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Fluorescence excitation enhancement by plasmonic nanostructures such as gold nanohole arrays has been

a hot topic in biosensing and bioimaging in recent years. However, the high throughput and high yield

fabrication of precisely designed metal nanostructures for optimized fluorescence excitation remains a

challenge. Our work is the first report combining nanopattern nickel mould fabrication and UV imprinting

for gold nanostructure mass fabrication in high yield. We report our successful gold nanohole array mass

fabrication on a 499 glass wafer, by first fabricating a high fidelity nickel mould, then using the mould for

UV nanoimprinting on a polymer coated on the glass, evaporating the gold film on the glass wafer, and

lifting off the polymer to obtain a gold nanohole array on the glass. Our optimized process for wafer

fabrication can achieve almost 100% yield from nanoimprinting to gold lift-off, while the fabricated nickel

mould has .70% defect-free area with the rest having a few scattered defects. In our work, the size and

pitch of the gold nanohole array are designed to enhance the fluorescent dye Alexa 647. When the

fabricated gold nanohole array is used for prostate specific antigen (PSA) detection by establishing a

sandwiched fluorescence assay on the gold surface, a detection limit of 100 pg ml21 is achieved, while with

a same thickness of gold film, only 1 ng ml21 is detected.

Introduction

Plasmonic resonance of metal nanostructures redistributes
the electromagnetic field energy, by absorbing the light
intensity at a certain wavelength and focusing the power at
the corner of the metal nanostructures like antenna.
Researchers have been investigating the application of gold
films1–4 and metal nanohole(s)5–12 or particles13–16 for
fluorescence excitation enhanced biosensing or imaging for
decades. More attention has been paid to metal nanostructure
based fluorescent dye excitation, because although gold films
can also be used to generate surface plasmon resonance (SPR)

for dye excitation, this requires complicated optical momen-
tum matching apparatus for SPR generation. In comparison,
metal nanostructures can generate localized surface plasmon
resonance (LSPR) for dye excitation by light illumination at any
angle, thus they are ideal for the configuration of a portable
detection system with growing demands.

In previous studies using fluorescence to enhance dyes
using gold nanoholes,5–12 most were conducted by coating a
layer of fluorescent dye on the surface to investigate the
enhancement effects of the plasmonic field, without carrying
out any biomarker detection. These gold nanostructures were
precisely fabricated by e-beam lithography or milled by a
focused ion beam, which is expensive and time consuming.
Tabakman et al. demonstrated that the biomarkers could be
detected at a high sensitivity by plasmonic fluorescence
enhancement,13 however, the gold nanostructures were ran-
domly distributed islands with broad transmission spectra,
and the right gold nanoparticle dimensions and thickness
could be found only by trial and error.

It is known that to obtain the brightest fluorescence signal,
the LSPR scattering peak should be about 40–120 meV higher
in energy than a dye’s emission peak, and the plasmonic
spectral shape should coincide with the dye’s excitation
spectrum.16 Metal nanohole arrays have a well controlled
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plasmonic peak and narrower band to fulfil these conditions.
However, it is challenging to fabricate metal nanohole arrays
with low cost and high yield. Although colloidal lithography
has been utilized for LSPR sensing17–20 and it is possible to use
it to fabricate periodic gold nanohole arrays by closely-packing
the colloids and shrinking the size of the colloids by
annealing,21,22 it is very difficult to fabricate defect free gold
nanohole arrays in an area where its critical size is larger than
100 mm. Stencil lithography,23 where the evaporated metal
atoms pass through a stencil and deposit on the substrate to
form nanopatterns, is also an inexpensive method to mass
fabricate metal nanostructures on a substrate, but due to the
gap between the stencil and the substrate, the metal patterns
suffer from a blurring effect and the patterns do not have
sharp corners. Compared with the literature, the contributions
of this paper lie in (1) the fabrication of a designed gold
nanohole array on a glass wafer with high quality and high
yield in a mass fabrication route; and (2) the proof-of-concept
experiment of using the fabricated gold nanohole array to
detect prostate specific antigen (PSA), a biomarker indicating
male prostate cancer.

To fabricate the designed gold nanohole array onto a glass
chip cost-effectively, our strategy is to fabricate a 499 nickel
mould, and use the mould for UV imprinting to fabricate the
gold nanohole array at wafer level. Nickel moulds are very
durable, and have been reported to be used ten thousand
times without wearing,24 and our method of fabricating a
nickel mould is highly cost-effective by directly electroplating
on the e-beam written nanopatterns on a silicon wafer. There
are several reports on fabricating nickel moulds with micro-
structures by electroplating on a photoresist patterned silicon
wafer.25–33 However, they are all in microsize, and nanosized
moulds need more stringent quality control and process
optimization. To the best of our knowledge, we are the first to
fabricate a nanosized nickel mould in this way. Our fabricated
nickel mould has high fidelity compared with a deep reactive
ion etching (DRIE) etched silicon mould or a silicon mould
duplicated polymer mould, because silicon etching degrades
the shapes of nanopattern. With our method, the aspect ratio
of the mould can be very high, because the aspect ratio of the
resist pattern written by e-beam can be fully transferred into
the nickel mould.

UV nanoimprinting is a popular tool used in fabricating
metal nanostructures for plasmonics.34–38 Compared with
thermal nanoimprinting,39–42 it imprints at low pressure and
low temperature, consumes less energy and takes less time,
reduces the breakage of the substrate glass wafer, and
demonstrates good tolerance to accidental dust/particles
between the mould and the glass substrate. Attributed to our
high quality nickel mould and UV nanoimprinting, which
enables the polymer to fill the corners of the high density
nanostructures well, the yield of our gold nanohole array
fabricated on a glass wafer is close to 100% from nanoim-
printing to gold lift-off, while the nickel mould has .70%
totally defect-free area.

The glass wafer with fabricated gold nanohole array was
diced and used for a fluorescence enhancement experiment
using total internal reflection (TIR) fluorescence spectroscopy
in the TE mode. Our PSA detection was conducted with a
sandwich assay (capture antibody)–PSA–(detection antibody
with fluorescent dye) built on the 50 nm thick gold nanohole
array on glass, which shows a limit of detection (LOD) of 100
pg ml21. The same assay built on a 50 nm thick gold film as a
control demonstrates a LOD of 1000 pg ml21.

Overall, we have for the first time achieved high yield and
high fidelity gold nanostructure mass fabrication, and have
applied the fabricated gold nanohole array for fluorescence
enhancement for biomarker detection. Since a portable
detector for fluorescence detection is easy to fabricate, the
chip and bioassay established in this work can be readily
incorporated into a point-of-care system for medical diagnos-
tics.

Experiments

The overall fabrication process is illustrated in Fig. 1.
The high fidelity nickel mould in our study was fabricated

with the approach of (a) using e-beam lithography to write a
pattern on the resist coated on a substrate such as silicon, (b)
coating a metal seed layer on the nanopattern, and (c)
electroplating the nickel mould and separating the mould
and the substrate by resolving the resist in solvent.

When a durable nanoimprinting mould is available, our
mass fabrication of the gold structures at wafer level was
realized with the steps of (d) coating the polymer on the
substrate, and UV nanoimprinting the nanopattern of the
mould onto the polymer, (e) etching the polymer layer to

Fig. 1 Our method of mass fabricating metal nanostructures on glass wafers.
(a)–(c) show nickel mould fabrication, and (d)–(f) show the fabrication of the
pure gold nanohole array on glass.
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expose the substrate at the indented areas of the polymer, (f)
evaporating a metal thin film onto the substrate, and (g) lifting
off the polymer to obtain the metal nanostructure on the
substrate.

Nickel mould fabrication

The gold nanopatterns designed for fluorescence enhance-
ment of the dye Alexa64743 are 140 nm 6 140 nm square
nanoholes forming an array at a pitch of p = 400 nm, based on
our previous simulations.44,45

For mass fabrication, 25 2 mm 6 2 mm areas of the
designed patterns were written on a layer of electron beam
resist, 220 nm thick of NEB22, coated on a 600 mm thick 499

silicon wafer, by using ELS-7000 (Elionix) to write with an
exposure of 178 mC cm22 at a current of 800 pA. Oxylene was
used to develop the resist. The arrangement of the nanopat-
terns on the wafers and representative nanopatterns written by
e-beam are presented in Fig. 2.

Since silicon wafers with patterned photoresists are not
conductive enough, a metal seed layer such as copper, nickel
or aluminium was coated on the silicon wafer, for the wafer to
be electroplated in a Technotrans AG, RD.50 plating system in
a nickel sulfamate bath. Two-step electroplating was carried
out. The initial stage was for 95 min at a lower current density
of 0.7 A dm22 for a complete filling of the nickel into the
nanopatterns. After 12 mm of nickel was electroplated, the
current density was increased to 12 A dm22 for the second
accelerated stage for 125 min to reach a final nickel mould
thickness of 300 mm.

The nickel mould was separated from the silicon substrate
by soaking overnight in Microposit Remover 1165 purchased
from Rohm and Haas Electronic Materials LLC, to remove the
e-beam resist. The silicon substrate was cleaned for reuse with
Microposit Remover 1165. Then, the nickel mould was
dehydrated in an oven at 100 uC for 3 h and cleaned in a
Trion Plasma Etching System with O2 gas for 3 min.

Gold nanostructure fabrication

The fabricated nickel mould was used for nanoimprinting on a
499 glass wafer coated with 300 nm thick UV curable mr-
UVCur21-300 nm photoresist, purchased from micro resist
technology GmbH. (Heptadecafluoro-1,1,2,2-tetrahydrodecyl)-
trichlorosilane (FDTS) was coated on the nickel mould in an
AVC-150 M (Sorona Inc.) machine at a temperature of 80 uC, so
as to form an anti-adhesive layer for demoulding the mould
from the photoresist after nanoimprinting.

The nanopatterns on the nickel mould were nanoimprinted
on mr-UVCur21-300 nm with an Obducat Imprinter at a
pressure of 10 bar and a temperature of 40 uC for 10 min. Then
the mould, the photoresist and the glass wafer were
transferred into a DYMAX Light Curing System (Model 2000
Flood) to photocure for 30 s. After nanoimprinting, the nickel
mould could be easily demoulded from the glass wafer.

To fabricate the gold nanohole array on glass, the nickel
mould was with nanohole patterns. After nanoimprinting, the
photoresist on the glass substrate was blank etched in an
Oxford reactive ion etching (RIE) system with an O2 gas flow of
10 sccm at 50 W for 2 s, to expose the glass on the indented
areas. The photoresist thickness to be etched should be as
small as possible, as it is common to employ a photoresist
thickness 3 times the metal thickness for a successful lift-off
process. Then a thin chromium (Cr) layer for metal adhesion
and a gold (Au) layer for plasmonics were deposited onto the
glass wafer in a Denton Explorer E-beam deposition machine.
The deposition rate for chromium was 1 Å s21, and for gold
was 2 Å s21. UV curable photoresist is more difficult to lift-off
than the thermal nanoimprint photoresist, thus the lift-off was
carried out by Trion O2 plasma etching for 3 min followed by
sonification of samples in acetone for 15 s.

For the convenience of scanning electron microscope (SEM)
and atomic force microscope (AFM) inspections, the gold
nanohole arrays fabricated on the glass wafers were diced into
5 mm 6 5 mm chips, with gold nanoholes occupying the
central 2 mm 6 2 mm of the chip.

Optical spectra measurement of gold nanohole arrays

The gold nanohole array spectra were measured with a
Shimadzu UV-2450 spectrometer. Because the gold nanohole
array occupies an area of only 2 mm 6 2 mm on the 5 mm 6 5
mm LSPR chip, while the interrogative beam size is around 5
mm in diameter, the spectral measurements were conducted
by sticking the gold nanohole chip onto a 2 mm thick PMMA
sheet with a 2 mm 6 2 mm opening.

As illustrated in Fig. 3, a reference spectrum was taken by
covering the backside of a PMMA sheet with opaque plastic
tape. Then the gold nanohole array spectrum in air was taken,
when an LSPR chip was adhered to the transparent side of the
PMMA sheet, with gold facing the opening. To measure the

Fig. 2 (a) Arrangement of 25 2 mm 6 2 mm areas of square nanoholes on a 499

wafer. (b) Field emission scanning electron microscope (FESEM) image of an
exemplified nanohole array (square length is 120 nm, pitch is 240 nm) written
by e-beam at the corner of a patterned area.
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spectra of the LSPR chips in water, a laminate stacking of (1)
opaque plastic tape with an opening, (2) a 2 mm thick glass
slide, (3) PMMA with an opening, and (4) the chip with gold
facing the opening was formed, by trapping water in the
PMMA opening between the glass slide and the chip.

Fluorescence enhancement experiment

In the experiment, prostate specific antigen (PSA), capture
antibody (c-Ab) and detection antibody (d-Ab) were purchased
from SunnyLab of SCIPAC Ltd. Thiol-COOH, EDC and NHS
were purchased from Sigma-Aldrich.

The Molecular Probes Alexa Fluor1 647 Protein Labeling Kit
was purchased from Invitrogen. The procedure of labeling the
PSA d-Ab was based on the manual of the kit.43 On recording
the UV-vis spectrum of the labeled d-Ab, two peaks were found,
one at 280 nm with A280 = 0.07929 attributed to the d-Ab, the
other at 650 nm with A650 = 0.52849 attributed to the
fluorescent dye. Thus the d-Ab concentration after labeling
was calculated43 to be 6.25 mM, and each d-Ab is labeled with 7
Alexa647 dye molecules.

The LSPR substrate used in the PSA experiments is a gold
nanohole array on glass with p = 400 nm, size = 140 nm 6 140
nm, and T = 50 nm. For the convenience of the experiments,

the gold nanohole array area of 2 mm 6 2 mm was fabricated
on a 2 cm 6 2 cm substrate. A 50 nm thick gold film was
coated on a glass chip for control experiments.

To immobilize the c-Ab on the gold surface, the substrate
was modified with thiol-COOH by incubating in a 1 mM thiol-
COOH ethanol solution overnight. Afterwards, the substrate
was rinsed with ethanol and dried with nitrogen. The substrate
was fixed in a flow-cell with volume around 100 ml and
circulated in buffer solution with a parasitic pump, and the
carbon acid groups on the substrate were activated with freshly
prepared EDC (37.5 mg ml21) and NHC (11.5 mg ml21) water
solution. The capturing antibodies were immobilized on the
surface by 2 h incubation of the substrate in 50 mg ml21 c-Ab
buffer solution.

PSA was detected through a (c-Ab)–antigen–(d-Ab) sandwich
immunoassay. Phosphate-buffered saline with Tween-20
(PBST) buffer spiked with different concentrations of PSA
was incubated on the substrate with a flow-cell for 30 min.
After 2 min rinsing with PBST buffer, 10 nM detection
antibodies labeled with Alexa647 were pumped into the flow-
cell and incubated for 20 min. The fluorescence was measured
with a home-made total internal reflection (TIR) fluorescence
spectroscope under the TE mode.1,2 In the TIR fluorescence
system, light at the wavelength of 633 nm was shed from the
bottom of a prism at a total reflection angle of 71u, i.e., the
angle between the normal of the glass surface and the light
beam is 71u. Under the TE mode, no surface plasmon
resonance will be generated on the gold film or the gold
nanohole array. The LSPR on the gold nanohole array is
polarization independent, thus the dye excitations are
enhanced by the LSPR.

Results and discussion

Nanostructure characterization

In order to reach a high fabrication yield of the gold nanohole
array on the whole wafer, the nanofabricated patterns in each
step must be of high quality. Since nickel has magnetism, the
nickel mould tends to be sucked by the electron objective
column and cannot be viewed by SEM. After cleaning, the
nanopatterns on the nickel mould were inspected under an
optical microscope. Fig. 4(a) shows a corner of a nickel mould
with 2 mm 6 2 mm area filled with nanoholes at a size of 140
nm 6 140 nm, a pitch of 400 nm, and a depth of 220 nm.
Different areas of the nickel mould were inspected, the rest of
the nanopatterns on the 499 mould are of similar quality to
those shown in Fig. 4(a).

The quality of the mould was further indirectly verified by
imprinted patterns under SEM and AFM. The SEM and AFM
images were inspected after dicing the glass wafer.

Fig. 4(b) shows an SEM image of the imprinted photoresist
nanopillars (using the mould shown in Fig. 4(a)) after 75 nm of
gold are deposited, and a gold nanohole array obtained on a
glass wafer after lift-off is presented in Fig. 4(c). Fig. 4(c) shows
that the AFM image over a 10 mm 6 10 mm area on a glass
substrate contains 625 nanoholes. Some spots are stained in
Fig. 4(c). However, none of them are at the location of a

Fig. 3 Steps for measuring gold nanohole array spectra in air and water. (a) The
reference spectrum is taken by stacking a 2 mm thick PMMA sheet (white, with
an opening of 2 mm 6 2 mm) with an opaque plastic tape having the same
opening. (b) To take the spectra in air, the 5 mm 6 5 mm LSPR chips were
aligned and stuck to the PMMA sheets. (c) To take the spectra in water, a 2 mm
thick glass slide was used to trap the water in the opening of the PMMA sheet.

2408 | Lab Chip, 2013, 13, 2405–2413 This journal is � The Royal Society of Chemistry 2013
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nanohole on the array. Based on our fabrication process, they
should not be caused by defects on the nickel mould or the
photoresist after nanoimprinting, because the adjacent nano-
hole patterns are not affected at all; they also cannot be
irregular gold grains, because the size is too large (some are

¢400 nm) and the absorption spectral measurement in Fig. 5
is not affected. We attribute the spots on the AFM image to
dust on the chip. Fig. 4(d) shows a 50 nm thick gold nanohole
array fabricated on glass, and the gold nanoholes inspected in
different areas are highly similar.

For the patterns in Fig. 4(b)–(d) obtained from different
diced chips, high repeatability and reproducibility from wafer
to wafer and batch to batch were found. We have fabricated
about 30 wafers, did not see any wear of the mould, and
hundreds of chips were measured under SEM and AFM by
different research groups, without any deviations observed.
This reveals that the qualities of our fabricated chips are high
in terms of the reliability, uniformity, and robustness.

We also noticed that the mould fabrication is the key. With a
good mould, the yield from nanoimprinting to gold lift-off is
close to 100%. It is difficult to fabricate a nickel mould without
any defect, but we can easily achieve .70% defect-free
patterns on the fabricated nickel mould. The remaining 30%
might have a few scattered defects, caused by dust in the
electroplating bath and slight unevenness of the e-beam resist
coated on the wafer.

The gold nanoholes on the glass chip were kept in a highly
consistent square shape as for the nanoholes written by
e-beam in Fig. 2(b), which demonstrates the high fidelity of
reproducing the originally designed nanopatterns. This is
nontrivial in mass fabrication of metal nanostructures,
because they cannot achieve such a high quality if a silicon
mould is used. We investigated the process of fabricating a 499

silicon mould with a photolithography mask full of 3 mm 6 3
mm microsized square holes and its subsequent nanoimprint-
ing,46 and ascertained that the micropatterns on the silicon
mould were enlarged by 25% and became round due to the
DRIE etching, and the polymer patterns after nanoimprinting

Fig. 4 (a) Image of a 499 nickel mould with 220 nm depth nanoholes under an
optical microscope, at the corner of a 2 mm 6 2 mm patterned square. (b) 20u
tilted SEM image of the photoresist on glass, after being nanoimprinted by the
mould in (a) and 75 nm of gold deposited. (c) AFM image of (b) after lift-off,
where the patterns form a 75 nm thick gold nanohole array on glass. (d) AFM
image of a 50 nm thick gold nanohole array on glass. All nanopatterns are with
p = 400 nm and size of 140 nm 6 140 nm.

Fig. 5 (a) A quarter of the cell for simulation, and the simulated and measured
transmission spectra of a gold nanohole array (b) in air and (c) in water, under
normal incidence of light from the glass side. In (b) and (c), the black lines are
the simulation results for the gold nanohole array with p = 400 nm, D = 150 nm,
and T = 75 nm. The blue and red dotted lines represent the experimental results
for two chips. (d) Cross-sectional view of the near field distributions (V m21) (in
log scale) of the three plasmonic peaks identified in (c).

This journal is � The Royal Society of Chemistry 2013 Lab Chip, 2013, 13, 2405–2413 | 2409
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even became perfect circles, because each process step caused
some loss of the pattern fidelity and fine detail.

To our best knowledge, nanoimprinting has been reported
by several research groups to fabricate metal nanostruc-
tures,34–42 but none of them has combined a nickel mould
with UV nanoimprinting technology, which are the two
important factors for us to achieve high fidelity and high
yield in fabricating metal nanostructures. In our previous
trials, the breakage of the wafers by using a silicon mould and
thermal imprinting was high, while we did not experience any
wafer breakage in the UV nanoimprinting with the nickel
mould.

Time and cost saving is tremendous by using nanoimprint-
ing to fabricate the gold nanohole array instead of e-beam
lithography. For the nanohole array we designed, it took 40 h
for the e-beam to write 25 2 mm 6 2 mm areas on a 499 wafer,
while nanoimprinting is completed within 20 min. The time
saving is 120 times.

For the cost, with the same charge rate in the cleanroom at
the Institute of Materials Research and Engineering (IMRE),
the e-beam on the wafer (Fig. 2(a)) costs about 12.3 k USD, the
nickel mould electroplating is 400 USD, and each wafer’s
nanoimprinting consumes 109 USD in materials and equip-
ment usage. So the cost saving for nanoimprinting is 52, 71,
and 101 times for the life-time of the nickel mould24 to be 100,
200, and 1000 cycles. Our UV nanoimprinting uses a relatively
low temperature and low pressure compared with thermal
imprinting, thus the life-time of the nickel mould is expected
to be much higher than thermal imprinting.

Above all, the complexity and high density of the patterns on
the wafer will greatly increase the time and cost of the e-beam
lithography, while they will not affect those of the nanoim-
printing.

Optical spectra of the gold nanohole array

The dimensions of the gold nanostructures are designed for
exciting the fluorescent dye Alexa 647. Our simulations
suggested that when the chip is immersed in water, the gold
nanohole array on glass with a pitch of p = 400 nm, diameter D
= 150 nm, and thickness T between 50 and 100 nm will exhibit
a plasmonic peak at the wavelength around 647 nm for Alexa
647 excitation.45

To examine the quality of our gold nanohole array compared
with its original design, the transmission spectra of a pure
gold nanohole array on glass (the sample presented in
Fig. 4(c)) were measured in both air and water, and compared
with our simulation results in Fig. 5.

The simulations in Fig. 5 were performed with COMSOL
software (finite element method) based on total field calcula-
tions,44 where a unit cell of a nanohole array was composed of
a single nanohole embedded in a square box. Due to the
geometrical symmetry, only a quarter of the unit cell was
simulated with boundary conditions as shown in Fig. 5(a). The
frequency-dependent dielectric function of gold was taken
from the Palik handbook,47 and the refractive indices for glass,
air and water were taken as 1.52, 1.0, and 1.33, respectively. A
normal incident plane wave (wavelength = 400–900 nm) was
set up at the surface S0 (where a boundary pair condition was
applied). A linearly polarized plane wave travelling in the z

direction was assumed to be x direction polarized. In order to
mimic the entire nanohole array, the two boundaries
perpendicular to the x-axis were set as perfect electric
conductors (PEC), and the other two boundaries perpendicular
to the y-axis were set as perfect magnetic conductors (PMC).
The top (glass) and bottom (air/water) layers were defined as a
perfect matched layer (PML) to absorb any scattered electro-
magnetic waves from the nanohole structure. As the incident
wave struck the structure, the reflected power and transmitted
power were calculated through the surface integration of the
power flow over the surfaces S1 and S2, respectively. The
absorbed power was computed through the volume integra-
tion of the resistive heating in the gold film (highlighted in red
in Fig. 5(a)).

To ensure the accuracy of the simulations, the sum of the
calculated reflected, transmitted and absorbed power was
checked against the input incident power, and they were the
same within ,2% error.

Fig. 5(b) (black line) shows the transmission spectrum of the
gold nanohole array with p = 400 nm, D = 150 nm, and T = 75
nm in air under normal light incidence from the bottom of the
glass. The transmission spectrum for the same gold nanohole
array immersed in water is shown in Fig. 5(c).

In real applications for detecting biological samples in
water, we care more about the plasmonic modes in water as
represented by the three peaks in Fig. 5(c), so the near field
distributions of these peaks are shown in Fig. 5(d). Out of the
three peaks, the second peak (ii) at the wavelength of 645 nm
associates with strongly enhanced fields at the top rims of the
gold nanoholes, which will be utilized for our dye excitation.
When biological conjugated fluorescent dyes are bound close
to the top rims of the nanoholes, the dyes will be strongly
excited by this mode. For the first and third peaks, most of the
optical energy is focused at the glass substrate side, which
could not be utilized efficiently to excite the fluorescent dyes
in water.

In addition, it is worth noting that the second and third
peaks are tunable by varying the fabrication parameters of the
nanohole array, that is, pitch, diameter and thickness.44 This
tunability can be easily achieved by our nanofabrication
method. On the other hand, the first peak at around 500 nm
is an intrinsic transmission peak associated with the gold
film.48

In the same Fig. 5(b) and (c), we plotted our measured
spectra of two fabricated chips in air and water (blue and red
dotted lines). The predicted peaks in the simulations are all
nicely reproduced. Above all, both chips clearly demonstrate a
transmission peak at 640–650 nm in water, which is the
plasmonic mode for our fluorescence enhancement and PSA
measurements.

Fluorescence enhancement and PSA measurements

The gold nanohole array (p = 400 nm, square length = 140 nm,
and T = 50 nm) on glass was used to excite the fluorescent dyes
for prostate specific antigen (PSA) detection, as a proof-of-
concept for the feasibility of using our fabricated gold
nanohole arrays for biosensing. To check the sensitivity
enhancement of the gold nanohole array, a 50 nm thick gold
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film was coated on glass to repeat the same experiment as a
control.

In our experiments, a 633 nm wavelength laser beam was
illuminated on the gold nanohole array in the TE mode at a
TIR angle of 71u. The results in Fig. 6(a) show that PSA
detection based on the sandwich immunoassay on the gold
nanohole array presents a linear intensity increment of 500
times, when the PSA concentration was increased from 100 pg
ml21 to 100 ng ml21. The LOD was determined to be 100 pg
ml21, based on three times the standard deviation of the
fluorescence response for blank samples. In the control
experiment, the gold film achieved a LOD of only 1000 pg
ml21. This LOD difference is because under the TE mode, no
plasmonics are generated on the gold film, while the gold
nanohole array still generates LSPR to enhance the fluores-
cence excitation.

To further investigate the plasmonic field distribution
difference of the gold nanohole array and the gold film,
simulation results are presented in Fig. 6(b)–(d).

To carry out an inclined-angle simulation, we modified
some settings as compared to the previous normal-angle
simulations. First, half of the unit cell simulated was changed
to the one as shown in Fig. 6(b). Second, the two boundaries
perpendicular to the incident electric-fields were still assumed
to be perfect electric conductors (PEC), but the other two
boundaries now were set at Floquet periodic boundary
conditions where the incident angle could be defined. An
inclined illumination angle of 71u in our nanohole array will
generate the transmission spectrum shown in Fig. 6(c) (solid
line). For comparison, the simulated transmission spectrum of
a gold film is also shown (dashed line).

It is found that the nanohole array still shows the similar
second peak with similar intensity in the same 640–650 nm
range in water as in Fig. 5(c), regardless of the 71u incident
angle and the reduced film thickness. The reduced film
thickness tends to blue-shift the second peak and red-shift the
third peak,45 while the increased angle of incidence tends to
red-shift the second peak and has no impact on the third peak
(the figures are not shown here). Therefore, comparing the
present transmission spectrum with the one in Fig. 5(c), the
second peak does not shift but the third peak has a red-shift.
Meanwhile, there is an intrinsic transmission in the low
wavelength (y500 nm) region relevant to the gold film.
Reducing the film thickness will increase this intrinsic
transmission.

Most importantly, we plotted the near field distributions at
71u and 633 nm in Fig. 6(d). This confirms that there is a LSPR
field distributed at the top rims of the gold nanoholes, while
there is no obvious field intensity on the gold film surface.
However, based on the transmission spectrum in Fig. 6(c),
10% of the light is transmitted to the top of the gold film
surface, where the dyes are bound in the control experiment.
So the dyes are still excited in the TE mode for the gold film,
although the excitation is weak compared to the gold nanohole
array.

Depending on the distance between the plasmonic hotspot
and the dyes, the plasmonic field could either quench or
enhance the fluorescent dye excitation. Further sensitivity
increment is possible by optimizing the distance between the

Fig. 6 (a) Fluorescence detection on a gold nanohole array (p = 400 nm, square
length = 140 nm, T = 50 nm) and gold film (T = 50 nm) for a sandwich
immunoassay of PSA at concentrations from 100 pg ml21 to 100 ng ml21,
where the 633 nm light is shed at 71u (the angle between the normal of the
glass surface and the light beam) using TIR fluorescence spectroscopy in TE
mode. (b) A half of a cell for plasmonic field simulation with angular incidence.
(c) Transmission spectra and (d) plasmonic field distributions of the gold
nanohole array and gold film on glass under the same conditions as in the
experiments.
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dyes and gold nanoholes. Although the antibody is approxi-
mately of size 14.2 nm 6 8.5 nm 6 4.0 nm,49,50 with height
close to the size of the plasmonic hot-spot, optimization of the
distance between the dye and the nanoholes is possible,
because at present the capturing antibodies are anchored on
the gold surface, but they can also be anchored on the glass
substrate only. Even the capturing antibodies are kept on the
gold surface, because they are not standing upward (its
thickness measured by dual polarization interferometry (DPI)
is about 8.8 ¡ 1 nm51), still there is some room to optimize
the distance between the dye and the gold nanoholes.

Conclusions

This paper has successfully developed a method to mass
fabricate gold nanohole arrays for plasmonic based biosen-
sors. Our method is to fabricate a nickel mould for wafer level
UV nanoimprinting. By subsequently depositing a gold layer
on the nanoimprinted photoresist and carrying out lift-off,
pure gold nanohole arrays on a glass wafer are obtained with
high yield. The measured transmission spectra of 75 nm thick
gold nanohole arrays on glass match with our simulations. As
a proof-of-concept, a 50 nm thick gold nanohole array on glass
was used in a fluorescence excitation experiment, with TIR
fluorescence spectroscopy at an angle of 71u and a wavelength
of 633 nm. Through a c-Ab–PSA–d-Ab with Alexa647 assay, a
detection limit of 100 pg ml21 was achieved for PSA detection,
which demonstrated a 10 times sensitivity enhancement
compared with a gold film of the same thickness. The PSA
detection sensitivity of the chip can be further improved by
optimizing the distance between the dye and the plasmonic
hotspots.
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