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We theoretically and experimentally investigate the influence of the incident angle of illumination on
the fluorescence enhancement for two kinds of gold nanohole arrays - a gold nanohole array on glass
substrate (Au-hole array), and a gold coated photoresist nanohole array (Au/PR-hole array). Our simula-
tions show that the absorption spectra for the Au/PR-hole array vary substantially with angle of incidence,
whereas the corresponding spectra for the Au-hole array are marginally affected. The experimental results
reveal fluorescence enhancement up to 14 and 12 times for the Au-hole array at an incident angle of
70° and the Au/PR-hole array at an incident angle of 20°, respectively. Moreover, a model sandwich
immunoassay for the detection of prostate specific antigen (PSA) shows about 3-fold higher sensitivity
on Au/PR-hole array as compared to planar gold at 70°. To the best of our knowledge this is the first inves-
tigation reporting on the relationship between the incident angle and the fluorescence enhancement on
gold nanohole arrays. Our findings provide a solid foundation for designing a highly efficient fluorescence
detection system with oblique angular illumination.
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1. Introduction

Gold nanohole arrays have been extensively utilized in label-
free [1-6] and plasmon-enhanced fluorescence biosensing [7-13].
In the research field of plasmon enhanced fluorescence, several
experimental factors have been identified as critical for achieving
maximum fluorescence enhancement. First, an optimal distance
between the fluorescent dyes and the metallic surface needs to
be considered to minimize fluorescence quenching [14,15]. Sec-
ond, the spectral overlap between the fluorophore excitation
spectrum and the plasmon absorption spectrum of the nanostruc-
tures is required for high fluorescence enhancement [16]. Third,
periodic nanostructures such as gold nanohole arrays typically
provide sharper plasmonic absorption and thus higher fluores-
cence enhancement than randomly distributed nanostructures
[11]. Fourth, the fabrication parameters of a gold nanohole array
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including the hole size, pitch and thickness can be tuned to opti-
mize the fluorescence enhancement [17]. Thus, proper design of the
gold nanohole array is crucial for obtaining maximum fluorescence
enhancement. Furthermore, it has been demonstrated that the illu-
mination from the front or back side of the nanohole array does not
affect the plasmonic wavelength. However, front side illumination
is favorable as it provides a stronger coupling between the incident
electromagnetic field and the nanostructure as compared to back
side illumination [18].

The combination of fluorescence excitation and a dark-field
microscopy is considered to be one of the most sensitive methods
for fluorescence detection as it provides lower background emis-
sion, higher fluorescence signal-to-noise ratio and hence higher
sensitivity as compared to normal fluorescence spectroscopy [16].
For instance, confocal fluorescence microscopy has been imple-
mented for the detection [19] and tracking [20] of single fluorescent
molecules on nanoantennas, fluorescence microscopic imaging on
1D and 2D grating structures [21,22], and femtomolar sensitivity
detection of biomarkers on a rough gold surfaces [23]. In dark-
field microscopy such as the ones used in Refs. [21-23], the sample
is peripherally illuminated at large oblique angles. Such an illu-
mination may influence the fluorescence enhancement because
the strength and localization of plasmonic field at the metallic
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nanostructures may depend on the light incident angle [24]. Unfor-
tunately, the dependence of the incident angle on the fluorescence
enhancement utilizing surface plasmon resonance excitation of
nanohole arrays has not been thoroughly investigated in literature,
although this information is crucial for the design of nanostructures
and optical system for optimized fluorescence excitation.

In this work, we have fabricated two different gold nanohole
arrays including a gold nanohole array on glass substrate (Au-hole
array), and a gold coated photoresist nanohole array (Au/PR-hole
array). The electromagnetic field distribution and the angular-
dependent maximum field enhancement on these Au nanohole
arrays are investigated by utilizing finite element method (FEM)
simulation. The angular-dependent fluorescence enhancements
of the Au nanohole arrays are measured in a fluorescence spec-
trometer and compared with experiments on glass. Finally, a
model sandwich immunoassay for the detection of prostate
specific antigen (PSA) is performed on the Au/PR-hole array
and compared with experiments undertaken on a planar gold
substrate.

2. Simulations and experiments
2.1. Simulation method

In the simulation, three-dimensional Maxwell’s equations were
solved using the finite element method (COMSOL Multiphysics).
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The wavelength-dependent dielectric function of gold was taken
from the Palik handbook [25]. The refractive indices for air, water,
glass, and UV curable photoresist were 1, 1.33, 1.52, and 1.422,
respectively. A unit cell consisting of one nanohole was simulated.
At the sides of the unit cell, Floquet periodic boundary condi-
tion was assumed in order to obtain the optical response of the
whole nanohole array upon illumination at different angle of inci-
dence. An obliquely-incident linearly-polarized white light source
(400-900 nm) was used. As the incident light wave strikes a metal
nanohole array, its power will either be absorbed, reflected, or
transmitted through the structure. The absorbed power was com-
puted through the volume integration of the resistive heating in
the gold nanoparticles, and the reflected or transmitted power was
calculated through the surface integration of the far-field power
flow [17,18]. In addition, the near-field information at the resonant
wavelengths in which we are interested can be directly obtained
from the simulations.

2.2. Gold nanohole fabrication

Mass fabrication of the gold nanohole structures was obtained
by nanoimprint lithography with a nickel mold [26]. The Au-hole
array was fabricated with pitch P=400 nm, diameter D =140 nm,
and thickness T=50nm (5nm chromium and 45nm of gold),
while the Au/PR-hole array was obtained by coating 50nm
gold film (5nm chromium and 45nm of gold) on a photoresist
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Fig. 1. (a) The simulation model of an Au-hole array (P=400nm, D=140nm, T=50nm) on glass at an incident angle of 6. (b) The absorption spectra of the Au-hole array
simulated in water at various incident angles. (c) The simulated maximum field enhancement versus the incident angle at the wavelengths of 590, 600, 610, and 620 nm. (c)
The field distribution of Au-hole array at the illumination wavelength of 610 nm and the incident angle of 60°.
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nanohole array with P=400nm, D=140 nm. Briefly, the Au-hole
arrays were fabricated with an electroplated nickel mold (with
nanoholes structure), which was used to nanoimprint the UV cur-
able photoresist layer (mr-UVCur21-300 nm from Micro Resist
Technology, GmbH). The photoresist was then treated with reac-
tive ion etching (RIE) to etch the photoresist down to the glass
substrate. Afterwards, 5 nm of chromium and 45 nm thick of gold
were deposited, and the photoresist was lifted-off by plasma
etching and subsequent rinsing with acetone and isopropyl alco-
hol [26]. Similarly, the Au/PR-hole array was fabricated with
another nickel mold (with nanopillars) which was imprinted
on a photoresist and treated with RIE before the gold film
evaporation.

2.3. Measurement of UV-vis and fluorescence spectra

The UV-vis transmission spectra of gold nanohole arrays were
measured with a UV-vis spectrometer (Lambda 35, PerkinElmer).
A black paper with a 2 mm diameter hole was attached to the gold
nanohole array to allow the light passing exclusively through the
nanohole structure.

The prostate specific antigen (PSA) detection antibodies (from
SunnyLab of SCIPAC Ltd) were labeled with Alexa Fluor® 647 (Invi-
trogen, Singapore) according to the manual of the protein labeling
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kit (A20173). Afterwards, 5 .l of 6.3 wM Alexa 647 labeled PSA anti-
body (Ab-AF647) in PBS was dropped on the bare glass, gold film,
Au-hole and Au/PR-hole array substrates, respectively. A dye spot
with diameter of 3.5 mm was formed on the substrate after drying
at room temperature. The fluorescence spectra of the substrates
were measured with a fluorescence spectrophotometer (Fluolog,
Horiba).

2.4. Surface modification and immunoassay on gold nanohole
array

To immobilize capture antibody (c-Ab) on the surface, the
gold nanohole array and planar gold film substrates were first
modified with thiol-COOH by incubating the substrate in a 1 mM
PEG7 thiol acid (thiol-COOH, Product #37156-0795 from Poly-
pure AS, Norway) ethanol solution overnight. The carboxylic acid
groups on the substrate were activated with freshly prepared EDC
(37.5mg/ml) and NHC (11.5mg/ml) water solution. The captur-
ing antibody (c-Ab) was immobilized on the surface by incubating
the substrate in 50 wg/ml c-Ab buffer solution for 2h, followed
by incubation with 1M ethanolamine to deactivate the unreacted
carboxylic acid groups.

For the sandwich immunoassay of PSA, phosphate-buffered
saline with Tween-20 (PBST) buffer spiked with different
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Fig. 2. (a) The simulation model of an Au/PR-hole array with a 50 nm of gold coated on a 220 nm thick photoresist nanohole array (P=400nm, D=140nm), and (b) the
simulated absorption spectra of Au/PR-hole array in water at various incident angles. (c) Maximum field enhancement versus the incident angle at the wavelengths of 590,
600, 610, and 620 nm. (d) The field distribution of Au/PR-hole at the illumination wavelength of 610 nm and the incident angle of 60°.
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concentrations of PSA were incubated on the substrate with a
flow-cell for 30 min. After 2 min rinsing with PBST buffer, 10 nM
detection antibody, Ab-AF647, was pumped into the flow-cell (vol-
ume of 100 pl) and incubated for 20 min. The fluorescence spectra
were measured with the fluorescence spectrometer with the light
passing through the glass flow-cell and shedding at the surface of
the sensor substrate at an excitation wavelength of 610 nm and an
incident angle of 70°.

3. Results and discussions
3.1. Simulations for Au-hole array

It is reported that maximum fluorescence enhancement can
be achieved through matching the absorption spectrum of the
nanostructure with the excitation spectrum of the fluorescence
dye [16]. In addition, based on our previous simulation on gold
nanohole arrays [17], we designed and fabricated the Au-hole array
with P=400nm, D=140nm, and T=50nm (Fig. 1a) as a suitable
nanostructure for fluorescence excitation of Alexa 647. At normal
incidence, the simulated absorption spectra of the gold nanohole
array in water medium (Fig. 1b) show two peaks at around 626 nm
and 750 nm, which are related to the o and 3 plasmon modes,
respectively. Previous work [18] has reported that the o mode
is associated with the field localized on the top rims of the gold
nanoholes (see Fig. 1d), while the 3 mode is mainly related to the
field located at the bottom rims of the gold nanoholes.

The simulated spectra in Fig. 1b indicate that variations of the
incident angle from 0° to 80° cause a small ~5nm red-shift of
the o mode, whereas no shift is observed for the § mode. The
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maximum field enhancements for the incident wavelengths of 590,
600, 610 and 620 nm (Fig. 1¢) also indicate small variations upon
the changing the incident angle. For example, a maximum field
enhancement of 37 is obtained at the wavelength of 610 nm with a
variation within 10% for all incident angles. A field intensity inde-
pendent of the incident angle is desired to minimize the variations
of fluorescence enhancement in a fluorescence detection system,
such as fluorescence microscopy, where the exciting illumination is
distributed over a fairly broad range of incident angles. A represen-
tative field distribution at the illumination wavelength of 610 nm
and incident angle of 60° (Fig. 1d) indicate that the field penetrates
into the water at a depth of ~40 nm. This field penetration depth of
the nanohole substrate is suitable for fluorescence enhancement,
because it is longer than the typical Forster resonance energy trans-
fer (FRET) distance of ~10 nm [27].

3.2. Simulations for Au/PR-nanohole array

The other gold nanohole structure (Fig. 2a), where a layer of gold
is evaporated on top of a photoresist nanohole array (Au/PR-hole
array, with P=400nm, D=140nm, and T=50nm), also has been
utilized for localized surface plasmon (LSPR) biosensing [28]. Dif-
ferent from Fig. 1b, in the presence of the 220 nm thick photoresist,
the o and 3 modes of the Au/PR-hole array appear blue-shifted
to Aq =608 nm and }‘B =726nm at normal incidence because of
the lower refractive index of the photoresist as compared to glass
(Fig. 2b). The absorption peak of the o mode is more sensitive
to changes in the incident angle on Au/PR-hole array (Fig. 2b), as
compared with the Au-hole array. As the incident angle increases,
the peak associated with the o mode is broadened and slightly
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Fig. 3. SEM (a) and AFM images (b) of Au-hole array with 50 nm thick gold. Insert of (a) is a photograph of a 2 cm x 2 cm glass substrate with Au-hole array at the center.
(c) The cross-section profile of Au-hole array in (b) at x and y-axis shows P=400nm, D=140nm, T=50nm. (d) UV-vis spectra of (1) Au-hole array with T=50nm and (2)
Au/PR-hole array with 50 nm of gold coated on 220 nm thick photoresist nanohole array in contact with water.
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red-shifted and appears with reduced intensity, and it further
splits into three separate features (Fig. 2b). This is probably due
to the presence of two more interfaces (glass/photoresist, photore-
sist/Au), which also may contribute the appearance of an additional
peak at around 575 nm.

The angle dependent field distribution as plotted in Fig. 2c indi-
cate that the maximum field enhancements at the wavelengths of
600 and 610 nm are more dependent on the light incidence angle
than those at 590 and 620 nm, with a variation up to 33% over the
entire angular span. Our simulations further indicate that the field
distribution for the wavelengths of 590, 600, 610, and 620 nm at
different angles are the same, and resembles the one shown for
Lo =610nm and 6 =60° in Fig. 2d. It is furthermore noticed that the
plasmonic hotspots at the top rims of the gold nanoholes provide
the highest field enhancement and potentially also the highest flu-
orescence enhancement.

3.3. Characterizations of Au nanohole array

The Au-hole arrays fabricated at a high throughput on a
2cm x 2 cm glass substrate with a 2 mm x 2 mm nanohole struc-
ture at the center, displayed a diffraction pattern in green color
(Fig. 3a). For these kinds of gold nanohole arrays, the yield is nearly
100% as concluded by visual inspection of the diffraction pattern by
the naked eye and by SEM imaging (Fig. 3a). Atomic force micro-
scope (AFM) was employed to investigate the size of the nanoholes
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and their distribution as shown in Fig. 3b. The cross-section profile
in Fig. 3c reveals that the fabricated Au-hole array has P=400 nm,
D=140nm and T=50 nm.

The UV-vis spectra of the Au-hole and Au/PR-hole arrays were
measured in water, Fig. 3d. The spectrum of the Au-hole array
shows two peaks at A; =621 nm and A, =716 nm which are asso-
ciated with a and B plasmon modes, respectively. A, in our
experiments is smaller than the one simulated at normal incidence,
probably because (1) the nanohole size and shape differs slightly
from the model used in the simulations, and (2) the 5 nm Cr adhe-
sive layer is not considered in our simulations (note that the {3
mode is associated with the electromagnetic field on the glass side
[18]). Similarly, the Au/PR-hole array with photoresist shows two
peaks at A1 =609nm and A, =745nm in water. The first peak is
comparable with the simulated spectra for « mode plasmon at
608 nm. More importantly, it is noticed that the spectra of the gold
nanohole arrays after coated with Ab-AF647 revealed the first peak
around 610 nm (measured in air). Therefore, in the following flu-
orescence measurement, incident light at a wavelength of 610 nm
was employed for the excitation of fluorescence.

3.4. Fluorescence enhancement and immunoassay
The angular fluorescence measurements were carried out by
rotating the substrate to vary the incident angle 6. The detector

is mounted perpendicular to the incident light beam (Fig. 4a). The
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Fig. 4. (a) A scheme presenting the fluorescence measurement on gold nanohole array in a fluorescence spectrophotometer, with light incident angle 6 adjusted by rotating
the substrate. (b) The fluorescence spectra measured on (1) glass, (2) Au film, (3) Au-hole array and (4) Au/PR-hole array at 6 = 70° and excitation wavelength of . =610 nm. (c)
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fluorescence spectra for dye-coated bare glass, planar gold film,
Au-hole array and Au/PR-hole array substrates are shown in Fig. 4b
for an excitation wavelength of A, =610 nm (2 nm slit width) and
6 =70°. The fluorescence intensities are enhanced by a factor of
14 and 8 by the Au-hole and Au/PR-hole array, respectively, when
compared to that of a bare glass substrate. The flat gold film also
shows about 3-fold higher fluorescence intensity than that on glass.
The results from the simulations, Figs. 1c and 2c, predict max-
imum field enhancements at A, =610nm and 6=70° around 35
and 28 for Au-hole and Au/PR-hole array, respectively. This over-
estimation by the simulations is expected, as the measurements
report the average enhancement rather than the maximum achiev-
able enhancements.

The angular dependent fluorescence enhancements on Au-hole
and Au/PR-hole array (Fig. 4c) indicate a maximum fluorescence
enhancement of 14 and 12 at the incident angle of 70° and 20°,
respectively. The fluorescence enhancement (f) was calculated
based on the equation f=IgjeNgjass/IglassNhole» Where Ingle and Igjass
are the measured fluorescence intensities, Npole and Ngjags are the
number of dye molecules coated on the Au nanohole array and glass
substrates, respectively. In this study, the amount of dye molecules
dropped on the glass and nanohole substrates are the same, i.e.
Nhole = Ngjass- The fluorescence intensity of the dye on bare glass also
depends on the incident angle with a minimum occurring at 40°
(Fig. 4c). This dependence is attributed to the scattering and back-
ground signal from the substrate which is taken into account when
calculating the fluorescence enhancement. The average enhance-
ments for the Au-hole and Au/PR-hole arrays at various incident
angles are f=10.7+2.2 and f=6.5+ 2.6, respectively, suggesting
that the Au/hole array provides on average a factor ~2 higher flu-
orescence enhancement than the Au/PR-hole array. Moreover, the
angular fluorescence enhancement for the Au-hole arrays shows
less variation f=14-8 as compared to the Au/PR-hole array f=12-3.
The angular-dependent fluorescence measurements are compa-
rable to the simulated trends at the wavelength of 610 nm in
Figs. 1c and 2c. The discrepancy between experiments and simu-
lations is attributed to scattering and potentially also fluorescence
quenching on the gold nanohole surface. The lower fluorescence
enhancement on Au/PR-hole as compared with the Au-hole array
might also be ascribed to increased fluorescence quenching (such
as FRET) occurring in the deep hole of Au/PR-hole substrate. In con-
clusion, our findings suggest that the fluorescence enhancement on
gold nanohole array can be readily tuned by varying the angle of
incident light and the design of the nanostructures.

To demonstrate plasmon enhanced fluorescence for biosensing,
we employed a sandwich assay for the detection of PSA on Au film
and Au/PR-hole array substrates at 1, =610 nm and 8 =70°. The flu-
orescence intensity from the Au/PR-hole array substrate increases
with the concentration of PSA as shown in Fig. 5a. The fluorescence
intensity changes (AF) were obtained from the intensity differ-
ences of the fitted spectra between the sample and blank (0 ng/ml
PSA) at the emission wavelength of 670 nm. The calibration curves
in Fig. 5b show that the fluorescence responses on Au/PR-hole sub-
strate are about 2-3 times higher than that on planar Au film,
which is in agreement with the enhancement factor of 3 in Fig. 4(b).
The limit of detection (LOD) was estimated at 10 and 30 ng/ml
for Au/PR-hole array and planar Au film, respectively. The LOD is
determined as the concentration of PSA at which the fluorescence
intensity changes are three times of the standard deviation of the
background signal. The sensitivity is poorer than the conventional
surface plasmon-enhanced fluorescence spectroscopy (SPFS) [29],
partially because SPFS has a highly sensitive photomultiplier and
the low noise level due to the total internal reflection. However, we
believe that the fluorescence enhancement on our substructure can
be further improved by, for instance, (1) tuning the incident angle
to 20° for Au/PR-hole array or using the Au-hole array at an incident
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Fig. 5. (a) Fluorescence spectra for the detection of PSA on Au/PR-hole array at the
concentrations from 0 to 10 wg/ml in PBST buffer. (b) Calibration curves for the
immunoassay carried on a planar Au film and an Au/PR-hole array substrate.

angle of 70°, (2) using dark-field fluorescence detection system, (3)
combining LSPR with propagating SPR for fluorescence enhance-
ment and (4) selective modification of the nanostructures to allow
the molecular binding only on the plasmonic hotspots such as the
edges of the nanoholes where the field intensity is at maximum.

4. Conclusions

We have studied the plasmon wavelength shifts, field distri-
bution and fluorescence enhancements on gold nanohole arrays
upon the illumination at various incident angles. The simula-
tions and angular fluorescence measurements demonstrated that
the plasmon resonant wavelength and fluorescence enhancement
on Au-hole array are less affected by the light incident angles
as compared with the Au/PR-hole array. At the excitation wave-
length of 610nm, a fluorescence enhancement up to 14 and 12
can be achieved on Au-hole at the light incident angle of 70°
and Au/PR-hole arrays at the angle of 20° with the same pitch
of 400 nm and the diameter of 140 nm, respectively. At the inci-
dent angle of 70°, a model sandwich assay for the detection of
PSA showed that the sensitivity can be improved by 3-fold on
Au/PR-hole array as compared with Au film, which is consistent
with the fluorescence enhancement measurement. Our research
results offer a basic understanding on angular dependence of
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fluorescence enhancement, which may help improving design rules
for future plasmonic nanostructures on conjunction with dark-field
microscopy for highly sensitive fluorescence detection.
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