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Abstract

Abstract

Plasmonic nanoarrays offer a number of advantages over other technologies when it comes
to optical sensing and colour filtering—namely their full tunability across the visible
spectrum, high sensitivity to local refractive index changes, relative stability, and ultra-high
resolution. For optical sensors, as their use progresses towards portable devices capable of
rapid and highly-specific sensing, reduction in complexity, device size, and data acquisition
time is key; and for optical colour filtering and encoding, the desire for long-term-stability
and ultra-high resolution is key. One way to achieve the aforementioned goals in both fields
is through the development of optical devices capable of producing two signals/displays
within one region. This thesis explores the fabrication and characterisation of such devices

for applications in molecular sensing and colour display technologies.

First, a proof-of-concept device consisting of two nanoplasmonic arrays arranged in a
multilayer configuration is explored. This device is demonstrated capable of self-correcting
for drift by simultaneously obtaining both sensing and reference signals from a single
measurement without complex optics or multiple sensing regions. This is design holds
promise for point-of-care diagnostics, where data acquisition occurs over extended periods

of time and measurement stability due to the external environment may be problematic.

Next, another method of arranging two plasmonic nanoarrays is examined. These devices
consist of superimposed aluminium and gold nanoarrays with modified surface chemistries
resulting in a bimetallic device which produces two distinct resonance peaks for each sensing
region. When combined, the signals from the different arrays are demonstrated capable of
discriminating between organic solvents and between whiskies using trained pattern
recognition. As each element in the bimetallic optical tongue produces two partially-
selective measurements (rather than the one measurement capable with comparable devices),
the proposed sensor is capable of halving device size and data-acquisition time. This advance
in miniaturisation and multiplexed readout would be highly useful in areas that rely on assays
for determining if a mixture is within tolerance, such as the medical, food & drug, and

security industries.

Then, a new approach to high-density image encoding is demonstrated using full-colour,
dual-state nano-pixels, doubling the amount of information that can be stored in a unit area.

The smallest readable “unit’ using a standard optical microscope relates to 370 nm x 370
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Abstract

nm. As a result, dual-state nano-pixels may prove significant for long-term, high-resolution

optical image encoding, and counterfeit-prevention measures.

Finally, a combination of plasmonic sensing with the dual-state capabilities of the nano-pixel
design presented is investigated. The dual-state capabilities of the nano-pixel design will
allow trapping of biomolecules with one arm while simultaneously, yet independently,
sensing with the other. While only preliminary work is covered, once successfully
developed, such devices will aid the understanding of proteins and thus benefit the fields of
biology, chemistry, medicine, and pharmacy. Additionally, they will allow for the testing

and creation of new disease screenings and drug therapies.
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Chapter 5: Plasmonic Nano-Apertures as Dual-State, Nanopixels for High-Density Micro-Image Encoding

dual-state capabilities make it much more difficult to forge than currently implemented

techniques.

Figure 5.5: Bright-field microscope images showing the switchable nature of the
information displayed by a single set of nano-pixels. (a) Bright-field transmission images
(20x objective) showing the full-colour pictures produced by the array when illuminated
from the rear with white-light at different polarisations. Switching the polarisation of light
causes the image displayed in the far-field to switch. (b) Schematic showing how the images
were taken. A white-light source passes through a linear polariser before being selectively
transmitted through the nano-apertures (pixels). At each polarisation state the aperture

transmits colour corresponding to the desired display pattern. This figure is from Heydari,
et.al. (2017) [6]

As previously discussed, a wide variation in periodicity is required to achieve a full colour
palette. Therefore, the pixel density (measured in pixels-per-inch or PPI) varies with colour.
The PPI ranges from 101,599 PPI at its most dense to 72,568 at its most sparse. These values
represent the number of physical apertures in a single inch, in any one axis (the periods in X

and Y may differ depending on the desired two-colour pixel response). Since each aperture
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has two arms that can be independently encoded with its own colour profile, the PPI range
can be effectively doubled in terms of useful image encoding density. However, in order to
determine the ultimate usable capacity of this system, the size limit below which individual

groups of pixels cannot be resolved using white light must be determined.
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Figure 5.6: Bright-field microscope images showing the smallest discernible pixel array
size by standard microscopy. A nano-pixel array using 120 nm x 220 nm designed pixels
(measured by SEM as 112+ 5 nm by 219 £ 9 nm) of (i) 10x10, (ii) 8x8, (iii) 6x6, (iv) 4x4, (v)
2x2, (vi) 2x1, and (vii) 1x1 pixel(s) with a period in (x,y) of (350 nm, 250 nm). The smallest
discernible pixel array size is 2x2 nano-pixels using a 100x objective.

Figure 5.6 shows seven array sizes (10x10, 8x8, 6x6, 4x4, 2x2, 2x1, and 1x1 nano-pixels)
of the magenta-blue pixel from the colour palette. The smallest discernible nano-pixel array
size using white light and a standard optical microscope (100x objective) was found to be

2x2 nano-pixels. This corresponds to a resolution of 370 nm by 370 nm.

The smallest discernible component was then used to create ultra-high-density QR codes
encoded with 2 layers of information, as shown in Figure 5.7. QR codes are comprised of a
matrix of contrasting modules, the layout of which define a 2D barcode. By using simple
Boolean logic (Figure 5.7a), two different QR codes images were used to generate
overlapping layers of shared foreground (yellow/blue), shared background (blue/yellow),
QR1-only (always yellow), and QR2-only (always blue) images. These QR codes have
feature sizes beyond the diffraction limit that are nevertheless visible using a simple optical

microscope.
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QR2-Only Background QR1-Only
T ]
SRR ]
LN Y SR

Figure 5.7: Bright-field and SEM images of a switchable QR-code. (a) Boolean logic used
to create the pixel regions for the foreground (in b(i)/b(ii) yellow/blue), background (in
b(i)/b(ii) blue/yellow), QRI-only (always yellow), and QR2-only (always blue). (b) Bright-
field images (100x objective) of a 16 um QR code (20 um with border included) taken using
a 100x objective lens when the illuminating white-light is polarised along (i) the X-axis and
(ii) the Y-axes of the code. A different QR code is visible at each polarisation state. To view
the information stored within the dual-state QR code, a QR reader capable of scanning
reversed contrast codes, such as I-nigma, is necessary (bright patterns on dark
backgrounds). (¢) SEM images showing the composition of the QR-code. (i) A wide-area
image showing the pattern present in the top-right corner of the QR code. (ii) The smallest
unit that can be resolved optically, 2x2 pixels with a period of 250 x 250 nm. These 2x2 units
formed the building blocks of the QR code. SEM were taken before the deposition of the SiO:
layer. Parts (b) and (c) from this figure are from Heydari, et.al. (2017) [6].

The dual state code in Figure 5.7b has outputs relating to the homepage URLs of Advanced
Functional Materials (where this was published) and the University of Glasgow School of
Engineering. The 16 um x 16 um codes (the smallest possible using the 2x2 pixel per QR-

module limit with a periodicity of 250 nm between pixels) are clearly visible using a 100x

J.R. Sperling 2019 130



Chapter 5: Plasmonic Nano-Apertures as Dual-State, Nanopixels for High-Density Micro-Image Encoding

objective lens. Both information outputs can be easily decoded using a mobile phone QR-
reader application. At this level, colour separation from immediately adjacent pixel
groupings is maintained, as is the polarisation-switching capability (green boxes marked on
Figure 5.6b(i) and Figure 5.6b(ii)). This visible-pixel density relates to an area of 370 nm
x 370 nm for the smallest features demonstrated here (period and arm-length). At the time
of its publication, this was believed to be the smallest, most information dense, optically

resolvable QR codes demonstrated to date.

5.4.5 Angle-Dependence of Nano-Pixel

As previously discussed in Chapter 1, EOT is highly dependent on the way the incident light
couples with the nano-slitted, plasmon-supporting material. Changes to the angle of incident
light alters the way light both couples with the structured surface and gives rise to the SPR.
Therefore, an understanding of how the angle of incident light affects the transmission (and
thus visible colour) is necessary in order to use these dual-state nano-pixels for any potential

applications (such as anti-counterfeiting).

Figure 5.8 and Figure 5.9 shows the relationship between the angle of incident light with
respect to the actively polarised ‘arm’ for the longest and shortest arm-lengths used in the
colour palette, respectively. For long-arm nano-pixels, changes to the angle of incidence
result in red-shifting of the transmission when the active arm is parallel to the axis of the
angle of incidence and blue-shifting when the active arm is perpendicular to the axis of the
angle of incidence. Comparing the shift caused by the same change in angle of incidence,
the red-shift when the active arm is parallel to the axis of the angle of incidence is greater
than the blue-shift when the active arm is perpendicular. For short-arm nano-pixels, changes
to the angle of incidence when the axis is in parallel and perpendicular to the arm-length
result in red-shifting of the transmission. The transmission shift that occurs is dependent on
the orientation of the polarisation of light to the angle of incidence, with a greater shift

occurring when the axis of the angle of incidence is parallel to the polarisation of light.
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Figure 5.8: Angle-dependence response for long-arm nano-pixels. This figure shows how
the angle of incident light (0°, 5°, 10°, 20°, 30°, and 45°) affects the transmission response
of the active long-arm (measured by SEM as 179 + 3 nm by 18 = 1 nm [SD]) of a nano-pixel
array when the angle of incident light is altered along the axis (a) parallel and (b)
perpendicular to the active arm. For each sub-figure: (i) The transmission shift caused by
increases in angle of incidence. (ii) Bright-field microscopy colour for 0°, 5° 10° and 45°
incidence. (iii) Rendering of the nano-pixel array showing orientation of the pixels and the
angle of incidence. (iv) SEM image of the nan-opixel array with orientation of the
polarisation of incident light. (v) Plot for each angle of incidence of the nan-opixel array on
the CIE XY chromaticity diagram. For long-arm nano-pixels, changes to the angle of
incidence result in red-shifting of the transmission when the active arm is parallel to the
angle of incidence axis and blue-shifting when the active arm is perpendicular to the angle
of incidence axis. Comparing the shift caused by the same change in angle of incidence, the
red-shift when the active arm parallel to the angle of incidence axis is greater than the blue-
shift when the active arm is perpendicular.
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Figure 5.9: Angle-dependence response for short-arm nano-pixels. This figure shows how
the angle of incident light (0°, 5°, 10°, 20°, 30°, and 45°) affects the transmission response
of the active short-arm (measured by SEM as 92 + 2 nm by 18 £ 1 nm [SD]) of a nano-pixel
array when the angle of incident light is altered along the axis in (a) parallel and (b)
perpendicular to the active arm. For each sub-figure: (i) The transmission shift caused by
increases in angle of incidence. (ii) Bright-field microscopy colour for 0°, 5° 10° and 45°
incidence. (iii) Rendering of the nanopixel array showing orientation of the pixels and the
angle of incidence. (iv) SEM image of the nanopixel array with orientation of the
polarisation of incident light. (v) Plot for each angle of incidence of the nanopixel array on
the CIE XY chromaticity diagram. For short-arm nano-pixels, changes to the angle of
incidence result in red-shifting of the transmission. The transmission shift that occurs is
dependent on the orientation of the polarisation of light to the axis of the angle of incidence,

with a greater shift occurring when the axis of the angle of incidence is parallel to the active
arm.

Figure 5.10 shows an example of the effect angle of incident light has on the dual-state
encoded micro-images from Figure 5.5. When the polarisation of light is parallel to the axis
of the angle of incidence (and thus perpendicular to the ‘active’ arm), increases from normal-
to-the-surface to +45 degrees results in red-shifting of the colours. When the polarisation of

light is perpendicular to the axis of the angle of incidence (and thus parallel to the ‘active’
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arm), increases from normal-to-the-surface to +45 degrees results in a ‘brightening’ of the

colours.

Figure 5.10: Bright-field microscope images showing the incident light angle-dependence
for switchable information displayed by a single set of nano-pixels. Bright-field
transmission images showing changes in colour of the full-colour pictures from Figure 5.5
as a result of changes to the angle of incident light for each polarisation state of the pixels.
The orientation of the picture to the polarisation and angle of incident light both affect the
colour of the picture.

As discussed in Chapter 1.2.4.2, the dimensions of the aperture in the array determine the
coupling wavelength and the periodicity of the apertures determines the interference
between the front and back SPR modes. When the angle of incident light is changed, the
effective dimensions and periodicity of the aperture array, as interfaced with the light is
altered. Thus, the shift in colour with change in angle of incident light observed in Figure
5.8, Figure 5.9, and Figure 5.10 can all be attributed to the altered interference patterns of
the EOT and frontside and backside SPR modes. The largest effect of angle-dependence
occurs when the electric field is parallel to the plane of tilt, but images are still visible, and

polarisation-dependence still remains.

5.5 Conclusion and Future Work

In this Chapter, nano-pixel apertures to encode two full-colour information states (both

images and codes) in the same unit area were demonstrated. This technology shows promise
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for future use in the micro-encoding and nano-imprinting industries. As dual-encoded pixels
that exhibit virtually no cross-talk between information states, possesses a high PPI
(>100,000), and are resistant to damage by heat, UV, and water, this technology may also
be useful as an alternative to ink-based techniques used in high-resolution printing and anti-
counterfeiting applications. When implemented for use as anti-counterfeiting measures in
the printing of paper money, for example, the Al nano-pixel design will be subjected to the
same day-to-day wear-and-tear of current bills in circulation. Transferring this technique to
flexible surfaces is of particular interest, especially for this type of application. With this in
mind, further research into the angle-dependence of the colour states and the effect of

stress/strain/shear on nano-pixels built on a flexible surface is warranted.
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Chapter 6: Preliminary Work: Dual-State SIBA/FRET Trap for the
Study of Individual Proteins

6.1 Introduction

The study of biomolecule function within the human body is key to developing a better
understanding of disease mechanisms, disease prevention, and drug discovery. Proteins, for
instance, are significantly complex biomolecules that we know drive cellular function on the
nano-scale. However, how each of these proteins operates remains unanswered, as we do
not possess the technological tools to properly study and understand them on the nano-scale.
For example, research has hypothesized that there is a link between Alzheimer’s Disease
and proteins [ 1-2], but the ability to fully investigate this link is limited by our understanding
of how the proteins function. As a result, our ability to develop new pharmaceutical
interventions, diagnostic tests, and therapeutic treatments is limited. The two major
challenges with studying proteins arise from the difficulties in (1) trapping them and (2)

observing how they function at the nano-scale [3].

While optical tweezing is a powerful tool capable of manipulating single microscopic objects
by exerting forces resulting from the momentum carried by light [4], it does not work well
for nanoscale objects. When decreasing the size of the object of interest down to the
nanoscale, being able to develop a stable potential capable of overcoming environmental
fluctuations becomes challenging as it would require a high optical power focused onto a
very small (i.e. diffraction limited) spot [3-4]. For most dielectrics, these high optical
intensities are far beyond their damage threshold [4]. In order to avoid using such high
powers, the rapidly decaying evanescent fields of nanoplasmonic structures have been used
to focus the light beyond the diffraction limit (L<<lambda) [3-4]. However, due to
photothermal effects, this could only be applied to nanoparticles higher than 100 nm. As a
solution to the issues associated with photothermal effects in nanoplasmonic tweezing,
devices based on “self-induced back action” (SIBA) effect were developed [3-10]. In these
devices, the particle to be trapped plays an active role in the trapping mechanism by
modifying the momentum of the plasmonic transmitted photons with which it interacts.
Therefore, if the particle has been considered during the design of the trap, it can be used to
promote an automatic back trapping by inducing a higher intensity when the particle is in

the trap [3-10]. Therefore, the use of a SIBA device can resolve the first problem.
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For proteins, conformational dynamics define function. A common way to understand the
conformational dynamics of a protein is to use a Forster Resonant Energy Transfer (FRET)
mechanism [11], which involves tagging the protein with two fluorescent labels. One tag is
excited by a laser and the other tag experiences non-radiative energy transfer from the first
tag, which is a distance-dependent effect. Measuring the photon response of the tags based
on this distance-dependence provides vital information on the conformational dynamics of
the protein [11]. However, the photons produced by single florescent tags using current
trapping methods provide very little information before the tags bleach and switch off and
there is low signal-to-noise. For example, using mNeonGreen as a donor, only 14
photons/ms can be detected above background noise and photo-bleaching occurs between 1-
2 seconds [12]. Plasmonic enhancement has been demonstrated to improve signal-to-noise

ratio and ‘enhance’ fluorescent molecules [13-17].

Combining the concept of plasmonic sensing presented in Chapter 3 and Chapter 4 with the
dual-state capabilities of the nano-pixel design presented in Chapter 5 has the potential to
allow for the development of multi-purpose plasmonic devices. In this chapter, the dual-state
nature of the nano-aperture structures from Chapter 5 are proposed for the trapping of
biomolecules with one arm while simultaneously, yet independently, sensing with the other.
While only preliminary work is covered, once successfully developed, these novel devices
will aid the understanding of proteins which define biological and chemical pathways and
thus benefit the fields of biology, chemistry, medicine, and pharmacy. Additionally, they

will allow for the testing and creation of new disease screenings and drug therapies.

Device design and characterisation were carried out at the University of Glasgow (UK).

Single-photon measurements were carried out at University Hospital Jena (DE).

6.3 Materials

For the device setup, single-mode polarisation-maintaining fibre (PM-S405XP), half-wave

plates, mirrors, filters, and lenses were all purchased from ThorLabs.

Additional materials used are available in Chapter 2.
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6.4 Methods

6.4.1 Fabrication of Nano-Aperture Arrays

Devices were fabricated using electron-beam lithography, reactive ion etching, and
inductively coupled plasma deposition as covered in Nano-Aperture Fabrication (Chapter
2.5.6). 100 nm of Al was deposited onto 500 um thick borosilicate substrate by electron-
beam evaporation. A Vistec VB6 UHR EWF electron-beam lithography tool was used to
pattern a ZEP520A etch mask. Nano-apertures were etched into the Al using SiCls gas in an

Oxford Instruments System 100 reactive ion etch tool.

6.4.2 Optical Transmission Spectra

Transmission spectra were collected over the visible spectrum using a linear film polariser
with a custom-built microspectrophotometer. A 10 x 0.5 NA objective was used to couple
the transmitted light into an optical fibre attached to a StellarNet Microspectrophotometer

(StellarNet Blue Wave).

6.4.3 Single-Photon Detection Setup

A custom inverted microscope optical setup was built for single-photon detection
experiments. The optical diagram of the setup is shown in Figure 6.1. The device was
inverted and placed on top of a polydimethylsiloxane (PDMS) reservoir filled with sample
solution. Light from a 515 nm wavelength laser was coupled into a single-mode,
polarisation-maintaining fibre (ThorLabs PM S405 XP) and a 20x objective was used to
focus light (roughly 4 mW measured at the backside of the device) through the back-side of
an inverted device, onto the nano-apertures. A half-waveplate was used to control the
polarisation of laser light with reference to the device. The transmitted light was then focused
onto single-photon detectors—one for detecting the SIBA trapping and the second for
detecting the FRET mechanism. For the SIBA photon detector, the filter in front of it should
allow only the wavelengths associated with the SIBA mechanism (in this case, 515 nm) to
reach the photon detector. For the FRET photon detector, the filter in front of it should block

wavelengths outside the emission curve of the second fluorophore in the FRET mechanism.
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Figure 6.1: Optical diagram of single-photon detection setup. Light from a 515 nm
wavelength laser was coupled to a single-mode, polarisation-maintaining fibre, focused on
and transmitted through a sample, and then focused on single-photon detectors. One photon
detector should be for detecting the SIBA trapping and the other should be for detecting the
FRET mechanism. For the SIBA photon detector, the filter in front of it should allow only
the 515 nm wavelength to reach the photon detector. For the FRET photon detector, the
filter in front of it should allow only the emission wavelengths of the second fluorophore in
the FRET mechanism. (inset) Sample region enlarged showing the back-side transmission
of the laser light through the nanoholes on the sample. The device is placed onto a PDMS
channel filled with molecules suspended in solution. Light passes through the glass base of
the device and through the nano-apertures in Al, activating the device.

6.5 Results and Discussion

To build this dual-state device, each arm was planned to be design and tuned separately. The
first arm chosen was that for SIBA-trapping. Only the preliminary work towards this end

has been approached.

6.5.1 Design and Fabrication for the SIBA Arm

The colour pixels were designed as two nano-slit-apertures combined to form a nano-cross-
aperture in a thin Al film. Similar to Chapter 5, Al was chosen for its wide spectral plasmonic
band, which can be tuned from the UV to the NIR, and its low-cost. For SIBA with
plasmonics, once a molecule gets trapped in the electric field of the nano-aperture, its
presence will alter the local environment of structure and thus red-shift the resonance peak
[4]. Therefore, the arm length of the SIBA-trapping arm will depend on the protein selected
for study.
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Figure 6.2: Colour Palette from Chapter 5. The green pixels of the colour palette from
Chapter 5 are most likely to have a resonance around 515 nm, which is the wavelength of
the laser used to activate the SIBA mechanism. Light is polarised along the Y-axis, therefore
the dimensions of the X-arm and period in the Y-axis must be considered for device
fabrication. For more details on the nano-pixels, see Chapter 5.

Given that a 515 nm wavelength laser was chosen for the SIBA trapping mechanism,
structures with a resonance slightly blue-shifted from 515 nm are desired [4, 8]. The green
pixels of the colour palette fabricated in Chapter 5 and shown in Figure 6.2 are most likely
to have resonance peaks that meet this requirement. The polarisation of light in Figure 6.2
is parallel to the Y-axis; therefore, the dimensions of the X-arms and period in the Y-axis
for the green regions are what to consider for designing the SIBA arm of the nano-aperture.
With that in mind, regions F6 (145 nm length / 275 nm period), G7 (150 nm length / 280 nm
period), H8 (155 nm length / 285 nm period), 19 (160 nm length / 290 nm period), and J10
(165 nm length / 295 nm period) from this palette were selected for the active arm for the
initial set of devices. To maintain the shape integrity of the individual nano-pixels, the
second ‘inactive’ arm using the parameters of region A1 (120 nm arm / 250 nm period) was

chosen because it has very low transmission at 515 nm.
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Figure 6.3: Transmission and Single-Photon Detection of Preliminary Devices. (a)
Transmission spectra in water of the (i) horizontal, long arm and (ii) vertical, short arm of
preliminary device regions. For all regions, the vertical, short arm was designed to be 120
nm length with a period of 250 nm. The horizontal, long arm was designed with the following
parameters: F6 (145 nm length / 275 nm period), G7 (150 nm length / 280 nm period), HS
(155 nm length / 285 nm period), 19 (160 nm length / 290 nm period), and J10 (165 nm
length / 295 nm period). The width of both arms was designed as 20 nm. The insets show a
rendering of the device and indicate the polarisation of light used to activate the arms shown

in the transmission spectra. The dotted green line indicates the wavelength of the laser used
in the setup. (b) Preliminary results of photon count (15 ms/bucket) for F6, G7, HS, 19, and
J10 in water when the (green) horizontal, long arm and (blue) vertical, short arm were
activated by changing the polarisation of light. Moving from F6 to J10, the device becomes
less-tuned for the laser wavelength and this is apparent in the decrease in photon count. For
all devices, after 2.4 seconds, the sample was moved to a region where the laser light was

blocked, which shows the baseline photon count of the detector. As can be seen by the photon

counts, the vertical arms have a count almost as low as the background noise, as they are
not tuned for the laser, whereas the horizontal arms have a much more noticeable count.

Each panel also shows an SEM of the device. The far-right panel shows the photon count
from a reference region for comparison.
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Figure 6.3a shows the transmission spectra in water for the aforementioned regions from
the colour palette. The light is polarised, as shown in the inset of each subfigure, along (i)
the Y-axis (activating the longer X-arm) and (ii) the X-axis (activating the shorter Y-arm).
As expected, the transmission peak in Figure 6.3a(i) red-shifts with increases to both the
arm-length in X and period in Y; the transmission spectra shown in Figure 6.3a(ii) have the
same peak resonance because the arm-length in Y and period in X are kept constant between
each region. The X-arm from region F6 (red line in Figure 6.3a(i)) has its peak closest to the

515 nm laser (green dashed line) used in the SIBA setup.

SEM of each region is shown within each panel of Figure 6.3b. Figure 6.3b also shows the
photon counts (15 ms/bucket) for F6, G7, HS8, 19, J10, and a reference region in water for
the 515 nm laser polarised along the Y-axis (green line) and X-axis (blue line). For all
measurements, the photon count was taken starting on a particular region and, after 2.4
seconds, the sample was moved to a region where the laser light was blocked (which shows
the baseline photon count of the detector). As can be seen by the photon counts, the count is
the same for each region and almost as low as the background noise when the Y-arm is
activated. This is because the Y-arm for each region is designed to be the same and has very
low transmission at 515 nm. When the light is polarised to activate the long-arm, moving
from F6 to J10, the photon count decreases because each subsequent region is less-tuned for
the 515 nm laser. These results correspond well with the transmission spectra shown in
Figure 6a(i) and Figure 6a(ii), respectively, and indicate that the designed setup is able to

measure the photons transmitted through devices.

6.5.2 Fluorescent Marker Selection for FRET

While this work has yet to progress towards tuning the second arm of the nano-aperture for
the FRET mechanism, there has been preliminary consideration of the fluorophores. As
previously mentioned, the FRET mechanism requires two fluorescent markers where the
emission of the first marker must be able to activate the second marker. Given thata 515 nm
wavelength laser will be used to trap proteins, a fluorescent marker that can be activated by
this wavelength must be chosen for the first fluorophore of the FRET mechanism. For
example, one option for the first fluorophore would be to use Cy3B. As shown in Figure
6.4a, the 515 nm laser wavelength falls within the Cy3B excitation curve (max peak at 559
nm) and is below its emission curve (max peak at 570 nm) [18]. With Cy3B as the first
fluorophore, an example second fluorophore to use could be Alexa Fluor 594. As shown in

Figure 6.4b, the peak emission of Cy3B falls within the excitation curve of Alexa Fluor 594
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(max peak at 590 nm) and is below Alexa Fluor 594 emission curve (max peak at 618 nm)
[19]. Figure 6.4c shows the overlay of the emission spectra of Cy3B and excitation spectra
of Alexa Fluor 594. If Alexa Fluor 594 is chosen as the acceptor fluorophore for this
mechanism, control experiments to see how its excitation by the 515 nm laser affects its
fluorescent output will be necessary. For example, a baseline control for this would be
tagging the protein with only Alexa Fluor 594, trapping it in the system with the 515 nm

laser, and observing the output signal of emission.
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Figure 6.4: Normalised excitation/emission for Cy3B and Alexa Fluor 594. (a) The
normalised extinction (blue) and emission (orange) for Cy3B. The wavelength of the 515 nm
laser is indicated by the green dashed line. (inset) The Cy3B molecule [18]. (b) The
normalised extinction (blue) and emission (orange) for Alexa Fluor 594. The wavelength of
the 515 nm laser is indicated by the green dashed line and Cy3B emission is indicated by
the dashed purple line. (inset) The Alexa Fluor 594 molecule [19]. (c) Overlay of Cy3B
emission (orange) and Alexa Fluor 594 (blue) excitation curves.
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6.5.3 Design for the FRET-Enhancing Arm

Continuing with this example, Alex Fluor 594 has an emission peak around 618 nm.
Therefore, in consideration of the second arm for the nano-pixel structure, a resonance peak
around 618 nm is ideal. From the colour palette in Figure 6.2, nano-aperture designs with
resonance in this range can be found around S19 and T20 (see Figure 6.5). Since the trapping
of a protein would result in a red-shift in the transmission spectra (compared to that without

a particle trapped), S19 is a better choice between these two designs.

1.2

Normalised Emission/Transmission

400 450 500 550 600 650 700 750 800
Wavelength (nm)
mmT20 wmS19 = Alexa Fluor 594 Emission

Figure 6.5: Transmission of Selected Nano-Pixels for Alexa Fluor 594 Emission. The
normalised transmission of T20 (purple) and S19 (black) from the colour palette in Figure
6.2. T20 has dimensions of 215 nm arm-length in X with a 345 nm period in Y. S19 has
dimensions of 210 nm arm-length in X with a 340 nm period in Y. The normalised emission
spectrum of Alexa Fluor 594 is shaded in red. Since the trapping of a particle in the nano-
aperture will result in a red-shift of the resonance peak, a structure with a transmission peak
that is slightly blue-shifted (without a trapped particle) from the emission peak of the
fluorophore is a better choice (i.e. S19).

6.6 Conclusion and Future Work

This chapter presented the initial ground-work for utilising the nano-apertures from Chapter

5 as a new device capable of simultaneously trapping and probing individual proteins.

J.R. Sperling 2019 147



Chapter 6: Preliminary Work: Dual-State SIBA/FRET Trap for the Study of Individual Proteins

Although the research has yet to progress to a fully working device, the preliminary results
show great potential. Further exploration into the capabilities of this structure to support
SIBA-trapping and enhancement of FRET is warranted. Once successfully developed,
devices will be modified for different proteins, vastly increasing our understanding of the
mechanisms behind many under-explored biological and chemical pathways and advancing

the development of new disease screenings and drug therapies.
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Chapter 7: Conclusion

The numerical simulations and experimental investigations of this thesis have demonstrated
three novel nanoplasmonic devices and their applications in biological sensing, solvent
differentiation, and polarisation-dependent high-resolution colour filtering and image

encoding.

When it comes to molecular sensing, compared to standard assay-based techniques for
detecting analytes, plasmonic-based devices are label-free, are highly-miniaturisable, can
operate using simple optics, and are often reusable. This has led to their use in the
continuous, real-time detection of molecules and binding kinetics using simple setups that
are highly-portable. For applications where monitoring over extended periods of time is
necessary, maintaining a stable baseline reference is necessary to verify that changes
observed in the signal are due to analyte detection and not sensor drift. While the standard
approach to account for this is to use a separate reference channel, a new approach was
investigated in Chapter 3. Through simulation and multiple iterations of fabrication design,
a technique was developed for building two nanoplasmonic arrays in the same X-Y space,
offset in the Z-direction from one another. This multilayered nanoplasmonic device was then
demonstrated capable of simultaneously obtaining sensing and referencing signals from one
measurement without the need for either complex optics or multiple sensing regions. This
design is especially useful for point-of-care applications because it accounts for potential
problems with limitations in resources and sample quantities and can be incorporated into

multiplexed microfluidic systems using a more-sensitive nanostructure design.

Plasmonic-based devices also hold promise for applications in mixture
discrimination/identification, where only the identification of a mixture from a known set is
desired (rather than analysis of all the individual components in the mixture). In these cases,
the ‘gold-standard’ method of chromatography typically becomes limited by its cost, bulky
equipment and time-consuming process. Instead, arrays of sensors, each contributing a
partially-selective signal, can be used to generate an identification map based on pattern-
recognition using multivariant techniques like PCA and LDA. In Chapter 4, a novel device
made of sensing elements comprised of super-imposed, offset Al and Au nanoplasmonic
arrays was demonstrated capable of differentiating between seven off-the-shelf whiskies

with 99.7% accuracy (using LDA). Compared to their single-metal counterparts, the
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bimetallic approach results in two (as opposed to one) partially-selective data points for
pattern-based recognition from one measurement. Thus, the bimetallic approach uses half
the number of sensing regions (halving device size) and has fewer elements to probe
(reducing the time necessary to collect the data). This advance in device miniaturisation,
functionalisation, and multiplexed readout makes bimetallic nanoplasmonic tongues ideal
for chemical mixture identification in applications where exact identification of individual
components in a mixture is not required and portability, reusability, and measurement speed

are key.

In addition to their sensing capabilities, plasmonic devices can also serve as an alternative
to standard pigments and dyes used in full-colour nano-imprinting and micro-encoding. In
Chapter 5, polarisation-sensitive nano-aperture arrays in 100 nm thin sheets of Al were
demonstrated to support two full-colour information states in the same physical space,
independently, with virtually no cross-talk yielding ultra-high resolution (370 nm x 370 nm)
images. At the time of its publication, this technology was used to produce the smallest
optically-resolvable QR codes which were 16 pm x 16 pum in size. The high PPI (>100,000),
resistance to damage (UV/heat/water), and ability to encode two full-colour information
states in the same physical space make this technology a highly useful alternative to ink-
based techniques in anti-counterfeiting and high-resolution printing applications.
Transferring this technique to flexible surfaces, analysing stress/strain, and further analysing
angle-dependence would be of particular interest, especially when it comes to anti-

counterfeiting applications of this technology.

Combining the concept of plasmonic sensing presented in Chapter 3 and Chapter 4 with the
dual-state nano-pixel design of Chapter 5, Chapter 6 presented preliminary development of
a device where one arm of the aperture would serve to trap proteins via the SIBA effect
while the second arm would independently be use for enhancing the signal-to-noise ratio of
the FRET mechanism. While only preliminary work is covered, once successfully
developed, these novel devices will aid the understanding of proteins which define biological
and chemical pathways and thus benefit the fields of biology, chemistry, medicine, and
pharmacy. Additionally, they will allow for the testing and creation of new disease

screenings and drug therapies.

While all three applications explored in this work show promise as highly-miniaturisable

devices for their given applications, the fabrication techniques required to produce them
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have a fairly high-cost (i.e. electron-beam lithography) and involve multiple, time-
consuming steps, all of which result in limitations when it comes to scalability and mass
production of such devices. To overcome cost and increase production, electron-beam
lithography can be replaced with techniques such as interference photolithograpy [1-3] or
nanoimprint lithography [4]. Additionally, for the multilayered devices, switching from
silicon nitride encapsulation / HSQ planarisation to using SU8 would reduce the number of
steps in fabrication by one and remove two electron-beam lithography steps from the

process.

In summary, the proof-of-concept work presented in this thesis holds promise in a number
of fields related to plasmonic sensing and high-resolution colour printing. Further work
improving the sensitivity of these devices and improving the fabrication techniques can yield
a new generation of sensing devices with applications in point-of-care diagnostics, mixture

discrimination/identification, anti-counterfeiting, and high-resolution colour printing.
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