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ABSTRACT

Light-matter interaction is a pivotal effect that involves the synergetic interplay of electromag-
netic fields with fundamental particles. In this regard localized surface plasmons (LSP) arise from
coherent interaction of the electromagnetic field with the collective oscillation of free electrons
in confined sub-wavelength environments. Their most attractive properties are strong field en-
hancements at the near field, highly inhomogeneous, peculiar temporal and spatial distributions
and unique polarization properties. LSP systems also offer a unique playground for fundamental
electromagnetic physics where micro-scale systemic properties can be studied in the macro-scale.
These important properties and opportunities are brought up in this work where I study hybrid
cavity-coupled plasmonic systems in which the weak plasmonic element is far-field coupled with
the photonic cavity by properly tuning its phase. In this work I preset the fundamental understand-
ing of such a complex systems from the multi-resonance interaction picture along experimental
demonstration. Using this platform and its intricate near fields I further demonstrate a novel mech-
anism to generate superchiral light: a field polarization property that adds a degree of freedom to
light-matter interactions at the nanoscale exploited in advanced sensing applications and surface
effect processes. Finally, the detection of non-chiral analytes, such as proteins, neurotransmit-
ters or nanoparticles, and more complex chiral analytes, such as proteins and its conformation
states, amino acids or chiral molecules at low concentrations is demonstrated in several biosensing
applications. The accompanied experiential demonstrations were accomplished using the nanoim-
printing technique, which places the cavity-coupled hybrid plasmonic system as a unique platform

towards realistic applications not limited by expensive lithographic techniques.
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1. INTRODUCTION

1.1. Background.

Light-matter interaction is the most fundamental phenomenon that has allowed the advance of sci-
ence and technology. It is how the fundamental particles are contained within the volume of matter
that dictates its optical and electronic properties. Henceforth, insulators, metals and semiconduc-
tors all have very unique optical properties and interaction regimes depending on the photon’s
energy. Metals, for instance, are dominated by the high free-electron density in the conduction
band that allows, not only its high conductivity, but plasma oscillation when driven by external
electromagnetic radiation at the right momentum transfer condition imposed by the geometry of
the system.

Plasma waves where first discussed by Sommerfeld and Zenneck as the mathematical so-
lution of propagating surface waves supported on the surface of a conductor material with finite
conductivity [2,3]. Around the same time Wood was experimenting with metallic gratings that led
to the finding of anomalous absorption bands in the reflected spectra of visible light [4]. However,
these works stayed uncorrelated until 1941 when Fano linked these theoretical predictions and the
anomalous reflection of metallic gratings with his theory of anomalous diffraction gratings [5]. In
addition, Ritchie’s subsequent work on diffraction of electron beams in metallic foils, and other
following him, established an empirical relation between the energy loss of electron beam and its
interaction with the metallic films observed in his experiments, and successfully linked his exper-
imental findings with previous Wood’s work [6-9]. At the same time, Kretschmann and Raether
were able to experimentally prove the excitation of Sommerfeld’s surface wave using prism cou-
pling at visible wavelengths [10], followed by Otto [11]. The sequel of these works nailed the
concept of surface plasmon polariton as the result of collective oscillation of free electrons cou-

pled to external electromagnetic stimulation [12—14]. Nevertheless it was with the advent of micro



and nanofabrication techniques that triggered the field’s flourishing.

1.2. The surface plasmon.

Two fundamental surface plasma wave oscillations are sustained in the dielectric and metals inter-
face, and other highly conductive materials, depending on the geometrical configuration of the sys-
tem: propagating surface plasmon-polaritons (SPP) supported on planar metal-dielectric interfaces
[14—-19] and localized surface plasmons (LSP) supported on subwavelength structures [20-24].

In one hand, SPP are propagating TM waves that couple to longitudinal charge oscillation
in the metal/dielectric interface. They are short-lived excitation due to the inherent dissipative
nature of metal [14]. The main characteristic is the exponential decay of the electric field that
results from the collective electron gas oscillation and is maximum right at the dielectric/metal
interface. For this surface waves to be excited the correct moment matching condition needs to
be satisfied in order to couple free-space electromagnetic radiation to surface plasmons, hence the
delay from the theoretically prediction made by Sommerfeld and Zenneck to the first experimental
demonstration made by Kretschmann, Raether and Otto.

On the other hand, LSP appears as natural solution of scattering by small conductive parti-
cles [25]. The external field polarizes the free electrons confined within the geometrical constrain
of the conductor. The polarized charge produces a restoration force opposing the incident field,
hence at a particular frequency a resonant effect is observed that is accompanied with strong ex-
tinction due to resonant scattering and absorption processes. In the electrostatic regime, the particle
is much smaller that the exciting wavelength of light, the solution to the Laplace equation provides
the normal modes of oscillation for the subwavelength particle. For a spherical geometry the fun-
damental mode have a dipolar characteristic with a resonant frequency well defined by the Mie
theory [26,27].

Both types of surface plasmons have in common the capability to generate highly localized



field right at the interface with field intensities several orders of magnitude larger that the incident
field. This property has found keen niche of applications in field-enhanced processes such as
surface-enhanced Raman spectroscopy [28—30], plasmonic-enhanced nonlinear effects [31-33] or
even cancer therapy based on local heat generation [34-36]. In addition, the resonant scattering
cross section enhancement has allowed to employ metallic nanoparticles as inorganic labels, for
example in nanoparticle-assisted tracking system [37,38], cell/biomolecules labeling detection and
imaging [34,39,40].

Another interesting property of SPP and LSP is the strong susceptibility to the refractive
index of the surrounding medium. Any change in the refractive index of the material in contact
with the metal will reduce the particle polarizability, hence a reduction in the restoration force
will translate to an spectral red-shift traceable by spectroscopic methods. Refractometric sensing
methods employ this effect in bulk refractive index sensing [41—47] or surface sensing in biological
applications [48—54].

Unlike SPP, LSP resonance can be tuned not only by changing the surrounding environ-
ment but also with the particle size and shape [55]. These two additional degrees of freedom en-
rich the property of LSP systems where optical properties, such as light scattering and absorption,
are crucial. At resonance ohmic losses can severely degrade the surface plasmon performance.
For example, SPP modes excited near the resonant plasma frequency propagates just hundreds
of nanometers after the initial energy is almost dissipated in the metal. This effect hinders the
promising technological benefits of this motivating phenomenon, such as light transmission over
sub diffraction metallic waveguides [56,57]. Nevertheless, the spurious absorption is an essential
effect in other applications. In periodic array of nanoparticles or perforated metallic thin films
the ability to remove a finite band of a broadband source has made possible for scientist to create
reflective [58—60] or transmissive [61-63] optical filters. Perfect absorbers [64—67], broadband ab-
sorbers [66,68—72], are also obvious applications of this, somehow detrimental, effect in plasmonic

systems. With the capability of LSP resonance tuning the absorption band can be conveniently



tuned satisfying the requirements of the application making this way LSP phenomenon even more
attractive.

The list of applications seems to never end and can keep going for ever, for example hot-
electron generation [46,73,74], extraordinary light transmission [75-78], control emission of radi-
ation [79-82], lasing [83—87], circular dichroism [88-95], superchiral light generation [96—104],
negative index metamaterials [105—112] and so on. Furthermore, LSP systems also work as a play-
ground for fundamental science where more complex electromagnetic phenomena can be studied
from the point of view of enhanced light-matter interactions or electrodynamics. For example,
plasmonic coupling in photonic cavities, [113, 114], multi-particle coupling [115-118], Rabi os-

cillations [119, 120], optical forces [121-124], quantum electrodynamics [125-130], and so on.

1.3. The scope of this work.

In this work I study a simple hybrid plasmonic system, yet electromagnetically complex and rich
of fundamental physics and several application possibilities. The core plasmonic element is com-
prised of a two dimensional (2D) array of plasmonic elements, either holes on a perforated metallic
thin film, or same hole array but coupled to its complementary disk array. Two interaction regimes
are considered: one with respect to the periodicity of the array and the other with respect to he
hole-disk dimension compared with the excitation wavelength. In the first scenario, diffraction
effects can be induced when the incident wavelength is equal or smaller that the array periodicity.
Furthermore, the second effect is when the wavelength is compared to the plasmonic geometrical
dimensions, in this case the diameter. When it is larger that the diameter the system is under the
quasi-static approximation whose response is dominated by the first order dipole expansion. How-
ever, if it becomes comparable to the wavelength, higher order dipole excitation are supported.
When coupled to an asymmetric photonic cavity, an additional set of properties and effects are

brought to perspective as not only the geometry of the plasmonic system determines the net sys-



tem polarizabitliy but its coherent interaction the with the cavity. Consequently, full inhibition or
enhanced excitation of the plasmonic resonance is possible and strictly depend on the cavity phase.

Such a complex interaction of cavity and plasmonic system under the two aforementioned
interaction regimes is discussed in this work both theoretical and experimentally. In Chapter 2 a the
cavity-coupled plasmonic system is studied under the diffraction and non-diffraction regimes for
wavelengths slightly larger that the hole diameters. It is found that diffraction orders, along with
its polarization properties, have strong influence in the dispersion of the system. In such section
I employ the effective index method along the numerical finite difference time domain (FDTD)
technique to understand and describe the physics behind this multi-resonant system. In Chapter 3 I
describe a second interaction regime; when the wavelength is larger than the geometric parameters
of the system. In this regime the metallic grating does not support plasmonic resonances; however,
due to the selective polarizability induced by the cavity on the metallic elements, strong plasmonic
resonances are induced which are governed by the cavity dispersion. In this particular chapter,
single-sign superchiral light generation is demonstrated in the 2D symmetric and achiral plasmonic
system unlike previous believes. This unique system performance is achieved not by the local near-
field generation but its temporal distribution as theoretically demonstrated.

This work is application focused in which non-traditional lithography techniques are em-
ployed to mass produce the plasmonic substrates used in biosensning. In this regard Chapter 4 con-
tains the fabrication and characterization methods employed, such as the nanoimprinting lithogra-
phy technique, transfer printing methods and soft lithography for microfluidic channel fabrication;
and the corresponding optical characterization techniques and related multi-system integration.
Finally, Chapter 5 contains the demonstration of biosensing of several analytes: nanoparticles,
proteins, and neurotransmitters (dopamine and epinephrine). The integration with microfluidic
channel systems and demonstration of analyte detection in whole blood, where plasma is being ex-
tracted directly from blood in real time, is the culprit of this work. Such a demonstrations position

this plasmonic substrate as a promising technology for point-of-care applications.



2. CAVITY-COUPLED PLASMONIC SYSTEMS

2.1. Introduction.

Recently, strong electromagnetic coupling between plasmonic and photonic cavity modes have
been demonstrated in hybrid LSPR Fabry-Perot (FP) cavities. The coherent interaction of the
cavity with the plasmon allows rich interaction that brings new application to plasmon-enhanced
processes. In these interacting systems two distinct configurations are common encountered: plas-
monic element inside [114,131] and at one [132—-134] and both ends [135-138] of the FP cavity.
In the first type of configuration the coupling is studied from cavity-atom picture in quantum elec-
trodynamics based on the couple oscillator model; however, it predicting model suffers from the
limitation in estimating the coupling coefficient [114, 131]. In the second case the coupling has
been studied theoretically using the Fourier modal [132,135], scattering matrix [137-139], numer-
ical finite difference time domain (FDTD) method [133, 135] and finite integration technique [136]
as a function of cavity length. Focusing on the second case, the presence of a back mirror influences
surface plasmon excitation constructively or destructively, resulting in strong LSPR enhancement
or complete suppression [114, 133, 140]. However, the true nature and origin of this plasmonic-
photonic interaction is yet to be understood in systems where high order diffraction, LSPR and
cavity resonances overlap in space and frequency.

In this section the cavity-coupled plasmonic system is studied in three different domains: in
visible band with and without supporting high order diffraction orders, in the infrared (IR) domain
where the cavity interact solely by the fundamental plasmonic mode and in the IR where plasmonic
modes are induced by the resonating cavity. The physical understanding of the system will be
carried out using the analytical effective index and transfer matrix approaches in conjunction with
the FDTD computational method to elucidate the nature of several interaction mechanisms present

within the characteristic dispersion of a cavity-coupled plasmonic system.



2.2. Theoretical methods.

2.2.1. The transfer matrix formalism.

Ay
n, n,
A A,
B B,

<
.

d L

Figure 1: Graphical representation of the multi-layer stack. Medium 1: is the semi-infinite air
region, medium 2: the effective medium of fixed thickness d, medium 3: the dielectric filling the
optical cavity with variable thickness L and medium 4: the optically thick metal back reflector. n;
is the complex refractive index of metals and n; the refractive index of lossless dielectrics.

Detailed derivation of transfer matrix formalism can be found in [141]. Consider four homoge-
neous, linear and isotropic multi-layer stack, as observed in Fig. 1. The transverse electric (TE)
or transverse magnetic (TM) field F in the j** material slab, for arbitrary polarization, can be
represented as

F — é, (Ajef’ikj-n + Bje+ikj-n) 67ikj.t, (1)

where 4 is the polarization vector, A; and B; are the field magnitude of the forward and backward
propagating plane waves in the ;" material slab, respectively, k; is the propagation vector and n
and t are its normal and transverse vector components, respectively. Consider the reference plane

as shown in Figure S4, yz plane of incidence. The wave vectors satisfy the relation | k; [*=



kgn: = k. + k3., where k is the wave vector in vacuum and 7; the complex refractive index in the

j'" layer, i.e. n; = n; + ir;. At the boundary between slab ;" and slab (" the field components

are related as

= =Ty , 2
B; ey 1| B By

where T = (INCJZ - ];JZZ)/U;’]'Z + ];'lz) = fﬂewﬂ, ty = 2]%jz/<]%jz + ];’lz) = Z?jﬂwjl and %jl = k’jl or
l;:jl = kj/ 7]]2- for TE or TM polarization, respectively. T'j; is called the transition matrix from the
4% to the [*" layer. Similarly, the propagation phase the plane wave acquires after propagating in
the ;' layer of thickness d; is
A; ethizdi 0 A A
| = | =P | | 3)
B] O efikad]' B‘; B;
where A; and B; are the field coefficients at one end of the layer and A’; and B, the field coefficients

at the other end. P; is called the propagation matrix. The transfer matrix M for the entire system

is obtained by combining transition and propagation matrix in the stack, hence we obtain:

Al A4 A4
— T12P2T23P3T34 - M (4)

B1 B4 B4

Finally, the reflection coefficient from the stack can be obtained from Eq. 4 as r =

Bl/Al = MQI/MH-

2.2.2. The Fabry-Perot resonator.

Consider a three medium system such as n; # n, # n3 where the n; is the refractive index of
the 7' film. The presence of two boundaries will incur in two reflection instances. The coher-

ent interaction produce constructive or destructive interference, observed as reflection minima or



maxima depending on conditions such as the propagation phase and refractive indices contrasts.
Although the classical Fabry-Perot resonator is the most straightforward example of photonic res-
onator, these type of resonators are present in may complex systems too. The scope of this work
is on studying the optical performance of asymetric fabry-perot resonators as observed in the four-
stack multilayer system observed in Fig. 1.

Consider the four layer stack shown in Fig 1, where ds is substituted by d, which represent
the thickness of the effective index medium and d3 for L, the variable dielectric layer thickness,
which in our case will represent the thickness of an asymmetric cavity. The general equation for

the reflection coefficient, after proper matrix multiplication, reads as follows:

72126i<,012 + f23€*i(25d*9023)6*2’Yd + 72346*1'(2]9&14*5034) (6*2(1}3+’y)d + f,1272236i(5012+g023))

. O

- P oPoae—t(2Bd—p12—p23) o—2vd | 7, 0—i(2kszL—p34) (§..,eiP23 Foe—2(i6+7)d piv12
T'12T23€ e T'3p€ T93€ Tr12€ e

In this result, the propagation phase in the thin medium ks, =  — i7 includes phase 5 = koRe[ns]
and the attenuation coefficient v = koIm[ns], which will play a significant role when calculating
the effective parameter of a patterned thin film using numerical methods. In Fig. 2(a) the re-
flectance dispersion as a function of cavity thickness L for an asymmetric Fabry-Perot resonator
comprised of a semitransparent gold thin film with d = 30 nm and optically thick back mirror
separated by a dielectric film with ng = 1.56: also known as the Gires-Tournois resonator. The
incident medium is air (n; = 1) and the gold substrate is considered infinite.

The dispersion spectra given by Eq. 5 and observed in Fig. 2(a) shows strong absorption
bands and high reflective bands of this asymmetric photonic resonator. The frequency location at
which these condition happens follow the classical phase equation for constructive and destructive
interference. Consider the reflection phase off the gold thin film, pr from the dielectric medium,
and reflectance phase off the thick reflector (back mirror) at the dielectric-metal interface, ppy;.

The propagation phase inside the cavity ¢ is given by the optical path length, i,e. kon3L. There



1000 ————m
df ]
950
X
900 [
X
. YV
c x
< 800 :
g 7048 I
R ]
% 700 :
= 650 Mo /\
X
VAY,
x P
550 H Reflectance
o
500 o 1 1 1 1
200 400 600 800 1000 O 0.5 1 0 200 400 600 800
Thickness (L) [nm] Reflectance z [nm]

Figure 2: (a) Reflectance dispersion for an asymmetric Fabry-Perot cavity. (b) Reflectance at a
thickness of 745 nm. (c) Electric field for two conditions of the cavity, HW (top) and QW (bottom).

will be a photonic resonant mode if the total phase is an integer even multiple of 7

20 — pr — ppm = 2sT. (6)

where s is the mode order. The resonant mode is observed as standing wave inside the cavity with
close to zero reflectance. On the other hand, there will be mode rejection or full reflectance when

the round trip phase is an odd multiple of 7, also known as a quarter wave condition,

This set of condition will play a key role in determining the cavity-coupled plasmonic interactions.
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2.2.3. The effective index method.
The transfer matrix for an arbitrary slab of refractive index n and thickness d at normal incidence

under asymmetric environment, i.e n; # ny, can be generally expressed as:

11 —1/ry cosd  —i/kssind 1 1
T2

M ®)

1 —1/ky1| |ikygsind cosd —Ko —Ko

where k1, ko and K are the normal wavenumbers in the incident, film and exit media and ky is
the wavenumber of light in vacuum. At normal incidence x; = kon;/u; for TE polarization and
ki = kon;/e; for TM polarization, which apply for the incident and substrate media. For the film
Ky = ko/Z for TE and , k; = koZ for TM, respectively, where Z is the film impedance given by
Z = \/m . The resulting matrix will lead to reflection r and transmission ¢ coefficients of the
above filmasr = C/Aandt = 1/A.

(k1 — ka)cos(kond) + i(ky — K1k2/Kf)sin(kond)

"= (k1 + Kr2)cos(kond) — i(ky + K1ke/kf)sin(kond) ©)

t= il (10)
(k1 + k2)cos(kond) — i(k s + Kika/k s )sin(kond)

The inversion of these two coupled transcendental equations leads to [142-144]:

ni(1 —r?) + not?
t[(ny + ng) — r(ng — ny)]

cos(kond) = a = X. (1)

The factor a = 1 is for TE and a = ny/ny for TM polarizations, which make no distinction for
symmetric environments, i.e. normal angle of incidence and equal substrate and superstrate media.

From Eq. 11 we can obtain e?*0"? = X 4 4+/1 — X2 and the effective index becomes,

n— %{Im [Zn (Xizm)]} —i%Re [ln (Xiz‘mﬂ. (12)
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Equation 12 is straightforward to solve knowing the reflection and transmission coeffients but its
complex nature can lead to ambiguous solutions. However, knowing that the material is passive it
constrains the solution of the imaginary part, i.e. Im[n| > 0. The real part, on the other hand, can
follow different branches due to the nature of the logarithm function solutions. Nevertheless, for

such small material thickness, leads to m = 0, hence Re[n] can be determined unambiguously.

2.3. The hybrid cavity-coupled plasmonic system.

2.3.1. Multiresonance interaction in system supporting high-order diffraction.

The plasmonic system comprises of a gold thin film perforated with 500 nm diameter holes ar-
ranged in a square array with period 740 nm sitting on a dielectric slab as illustrated in Fig. 3(a).
This choice of period and nanohole diameter ensures excitation of higher diffraction orders as well
as LSPR over the same near-IR spectral range.

In order to identify the location of the LSPR mode, the reflectance (R) and transmit-
tance (7") of the patterned film on the dielectric are calculated using finite difference time do-
main (FDTD) simulations methods over on a unit cell. The absorption is estimated by A(\) =
1 — R(A) — T'(\) and shown in Fig. 3(b). The absorption peak at 879 nm indicates, in this partic-
ular case, a localized surface plasmon resonance (LSPR). This type of resonance is a low quality
(Qrsp = 10) resonance due to the highly lossy nature of the metallic system. The electric field
profile 5 nm above the hole demonstrate the plasmonic nature of the resonance as observed in the
strong electric field confinement along the hole, see Fig. 3(c).

This periodic 2D metallic grating introduces higher order diffracted light into the cavity

whose propagation wavevector satisfies the grating dispersion equation:

27m\ > omn\ > 9 9 o
P + T + kmnz = k()nd7 (13)
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Figure 3: (a) 2D metallic grating with P = 740 nm, D = 500 nm and thickness of 30 nm. (b) Re-
flectance, transmittance and absorption spectra calculated using FDTD. (c) Electric field intensity
enhancement 5 nm above the hole.

where P is the array period, k,,,. the longitudinal wavevector component, k, the wavevector mag-
nitude in vacuum and (m, n) the diffraction order indices (D,,, ). Between the wavelengths of 840
nm to 1100 nm, at normal angle of incidence, the 2D grating supports the fundamental and first
diffraction orders, denoted by Dgyy, D119 and Do, respectively. For notational simplicity, sym-
metric diffraction orders are denoted as D_g = D19 = Dyp and D_¢; = D;;= Dg;. In our chosen
geometrical configuration and incident light polarization, as seen in Fig. 3(c-d), Dy; and D, are
two-fold degenerate transverse electric (TE) and transverse magnetic (TM) modes as graphically
represented in Fig. 4(a) and 4(b), respectively.

The cavity is now formed by combining a dielectric slab of variable thickness L and re-
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Figure 4: (a) TE and (b) TM polarization convention for the diffraction off the 2D metallic grating
imposed by the incident light polarization and the angle of the diffraction propagation orders.

fractive index n, of 1.56 sandwiched between an optically thick (200 nm) gold back reflector and
a patterned thin film of gold (30 nm) as observed in Fig. 5(a). The appropriate choice of cavity
thickness further enables the overlap of FP cavity resonances with the LSPR. To elucidate the opti-
cal properties of such a system, we begin with the general absorption enhancement of homogenous
weakly absorbing materials in asymmetric cavities (i.e. dissimilar reflectivity at both ends) [141].
Such absorption is maximized when the top film is located at a quarter wave (QW) distance (antin-
ode) from the back reflector due to constructive phase addition between incident and reflected light
as dictated by Eq. 7. Weak absorption is observed when the film is located at half-wavelength
(HW) distance (node) from the back reflector corresponding to a FP mode, Eq. 6.

In order to isolate the effect of diffraction and surface plasmons, the top metal is replaced
by a perfect electric conductor (PEC). Such a condition states that the tangential electric field right
at the boundary of the metal is zero E; = 0, the surface charge tends to infinity and the charge
relaxation time tends to zero. This approximation models a metallic grating with the absence

of surface plasmons. Diffraction orders with finite longitudinal wavevector and transverse electric
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Figure 5: (a) Schematic representation of the studied plasmonic-cavity system in presence of
diffraction. (b) FDTD predicted reflectance dispersion for a cavity with top PEC grating and gold
back mirror. Analytical predictions from phase model have been overlaid on top for the coherent
interaction between the fundamental (Dg) and the two degenerate first diffraction orders (D, and

Do1).

field components coexist and interfere in the cavity. The fundamental and first order modes possess
different longitudinal wavevector and experience different propagation phase for the same cavity
length. The first order modes, Dy; and D, interfere constructively when the phase satisfies the
following condition:

2k L — ¢1 = 2mq, (14)

where k1, = k19, = ko1, ¢ is a multiple integer, and ¢ = ¢o13 + Po1r + ProBM + G10F 1S the
total phase accumulated for the (m, n)" order from reflections off the top film (¢,,,r) and back
mirror (¢m,pa) interfaces. The fundamental and first order modes, Dgg, D¢ and Dy, interfere

constructively when the phase condition becomes

2(koo + k1.)L — oo — ¢1 = 2ml, (15)
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where [ is a integer multiple, ko, is the longitudinal wavevector and is the total phase due to the
reflection at the top film and back mirror for Dy.
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Figure 6: (a) Absorption spectrum (black line) for the perforated gold film showing a LSPR at
A = 879 nm and diffraction efficiencies for the fundamental Dy (blue) and first order modes D
(red) and Dy; (green). (b) FDTD predicted reflectance spectra for the cavity with top gold pattern.
Analytical predictions from transfer matrix have been overlaid on top.

The reflectance spectra for cavity thickness spanning from 500 nm to 2 ym was calculated
using FDTD for x-polarized light as shown in Fig. 5(b). Due to the absence of plasmon resonances
on the patterned PEC film, Fig. 5(b) purely captures cavity modes induced by diffraction. An
experimentally fitted dispersion was used for gold back mirror based on two pole Lorentzian Drude
model [145]. On top of the FDTD color plot, the closed form dispersion curves for the HW
condition are plotted for the combined Dy, and Dy; orders (circle dashed blue line) as described by
Eq. (14) and the combination of Dy, D1y and D; (square dashed black line) as defined by Eq. (15).
In the analytical phase model, the phase upon reflection from the top film for all diffraction orders
is considered 7 for the PEC case whereas the phase from reflection on the gold back mirror was
calculated from the Fresnel coefficients for the appropriate polarization and wavelength dependent

angle of incidence for the first diffraction order. Dips in reflectance are observed as light is coupled
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into resonant waveguide modes. The aforementioned intra-cavity multiple beam interference that
originates in the absence of plasmon resonance is exploited to identify the interaction between
diffraction orders and their spectral dispersion in real metals.

The real interaction scenario happens when the top grating includes the phenomenological
information of the plasmon modes. Hence PEC top nanohole array is replaced with a patterned
gold film. The effect will be observed as a perturbation to the previously analyzed cavity sup-
porting different photonics modes introduced by the grating diffraction orders. As observed in
Fig. 3(c) the electric field distributions clearly show a predominantly dipolar LSPR corresponding
to the absorption peak at 879 nm. Diffraction efficiencies computed from far-field projection of
the transmission spectrum are also plotted in Fig. 6(c) indicating wavelength dependent relative
strengths of major diffraction orders (Dyg, Dy; and Dyg). Three distinct interaction regions between
800 and 950 nm wavelength range can be observed and are defined by the relative strength of the
diffraction orders. In region one, between 800 and 850 nm, Dy4’s strength is comparable to Dy,’s
while Dy; is roughly an order of magnitude smaller. In the second region, Dy, is dominant over
the 900 to 950 nm wavelength band. In the third transition region, around 875 nm, the TM mode
D, experiences extinction due to LSPR excitation unlike its TE counterpart Dy;. The complete
system reflectance spectra are calculated using FDTD for the same wavelength and cavity thick-
ness range, as shown in Fig. 6(b). The absorption is enhanced as well as suppressed periodically
as a function of cavity length demonstrating the clear influence of the cavity on the excitation of
LSPR on the patterned gold surface. The periodic modulation of the cavity dependent dispersion
of LSPR differs among the first three events and repeats periodically every 860 nm as cavity thick-
ness increases; a fact pointed out previously in the PEC case. However, the simple analytical phase
model, which accurately predicted the dispersion in the PEC case, is inadequate due to the complex
phase retardation on the perforated gold film in presence of LSPR.

In order to quasi-analytically model and predict this intricate resonance dispersion we

employ an approach based on the effective index in transfer matrix formalism [141], as previ-
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ously described. The perforated metal film is replaced with a uniform layer of equivalent wave-
length dependent effective index obtained by inverting Fresnel transmission and reflection coef-
ficients [142—144]. For this purpose the wavelength dependent reflection and transmission coef-
ficients are extracted using FDTD simulations. Then, solving Eq. 12 the effective index can be
estimated for this geometry. Since the reflection and transmission coefficients contain the informa-
tion of the LSP and diffraction, a continuous film with this effective index can be employed in a
multi-layer approach to better understand the complex behavior of the system in the presence of a
cavity with different cavity modes resonating in the cavity. Figure 7 shows the effective index for

this particular metallic 2D grating.
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Figure 7: Effective index calculated for a 2D metallic grating with P = 740 nm, D = 500 nm and
thickness of 30 nm using the effective index method.

Following the transfer matrix approach, the reflectance spectra produced by the multi-layer
stack (Fig. 1) is calculated. This process is repeated for the three independent diffraction orders
(Dgo, Dot and Dyj) and the final reflectance spectrum is obtained from their linear superposition.

The total reflection is obtained by incoherent addition of all modes Ry, = Roo+ Ro1 + R1o
and for the first order case Ry, = Ro1 + R19. The analytical reflectance minima are overlaid on the

FDTD predictions as square dashed black lines in Fig. 6(b). In addition, the combined reflectance
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spectra for Dy; and Dy, following the same approach, are calculated and its minima overlaid as
circle dashed green lines in Fig. 6(b). The splitting of modes takes place due to phase transition
after excitation of the LSPR which is evident from the dispersion of energy density of different
diffraction orders as a function of wavelength. Overall, there is excellent correspondence between
FDTD predictions and the analytical model. Small discrepancies originate from the limitation of
the effective medium approach when the wavelength is comparable to geometrical features. Also
due to the limitation of parameter retrieval process, we assumed same effective index for the thin
film under TM and TE polarization for all angles. This behavior is not present in the following

diffraction-less system where pattern features are smaller than the wavelength of interest.

2.3.2. Multisesonance interaction in the non-diffraction regime.

The sub-diffraction system comprises of a cavity structurally similar to the previous one but with
three key modifications: the metal is silver, the periodicity is 300 nm and the hole diameter is
200 nm. Silver was chosen to avoid the strong interband absorption of gold around 300 nm to
550 nm while the decreased 2D grating period excludes higher diffraction orders beyond 450 nm.
As with the previous system, the LSPR is determined from the FDTD predicted absorption as,
A(N) = 1 — R(\) — T()), for a patterned silver film attached to a dielectric layer (ng = 1.56),
as illustrated in Fig. 3(a) but with silver instead of gold as the plasmonic material. Experimental
dispersion data for silver was used from Ref. [145]. Two absorption peaks are observed, at 610
and 511 nm and represent higher order LSPR oscillations supported by the perforated film under
asymmetric environment (air as superstrate and photoresist as substrate), see Fig. 8(b).

Further addition of the silver back mirror completes the cavity-coupled system. The re-
flectance spectra are obtained by FDTD for cavity thickness ranging from 450 to 700 nm and
plotted in Fig. 10. As previously predicted, in the absence of diffraction, a single FP mode cor-
responding to the fundamental diffraction order is present with strong absorption enhancement

around the LSPR wavelength.
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Figure 8: (a) Reflectance, transmittance and absorption spectra for a 2D silver grating with P =
300 nm, D = 200 nm and thickness of 30 nm. Two plasmon resonance are observed at A = 511 nm
and A = 610 nm. (b) Electric field intensity profiled 5 nm above the hole at both LSP resonances.

To understand the dispersion and explain the energy exchange mechanism between pho-
tonic and plasmonic modes, previously used approaches based on analytical round trip phase for
QW condition (Eq. (7)) and transfer matrix method are followed. In both approaches the top
perforated film is modeled by its corresponding effective medium retrieved following the afore-
mentioned effective index method, see Fig. 9. The first order approximation based on simple
round trip phase for QW condition predicts the overall dispersion and resonance locations with
some degree of accuracy, as can be seen in Fig. 10(b) as diamond dashed blue lines. However,
very good correspondence is observed for the transfer matrix case, square dashed brown lines in
Fig. 10(b), which includes every reflection and transmission events on all surfaces. As predicted,

in a diffraction-less scenario one can observe much closer agreement between numerical simula-

20



7 T T T T T

—Reln]  — Re[ny]
— Imin] Im[nq]

Refractive index

0 I I I I 1
400 500 600 700 800 900 1000

Wavelength [nm]

Figure 9: Effective index for a thin perforated silver film with D = 200 nm and P = 300 nm and
its comparison with bulk silver refractive index.

a 750
~—
- |
E 650 |
£ LSPR2
2 600t
9
2
© 550}
; , 2 , 2
LSPR1 » :
500 | .
[ -0 Phase Model
—LSPR g--n - Transfer Matrix |
450 1 1 1 1 e > T
0 01 02 03 04 05 400 500 600 700 800 900 1000
Absorption Cavity thickness [nm]

Figure 10: (a) Reflectance, transmittance and absorption spectra for a 2D silver grating with P =
300 nm, D = 200 nm and thickness of 30 nm. Two plasmon resonance are observed at A = 511 nm
and A = 610 nm. (b) Electric field intensity profiled 5 nm above the hole at both LSP resonances.

tion and theoretical models. This is basically due to two reasons. The first one is regarding because
the system is in the sub-diffraction regime. Hence not high order diffraction are present that would

add additional propagation waves at non normal angle inside the cavity hence skewing the phase
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calculation. The second reason is in the effective index method, which is additionally boosted by
the lack of diffraction. The plasmonic resonance is slightly above the geometrical dimension of
the holed film; therefore the effective index method captures the absorption and phase change by
the plane wave without the interaction with the lattice that might extra momentum in the transverse

direction.

L=535nm,A=888nm L=920nm,A=881nm L=970nm,A=861nm

Figure 11: Top view and cross section electric field intensity profiles for different cavity length
and wavelenght. (a) L = 535 nm and A = 888 nm, (a) L = 920 nm and A = 881 nm, (a) L = 970
nm and A = 861 nm.

2.3.3. Cavity-enhanced plasmon resonance.

It is shown here that the cavity has direct effects on the plasmonic resonance which depend strictly
on its phase. Figure 6 clearly shows the effect. Contrary to the regular asymmetric FP resonator
where strong abosrption is observe at the HW condition, or where a standing wave is supported,

the hybrid cavity-coupled plasmonic system behave differently. When the HW condition is satis-
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fied the electric field is creates a node right at the top film. Therefore, the plasmonic element is
poorly overlapped with the electric field producing null excitation. This effect is observed in Fig.
11(a) where the standing wave is observed inside the cavity without a plasmonic mode excitation
whatsoever. On the other hand, there are other condition in which the fundamental diffraction or-
der interacts with the first diffraction. It is this combination that strongly enhance the plasmonic
resonance, for example observed in Fig. 11(b) and Fig. 11(c). As can observed in the field profile
within the cavity Fig. 11(b) is dominated by the fundamental zeroth order diffraction mode paral-
lel phase fronts are present. This is not the case for the Fig. 11(c) in which slated phase front are
observed that suggest non-normal propagation direction of the mode supported in the cavity.

This discussion opens the opportunity to dynamically tune the plasmonic mode based on
cavity phase. This effect would be possible by either mechanically tuning the cavity thickness or
employing an active cavity material that allows its refractive index change by an external stimulus,
for example heat, electric field, electrical current or saturable absorption. This effect would leading
to switch on and off condition of the plasmonic resonance, condition observed in Fig. 11(a) to Fig.
11(b); or shift the LSPR from condition observed in Fig. 11(b) to Fig. 11(c). Whichever is
the tuning mechanism, this effect could also be translated to other domains, for example the mid

infrared domain, where similar effects would be observed.

2.3.4. Experimental demonstration.

To experimentally verify the above theoretical predictions, cavity-coupled plasmonic samples were
fabricated following a simple nanotransfer printing technique as we previously reported [110,111].
The process is described in details in Chapter 4. The corresponding SEM images are shown in Fig.
12(a) and Fig. 13(a). Reflectance spectra are measured using a microscope coupled Fourier trans-
form infrared (FTIR) spectrometer (Hyperion 1000 - Vertex 80, Bruker Inc.) for cavity thicknesses
L =610 nm and L = 625 nm, Fig. 12(c) and Fig. 13(c) respectively. In both cases good agree-

ment is observed between FDTD predictions and experimental measurements. Slight deviations
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originate from variations in cavity thickness, which is difficult to control via spin processing.

The corresponding FDTD predicted cross-sectional and top view intensity profiles at the
strongest resonance points (dashed lines on Fig. 13(c) and Fig. 12(c)) are shown in Fig. 13(b)
and Fig. 12(b), respectively. Slanted phase fronts (dashed red lines) inside the cavity of Fig.
12(b)(right) for the diffracting system (P = 740 nm) results from higher diffraction order in the
resonating mode. Contrary to this, the diffraction-less system (P = 300 nm) shows the fundamental

Dgp mode as a flat wave front within the cavity, Fig. 12(b)(right).
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Figure 12: (a) SEM image of one fabricated cavity: top view (left) and cross-sectional view
(right). (b) The corresponding spatial field distribution at A = 889 nm and L = 610 nm: cross-
section (right) and top view of the intensity distribution for the real part of £, component (left). (c)
FDTD predicted and experimentally measured reflectance spectrum for cavity thickness L. = 610
nm for the P = 740 nm system.

A photonic cavity interacting with a plasmonic system in diffraction and diffraction-less
regimes was studied. In both cases, independent (without diffraction) or combined photonic modes
from intra-cavity multiple wave interference (with diffraction) interact with the plasmonic mode

based on the cavity phase matching conditions. The thin metallic grating, being a weak absorber
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Figure 13: (a) SEM image of one fabricated cavity: top view (left) and cross-sectional view
(right). (b) The corresponding spatial field distribution at A = 652 nm and L. = 625 nm: cross-
section (right) and top view of the intensity distribution for the real part of £, component (left). (c)
FDTD predicted and experimentally measured reflectance spectrum for cavity thickness L = 625
nm for the P = 300 nm system.

by itself, can demonstrate strong absorption due to the coherent feedback of the cavity when the
electric field creates an antinode at the perforated film. The opposite situation arises and the ab-
sorption reduces drastically when the electric field forms a node at the perforated film. Therefore,
the LSPR can be enhanced or suppressed in a unique way based on the cavity phase relation.

In this section I presented the first analytical and experimental demonstration of a com-
plex electromagnetic system where not only plasmonic modes but cavity and diffraction orders
all interact in space and time and frequency [113]. Consequently, having deeper understanding of
the system will allow us to better exploit its properties and land it to interesting and meaningful

applications.
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3. SUPERCHIRAL LIGHT ON ACHIRAL SUBSTRATES

3.1. Introduction.

Chirality is a ubiquitous property of life found in all biological systems, from fundamental left-
handed amino acids to right-handed glucose to the inherent chirality of complex DNA strands and
proteins. Present in two enantiometric configurations: left (sinister, s-) and right (dexter, d-) [146],
chiral molecules have undistinguishable physical properties, such as density, molecular weight or
electronic and vibrational transitions frequencies, hence extremely difficult to differentiate with
common analytical and spectroscopic techniques. However, it is the interaction with other enan-
tiomers the key to differentiate their intrinsic chiral configuration. For instance, electromagnetic
fields carry intrinsic chirality imposed by its polarization states [147]. Circularly polarized light
(CPL), either right polarized (RCP) or left polarized (LCP), is a clear example of opposite elec-
tromagnetic enantiomers that allow chiral light-matter interaction, for example in optical rotatory
dispersion or circular dichroism (CD) spectroscopies [147, 148]. Matter’s intrinsic chirality arises
from its electromagnetic polarizability; a property imposed by its atomic configuration and propor-
tional to the electromagnetic chiral density [147-149]. However, free propagating electromagnetic
fields have an upper limit chiral density whose maximum is that for CPL, thus limiting chiral
light-matter interaction.

Recent efforts have been made to produce light fields with chiral density larger than CPL,
superchiral fields, using specially engineered light fields with the aim to enhance chiral light-
matter interaction. One approach is based on macroscopic interference produced by two counter
propagating CPL beams of opposite handedness to enhance the absorption rate of chiral molecules
placed at the nodes of the standing wave where the electromagnetic chiral density is maximum
[148, 150]. The dissymmetry factor observed in the far-field CD is significantly enhanced with

respect to CPL excitation. However, the spatial extend of the superchiral field is limited to the
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node of the interference pattern where the electric field is weak. Therefore, the overlap between
the chiral field and the molecule is extremely small making molecular absorption cross-section
low.

Alternative methods employ photonic [151-154] and plasmonic [49,88-90,94,95,97,102,
155-163] surfaces to produce superchiral near-fields [89,91,92,97,98,100-103, 160, 164]. How-
ever, due to geometrical chirality such structures produce strong far-field CD signal that overshad-
ows the weak molecular CD signal produced by the interaction between the chiral near-field and
the target chiral molecule. Therefore, the expected signal to noise ration becomes severely af-
fected as the substrate CD noise adds-up with the systems noise. Moreover, it is imperative to
obtain pure single-handed chiral near-field in the entire probing volume with simultaneous zero
far-field structural CD signal. These mutually exclusive requirements were not accomplished in
previous attempts based on macroscopic interferometric superchiral light generation [148, 150],
geometrically chiral [49,89,92,97,100, 160] or achiral [91,98,101-103, 159] plasmonic systems.

The scope of this chapter is to understand and manipulate the chiral density of the electro-
magnetic fields and it’s interaction with chiral matter in plasmonic systems. In this regards, first
the chiral density of electromagnetic fields is introduced for an arbitrary free-propagating plane
wave. Then, the I demonstrate a novel physical mechanism to generate single-handed superchiral
near-field based on an electromagnetic dipole model. This model stands as a simple and represen-
tative electromagnetic testing playground to study plasmonic systems resonating at its fundamental
dipole approximation limit. Under this premises, single-handed superchiral near-field is obtained
on an achiral cavity-coupled plasmonic system, as previously introduced. The main finding in this
section is the flexibility to generate these type of fields with such a unique property based on degen-
erate and spatially superimposed plasmonic resonances [96]. I found that it is the spatiotemporal
and not the spatial distribution of the near field the actual source of single-handed chiral near-field.

Such a performance is broken when the resonant system become asymmetric.
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3.2. Chirality of the electromagnetic field.

In 1964 Lipkin introduced the conserved quantity [147], a time-even and parity-odd pseudo vector,

whose time average value is

- S -
C(r):<%E.VXE+2—B-VXB>:—%501m(E*-B), (16)
Ho

where E and B are the complex time varying electric and magnetic field vectors, E and B are
the real parts, respectively, r is the position vector, ¢y is the vacuum permittivity and () represents
time average. In order to keep notation clean the time dependence is left implicit. Derivation of
Eq. 16 is found in Appendix A.1. Although it lacked a physical observable at that time, it was
until recently that it was attributed to the electromagnetic chiral density and observable through
chiral light-matter interactions [148, 150], and directly related to the spin angular momentum and
helicity of light [165-167]. As stated by Eq. 16, it is the collinear configuration with non zero
phase difference between the electric and magnetic fields, defined by Maxwell’s equations, that
produces a finite value of chiral density.

Consider for example a backward propagating plane wave described by the electric field
vector, propagation vector k = —kZ and the magnetic field B obtained through Maxwell’s equa-

tion:

1 ) .
E=—"—FE (% + €1A¢ ~ e—z(wt—k-r))
7ot @+ e™)
k xE k . .
B = X — _ EO( _ equbj: 4 g)efz(wtfk-r)’

w \/iw

where £ is the free space wave vector, Fj is the electric field magnitude and A¢ is the phase
between the superposition of two orthogonal field, and which will determine the polarization state.

Solving Eq. 16 for this arbitrary field it is obtained
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Figure 14: Chiral density of a planewave with an arbitrary polarization state, given by A¢ propa-
gating along the —z direction (into the paper).
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which reduces to the following simple expression:
C = == E}sin(Ag), an
c

where c is the speed of light in vacuum, and plotted in Fig. 14. It is clearly evident that a linearly
polarized (LP) plane wave (A¢ = 0) does not carry chiral density since the transverse E and B

fields are always orthogonal. This is not the scenario for CPL whose chiral density is

Eow

CepL = — £ 2—E2 , (18)
k=—kz

where Ccpp. < 0 corresponds to LCP (A¢ = +/2) and Ccp;, > 0 corresponds to RCP (A¢ =
—m/2). Any arbitrary polarization state will render smaller chiral densities than CPL, yet retaining
the corresponding helicity as observed in Fig. 14. This is reflected in elliptically polarized light

as seen in Fig. 14, where the handedness is maintained but with lower chiral density. The sign
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notation —=+ is left in Eq. 18 so that it is straightforward to identify, as it will become more evident
in the coming sections, the source of chiral sign.
If the propagation direction flips to forward propagation k = kZ, so it does the chiral
density relation to
Cepr, = =2 2 . (19)

2c
k=+k2

However, the total chiral density sign will remain consistent depending only on the handedness of

the electromagnetic field.

3.3. Rotating dipole model.

The oscillating dipole model is a simple playground that captures the fundamental physics in many
observed phenomena. It provides an insightful description of matter upon excitation with an elec-
tromagnetic field. Hence, it has been the preferred model to test a myriad of physical theories. In
our study, this basic electromagnetic unit is used to phenomenologically describe the modal behav-
ior of our plasmonic system and gain further understanding on the fundamental physics. In fact,
as the excitation wavelength becomes larger than the plasmonic physical dimension, approaching
the quasi-static limit, say length/width in case of nanorods or diameter in case of spheres, disks
or holes, the plasmonic excitation at resonance resembles that of an oscillating dipole. For exam-
ple, Fig. 15 shows the out-of-plane electric field of a plasmonic resonance (left) and point dipole
(right). Qualitatively this approach can provide valuable information of the system under study
but lacks quantitive accuracy as further considerations need to be address such as real material
polarizability, multipolar expansions, near-field and far-field coupling and so on.

For plasmonic systems in particular there is a slight difference between a dipole model for-
malism. At resonance the scattered near-field can surpass that of the incident field. Depending on
the system’s configuration this field can even be two to three order of magnitude larger. This con-

dition can apply to both the electric and magnetic fields; however, in most scenarios it the electric
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field enhancement the one that is larger that the magnetic field enhancement. Due to this funda-
mental difference in localized plasmon excitations the dipole model here presented includes a field
enhancement factor ¢ in the magnetic field. Therefore, if the plasmonic resonance is dominated by
el electric field £ < 1 and if it is dominated by the magnetic field it would be £ > 1.

Dipole Plasmon
1

£ (-
y
L»x !

Figure 15: Comparison of an electromagnetic point dipole and the plasmonic excitation of a nano
hole, which shows the out-of-plane electric field Re(E,).

(z3)ey

3.3.1. Stand-alone dipole.
An arbitrary harmonic dipole oscillating at angular frequency w is physically modeled as

(20)

—twt

f) = pOf)e )

where pg is the dipole moment magnitude and p is the dipole moment orientation vector. The

corresponding electric and magnetic fields associated with this dipole are [26]:

1 eikr _ _ _ ‘
Egp(r,t) = 4W€0T—3{k2r2(n X P) X n+ [3n(n ‘P) — p} (1-— zkr)}, (21
and
cpok? etkr . 1
Bro(r, ) = €5 —(n x p)(1- %) (22)
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Here n is the unit vector and r is the position vector with magnitude r. As previously discussed,
Eq. 22 contains the factor £&. Although here it does not play a role in the final result it will be of
great importance in the coming sections. Solving Eq. 16 for this set of vector fields we obtain that

the spatial dependence of the RD chiral density is

Crolr) = (L) L [{k?[uxf)*)xr](rxf»)

2 \dmey/ ord

+ [%r@-f)) —ﬁ*} (e p)(1 ”’”)}<1 R %)]

It is straightforward to demonstrate algebraically that the r and p vector operations in Eq. 23 can

(23)

be reduced to the following determinant form:

[(r X p*) x r} ((rx P) = (r-r)det(r, p,p*) — (p - r)det(r, p,r) = r2det(r, p, p*) (24a)
p* - (r x p) = det(p*,r,p) (24b)
r(r-p*)-(rxp)=0 (24c¢)

where det(r, p,r) = 0 for any configuration of p and r(r - p*) - (r x p) = 0 as it is equivalent
of a dot product of two orthogonal vectors. Employing this formalism, a rotating dipole (RD)
is modeled using the superposition of two orthogonal oscillating dipoles with a phase difference
of A¢p = =+m/2; however, it is just a particular condition of an arbitrary superposition of two
orthogonal dipoles with a phase difference of A¢. The dipole moment for a dipole oscillating in

the xy plane at z = 0 is given by:

P =po (& +e2%g) e ™. (25)

A right-RD corresponds to a phase difference of +/2, whereas a left-RD corresponds to a phase

difference of — /2. The convention used to determine the dipole rotation direction is discussed in
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the rotation convention section 3.3.3. Using Eq. 25, Eq. 24a and Eq. 24b become

r oy oz
2
[(r X P*) x r} (rxp)= % 1 ed¢ o = —ir’zsin (Ag),
1 e 0
1 e 0

1 o
p -(rxp):§ r y z| = —izsin(Ag),

which plugged into Eq. 23 the electromagnetic chiral density produced by this rotating dipole

becomes

Cro(r) = % ( pok )21m Hk?( —ir?zsin (Ag)) — (— iz sin (Ad))(1 + ik:r)} (1 - i)] .

4meg ikr

The vector operations expressed in a determinant form are demonstrated in Appendix A.3. Finally,
after further performing the corresponding algebra, the spatial distribution of the electromagnetic

chiral density produced by this RD model is reduced to the following simple expression.
) z
CRD(I‘) = CRDO SIH<A¢)F (26)

were C'grpo 1s a scale factor given by the dipole electromagnetic parameters. The spatial distribution
for left and right RD, as described by Eq. 26 is plotted in Fig. 16. From this result we can make

four important observations:

» The electromagnetic chiral density is confined in the near field: r%

» The electromagnetic chiral density generated by a linear oscillating dipole (A¢ = 0) is zero:

sin(0) = 0.
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» For a fixed stratum, say z > 0, and rotation direction the electromagnetic chiral density has

: .1
same sign: — > 0.

» For a fixed stratum, say z > 0, the electromagnetic chiral density sign reverses uniquely by

flipping the rotation direction of the dipole A¢.
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Figure 16: Chiral near field distribution for a left-RD and right-RD given by Eq. 26. As observed,
a left-RD dipole generates a single sign chiral near field in semi-infinite domain given by z > 0
and reverse sign by only reversing its rotation direction.

3.3.2. Dipole excitation with circularly polarized light.

In a real scenario the dipole excitation is only a result of matter polarizability and radiation based
on an external stimulation, such as incident electromagnetic field; given by E; and B; fields. Fur-
thermore, as the dipole oscillation is the result of the incident electromagnetic excitaiton the dipole
moment iS now

1 . 4
P = i—agEy(i + e)e ™1, 27)

V2

In this representation the factor 7 is added to account for excitation of an arbitrary dipole at res-

onance and « is the dipole polarizability. The total chiral near-field generation produced by the
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oscillating dipole must contain the contribution from the incident field as well. In this extent the

total field around the dipole are

Er = E; + Erp (28a)

B; = B; + Brp. (28b)
Solving Eq. 16 the total chiral density is

1 «
Cr(r) = 550 Im ([Ez +Egrp]” - [B; + BRD]) = C; + Cgo—Brp + CerD-B0 + CrD.

As demonstrated by the previous expression the contribution to the total chiral density,
Cr, originates from four different sources: the incident field (C;) and RD (Ckp), as previously
described in Eq. 17 and Eq. 26, respecteively; and the interaction from the incident electric field
with the dipole-generated magnetic field (Cg;_rp) and the interaction of the dipole-generated
electric field with the incident magnetic field (Cgrp_g;). The calculation details are listed in

Appendix A.2. The total chiral density for (Cg;_grp) and (Cgrp_B;), for a backward propagating

plane wave, k = —kZ, are listed below.

Ci(r) = Cysin (Ag) (29a)
Z .

CEi—BRD<r> = Cogliﬁ S1n (Aqb) (29b)
1 3 s o

Coro-ilr) = Corg (k= 15 ) (2 =) cos (80 (290)

3, 5 o :
+ (;($ +y°) — 27“) sm(Ang)]
Cro(r) = —Cogk*s” = sin (A¢) (29d)
In this set of equations the term Cy = —gowFE3 /2c¢ stands for the magnitude of the chiral density

of a LCP plane wave, k = apk/4mey is the normalized dipole polarizability and « is the dipole
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polarizability. Finally, the total chiral density as a function of incident polarization is:

Cr(r,A¢) = Cy {1 + T—ﬁg [fz + % (r* —32%) — fk%z} } sin (Ag)
3

~ Gy (b = oz (27 = 7) cos (89),

(30)

This more complex result confirms the previous fundamental observations in which the
total chiral density is influenced by the incident polarization. Nevertheless, it is implied that LP
light does generate finite chiral density as cos (A¢) = 1 in contrast to LP or a linear dipole alone,
which comes from the contribution of the incident magnetic field and the electric field generated
by the RD. Now, considering LCP (A¢ = +m/2 ) Eq. 30 becomes

Cr(r) :CO{1+T—F; [§z+2—lr (7“2—3,22) —51{2&2]}. (3D

It is clear that for a weak dipole polarizability, x < 1/r3, the total chiral density distribution
converges to only that of the incident light. This condition is satisfied, for example in a polarizable
element off-resonance. However, for a finite polarizability and magnetic field enhancement the
total chiral near-field spatial distribution is severely perturbed. In order to perform a comprehensive
analysis we take Eq. 31 and observe at (z,y) = 0, 7 = z and z > 0, plotted in Fig. 17(a) as
function of x and . According to Eq. 31 the chiral density right above the dipole can be zero for
a specific set of parameters (k, ). This condition can be obtained by solving Eq. 31.

1 — k12

S gy 42

This condition states that for a certain polarizability (k) Ct < 0if £ > &, and Ct > 0 if

& < & Such a condition is plotted in Fig. 17(a) as a green line. It also determines the nature of
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the total chiral density. If £ > &, the dipole magnetic field dominates (Cecpr_Brp), and if

- 1
1 — k2K’

§ (33)

the total near-field becomes superchiral, blue line in Fig. 17(a).
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Figure 17: (a) Near field chiral density at (z,y) = 0 and z = 50 nm produced by the incident
and excited dipole fields. The incident field is LCP, propagating in the —z direction with C' < 0.
The green curve represents the threshold line at which the generated near field flips chiral density
sign with respect to the incident field. The blue/red dashed line represents the condition at which
the chiral density is larger than that of CPL with same/opposite chiral sign as the incident field.
(b) Chiral field in the zy plane at z = 50 nm for different conditions of (r,&): i (1.1 x 10%,1), ii
(4.5 x 103, 1), iii (6.7 x 103, 1), iv (1.1 x 10%,40), v (4.5 x 103,40), vi (6.7 x 103, 40).

On the other hand, if £ < &, the dipole electric field dominates (Cgrp_Bcpr) reversing
the chiral density sign with respect to the incident field with superchiral light generation condition

when
1— 2k 12

< 1— k2K

(34)

as plotted in Fig. 17(a) red line and holds true independently of the magnetic field enhancement
factor after > k2, which corresponds to the asymptotic limit. The compilation of such a set of
conditions are plotted in Fig. 17(b). For instance, the total chirality of a weakly excited dipole

is dominated by free space chirality with a small perturbation at the center as observed in Fig.
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17(b)(1). If the polarizability increases the contribution from the RD is opposite as the incident
is preferentially dominated by the RD with same chirality as that of free space, Fig. 17(b)(iv, v).
Nevertheless, it reverses as the polarizability surpasses the condition imposed by « > k2, Fig.

17(b)(vi).

3.3.3. Rotation convention.

In order to remain consistent with the rotation convention for the incident free space electromag-
netic field the polarization state is determined by the right-hand rule convention, & x ¢ = Z, where
the thumb points in the direction of propagation and the time evolution of the polarization plane
at z = zy is given by the curl of the four-fingers. Therefore, a forward propagating wave given by
the electric field vector E = \%EO (i + em%) e~@t=kT) wyith k = k2 is LCP if A¢ = —7/2 and
RCP if A¢p = +m/2. On the other hand, for a backward propagating wave k = —kZ it becomes
LCP if A¢ = +m/2 and RCP if A¢ = —m/2.

The rotation convention for an electric dipole is given by Eq. 25: p = po (ﬁ: + eiAd’gj) e~ wt,
The instantaneous dipole moment orientation, whose time evolution dictates the rotation direction,
is determined by the phase difference between the superposition of both orthogonal dipole mo-
ments, same as that for CPL. However, the rotation direction could become ambiguous as there is
not a propagation direction, which was a reference point in determining the rotation handedness in
CPL. Following the same right-hand rule, X y = Z, the thumb points towards the Z direction and
the four finger curl determines the rotation direction. Therefore, a right-rotating dipole corresponds
to A¢p = +m/2 while A¢ = —7/2 determines a left-rotating dipole.

Both CPL and RD rotation convetions are summarized in Table 1 along with the corre-
sponding chiral density of the corresponding fields as seen in Fig. 14 and Fig. 16. It is worth
noticing that when the RD is the result of the excitation with free-space then RCP does not mean it

would excite a right rotating dipole but a left rotating dipole, and viceversa for LCP. It is because,
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phenomenologically, the local dipole will follow instantaneous polarization plane of the incident

wave. This interaction is shown in Fig. 18.

Left — CPL Right - CPL

z z
y y
! i Ex ‘;x
Right — RD Left — RD

Figure 18: Graphical representation of a dipole excited with CPL. The linear dipole will follow
the instantaneous polarization plane, hence LCP excited the Right-RD and viceversa .

Table 1: Convetion adopted to define CPL handedness depending on the propagation direction and
phase difference. *Eq. 26, TEq. 18 and *Eq. 19

RD Crp Light @ Light @
z >0 k = k2t k = —k3t
—7m/2 LeftRD C<0 LCP C<0 RCP C>0
0 Linear C=0 LP C=0 LP (C=0
+7/2 RightRD C >0 LRP C>0 LCP (C<0
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3.4. Plasmonic systems and superchiral light generation.

3.4.1. Degenerate achiral systems.

As demonstrated in the previous section it is the temporal distribution of the resonance and not
its spatial distribution that gives rise to the generation of single-sign superchiral near field. Such
unique phenomenon is demonstrated in a totally achiral plasmonic system that is coupled to a
photonic cavity. The achiral plasmonic substrate is illustrated in Fig. 19, which is comprised of
a symmetric nanostructured gold square lattice hole-disk pattern (P = 740 nm, D = 480 nm,
hole-disc separation = 350 nm and gold film thickness = 30 nm) coupled with an asymmetric
Fabry-Perot cavity. The cavity is formed with a gold back reflector separating the two-element

plasmonic pattern with cavity thickness (L) determined by the dielectric film.

Hole-Disk Array Parameters
Gold [ Dielectric M Substrate P =740 nm, D = 480 nm, h = 350 nm

Figure 19: Schematic representation of the cavity-coupled achiral plasmonic systems comprised
of a square array of hole-disk on an asymmetric Fabry-Perot cavity.

The first step in studying and understand the performance of this coupled system I per-
formed finite difference time domain (FDTD) simulations for LP light. The dielectric parameter
for gold is taken from experimental measured data, Palik [145] and the dielectric layer refractive
index is 1.56. One unit cell is employed in the simulations. Periodic boundary conditions are set
on the z and y boundaries and perfect matching layer on the z boundaries. The excitation direction

is backward, i.e. along the —z direction. With excitation polarization is along the = direction,
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which corresponds to one of the symmetric lattice’s axes, the cavity thickness (L) is changed and
the absorption spectra are extracted.

The cavity-coupled system has two interaction domains. One is in the 9700-7000 cm ! fre-
quency band,where the hole-disk system supports natural localized surface plasmon (LSP) modes
induced solely by the geometrical parameters of the hole-disk system: diameter, periodicity and
hole-disk separation. In this band hybrid resonance modes are observed as absorption frequency
splitting around the LSP absorption band due to the coherent interaction between cavity and plas-

monic modes as studied in Chapter 2 [113].
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Figure 20: (a) Absorption dispersion as a function of cavity thickness for normal excitation with
linearly polarized light. (b) Absorption spectra of the coupled system for a cavity thickness of
L = 800 nm and comparison with a flat 2D array without the electromagnetic feedback. The
cavity-coupled plasmonic substrate is a 2D symmetric square array of hole with period of 740 nm,
diameter of 480 nm and hole depth of 350 nm. (c) Electric (left) and magnetic (right) intensity
cross-section at the center of the unit cell for L = 800 nm and v = 2900 cm ™! showing an electric
and magnetic LSP resonance, respectively.

A second, yet more interesting, interaction occurs when the cavity resonates away from
the natural LSP band of the top plasmonic pattern. Figure 20(a) shows the absorption dispersion

for LP light along the x direction. The photonic resonance, for fixed nanostructure parameters,
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depends strictly on the propagation phase imposed by the cavity (n4k L), where n is the refractive
index of the dielectric spacer. Although, adding a cavity enhances the LSP mode at the natural
LSP band compared to its uncoupled counterpart [113], the excitation of LSP modes at lower
energies is possible when placing a polarizable element inside the cavity, based on quantum cavity
electrodynamics [168], as observed in the absorption spectra in Fig. 20(b). At the fundamental
photonic resonant mode the electric field antinodes are located around the optical center of the
cavity where the disk is placed, while strong magnetic field antinodes are located at the edges of
the cavity, i.e. the back reflector and the top hole array. As a result, the cavity selectively polarizes

the hole-disk system inducing electric/magnetic LSP modes (e-LSP/m-LSP) on the disc/hole as

Figure 21: (top row) Electric field and (bottom row) magnetic field volumetric intensity represen-
tations at resonance (L = 800 nm and v = 2900 cm™!) for linear excitation at (left) LCP, (center)
LP, and (right) RCP.

observed in Fig. 21(c).

The symmetric achiral system supports two degenerate LSP resonances along each of the
lattice axes. Upon illumination with CPL both LSP modes are excited simultaneously with a

phase difference imposed by the excitation source. Concomitantly an effective rotating dipole is
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Figure 22: Instantaneous electric field (F,) distribution in the zy plane for a left rotating plasmon
mode (top row) when excited with RCP and a left rotating dipole (bottom row). Snapshot taken in
one optical cycle in wt increments of 7 /2.
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Figure 23: Simulated absorption spectra for the achiral cavity-coupled plasmonic systems when
excited with LP (green), LCP (red squares) and RCP (blue circles).

generated on the top hole. This behavior is observed in Fig. 22 where the time snapshots of the
out-of-plane electric field in one optical cycle are plotted for this LSP and dipole when excited with
RCP. As observed in Fig. 21 both, electric and magnetic field intensity distributions are exactly the
same when excited either by LCP or RCP, without any dissymmetry in the absorption spectrum,

see Fig. 23. However, the chiral near-field density generated by this system is remarkably different.
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As observed in Fig. 24(left) and Fig. 24(right), the near-field chiral density has same handedness

as the incident light which fully reverses when flipping the incident CPL excitation on the same

CLSP
3.0
0.0
-3.0

Figure 24: Free space normalized chiral density of the LSP near field when excited with LCP
(left), LP (center) and RCP (right).

geometry.

The generated chiral density purity is obtained by performing volume integration on the
numerically calculated freespace-normalized chiral density Cysp(r,v) in the upper half-space of

the unit cell using the following equation:

Clv) =

1
> / Crsp(r, v)dV, (35)

where V. is the total volume exposed in the upper space, and uc stands for the unit cell. As
observed in Fig. 25 the integrated chiral density peaks right at the plasmonic resonance, v = 2900
cm~! and is negative for LCP and positive for RCP.

Furthermore, spectral integration in the upper half-space of the unit cell at resonance reveals
99.96% of the near-field has CPL-like chiral density and only 0.04% has the opposite helicity
across the entire LSPR band, which can be attributed to numerical artifacts. This is not the case
for LP where the chiral near-field volume average is zero as both helicities are present at the same

ratio, observed in Fig. 24(center). Such a performance was a severe limitation in previous attempts
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to generate uniform superchiral near-fields with achiral plasmonic scatterers which nullifies chiral
light-matter when a chiral molecule is placed on such a substrate [91,98, 102, 103].
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Figure 25: Volume integrated chiral density in the upper stratum, as observed in the inset, for
three incident polarization conditions, LCP, LP and RCP.

Table 2: Percentage of the spectral and volume integrated chiral density for LCP, LP and RCP in
the upper stratum.

Polarization C < 0[%] C > 0][%]

LCP 99.96 0.04
LP 50.00 50.000
RCP 0.04 99.96

3.4.2. Non-degenerate achiral systems.

In this section I will discuss the plasmonic resonance degeneracy effect on the chiral near-field
generation in symmetric and achiral systems based on circular and elliptical holes. The plasmonic
system is a far-field coupled to a photonic cavity forming a hybrid plasmonic-Fabry-Perot resonator
that allows a special resonance hybridization which leads to a unique superchiral light formation

in the near-field [96, 113]. It is observed that by lifting the degeneracy the spatiotemporal field
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distribution is disturbed degrading the system capability to produce single-handedness superchiral
fields.

The plasmonic system is based on a symmetric two-dimensional array of circular holes
with 1500 nm period (P = Pz = Py) and 250 nm diameter (D = Dz = Dy) on a 30 nm thick
gold film on a dielectric substrate. Finite difference time domain (FDTD) numerical simulations
were performed on a unit cell with linearly polarized light along each of the lattice principal axes
(E'z or E'y). This systems support degenerate plasmonic resonances (Ap, = Ap,) along each of the
lattice axes as observed in absorption spectrum in Fig. 26(a). When the circular hole turns elliptical
with 300 and 250 nm diameters along the lattice axes (Dx and Dy respectively), the plasmonic
resonance degeneracy is lifted (Ap, # Ap,), which is observed in the frequency splitting in Fig.
26(b). Now, for an achiral and asymmetric plasmonic array two nondegenerate resonances are

supported which will have detrimental effect on the chiral near field-generation.
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Figure 26: (a) Absorption spectrum for the 2D symmetric hole array with (D = Dx = Dy =
250nm) and P = 1.5 uym. (b) Absorption spectra for an asymmetric elliptical 2D array with
(Dz = 300 nm and Dy = 250 nm) and PP = 1.5 um when excited with LP along both lattice axes
(Ez and E'z) and the corresponding superposition.

The response of the cavity-coupled system shows similar effect as the uncoupled plas-

monic array. For the symmetric 2D array the cavity dispersion shows the same plasmonic modes
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supported in both lattice axes. So the superposition will lead to two degenerate modes as observed
in absorption dispersion plotted in Fig. 27(a). This is not the case again with the asymmetric
configuration where now the system response is polarization dependent and the superposition will

lead to a two absorption peaks, as seen Fig. 27(b).
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Figure 27: Cavity-coupled absorption dispersion spectra for, from left to right, LP along z, LP
along v, its supperposition and the corresponding spectra for cavity thickness L = 600 nm for the
2D (a) symmetric (circular) and (b) assymmetric (elliptic) hole array.

The inspection of the resonance temporal distribution reveals another property of these two
systems. As previously discussed it is the rotation of the plasmonic element, due to the degenerate
plasmonic resonance, that produce single sign chiral near fields. In this case the non degenerate
LSP modes supported by the asymmetric array will show a slight different temporal distribution.
Figure 28(a) shows the time evolution of the plasmon mode, ploted as the Re(Ez), along one
optical cycle when excited with LCP. The 2D symmetric system shows a full 360° whereas the 2D
asymmetric experiences an partial rotation with a dominant beating effect, such as that observed
for a linear dipole, see Fig. 28(b). Furthermore, the electric and magnetic field intensities for both

conditions, plotted in 28, shows that the electric and magnetic field intensity enhancement factors
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are in the order of hundreds and, while the distribution for the 2D symmetric is uniform around the

hole, as previously observed, the 2D asymmetric is mostly dominated as a linear dipole profile.
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Figure 28: Time evolution over one optical cycle of the (a) degenerate and (b) non-degenerate
plasmonic resonance at A = 2.13 ym and A = 2.165 ym, respectively, and L = 600 nm. The
right panels shows the time averaged spatial electric and magnetic field intensity distributions 5

nm above the hole.
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Figure 29: Chiral near-field spatial distribution for a cavity thickness of L = 600 nm. (a) Sym-
metric 2D array at A = 2.13 ym, (b) symmetric 2D array at A = 2.13 ym, (c) asymmetric 2D array
at A = 2.17 ym and (d) asymmetric 2D array at A = 2.58 um.

The final effect of this non-degeneracy is observed in the chiral near field generation. Solv-
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ing Eq. 16 in the upper stratum above the hole reveals that the chiral near field is single sign in
the entire volume, as observed in the spatial distribution plotted in Fig. 29(a) for A = 2.13 um,
with very negligible contribution from the opposite chiral density sign. In addition, at a higher
wavelength A = 2.53 um similar effect is observed but with slightly higher contribution of the op-
posite chiral near field, which is plotted in Fig. 29(b). But, for the asymmetric case there is a finite
contribution from the opposite chiral density sign in the volume of interest for both as observed in
Fig. 29(c) and Fig. 29(d) for two wavelengths A = 2.17 ym and A = 2.58 ym, respectively. Notice
that the cavity-coupled system was exited by LCP along the k = —kZ which according to Table
1 C/Ccpr < 0 which correspond to the spatial distribution in blue color. In both scenarios the
total chiral near field is superchiral with magnitudes higher as those previously shown in Fig. 24.
This is due to the nature of the LSP mode as they produce more intense electric and magnetic field

enhancement factors.
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Figure 30: Volume integrated chiral density for (a) symmetric and (b) asymmetric 2D array for
cavity thickness of L = 600 nm.

Finally, volume integration, as given by Eq. 35, demonstrate the ultimate chiral near field
generation efficacy. Figure 30(a) shows the volume integration of the symmetric 2D array. As
observed in the ~ 2.1 um band only one chiral near field density sign is present in the entire
volume, which corresponds to the condition plotted in Fig. 29(a). For the same configuration
but at a different wavelength ~ 2.5 um minor contribution from the opposite chiral near field is

observed, similar to the observed red shades in 29(b). On the contrary, the volume integration on
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the asymmetric 2D array shows that, at both resonant bands ~ 2.1 yum and ~ 2.5 um, there exist
the contribution from both chiral near fields. The contribution from the incident wavelength (LCP)
dominates the overal response, such as seen in Fig. 29(c) and Fig. 29(d), but a finite contribution
from the opposite handedness is observed yet confined at the near field, see cross section in Fig.
29(c) and Fig. 29(d).

Contrary to what was previously discussed and proposed, chiral light-matter interaction
can be exploited in a full achiral and symmetric plasmonic system as demonstrated here. In this
regard I demonstrated for the first time the generation of single-sign superchiral light on an achiral
degenerate plasmonic systems and showed how to manipulate its sing only by the polarization of
the excitation illumination [96]. This concept is expected to excite the field of plasmonic-enabled
light-matter interaction applications due to its potential to perform surface-enhanced processes

most efficiently as demonstrated in Chapter 5.
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4. FABRICATION METHODS AND CHARACTERIZATION

4.1. Nanoimprinting lithography technique.

The majority of plasmonic nano and submicrostructures are fabricated using traditional top-down
and bottom-up techniques, which each offer a particular set of advantages and disadvantages. For
example, bottom-up techniques are commonly used in the chemical synthesis nano particles of dif-
ferent shapes and dimensions which suitable for mostly solution-based plasmonic applications or
surface coatings. Furthermore the long range aligning in, 2D arrays for example, is far from being
reached under practical perspective even when it render cost effective. On the other hand top-down
techniques are quite popular to fabricate high quality nanostructures widely used in plasmonic ap-
plications. For example the majority of previously reported LSP applied to biosensors were con-
structed by periodic two-dimensional arrays of isolated metallic nanoparticles or perforated holes
on a continuous metallic film. They are typically fabricated using top-down techniques, such as
electron-beam lithography [169,170], focused-ion beam lithography [50,61], nanosphere lithogra-
phy or hole-mask colloidal lithography [22,52,53,116,171-174]. In one hand, electron-beam and
focused-ion-beam lithography are very expensive, time-consuming and offer low device through-
put typically over 100 x 100 um? pattern area. On the other hand, the nanosphere and hole-mask
colloidal lithography are cost effective but lacks reproducibility in the self-assembling process.
An alternative fabrication method is the soft nanoimprint lithography technique, also called
soft lithography, which is a cheap and fast nanofabrication technique capable of producing high-
quality devices with preset geometries. This versatile nanofabrication is cost effective and allows
mass scale replication of any arbitrary 2D and quasi-3D plasmonic substrate designs with high spa-
tial resolution (~30 nm), over large area on planar or curved surfaces without the need for further
post processing [175-177]. Therefore, a wide variety of nanoimprinted surfaces with locked-in

dimensions are possible with designed optical responses appropriate for the application of interest,
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for example sensing [133, 178—182], color surface generation [60, 183], superchiral light gener-
ation [96], metamaterials [110, 111, 184] or as an intermediate fabrication in functional optical
devices [185—188]. In this work I employ the nanoimprinting lithography (NIL) technique 1) to
fabricate the devices used in all the biosensing experiments presented in Chapter 5, and 2) to pre-
pare the hardmask to ink and transfer to another substrate in order to experimentally demonstrate
the results presented in Chapter 2.

The NIL technique starts with the writing of a high quality master patter using a conven-
tional lithography techniques, such as ebeam lithography, focused ion beam milling, deep UV
lithography or even colloidal mask lithography. Whichever is the route at the end there will be a
hard phase mask that will contain the geometrical configuration. Then the surface is passivated
with a hydrophobic layer. For this, the device is kept in a vacuum chamber containing a fluorosi-
lane vapor for two hours, usually tridecafluoro-1,1,2,2,-tetrahydrooctyl-1-tricholorosilane. This
ultra thin film of a couple of monolayers allows easy detaching in the following step. The fol-
lowing step is to prepare a combination of hard (h) and soft (s) polydimethylsiloxane (PDMS).
The h-PDMS is poured, and usually spin coated to form a thin layer on the passivated surface to
replicate. This mix is a high Young modulus capable of embossing the space phase information
onto a polymer substrate. The s-PDMS works only as a carrier medium. Once cured, the PDMS
stamp is detached and ready to replicate the original master pattern.

There are several polymers commonly use in NIL. For example polymethyl methacrylate
(PMMA), mr-I 7000R and mr-I 8000R, mr-NIL 6000E, mr-UVCur21, and some others comercially
available (Microresist Technology). In this work I employed the resist SU-8 2000.5 (Microchem)
as the polymer substrate. This is a positive resist commonly used in UV lithography, when heated
above the glass temperature (~ 95°C) it becomes maleable, hence pressing the PDMS stamp onto
the warm substrate will emboss the pattern. Furthermore, it is UV curable, which allows to keep
the imprinted pattern without any risk pattern deformation. Then, any subsequent additive or

subtractive nano or micro fabrication process is followed to finalize the target device.
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Figure 31: General NIL fabrication workflow for the cavity-coupled plasmonic devices.

Following this method the cavity-coupled plasmonic biosensors were fabricated. The de-
vice starts with a 1x1 in? glass slide thoroughly cleaned with acetone, isopropanol and water fol-
lowed by ~ 1 hr baking at 100°C. Then an optically thick gold mirror (80-100 nm) is ebeam
evaporated on a previously coated 3 nm titanium layer as the adhesion layer. The following step
is to spin coat the SU-8 2000.5 layer whose thickness will depend on the desired cavity thickness
for the sensor, usually spin coating at 3000 rpm for 1 min for a ~700 nm film thickness. After 1
min baking at 95°C for 1 min the PDMS stamp is pressed on the SU-8 coated substrate and then
the composite is placed on the hot plate, same temperature, and press for an additional ~30 s. The
PDMS stamp and substrate are removed from the hot plate and let to cool down while still gently
pressing for at least another 30 s. Finally the PDMS is delaminated from the substrate that will
contain the replica of the original master pattern. One minute UV exposure (365 nm) followed by
and additional 1 min post exposure bake will conclude the imprinting process. The final device is
completed by ebeam evaporating 30 nm of gold. This fabrication workflow if summarized in Fig.

31 which is same for those devices demonstrated in Chapter 5.
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4.2. Transfer printing method.

The transfer printing method is an alternative method to fabricate a special kind of devices in which
traditional lithography techniques would render not practical [111]. For example the continuous
metallic thin film perforated with a periodic hole array on a polymer substrate and forming the
hybrid cavity-coupled systems as studied in Chapter 2.

The process starts with a clean silicon substrate in which a diluted 4% SU-8 2000.5 in
cyclopentanone solvent is spun coated at 3000 rpm for 1 min. Then the NIL technique is employed
to make an array of holes on the polymer same as used in section 4.1. After this imprinting step the
pattern is then transferred to the hard silicon substrate using reactive ion etching. For this, oxygen
(Og, 15 mTorr, 50 W and 10 sccm for 50 s) plasma is employed first to clean the thin residual
pedestal at the bottom of the hole and then sulfur hexafluoride (SFg, 100 mTorr and 43 sccm for
150 s) chemistry is used to etch into the silicon. The etched substrate is then ebeam evaporated
with 50 nm of silicon dioxide (SiO-) sacrificial layer and 30 nm of Au. The sacrificial SiO, layer
is gently etched with hydrofluoric acid at 1% in deionized water. Separately, a 25:1 PDMS and
curing agent (Sylgard 184, Dow Corning) is prepared and baked for 20 min at 65°C. This mix ratio
produces a sticky PDMS block that allows easy pick up of the released Au film after HF etching of
the SiOy layer. In parallel, the substrates were prepared following same procedure as in section 4.1
until the spin coating without any baking at this time. Having a fresh SU-8 film on a back mirror
the PDMS block with the released perforated gold film are brought in contact and placed on the hot
plate for around 1 min gently pressing. This step reduces the adhesion between the PDMS and Au
film. Finally the thick PDMS block is slowly delaminated from the substrate leaving the perforate
gold on top of the SU-8 film. The whole fabrication process is summarized in Fig. 32.

It is worth mentioning that this process is not that straightforward as special care needs
to be paid in several steps. For example, if the HF concentration is too high, the etching rate

into the SiO, will be too fast that the patter will be buckled up and destroyed. In addition, too
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sticky PDMS might pick up the released Au film very easy but might not release it afterwards, so
the baking needs to be monitoring. In addition continuous and large area and very thin films are
always subject to cracks. So it would be desired to have smaller sections, 1x1 mm? sections instead

of the full 20x20 mm?2.

polymer mask by polymer + silicon metal deposition
soft lithography etching

-—e e

4
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final device transfer onto cavity cavity preparation pattern release

Figure 32: Transfer printing workflow: nanoimprinting on diluted SU-8, dry etching on polymer
and silicon, SiOy/Au layer deposition, SiO, etching and release, cavity preparation and thermal
transfer.

4.3. Microfluidic channels fabrication.

Microfluidic channels technology has enabled the advance in medicine, biology and diagnostics.
It allows the controlled assay with high space and time precision. It also allows the multi platform
integration with plasmonic biosensors in which the analyte of interest is delivered right to the active
sensing area. In this section I will go over the fabrication process of such systems employed in

some of the biosensing demonstrations. It consists on three steps: the mold fabrication, the PDMS
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channel fabrication, and the final device integration.

The mold fabrication process starts with a clean 3” silicon wafer, acetone, isopropanol
and deionized water followed by 5 min baking at 120 °C. This baking step is important to allow
any liquid residue on the surface to evaporate. Then in a closed container, a vacuum jar at mild
vacuum could work too, the silicon substrates are placed along a disposable dish with some drops
of hexamethyldisilazane (HMDS) as an adhesion promoter and kept for 30 min. The surface treated
substrates are then spin coated with SU-8 2050 at 3000 rpm for 1 min. This film will dictate the
height of the channel. The coated silicon substrate is soft baked at 65 °C for 3 min and 95 °C for 8
min followed by a 30 s UV (365 nm) exposure with the appropriate UV chrome mask. This time
might vary depending on the light intensity of the mask aligner. The following step is the post
exposure bake, 65 °C for 2 min and 95 °C for 2 min. This is very important has the SU-8 cross
linking will not be completed in the absent of heat treatment. Finally, the silicon substrates are
developed in propylene glycol methyl ether acetate (PGMEA) for 5 min. Then the silicon wafers
are transfered to another PGMEA fresh bath for an extra 1 min followed by isopropanol rinsing.
If a white stream apears on the surface means that there is still PGMEA and SU-8 residues on the
surface, hence the samples are placed in the last fresh PGMEA for an extra 1 min. The outcome
will be a silicon substrate that contains the inverse of the microfluidic channels made of SU-8.

Once the mold is finished it is surface treated again to create a hydrophobic following
same process as in section 4.1 (fluorosilane). In parallel a 10:1 ratio of PDMS to curing agent
is thoroughly mixed for 5 min and degased until it becomes a clear, bubble-free, solution. The
fluorinated substrate is placed on a petridish or in an aluminum-made petridish which will allow
easy demolding and prevent possible destruction of the mold. The PDMS is then poured onto the
mold and let sit for 1 hr to let any bubble escape, then it is baked at 75 °C for 1 hr. The cured PDMS,
with the aid of a sharp razor blade is delaminated from the substrate and trimmed according to the
designed chip footprint. Then the inlets and outlets holes are punched with a biopsy pen with the

desired diameter. If the demolding is successful and the substrate was not broken in the process

56



the silicon mold can be used, as is, for several replication rounds.

The microfluidic chips made of PDMS are now ready for integrating to the plasmonic
device. If the substrate containing the plasmonic array and the PDMS block is needed to stay
covalently bonded, while the substrate is silicon or glass. Both devices are treated with UV ozone
for 5 min to activate their surfaces and then brought together in contact and placed on the hot plate
at 100 °C for 30 min. This will allow the water byproduct coming from the covalent bond to difuse
into the bulk PDMS. On the other hand, if there is not a need of a covalent bond or the surface
of the device does not have any silicon of silicon dioxide, the PDMS block can be secured with a
mechanical clamp. This will provide a temporary bond to keep the PDMS in place without further
liquid leakage when increasing the input pressure. In addition, after the experiment the PDMS chip

is thoroughly cleaned with acetone and isopropanol and will be ready for another test.

4.4. Optical characterization.

The optical characterization is based on optical spectroscopy, near infrared (NIR) for the spectral
characterization as employed in Chapter 2 and Chapter 5, and infrared (IR) for the spectral char-
acterization shown in Chapter 5. The spectrometer used is a microscope-coupled Fourier trans-
form infrared (FTIR) spectrometer (Hyperion-Vertex 70, Bruker Optics) interfaced with the data
acquisition software OPUS™ (Bruker Optics). For the NIR the system is configured with a cal-
cium fluoride (CaF;) beam splitter, 0.7 NA CaF, objective, silicon gap detector and tungsten light
source. The background spectra was referenced on a thick gold mirror. Throughout the series of
optical characterization the spectra were retrieved with a 20 kHz sampling rate and 56—128 scans.
In the all the spectral measurements in the NIR the reflectance spectra was acquired with linearly
polarized light.

For the IR domain the FTIR spectrometer was configured with a potassium bromide (KBr)

beam splitter, 0.7 NA CaF; objective, mercury cadmium telluride nitrogen cooled detector and
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globar light source. Same gold mirror was used for the reference and the spectra were retrieved
with a 20 kHz sampling rate and 256 scans. This characterization was employed for the molecular
chirality detection as described in Chapter 5. Therefore, the microscope was equipped with a linear
polarizer and a magnesium fluoride (MgFs) quarter wave plate (QWP) (Bernhard Halle Nachfl.
GmbH) in order to create CPL that impinges on the sample such as depicted in Fig. 49(b). In this
configuration both polarizer and QWP were frequency matched and covered the 2.5 to 7 ym (4000-
1430 cm™!). In this particular experiment protocol two background references were collected, one
for each polarization (LCP and RCP), and used in when acquiring the corresponding measurement.

Finally, the data was exported and analyzed in MATLAB.
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5. BIOSENSING: ACHIRAL AND CHIRAL ANALYTES

5.1. Introduction.

Simple optical techniques that can accurately and selectively identify organic and inorganic ma-
terial are of paramount importance in biological sensing applications. The detection and quan-
tification of minute concentrations of biological compounds is of profound interest in diagnostic
methods. While a binary detection, i.e. target analyte is present in the tested sample above the limit
of detection, suffices in some applications others require its quantification. For example, some bi-
ological agents in our body can indicate an early stage of a disease development, for example the
prostate-specific antigen (PSA) [189], the ovarian cancer cell line CA-125 [190], exosomes (mi-
crovesicles secreted by cells) [191, 192], or antibodies (present in our body as an immune system
reaction against invasive antigens) [193].

Traditional labeled methods to detect biomarkers at low concentrations are the enzyme-
linked immunosorbent assay (ELISA), Western blot, radioimmunoassay or those employing flouro-
genic or electroluminescent labels [194]. Nevertheless, these techniques are costly, time consum-
ing and require specialized equipment and large amount of analyte. An alternative biosensing
technique is the use of localized surface plasmon (LSP) supported by 2D array of subwavelength
metallic scatterers, which offers multiple attractive advantages over traditional methods, for ex-
ample the capability of free space optical interrogation, label free detection, real-time monitoring,
small sample volume and multiplexing scalability [51, 195]. At the LSP resonance (LSPR) wave-
length the local electron charge oscillation on the metal-dielectric interface induces strong field
localization over subwavelength volumes. In addition, the LSPR is very sensitive to minute envi-
ronmental fluctuations induced by the change in the local refractive index. An increase in the local
refractive index leads to a decrease in the effective restoring force of the electron oscillations due

to accumulation of polarization charges inducing a redshift in the LSPR [55].
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In biological sensing applications, any biomolecule with finite optical density can trigger
a measurable LSPR shift that can be quantified by optical spectroscopic techniques. Neverthe-
less, such inherent blindness is overcome by imposing the appropriate analyte-specific surface
functionalization, i.e., the target analyte is selectively immobilized on the plasmonic sensor’s sur-
face through the strong surfactant-analyte binding affinity. As a result, this refractometric sens-
ing method turns into a powerful biological detection mechanism. Consequently, a large variety
of analytes of relevant medical interest have been selectively detected primarily on LSPR shift
employing the corresponding analyte-specific surface functionalization scheme, such as cancer
biomarkers [191, 196—199] hepatitis antigens [200, 201], Alzheimer biomarker [202, 203], glu-
cose [204-206], DNA strands [54] and proteins [207-209].

In the course of this chapter I will present different affinity sensing experiments that are
based on selective surface functionalization depending on the target analyte. The plasmonic sen-
sors, having a locked-in dimensions, support sharp deterministic hybrid resonances when couple
with an optical cavity, which demonstrates its suitability for high sensitive surface detection. The
surface sensing property of this hybrid system, which is important in biosensing applications rather
than the bulk sensitivity, is first quantified by precise atomic layer growth of aluminum oxide us-
ing the atomic layer deposition technique. Then, detection of inorganic amine-coated iron oxide
nanoparticles, streptavidin protein, dopamine and epinephrine is demonstrated. The soft nanoim-
print lithography (SNIL) technique is employed to fabricate the high quality and reproducible
biosensing substrates. This versatile nanofabrication technique enables cost effective mass scale
replication of any arbitrary sensor design for real applications. We foresee that these highly ver-
satile and selective cavity-coupled hybrid plasmonic systems, in conjunction with the large area
SNIL technique, promises low cost biosensor development for the detection of a wide range of

biomolecules of medical and scientific interests.
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5.2. The hybrid cavity-coupled sensor.

These sensing plasmonic substrates are based on a semi-opaque quasi-3D plasmonic crystal, a
dielectric layer and an optically thick back reflector, as observed in Fig. 33. The top plasmonic
arrays support weak plasmonic resonances, which are observed as low absorption resonances and
weak near-field intensity profiles. Nevertheless, as described in Chapter 2 the plasmonic array can
be strongly excited by tuning the cavity thickness that induce coherent excitation of the otherwise

weak LSPR.

Hybrid Cavity—Coupled
Plasmonic System

[0 Gold [ Dielectric [l Substrate

Figure 33: Schematic representation of the hybrid cavity-coupled plasmonic system and SEM
image of one fabricated device.

In order to analyzed the optical properties of the system, the optical performance of the
uncoupled and coupled plasmonic system is numerically studied using the finite difference time
domain (FDTD) method. The model used in the simulations was designed according to the actual
fabricated device, see inset in Fig. 34(a) for a cross section view of the model. The refractive
indices are 1.56 for the dielectric (SU82000.5) and 1.759 for Al,O3. The gold dispersion was
fitted to experimental data [145] using a two-pole Lorentzian Drude model. The simulation volume
consisted of a symmetric unit cell of 740 nm with periodic boundary conditions in the = and y
directions and perfectly matched layers in the z direction. The excitation polarization was in the
direction at normal angle of incidence. Metal discontinuity of 110 nm between top film and bottom

disc was used to account for the real fabricated device and evaporating condition using electron
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beam evaporation. Refinement meshes were employed as follows: fixed 4 nm mesh in the x and y
directions on the whole simulation unit cell and for the z direction 4 nm in the top gold film and
bottom gold disc, 5 nm in the well section and 3 nm in the Al;O3 layer. The cross section field
monitor was placed in the zz plane at y = 0 and the top view field monitor was placed 5 nm above
the gold film. The above set of geometrical configurations were optimized based on the SEM
image cross-section of actual fabricated devices. It is important to notice that several parameters,
such as the metal discontinuity and edge roundness play an important role in determining the final

spectral shape of an experimentally measured device.
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Figure 34: (a) Calculated FDTD reflectance dispersion of the hybrid cavity-coupled plasmonic
system as a function of cavity thickness (L). (b) Top and cross sectional spatial field profiles for a
plasmonic device without cavity coupling at A = 835 nm. (c) Top and cross sectional spatial field
profiles for a plasmonic device with cavity coupling at L = 760 nm and A = 842 nm.

The uncoupled plasmonic system supports a weak LSPR at A = 835 nm as seen in the top
(5 nm above the surface) and cross-sectional (center of the unit cell) electric field intensity profiles

shown in Fig. 34(b). The LSPR linewidth of such uncoupled plasmonic system is ambiguous as
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seen in Fig. 35 (green curve). The LSP mode can be strongly excited by tuning the cavity thickness,
which allows the Fabry-Perot resonant mode to couple with the broad LSP mode forming a hybrid
narrow photonic-plasmonic mode as previously demonstrated in our earlier works [113, 133]. Fig-
ure 34(a) shows the FDTD predicted reflection spectra of the hybrid system showing the complex
resonance dispersion as a function of the cavity thickness (L.). The normalized top and cross-
sectional electric field intensity profiles, for L = 760 nm and A = 842 nm, are plotted in Fig. 34(c).
The local field enhancement is considerably stronger (two times) and narrow band in the coupled
system (fwhm ~26.2 nm) than its uncoupled counterpart (fwhm ~200 nm) for the same plas-
monic mode but slightly redshifted from A = 835 nm to A = 842 nm. Compared to the uncoupled
plasmonic system, the hybrid LSP mode is ~87% narrower and well defined as can be seen in
Fig. 35, which shows the effect of the optical cavity in further reducing the LSPR linewidth as
well as enhancement of the local near-field strength. Both local field enhancement and sharp nar-
rowband resonance is beneficial in order to achieve a high figure of merit when such system is
used for sensing applications. A strong local field enhances light-matter interaction with the target

molecule whereas sharp narrowband resonance improves detectability.
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Figure 35: FDTD calculated reflectance spectra of an uncoupled plasmonic system (green) and
the hybrid system (red), which show a LSPR at A = 835 nm and A = 842 nm, respectively. Re-
flectance spectra comparison between experimentally measured (blue) and FDTD predicted re-
flectance spectra (red) for L = 760 nm.
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5.3. Surface sensing.

As theoretically demonstrated in a multi-layer stack comprising of an asymmetric Fabry-Perot
resonator with a thin aluminium oxide (Al;O3) film the photonic resonance does not experience
any dispersion with respect to thickness variation for Al,O3 film thicknesses less than 100 nm as
seen in Fig. 36(a). This is not the case in the plasmonic systems, where the LSP mode generates
near-field that extends in the vicinity of the metallic surface, as observed in Fig. 34(c), where
any molecule placed within that volume contributes to an observed spectral shift [210,211]. For
example, same Al;O5 film test on the cavity-coupled plasmonic system at L = 760 nm shows clear
LSPR shift with respect of film thickness, see Fig. 36(b).

In order to experimentally study the surface sensitivity of this device we used the atomic
layer deposition (ALD) technique to coat nine high quality conformal layer of Al;O3 with atomic
layer precision using the Savannah system. Studying the LSPR behavior upon controlled con-
formal layer deposition provides insights into the surface-sensing abilities of the hybrid LSPR
system. FDTD calculations of Al;O3 thin film coating were performed to better understand the
experimental observations. First of all, this study gives an estimate of the maximum conformal
layer thickness that can be measured without detuning the plasmonic hybrid mode away from the
photonic resonance. This spectral bandwidth defines the overall dynamic range of the sensor. Sec-
ondly, the conformal inorganic material (Al,O3) growth on the nanostructured surface functions as
a test for the actual biomolecular thin-film coating.

The surface sensitivity is experimentally studied by depositing high quality conformal
Al,Og films in 9 nm increments, from 0 to 81 nm, see Chapter 4 for details on fabrication. The
reflection spectra were measured after each 9 nm cycle of Al,Oj3 film growth, which are plotted in
Fig. 36(c). The LSPR wavelength shifts with respect to the bare uncoated case as a function of
Al;Oj layer thickness (d) are plotted in Fig. 36(d) along with the corresponding FDTD predictions.

A dynamic range of 40 nm was estimated for an Al,O3 thickness of 80 nm before the cavity gets
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detuned. FDTD calculations show similar trend of the LSPR dispersion as a function of Al,O3 as

observed in Fig. 36(b) and Fig. 36(d).
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Figure 36: (a) Theoretical reflectance of a multistack showing a Fabry-Perot resonance (white
dashed line) independent of the Al,O3 thickness (d). The multistack is comprised of air superstrate,
Al,Og film (0-81 nm), gold thin film (30 nm), SUS as a dielectric (760 nm) and gold back reflector
(200 nm). (b) FDTD reflectance dispersion of a hybrid cavity-coupled plasmonic system as a
function of Al;Oj thickness showing the hybrid resonance dispersion (white dashed line). (c)
Experimental reflectance of the hybrid cavity-coupled plasmonic system as a function of Al,O3
conformal layers at different thicknesses. The inset SEM image corresponds to a coated device
with 36 nm Al;Os. (d) Experimental (blue circles) and FDTD (green squares) LSPR shift as a
function of Al,Oj thickness (d). (e) Experimental (blue circles) and FDTD (green squares) surface
sensitivity as a function of Al,O3 thickness (d).

The surface sensitivity of the system is defined as [211]

S = AN/d

(36)

where A\ is the LSPR spectral shift and d is the deposited film thickness. Figure 35(e) shows the

spectral sensitivity as a function of Al,O3 thickness along with the corresponding FDTD predicted
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spectral sensitivity. As observed, both experimentally and numerically, the LSPR blueshifts after
the first film deposition and then steadily redshifts until the LSPR decouples from the cavity mode
and reappears at a shorter wavelength. This initial blueshift does not arise from the increase in
the restoring force of the local electron oscillations but from the detuning effect from the photonic
cavity (change in cavity length or round-trip phase), which subsequently red shifts after additional
Al;O3 layer depositions until completely detunes away from the photonic cavity. Such spectral
shift and cavity detuning is the signature of the LSP-cavity interaction because in a system that
does not support LSP modes, for example when the top gold film is interchanged by a perfect
electrical conductor (PEC), the supported FP modes do not experience dispersion as a function of
thin conformal Al;O3 layers as seen Fig. 37.
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Figure 37: Reflection spectra of a hybrid system with perfect electrical conductor (PEC) inter-
changing the top gold film. (a) Reflection spectra dispersion as a function of cavity thickness. This
graph shows a Fabry-Perot (FP) resonance (dashed line). (b) Reflection spectra dispersion as a

function of conformal coating film thickness that shows no dispersion of a FP resonance at L. =
760 nm.

66



5.4. Inorganic sensing of iron oxide nanoparticles.

Detection of inorganic nanoparticles, through the organic amine coating, turns out to be useful due
to their ability to amplify the LSP signal when conjugated with other, low mass, analytes [52,209].
The corresponding chemical surface functionalization schemes were employed for analyte-specific
binding. The hybrid system, after chemical surface functionalization, captures the target analyte
through high affinity binding which results in an LSPR shift. FTIR measurements, see Chapter
4 for more details, were performed to obtain the LSPR at each step of the biosensing progress,
the intermediate surface functionalization and the final target analyte capturing ()\,) . The LSPR
reference is that for the device without any treatment (\q). The final spectral shift (AX = A, — A\g)
will determine then the device response to a particular concentration of analyte. The spectral
measurements were performed in a dry environment.

A-IONPs were selectively bound to the gold surface using lipoic acid (LA) and EDC/NHS
[212] functionalization chemistry. Each device was washed with deionized water and allowed to
dry prior to being submerged in LA (5 mL of 10 mM) and 1,4-Dithio-DL-Threitol (DTT) (5 mL
of 10 mM) in pure ethanol. LA reduction allow the thiol groups to bind to the gold surface. The
sensors were incubated overnight at room temperature, and then washed twice with pure ethanol to
remove any unreacted Dihydrolipoic Acid (DHLA) or DTT. The resulting DHLA coated sensors
were activated using different concentrations of EDC and NHS (1:1 ratio, from 1 fM to 100 uM) to
activate the DHLA binding sites and subsequently let A-IONPs capturing through a strong amide
linkage. A fixed concentration of A-IONP (0.05 mg/mL) in a total volume of 10 mL H,O was
added and allowed to react with the sensor for 15 hrs. The sensors were then washed three times
with DI water in order to remove any unreacted or excess material. This chemical workflow is
depicted in Fig. 38(a).

Contrary to the conventional binding methods where the entire surface is saturated with the

surfactant, which determines the concentration of the analyte that can bind to it, in this method
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the DHLA-functionalized surface is activated to bind only a maximum concentration of analyte
dictated by the EDC/NHS activating concentration. The graphical representation of the binding
process is depicted in Fig. 38(b). In Fig. 38(c) the LSPR spectral shift (red square marks) is
plotted as a function of A-IONP concentration showing a logarithmic trend (R? = 0.70) in LSPR
shift represented by the continuous line. A fempto molar concentration was reliably detected with

~6 nm minimum spectral shift.
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Figure 38: (a) Gold surface functionalization and detection schemes for selective analyte detection
of Amine-coated IONP binding. (b) Schematic representation of A-IONP capturing. DHLA-
EDC/NHS surface functionalization and A-IONP capture through amine-NHS interchange. (c)
LSPR spectral shift of A-IONP with respect to DHLA activated with different concentrations (C')
of EDC/NHS chemistry. Continuous line represents logarithmic fit (R? = 0.70) to the experimental
data. Inset shows the reflectance spectra of the sample with C' = 100 nM.
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5.5. Protein biosensing.

5.5.1. Biotin-Streptavidin protein model.

In biological sensing applications proteins are a target analyte as they are present in most of the
biomolecules body, cells, bacteria, viruses, and so on. As the first proof of concept a traditional
model based on the high affinity biotin-streptavidin conjugate is tested. Furthermore, the biotin-
avidin lock-key model is a traditional detection route of a wide range of protein and other bio-
molecules. The optical characterization mechanism is same as described in section 5.4.

The devices were prepared as follows. Each device was washed with deionized water and
allowed to dry prior to being treated with lipoic acid - polyethelene glycol - biotin (LA-PEG;;-
Biotin) (20 puL of 10 mM) and DTT (20 puL of 10 mM) in DI water to break the sulfur bond in
order to facilitate binding to the gold surface. The sensors were incubated for three hours at room
temperature, and then washed three times with DI water to remove any unreacted DHLA-PEG;;-
Biotin or DTT. The devices were incubated in BSA (2 mM) for three hours and washed three times
with DI water prior to the addition of streptavidin (40 uL) at different concentrations (7 nM to 14
uM, 1% BSA (v/v)). The sensors were incubated three hours and then washed three times with
DI water. The chemical formulation for this experiment is shown in Fig. 39(a) and Fig. 39(b)
schematically illustrates the binding process.

The corresponding LSPR shift is plotted in Fig. 39(c), which shows a logarithmic response
fit (R? = 0.92) represented by the continuous line, as a function of avidin concentration. In order to
reduce non-specific binding the sensor’s surface was saturated with BSA right after the biotin func-
tionalization step. In addition, BSA surface passivation improved detection accuracy by reducing
the spread of the measured data compared to the A-IONPs detection (Fig. 38(b)). Nanomolar
concentration of avidin was achieved resulting in ~3 nm LSPR shift.

Different plasmonic biosensors, following conventional top-down, bottom-up or a combi-

nation of them have been reported with limit of detection in the nano to picomolar range. For
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example, A¢imovic et al. showed, in a microfluidic integrated with gold nanorods, an avidin de-
tection limit of 0.32 nM [199]. Amanda et al. used silver nanotriangles and obtained a limit of
detection in the low-picomolar concentration without amplification [52]. Guo et al. employed
gold nanoparticles and multi-walled carbon nanotubes to construct a three-dimensional scaffold

working as a biosensor and obtained 0.5 nM detection [213].
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Figure 39: (a) Gold surface functionalization and detection schemes for selective analyte detection
of Avidin. (b) Schematic representation of Avidin capturing through sensor’s Biotin functionaliza-
tion and BSA surface saturation for reduction of nonspecific binding. (c) LSPR spectral shift with
respect of Avidin concentration (C). Continuous lines represent logarithmic fit (R? = 0.92) to the
experimental data. Inset shows the reflectance spectra of the sample with C' = 14 uM.
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5.6. Dopamine biosensing.

Dopamine is an organic electrochemical neurotransmitter that plays a key role in the function of
the whole neural system. Many neurological processes are associated with the active dopaminer-
gic neurotransmission, for example happiness, pleasure, addiction, motivation, cognition and fine
motor control. Dopamine dysfunction, on the other hand, underlies the pathogenesis of several
neurological disorders such as Parkinson’s disease, Huntington’s disease, depression, schizophre-
nia or psychosis. It is also a biomarker in the early detection and diagnosis of some cancers such
as pheochromocytoma [214-216], neuroblastoma [217], or paraganglioma [218-221]. Therefore,
detecting of physiological and clinically significant concentrations of dopamine with high sensi-
tivity and selectivity is of great significance dopamine with high sensitivity and specificity is of
paramount importance in basic research understanding the pathophysiology, drug development, as
well as in the diagnosis and disease management.

There are currently different dopamine detection methods available. For example, micro-
electrodes, which relay on the dopamine electroactivity, can be injected near the region of interest
for in vivo or in vitro detection of extracellular dopamine levels [222]. Microdialysis, on the
other hand, collects biological fluids to be process off-line using a range of analytical methods,
such as the high-performance liquid chromatography (HPLC), mass spectroscopy, fluorometry,
electrochemical detections, or the enzyme-linked immunosorbent assay (ELISA) [194,223-225].
However, the current detection limits range in the 1 nM in mass spectrometry, 20 pM for ELISA
and 3-8 nM for HPLC.

With the aim to overcome the aforementioned limitation in the traditional dopamine de-
tection methods a myriad of alternative detection schemes have been previously reported, from
electrochemical to optical sensors. In electrochemical detection typically modified electrodes
are used to enhance the dopamine detection ability. For instance modified electrodes like Au-

nanoparticles (NPs) [226,227], Ag NPs [228], single walled carbon nanotubes [224,229], graphene
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oxide electrode [230-234], silicon nanoparticles [235], iron oxide NPs [236,237], conductive poly-
mers [238-243], glassy carbon [244-246], and others [247-253]. Electrochemical techniques have
the advantages of rapid detection and decreased cost for the detection of dopamine; nevertheless,
there are limitations relating its intrinsic transduction. Another important concern is the selectivity
in conjunction to oxidizable dopamine metabolites and other compounds like ascorbic acid, which
extensively interfere with the detection of dopamine as they have closer oxidizing potentials. Fur-
thermore, most electrochemical detection limits are not close to physiological levels of dopamine,
for example plasma dopamine concentration in healthy adults ranges (65-130 pM) [254]. There-
fore, the detection of lower concentration of dopamine renders impossible. Optical based dopamine
sensors rely on surface plasmon resonances [255-262]. Typically, gold or silver NPs are enzymat-
ically functionalized to bind dopamine and transduce it to an optical signal. However, the main
limitation in dopamine detection is its low mass (153.18 Da) hence the lowest detection limits are
within 1 nM.

In this section dopamine sensing is demonstrated on our nanoimprinted cavity-coupled
plasmonic substrates. The detection method is based on the strong affinity oxygen deficient
nanoparticle such as cerium oxide nanoparticles (CNPs) have towards electroactive compounds,
such as dopamine. CNPs at the nano scale (3-5 nm diameter) support the coexistence of both Ce3*+
and Ce*" oxidation states on its surface forming defects in the crystal lattice [1,263-265]. These
oxygen vacancies act like catalytic hotspots for any chemical entity to undergo a unique redox
reaction, for example between electroactive compounds in the biological system such as serotonin,
epinephrine, dopamine and norepinephrine [1]. As a result, oxidized dopamine binds to the CNP
surface forming charge transfer complexes [1] observed in the scattering optical signal modulation.
Therefore, CNPs become efficient enzyme-free dopamine optical nanotransducer. Several sensing

demonstrations are presented in buffer solutions and in biological fluids, such as plasma.
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5.6.1. Interaction mechanism.

CNPs are redox active and support Ce?>™ and Ce?™ ions simultaneously on its surface regulating
its enhanced catalytic properties [263]. As previously reported by Hayat et. al. [1] dopamine
and CNPs undergo a mutual redox reaction in which dopamine is oxidized and Ce** is reduced
to Ce3t. Then, these two intermediate states binds to each other forming a chemical complex,
which is observed as an increase in the optical cross section. This interaction is observed in Fig.
40. Thereby, it is the Ce**/Ce3* surface ratio (CeSR) that controls the efficiency of the nanoscale

redox reaction with different electrochemical compounds, i.e. dopamine.
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Figure 40: Dopamine and cerium oxide nanoparticles interaction. After mutual redox reaction
dopamine and CNPs form a complex which is optically observed as a dark solution given by the
change in the optical cross section [1].

In order to test the CeSR effect toward dopamine interaction two CNPs composition were
prepared that exhibit different surface chemistry: CNP1 with CeSR > 1 and CNP2 with CeSR < 1.
The particles CNP1 and CNP2 have been carefully formulated to have similar spherical shape and
size of 3-5 nm that differ only in their surface chemistry. Then, the dopamine-CNPs interaction
is studied with UV-Visible electrochemical analysis as a function of oxidation potential. Firstly,
dopamine has an extinction peak at 281 nm and gets oxidized upon applying an external potential,

which induces an extinction peak at 390 nm as shown in Fig. 41(a). CNP1 (CeSR > 1) solution
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Figure 41: UV-Visible electrochemical analysis of CNPs with two surface oxidation states ratio
CeSR and its interaction with dopamine. (a) Oxidation of dopamine alone. (b) Visual observation
of CNPs at different CeSR and dopamine. (c) Oxidation of CNP1 (CeSR > 1), and (e) combined
with dopamine. (d) Oxidation of CNP2 (CeSR < 1), and (f) combined with dopamine.

has a Ce'™ extinction peak at 290 nm. Upon oxidation the Ce** concentration further increases
as observed in the growth of the 290 nm extinction peak as seen in Fig. 41(c). For CNP2 (CeSR
< 1) solution the Ce*t extinction peak is not clearly observed, and upon oxidation the increase
in Ce*™ concentration is manifested as a baseline up-shift as observed in Fig. 41(d). Now, when
CNP1 is mixed with dopamine the absorption intensity of Ce** peak does not increase while the
presence of free un-oxidized dopamine decreases (extinction peak at 281 nm), see Fig. 41(e). In
addition, the absence of free oxidized dopamine, whose extinction peak does not strongly show
at 390 nm, suggests its absorption onto the CNPs surface as previously observed [1]. However,
when CNP2 is mixed with dopamine the UV-Visible spectra are a superposition of oxidation of

CNP2 and dopamine individually, exhibiting hardly any interaction upon increasing the oxidation
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potential as shown in Fig. 41(f). Dopamine-CNPs complex formation is also visually observed.
At the beginning both CNPs formulations and dopamine appear clear. Once mixed, there is an
immediate change in color for CNP1 (dark brownish) compared to hardly any change observed
in CNP2 as shown in Fig. 41(b). This suggests a formation of charge transfer complex, in the
form nanoparticle coating, with a decrease of free un-oxidized dopamine, thereby indicating the
preference of dopamine oxidation for CNPs with CeSR > 1 as previously observed [1]. The
CNPs (from here on refereeing to CNP1) affinity towards dopamine is exploited as an enzyme-free

dopamine ligand in biosensing applications.
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Figure 42: (a) FDTD calculated near-field for the NHPS excited at resonance for a cavity thickness
of L = 680 nm and A\ = 826 nm. (b) Reflectance spectra of one device experimentally measured at
three steps of dopamine sensing as observed in the right panel: bare, after CNPs coating and after
dopamine incubation.

The nanostructured hybrid plasmonic sensor (NHPS) is fabricated using the nanoimprint-
ing method, as described in Chapter 4. The active plasmonic substrate is formed by a gold hole-
disk system arranged in a square lattice coupled to a photonic cavity producing a strong hybrid
cavity-coupled plasmonic resonator, with enhanced near field excitation and narrower plasmonic
resonance linewidth [113, 133]. Figure 42 shows the geometry of the NHPS and the engineered
near-field intensity profile of the LSP at resonance calculated using the finite difference time do-

main (FDTD) method. The LSPR is determined by the polarizability of the plasmonic resonator,
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which is strongly affected by several factors; however, for a defined geometry the only common
factor is the change in the refractive index of the vicinity of the plasmonic resonator. This perturba-
tion can be induced by thin film deposition, either organic or inorganic, or by changing the whole
bulk refractive index of the superstrate [178,210]. Whichever is the cause, the LSPR will suffer a
spectral redshift due to accumulation of polarization charges on the metal-dielectric interface. In
addition, isolated refractive index perturbations such as nanoparticles can also produce a spectral
shift effect on the LSPR. It is the case with CNPs, once attached to the NHPS redshifts the LSPR.
Finally, upon dopamine capture on its surface the dopamine-CNP charge transfer induces a change
in the CNPs refractive index, in the form of CNPs coating layer, which is further transferred onto
the NHPS that experiences an additional LSPR shift. This mechanism is graphically demonstrated
in Fig. 42, where one experimentally measured reflectance is captured at three steps of the char-
acterization process. The overall sensor response (AA;spr) is determined by the spectral shift

difference from CNPs to the dopamine capture state, see Fig. 42.

5.6.2. Inorganic cerium oxide nanoparticle functionalization.

Cerium oxide nanoparticles (CNPs) stabilized in polyvinyl acetate (PVA) are deposited onto the
sensor’s gold surface by spincoating. It was found that multiple coating steps were needed in order
to produce enough surface coverage of nanoparticle as one spinning step leads poor surface cover-
age. However, as the surface coating increases it also does the surface to volume ratio lowering that
way the reactivity of CNPs toward the target electrochemical analyte. This effect was observed in
a characterization experiment where 8, 12 and 16 coating cycles were performed. As seen in Fig.
43(a) the CNPs surface coverage increases as the number of cycles increases and also the LSPR
signal from the device increases as seen in Fig. 43(b). However, as observed in Fig. 43(b) the
sensor response to dopamine is almost unchanged. Therefore it is not necessary to oversaturate the
sensors surface and keep the surface funcitonalization process efficient. For the coming dopamine

sensing experiments 8 cycles CNPs coating is adopted.
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Figure 43: (a) Top and cross section SEM images of sensors coated 8 (left), 12 (center) and 16
(right) times. Scale bar is 500 nm. (b) LSPR response observed in an spectral shift for CNPs
coating and dopamine capturing.

5.6.3. Detection in buffer.

The first dopamine demonstration is performed in simulated body fluid (SBF). This type of solution
contains same free ionic concentration than human body fluids with the only absence of proteins
and cells. The sensor surface consist on a 4x4 mm? in which nine spots are optically measured
using the FTIR, as described in Chapter 4. After each step extreme care is paid to locate and read
the optical signal from each spot. At the end an average of the LSPR is taken and the error bars
correspond to the standard deviation. Figure 42(b) graphically shows each step along with the
corresponding LSPR shift.

Each sample is coated with CNPs eight times, the SEM of one device is shown in Fig.
44(a), and then dopamine is incubated at different concentrations for one hour. After incubation,
each samples what thoroughly washed with deionized water to remove any unreacted dopamine
and buffer out of the device and let dry overnight, both at room temperature. In Fig. 44(b) the

LSPR shifts as a function of dopamine concentration is plotted. According to these results as low
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Figure 44: (a) SEM image of one fabricated device. Scale bar is 300 nm. (b) Sensing of dopamine
in SBF from 100 fM to 100 nM. Control experiments represent the sensors response in the absence
of CNPs coating and buffer effect. Red curve represents fitting to Eq. 37 with R? = 0.98. Error
bars represent the standard deviation.

as 100 fM concentration was differentiated from the sample pool. The red line in 44(b) is the fit to

a sigmoid equation given as
b—a

f(w) =a+ 1+ e—c@—d)

(37)

where the set of fitting parameters values {a, b, ¢ and d} are {1.48, 3.85, 0.83 and -10.69} for this
experiment with a good of fit of R? = 0.98, respectively, and x corresponds to the logarithm of the
analyte concentration. According to this fitting model the theoretical limit of detection defined as
the concentration at which the total signal drops to 10% is round 10 fM [199].

In order to rule out any affinity towards dopamine besides that of CNPS, a series of control
experiments were performed. In first instance, a pristine device was incubated in PBS only. Then a
device coated with PVA and incubated in SBF. Finally, a sample coated with CNPs and incubated
in SBFE. All of these test showed a finite LSPR shift; however, as observed in Fig. 44(b) they all fall

below the smallest dopamine concentration on PVA-stabilized CNPs coated devices. It is worth
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mentioning that due to the multiple steps involved in the characterization over one to two days, and
additional non-uniform CNPS surface coating on the entire 4x4 mm? device area, large error bars
are observed in the results.

In addition, other catecholamines (compounds containing a benzene ring and two hydroxyl
groups), such as 3,4-Dihydrophenylacetic acid (DOPAC) or epinephrine and molecules with same
hydroxyl group such as ascorbic acid were tested in order to observe the strength of interaction
with CNPs. Figure 45 shows the LSPR shift response of four devices coated with CNPS and
incubated with these alike species at the same concentration and compared with that of dopamine
alone. It is confirmed that dopamine has the largest response among all four elements in agreement

to previous observation in colloidal CNPs [1,266].
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Figure 45: Sensor response to other organic molecules with similar catecholamine moeities
(DOPAC, epinephrine) and hydroxyl terminal groups (ascorbic acid) with respect to that of
dopamine at the same concentration.

5.6.4. Detection in plasma.

Finally the device was tested in a more complex environment, plasma. This media is the closes

to actual biological fluid used in the routine screening taken in the laboratories. It contains the
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entire cocktail of ions, proteins, antigen, antibodies, hormones and so on, only with the absence
of white and red blood cells and platelets. This preliminary demonstration is carried out with the
aim to demonstrate the responsiveness of the device to dopamine when present in plasma. Figure
46 shows the LSPR shift for two samples incubated with sheep plasma containing 10 and 100
nM concentration of dopmaine. Furthermore, a series of control experiments were carried out to
rule out the effect of other materials to the entire response of the device. Hence, several devices
were prepare. Two devices without coating but incubated in plasma alone or plasma and 100 nM
dopamine. One device coated with PVA and another with CNPs and incubated in plasma. As
observed in Fig. 46 it is only in the presence of dopamine end CNPs coating where the device
reports a larger LSPR signal. All other still have some residual LSPR shift, which is attributed to

the possible coating of proteins or other biomolecules on the surface.
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Figure 46: Device response to dopamine present in sheep plasma: a more complex fluid of great
interest for point-of-care type of applications. This figure reports the LSPR shift of CNPs coated
samples to dopamine and other control experiments.

80



5.6.5. Dopamine detection in an active plasma separator chip.

The ever-sought goal of plasmonic systems is in its translation to an application that is of great
interest for society. In this regard, I demonstrate the detection of dopamine directly from diluted
blood using a microfluidic channel system. This plasma separator device employs bio-physical
effects such as the Zweigach-Fung bifurcation law and Fahraeus effect [267-269] in order to re-
move larger hydrodynamic particles from the suspending buffer. Particles, such as blood cells and
platelets, can be separated from the plasma matrix at the bifurcation of two channels with a high
contrast resistivity, i.e. flow rates.

In this demonstration plasma is separated from the diluted whole blood channel and taken to
the plasmonic detection area. Figure 47(a) shows the schematic representation of the microfluidic
chip and Fig. 47(b) shows one image of plasma separation on the device. The initial test is
performed in two blood samples, one containing 100 nM concentration of dopamine and the other
with zero concentration. The assay is run flowing a phosphate-buffered saline buffer (PBS) for
around 200 seconds in order to stabilize the device at a pressure of 50 mBar. Then the blood
channel is activated with a pressure in the range of 600 mBar in order to produce plasma separation,
as observed in Fig. 47(b). In this state the upper branch of the device flows plasma with negligible
blood cell content. The system remains in the plasma separation state for an additional 100 sec and
then the flow is stop to let the plasma matrix to interact with the CNPs-coated plasmonic surface.
Finally the excess plasma is flushed from the channel using PBS.

Figure 47(c) shows the time evolution of the LSPR shift with respect to each state of the
device. As observed there in the initial stabilization the LSPR remains unchanged until the plasma
separation starts observed as a sudden shift of the LSPR. This is according to the initial change in
the liquid refractive index. Then, after ensuring plasma separation, as observed in the inset of Fig.
47(d), the flow is stopped and the LSPR shift starts shifting. After the flush the LSPR returns to

its baseline position, which corresponds when the refractive index of the environment solution is
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Figure 47: (a) Microfluidic chip that incorporates a plasma separator and plasmonic dopamine
sensor. (b) Plasma separation picture for a device running diluted blood at a pressure of 600 mBar.
(c) Dopamine detection directly from blood at 100 nM and (d) control sample with same blood
without dopamine.

PBS. Comparing with the control sample, which does not include the interaction with dopamine
we observed similar effect but without the interaction further shift of the LSPR when the flow is
stop. Which confirms the interaction of CNPs-Dopamine.

On observation here is the effect of possible protein coating on the device. Whole blood
contains a complex compound of biomolecules present that might electrostatically attach to the
gold surfaces. This could be why the LSPR shift does not return to its original baseline after the
PBS flush. However, similar effect is observed in both experiments but with a larger offset for that

containing dopamine.
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5.7. Sensing molecular chirality.

5.7.1 Detection of molecular chirality based on VCD.

The dissymmetry in the absorption rate for an arbitrary molecule under monochromatic CPL ex-
citation is the result of both matter and light chirality [149]. This is carried out through circular
dichroism spectroscopy, where the difference in the absorption for CPL or the circular dichroism

signal CD = ALCP — ARCP or equivalently it dissymmetry factor

ALCP _ ARCP

9=277cp o ARCP’ (38)

reports the intrinsic molecular chiral configuration. Consider for example an ideal molecule elec-

tromagnetically described by its electric and magnetic dipole moments p and m, respectively:

p=aE —iGB (39a)

m = B + iGE (39b)

where a/x are the complex electric/magnetic scalar dipole polarizability and G is the cross term
complex electromagnetic polarizability. In reality all these parameters are present in a second rank
tensor form; however, for light polarization along the i = {z, vy, z} the corresponding diagonal
elements are dominant as the dipole response is strongly parallel to the polarization of light. The
absorption rate for this molecular model is the projection of the dipole moments onto the electro-
magnetic fields

ACPL — <p - E +m- B>CPL (40)

For achiral molecules G = 0, which leads to AA“"Y = 0. On the other hand for G' # 0

then a finite value for AA“FL is obtained. Under this basic concept the circular dichroism tech-
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nique has proved a powerful analytical method to characterize chiral molecules in the UV and IR
domains. Nevertheless, chiral molecule’s cross section are very small. Henceforth, a high popu-
lation of them are needed in order obtain a sufficient signal to noise ratio. This is achieve by two
methods, one is by increasing the concentration of molecules but without absorbing considerably
the probing light. The second is by increasing the detection path length and increasing the assay
time.

Another way to increase the dissymmetry factor g is by increasing the chiral density of light.
It was previously demonstrated that the dissymmetry factor for chiral molecules as a function of

the free-space normalized electromagnetic chiral density C'/Ccpy, is [148]

Im(G) C
= . 41
g m(a) CCPL ( )

This solution indicates that the dissymmetry is the product of both matter and light and it even
suggests a mechanism to enhance it using superchiral light, i.e. C/Cepr > 1. Nevertheless,
while matter chirality is fixed for a particular molecule, it is only the electromagnetic chirality that

enhances the dissymmetry in the absorption rate observed in the scattered far-field.

LCP & (s)-Molecule RCP & (s)-Molecule
Chlral Interactlon No chlral Interactlon

Figure 48: Schematic representation of chiral light-matter interaction between LCP and (s)-
enantiomer exploited in surface enhanced vibrational circular dichroism spectroscopy.

As described in Chapter 3 plasmonic systems can produce strong chiral near field on de-

mand on achiral plasmonic substrate. In this section I demonstrate surface-enhanced vibrational
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circular dichroism (VCD) on an achiral plasmonic substrate comprised of a hole-disk array work-
ing in the IR domain, see Fig. 19 and Fig. 24. The test chiral molecule is Camphor on its two
enantiomers: (d)-Camphor and (s)-Camphor. In Fig. 48 the phenomenological representation of
VCD for a test (s)-Molecule under both signs of superchiral light on the same achiral plasmonic
substrate. The plasmonic system is tuned to the C-H vibrational band of camphor, v ~ 3000 cm ™!,
which are embedded in a polymer matrix solution at ~ 0.614 M concentration, which was spun
coated onto the substrate to form a thin film with an approximate 3% molecular filling fraction
as observed in Fig. 49(a). The optical characterization is performed using a microscope-coupled

FTIR probing 3.8 mm? of the sample with an approximate 3.8 nL probing volume. The optical

configuration is schematically shown in Fig. 49(b), see Chapter 4 for more details.

Figure 49: (a) Top view of one uncoated sample and cross section view of one polymer coated
substrate embedding the chiral molecule. (b) Experimental configuration of the FTIR and Hyperion
microscope to perform the optical characterization.

The dissymmetry factor is calculated as a function of the reflectance spectra for both RCP

and LCP
RLCP _ RRCP

RLCP + RRCP ’

g=2 42)

The first characterization is to obtain the response of a thing film of polymer embedding the chiral
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molecules on a flat gold mirror, then the second is on a detuned cavity and the last one on a tuned
substrate whose LSPR overlaps to that of the vibrational resonance of camphor. The dissymmetry
in the reflectance for (d)-ccamphor and (s)-camphor is shown in Fig. 50, where clear dissymmetry
(g ~ 5 x 107?) in the reflectance spectra is observed around the LSP resonance, represented by
the vertical line in Fig. 50. In contrast, same film deposited and characterized on a flat gold film
and on same achiral plasmonic substrate detuned from the camphor absorption band do not show
dissymmetry in the reflectance spectra, see Fig. 50. Therefore, it is the chiral near-field generated
by the plasmon resonance, which further overlaps with the absorption band of the chiral analyte,
that give rise a finite VCD signal since it is at resonance where the chiral near-field density is
maximum.
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Figure 50: Dissymmetry factor for camphor (from top to bottom) on planar gold mirror, detuned
and tuned achiral plasmonic substrate (also illustrated in the inset of each plot). Vertical line
represents the LSPR of the tuned substrate.

Conventional VCD spectroscopy of 0.6 M camphor in liquid solvent [270] reveals path

length normalized dissymmetry factors (g/um) in the order of 2 x 10~ 7um™!. In contrast, this
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demonstration on similar concentration but much smaller effective path length of ~ 1 pm, dissym-
metry factors of g ~ 5 x 10~2um~1 is observed, with about four orders of magnitude enhancement
in detection sensitivity (¢/pum). According to our simulations, the achiral plasmonic structure of-
fers superchiral near-field generation through the magnetic plasmon resonance. This is a limiting
factor in the current demonstration since chiral molecular absorption rate is predominantly de-
fined by electric dipole transitions. However it would be the perfect scenario for magnetic chiral
molecules, which would experience much stronger interaction in this present geometry. Neverthe-
less, there are further geometries to explore that would lead to electric-field-dominated super chiral
near field and, consequently, stronger CD signal could be achieved.

The understanding and control of the plasmon resonance using this cavity-coupling ap-
proach allows us to design plasmonic systems with novel characteristics. In addition, the straight-
forward nanoimprinting technique enables the mass production of such devices time and cost-
efficiently, which allows the deployment of functional devices to the market. In this sense, I
demonstrated how these simple hybrid systems, yet electromagnetically complex, are applied to
biosensing of chiral and nonchiral analytes. The proof of concept presented here paves the road to

potential applications outside the laboratory framework.
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6. CONCLUSIONS AND FUTURE WORK

The extent of this work was to study the fundamental interaction between plasmonic and pho-
tonic resonances in complex electromagnetic environments. From multi-resonance interaction to
unique control of the polarization state in the near field, the hybrid cavity-coupled plasmonic sys-
tem provide unique opportunities to enable novel devices. In addition the fabrication method has
an important merit since it does not rely on serial, time-consuming and expensive lithography
techniques that impose high technological cost in the portrayed application framework. The nano
imprinting lithography technique satisfies the technological constrains of conventional nano fabri-
cation procedures and allows the mass production of high-quality devices as demonstrated in the
course of this work and exploited by others. Therefore, the mutual exploitation of the system un-
derstanding along with the enabling technology translate in novel devices and applications with
important technological impacts outside the laboratory domain.

The coherent interaction of cavity-plasmons, for example, would allow the dynamic exci-
tation of plasmon modes hopping from the enhanced state to the suppressed state by only tuning
the cavity phase. Although such a tuning is not possible for passive devices once the device is
fabricated, in the presence of an active device that allows the refractive index modulation using an
external stimuli this effect would be feasible. The active modulation would permit the dynamic
tuning of the plasmonic resonance along with the intrinsic properties, such as absorption, field
enhancement, polarization control and so forth.

In biosensing applications, there is further room for improvement and extend the current
work presented here. The first sensing demonstrations were made using the incubation method. It
means that the baseline of the device is taken first, then the corresponding analyte is incubated for
an optimized time, and finally after removing the unreacted analyte and thoroughly dry the sample
the response measurement is taken. This characterization method is subject to artificial shift solely

by misplacing probing area, but it can be upgraded by incorporating a microfluidic channel system
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that performs the full assay on-site on the same spot. Although this approach was utilized at the
last stage of my work it opened the window to perform more complex assays that would add
technological value to the straightforward biosensing application based on the discussed hybrid
cavity-coupled plasmonic substrates. This multi-system integration would allow the fabrication of
a point of care module that, for example, would run a particular pathogen profiling assay in region
without access to analytical pathogen detection facilities. Therefore, I anticipate future work in
this research line taking advantage of the cost relief given by the cheaper fabrication method.
These cavity-couple plasmonic system also allow the unique control and manipulation of
the near field’polarization property. This is the case with superchiral light generation; in which the
near field polarization exhibit higher phase twist compared to that of freespace CPL. This addi-
tional degree of freedom in the already engineered near-field will permit the detection of a certain
analyte and characterize its chiral configuration. This concept was demonstrated on two chiral
enantiomers of the same molecule using a single achiral substrate. The substrate supports both
chiral near-field configurations which can be tuned on demand solely by the incident polarization.
Hence, the same system can probe a certain molecule with CPL-like near-field and report in the far-
field reflectance spectra this interaction. Considerable enhancement is observed in the dissymme-
try factor from the measurement compared to conventional characterization methods, vibrational
circular dichroism in this particular case. In addition, this concept can be translated to plasmonic
resonances in the NIR to perform supramolecular chiral detection of proteins, for example, or other
amino acids or DNA strands. In addition, when integrated with microfluidic channel systems along
with a dynamic CPL polarizer the protein conformation dynamics could be observed in real time.
This exciting field will not only permit the observation of molecular conformation change in real
time but to study its biochemical interaction with drugs or other biomolecules. This synergetic
interaction understanding will have profound effect in protein conformation related diseases, such

as Alzheimer’s disease, which is attributed to protein miss folding.
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APPENDIX A: CHIRAL DENSITY DERIVATIONS
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A.l. Derivation from original equation.

Lipkin introduced the following equation
N - - 1 -~ -
Clr)=15E-VXE+1—B -V xB (43)
Ho

of a conserved electromagnetic field quantity that later was attributed as the chiral density of the
electromagnetic field. This vector equation is time averaged to reduce to C'(r) = — %5Ow Im(E*-B)

as follows. Here E and B are the real electric and magnetic vector fields, respectively, given as:
E(r,t) = Re [E(r)e '] =

L [E(r)e ™" + E*(r)e™] (44)

o

(r,t) = Re [B(r)e ™'] = 1 [B(r)e ™" + B*(r)e™'] . (45)

N[

Using Maxwell’s equation on Eq. 44 and Eq. 45 we obtain:

- d ~

V x E(r,t) = —EB(r, t) =itw [B(r)e ™" — B*(r)e™’] (46)
V x B(r,t) = MOEO%E(r,t) = —izpocow [E(r)e ™ — E*(r)e™'] 47)

Then, combining Eq. 44 in Eq. 46 and Eq. 45 in Eq. 47, and using the complex identities

a—a*=1i2Im (a) and a* — a = —i2Im (a), where a is a complex number, we have

E-VxE=1[Ee™ +E(r)e™] - ilw [B(r)e ™" — B*(r)e™]
=iiw[E-Be ™" —E-B*+E*-B — E*- B*e™]

=iiw [i2Im (E* - B) + E- Be ™' — E* - B*e"']
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and

BV xB=1[B(r)e™ +B*(r)e“] - —ilupsow [E(r)e ™" — E*(r)e™]

1
2
= —ilyeow [B-Be ™' - B.E*+B*-E-B* -E¢*'|: B-E=E-B
= —ifpoeow [E-Be " —E*-B+E-B* — E*- B*e'*]

= —itpoeow [—i2Im (E* - B) + E - Be ™' — E* - B¢

Finally, combing these equation according to Eq. 43 and solving for the associated algebra, the

final equation is obtained.

- -~ 1 - ~
C(r):%soE-VxEJr%M—B-VxB
0

Z’%%EOW |:Z2 Im (E* . B) + E- Be—i?wt —E*. B*eith}

_ i%iéfow [—ZQ Im (E* . B) + E. Be—i2wt _E*. B*6i2wt}
gow [i2Im (E* - B)] + it 1eow [i2Im (E* - B)]

= —ieowIm (E* - B) — icqwIm (E* - B)

C(r)= —%5()@ Im (E* - B) (48)
A.2. Derivation of the chiral density for a dipole excited with free space planewave.

The chiral density is calculated for an electromagnetic planewave, propagating along the backward

direction, k = —kk, with electric and magnetic fields given by:
E; = 5B [& +¢27g] ™ (49)
1 k . ,
B,=—[kxE]= Eo [6%8 — ] ™. (50)
w 2w
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Notice that the time dependent factor e~**

was omitted for clarity purposes. For a rotating dipole
oriented in the xy plane, its dipole moment is given by p = 1A E;, where A is the dipole polariz-

ability matrix

which produces a dipole moment of the form p = ip,pe~* where p = \/% (2 + €299) ™**, and

po = oo lyy. The electromagnetic fields radiated by this dipole would be

ikr 3
Egpp = i4§20 erg {k2 (rxp)xr+ L—Qr (r-p)— f)} (1— zkr)} (51)
. C,U()pok2 6ikr R B 1
B = ie P 1 p) (1 L) (52)

The chiral density for the combination of the incident field and the generated fields, E =

Ei—i-ERD and B = Bi—i-BRD 18

C(r)= —%50w Im(E x-B) = —%50w Im ([E; + Egp| * - [B; + Bgrp])
= —%&Tow Im (Ez * Bz + Ez * ~BRD + ERD * Bz + ERD * 'BRD)

=C; +Cgi—grp + Cri—grp + CrpD

Dipole E-field and dipole B-field

The derivation for C'rp, Cs;_grp and Cg;_grp are given bellow. That for C; is already given in
Chapter 3. Firstly, the chiral density of a stand-alone rotating dipole, which is given by Eq. 51 and

Eq. 52 and Eq. 48 is as follows.

2
N aogk \~ clo
Crp(r) = —3ewim [E" - B] = —%eowéEoQ(E) cor®

i [ 97 x|S0 -] e p it f (1= o))

r2
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The following vector operations will be demonstrated in section A.3.

(53)
(54)

(55)

r oy oz
[(r x p*) x 1]+ (r x p) = r’det (r,p,p*) = %2 1 ¢idé
1 e-idé
_. (¢80  ¢ido)
2
= —ir?zsin (A¢)
1 e ¢
p*- (r x p) = det (p*,1,p) = % oy -
1 ¢ide
= —%zem‘;S + %zem‘z’
= —izsin (Ag)

Finally the chiral density of the rotating dipole is obtained by combined these vector operations

and solving the algebra. The terms xk =

ook

471'80

is the normalized polarizability and chiral density of
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2
circularly polarized light Cjy = —% are used to compress the notation.

Crp (x) = gowE2g(“°"f)20"° [{/ﬁ( 22 sin (Ag)) — (izsin(Agzﬁ))(l—i—ikr)}(l—%)}

At ) eord
— Oyt (Z—f) ZO% Tm {{—ik%ﬁz sin (Ag) + iz sin (Ag) — krzsin (Ag)} (1 - %)]

k\°1
:C’0£<a0 > —Im[ z’k%%—i—z’z—km—i—km—ki—m] sin (A¢)
0 r

2
1
= C’oﬁ( aok ) — Im [ ik*r?z — i} sin (A¢)
0 kr
Incident E-field and dipole B-field

CEi—BRD (1“) = —%ﬁow Im [Ez * 'BRD]

_ 1 1 72 CﬂoaokQ N —iAG ~ ~ 1
= —58w 5 L€ i Im |i [2+e ] - (exP)|1-— o

=
N3
N>

rXP=T5le oy 2| = o5 200+ 2+ (2627 —y) 2]

[2+e72%9] - (r x P) = 5 [-2€"2 + 2¢78%] = —iF5zsin (Ag)

95



cpocpk? S .2 1
Cgi_Brp () = —%aw\%ﬂ’gf ’lﬁfﬁ; Im {z (—ZEZ sin (A(b)) (1 — %)}

Auoagk? | i
— g2 Zsin (A¢) Im (1 + E)

apk z

477'60 7“_3 sin (A¢)

= C’ggmr—i sin (Ag)

= Cog

= Co¢

Dipole E-field and incident B-field

CeERrRD-Bi = —%50W Im [E%p, - B
1 k2 (r x p*) x r+ k .
= —%aow Im —i—4p0 = ( ) : NG N [€1A¢f ?}]
T By (v p) — p] (1 + ikr) 2w
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rXPr=sle oy 2| = —pre B0+ goag s (we B —y) 2

1 e ¢ 0
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ag 1 1 kz\% {i222sin A + y?e2¢ — g2e7 100}
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k
- %C’Om% Hk’ — W} (2”7 — y?) cos Ag + {; (® + %) — 27"} sin Agb}

A.3. Vector operations in determinant form.

For simplicity I will use Einstein summation convention. Let two arbitrary vectors a and b, such
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that their dot and cross product c are defined as follow:

3
a-b= Zaibi = d'b’
i=1

€1 €y €
3 3 3
c=axb= al a2 a3 = E E E eijkéia]bk = eijka]bkéi.
i=1 j=1 j=2
vt v?

where é; is the unit vector along the " direction, and €;;, is the Levi-Civita operator with the prop-
erties: €;;, = +1if (¢,7,k) = (1,2,3),(2,3,1) or (3,1, 2), ;5 = —1if (4,5, k) = (3,2,1), (1, 3,2)
or (2,1,3), €, =0ifi = j,j = kor k =i and €481 = 0jmdk — 0i0km. The vector equations

are calculated.

* i kx* m A i kx ma i kx_ma
[(rxp*) xr|= EijkT' P Elimr" €1 = EijrEimr’ P T € = (5jm5kl - 5jz5km) rpTrte

= 5jm5kl7’3pk*rmél — 5jl<5kmrjpk*7"mél = rmplrme, — rlpmrrme,

m, Ix_m s l,_mx_m s

[(r x p*) x 1] [r x p] = [F"p"*r™e — r'p™ e - (17 P el
m, Lx I, mx m

= €1 T TIP" — E1gur ™ ™ rip"

m,.m n, I mx_.m n, .l
=rr gqnqup p —p T 8qnl'rqp r

— (r . r) pl p2 p3 — (p* . I') pl p2 p3

= 7'2 det (I‘, p, p*) - (p* ' I‘) det (I‘, p, I‘) = 712 det (I‘, p, p*>
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The determinant of a 3 x 3 matrix is zero if two rows are the same.

p*[rxp|l= (Pi*éz‘) : (€ijk7‘jpkéi) = €ijkpi*7”jpk =yl 2 3| =det(p’,r,p)

.0 pJ* l,m j g% il m *
= ' e pumr p" i = T Emr' ' p™ = (x - P) |11 2 3

= (r-p*)det(r,r,p) =0
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APPENDIX B: MATERIALS AND METHODS FOR BIOSENSING
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B.1. Sensing iron oxide nanoparticles and streptavidin.

Materials.

(+)-a-Lipoic Acid (LA), 1,4-Dithio-DL-threitol (DTT), 1-Ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC), N-Hydroxy-succinimide (NHS), streptavidin, bovine serum albumin (BSA),
FeCl;3.6H,0, FeCl,.4H,0, NH,OH, hydrogen chloride (HCL), N,N’-Dicyclohexylcarbodiimide,
tetrahydrofuran, ethyl acetate, hexane, poly(acrylic acid), pyridine, dimethylformamide, Biotin-
PEG;,-NH,, were used as received. Lipoic Acid conjugates were synthesized using NHS chem-

istry.

Iron oxide nanoparticle synthesis.

An iron solution consisting of FeCl;.6H>0 (0.62 g), FeCl,.4H,0 (0.32 g), H,O (2 mL) and HC1
(100 pL) was added to a 12% (v/v) aqueous solution of NH,OH under mild mixing. The solution
was allowed to mix for 30 seconds to allow for nucleation. Then poly(acrylic acid) (820 g) was
dissolved in H,O (15 mL) and added to the iron solution under rigorous mixing for one hour. The
iron oxide nanoparticles (IONP) were purified via centrifugation (30 minutes, 4,000 rpm, three
times) to remove large iron particles and with a KROS FLO filter (Spectrum Labs) to remove
excess ammonium hydroxide. The nanoparticles size (80-100 nm) was determined by dynamic

light scattering (Zetasizer Nano ZS, Malvern).

Lipoic acid-NHS synthesis.

N,N’-Dicyclohexylcarbodiimide (6.00 g) was dissolved in tetrahydrofuran (10 ml) and added
slowly to a LA solution (5.00 g) and NHS (3.35 g) in tetrahydrofuran (150 ml) at 40 °C. The
mixture was warmed to room temperature and stirred for 5 hours. The precipitate was removed by
vacuum filtration and the solvent evaporated in vacuo. The crude product was re-dissolved in ethyl

acetate (100 ml) and filtered once more by vacuum filtration. The product was recrystallized from
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a solution of hot ethyl acetate/hexane (1:1 v/v) as a pale yellow solid (5.88 g, 80%). [1H NMR
(400MHz, CDCl3): d(ppm) 3.58 (m,1H), 3.13 (m, 2H), 2.84 (s, 4H), 2.63 ((t, J)7.1 Hz, 2H), 2.50
(m, 1H), 1.99-1.46 (m, 7H)].

Lipoic acid-PEG:-biotin synthesis.

Biotin-PEG;;-NH; (50 mg) and catalytic amounts of pyridine (10 uL) were added to Lipoic Acid-
NHS (18.71 mg) in dry dimethylformamide (DMF) (2 ml). The mixture was stirred overnight
at room temperature. The reaction mixture was then dried in vacuo and the resulting solid was
re-dissolved in water to precipitate unreacted LA-NHS. The mixture was centrifuged and the su-

pernatant was collected. The product was lyophilized and resulted in thick yellow oil.

B.2. Sensing dopamine with CNPs.

CNPs synthesis and sensor surface coating.

Two different CNPs formulations were prepared; CNP1 with Ce4"/Ce3"™ > 1 and CNP2 with
Ced™/Ce3" < 1. CNP1 was synthesized using thermo-hydrolysis method in which cerium nitrate
salt precursor is mixed with NH,OH to form CNP1. CNP2 was synthesized using wet chemical
synthesis in which the cerium nitrate precursor was mixed with HoO, to oxidize the particles. It
has been previously noted that the CNPs prepared using , have more Ce3" compared to CNPs
prepared using NH,OH on its surface. Both synthesis methods produced very similar particle
shape (spherical) and size (3-5 nm). The colloidal CNPs solution with Ce4™/Ce3™ > 1 is used
to functionalize the surface of the sensor. Then the CNPs were stabilized in PVA before surface
coating, for which a 500 uLL PVA-CNPS solution is prepared based on 450 yL of CNPs and 50 uLL
of PVA at 50 uM concentration. The CNPs solution is drop casted on the surface and spin coated
in two steps, 900 rpm for 10 s and 2000 rpm for 30s. This process is repeated eight times followed

by convection oven baking at 60 °C for 1 hr.
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In-situ UV-Visible spectroelectrochemistry.

Spectroelectrochemistry characterization was performed using a integrated assembly of UV/VIS
spectrometer (Lambda 750S UV/Vis, Perkin Elmer) and a potentiostat (VSP, Bio-Logic SA). Sam-
ple was placed in an UV/Vis cuvette, 2 mm path length, with a Ag/AgCl reference electrode, a thin
platinum mesh of 1x0.7 cm as working electrode and a thin platinum wire as counter electrode.
Auto zero corrections were performed to eliminate the effects of all the electrodes inside the cu-
vette before running the experiments. The open circuit potentials were measured inside the cuvette
by taking the measurements for 20 min until the value reached equilibrium. Chrono-amperometry
was performed by applying a constant voltage for 3 min while UV-Visible spectrum was simulta-

neously recorded.
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