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Abstract

We optimized the resolution of nanohole arrays in metal
films for refractive index sensing by increasing the
sensitivity with modifications to the hole-array parameters
and by reducing the noise of the sensor system. The
nanohole array parameters (including film thickness,
periodicity and diameter) were first optimized by finite-
difference time-domain simulations, and then fabricated and
tested, showing good agreement between the two cases
(theory and experiment) in terms of optimal parameters. To
improve the sensitivity and to reduce the noise, the laser
source wavelength was optimized (including the efficiency
of the camera for detection) and the intensity was increased
to reduce shot noise. A bulk resolution of 6x107" RIU was
demonstrated. Due to the collinear microscope geometry
and potential for multiplexing of nanohole arrays, these
results are encouraging for future biosensing applications.

1. Introduction

Surface plasmon resonance (SPR) sensing is an established
technology for monitoring refractive index changes due to
mass loading at a surface of a metal film. Since the
discovery of extraordinary optical transmission through
nanohole arrays in metal films [1], it has been demonstrated
that these arrays may be used for sensing applications [2-3].
Compared to Kretschmann-type SPR, sensing using the
nanohole arrays is extremely promising for future
technologies because it allows for: a small footprint for
dense integration, a high degree of multiplexing, collinear
optical detection for facile integration and combined
optofluidic functionality [4-25].

The optimization of sensors includes sensitivity, resolution,
reproducibility and accuracy. Sensitivity depends on the
sensor output to the change in refractive index. Resolution is
defined as the smallest change in refractive index that the
nanohole array sensor can detect and is limited by the noise
of the system [26]. Commercial SPR instruments have a
resolution of 107 refractive index units (RIU) [27]. So far,
the resolution of nanohole arrays has been demonstrated to
be between 10“-10° RIU; however, those works used
complicated optical setups [28-30].

In this work, we optimize the resolution of nanohole arrays
in metal films for refractive index sensing by increasing the
sensitivity with modifications to the hole-array parameters
and by reducing the noise of the sensor system. We achieve
a bulk resolution of 6x107 RIU. Due to the collinear
microscope geometry and potential for dense multiplexing
of nanohole arrays with optofluidic functionality [31-33],
the results are encouraging for future biosensing
applications.

2. Simulation methods and results

To have an idea of the optimal parameters for nanohole
sensors, we performed comprehensive calculations of the
transmission spectra of nanohole arrays using the finite-
difference time-domain method (FDTD). To model the
dispersive gold film a fit to the experimental data of Johnson
and Christy was used [34]. The substrate was taken to have
refractive index of 1.52 (for glass) and the refractive index
of the background was varied to determine the sensitivity.
The simulation domain used perfectly matched layer
boundaries to prevent reflections and Bloch boundary
conditions for the periodic structure. A plane wave source
was used normally incident on the nanohole array. A
frequency domain profile monitor collected the transmission
through the holes in the visible and near infrared wavelength
range. A mesh over-ride of 2 nm was used over the metal
film, and this was confirmed to capture the surface plasmon
dispersion by finite difference mode calculations. The
sensitivity was determined by noting the change in the
transmission characteristics for varying refractive index of
the solution surrounding the holes.

Periodicity of the array, hole-diameter, and metal thickness
were varied to obtain the best performance of the nanohole
array sensor. FDTD simulations were carried out for hole-
diameters from 140 nm to 270 nm, periodicities from
415 nm to 585 nm, and gold film thicknesses from 100 nm
to 500 nm.

Fig. 1(a) shows the transmission spectrum of the optimized
nanohole arrays for film thickness of 100 nm. The
optimization was determined in terms of the resolution,
assuming that shot noise is the dominant factor (for which
the noise scales as the square root of the intensity).
Considering this, the resolution, when changing the



refractive index from n =1.330 to n,=1.331 will be

proportional to the resolution parameter, R :
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Using Equation (1), we compare the performance between
the nanohole arrays, where | and I , are the transmission

intensities for the different refractive index values. Fig. 1(b)
shows that the optimal wavelength for operation is at 648
nm for this film thickness, and this occurs for a hole-
diameter of 150 nm and a periodicity of 425 nm. Fig. 1(c)
shows the FDTD optimization for the parameter R for
nanohole arrays with diameters from 140 nm to 260 nm and
periodicities from 405 nm to 565 nm on a gold thick film of
100 nm.
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Fig. 1. Results of finite difference time domain simulations.
(a) Spectrum of a circular nanohole array of a diameter of
150 nm and a periodicity of 425 nm on a gold thick film of
100 nm. (b) Optimal wavelength range for operation is at
648 nm. (c) Optimization for the parameter R for nanohole
arrays with diameters from 140 nm to 260 nm and
periodicities from 405 nm to 565 nm on a gold thick film of
100 nm.

It is interesting to note here that the optimal periodicity for
the 100 nm film is close to the expected lowest order Bragg
resonance of the plasmon dispersion for this wavelength;
however, this is not the case for the thicker films. We will
discuss this further in Section 6.

Fig. 2 shows equivalent results for a gold film of 300 nm
thickness. The optimal parameters found were hole-diameter
of 260 nm, periodicity of 570 nm. The wavelength for the
best performance was 655 nm. Fig. 2(c) shows the FDTD
optimization for the parameter R for nanohole arrays with
diameters from 140 nm to 260 nm and periodicities from
415 nm to 585 nm on a gold thick film of 300 nm.
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Fig. 2. Results of finite difference time domain simulations.
(a) Spectrum of a circular nanohole array of a diameter of
260 nm and periodicity of 570 nm on a gold thick film of
300 nm. (b) Optimal wavelength range for operation 655
nm. (c) Optimization for the parameter R for nanohole
arrays with diameters from 140 nm to 260 nm and
periodicities from 415 nm to 585 nm on a gold thick film of
300 nm.

Fig. 3 shows the transmission spectrum and resolution
parameter for a 500 nm gold film thickness. The optimal
parameters for this thickness were hole-diameter of 260 nm
and periodicity of 570 nm. The largest R value change is at
the wavelength of 655 nm.

Fig. 3(c) shows the FDTD optimization for the parameter R
for nanohole arrays with diameters from 140 nm to 270 nm
and periodicities from 415 nm to 585 nm on a gold thick
film of 500 nm.
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Fig. 3. Results of finite difference time domain simulations.
() Spectrum of a circular nanohole array of a diameter of
260 nm and periodicity of 570 nm on a gold thick film of
500 nm. (b) Optimal wavelength range for operation is at
655 nm. (c) Optimization for the parameter R for nanohole
arrays with diameters from 140 nm to 270 nm and
periodicities from 415 nm to 585 nm on a gold thick film of
500 nm.

Comparing Figs. 1-3, it is clear that the thicker films provide
better performance. In practice, however, we are limited by
the ability to make high-aspect nanoholes in thick films and
the duration of milling, and so we do not attempt larger
thicknesses than 500 nm in this work. It is also interesting to
note that the optimal wavelength of operation was
consistently around 655 nm for all of the film thicknesses,
and this has important ramifications for the sensor
performance, as discussed further in Section 6.

3. Fabrication procedure

The nanohole arrays were fabricated by using a FB-2100
(Hitachi) focused ion beam with a gallium ion source. The
ion beam was set to 40 keV for milling, and a beam current
of 0.01 nA. Fig. 4 shows a scanning electron microscope
image of the circular nanohole array. To match the
simulations, the nanohole arrays were milled in film
thicknesses of 100 nm, 300 nm and 500 nm. Due to the cost
of fabrication, the simulations were used to reduce the range
of fabrication parameters. For the 100 nm film thickness, the
periodicity was scanned from 415 nm to 435 nm in steps of
5 nm and the diameters used were 140 nm and 160 nm. For
the 300 nm and 500 nm film thicknesses, the diameters used
were 260 nm and 270 nm and the periodicity was scanned
from 550 nm to 580 nm in steps of 5 nm.

Good verticality of the side-walls was confirmed by energy
dispersive X-ray spectroscopy studies, which showed that
the gold was removed from the region of precisely (to
within 5 nm) the specified radius.
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Fig. 4. Scanning electron microscope image of circular
apertures with a diameter of 260 nm in a 500 nm thick gold
film.

Fig. 5 shows the microfluidic chip. For measuring change in
intensity due a change in the index of refraction we use a
microfluidic  flow channel which consists of a
polydimethylsiloxane (PDMS) microchip made by rapid
prototyping lithography [35]. The master mold of the
channel was patterned on a silicon wafer using SU-8 50
photoresist. For the development of the microchip, a curing
agent and PDMS (ratio 10:1) were used. The gold sample
with PDMS flow channel was sandwiched between two
acrylic layers to seal the flow channel.

Fig. 5. Microchip of a 500 nm thick gold film sample and
with PDMS microfluidic over-channel sandwiched between
acrylic layers.

4. Experimental setup

Fig. 6 shows the experimental setup for measuring the
fabricated gold samples. To enable scanning over a wide
range of wavelengths, a supercontinuum light source
(Fianium SC400) was used. With the acousto-optic tunable
filter (AOTF), any desired wavelength ranging from 400 nm
to 1100 nm could be obtained. This source illuminated the
top surface of the sub-wavelength apertures. A spatial filter
was used to improve the spatial/spectral quality of the laser
beam. Two objective lenses had been set up to measure the
transmission of the nanohole arrays. First, the laser beam
was focused using a microscope objective of 0.1 NA, and
then it was collected with a microscope objective of 0.5 NA.
We experimented with various objective lens combinations,
and we found that this is a good configuration. In particular,
the high NA objective below the glass substrate helps to
acquire a larger number of photons. By contrast, the low NA
objective above the microfluidic channel ensures a low
angular deviation in the incident photons, so that the



resonances (that are angle-sensitive) are more spectrally
pure [36].

A CCD camera (Thorlabs DCU224C) was used to record a
video of the sub-wavelength structures while flowing
solutions of slightly different refractive index over the
sample. Any change in the refractive index of the solution
appears as a change in intensity. A syringe pump (Harvard
apparatus 11 series) was used for a stable liquid flow rate of
7 pL/min.
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Fig. 6. Schematic of optical setup used for measuring the
change in intensity of the fabricated gold samples with a
super continuum laser source tunable over the visible near
infrared region.

5. Results

In the experiments, the 100 nm thick gold film showed the
largest sensitivity for a hole-diameter of 150 nm and
periodicity of 425 nm, with a resolution of 2x10°® RIU. The
300 nm thick film showed largest sensitivity for a hole-
diameter of 260 nm and periodicity of 570 nm with a
resolution of 8x10” RIU. The 500 nm thick film showed the
largest sensitivity for a hole-diameter of 260 nm and
periodicity of 570 nm, with a resolution of 6x107 RIU.
These parameter values are all in close-agreement with the
simulation results. It is clear also that the thicker film gives
better resolution, as expected from the simulations.

Fig. 7 shows the best result obtained among all the arrays,
varying the refractive index to determine the sensitivity. The
curve in Fig. 7(a) has a staircase appearance because it was
acquired by scanning the AOTF in 5 nm steps for 5 second
duration at each step. For convenience, the figure is plotted
versus wavelength instead of time.
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Fig. 7. (@) Representation in time of the spectrum of a
nanohole array while flowing two different refractive index
solutions. (b) Difference in intensities of two refractive
index solutions.

U_‘

Fig. 8 shows the difference in intensities of two refractive
indexes values for nanohole arrays with hole-diameters of
260 nm and 270 nm and for periodicities of 550 nm and 580
nm using a 500 nm gold thick film.
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Fig. 8. Difference in intensities of two refractive indexes

values for nanohole arrays with hole-diameters of 260 nm to
270 nm and for periodicities of 550 nm to 580 nm on a 500
nm gold thick film.

After choosing the optimal wavelength of operation for the
nanohole array sensor measurements, by the procedure in
Fig. 7, bulk sensitivity measurements were carried out with a
higher intensity of 3.6 mW and using a low-pass finite
impulse response numerical filter. Fig. 9 shows the intensity
change of the circular nanohole arrays subjected to
refractive index change of 0.0005 operating at 655 nm. The
numerical filtering reduced the time resolution to 0.5 frames
per second. The highest resolution that was obtained was
6x107 RIU.
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Fig. 9. Experimental results for measuring the change in
intensity at 655 nm wavelength for a 500 nm thick gold film.
An array of circular holes with diameter of 260 nm and
periodicity of 570 nm were used.

6. Discussion

First we note that good agreement is seen between the
simulation and the experiments. The achieved resolution of
6x107 RIU is a promising step towards competing with
existing commercial SPR devices (107 resolution), while
allowing for the integration, multiplexing and optofluidic
advantages of nanohole SPR. It is interesting to note that the
optimum resolution found from the simulations was around
655 nm. This is believed to result from the gold dispersion
for two reasons. First, gold has a low loss at 655 nm because
this wavelength is past the interband absorption peak of gold
(around 510 nm). Second, the magnitude of the relative
permittivity at 655 nm is not too large (it is closer to the
plasma frequency than further in the IR, for example), which
allows for significant electromagnetic field penetration into
the metal and pronounced plasmonic effects. It is fortuitous
that the optimal operation considering the material
properties of gold coincides fairly well with the optimal
sensitivity of the CCD camera used in this experiment (~600
nm), because this allows for higher photon collection
efficiency, and therefore reduced shot-noise signal-to-noise
ratio.

It is common to use the SP Bragg relation to determine the
optimal periodicity for nanohole array sensing:

sty 2 @
&t &
where & and ¢, are the permittivities of metal and

dielectric material, p is the periodicity, i and j are integers
that represent Bragg resonance orders. This gives reasonable
results for predicting the resonance wavelength for thinner
films for the lowest order resonance. For example, the i =0
, j=1 resonance of the 100 nm film with 425 nm
periodicity on the water side is predicted to be 625 nm, and
was observed to be 648 nm in the simulations. We see here,
however, that larger periodicities are required for thicker
films, and these do not seem to match the lowest order

resonance. Indeed, they are closer to the i=1, j=1

resonance. The reason for this effect is still under
investigation; however, this shows that future investigations
should not simply chose the lowest order resonance
wavelength as has been done in the past [37].

7. Conclusions

We optimized the resolution of circular nanohole arrays in
metal films for refractive index sensing by increasing the
sensitivity with modifications to the hole-array parameters
(film thickness, periodicity and diameter), by determining
the optimal wavelength of operation, and by reducing the
noise of the sensor system (through increased collection
efficiency, increased intensity and numerical filtering). We
achieve a bulk resolution of 6x10”" RIU. Due to the collinear
microscope geometry, the potential for multiplexing of
nanohole arrays and improved optofluidic functionality [32],
these results are encouraging for future detection of
chemical and biological species.
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