 60 nm
wide, and 50 nm deep nanoslit arrays. The bulk sensi-
tivities of these sensors were measured by injecting
purifiedwatermixedwith various ratios of glycerin into
the microfluidic devices. Figure 3a shows the mea-
sured transmission spectra of the 500 nm period
nanoslit arrays in water for normally incident TM-
polarized light. There are Fano-like resonance profiles
in the spectra. Both wavelengths of Fano resonances at
the water/gold interface are near 675 nm. Obviously,
the template-stripping sample has a higher transmis-
sion and sharper Fano resonances. Moreover, the
resonant wavelengths are red-shifted for the tem-
plate-stripping sample. The Fano resonance is the
inference between broad-band LSPR and BW-SPP.
The LSPR is related to the gap plasmon in the nanoslits.
For the proposed thermal-annealed template-stripping
method, polycarbonate polymer is embedded in the
nanoslit. It increases the refractive index in the slit
(n = 1.582). The gap plasmon propagation loss is
reduced in the nanoslits due to the increase of the
dielectric constant. Therefore, a higher transmission
was measured compared to gold nanoslits made by
electron-beam lithography (see Figure 3a). From the
Fabry�Perot model for the nanoslit,30 the resonant
wavelength can be estimated by

λ0 ¼ (4πneffh)=(2π � j1 � j2) (3)

where neff is the equivalent refractive index, h is the
thickness of the gold film, and φ1 and φ2 are the phase
shifts at the top and bottom interfaces, respectively.

The increase of the refractive index in the slit
increased the LSPR wavelength. Therefore, the Fano
resonance for the template-stripping sample occurs at
a longer wavelength than the EBL sample. Figure 3b
depicts the intensity spectra of the two kinds of nano-
slits with various water/glycerin mixtures for normally
incident TM-polarized waves. When the concentra-
tions of glycerin increased, the wavelengths of Fano
resonanceswere red-shifted and the intensities changed.
Figure 3c,d shows the maximum intensity change and
resonant wavelength against the refractive index of
the outside medium for both samples. The slopes of
the fitting curves show that the intensity sensitivities
(wavelength sensitivities) were 5226%/RIU (451 nm/RIU)
and 7615%/RIU (431 nm/RIU) for the dry etching
and template-stripping methods, respectively.

Figure 2. (a) Measured transmission spectra of the large-
area nanoslit array with a 500 nm period and 30 nm slit
width in water for normally incident TM-polarized light. (b)
Resonant wavelengths and fwhm bandwidths of the Fano
resonance at the water/gold interface as a function of the
sample position. The mean values for the resonant wave-
lengths and fwhm bandwidths of the Fano resonance peak
and dip at the water/gold interface are 678.8, 691.6, 14.9,
and 6.78 nm, respectively. (c) Resonant wavelengths and
fwhm bandwidths of Fano resonance at the substrate/gold
interface as a function of the sample position. The mean
values for the resonant wavelengths and fwhm bandwidths
of the Fano resonance peak and dip at the substrate/gold
interface are 797.3, 809.9, 11.9, and 7.02 nm, respectively.
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Obviously, the wavelength sensitivity is slightly re-
duced for the template-stripping sample because the
nanoslit is occupied with the polymer. However, if we
consider the improvement of the gold film quality, the
low propagation loss results in a low bandwidth and a
high figure of merit. Therefore, the template-stripping
sample has a higher intensity sensitivity compared
with nanostructures made by EBL, as seen in Figure 3c.

It is noted that the intensity sensitivity for 60 nm
wide nanoslits can be further improved by narrowing
the slit width. Figure 4a presents the intensity spectra
of the 500 nm period, 30 nm wide nanoslit array with
various water/glycerin mixtures for normally incident
TM-polarized waves. The inset shows that the mea-
sured fwhm bandwidth of the Fano resonance dip at
the water/gold interface was 7.7 nm. When the outside
medium was changed from water to water/glycerin
mixtures, the Fano-like resonance profile near 685 nm
was red-shifted. Figure 4b shows the resonant wave-
length and energy against the refractive index of the
outside medium. The slopes of the fitting curves show
that refractive index sensitivities were 1.102 eV/RIU
and 427 nm/RIU. Figure 4c shows the intensity change
against the refractive index of the outside medium for
the 30 nm wide nanoslit array. The slope of the fitting
curve shows that the bulk intensity sensitivity was

10367%/RIU. The measured intensity sensitivity is
much better than the reported intensity sensitivities
of ∼1010�7593%/RIU.1,10,14,31 The current structure
can achieve a detection limit of 1.93 � 10�5 RIU when
the intensity resolution is 0.2%. To compare the refrac-
tive index sensing capability of the fabricated nano-
structures with previous works, we also calculated the
FoM values in wavelength units and energy units. The
figure of merit in energy units (FoME) is defined as
m (eV/RIU)/fwhm (eV), wherem is the linear regression
slope for the refractive index dependence and fwhm is
the resonant width of the plasmon resonance.32 In
Figure 4a,b, the fwhm bandwidth of the Fano dip was
7.7 nm (fwhm = 0.0198 eV) and the wavelength
sensitivity was 427 nm/RIU. Thus, the FoM (FoME) value
of 55.5 (55.4) was obtained. Taking the line width from
the resonant peak to dip, the bandwidth was 12.6 nm
(0.0331 eV), and we arrive at a FoM of 33.9 (33.2). These
values are better than that of the periodic nanostruc-
ture-based SPR sensors24 and the LSPR sensors,7,33�37

for example, the periodic gold nanohole arrays (FoM of
23),24 various shapes of gold nanoparticles (FoME =
0.6�4.5),7,33 and the reported plasmonic nanostruc-
tures and metamaterials with Fano-type resonances
(a nonconcentric ring/disk cavity (FoM of 8.34),34

plasmonic nanoparticle clusters (FoM of 10.6),35 an

Figure 3. Refractive index sensing capabilities of the 500 nm period, 60 nm wide nanoslits made by the dry etching and
template-strippingmethods. (a) Measured transmission spectra of the 500 nm period nanoslit arrays made by bothmethods
in water for normally incident TM-polarized light. (b) Intensity spectra of the nanoslits made on a glass substrate and a PC
substrate with various water/glycerin mixtures for a normally incident TM-polarized wave. (c) Intensity change against the
refractive index of the outside medium. The slopes of the fitting curves show that the refractive index sensitivities were 5226
and 7615%/RIU for the dry etching and template-stripping methods, respectively. (d) Resonant wavelength against the
refractive index of the outside medium. The slopes of the fitting curves show that the wavelength sensitivities were 451 and
431 nm/RIU for the dry etching and template-stripping methods.
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electromagnetically induced transparency (EIT)-based
planarmetamaterial (FoMof5.3),36andnano-cross-structures
(FoM of 4.6)37).

The higher intensity sensitivity for the thermal-
annealed template-stripped gold nanostructures is
related to the smoother gold surface and larger grain
sizes, which lead to a decreased imaginary dielectric
constant of the gold film25,26 and result in a narrower
bandwidth. Figure 5a,b shows the AFM images of the
silicon template and a PC substrate. Figure 5c�e de-
picts the AFM images of a 50 nm thick gold film on the

silicon template, PC substrate, and glass substrate, re-
spectively. Figure 5f shows the AFM image of a tem-
plate-stripped gold film on the PC substrate. All of the
root-mean-square (rms) roughnesses extracted from
these AFM images are shown in Figure 5g for com-
parison. The rms roughness values were 0.199 nm (the
silicon template), 1.45 nm (thePC substrate), 1.50 nm (the
gold film on silicon template), 1.90 nm (the gold film on
PC substrate), 2.31 nm (the gold film on glass substrate),
and 0.890 nm (the template-stripped gold film). Ob-
viously, the silicon template has the smoothest surface.

Figure 4. Refractive index sensing capabilities of the
500 nm period, 30 nm wide nanoslit array made by the
template-stripping method. (a) Intensity spectra of the
nanoslit array with various water/glycerin mixtures for a
normally incident TM-polarized wave. The inset shows that
the measured fwhm bandwidth of the Fano resonance dip
at the water/gold interface was 7.7 nm. (b) Resonant wave-
length and energy against the refractive index of the out-
side medium. The slopes of the fitting curves show that the
refractive index sensitivitieswere413nm/RIUand1.102eV/RIU.
(c) Intensity change against the refractive index of the
outside medium. The slope of the fitting curve shows that
the intensity sensitivity was 10367%/RIU.

Figure 5. Atomic force microscopy images of the silicon
template (a), the PC substrate (b), the 50 nm thick gold film
on silicon template (c), on PC substrate (d), on glass sub-
strate (e), and the template-stripped gold film on PC sub-
strate (f). The grain size increased between (c) and (f)
because the template-stripped film was annealed at 170 �C
for 30 min during the fabrication process. (g) Root-mean-
square roughness values extracted from theAFM images for
these samples. The roughness of the template-stripped
gold film is smaller than that of the gold film directly
deposited on glass substrate, silicon substrate, or PC film.
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However, after the gold coating, the rms roughness is
increased to 1.5 nm with many small gold grains on the
surface. For the EBL method, the gold film deposited on
the glass substrate has the roughest surface. Comparing
the rms values of the gold film before and after thermal
annealing and template stripping, we observed a great
improvement on both the surface flatness and grain size.
The surface roughness is reduced from 1.9 to 0.89 nm.
We deduced that such large grains resulted from the
annealed process at 170 �C for 30 min during the
fabrication process. From the above AFM images and
rms values, the higher intensity sensitivity for template-
stripped nanostructures is due to the smoother gold
surface and formation of larger grain sizes.

SUMMARY AND CONCLUDING REMARKS

We fabricated large-area uniform nanoslit arrays
on a polycarbonate substrate for intensity-sensitive
detection using a thermal-annealing-assisted tem-
plate-strippingmethod. The experimental results show
that TMwaves in these gold nanostructures generated
sharper Fano resonances in transmission spectra. The

fwhm bandwidths of Fano resonances decreased with
the decrease of the slit width, and the narrowest
bandwidth was smaller than 10 nm. Compared to
nanoslit arrays using EBL and a dry etching method,
the proposed sensor has a higher intensity sensitivity
of up to 10367%/RIU and reaches a figure ofmerit of up
to 55. This value is better than SPR sensors using
complicated two-dimensional gold nanostructures.24

The higher intensity sensitivity for the template-
stripped nanostructure is attributed to the smoother
gold surface and larger grain sizes which lead to a
decreased SPR loss. Currently, the wavelength sensi-
tivity is 427 nm/RIU in the visible region. The highly
sensitive sensors may also be achieved by using large-
period nanoslits because the wavelength sensitivity is
proportional to the period. However, when the period
is increased to 1�2 μm, the resonant wavelength will
be shifted to the near-infrared region.9,38 The absorp-
tion in water will increase significantly, prohibiting
optical transmission measurements. Therefore, the
proposed method, increasing the intensity sensitivity
by reducing the SPR loss, is more suitable for studying

Figure 6. (a) Process flowchart for the fabrication of a silicon template. (b) SEM and optical images (inset) of the fabricated
silicon template. The slit width is 105 nm, and the area of the slit array is 1 cm� 1 cm. (c) Process flowchart for the fabrication
of metallic nanostructures. (d) SEM and optical images (inset) of the template-stripped nanoslits. The slit width is 60 nm, and
the area of the slit array is 1 cm � 1 cm.
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bio�bio interactions in a water environment. Such
inexpensive, reproducible, and high-throughput fabrication

of large-area uniform nanoslit array chips can benefit
sensing applications.

MATERIALS AND METHODS
Fabrication of Silicon Template. Large-area nanoslit arrays on a

silicon substrate were fabricated using electron-beam lithogra-
phy and a reactive ion etching method. Figure 6a depicts a
process flowchart for the fabrication of a silicon template. A
300 nm thick ZEP-520 resist (ZEP-520, Zeon Corp, Tokyo, Japan)
was spin-coated on a 525 μm thick silicon substrate. An
electron-beam writer system (Elionix ELS 7000) was used to
write large-area nanoslit arrays with various slit widths. The
patterns were then transferred to the silicon substrate by using
a reactive ion etching machine (Oxford Instrument, plasmalab
80plus). The power of the radio frequency (RF) electromagnetic
wave in the reaction chamberwas 150W. The chamber pressure
was 1� 10�2 Torr, and the flow rates of CHF3 and SF6 gaseswere
50 and 25 sccm, respectively. The resist was removed by rinsing
the sample in acetone for a few minutes before it was put in
ultrapure water and purged dry by nitrogen. In the experiment,
large-area nanoslit arrays with a 500 nm period, 150 nm depth,
and various slit widths, from50 to 180 nm,weremade. Figure 6b
shows the scanning electron microscope (SEM) and optical
images (inset) of the fabricated silicon template. The slit width
is 105 nm, and the area of the slit array is 1 cm � 1 cm.

Fabrication of Metallic Nanostructures. Large-area metallic nano-
structures weremade on a polycarbonate (PC) substrate using a
thermal-annealing-assisted template-stripping method.39 Figure 6c
depicts a process flowchart for the fabrication of metallic
nanostructures. A 50 nm thick gold film was deposited at a
slow deposition rate (0.1 nm/s) on the clean silicon template
using an electron gun evaporator. A 178 μm thick PC film
(Lexan8010, GE, USA) was placed on the gold-coated template.
The template and PC substrate were placed on a heating plate.
It was heated at a temperature of 170 �C to soften the PC
substrate. In the system, nitrogen gas was introduced into the
chamber to produce a pressing pressure (2 kgw/cm2) over the
film. An additional polyethylene terephthalate (PET) thin film
was used as the sealing film. It pressed the silicon mold and PC
substrate with large-area uniformity. This step made the gold
film uniformly stuck to the softened PC film. The template and
substrate were then cooled and taken out from the chamber. As
the gold film had a poor adhesion to the silicon template, the PC
film was easily separated from the silicon template. After peeling
off from the template and PET thin film, the PC substrate with
metallic nanostructures was made. Figure 6d shows the SEM and
optical images (inset) of the template-stripped nanoslits. The slit
width was 60 nm, and the area of the slit array is 1 cm � 1 cm.

Optical Setup for Transmission Spectrum Measurement. The trans-
mission spectraweremeasured by a simple optical transmission
setup.14 A 12 W halogen light was spatially filtered by using an
iris diaphragm and a collimation lens. Its incident polarization
was controlled by a linear polarizer. The white light was focused
on a single array by using a 10� objective lens. The transmission
light was collected by another 10� objective lens and focused
on a fiber cable. The transmission spectrum was taken by using
a fiber-coupled linear CCD array spectrometer (BWTEK, BTC112E).
In the experiment, the metallic nanostructures were mounted
on a microfluidic channel made from plexiglass. The refractive
index sensitivities were measured by covering purified water
mixedwith various fractions of glycerin over the sample surface.
The refractive indexes of the mixtures (from 0 to 15% glycerin)
ranged from 1.3325 to 1.3435.

Atomic Force Microscopy (AFM) Measurements. All atomic force
microscopy images were obtained with a Veeco di Innova AFM
instrument operating in tapping mode in air. The scan size of
the AFM image is typically 5 μm � 5 μm area at a scan rate of
0.8 Hz. All pf the root-mean-square roughness values were
extracted from these AFM images.
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