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ABSTRACT OF THE DISSERTATION

Nonlinear Optical Microscopy with Confined Optical Fields
By
Shamsul Abedin
Doctor of Philosophy in Chemical and Biomolecular Engineering
University of California, Irvine, 2022

Professor Eric O. Potma, Co-Chair and Professor Regina Ragan, Co-Chair

Nonlinear optical techniques are promising tools in changing the landscape of label-free
optical imaging and sensing. Well-designed optical nanoantennas with exquisite light con-
finement capabilities can significantly enhance the inherently weak nonlinear light-matter
interactions that can only be accessed through strong optical fields. This dissertation dis-
cusses how the third-order optical response of materials can be exploited to design and opti-
mize chemical sensors with exceptional stability and reproducibility. Conventional nonlinear
nanophotonic systems utilize localized surface plasmon resonance (LSPR) based nanoanten-
nas to amplify light-matter interactions due to their extraordinary ability to confine incident
electromagnetic fields to nanoscopic regions. These antennas, however, suffer from ohmic
losses and subsequent photothermal effects adversely affect the stability and reproducibility
of the signal obtained through these sensors. In this dissertation, we move away from tradi-
tional LSPR-based two-particle metallic nanojunctions and shift towards metal-free optical
nanoantennas for robust chemical sensing. The first part of this dissertation investigates
two-photon absorption of planar gold films to reliably sense biomolecular interactions on
the level of single-nanoparticles and interrogates the mechanism of signal generation. This
sensor takes advantage of more stable and controllable surface plasmon polariton (SPP)-
based nanoantennas for sensing with enhanced stability. The second sensor discussed in

this work probes the vibrational response of molecules through surface-enhanced coherent

Xiv



anti-Stokes Raman scattering (SE-CARS). This sensor reimagines the experimental configu-
ration through incorporation of dielectric particles on top of a precisely controllable metallic
thin film to generate molecular signal from thermally stable metal-dielectric heterojunctions.
Finally, a metal-free antenna system is used to report the first experimental observation of
SE-CARS without the involvement of surface plasmons with unprecedented stability and

reproducibility.
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Chapter 1

Introduction

1.1 Enhancing nonlinear light-matter interaction through

nanophotonics

Experimental investigation into nonlinear optical phenomena began in the early 1960’s with
the advent of the laser [9]. Over the past six decades, nonlinear optics (NLO) has grown into
an exciting field affecting most modern photonic technology platforms, including (but not
limited to) ultrafast optics, spectroscopy, microscopy, optical signal processing and chemical

sensing [10].

Optical nonlinearities depend strongly on the amplitude of incident electromagnetic fields
and can be enhanced further by orders of magnitude through nanophotonic amplification.
The most common route to achieve nanophotonic enhancement of light-matter interaction
utilizes surface plasmon resonances supported by metallic nanostructures. These plasmonic
effects arise from the coherent oscillation of conduction electrons near the surfaces of these

structures [11, 12]. Enhancement through plasmonic nanoantennas can be mediated by



propagating surface electromagnetic waves on continuous metal surfaces, known as surface
plasmon polaritons (SPP) or by localised surface plasmons (LSP) on metallic nanoparticles.
Coupling of incident optical fields to surface plasmons can result in strong electromagnetic
fields that are confined to the metallic surfaces [12]. The exquisite sensitivity of these surface
fields to the changes in the local environment serves as the basis for a number of chemical
sensors [13]. The enhanced optical fields, in turn, can also enhance nonlinear optical effects
near the surface. This plasmonic enhancement can boost the signal derived from the optical
nonlinearity of metal itself (intrinsic response), as well as from the optical nonlinearity of a
material located near the metal surface (extrinsic response)[14]. Apart from these metallic
nanostructures, dielectric materials with high refractive indices are also being studied as
a new class of optical antenna materials that can provide improved control and reliability
in surface-enhanced nonlinear optical sensors. This dissertation investigates the applica-
tion of SPP, LSPR and dielectric-based nanoantennas in stable and reproducible nonlinear

nanophotonic spectroscopy systems for chemical and biomolecular sensing.

1.2 Nanoantennas for enhanced chemical sensing

Optical nanoantennas are nanoscale physical structures that can efficiently capture and con-
fine incident electromagnetic radiation in order to considerably enhance light-matter inter-
action. By this definition, a simple plano-convex lens can be considered an antenna, albeit
a poor one as its ability to localize light is limited by diffraction. To realize highly sensitive
nonlinear optical sensors, more advanced antennas are needed. SPP and LSP based metallic

structures are two of the most commonly studied types of optical antennas.

In SPP based sensors, surface-bound uniform electromagnetic fields probe small changes
in local refractive-indices near the sensor surface [15]. These sensors provide a plethora of

qualitative and quantitative information including the binding/dissociation kinetics, chemi-



cal specificity and concentration of the target molecule. A large number of targets such as
nanoparticles, cellular organism, extracellular vesicles, proteins and nucleic acids have been
studied using SPP based spectroscopy and microscopy systems. Apart from refractive-index
sensing, other chemical signature reporters such as fluorescence and Raman scattering have

also been utilized to build SPP-nanoantenna based sensing platforms [8].

While SPP-based sensors are useful and provide a treasure trove of crucial information re-
garding the chemical species of interest, significantly more surface-enhanced spectroscopy
systems have been investigated over the last five decades that utilize localized surface plas-
mon resonance (LSPR) based nanoantennas to enhance light-matter interaction[8]. LSPR-
based nanoantenna systems have been studied extensively for spectroscopic modalities such
as surface-enhanced Raman scattering (SERS), surface-enhanced fluorescence (SEF) and
surface-enhanced infrared absorption. However, no other spectroscopic technique has been
explored as much as SERS in which LSPR-based optical antennas are used to amplify the
chemical signal of the target molecule. This is due to the fact that the enhancement achiev-
able through LSPR-based nanoantennas far exceed the capabilities of SPP-based ones. Field
enhancement factors of ~350 are regularly achieved using nanoantennas composed of metal-
lic aggregates such as dimers, trimers, tetramers or larger clusters[11]. The enhancement
for SPP, on the other hand, are rather modest - hovering around 6-8 in most cases. In a
typical LSPR-based plasmonic nanoantenna, coupling between the incident optical field and
the metallic substrate causes concentration of the electromagnetic field in the vicinity of the
nanoantenna. These confinement intensifies the fields that interact with the target molecule,
resulting in strong amplification of the signal. The extent of amplification of the field rely
strongly on the morphology of the antenna. Generally, highest enhancement factors are
observed at the nanoscopic junctions of multiple metallic particles or at sharp features of
independent nanostructures. These sub-wavelength sized systems have been successfully im-
plemented to acquire signal from single molecules. Advances in the field of nanofabrication

has allowed experimentation with the size and shape of the nanoantenna as well as spectral



tuning of the structures to allow more efficient performance at particular wavelengths. Indi-
vidual structures and arrays of nanodisks, pillars, holes, sharp tips, core-and-shell particles
and metal-insulator-metal (MIM) structures have been broadly studied as SERS substrates

with considerable success[16].

Although metallic nanoantennas, particularly LSPR-based ones, are the current gold stan-
dard in the field of surface-enhanced optical spectroscopy, they intrinsically suffer from large
ohmic losses and the accompanying undesirable thermal effects can result in morphological
changes to the nanoantennas[17, 5, 4, 8]. This inherent drawback of metal-based nanoan-
tennas is well-known and has demanded the exploration of other class of antenna materials
that are not subject to the same deleterious thermal effects that plague metallic nanoanten-
nas. Dielectric materials with high-refractive indices in the visible and near-infrared (NIR)
regime are promising candidates as nanoantenna materials because of their innate low ohmic
losses, strong extinction efficiencies and strong electric and magnetic responses in this spec-
tral range[4, 17]. The mechanism behind field localization and enhancement in dielectrics
are markedly different compared to metals. High-index dielectric particles such as Si, Ge and
GaP have strong magnetic response in the visible and NIR regime, in addition to electric
ones that are not present in metals. This magnetic response grants an additional means of
field localization[8]. As expected, the enhancement of the incident fields are relatively weak
compared to what can be found in metallic nanoantennas due to the absence of surface plas-
mons. But these dielectric antennas are less prone to adverse thermal effects and can provide
more stable and reproducible signals over longer periods of time that metals cannot match.
Before choosing an antenna system, one must take a deep look into the requirements and
understand the acceptable trade-offs. If lower field enhancements are acceptable and uni-
form confined field is the primary requirement, one can choose SPP-based antennas. When
heat-induced morphological changes are tolerable and highest possible local fields are of
paramount importance, LSPR-based nanoantennas are the most feasible option. However,

in cases where continued and stable signal strength are expected along with moderately



strong locally enhanced fields, dielectrics are a reasonable choice. The case for LSPR-based
antennas becomes particularly weak when ultrafast nonlinear optical effects are being con-
sidered. In such cases, the local fields are extraordinarily intense and LSPR-based antennas

can no longer provide the stability the sensing system demands.

1.3 Towards stable and reproducible surface-enhanced
coherent Raman sensing with dielectric nanoanten-

nas

Surface enhanced Raman scattering (SERS) is an excellent tool for chemical and biomolecular
analysis of molecules and allows probing of molecular vibrations at minute concentrations.
However, at the single or few molecule limit, it struggles to acquire signal at rates faster than
one to few tens of Hz[18, 19]. In applications where faster acquisition rates are necessary,
SERS does not provide acceptable performance and additional means of signal amplification
becomes essential. Nanophotonic enhancement of coherent Raman scattering can provide a
solution to this problem. In coherent Raman scattering (CRS), vibrational motions of the
analyte are driving in stimulated fashion and signal levels enhanced by orders of magnitude
can be observed. Enhancing this coherently amplified Raman scattered signal with the use of
optical nanoantennas can offer detection of molecular signals at single-molecule levels while
enabling microsecond acquisition rates. The nanoantennas so far used in SE-CARS studies
have relied exclusively on metallic nanojunctions[20]. Significant advances have been made
in experimental configurations and single-molecule sensitivity has been reported. However,
the detrimental photo-thermal heating effects discussed in the previous section becomes
even more alarming as multiple ultrafast excitation fields are involved. Under such intense

irradiation levels, the electron temperature can reach thousands of Kelvin and subsequent



increase in the lattice temperature causes irreversible damage to the antenna junction|6].
This, in turn, causes significant issues with the reliability and reproducibility of the SE-

CARS signal.

In this dissertation, we aim to provide a novel solution to this issue of reproducibility of
SE-CARS experiments. We take a systematic approach in order to overcome these innate
limitations of the nanoantennas typically used in these measurements. We gently move away
from two-particle metallic nanojunctions and towards all-dielectric optical antennas for im-
proved reproducibility. Using a particle-on-a-film geometry, we probe molecules sandwiched
between a planar gold film and a gold nanoparticle. Replacing one of the particles with a pre-
cisely controllable thin film adds to the reprodcibility of the experimental geometry and the
reduced local fields help with the heating of the junction. Subsequently, we further improve
the local heating of the nanojunction by replacing the gold nanoparticles with dielectric sili-
con nanoparticles. This unique geometry significantly improves the reliability, repeatability
and control of the SE-CARS system. Finally, we move away from metals altogether and use
all-dielectric nanoantennas based on silicon nanoparticles and present the first experimental
demonstration of SE-CARS of molecules without the involvement of surface plasmons. This
metal-free nanoantenna system provides a unique solution to a longstanding issue of thermal

stability in traditional SE-CARS sensors.

1.4 Scope of this dissertation

In this dissertation, nanophotonic amplification of nonlinear optical response of materials are
presented in order to uncover their electronic and vibrational properties. Ultrafast optical
fields are confined to nanoscopic regions with the help of optical nanoantennas. The nanoan-
tennas discussed in this dissertation provide improved thermal stability and reproducibility

of the detected signal compared to traditional all-metal, localized surface plasmon resonance



based systems.

In Chapter 2, we present a summary of theoretical concepts that are relevant to the studies
in this dissertation. This discussion starts with the electromagnetic response of metals in
optical frequencies. Then the mechanisms of electromagnetic field confinement in the cases
of SPPs and LSPRs are discussed. Commonly used chemical sensing applications using
both SPP and LSPR-based nanoantennas are summarized. Then the concept of dielectric
nanoantennas for chemical sensing is introduced. Electromagnetic and chemical enhancement
routes of signal amplification are examined here. Finally, the basic principles of nonlinear
optical processes and their nanophotonic enhancements are discussed. Particularly, third-
order nonlinear processes and the intricacies of the thermal responses of different classes of

nanoantennas to amplify these phenomena are discussed.

In Chapter 3, a novel wide-field nonlinear optical microscope is presented. We discuss the
operating principle and performance of the surface plasmon-enhanced optical sensor that
utilizes two-photon excited luminescence of a planar gold film as the reporter signal. The
sensor enables direct visualization of nanoscopic binding events near a sensing surface. Light
is coupled to the Au/sample interface in an objective-based Kretschmann configuration to
excite surface plasmon polariton (SPP) modes at a metal-dielectric interface. The gold lumi-
nescence induced by the confined optical field between the particle and the film is detected in
the epi-direction by a far-field camera where individual binding events show up as diffraction
limited bright spots against a dark background. We study the sensor’s emission spectrum
and the distance dependence between the target and substrate, which both suggest that the
optical signal of the sensor originates from electron—hole pair excitations in the planar Au
film. In addition, we show that the well-behaved pointspread function of the sensor enables a
straightforward implementation of super-resolution techniques. Finally, we demonstrate the
utility of the sensor for detecting DNA binding events, underlining the sensor’s usefulness

for label-free imaging of nanoscopic particles and biomolecular interactions.



In Chapter 4, we discuss an experimental configuration consisting of {Au film}-molecule-
{Au particle} or {Au film}-molecule-{Si particle} nanojunctions for performing wide-field
surface-enhanced CARS (SE-CARS) measurements in a reproducible and controllable man-
ner. While the allowable illumination dosage in the {Au film}-molecule-{Au particle} case
is limited by the strong two-photon background from the gold, we successfully generate a
detectable coherent Raman response from a molecular monolayer using the lowest reported
average power densities to-date. With a vision to minimize the two-photon background and
the intrinsic losses observed in all-metal plasmonic systems, we examine the possibility of
using high-index dielectric particles on top of a thin metal film to generate strong nanoscopic
hotspots. We demonstrate repeatable SE-CARS measurements at the {Au film}-molecule-
{Si particle} heterojunction, underlining the usability of this experimental geometry. This
work paves the way for the development of next-generation of chemical and biomolecular
sensing assays that can minimize some of the major drawbacks encountered in fragile and

lossy all-metal plasmonic systems.

In Chapter 5, we present the first experimental demonstration of surface-enhanced coherent
anti-Stokes Raman scattering (SE-CARS) of molecules with a dielectric Si nanoantenna. We
also study the thermal stability of the signal and compare that with SE-CARS signals on-
tained from a Au nano-dumbell antenna. This work shows that the inclusion of a dielectric
nanoantenna can overcome the longstanding limitation of traditional metallic SE-CARS sys-
tems where unfavorable thermal properties adversely affect the stability and reproducibility

of the measurements.

In the last chapter, the reader will find a summary of the results presented in this dissertation

and their potential implications in advancing the field of nonlinear nanophotonics.



Chapter 2

Background

2.1 Interaction of metals with visible light

2.1.1 Optical response of metals

Noble metals exhibit exquisite properties in response to electromagnetic radiation in the
optical regime. These properties are dictated by the free movement of conduction elec-
trons within the material and the interband excitations under resonant oscillation[11, 15].
The transparency of noble metals depends strongly on the frequency of the impinging light.
While they are mostly opaque to the low-frequency microwave and far-infrared radiations,
metals become increasingly more transparent as they reach the near-infrared and visible
regions of the electromagnetic spectrum. The complex dielectric function £(w) is a central
concept in this dissertation that helps explain the dispersive nature of the metals and other
accompanying phenomena. The interactions of these metals with electromagnetic radiation
can be understood using a classical picture based on the Maxwell’s equations. These equa-

tions connect four macroscopic fields, namely the electric field (E), the magnetic field (H),



the dielectric displacement (D) and the magnetic flux density (B)[11]. The fields are also

linked by the magnetization M and polarization P via the following relations.

1
D=¢E+P H=—B-M (2.1)
Mo

Here, ey and g are the electric permittivity and magnetic permeability of vacuum, respec-

tively.

When a metal is subjected to external electric fields, a displacement r of an electron occurs.
This displacement is associated with a dipole moment p = er. For a total of n free electrons,
the cumulative effect can be described by macroscopic polarization per unit volume, P = np.

This polarization also has a frequency dependence and can be expressed as:

P(w) = goxe(w)E(w) (2.2)
From Maxwell’s equations, we have

D(w) = gpe(w)E(w) = ¢gE(w) + P(w) (2.3)

Here, D is dielectric displacement and Y. is electric susceptibility.

When we combine the two equations above and solve for ¢, we get an expression for the

dielectric function as a function of frequency of incident radiation.

=1+ xe(w) (2.4)
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2.1.2 Drude-Sommerfeld model

Reliable approximation of dielectric functions is very important in order to understand the
optical response of noble metals. Here, we consider a plasma model where we assume a gas
of free electrons having a number density n moves against a fixed background of positive ion
cores[11, 21]. The electrons oscillate in response to the applied electric field. The damping of
the oscillations is considered in this model through the inclusion of the characteristic collision
frequency I' = %, where 7 is the relaxation time of the free electron gas. This time is usually
on the order of one to few tens of femtoseconds. We can write an equation of motion for
free elections under an external alternating electric field. If we assume the electric field to
have a harmonic time dependence, we can express the field via E(t) = Eqe™**. We do not
include a term for restoring force as the electrons that are being considered can move freely

and are not bound to any particular nucleus.

d*r Or i
Me + meFE = eEge ™! (2.5)

Here, m. and e are the effective mass and charge of the free electrons, and Fy is the

amplitude of the applied field. A solution to this equation is r = roe~®*. This yields,

(&

E(t) (2.6)

r(t) = m(w? +il'w)

Using the expression above and the definitions of polarization P and displacement D, we

arrive at an expression for the dielectric function e.
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This expression can be divided into its real and imaginary components via

w? [w?

—1— p i p 2.8
8(&}) w2 + 1"2 + ZW(WQ + I"Q) ( )

ne?

eom

Here, w, is the plasma frequency of free electron gas, given by [21]. This plasma
frequency can be considered as the natural frequency of the oscillation of the free electron

gas. The quanta of the plasma oscillations are known as plasmons.

2.1.3 Lorentz correction to Drude-Sommerfeld model

The Drude-Sommerfeld model predicts the dielectric functions of metals quite accurately at
low frequency. However, the model deviates considerably from actual measured values at
wavelengths shorter than ~ 650 nm|21, 15]. This deviation can be explained by the response
of bound electrons at these frequencies. This is due to the fact that high-energy photons are
able to promote electrons from d-band to sp-conduction band and these transitions can be
described as excitation of the bound electron oscillation. We can use the same approach as

above to describe this motion of bound electrons.

or or :
M—— +my— + ar = eEge ™" 2.9

012 Y ot 0 (2.9)
Here m is the effective mass of the electron, « is the damping coefficient and « is the spring

constant of the restoring force. The same approach we used in the previous sections yields

W2
=1 P 2.10
e(w) + (2 —w?) — i (2.10)
This expression can also be divided into its real and imaginary components.
w2 (w2 — w? ww
) =14 =) 0% (2.11)

-4 W wt)
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Here, wy = \/% This expression takes the contribution from the interband transitions of
bound electrons into account and provides a better approximation of the dielectric function
of metals at higher frequencies. A brief analysis of the real and imaginary portions of the
dielectric function shows resonant behavior for the imaginary part and dispersive behavior

for the real part[21].

2.2 Surface plasmon polaritons

Surface plasmon polaritons (SPP) are surface electromagnetic waves that propagate along a
metal-dielectric interface [11]. When an incoming freely propagating optical field is coupled
to an SPP mode, a strong resonant oscillation of conduction electrons near the metal’s
surface is achieved. The electric field caused by the oscillation of surface electrons decays
exponentially (~200 nm from the interface), providing sub-wavelength confinement of the
electromagnetic field along the z-direction, as seen in figure 2.1 [12, 21]|. The resulting SPPs

are very sensitive to minute changes in local refractive indices close to this interface.

Z
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Figure 2.1: Propagating surface plasmon polariton modes at a metal-dielectric interface.
Incoming optical field arrives at a phase-matched direction generating exponentially decaying
evanescent electromagnetic field along the z-direction
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As the SPP excitation is a coupled state between a photon and a surface plasmon, it em-
bodies contributions from both the electromagnetic field and the collective oscillation of
free electron gas. Consequently, SPPs can be excited using both photons and electrons. The
conditions that need to be fulfilled in order to resonantly excite SPPs are conservation of fre-
quency and conservation of in-plane momentum. Conservation of frequency is easily achieved
but the same cannot be said for in-plane momentum when excitng with freely propagating
light. In Figure 2.2, we can see that for any given frequency, the in-plane momentum for
freely propagating light (w = ck,) is always smaller than the in-plane momentum of surface

plasmons.

w = ck, w =ck,/n
—~~
3
> Wspp | m em o o o o o ol 3 o o o L o o - - ————— -
o
c Wfpessesscsccscscccagffoccoccaccaccsy \ &1 + &
Q w = ck,
> ! €182
o |
) |
— '
Y— i

kx,res

in-plane momentum (k,.)

Figure 2.2: The brown line represent freely propagating light. The blue line shows surface
plasmon polariton dispersion relation curve. The red line represents freely propagating light
after a medium with a refractive index n > 1 has been inserted between air and plasmonic
substrate. The intersection between the red and blue lines exhibits spp excitation using
photons

As a result, the second condition is not fulfilled in this case and it is not possible to ex-
cite SPPs through freely propagating light unless additional momentum is provided to the
incident photon. High-index prisms and gratings are commonly used to provide this ad-
ditional momentum [11, 12, 21] and excitation of surface plasmon polariton waves become

possible, as shown in Figure 2.2 with the (w = ck,/n) line. In this research, we use a
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variant of prism coupling by using a high numerical aperture objective-based Kretschmann
configuration where incident radiation couples to SPP modes through a thin gold film (~30

nm).

2.2.1 Properties of surface plasmon polaritons

The evanescent surface-bound SPP fields are p-polarized and have their maximum at z =0

and decay exponentially as z increases. The field is given by
E = Eoei(k‘zm:tkzszt) (212>

Here, k = 27” where A is the vacuum wavelength. The positive and negative signs correspond
to the dielectric (z > 0) and metal (z < 0) sides, respectively. The expression does not
contain any k, component (for incoming beam propagating along the z-direction) as no

surface-bound modes are present for s-polarization.

The dielectric function of metals is a complex number and its imaginary part accounts for

the effects of ohmic losses at a metal-dielectric interface[21, 15].
e = e} + el (2.13)

Here, both €] and & are real numbers. This leads to a complex parallel wavenumber k, =
k! + ik!. This parameter describes the propagation of the SPP waves along the metal-
dielectric interface. The real (k) and imaginary (k”) portions determine the wavelength of

the SPP mode and its damping along the interface, respectively.

/
Y i (2.14)
€1 tex C
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SRy ! = 2.15
’ el +e92e (] +e9) (2.15)

The SPP wavelength can then be expressed in terms of the dielectric function and vacuum

wavelength[21].

27 e + &9
A =~ ,/1—A 2.16
SPP k! gheg ( )

As mentioned above, k! describes the damping of the SPP field amplitude along the metal-
dielectric interface. This damping gives rise to and exponential decay along the SPP propa-
gation direction with 1/e decay length given by 1/k” for the field amplitude and 1/2k” for
intensity. This ohmic loss-induced damping results in the heating of the metal. Considering
the dielectric functions of two of the most used metals in plasmonics at A = 633 nm, Ag
(e = —18.2+0.57) and Au (¢ = —11.6 + 1.27), we can estimate their propagation lengths. At
this wavelength, we determine the approximate 1/e intensity propagation lengths of ~ 60 ym
and ~ 10 pm, respectively for Ag and Au. We have to keep in mind that these losses are
calculated using the metal’s bulk dielectric function. This approximation holds as long as
the dimensions of the metallic structures are larger than the electron mean free path. For
smaller structures, the likelihood of electron scattering from the interface increases. This

leads to additional loss mechanisms that contribute to the local increase of the imaginary

part of the metal’s dielectric function[21].

Using a similar approach, we can also determine the evanescent field decay length associated
with the SPP along the z-direction. The decay lengths into the dielectric and the metal can

be calculated from k; , and ko . using the following expressions

ki, = [1 + z—l} (2.17)
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ky. = — 2 [1 — 2.18
> c \/ gl + &2 12(5’1 + &9) (2.18)

Using the dielectric functions for Ag and Au at 633 nm, we determine the 1/e decay lengths
to be 1/k;, = 23 nm and 1/ky, = 421 nm for Ag; and 1/k;, = 28 nm and 1/ky, = 328
nm for Au. This shows that the evanescent SPP waves penetrate into the dielectric over a

longer distance than its penetration into the metal.

2.2.2 SPP-based sensing

SPPs allow nanoscale field confinement enabling sub-diffraction limited probing of chemi-
cal species with high sensitivity. SPP-based surface plasmon resonance (SPR) sensing has
found applications in colorimetric chemical sensing, molecular diagnostics and lab-on-a-chip
platforms, among others [13, 22]. SPR technology is currently the industry standard for
measurement of biomolecular binding kinetics on plasmonic substrates [13]. SPPs have

been used to enhance the sensitivity of fluorescence, Raman and nonlinear optical signals

[23, 14, 24, 25].

The typical sensor implementation of SPR uses the uniform surface plasmon fields provided
by SPPs and detects small changes in coupling angle, which reflects the local refractive index
in the vicinity of the plasmonic substrate when molecular binding events take place. As with
any biosensor, ensuring high selectivity is of utmost importance in SPR-based biomolecular
sensing. Gold is usually the plasmonic substrate of choice due to the relative ease of tethering
organic molecules through sulfur bonds to the gold surface [26, 27]. The ensemble averaged
data obtained from this sensor can provide quantitative information on binding/dissociation
kinetics, specificity and concentration of the sample of interest in real-time. However, due

to the same inherently ensemble averaging nature of collected data here (Figure 2.3) [28],
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information on individual molecules cannot be easily retrieved. The imaging variant of SPR
sensor, known as SPR microscopy (SPRM), overcomes this limitation and enables direct
visualization of individual particles [29, 30, 31, 32]. Imaging of cells, microorganisms, exo-
somes, DNA, RNA and proteins has been possible with SPRM [33, 34, 35, 36, 37, 38, 39].
However, SPRM methods suffer from compromised spatial resolution due to their non-ideal
point-spread function (PSF) which is characterized by long-diffractive tails. The spatial
resolution can be somewhat improved when advanced image processing techniques are im-

plemented [37, 39].

(-
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time

Figure 2.3: Typical surface plasmon resonance sensorgram showing variation in refractive
indices upon binding and dissociation of moleculear targets. Retrieval of individual binding
event information is problematic here

Another important sensing application of SPP is surface plasmon coupled emission (SPCE).
In SPCE, a highly directional emission improves the collection efficiency, thus improving
detection sensitivity [23]. SPCE has been used successfully in DNA sensing, aptamer-based
protein sensing, oxygen sensing and more notably, in immunological sensing [40, 41, 42, 43].
Despite the fact that SPCE requires fluorescent labeling, it certainly is an improvement
over traditional fluorescence-based sensing because of high detection sensitivity and efficient

background suppression.
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2.3 Localized surface plasmons

In the previous section, we have seen that SPPs are surface-bound propagating electro-
magnetic waves. In contrast, localized surface plasmons are non-propagating excitations of
conduction electrons of metallic nanostructures that are coupled to an external electromag-
netic field. These oscillations usually arise due to the scattering of sub-wavelength particles
in an oscillating electric field. The subwavelength dimensions of the particle plays a pivotal
role here. This surface exerts a restoring force on the oscillating electrons setting up a res-
onance, resulting in the enhancement of the electromagnetic field both inside and outside
the particle. This resonance effect is known as localized surface plasmon resonance (LSPR).
Unlike SPPs, no phase-matching conditions need to be fulfilled for LSPR excitation. As a
result, direct illumination is sufficient for plasmon resonance excitation. For noble metals
such as Ag and Au, the oscillation of conduction electrons can be resonantly excited with vis-
ible light, leading to their wide adoption as the materials of choice in plasmon-based sensing

application.

2.3.1 Interaction of a sub-wavelength metal particle with an ex-

ternal electromagnetic field

A simple quasi-electrostatic approximation is sufficient in order to understand the interaction
between a sub-wavelength spherical metal nanoparticle (d < ) and an incident electromag-
netic field. Under this assumption, the entire particle “feels” the same field across its entire
volume. We consider a spherical metal particle with diameter a and dielectric function
em[21, 15, 11]. The metal is assumed to be surrounded by a dielectric medium with a dielec-
tric function 4. While we will not show the detailed calculations here, we will discuss the

main outcomes relevant to understanding the fundamentals of LSPRs.

19



If an external electromagnetic field with an amplitude Eq is applied along the z direction,
the field can be described as E = Eqz. In our quasi-electrostatic approximation we can use
the solution of the Laplace equation for the potential, V2® = 0. This allows us to calculate
the electric field E = —V®. The dipole moment p can be related to the field amplitude

using the following expression.

p = dmeoepma Eo (2.19)

€+ 2¢e,

This expression shows that the applied electric field induces a dipole moment which is pro-
portional to |Eg|. Another important parameter in our discussion is the polarizability a of

the material, which can be related to p by p = gpeaEqy. This yields

€—Em

a = 4rad——2
€+ 2¢,,

(2.20)

This is the expression for the complex polarizability of a subwavelength spherical particle
in the quasi-electrostatic approximation[21]. It can be inferred that the polarizability goes
through a resonance while the denominator, |¢ + 2¢,,| is minimum. For a small or slowly

changing imaginary dielectric function Im(g), this yields
Rele(w)] = —2¢,, (2.21)

This is known as the Frohlich condition and the associated oscillation is called the dipole
surface plasmon of the nanoparticle. For a metallic particle following the Drude model
(effects of interband transitions of bound electrons are neglected), the Frohlich condition is
fulfilled at wg = \“;—%, assuming the surrounding medium is air. The resonance undergoes red-
shifting as the value of ¢, is increased. This shifting of resonance as a function of dielectric
function, or equivalently refractive index, serves as the foundation of SPR based optical

sensing.
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The resonance in « is accompanied by resonances in the internal and dipolar electric fields.

They are given by

3€m
Ei, = E 2.22
€+ 2¢ep, 0 ( )
3n(n-p—p) 1
By — By + 2P P 1 (2.23)

dmege,, T3

Here, n is the unit vector in the direction of the point being considered.

An important consequence of the resonantly enhanced polarization « is that the efficiencies
at which the particle absorbs or scatters light are also increased. The expression of absorption

and scattering cross-sections (Cyps and Cieqe show a clear resonant behavior

E* 8 E—Em |2
Csca = - 2= ! 6’—m 2.24
= galel =3 e+ 2, (2.24)
Cups = kIm[a] = 47rka31m{ﬂ} (2.25)
€+ 2¢,,

For particles that are much smaller than ), absorption effects (~ a®) dominate over scattering
(~ a%). These expressions for Cyp, and Cl.q are valid for both metals and dielectrics. For
particles with @ > 100 nm, the quasi-electrostatic approximation is no longer valid as the
change in the phase of the incident electromagnetic field over the entire volume becomes
noticeable and can no longer be neglected. In such cases, more rigorous analytical approaches
become necessary. Mie theory can solve this electrodynamic problem by accounting for the

retardation. However, applicability of Mie theory is limited to spherical particles. In Mie
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theory, the internal and scattered fields are expanded using a power series into a set of
normal modes. The quasi-electrostatic approximation can be recovered by restricting this

power series to the first order.

2.3.2 LSPR-based sensing

The ability of LSPR based antennas to localize incident electromagnetic radiation into
nanoscale regions has led to important applications in chemistry, biology, energy and nu-
merous other fields. LSPR based chemical sensing techniques are most commonly used for
suface enhanced spectroscopy applications, such SERS, surface-enhanced fluorescence and
surface-enhanced intrared absorption. A major portion of this dissertation focuses on SERS

and its ultrafast analogue, SE-CARS for high-throughput molecular sensing.

As discussed above, the near-field coupling between metallic nanoparticles that support
LSPR and incident electromagnetic radiation result in confined optical fields where light-
matter interactions are strongly enhanced. In SERS, Raman active molecules located in
the electromagnetic “hotspots” are efficiently driven in order to amplify the molecular sig-
nal. Over the past four decades, SERS has seen remarkable advances and single-molecule
sensitivity has been achieved. The mechanisms behind field localization and enhancement
in the SERS process are well-studied and rigorous electromagnetic theory can be found in
literature discussing them in detail[16, 21, 8]. Briefly, the enhancement of Raman scattering
is understood to be consisting of electromagnetic and chemical enhancement effects. Elec-
tromagnetic field enhancement originates because of LSPR mediated field localization due to
the antenna property of the plasmonic substrate. Field enhancement factors as high as ~ 350
(or equivalently 10° intensity enhancement) have been reported[44]. On the other hand, the
chemical enhancement effects arise due to changes in the electronic structure of molecules

attached to metallic antennas. This charge-transfer mechanism causes some Raman-active
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vibrational modes to undergo selective enhancement. Chemical enhancements on the or-
der of ~ 100 have been reported[45]. Experimental observations strongly indicate that the

majority of the enhancement effects originate from the electromagnetic contribution.

If we consider a Raman-active molecule placed inside an external electromagnetic field being
driven at the pump frequency w,, the LSRP-mediated electromagnetic enhancement factor

can be expressed as

_ |Eloc|

Blwy) Eo|

(2.26)

The polarization p(w) of the molecule at the Stokes-shifted frequency wg can be expressed

as

P(ws) = a’(w, — ws)E(w,) = o (w, — ws)B(wp)Eo(w,) (2.27)

Here, aff(w) is the Raman contribution to the molecule’s electronic polarizability. The
polarization radiates through the dipolar mode of the metallic nanoantenna and subsequently
couples to the radiative field with an enhanced efficiency 5(wg). The intensity of the SERS

signal can then be expressed as

Isprs(ws) o |Bws)p(ws)[* = |o" (w, — ws)[*| Blws)[*[B(w,) " [Bo(wp)[? (2.28)

As the difference between w, and wg is much smaller than the linewidth of the localized
surface plasmons, we can consider (w,) ~ f(wg). We can then predict the overall electro-

magnetic enhancement of the SERS process to be ~ /3%,

LSPR based chemical sensing systems rely on nanogaps between metallic nanostructures or
sharp features of single nanostructures in order to produce local electromagnetic hotspots.

Generally, clusters of metallic nanoparticles are preferred for SERS or surface-enhanced
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fluorescence sensing due to the high likelihood of nanogap formation. The intense fields
generated in these gaps have been successfully exploited to achieve single-molecule sensitiv-
ity [18, 46]. A number of other geometries have been explored as SERS substrates. Arrays
of nanopillars, nanoholes, sharp metallic tips, metallic shells, core-and-shell nanoparticles
and metal-insulator-metal structures are some of the well-explored geometries that have
found success as SERS substrates. Most of these studies focus on gold and silver as the
enhancement structure material due to their strong LSPR response in the visible and NIR

regime.

The same field localization mechanism enhances the emission from fluorescent molecules.
Nanostructures, similar to the ones mentioned in the case for SERS, have been explored
for surface enhanced fluorescence (SEF). The general idea for field localization remains the
same. Aggregates of plasmonic nanoparticles with narrow gaps are routinely used to enhance
fluorescence signal. Sizes and shapes of the nanoparticles assemblies are modified to tune
their resonances. This tunability allows efficient coupling and excitation of the fluorescent
molecule and subsequent radiation. However, the fluorescence is quenched when the target
molecule is placed too close to the metal surface. In such cases, a thin dielectric spacer layer

is applied to minimize the transfer of non-radiative energy from the molecule to the metal.

2.4 Dielectric nanoantennas for chemical sensing

Optical antennas are structures that enhance light-matter interaction by efficiently convert-
ing propagating optical radiation to localized energy, and vice versa. The quality of an
antenna is defined by the efficiency at which it can localize propagating optical fields (or
vice versa) and how well it can couple near-field information in the hotspot to far-field radi-
ation. According to the principle of reciprocity, optical antennas can simultaneously operate

in both transmitting and receiving modes[21]. Figure 2.4a illustrates a antenna converting
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near field into a freely propagating radiation. On the other hand, figure 2.4b shows the same

antenna localizing incident propagating field into a confined near field.

a) Transmitting nanoantenna b) Receiving nanoantenna

e

Figure 2.4: A simple schematic illustration of a (a) transmitting and a (b) receiving optical
antenna

Advances in fabrication techniques have enabled shrinking optical antennas to nanoscale
dimensions. These nanoantennas have found widespread applications in optical sensing,
analytical chemistry, bio-imaging and advanced photodetector technologies to name a few.
Most optical nanoantennas explored for sensing applications feature metallic nanostructures
due to their surface plasmon resonance in the visible range. However, these metals are
known to be adversely affected by large ohmic losses and subsequent heating effects cause
morphological changes to the metallic structures, rendering them unusable. High-index
dielectric particles hold promise as alternatives to metallic nanoantennas due to their low-
loss nature, strong scattering efficiency and electromagnetic field localization capabilities for

surface-enhanced spectroscopy, chemical sensing and nonlinear nanophotonic applications.

2.4.1 Nature of dielectric field confinement

Previously, we have discussed the response of sub-wavelength spherical nanoparticles inside
an incident electromagnetic field. We can extend the approach to dielectric particles as well in
order to understand the nature of field confinement in these materials. Mie theory provides an
analytical framework to represent the scattered electromagnetic field as a sum of electric-type

(transverse magnetic, TM) and magnetic-type (transverse electric, TE) spherical harmonics.
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The amplitudes of these harmonics are represented by the coefficients a, and b, for the
electric and magnetic modes, respectively. At resonance, the fields associated with each
harmonic are enhanced both inside and outside the material. Unlike metallic nanoantennas
where the enhancement of the electric field relies on the resonant oscillation of free electrons,
the optical response of high-index dielectric particles arise from displacement currents that

are associated with the movement of bound electrons(Figure 2.5).

®e ~
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Figure 2.5: Comparative illustration of optical response of metals and dielectrics [1]

Some of these particles such as Si, Ge and GaP have magnetic response in the optical regime
which provides an additional channel for field confinement that is not available to metallic
nanoantennas. For a given diameter of the nanoparticle, the magnetic dipole response can
be observed at the lowest energy Mie resonance. In addition, these dielectric nanoantennas
are able to control the directionality of far-field radiation due to the coherent mixture of the
electric and magnetic modes [47, 48]. When two (or more) of these particles are brought
together and properly excited, magnetic dipoles couple with each other in addition to elec-
tric dipole coupling, and, subsequently, enhanced near-fields are produced[2]. In figure 2.6,
we consider the response of this dimer nano-antenna system using two orthogonal polariza-
tions and compare that with a plasmonic antenna with similar dimensions. For the metallic
dimer nanoantenna system, an electronic resonance mediated by localized surface plasmons
generates an electric field hotspot when the incident field is polarized along the dimer axis.

However, field confinement is not expected for orthogonal polarization. The dielectric dimer
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nanoantenna system, on te other hand, is able to demonstrate strong coupled resonances,
followed by field confinement, for both polarization schemes. Electric dipoles are induced for
polarization along the dimer axis and magnetic dipoles are induced for orthogonal polariza-

tion.

Metal Dimer Dielectric Dimer

Electric hotspots

No hotspots Magnetic hotspots

Figure 2.6: Comparative illustration of metallic and dielectric dimer nano-antennas gener-
ating electromagnetic hotspot. Reproduced with permission [2].

Generally, the light-dielectric material interaction in a homogeneous medium are explained
with the help of Mie-Debye-Lorenz theory [8, 49]. For a dielectric sphere, the curvature
of the surface of the sphere and the discontinuity in the refractive index affect the spatial
distribution inside and outside the particle r. The scattering efficiency ), which is the ratio

of the power of the scattered light to that of the incident light, can be expressed as

2
kor?

Queat = 5 S0+ D)(Ja* + i) (2:29)
=1

where the coefficients a; and b; are scattering coefficients. The coefficients are functions of
spherical Bessel function (j;), spherical Hankel function of the n-th kind (hl(n)), dielectric

function of the particle (g4), dielectric function of the media (¢), wavenumbers inside (k;)
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and outside (k,) of the particle and the radius of the particle. Subsequently, the scattering

efficiency in the near-field can be expressed as[50]

Qnr =2 {lal [+ D)2, (kor) P + Ui, (kor) 7] + (21 + 1[0 |B? (kor) [} (2:30)

=1

This equation can be readily applied to calculate the electric and magnetic field distribution

near a dielectric particle.

An interesting study was reported in which antenna properties of 100 nm Ag and Si par-
ticles were compared [51] in order to understand the feasibility of dielectric nanoantennas.
The extinction property of Ag was characterized using the LSPR modes, while Si particles
demonstrated Mie type modes arising from the spatial confinement of incident electromag-
netic radiation. Calculation of the near-field scattering efficiency @y revealed that the
resonances in the near and far-field are similar, with minute variation in the positions and
shapes of the peaks. These calculations show that the Si particles can be as efficient as
plasmonic Ag particles in localization of external optical fields. This observation underlines

the efficacy of Mie resonances in field confinement applications for non-plasmonic materials.

2.4.2 Chemical enhancement in dielectric nanoantenna based spec-

troscopy

We have already discussed electromagnetic field enhancement mechanisms in metallic and di-
electric based nano-antennas. There are also direct interactions between the molecule and the
substrate that play a role (albeit relatively minor) in enhancing light-molecule interactions.
These effects arise due to transfer of charges between the substrate and the analyte through
a conductive “bridge”. Charge-transfer resonance between the Fermi level (or band-edges for

semiconductor materials) and the molecular level provides a resonant condition for chemical
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enhancement. There is also a non-resonant condition in which a substrate-molecule complex
is created, resulting in a large increase in the polarizability in the ground state. To achieve a
deeper understanding of the chemical enhancement in SERS or SEF process, the combined
molecule-substrate system has to be analyzed. The polarizability a of the molecule goes
through considerable modification once it is chemisorbed on the substrate, as new electronic
states are introduced. In case of SERS (or SE-CARS), which is one of the central themes
of this dissertation, the Raman spectrum of the target molecule undergoes noticeable modi-
fication compared to the corresponding spontaneous Raman spectrum of the free molecule.
For metals, adequate theoretical groundwork exists. The two-state model is a well-known
framework in which a Green’s function approach of the nonequilibrium junction is combined
with a general scattering theory. In one of the models based on this approach, a molecule is
considered to be coupled to two electrodes in such a way that HOMO and LUMO of the tar-
get molecule each connect with one of the electrodes [52, 53]. The Hamiltonian of the system
is composed of interactions between the molecular vibrations and tunneling electrons along
with the coupling between the molecular vibration and the thermal bath. This approach is
accurate to all orders of perturbation theory and considers both weak and strong coupling
regimes. This model is able to individually quantify relative contributions of the molecular
and metal-molecule charge transfer processes. The model suggests that the molecular en-
hancement is stronger when the incident radiation is tuned closer to the electronic resonance
of the molecule. However, these resonances may not always dominate the scattering intensity

due to interference effects between molecular and excitonic resonances[54, §].

Another implementation of the two-state model suggests that the chemical enhancement is
directly related to the HOMO-LUMO gap [55]. The proponents of this model argue that
the molecule/substrate system stabilized by 7 bonding is capable of modifying the polariz-

ability a of the molecule, leading to enhancement of the Raman signal. Under nonresonant
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conditions, the derivative of o with respect to the & normal mode @}, can be expressed as

aaawg _ (NCT,aEa)(,UCT,ﬁEﬁ) <0wCT>

90, 2, O (2.31)

here, wer is the frequency of charge-transfer resonance and pcr is the dipole moment for
the lowest charge-transfer transition. If we consider w,,, to be the frequency corresponding
to the HUMO-LUMO gap, the chemical enhancement factor is then given by EF = A(%)
Here, A is a constant. Both of the models discussed above have been confirmed with DFT
calculation. There is also a unified resonance model by Albrecht et al., in which the excitation
of molecules were explained by considering the polarizability « as a sum of different terms.
Each of the terms involve an infinite sum over all molecular states [56, 57, 58]. This model

is only valid in the weak-coupling regime and it reduces to the earlier two models that we

discussed when the excitation is tuned far from resonance.

E.
/.—‘— LUMO —LUMO
Er Her Hx Hcr
Hmol Ev
\ HOMO HOMO

metal molecule semiconductor molecule

Figure 2.7: Charge-transfer mechanism at metal/molecule and metal/semiconductor sys-
tems. The dark shaded regions represent the valence band, the light shaded regions represent
the conduction band and Er denotes the Fermi level.

The models that we discussed above were developed considering plasmonic antennas only.
The general framework, however, can be modified and extended for dielectrics as well. In
Si, Ge and other similar dielectric materials, the Fermi level is not directly available for

charge transfer. Instead, the transfer of charges occur here either into the conduction band
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or out of the valence band, as shown in figure 2.7. In these materials, excitonic or interband
transition creates electron-hole pairs. This resonance can contribute to SERS enhancement
in a manner similar to molecular resonances in metal-based SERS. As a result, excitonic
resonances provide another pathway for SERS enhancement with dielectric materials. The
expansion of the polarizability a contains a sum over many of these terms. However, very few
of those effectively contribute to the overall SERS enhancement depending on the wavelength

of the incoming field.

2.4.3 Choosing the right dielectric material

While selecting dielectric particles for surface-enhanced spectroscopy application, some fac-
tors need to be considered. First, we need to consider the refractive-index of the material.
Mie resonances show a strong dependence on the difference between the refractive indices
of the particle and the surrounding medium. Figure 2.8 nicely illustrates this. Calculations
of scattering cross sections of large (d = 2um) Si and SiO, particles clearly show that high-
index Si demonstrates strong Mie resonances, while low-index SiOs does not exhibit any

such behavior.

Second, absorption losses need to be taken into account while choosing the dielectric material
due to their ability to weaken Mie resonances. The absorption properties of the material can
be found by analyzing the imaginary part of the refractive index of the material, n = n + 1k,

where n is the real refractive index and & is the extinction coefficient. The extinction coef-

ficient is directly related to the absorption coefficient o through, o = 4”7"””. Semiconductors
such as Si, Ge, GaAs, GaP and InP are known to exhibit some of the highest refractive
indices in our preferred spectral window while producing low absorption losses (see table

2.1).
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Figure 2.8: Comparative illustration of Mie resonances for different size parameters (r = <=
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of low-index SiOq (red lined) and Si microparticles (black line) [3].

Material | Spectral Range, um | Refractive Index, n | Extinction Coefficient, k
Si 0.50-1.45 4.293-3.486 0.045-0.001
GaAs 0.50-0.80 4.037-3.679 0.376-0.089
GaP 0.50-0.80 3.590-3.197 ~0
InP 0.50-0.80 3.456-3.818 0.203-0.511
TiO, 0.50-1.00 2.715-2.483 ~0
Ge 0.50-0.60 4.460-5.811 2.366-1.389
0.60-0.80 5.811-4.699 1.389-0.3
0.80-1.90 4.684-4.129 0.3-0.001

Table 2.1: Comparison of refractive index of dielectric materials of interest [1]

2.4.4 Surface-enhanced Raman scattering (SERS) with dielectric

nanoantennas

In the previous sections, we have discussed how dielectric materials can enhance light-matter

interactions, particularly Raman scattering of molecules, through electromagnetic and chem-

ical enhancement mechanisms. By modifying the size, shape and other geometrical param-
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eters, one can take advantage of one or more of these enhancement mechanisms.

In this dissertation, we explore Si as the antenna material for dielectric SE-CARS studies.
The abundance of the material in nature along with favorable optical and thermal properties
have contributed to its integration into some analytical platforms. The first demonstration of
Si based SERS came in the form of Si nanoparticles where ~100 fold enhancement of Raman
scattering was observed [59]. Roughened Si electrodes have been studied to understand the
morphological dependence on SERS enhancement [60, 61]. The pioneering Si nanowire based
SERS study by Cao et al. achieved an enhancement of ~ 10® under 785 nm excitaion [62].
Subsequent work on similar vertically oriented structures explored tuning the size and shape
of the wires to achieve higher enhancements [63, 64]. These studies, however, involved
the enhancement of Raman spectrum from Si itself and did not include the detection of
any analyte. Wells et al. investigated various other nanostructures such as Si nanopillars
for SERS enhancement NHS-rhodamine dyes. This particular nanoantenna exhibited an
enhancement factor of ~ 200 with a detection sensitivity in range of few tens of attomoles [65].
Si and Ge nanowire based SERS also showed success in enhancing the Raman signal from
a number of other dye molecules including N719 and PATP. Some of these work involved
hydrogenation of substrate surfaces for efficient charge-transfer [66]. The work also showed
that the efficiency of the charge-transfer process can be tuned by controlled doping of the
antenna. n-type Si structures showed Si-to-molecule electron injection and p-type structures

allow molecule-to-Si charge transfer.

While progress in Si-based SERS has been sporadic since its first observation, the quest for
metal-free SERS has gained momentum over the last decade. Rodriguez et al. used me-
chanically milled Si nanoparticles to achieve SERS enhancement of para-aminobenzoic acid
(PABA) molecules in which the effective enhancement was similar to plasmonic SERS [67].
This work showed that Si based nanostructures are prime candidates as nanoantennas for

molecules that do not contain functional groups with strong affinity for noble metals. In
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such cases Si based antennas can provide similar enhancements to plasmonic antennas while

producing reproducible and stable SERS signals.

One of the major reasons behind choosing Si as the antenna material in Chapters 4 and 5 is
its favorable thermal property, particularly its lower optical absorption and higher specific
heat of (5x higher compared to Au [68]). Maier et al. investigated the heating effects on
dielectric Si and GaP dimer nanoantennas and compared that with Au antennas of the same
dimensions [5, 4]. The results in Figure 2.9 show that Si based structures produced 18
times lower increase in temperature compared to Au nanoantennas. This low heating has
important implications in SERS studies and its importance becomes even more significant
when ultrafast irradiation is involved, such as in SE-CARS applications. This lower heating
protects the antennas from disintegrating, prevents the target molecule from getting damaged

and improves the stability and reproducibility of the signal.
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Figure 2.9: Comparision of thermal effects in (a) Si and (b) Au dimer based nanoantennas.
The calculated temperature maps in the inset for both (a) and (b) are calculated for 5
mW /um? excitation field. Reproduced with permission from [4]

Similar results were obtained when comparing GaP dimer nanoantennas with similarly struc-
tured Au based ones, as seen in Figure 2.10 [5]. An interesting fact to note here is that
the GaP antenna does not produce any heat at all as the imaginary part of the dielectric

function for GaP approaches zero in the visible range, resulting in no resistive losses.
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Figure 2.10: Comparision of thermal effects in (a) GaP and (b) Au dimer based nanoan-
tennas. The calculated temperatures show significant heating in Au based nanoantenna,
while no noticeable heating was predicted in the dielectric one. Reproduced with permission
from [5]

Other materials apart from Si have also been explored as dielectric nanoantennas for SERS.
By tuning their optical and chemical properties along with their morphology, amplification of
Raman scattering has been achieved. Table 2.2 summarizes some of the examples of dielec-

tric based SERS investigation along with the shape of the antenna and main enhancement

route.
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Material Shape Main contribution to enhancement Ref
TiO, nanoparticles CT (69, 70, 71, 72]
nanoparticles QC [73, 74, 75]
nanofibers EM [76, 77
spherical core/shell beads EM [78, 79]
3D inverse opals EM [80, 81]
Zn0O nanocrystals, nanorods, nanowires CT [82, 83, 84]
nanoporous 3D network cT [85]
1D nanostructures EM [86, 87]
CuO, Cuy,0 nanocrystals CT (88, 89, 90, 91]
nanospheres CT + EM 92
AgFeOy nanoparticles CT + EM 93
a-FeyO4 nanoparticles CT [94, 95]
Fe304 nanoparticles CT [96]
SnO, nanoparticles CcT 97
V5,05 nanoparticles CT 98
ReO3, W,,0, nanoparticles CT + EM [99, 100]
SiO4 microspheres EM [101, 102]
TiO,, Fe;03 composites nanocomposites CT + EM [103, 104, 105]
nanoparticles CT + EM 106, 107
quantum dots QC + CT 108, 109
Si, Ge low-density nanowire arrays EM [63, 64, 110]
high-density nanowire arrays CT, EM [66, 59, 61]
nanoparticles EM [67, 111]
Si/Ti0, heterostructures EM [112]

Table 2.2: Summary of recent studies involving dielectric materials for SERS enhancement.
CT, charge transfer mediated enhancement; EM, electromagnetic enhancement; QC, quan-
tum confinement based enhancement. Reproduced from [8] with permission

2.5 Nonlinear optical phenomena and their plasmonic

enhancements

Nonlinear optics is a branch of photonics where the response of a material system changes
in a nonlinear fashion when stimulated by a strong incident optical field [10]. The response

here is described by the polarization density P(t):
P(t) = =0 |[xVE() + YOE2(t) + YOE3 () + ] (2.32)

where £ is the permittivity in vacuum and x™ is the n-th order susceptibility of the material

of interest [10].
Higher order susceptibilities (n > 1) only come into play for strong incident fields, which was
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experimentally not possible to achieve before the development of laser in 1960 [9]. Only after
this important invention, light sources with sufficient intensity became available and innova-
tion in the field of nonlinear optics took off. Important second-order optical processes include
second-harmonic generation (SHG), sum-frequency generation (SFG), difference-frequency
generation (DFG), whereas third-harmonic generation (THG), two-photon absorption (TPA)
and four-wave mixing (FWM) are the most common third-order processes. While third-
order processes can be observed in all materials, second-order processes are limited to struc-
tures with broken centrosymmetry within the dipolar approximation of light-matter interac-
tion [10]. In this dissertation, we study two different third-order nonlinear optical processes
and their plasmonic enhancement. In chapter 3, we study two-photon absorption from pla-
nar gold surfaces and how the subsequent fluorescence is enhanced when nanoparticles are
placed near the surface. In chapters 4 and 5, we study coherent anti-Stokes Raman scattering

(CARS) and its enhancement through plasmonic and non-plasmonic antennas.

2.5.1 Two-photon absorption (TPA) and coherent anti-Stokes Ra-

man scattering (CARS)

In two-photon absorption, two photons of identical (degenerate TPA) or different (non-
degenerate TPA) energies are simultaneously absorbed by the material and the combined
energy matches the transition energy from the ground state to an excited state of the material
[10], as shown in Figure 2.11a. Although the absorption process requires two photons, the
material response is third-order in the incoming fields. After a phonon-coupled non-radiative
relaxation, the excess energy in the material is released through radiation, the resulting

process is referred to as two-photon excited fluorescence (TPEF).

In coherent anti-Stokes Raman scattering (CARS), two pulsed laser sources with suffi-

ciently high intensities are used to coherently drive Raman-active vibrational modes within
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Figure 2.11: Jablonski diagrams of (a)TPA and (b) CARS

a molecule. The frequencies of the two beams, called pump (w,) and Stokes (wg), are chosen
such that their difference matches the frequency of the vibrational mode-of-interest (Figure
2.11b). After interacting with a third field which is usually derived from the pump beam, the
material may return to the ground state under the emission of a blue-shifted field at the anti-
Stokes frequency (wss = 2w, — ws). The resulting CARS signal can be orders-of-magnitude

more intense than the corresponding spontaneous Raman scattered signal [113].

2.5.2 Enhancement of nonlinear optical effects

Plasmonic enhancement of nonlinear optical phenomena began with second-harmonic gen-
eration (SHG) in 1974 when Simon et al. achieved a 30 fold increase in the SHG signal
with propagating SPPs supported on a thin silver film [114]. In 1981, a 10* enhancement
of SHG signal was observed by Chen et al. on an electrochemically roughened silver surface
relative to a flat reference film using non-propagating localized surface plasmons (LSP) [115].
Along with this widely-explored second-order process, plasmonic enhancement of third-order
optical processes such as THG [116, 117], TPA [118, 119] and FWM [120, 24, 121, 25] have

also been investigated over the past few decades.

38



Plasmonic enhancement of CARS was inspired by the advent of surface-enhanced Raman
scattering (SERS), a spectroscopic technique that has enabled enhancement of the notori-
ously weak Raman signal and made single molecule detection possible through LSPs sup-
ported by metallic nanostructures [18, 122, 46]. As SERS uses the amplifying qualities of
LSPs, the field is not uniform across the entire field-of-view, making it incompatible with
wide-field imaging applications. Widefield SPP illumination, on the other hand, provides
uniform field enhancement in the two-dimensional sample plane [11]. SPP mediated CARS
generation with subsequent far-field detection was demonstrated as early as in 1979 [123].
After that proof-of-principle study, investigation regarding plasmonically enhanced coherent
Raman scattering (CRS) remained mostly unexplored while advances in CARS microscopy
surged in the late 1990s and early 2000s [124, 125, 126, 127]. Recent literature includes a
number of LSPR mediated SE-CARS micrcosopy studies [128, 129, 130, 131]. The first wide-
field SE-CARS microscope was developed in 2016 enabling wide-field CRS imaging with a
million-fold enhancement in detected signal [24]. Subsequent work on wide-field SE-CARS

has successfully demonstrated three-dimensional imaging of live-cells [132].

2.5.3 Nanoantenna mediated enhancement in SE-CARS

A deep understanding of the SE-CARS process requires a detailed theoretical framework of
surface-enhanced coherent Raman scattering. However, no such theory has yet been devel-
oped. The theories used for SERS are borrowed and extended to interpret results obtained
from SE-CARS experiments. As with SERS, it is assumed that the primary enhancement
mechanism is governed by electromagnetic effects. Considering a molecular dipole placed in
close proximity to a spherical particle with reasonably high polarizability «, the local electric

field Ejoc(r, w,) is modified due to the interaction between the particle and molecular dipole.
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The local field Ejoc(r, w,) can be expressed as[20]

Eloc(r,wp) = E(r,w,) + Ep(r,wp) (2.33)

Here, E(r,w,) is the incident field applied to a molecule placed at r and E,(r,w,) is the field
scattered by the particle in response to the pump field. Similarly, the local field in response

to the incoming Stokes field can be expressed as

Eioc(r, ws) = E(r,w;s) + Eg(r, w;) (2.34)

Here, Eq(r,w;) is the field scattered by the particle in response to the Stokes field. The
amplitude of the nonlinear polarizations of the molecule at the Stokes (w;) and anti-Stokes

(was) frequencies can be written as

Oa

@)05(9)}]52(%)? (ws) = Yo (was) E* (wp) E* (ws) (2.35)

P(r,was) = {(

Oa

@)oﬁ(ﬂ)}*lE(wp)IQE(ws) = 7 (wa) | B (wp) [ E(ws) (2.36)

p(r,ws) = {(

Here, 7,(w,s) and 7,(w,) are third-order hyperpolarizabilities of the target molecule, and
€(€2) is the frequency dependent responsiveness of the molecule. This €2 here is defined as

the frequency difference between the pump and Stokes fields, 2 = w, — w;.

The far field radiation at a point R can be written as

ER,r,w) =E;R,r,w) + E;i(R, 1, w) (2.37)

Here, the last field term is the field scattered by the dipole located at r and observed from
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R. When the particle is excited at its resonances (for a metallic particle, it will be the
plasmonic resonance), we can reasonably expect Eg.,; > E; and the molecular response is
radiated through the particles dipolar mode. Using this formalism, it can be shown that
the overall enhancement in the SE-CARS process can be orders-of-magnitude stronger than

what is achievable through SERS. We can rewrite 2.33 as

E(r,w,) = [1 + F(r,wy)|E(r,w,) (2.38)

Similarly, we can rewrite 2.37 as

ER,r,w)~ [1+ F(r,w)|E;(R,r,w) (2.39)

Using these, we can write the CARS signal field as

ER,r,w) o [1 4+ F(r,was)](was) [1 + F(r,w,)PE* (r,w,)[1 + F(r,w,)]*E*(r,w,) (2.40)

The fields that are scattered by the particle are much more intense compared to the ones
that are scattered by the molecule alone and also the incident fields. As a result, we can

write [1 + F(r,w)] = f(w). We can then write the SE-CARS intensity at the far-field as

o5 |B(WP)E(WP)|4|5(WS)E(WS)|2|5(WaS)E(wa8)|2 (2.41)

This shows that the overall enhancement of CARS in presence of a nanoantenna is § ~
|B(wp)|*18(ws) [?]B(was)|>. In a manner similar the one used to express the electromagnetic

enhancement for SERS earlier, we can justify that

Blwp) = B(ws) = B(was) (2.42)

This allows us to estimate the overall SE-CARS enhancement to be ~ |3[8[20].
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Now, we consider the coherent background from the nanoantenna’s intrinsic x® response.
This contribution can be included in order to write an expression for the total field at the

far-field

Etotal(R7 r, was) = Eantenna(R7 r, was) + Emolecule(R7 r, was)eiA¢(waS) (243)

Here, Eqpienna is the independent contribution of the nanoantenna (usually metal), without
considering the presence of any molecule. The phase term e**?“as) is included in the ex-
pression to reflect the interference effects between the molecular and antenna contributions.
While the contribution of the molecule (E,,qecue) in the total radiated field is also accom-
plished through the antenna, this radiation depends on the polarization of the molecule near

the antenna which is strongly modified when they are coupled.

2.5.4 Heating of nanoantennas under ultrafast excitation

Photothermal heating of plasmonic nanoantennas occur due to the unavoidable energy trans-
fer between the incident electromagnetic radiation and the antenna[20]. This effect becomes
particularly pronounced and becomes a major issue when ultrafast irradiation is involved.
Dephasing after the coherent excitation of surface plasmons at its resonance (wp) induces
a transfer of energy between the incident optical field and the material. This dephasing is
attributed to Landau damping, which is understood to be responsible for the transfer of
quanta hwy from the oscillation of surface plasmons to the metallic antenna[133, 134]. This
is accomplished by exciting electron-hole pairs near the Fermi level Er. Hot electrons are
produced with maximum electron and hole energies of F, = Er + hwy and E;, = E. — hwy,
respectively. The process happens on the order of a few tens of femtoseconds. After the
generation of hot electrons, the energy is redistributed through inelastic electron-electron

interactions and reaches a thermalized Fermi-Dirac distribution in the timescale of hundreds
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of femtoseconds. Subsequently, the energy is transferred to the lattice through electron-
phonon coupling in the 1-100 ps timescale. This results in the heating of the metal, followed

by dissipation of this heat to the surrounding medium.

The thermal response of the nanoantenna under ultrafast irradiation has a dynamic nature
and different antenna temperatures are expected for picosecond and femtosecond CARS
experiments. As such, free-electron temperatures must be considered separately from the
lattice and molecular temperatures. While the temporal evolution of this electron heating
phenomenon is well-understood, it is more complicated and sometimes not possible to mea-
sure the spatial distribution of the temperature near the electromagnetic hotspot. One of the
ways that we can measure this distribution is through observing the broad emission from the
metal, known as the electronic Raman scattering (ERS). At ps time scales, we can gain useful
insight about the Fermi-Dirac distribution of coupled electron-hole states, which can be esti-
mated with the help of the Boltzman distribution for large spectral shifts [135, 20]. Through
the analysis of the anti-Stokes scattered emission, it has been suggested that the temperature
of the electron near the electromagnetic hotspot can reach thousands of Kelvin [6] in the ps

time scales, as illustrated in Figure 2.12.

The discussion in the preceding paragraph provided insight into the thermal response of the
electron gas near an electromagnetic hotspot. However, the heating kinetics of the molecule
itself can be vastly different. Thermal equilibrium between the molecule and the antenna is
understood to occur in few tens of picoseconds or longer timescales [136, 137]. When surface-
enhanced coherent Raman scattering is considered, it is necessary to see if any transfer of
energy takes place between the plasmonic junction and the molecule on the picosecond-
femtosecond timescales. If such transfer occurs, it is possible that the temperature of the
molecule can increase rapidly. One way to measure this temperature is to analyze the ratio
of Stokes to anti-Stokes scattered signal. However, it is not trivial to independently measure

the molecular temperature while avoiding other processes that contribute to up-pumping of
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Figure 2.12: Temperature of electron gas measured near a gold nanodumb-bell antenna,
probed through the electronic Raman scattering process. Curve (i) shows the anti-Stokes
signal under 634 nm cw illumination using an average incident intensity of 30 W /cm?.
(ii)-(iv) were taken under 6 ps, 785 nm illumination using an average incident intensity of
100 pW/cm?. Reproduced with permission from [6].

the molecule’s vibrational states (v = 1 and higher). Recently it has been suggested that the
increase in molecular temperature (probed using the Stokes to anti-Stokes ratio) is not as
drastic as in the case of electron temperature and this increase is relatively modest (< 100 K)
under ultrafast excitation [138, 7]. Figure 2.13 shows the temperature of 4-nitrobenzenthiol
attached to a Au nanoantenna under 1035 nm ~250 femtosecond excitation. The figure
clearly shows that an increase in temperature happens on the picosecond timescale and
subsequently decreases within a similar timescale. Due to this characteristic timescale which
is also on the order of vibrational lifetime of the probed Raman-active modes, it is suggested
that thermalized hot electrons near the plasmonic hotspot are responsible for this heating
process. This data was obtained for peak powers of 107 W/cm?. The experiments strongly
suggest that the temperature of the molecule is dependent on the thermal response of the
nanoantenna. However, AT, ccue 18 only a small fraction of AT, jeetron. This observation

indicates that the molecular temperature can be strongly affected by the heat capacity of
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the surrounding medium and the notion is supported by studies in which the AT}, oecule
were found on the order of few hundreds of Kelvins under ultrafast irradiation, in which the

plasmonic system was surrounded by low heat capacity shells made of silica [139].
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Figure 2.13: Temperature of 4-nitrobenzenthiol measured using Stokes-to-anti-Stokes ratio
in an ultrafast SERS experiment. Reproduced with permission from [7]

The discussion in this section investigated the relative increase in temperature of electrons
in the vicinity of the plasmonic hotspot and the molecule. However, additional effects be-
come important under increased illumination dosages. It has been suggested that at peak
field intensities (321) of 10> W/cm? and above, direct ionization inside the molecule is ex-
pected to take place caused by the bending of atomic potentials and accompanying electron
tunneling[140, 6]. These instantaneous effects do not depend on the temperature of the
electron gas near the plasmonic hotspot. Experiments involving Au nanodumbbells under

femtosecond irradiation (8% = 10'® W /cm?) revealed photo-induced morphological changes
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to the antenna [141]. This observation supports previous studies reporting arching and ion-
ization effects in plasmonic structures in cw SERS measurements where 321 reached ~ 10'3

W/cm?,
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Chapter 3

Sensing biomolecular interactions by

the luminescence of a planar gold film

3.1 Rationale

Surface sensitive optical techniques are important for studying a wide range of biomolecular
binding interactions. Fluorescence sensing, refractometric sensing and surface plasmon reso-
nance (SPR) sensing are some of the most widely used detection strategies where selectivity
is achieved solely based on optical contrast. Fluorescence based sensing methods utilize flu-
orescent probes to identify the analyte of interest [142]. It has found diverse applications
in a variety of fields, including analytical chemistry, molecular biology, spectroscopy and
microscopy to name a few [143, 144, 145, 146]. But its utility is limited by phototoxicity,
photobleaching and, in some cases, the unavailability of suitable fluorescent probes. These
limitations can be overcome by employing the intrinsic refractive properties of materials to
generate optical contrast. A common approach to refractometric optical sensing is based

on interferometry, where minute changes in refractive indices are measured as variations in
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phase and amplitude of the applied light field [147, 148]. The phase changes facilitated by a
single nanoparticle has been shown to be sufficient for producing detectable interferometric
signals [149, 150, 151]. Nonetheless, an intrinsic limitation of interferometric sensors is a

large background, which ultimately affects sensitivity and attainable spatial resolution.

Surface plasmon resonance (SPR) sensing is a refractometric sensing technology that provides
enhanced detection sensitivity by utilizing surface plasmon polariton (SPP) modes supported
by a metal film. The coupling of free space light to SPP modes is highly sensitive to
minuscule changes in local refractive indices at the metal-dielectric interface [152, 153, 154].
SPR sensors do not require interferometric stability, and as such they are much simpler
and robust compared to other refractometric sensors. The SPR method can be useful for
extracting information on biomolecular interactions, chemical sensing as well as in theranostic
applications. SPR sensors are currently the gold standard for studying the binding and

dissociation kinetics of a wide range of biomolecules [153, 155, 156].

In the typical sensor implementation of SPR, binding/dissociation events are inherently
ensemble averaged, and as a result information on individual binding/dissociation events
cannot be easily retrieved. An imaging variant of SPR sensing, called surface plasmon res-
onance microscopy (SPRM), makes it possible to visualize individual binding/dissociation
events with a camera. SPRM has been successful in dynamic imaging of a multitude of
structures that are of biological interest, such as cells [33], bacteria [34], viruses [35], exo-
somes [36], DNA [37, 38], polymeric and protein nanoparticles [39] among others. Neverthe-
less, the SPRM technology suffers from a number of limitations including an inherently strong
background and a non-ideal pointspread function (PSF) characterized by long-diffractive
tails [35, 37, 157]. The wave-like PSF affects the spatial resolution of the SPRM approach
compared to the confined, point-like PSF common to conventional optical imaging systems.
Advances in image processing address these issues to some extent [158, 159, 36], but do not

completely eliminate all of their inherent drawbacks.
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To overcome some of the limitations of SPRM sensors, we recently developed a SPP-based
sensor that makes use of an alternative optical signal [160]. Instead of monitoring small
changes in the SPP-coupling angle or in the SPP interference pattern, this novel sensor
uses the two-photon excited luminescence (TPEL) of the planar Au film as the sensing
signal [161, 162, 118]. We demonstrated that the TPEL signal grows whenever a nanoscopic
particle is within the nanoscale vicinity of the gold film, producing a localized emission source
against a dark background that can be easily captured on a far-field camera. The PSF of the
sensor is well-behaved and devoid of flares or long diffractive tails that plague conventional
SPRM systems. We hypothesized that the signal originates from the field confinement
introduced by the nanoscopic particle near the surface, giving rise to a higher probability
of electron-hole pair generation in the gold layer, which, after electron-hole recombination,
produces fluorescence-like radiation. Based on the suggested mechanism, we called this

approach confined optical field enhanced fluorescence emission, or Cofefe for short.

Cofefe is a promising tool but this technology is still in its infancy and as such, there are
questions that need to be answered in order to realize its full potential. Among these open
questions are the need for evidence for the suggested signal mechanism, as well as proof that

the Cofefe approach can be used reliably for kinetic studies of biomolecular interactions.

3.2 Methods and materials

3.2.1 Optical setup

A schematic of the optical setup is shown in Figure 3.1. A detailed description of the system
has been given previously [160]. Briefly, the microscope uses a Ti:Sapphire light source (Mira
900, Coherent) with a center wavelength of 800 nm. The laser produces a 76 MHz pulse train

of ~180 fs pulses. The beam is conditioned to produce a linearly polarized and collimated
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beam with a clean, transverse Gaussian profile of 10 mm diameter. The beam is then focused
with a lens (f = 250 mm) onto the back focal plane of a 1.49 NA, oil immersion objective
lens (Olympus), giving rise a collimated beam at the Kretschmann angle (~65°) to excite
SPP modes at the gold/sample interface. The beam illuminates the sensor surface over a
~100 pum diameter field of view (FOV). The ultrashort pulses generate two-photon excited
luminescence upon binding of nano-particles at the gold film and the subsequent emission
is collected in the epi-direction by the same objective lens. A 700 nm short wave pass
dichroic mirror separates the signal from the incident beam. The signal is further filtered
by a 625 nm=+45 nm band pass filter and a 750 nm short wave pass filter. The filtered
signal is subsequently projected onto an EM-CCD camera (iXon3, Andor) at a frame rate of
1 fps, unless otherwise noted. For the DNA binding experiments, the average illumination
power before entering the objective lens ranged from 15 mW to 100 mW. Spectrally resolved
measurements are performed by replacing the imaging EM-CCD camera is by a fiber-coupled
spectrometer (Acton SpectraPro SP-2500, Princeton Instruments) equipped with a EM-CCD

(ProEM 1600, Princeton Instruments).
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Figure 3.1: Schematic of the Cofefe microscope system. BF: bandpass filter; IL: imaging
lens; DM: dichroic mirror; FL: focusing lens; BCO: beam conditioning optics; BFP: back
focal plane; Obj: objective lens
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3.2.2 Sample preparation

The sensor surface is prepared by thermally evaporating 30 nm Au on a BK7 borosilicate
coverslip (VWR) using a 2 nm Cr adhesion layer. Before deposition of gold films, the cov-
erslips are subjected to sonication in EtOH/Water and acetone/Water solutions. A mixture
of sulfuric acid and Nochromix (VWR) is used to clean the glass surface without leaving
any residues. For distance dependent field confinement experiments, atomic layer deposition
(ALD) is used to deposit 2, 5 and 10 nm thick Al;O3 spacer layers over freshly prepared
gold films. Suspensions of 30 nm silicon nanoparticles (Melorium Technologies) and gold
nanoparticles (10, 40 and 100 nm; Sigma Aldrich) are used without further purification.

Rhodamine 6G is obtained from Sigma Aldrich and prepared as a 20 M aqueous solution.

Two different sequences of thiol modified DNA oligonucleotides, purchased from Integrated
DNA Technologies (Coralville, Iowa), are used, namely 5-S-S(CHj)gT50-3" (called T3g) and

5’-S-S(CH3)gA30-3" (called Agp). The gold coated surfaces are partitioned using silicon isola-
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tion wells and exposed to 10 pL of 250 uM Az oligonucleotides in a 1x phosphate buffered
saline solution overnight. The Tjy oligonucleotides are adhered to 40 nm gold spheres ac-
cording to the procedure described by Hurst et al [163]. In our experiments, 150 pM AuNP
is mixed with 5 uL of 1 mM T3 oligonucleotides. The DNA hybridization adsorption events
are observed in the Cofefe microscope by bringing a suspension of T3y modified gold nano-
particles into contact with an Asg-modified gold film. Each binding event appears as an

individual diffraction-limited bright spot against a dark background on the EM-CCD.

3.2.3 Image analysis

Recorded images are analyzed in ImageJ for manual counting of individual binding events,

achieved by identifying clear bright spots with a signal-to-noise ratio of at least 10.

3.3 Results

3.3.1 Cofefe enables background-free particle detection

The main advantage of Cofefe over SPRM is that the former offers better image contrast,
which can result in better detection sensitivity. Figure 3.2a shows a SPRM image of a
single 100 nm Au particle. The characteristic diffractive tails extend the PSF over a wide
area. Interference between the diffraction patterns of nearby particles can complicate particle
localization. The corresponding Cofefe image is shown in Figure 3.2b. Several important
differences can be observed. First, the Cofefe signal provides a positive bright signal against
a dark background, thus enabling background-free detection. Second, the PSF is radially
symmetric and does not exhibit diffractive tails. Third, the PSF is much more confined in

space, making the registration of multiple particles within a certain region of interest more
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Figure 3.2: Comparison between SPRM and Cofefe imaging of an individual 100 nm Au
particle. (a) SPRM image. (b) Cofefe image of the same particle. Arrow points to the
particle. (c) Cross section taken at the dashed line shown in (b).

straightforward compared to the situation in SPRM. A one dimensional cross section of the
PSF is given in Figure 3.2c, illustrating the positive signal relative to a low background. The

signal to background ratio is more than 100 for all Au particles detected in the ensemble.

3.3.2 Cofefe is due to field confinement

In this Section, we examine the proposed mechanism of the Cofefe sensor, namely field con-
finement upon formation of a nanocavity between the target and the planar film, followed
by two-photon excited electron-hole pair generation in the gold film. This mechanism has
been suggested because strong luminescent signals were observed when non-fluorescent par-
ticles, such as silicon nanoparticles, polystyrene nanoparticles and lipid droplets, approached
the Au surface [160]. Since it is unlikely that non-fluorescent particles produce strong lu-
minescent signals, the Cofefe response has been attributed to excitations in the gold layer
itself. Using femtosecond NIR pulses, the nonlinear response of gold has been ascribed in

part to the interband excitation of d-band electrons to the sp conduction band [164]. Subse-
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quent relaxation and radiative electron-hole recombination at the X and L symmetry points
has been suggested as the origin of the observed broadband emission from nano-structured

gold [161, 162, 118].

Here we wish to study whether the aforementioned confinement effect is responsible for the
Cofefe optical signals. Since field confinement is a rapidly decaying function with increasing
separation of the target from the planar surface, we surmise that the Cofefe signal show a
steep decrease as the distance between the nanoparticle and the gold surface is increased. For
this purpose, we prepare gold films with applied layers of alumina to control the target-surface
distance on the nanometer scale. First, we examine the two-photon excited fluorescence
signal of an aqueous Rhodamine 6G (R6G) solution as the thickness of the alumina layer is
increased. The results are shown by the black squares in Figure 3.3. Because the sample lacks
nano-particles, field confinement is absent and no luminescence from the gold is anticipated.
Instead, the signal originates from the R6G fluorophores in the solution. On the bare gold,
we expect that the SPP field induces a strong two-photon excited signal in the fluorescent
R6G solution atop the Au surface. This is indeed observed. A similar result is obtained when
a 2 nm alumina layer separates the gold film and fluorescent solution. In fact, no significant
change in the signal strength is seen when the thickness of the alumina layer is increased to
10 nm. This indicates that the amplitude of the SPP field in the sample is not significantly
affected by the presence of the alumina layer, a finding that corroborates observations made

in studies on SPP enhanced emission of fluorophores [165].

Second, we study the sensor emission for an aqueous suspension of 40 nm-diameter gold
nano-spheres. On bare gold, bright point-like spots are observed on the camera when the
gold nano-particles adhere to the gold surface. The average strength of the signal, however,
is somewhat weaker when the experiment is repeated with a 2 nm layer of alumina, even
though the SPP coupling angle has been adjusted to maintain a similar coupling efficiency.

Progressively weaker signals are observed when the layer thickness is increased to 5 nm and
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10 nm, although the luminescent signal is still clearly visible. To investigate this trend,
we perform Cofefe measurements of more than 20 adhered nano-particles and determine
the average signal observed for a given thickness of the alumina layer. The results are
plotted as the red circles in Figure 3.3, suggesting an exponential-like decay of the signal
as the alumina layer thickness is increased. This observation provides evidence that field
confinement is likely the origin of the enhanced luminescence signal upon particle binding

to the surface.
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Figure 3.3: Signal strength of the sensor for various samples as a function of the thickness
of an alumina layer atop the gold film. Black squares indicate a 20 uM aqueous solution
of Rhodamine 6G, red circles denote the average signal obtained from adhered 40 nm gold
nano-spheres, and blue triangles represent the average signal for 30 nm diameter Si nano-
particles. Solid lines are linear (black) and curved (red, blue) splines to the data that serve
as a guide to the eye. Note that the laser excitation power is scaled such that all samples
produce approximately the same signal at zero thickness of the alumina layer.

Nonetheless, 40 nm gold nano-spheres are plasmonically active and display intrinsic lumi-
nescence due to the same mechanism of electron-hole pair generation in gold. Indeed, the
average signal from gold particles appears to approach a non-zero constant value as the alu-
mina layer thickness increases, an observation that can be attributed to the intrinsic TPEL
of the gold nano-particle itself. Therefore, we have repeated the measurements with an

aqueous suspension of 30 nm diameter Si nano-particles. Since solid Si does not exhibit a
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strong TPEL signature, we may assume that the signal is solely due to excitations in the
gold sensor layer through the proposed field confinement effect. The blue triangles in Figure
3.3 represent the average signal from adhered Si particles (n > 20) as a function of alumina
thickness. The results show that the sensor emission for the Si sample decreases significantly
as the alumina thickness grows. At 10 nm, the average signal closely approaches the noise
floor, suggesting that for 10 nm gaps the field confinement effect has virtually disappeared.
These combined results thus provide strong evidence that field confinement is an important

aspect of the sensor’s operating principle.

If the proposed mechanism is valid then the origin of the luminescence is in the local gen-
eration of electron-hole pair in the gold layer. This implies that the luminescence spectrum
should resemble that of gold. It is known that TPEL of gold displays a broadband spectrum
in the visible range with only limited features [118, 166, 167]. Figure 3.4 shows the spectral
dependence of the sensor emission for the case when Si nano-particles are adhered to the
gold surface. For this purpose, the emission intercepted from an area rich in nano-particles
is coupled into a spectrometer. We observe a broad and feature-less spectrum that spans
from 550 nm to 750 nm, and which closely resembles the luminescence spectrum of gold
previously reported [118, 166, 167]. The luminescence signal of the bare gold film is shown
by the black line in Figure 3.4, which exhibits a broadband profile that resembles the blue
curve but is significantly weaker. This indicates that the field confinement-induced lumines-
cence, enabled by the presence of the particles, is substantial. Taken together, these results

support the suggested mechanism of the Cofefe sensor.
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Figure 3.4: TPEL emission from the gold sensing surface observed from a bare film (black)
and in the presence of adhered Si nanoparticles (blue).

3.3.3 Cofefe produces background-free images in binding assays

In contrast to traditional SPR sensors where the signal appears on top of a strong opti-
cal background, the Cofefe sensor produces a background-free signal. This feature enables
registering of individual binding events with high sensitivity. In the following, we study
the practical implementation of the Cofefe sensor for monitoring molecular binding events
near the gold surface. For this purpose, we use a DNA binding assay that is based on the
binding between T3y modified 40 nm gold nanoparticles (Figure 3.5a) and the gold surface

functionalized with complementary Asy strands (Figure 3.5b).

Figure 3.5c depicts a representative Cofefe image where several modified gold particles have
bound to the functionalized gold surface. Individual binding events show up as clean, sub-
micron level, diffraction-limited spots on the camera. Each bright spot corresponds to a
single binding event. Functionalized gold nanoparticles further enhance the detected signal

because of their own localized surface plasmon resonances. When no particle is adsorbed on
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the surface, the background signal is ~100 counts/s, which is approximately the dark count
rate for our camera. This dark count rate can go up to ~400 counts/s for higher illumination
powers. For individual binding events, an average signal-to-noise ratio (SNR) of more than
100 is achieved with illumination doses of ~30mW before the objective lens for a 60 pm
diameter spot on the sensor (10.6 W /um?). The observed emission is stable and shows no
blinking behavior. The excellent contrast thus achieved facilitates the analysis of binding
events. In addition, in the limit of non-overlapping diffraction-limited spots, the method

allows for multiple events to be detected simultaneously within the FOV.
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Figure 3.5: (a) Functionalization of 40 nm Au nanoparticles. (b) DNA hybridization. (c)
Cofefe image of DNA hybridization events. Each bright green spot corresponds to the loca-
tion of an Au NP bound to the functionalized gold surface.

We next examine the utility of the Cofefe sensor for dynamic binding studies. A freshly
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prepared gold surface functionalized with single stranded DNA (Asg) is exposed to a sus-
pension of gold nano-particles modified with single stranded DNA (Tj), and Cofefe images
are collected over a time span of 15 minutes. The number of detected spots (binding events)
is plotted as a function of time in Figure 3.6a for a nano-particle concentration in the
6 pM to 500 fM range. The binding curves show a characteristic behavior, exemplified by a
rapid rise within the first two minutes and a decelerated rate of binding events thereafter.
After 15 minutes, the highest number of binding events is seen for the highest concentra-
tion (6 pM), whereas the lowest number of events is obtained when the concentration is
low (500 fM). When the experiment is repeated with nano-particles modified with non-
complementary strands, no significant binding is observed. At a concentration of 6 pM, only
8 non-complementary binding events are recorded. This negligible amount of non-specific
binding underlines the potential of the Cofefe sensor for application in many other bioaffinity
assay applications. In Figure 3.6b, the number of binding events observed after 10 minutes
is plotted as a function of concentration. An expected linear relationship is obtained, similar

to results obtained previously in SPRM sensors [37].
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Figure 3.6: (a) Number of DNA-modified Au particles bound to the sensing surface as a
function of time. (b) Number of binding events after 10 minutes as a function of particle
concentration.

3.3.4 Resolution Enhancement with Super Resolution Radial Fluc-

tuations

For particles sized below the diffraction limit of light, the detected spot on the camera
reveals a clean radially symmetric pointspread function [160]. This suggests that localization
analysis techniques that are used in fluorescence imaging could be implemented to improve

the resolution of the Cofefe image [168, 169]. Enhancing the resolution is useful for increasing
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the number of particles that can be detected within the field of view, thus enhancing the

multiplexing capability of the sensor.

Super-resolution methods such as photo-activated localization microscopy (PALM) [170, 171]
and stochastic optical reconstruction microscopy (STORM) [172] rely on the intermittent
emission of fluorophores to localize spatial features. The Cofefe signal, on the other hand,
originates from a nanoscopic volume in the gold layer and produces non-intermittent radia-
tion. The Cofefe signal from nearby emitters is analogous to the high emitter density limit
in conventional fluorescence microscopy, where the high density of emitters limits the ability
of resolving blinking statistics in the presence of a high background. An alternative method,
super-resolution radial fluctuations (SRRF) [173], is well suited to improve the spatial res-
olution in this high density limit. Assuming that the signal represents a collection of point
emitters with a radially symmetric point spread function, SRRF can detect regions of higher
local radial symmetry than their surroundings. By correlating radial symmetry maps from
a sequence of raw images collected sequentially in time, SRRF provides a rapid evaluation

of likely emitter positions.

Figure 3.7(a) shows a Cofefe image of 20 nm Au nano-particles deposited on the gold sensing
surface. The green boxed area, shown enlarged in 3.7(b), highlights an individual particle.
The apparent size of the point source is defined by the PSF, with a width that measures
~0.4 pm [160]. To improve the resolution, we use the SRRF algorithm, based on 100
raw frames acquired at 68 fps. For comparison, the SRRF signal is overlaid on the Cofefe
image acquired over the same interval of time. After application of the SRRF, the effective
resolution is increased, producing a reduced full-width half maximum (FWHM) of ~120-
140 nm, as illustrated by the red profile in Fig. 3.7(d). Note that after application of the
SRRF algorithm, the point source appears as a single lobe without additional fringes or

flares.

Besides individual particles, brighter spots can be seen in Fig.3.7(a), suggesting that sev-
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Figure 3.7: (a) Cofefe image of 20 nm gold particles (blue) overlaid with the SRRF enhanced
image (bright orange). (b) Enlarged view of the green boxed area in (a), which contains a
single 20 nm Au particle. (¢) Enlarged view of the yellow boxed area in (a), which contains
multiple particles within the diffraction limited volume. (d) Cross section taken at the dotted
line in (b). Black line is the raw data and the red line is obtained after application of SRRF.
(e) Cross section taken at the dotted line in (c¢). Black line is the raw data and the red line
is obtained after application of SRRF. Scale bars are 1 um.

eral particles may be found within the length scale defined by the diffraction limit. One of
these areas is shown enlarged in Fig.3.7(c). Such spots are difficult to quantitatively analyze
without additional resolution enhancement. With SRRF, the particles can be better discrim-
inated in regions of high density, revealing that multiple particles can be found within the
bright area of Fig. 3.7(c). The corresponding cross section shown in panel 3.7(e) shows the
significant improvement in particle localization after application of SRRF. A single particle
can be seen about 0.2 ym removed from the main cluster, a feature indiscernible without the
use of super-resolution techniques. These results make clear that the Cofefe approach can
be conveniently combined with super resolution techniques, further improving the analytical

capabilities of the sensor.
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3.4 Discussion

In this work, we have studied the mechanism of the Cofefe sensor and applied this new
device to the study of DNA hybridization kinetics. As the Cofefe sensor produces images
that are based on incoherent luminescence from the gold surface, it enables the detection
of binding events as bright, non-interfering spots against a dark background. Our previous
work has shown that Cofefe signals can be observed for both luminescent nano-particles (Au
nano-spheres) and non-luminescent nano-particles (Si nano-structures and lipid droplets),
suggesting that the optical signal might stem from the gold film rather than from the proximal
nano-particles alone. These observations point to the role of field confinement in the nano-
cavity formed between the planar surface and the nano-object. The experiments performed
here confirm this notion. First, by adding an alumina spacer between the nano-particle and
the gold film, the Cofefe signal is seen to decay in an exponential fashion. Such behavior
can be expected if field confinement is responsible for inducing luminescence in the gold
film. Second, the luminescence spectrum resembles that of nano-structured gold after two-
photon excitation. In the absence of fluorescent nano-particles, this observation identifies the
gold film as the origin of the luminescence. Hence, the suggested Cofefe mechanism implies
that the gold sensing surface not only serves to provide the SPP illumination field, it also
constitutes the material responsible for the generation of radiation. Gold is known to exhibit
a strong nonlinear optical response in the presence of surface plasmon excitations [174, 175],
which corroborates our findings here. The ability of the Au film to produce light of a color
different from the illuminating light makes Cofefe a very attractive sensing mechanism that

goes much beyond what conventional SPR sensors can offer.

The DNA binding measurements discussed in this work yield binding curves that closely
resemble SPRM studies of the same DNA binding assay [37], providing evidence that the
Cofefe sensor can be used for reliable quantitative biomolecular binding studies. In addition,

we have observed high specific to non-specific binding ratios (more than 100:1), which should
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potentially translate to widespread application in bioaffinity assays where analytes may be

present at low concentrations.

While the Cofefe sensor reproduces previous SPRM results in terms of binding kinetics, it
does so with a PSF that is intrinsically point-like against a low background. The application
of localization-based algorithms for improving the resolution is a clear advantage of the Cofefe
approach. The SRRF algorithm used in this work is particularly well suited for Cofefe images,
improving the resolution of individual particles to the 120-140 nm range. Compared to PSF
reconstruction techniques in SPRM [159, 36], the processed images in Cofefe enable a clean
and point-like localization of particles, which differs from the reconstructed PSF in SPRM
in that it is free from remaining fringes or flares. Ultimately, the fringe-free localization
makes it possible to identify individual particles at higher densities, which is an attractive

capability for sensing at higher concentrations.

Although the current sensor already enables practical bio-affinity studies, there are several
steps that can be taken to improve the performance of the device. For instance, using an
optimized optical imaging system, it is relatively straightforward to increase the FOV, which
is currently 100 x 100 pm?. By expanding the FOV to 250 x 250 um? more binding events
can be observed without significant undersampling of the data, thus improving the statistical
sampling of binding event. In addition, tailored dichroic mirrors and bandpass filters can
be implemented to ensure maximum transmission of the Cofefe signal, resulting in stronger
signals and thus faster and more reliable sensing. Finally, template-stripping can be used to
produce ultra-flat gold films, with a surface roughness of less than 5 Angstrom, using mica
as template. As the quality of the gold film is a key factor in the signal-to-background ratio
of the Cofefe signal, optimizing the film quality will undoubtedly enhance the sensitivity of

the sensor.
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3.5 Conclusion

We have shown that optical field confinement plays a key role in signal generation process
of the Cofefe sensor. This mechanism stipulates that Cofefe is suitable for detection of non-
fluorescent particles, a notion that offers opportunities for monitoring nanoscopic objects
of biological significance. The utility of the Cofefe sensor is underlined by the successful
DNA binding measurements through hybridization on the gold sensing surface, as presented
in this work. These studies emphasize that Cofefe is a promising new tool in the field of
particle sensing. It takes advantage of some of the conveniences of SPRM microscopy, but at
the same time eliminates the fundamental problem of a bright background and low spatial
resolution that plagues it. As the Cofefe technology is still in its infancy, there is room
for improvement of the sensor. Through optimization of the sensing area, detection optics
and the use of smoother gold films, we believe that detection of viruses, bacteria, exosomes,

liposomes and, ultimately, single protein structures are within reach.
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Chapter 4

Surface-enhanced coherent anti-Stokes
Raman scattering of molecules near

metal-dielectric nanojunctions

4.1 Rationale

Surface enhanced Ramans scattering (SERS) is a widely used spectroscopic tool for sensing
molecules at low concentrations. In SERS, plasmonic nano-antenna systems enhance the
sensitivity of the otherwise weak Raman effect [176, 20, 177]. These metallic nanostructures
support surface plasmon resonances that can confine propagating electromagnetic radiation
to nanoscale regions, where the molecule of interest is efficiently driven. Subsequently, the
antenna enhances the radiation of the induced Raman polarization, enabling strong signal
collection in the far-field [178, 179, 180, 181, 182]. The enhancement mechanism of SERS is
well understood, and well-designed nanostructures have successfully pushed the sensitivity

of this technique to the single-molecule limit [46, 183, 184]. While SERS does allow massive
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enhancement of the feeble Raman effect, it is limited in terms of acquisition rates and
struggles to record spectra at rates faster than ~ 10 Hz in the single molecule limit. For
single molecule applications that require much faster readout rates, such as DNA sequencing

applications [185, 19], the SERS mechanism alone may not be sufficient.

In coherent Raman scattering (CRS) the vibrational transition in the molecule is stimulated,
and thus the molecular transition rate can be significantly higher compared to the transition
rate in spontaneous Raman scattering. In addition, in the case of an ensemble of molecules,
the molecular oscillators are driven in unison, producing coherent radiation that takes ad-
vantage of the constructive interference between the dipolar radiators. The combination of
these two effects can give rise to much higher signal levels in CRS compared to linear Raman
methods. For this reason, CRS spectroscopy and microscopy techniques have gained popu-
larity in applications where the long signal acquisition time of spontaneous Raman scattering
is a limiting factor [186, 187, 188, 189, 127, 190]. Various CRS implementations have demon-
strated spectral acquisition rates that are many orders of magnitude faster than what can be
achieved with spontaneous Raman or SERS. Examples include Fourier transform coherent
anti-Stokes Raman scattering (CARS) with spectral acquisition rates of 100 kHz [191, 192]
and arrayed detection of stimulated Raman scattering (SRS) at spectral acquisition rates of

200 kHz [193)].

Such fast spectral acquisition rates, however, were obtained for relatively high molecular
concentrations, and are thus not easily extended to the limit of a few molecules. In this
limit, the coherent amplification of the CRS signal no longer applies [189], yet the stimulated
vibrational transition afforded by the CRS process still offers a potential mechanism for
enhanced transition rates relative to spontaneous Raman scattering. In this context, the
combination of CRS with the field enhancement provided by surface plasmon resonances

appears a route toward higher Raman radiation rates than those obtained in conventional

SERS.
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Surface-enhanced CRS was first demonstrated in the form of surface-enhanced CARS (SE-
CARS) in 1979, using the propagating surface plasmon polariton (SPP) modes supported on
a flat silver film to amplify the CARS spectrum of liquid benzene [194]. Subsequent work has
focused predominantly on plasmonic junctions in gold and silver nano-structures, confirming
the ability of plasmonic resonances to amplify the CRS signal, even reaching the single-
molecule limit [195, 121, 131, 177]. These metallic systems are chosen as they feature some
of the highest achievable field-enhancement factors. However, there is a limit to how much
incident radiation can be applied before photo-induced breakdown of the plasmonic substrate
and the molecule occurs [137, 196, 136, 197, 133, 134, 198, 135, 6]. It has been shown that
under ultrafast excitation, the electron temperature can reach thousands of Kelvin [141], and
that also the lattice temperature can go up, affecting the structural integrity of the junction.
It has also been reported that near the local peak intensities (defined as 321, where f3 is
the local field enhancement factor and I is the incident intensity) of 10'* — 10" W/cm?,
bending of the potential followed by electron tunneling can cause photo-induced ionization
of the molecule [140]. The heat-induced morphological distortions at the metallic junctions
are accompanied by steep field gradients that defy standard Raman selection rules, and
involvement of charge-transfer plasmons and plasmon-induced chemistry complicate matters,
making these SE-CRS measurements extremely difficult to reproduce [20]. As a result, there
is a need for new SE-CRS systems that enable reliable and reproducible measurements by

substantially minimizing the inherent drawbacks of the metal-molecule-metal nanojunctions

used for SE-CRS thus far.

Addressing this issue of reproducibility of SE-CRS measurements requires a reimagining of
experimental geometries. Plasmonic systems that are easy to fabricate repeatably and that
can efficiently produce a robust optical response with lower local heating can play an impor-
tant role here. A case in point is the use of a flat gold film on a glass substrate as the main
antenna system. We have previously shown that such a system provides reproducible total

enhancement factors of ~ 10° for the case of SE-CARS [24, 25]. Even higher enhancement
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factors can be expected for nanoantenna systems comprised of metal particles placed on top
of a metal film. This particle-on-a-film configuration has been explored by multiple groups as
a promising platform for reproducible (linear) spectroscopic studies [199, 200, 201, 202, 203].
Facile fabrication methods and high attainable field enhancement factors make this system

particularly suitable for SERS studies.

While this particle-on-a-film geometry substantially mitigates heating issues, the thermal
load at the junction can be further reduced by using high-index dielectric particles that
are known to exhibit higher specific heat capacities while also showing excellent antenna
properties. It has been recognized that Si and GaP dielectric particles provide strong field
enhancements at optical and NIR frequencies while producing orders-of-magnitude lower
dissipative losses compared similar structures made of gold [4, 5]. The mechanism behind
metallic and dielectric nanoantenna induced field enhancement processes are fundamentally
different. The metal induced plasmonic fields are generated as a result of free-electron
plasma oscillations [15]. In dielectric nanoantennas, electromagnetic field localization arises
due to the generation of strong displacement currents inside the material. These currents
generate inner-electric field distributions, which are accompanied by electric fields outside
the material as well. As a result, when dieletric particles form nanojunctions, they also
provide field enhancement in the cavity [17, 4]. These high-index dielectric nanoparticles
provide a low-loss alternative to their metallic counterparts, which we explore in this study

as a potential platform for reliable surface-enhanced CRS sensing.

In this work, we seek to overcome the aforementioned inherent limitations of unpredictable
SE-CARS enhancement systems. We utilize a simple experimental geometry to perform
repeatable and controllable wide-field SE-CARS measurements at Au film-Au particle and
Au Film-Si particle nanojunctions. We demonstrate successful generation of detectable SE-
CARS signals using the lowest reported average incident intensities to date using a metal-

molecule-metal nanojunctions. We also successfully perform a first-of-its-kind SE-CARS
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measurements at the metal-dielectric heterojunction, opening up the possibility of next gen-
eration of surface-enhanced coherent Raman sensors that do not rely on fragile metallic nano

cavities.

4.2 Methods and materials

4.2.1 Sample preparation

Gold sensing surfaces are prepared using a physical vapor deposition (PVD) process. A 45
nm thick Au film on top of a 2 nm thick Cr adhesion layer is evaporated on BK7 cover-
slips (Corning). Note that this Cr layer introduces attenuation of the surface plasmon wave
as a result of the poor (nonmetallic) optical properties of Cr at near-infrared wavelengths,
yet it is used here to enable better adhesion of the gold to the glass coverslip. The cov-
erslips are thoroughly cleaned prior to deposition by sonicating them in EtOH/water and
acetone/water baths. Freshly prepared gold films are functionalized by overnight incuba-
tion in 5 mM ethanolic solution of 4-(mercaptomethyl)benzonitrile (MMBN) obtained from
Sigma-Aldrich. 40 nm gold nanoparticles (Sigma-Aldrich) and 60 nm Silicon nanoparti-
cles (Meliorum Technologies) are used without further purification. The particles are drop
cast on functionalized films prior to measurements. Scanning electron measurements reveal
that the drop-casting procedure results in the formation of small isolated clusters of 1-10

nanoparticles on the gold surface.

4.2.2 Optical setup

The optical setup is based on an inverted Olympus IX73 microscope frame. The system uses

a light source that consists of a source laser and a synchronously-pumped optical parametric
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oscillator (OPO). The source laser is a Nd:Vanadate oscillator (Pico-Train, High-Q) produc-

ing ~7 ps pulses at a center wavelength of 1064 nm and is used as the Stokes beam for the

SE-CARS measurements. Figure 4.1 provides a schematic of the optical layout.

detector

Figure 4.1: Schematic of the wide-field SE-CARS microscope system.DS, delay stage; /2,
half-wave plate; PL, linear polarizer; TS, translation stage; PCX, plano-convex lens; DM,
dichroic mirror; OL, 1.49 NA objective lens; BPF, bandpass filter.

A portion of this beam is frequency-doubled and then used to synchronously pump the OPO
(Levante Emerald, APE Berlin) to generate a tunable (720 - 980 nm) pump beam. Both the
pump and Stokes beams are conditioned to produce linearly polarized and collimated beams
with clean, transverse Gaussian profiles. The spatially and temporally overlapped beams
are then separately focused with plano-convex lenses (f = 250 mm) onto the backfocal
plane (BFP) of a 60x, 1.49 NA (APONG60XOTIRF, Olympus) objective lens, producing
collimated beams at the exit pupil of the objective lens for wide-field illumination of the
sample. The beams are incident at their respective Kretschmann angles to excite SPP
modes at the gold/nanoparticle interface. After interacting with the target molecule, the
anti-Stokes scattered radiation is generated and the epi-directed signal is separated from
the incident fields by a dichroic mirror (850 nm SWP, Semrock) and projected onto an
EM-CCD camera (iXon3, Andor) after going through two bandpass filters (794/32 nm,
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Semrock). The expanded beams produce a field of view (FOV) of 105 x 105 um?. For the
SE-CARS measurements at Au film-Au particle nanojunctions, the average incident powers
at the sample in both beams are kept low (5-10 mW in pump and 5-15 mW in Stokes)
to avoid saturation of the EM-CCD with two-photon excited fluorescence (TPEL) and the
images were collected at 1 second/frame. These power levels correspond to power densities of
0.64—1.27 yW /pm? for the pump and 0.64—1.91 yW /um? for the Stokes beam in the sample
plane. In the Au film-Si particle heterojunctions, the field enhancements are lower compared
to Au-Au nanojunctions. This necessitates higher power levels (up to 140 mW of average

power in each beam or 17.92 W /um?) and longer integration times (30 seconds/frame).

4.2.3 Numerical simulations

Numerical simulations of the local electromagnetic fields are performed using the finite-
difference time-domain (FDTD) method (Ansys Lumerical FDTD). The Palik library is
used for dielectric function estimation for all the materials involved [204]. The 2 nm Cr layer
is ignored in the simulations. For a given sample, an incidence angle sweep is performed to
find the Kretschmann angle for efficient excitation of propagating surface-plasmon polariton
modes. Using the maximum coupling angle, subsequent simulations are performed to calcu-
late electromagnetic fields at the vicinity of the nanojunction. Fine meshing of 0.167 nm is
used in all cases. Experimental values for the thickness of the film, diameter of the particles

and the cavity length are used for these calculations.
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4.3 Results

4.3.1 SE-CARS at Au film-Au particle nanojunction

We use a high numerical aperture microscope objective-based Kretschmann configuration
to individually couple the freely propagating pump and Stokes beams to the SPP modes
supported on the planar gold film. The SPP coupling angles for each of the beams can be
found by monitoring the back-reflection from the film on the detector. Equivalently, TPEL
from the gold film can be monitored to find this angle [205]. This luminescent background
is attributed to the interband transitions in the gold film and the subsequent radiative

recombination of electron-hole pairs.[162]

We first perform SE-CARS measurements on a Au particle-Au film nanoantenna system
in the wide-field Kretschmann configuration. Our target is 4-(mercaptomethyl)benzonitrile
(MMBN), which is present as a monolayer on the surface of the gold film. A 40 nm diameter
gold particle is placed atop the molecular layer, as shown schematically in Figure 4.2(a).
Using finite-difference time-domain (FDTD) calculations for this experimental configuration,
we find that the combined effect of propagating SPPs from the gold film and the LSPR of the
gold particles results in an effective field enhancement factor 3, of 108 at a pump wavelength
of 909 nm. Similarly, we find 5, = 96 at the Stokes wavelength (A, = 1064 nm) and (5,5 = 117
for the anti-Stokes wavelength (A,s = 793 nm). Figure 4.2(b) shows the hotspot formed
between the particle and the gold film under SPP illumination conditions. The hotspot size is
found to be ~5 nm in diameter. Using a surface coverage of 6 molecules/nm? [206, 207, 208],
we estimate that there are ~120 molecules in each electromagnetic hotspot under these

conditions.

In the experiment, the average incident powers of both beams are kept low (5-10 mW in pump

and 5-15 mW in Stokes) to avoid saturation of the EM-CCD with TPEL. With the resulting
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Figure 4.2: (a) Schematic of our experimental geometry for SE-CARS at Au film-Au particle
nanojunction. (b) FDTD simulation near the junction under 909 nm illumination in the
Kretschmann configuration.

power densities in the 1 W /um? range, these average excitation intensities to generate a
detectable CARS signal are lower than reported in previous studies. The TPEL background
is generated by the pump beam and can be independently determined by blocking the Stokes
beam. In the following, we subtract the TPEL background signal to isolate the SE-CARS

signal.

Figure 4.3 shows the SERS spectrum of the Au-MMBN-Au structure near the 1604 cm™*

resonance of the aromatic ring vibration. The Figure also shows two wide-field SE-CARS
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Figure 4.3: SE-CARS images of MMBN molecules located in a Au film-Au particle nanojunc-
tion. On-resonance images were taken at 1606 cm™' and off-resonance images were taken
at 1560 cm™!, as shown in the SERS spectrum of MMBN immobilized on a 40 nm gold
nanoparticle. Scale bar is 2 pm.

images, taken at an off-resonance energy of 1560 cm™!

and at the on-resonance energy of
1606 cm~!. The image shows small clusters of gold nanoparticles on the Au film. The dif-
ference between the on and off-resonant settings is evident and repeatable, and is attributed
to the vibrational resonant excitation of MMBN. For the particular image shown in Fig-
ure 4.3, we observe molecular signal levels of ~160 photons/s. We note that 32I in this
case is 2.83 x 10° W /cm?, which is at least 3 orders of magnitude smaller than the photo-
damage threshold of gold. From this, we can infer that in principle higher effective local

peak intensity can be applied to generate more SE-CARS signal. While the "hot” cavity

does enable strong light-matter interactions, TPEL (~1850 photons/s as shown in Figure

1)



4.3) from the film and the plasmonic gold nanoparticles establish a limit on the allowable
incident power levels. After TPEL subtraction, the background visible in the off-resonant
image at 1560 cm ™! can be attributed to the coherent four-wave mixing (FWM) background
from the gold nanojunction. The electronic FWM background in this case is on average

~13% relative to the molecular vibrational signal.

Under the current excitation conditions, the SE-CARS signal is clearly observed, yet the
signal shows variation over time. Blinking-type behavior can be observed for several hotspots
on the 1-100 s timescales. In addition, the magnitude of the SE-CARS signal gradually decays
on a timescale of ~ 3 minutes under constant illumination. We attribute these observations
to thermal effects at the Au-Au junction. These observations have motivated us to explore
metal film-dielectric particle heterojunctions that are less susceptible to thermal effects and

that exhibit lower metal-induced TPEL.

4.3.2 SE-CARS at Au film-Si particle heterojunction

Next, we examine the capability of heterojunctions consisting of a metallic gold film and
dielectric silicon nanoparticle to generate vibrationally resonant SE-CARS signal from the
MMBN molecule. Electromagnetic field calculations (FDTD) provides insight into how the
particle size and coupling angles for the pump, Stokes and anti-Stokes frequencies affect the
overall CARS enhancement factor. Figure 4.4 demonstrates that the coupling angle changes
more dramatically for the anti-Stokes radiation compared to the longer wavelength pump

and Stokes beams.

While the Kretschmann angle changes rapidly for the shorter wavelengths, the simulations
show that they have little impact on the attainable overall CARS enhancement factors.
Figure 4.5(a) shows numerically calculated enhanced local fields in the vicinity of the Au

film-Si particle junction. For a heterojunction consisting of a 45 nm Au film and a 60 nm
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Si nanoparticle, we calculate a moderately high 5, of ~35 at the pump wavelength of 909
nm. Similar calculations were performed for the Stokes and anti-Stokes wavelengths. Given
that SE-CARS signal scales as (3,0205,, we expect the local fields to be strong enough to
generate vibrational response from the aromatic ring mode even with the low illuminating
power densities that are being used in our wide-field SE-CARS microscope. As shown Figure

4.5(b), the overall CARS enhancement factor is predicted to remain near 10'? for the particle

sizes studied here.
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Figure 4.4: a) Cartoon of the incoming beam arriving at the Kretschmann angle (¢) at the
Au film-Si particle hereojunction b) Kretschmann angles for pump, Stokes and anti-Stokes
wavelengths for different diameters of silicon nanoparticles. The lines connecting the data
points are used here as visual guides only. No fitting is performed on these data
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Figure 4.5: a) FDTD calculations for locally enhanced fields near the Au film-Si particle
heterojunction at the pump wavelength of 909 nm. Particle has a diameter of 60 nm. b)
Overall SE-CARS enhancement (5,5747,) factor as a function of Si nanoparticle diameter

In the heteorjunction experiments, the average power in each of the incident beams is varied
between 100-140 mW, corresponding to intensities of 12.8-17.92 W /um?. Further increase
of illumination dosage is not feasible as they have been observed to result in photo-induced
thermal damage to the Au film itself. Given that the lateral size of the field distribution
is approximately the same as in the case for Au-Au junction, we estimate that a similar

number of molecules (~120) are being probed for each film-particle hotspot.

Figure 4.6 shows the wide-field SE-CARS spectrum (green dots) in the 1560-1630 cm™! win-
dow. The SE-CARS data is overlaid on top of the CARS spectrum of the bulk MMBN (blue
trace) that is shown as reference. Unlike the wide-field SE-CARS measurements, the CARS

spectrum of bulk MMBN is obtained using tightly focused beams produced by a 1.49 NA
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Figure 4.6: SE-CARS spectrum of MMBN located inside Au film-Si particle heterojunction.
The green dots show SE-CARS data points taken at 10 cm ™! intervals. The CARS spectrum
of bulk MMBN is shown as the blue trace as reference. Above the spectrum, representative
on and off-resonance images are shown. Scale bar is 5 ym.

microscope objective. The SE-CARS measurements are taken at 10 cm™*

steps with the
1604 cm ™! resonance as the vibrational mode of interest. We observe a spectral SE-CARS
profile that roughly resembles the CARS spectrum of bulk MMBN. The spectral dependence
provides strong evidence that the SE-CARS signal from the Si-Au junction resolves the vi-
brationally resonant response of MMBN. The SE-CARS images show clear contrast between
on and off resonant settings. The molecular SE-CARS signal in this experiment is found as
~235 photons/s (as shown in Figure 4.6). We observe TPEL background from the Au film in
this configuration as well. However, due to the non-luminescent and non-plasmonic nature

of the Si nanoparticles, this background signal does not overwhelm the far-field detector.

The TPEL background (~550 photons/s as shown in Figure 4.6) is subtracted to obtain the
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SE-CARS response from the MMBN molecule in this configuration as well.

Besides the TPEL background, we also observe FWM background. Though always present,
this FWM background is not observed to be as strong as the TPEL background and is found
to be less than 5% relative to the molecular SE-CARS signal, i.e. significantly less compared
to the FWM contribution in the Au-Au nanojunction. Unlike the gold nanojunction, the
heterojunction appears stable. We do not observe blinking of the SE-CARS signal on the
time scale of minutes, and the overall magnitude of the signal also remains constant on this
time scale. From this observation we infer that thermal effects are less prominent in the

heterojunction compared to the situation in the Au-Au junctions.

4.4 Discussion

In this work, we have used an experimental configuration to perform wide-field SE-CARS mi-
croscopy experiments in a repeatable and controllable manner, using low incident intensities.
This chosen geometry consists of Raman-active molecules placed inside a cavity formed be-
tween a nanoparticle and a planar gold film, while the illuminating pump and Stokes beams
arrive at their respective Kretschmann angles in order to excite propagating SPP modes.
We have used both metallic and dielectric nanoparticles to form these junctions and have
successfully driven Raman coherences in the sample. This technique shows that we do not
need to exclusively rely on lossy metallic platforms to create confined nanoscopic hotspots,
as our results show that dielectric materials can be involved in the formation of the confined

local fields required for SE-CARS.

Here, we have used collimated pump and Stokes beams for wide-field illumination. Compared
to traditional point-scanning CARS microscopes. This wide-field geometry allows for orders-

of-magnitude lower average intensities incident on the sample. In the Au film-Au particle
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configuration, the field enhancement in the junction exceeds one hundred times (5 > 100).
While the intense local field enables stronger light-matter interaction, the accompanying
TPEL background makes it difficult to achieve higher signal levels by raising the illumination
dosage. There is also a coherent FWM contribution from the gold itself because of its strong
x® response. However, in the Kretschmann illumination mode, the background FWM signal
is much weaker than the incoherent TPEL background from the gold. This observation
correlates well with previous work [24, 20, 25]. In addition, thermal effects are present as

intermittent blinking of the signal points, accompanied by an overall decay of the signal.

In order to reduce local heating effects at the junction and the strong TPEL radiation
from the gold, we have used silicon nanoparticles that exhibit a high refractive index in
the visible and near-infrared spectral range. Nanostructures fabricated from silicon and
other similar high-index dielectric materials are known to provide significant confinement
of the electric and magnetic fields, making them ideal candidates for optical nanoantenna
applications. Silicon’s ability to provide strong local fields along with its low-loss nature and
thermal stability are features that led us to explore its use for SE-CARS [4, 5|. Numerical
simulations show a total enhancement of ~ 10'% in the case of Au film-Si particle system.
Note that because of the ~ 3% dependence of the SE-CARS signal such enhancements are
substantial compared to what is commonly achieved for SERS measurements. Yet, the total

enhancement factor obtained here is still relatively modest for a SE-CARS measurement.

The use of Si as a high-index dielectric material to form nanojunctions minimizes some of the
major drawbacks encountered in typical all-metal nanoantennas. In particular, the unfavor-
able structural changes to antennas due to local heating is reduced here significantly (because
of lower optical absorption and higher specific heat of Silicon[17, 5]) as evidenced through
reduced blinking and improved stability of the signal. Both TPEL and FWM backgrounds
are present in this geometry as well, but due to the non-luminescent and non-plasmonic

nature of dielectric Si nanoparticles (with radii much larger than the exciton radius), the
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TPEL background is significantly reduced in Au film-Si particle systems. However, the lower
effective 8 requires higher illumination dosage and longer acquisitions times to be able to
generate detectable SE-CARS signal. The continued illumination at higher power densities
can eventually damage the flat Au film, limiting the allowable radiation dosage in this ge-
ometry as well. Nevertheless, this metal film-dielectric particle system allows more control
over the measurements compared to the metal film-metal particle system. The inherent lim-
itation of this geometry is the strong TPEL background that is always present even though
it is reduced for the dielectric particle-metal film heterojunction by more than a factor of 3
relative to the all-metal nanojunction. The next logical step in this field would be to use
all-dielectric nanoantenna systems that are not susceptible to intense thermal effects at the

junctions and that can effectively eliminate the TPEL background.

4.5 Conclusions

We have demonstrated an experimental geometry to perform reliable, repeatable and control-
lable SE-CARS measurements at metal film-metal particle and metal film-dielectric particle
nanojunctions. We successfully show generation of molecular SE-CARS signals using the
lowest reported average illumination densities to date. We also show SE-CARS spectroscopy
at metal film-dielectric particle heterojunctions, paving the way for development of new

biomolecular sensing assays that do not rely on lossy and fragile metallic nanojunctions.
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Chapter 5

Enhancement of molecular coherent
Raman scattering with silicon

nano-antennas

5.1 Rationale

Surface-enhanced Raman scattering (SERS) is a popular tool for molecular sensing at ul-
tralow analyte concentrations. In the conventional implementation of this technique, anten-
nas composed of metallic nano-structures are used to efficiently capture and confine light
to nanoscopic regions that contain the molecular species of interest [176, 20]. The molecule
is efficiently driven by the confined optical fields in the electromagnetic “hotspot” and the
nanoantenna then efficiently outcouples the induced near-field Raman polarization to far-
field radiation, which is subsequently captured with a photodetector [180, 181, 182]. Ever
since the inception of SERS in 1973 [209], numerous SERS enhancement structures have

been devised and the technique has been successfully extended to capture Raman spectra
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from single molecules [46, 183, 184]. The mechanisms behind optical field localization and
enhancement of the signal in SERS have been intensely studied and are generally well under-
stood. While SERS allows enormous enhancement of the feeble Raman signal, acquisition
rates beyond one to few tens of Hz are difficult to achieve in the single or few-molecule
limit [185, 19]. DNA sequencing, rapid molecular screening and other high-throughput ap-

plications necessitate faster readout rates that SERS alone may not be able to provide.

Surface-enhanced analogues of coherent Raman scattering (CRS) methods are promising
candidates to probe molecular vibrations at much faster rates compared to SERS. Surface-
enhanced CRS was first demonstrated in 1979 where the coherent anti-Stokes Raman scat-
tering (CARS) signal from liquid benzene was amplified with the help of surface plasmon po-
laritons supported on a flat Ag film antenna [194]. Subsequent progress on surface-enhanced
CRS has focused largely on engineering metallic nanoantennas based on Au and Ag to in-
crease and/or optimize the sensitivity of detection [210, 211, 212, 213, 214, 215, 130, 216,
217, 24, 25, 132, 218, 219, 220]. The quest has seen considerable success and single-molecule
sensitivity has been demonstrated by multiple groups [195, 121, 131, 177]. However, sig-
nificant local heating at metallic junctions has proved to be a major obstacle, affecting the
reproducibility of the SE-CARS measurements. When subjecting metallic nanoantennas to
ultrafast irradiation, the local peak intensities can reach ~ 10'2 — 10'® W/cm?, a range
in which photo-induced ionization of the molecule can happen due to the bending of the
potential followed by electron tunneling [140, 137, 196, 136, 197, 133, 134, 198, 135, 141].
The morphological changes to the antenna due to intense local heating and plasmon-induced
chemistry make it notoriously difficult to perform SE-CARS measurement in a reliable and

reproducible manner [20].

The reproducibility challenges associated with SE-CARS measurements based on plasmonic
nanoantennas originate from photo-induced heating effects that are intrinsic to metals. To

make SE-CARS systems more reliable, moving beyond these lossy and fragile metallic sub-
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strates is necessary. High-index dielectric particles such as Si, Ge and GaP are known to
exhibit favorable electromagnetic and thermal properties at the optical and near-infrared
frequencies [4, 5, 17, 8, 221]. These properties make them particularly suitable for surface-
enhanced spectroscopy applications, where heating of the antenna is a limiting factor. In
nanoantennas based on these materials, localization of the incident optical fields occur as
strong displacement currents are generated inside the material. These currents produce
electromagnetic fields both inside and outside the material, which lead to confinement of
the incident electromagnetic fields when nanocavities are formed between these dielectric
particles. The potential of dielectric nano-structures to efficiently confine the electroma-
gentic field has been known for a while and has been implemented in some SERS stud-
ies [8, 112, 66, 64, 63, 110]. We have recently shown that the use of dielectric materials in an-
tenna designs can help mitigate photo-induced instabilities in SE-CARS measurements|[222].
That work focused on antennas formed between a Si nanoparticle and a flat Au film, which
afforded reproducible SE-CARS signals, but suffered from a strong electronic two-photon

excited luminescence (TPEL) background originating from the gold film.

In our current work, we present the first demonstration of SE-CARS measurements with-
out the involvement of surface plasmons supported by metallic nanostructures. Instead,
we use a Si-based all-dielectric nano-antenna with favorable thermal properties for stabi-
lizing the CARS signal as well as to substantially reduce the TPEL background. Using
all-dielectric nanojunctions, we show that the stability of the CARS signal is dramatically
improved relative to the SE-CARS signal observed from Au nano-dumbbell based antennas.
This work paves the way for future surface-enhanced coherent Raman sensors that offer the

reproducibility needed for reliable high-speed biomolecular screening applications.
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5.2 Methods and materials

5.2.1 Sample preparation

The silicon-based nano-antennas in this study are assembled from 150 nm diameter, pyridine-
functionalized Si nanoparticles (Meliorum Technologies), which are used without further pu-
rification. The nano-particles are suspended in water, sonicated and spin-cast on a BK7
coverslip prior to measurement. Nanojunctions are formed by spontaneous congregation of
the particles during the spin-casting process. We use gold-based nano-antennas as a refer-
ence system for comparison. This antenna system has previously been used for SE-CARS
experiments.[121, 141] The system consist of dimers of ~ 90 nm diameter Au nanospheres,
covered with trans 1,2-bis(4- pyridyl) ethylene (BPE), obtained from Cabot Security Materi-
als. The nano-dumbbells are encapsulated in a silica shell of thickness 40-70 nm. The nano-
dumbbells are suspended in water, sonicated and spin-cast onto BK7 glass coverslips. The
SE-CARS spectrum of the BPE-functionalized Au dumbbell antenna shows two clear peaks
in the 1560-1650 cm~! range, attributed to the pyridyl ring stretching mode and the ethylene
C=C stretching vibration. Figure 5.1 shows the SE-CARS spectrum of BPE molecules ad-
hered to the Au nano-dumbbell system in the 1570 cm™! to 1655 cm ™! range. The spectrum
shows the expected pyridyl ring stretching mode and the ethylene C=C stretching mode,
obtained from a single dumbbell antenna. Representative on-resonance (1600 cm™!) and
off-resonance (1560 cm™!) SE-CARS images of clustered dubmbell antennas, spin-cast on a

glass coverslip, are shown in the figure as well.
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Figure 5.1: SE-CARS spectrum of BPE molecule taken with Au nanodumbell atneanna
showing two distinct peaks located around 1600 cm™! and 1635 cm™!. Representative on
(1600 cm 1) and off (1560 cm™!) resonance images are shown next to the SE-CARS spectrum.

5.2.2 SE-CARS imaging experiments

A schematic of the SE-CARS microscope system is shown in Figure 5.2. The SE-CARS
system is based on a laser-scanning optical microscope (Fluoview 300, Olympus) with an
Olympus IX71 inverted microscope frame. A modelocked fiber laser (aeroPULSE, NKT
Photonics) with ~2 ps long pulses and 80 MHz repetition rate provides the wavelength-
fixed Stokes beam (1031 nm) for the SE-CARS experiments. A portion of this beam is
frequency-doubled and the generated 515.5 nm beam synchronously pumps an optical para-
metric oscillator (Picoemerald, APE) to generate the tunable (700-960 nm) pump beam.
The beams are spatially and temporally overlapped and subsequently conditioned to pro-
duce linearly polarized beams with clean transverse Gaussian profiles. The collinear beams
are then focused using a water immersion 1.15 NA 40x objective lense (Olympus). The
generated anti-Stokes signal is collimated using a condenser, filtered (775 £+ 25 nm, Sem-
rock) and detected using a photo-multiplier tube (R3896, Hamamatsu). In the experiments
involving Si-particles, the average power for each beam is varied between 500 W - 2 mW

at the sample plane. A galvanometric scanner allows raster scanning over an 117 ym x 117
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pm area of the sample, with a pixel dwell time of 4.27 us per pixel. This corresponds to 1.12
frames/second acquisition rate for a 512 x 512 frame. For SE-CARS measurements on Au
nano-dumbbells, the power for each of the incident beams is varied between 10 W - 500

uW at the sample plane, while using the same dwell time of 4.27 us per pixel.
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Figure 5.2: Schematic of the SE-CARS microscope. GS, galvanometric scanner; M, mirror;
DM, dichroic mirror; OL, objective lens; CL, condenser lens; PMT, photomultiplier tube

5.2.3 Numerical simulations

Lumerical FDTD is used to perform local electromagnetic field calculations using the finite-
difference time-domain (FDTD) method. Data for the dielectric function of all the materials

are taken from the Palik library [204]. In the simulations, we consider nanojunctions formed
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between two Si nanoparticles, forming a dimer as the exemplar nanoantenna system. Fine
meshing of 0.1 nm is used near the Si-dimer junction. The same geometry is used to calculate
the absorption spectrum of the antenna system. Electromagnetic field enhancement data for

the Au nano-dumbbell system are taken from Crampton et al. [141].

COMSOL Multiphysics is used to calculate the thermal response of both nanoantenna sys-
tems due to exposure to electromagnetic radiation. Water is chosen as the surrounding
media in order to replicate actual experimental conditions. The Palik library is used for the

thermal simulations as well.

5.3 Results

5.3.1 SE-CARS with Si nanoantenna

In this work, we move away from metal-based nanoantenna systems and use dielectric an-
tenna formed from clustered Si-nanoparticles to enhance the coherent Raman response of
the molecule. In order to examine the capability of this dielectric antenna to efficiently cap-
ture and confine incident optical fields, we use Lumerical FDTD to calculate the expected
absorption spectrum of the antenna and the local fields inside the nanojunction. Figure 5.3a
shows the calculated extinction spectrum of an antenna system from two Si-nanoparticles
that form the exemplar dimer, along with the pump, Stokes and anti-Stokes frequencies in-
volved in the experiment. The spectrum of the dielectric antenna is composed of a magnetic
response in the optical range in addition to an electric resonance. This response is due to the
displacement currents originating from the oscillation of bound electrons. The electric field
calculations (shown in Figure 5.3b) reveal an effective field enhancement factor 3, of ~14
for the pump wavelength of 885 nm. Similar calculations are performed for the Stokes and

anti-Stokes wavelengths resulting in S, = 13 (Ay = 1031 nm) and 5,5 = 15 (Ays = 775 nm).
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As such, the expected overall CARS enhancement factor is 5;‘5? 2 = 1.46 x 10°. The di-
ameter of the electromagnetic hotspot is estimated as ~6 nm. Assuming a surface coverage

2

of 6 molecules/nm* and both particles have monolayers of pyridine, we are exciting ~340

molecules in each junction.

(a)

normalized cross-section
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wavelength (nm)

(b)

|
o 2 4 6 8 10 12 14

Figure 5.3: a) Calculated absorption spectrum of Si dimer nanoantenna system. The three
colors represent the anti-Stokes, pump and Stokes wavelengths (from shorter to longer wave-
lengths). b) local electric field enhancement near the Si-Si nanojunction under 885 nm
illumination. The local field enhancement factor is denoted by f(w) = |Ejee/ Eo

We target the ring stretching modes near 1580 cm ™! for our SE-CARS experiment based on
the CARS spectrum for 99% pure pyridine, as seen in Figure 5.4(a). The spectral measure-

ments are taken at 6 cm ™! intervals, ranging from 1552 cm ™! to 1630 cm™!. This corresponds
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to scanning the pump wavelength between 882.7 nm and 888.8 nm. The spontaneous Raman
spectrum of pyridine shown in Figure 5.4(b) reveals that the CARS signature derives from
several Raman modes. The pyridine modes in this range are substantially weaker than the
ring breathing modes near 1000 cm™! [223], but the selected modes are targeted here be-
cause of better laser performance for the CARS process in this spectral range. Note that in
addition to the resonant signature in the CARS spectrum, a nonresonant background from

pyridine itself is present.

In the dielectric nanoantenna system, consisting of clusters of Si particles, the measurements
consistently produce vibrationally resonant signal from the target molecule. Background
signal is acquired by temporally separating the pump and Stokes beams by 8 ps where no
overlap is present. This background is subtracted to obtain the vibrationally resonant SE-
CARS image. Figure 5.5a shows an SE-CARS image of clustered Si particles. The clusters
appear as bright spots that are close to the diffraction-limited resolution of the SE-CARS
microscope. Given the size of the spots, we estimate that these locations may each contain
one to six 150 nm Si particles. Two sample locations (labeled 1 and 2 in Figure 5.5a)
show the expected SE-CARS response from pyridine, suggesting the successful formation of
a nanojunction, as evidenced by a distinct and reproducible peak in the 1580-1600 cm™*
region. Figure 5.5b shows the mean SE-CARS spectrum with one standard deviation of
error, obtained from 50 individual particle clusters. The spectrum shows clear vibrational
sensitivity near the 1580-1600 cm ™! spectral region. To the best of our knowledge, this is
the first demonstration of surface-enhanced coherent Raman scattering with non-metallic

antenna.

The CARS vibrational feature observed in the imaging experiments appears blue-shifted
from the CARS signature seen in pure pyridine. Density functional theory calculations show
that the pyridyl ring stretching vibration is expected to blue-shift upon bonding of the

nitrogen to silicon (see section 5.4). The blue-shift observed in the SE-CARS measurements
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Figure 5.4: (a) CARS and (b) spontaneous Raman spectra of 99% pyridine in the 1540-
1630 cm ™! range.
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thus supports the notion that the vibrational signature in the 1580-1600 cm™~! range can be

attributed to silicon-bonded pyridine molecules.

We note that there is a persistent background in most images taken in this configuration.
The background signal is vibrationally non-resonant, depends on the spatial and temporal
overlap of both beams and radiates at the (2w, — w;) frequency. Based on this observation,
the origin of this background is determined to be four-wave mixing (FWM) due to the
strong x® response of Si, which is found to contribute on average ~24% of the total signal

on resonance. The contribution from broadband TPEL is on average <4%.
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Figure 5.5: SE-CARS with Si nanoantenna. (a) SE-CARS image of pyridine functionalized
Si nanoantenna system at 1582 ecm™!'. Two representative spectra taken from locations 1
and 2. Scale bar is 10 pm. (b) Average of 50 SE-CARS spectra obtained from different

locations. The line connecting the dots is used as a visual guide.
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5.4 Density functional theory calculation of Si-bonded

pyridine

GaussView 6.0.16 is used to perform the density functional theory (DFT) calculations on bulk
pyridine and pyridine attached to Si atoms. For these simulations, the PBEPBE method with
a tzvp basis set is utilized to optimize the chemical structure and determine its subsequent
Raman activity. Our specific focus is the vibrational energy of the ring stretching vibration
of pyridine in the 1570-1600 cm ™! range. In pure pyridine, the DFT simulation predicts that

the ring stretching mode peaks at 1577 cm ™.

To gain insight in the Raman spectrum of
pyridine bound to silicon, we have explored several structures. In all structures where there
is a bond between the nitrogen atom of pyridine and a silicon atom, we observed a blue shift
of the ring stretching vibration. A representative structure is shown in Figure 5.6, which
is based on 13 silicon atoms arranged in a diamond lattice structure, using Si-H bonds for
terminal and corner atoms. In this structure, the nitrogen atom is bonded to a silicon atom
that has three Si nearest neighbors. The distance between Si atoms is 2.4 A and the Si-N
bond length is 1.9 A. In this model structure, a blue-shift of the dominant peak is observed,
from 1577 cm™! to 1607 cm™!, as shown in Figure 5.7. This corroborates our SE-CARS

experiments on pyridine-functionalized Si nanoparticles, where we observe a blue-shift of the

SE-CARS signal from the CARS signal relative to pure pyridine in all of our measurements.
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Figure 5.6: Configuration of tetrahedral Si lattice attached to a pyridine molecule via an
Si-N bond
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Figure 5.7: Calculated normalized Raman spectra of pure pyridine (red line) and pyridine
attached to a Si atom (black line)
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5.5 Thermal stability of dielectric and metal nanoan-

tenna

Figure 5.8a shows an FEM calculation (using COMSOL Multiphysics) of electromagnetic
heating comparing the Si-dimer nanoantenna with a gold-based one. Both systems are
immersed in water. The calculation demonstrates that under the exact same conditions and
for the same geometrical dimension, heating of the Au antenna is ~13 times higher (37.1
K) compared to heating of the Si (2.89 K) antenna. This simulated result is mirrored in
experimental findings as well. We acquire SE-CARS images from ensembles of either Au or
Si antenna systems for 291 seconds with 1.12 seconds per frame (4.27 us/pixel). The incident
power levels for both pump and Stokes beams were 2 mW at the sample plane for the Si
antenna and 500 W for Au antenna. While signal from the Au nano-dumbbell system decays
rapidly and loses ~60% signal within 120 seconds (Figure 5.8,top), the signal from the Si
nanoantenna system remains robust with no noticeable decay in signal even after the end of
the time series (Figure 5.8, bottom). The numerical calculation and experimental observation
of signal strength over time strongly supports our hypothesis that Si-based nonplasmonic
nanoantennas can provide a new way to perform surface-enhanced coherent Raman scattering

measurements with improved stability, reliability and reproducibility.
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Figure 5.8: Thermal response of Si and Au nanoantenna systems. (a) FEM calculation of
steady-state temperature of Si-dimer and Au nano-dumbbell antennas under 1 mW, 885 nm
cw illumination. (b) Time evolution of experimental signal strength over 291 seconds for Au
dumbbell (top) and Si-particle cluster (bottom) nanoantenna at their respective molecular
resonance (1600 cm™' for Au dumbbell and 1588 cm™' for Si antenna system). The data
represents averaged signal from 100 individual locations for each system.
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5.6 Discussion

In this work, we present the first experimental demonstration of surface-enhanced coherent
Raman scattering of molecules with dielectric nanoantennas. Our recent work [222], where
we introduced metal-dielectric heterojunctions to improve thermal stability of the SE-CARS
signal, motivated us to explore the use of non-metallic nanoantennas for SE-CARS mea-
surements. The results discussed herein shows that it is possible to move beyond lossy and
thermally unstable metallic systems and use all-dielectric nanoantennas for surface-enhanced

coherent Raman scattering experiments instead.

We have used spatially and temporally overlapped pump and Stokes beams in a laser-
scanning microscope for the SE-CARS experiments. We successfully obtain stable and
reproducible coherent Raman signal from our target molecule. In most of our measure-
ments, we observe a persistent FWM background accompanying the molecular signal, due
to the strong y® response of Si. The non-luminescent nature of the dielectric Si nanopar-
ticles results in a much lower luminescent background compared to metal-based SE-CARS
systems. The fields inside the dielectric dimer junctions are rather modest (8 ~ 14) com-
pared to what can be achieved using metallic nanoantennas. However, the overall CARS
enhancement is substantial (~ 10%) due the ~ 3% dependence of the SE-CARS signal. Unlike
previous SE-CARS antenna systems where morphological distortion of the structure due to
photo-induced heating [141, 121] or intense TPEL background [222] limits the allowable
illumination dosage, this work enables us to apply higher field intensities to enhance the
molecular signal even further. The increased incident intensity can compensate for the lower
values of (3, generating comparable signals as previously observed with metal-based antenna

systems.

Compared to SERS measurements, which scale as 8%, the SE-CARS approach benefits from

a much larger overall enhancement effect, which makes dielectric antenna systems especially
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attractive for nonlinear Raman measurements. In this context, we note that we have per-
formed regular SERS micro-spectroscopy measurements on the same Si-particle clusters.
Using 532 nm or 785 nm excitation light of up to 10 mW, focused on a single cluster of
pyridine-coated Si-particles, we have observed no vibrational SERS signatures of pyridine
with integration times up to 10 s. We surmise, therefore, that the use of dielectric anten-
nas may have a larger impact on the SE-CARS field compared to their impact on SERS

applications.

We have chosen Si as our antenna material because of its high refractive index in the visible
and near-infrared frequencies. As a result, Si based nanoantennas can efficiently capture and
confine incident optical fields to nanoscopic regions. Furthermore, Si suffers less from the
ohmic losses and adverse thermal effects that are intrinsic to metallic nanoantennas. This
favorable thermal response is due to the higher specific heat of Si (5x higher compared to
Au [68]). The improved thermal stability is evidenced in experiments as well. In metallic
systems, blinking-type behavior of the signal and the decay of signal over a short period of

time is common. However, when we use dielectric antennas, such behavior is not observed.

While this work provides a solution to a longstanding limitation of traditional surface-
enhanced CRS sensors, there are steps that can be taken to improve it even further. Fabri-
cating dielectric nanostructures with tailored electric and magnetic properties can make the
nanoantenna more efficient and improve the reliability and repeatability of the signal. In
addition, immobilized periodic enhancement structures can be employed for high throughput
biomolecular screening purposes, an application where SE-CARS can provide much faster
signal acquisition than possible with SERS based screening systems. Finally, red-shifting the
pump and Stokes beams can reduce optical absorption to even lower levels. The lower ab-
sorption can help with the thermal response of the material, as well as reduce the electronic

background.
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5.7 Conclusion

We have presented an experimental demonstration of surface-enhanced coherent anti-Stokes
Raman scattering (SE-CARS) of molecules with a dielectric Si nanoantenna. We have found
that the thermal stability of the SE-CARS signal from such dielectric antennas is significantly
better compared to corresponding signals from Au nano-dumbell antennas. This work shows
that the inclusion of a dielectric nanoantenna can overcome the longstanding limitation of
traditional metallic SE-CARS systems where unfavorable thermal properties adversely affect

the stability and reproducibility of the measurements.
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Chapter 6

Summary and outlook

Nonlinear nanophotonics is a relatively young and promising research field. Metallic nanos-
tructures that have been used as optical antennas for amplifying nonlinear light-matter inter-
action are based on relatively straightforward concepts, yet their impact has been significant
in uncovering the exquisite properties of materials. These nonlinear plasmonic systems take
advantage of coherent oscillations of conduction electrons near nanostructured metal sur-
faces. The oscillations give rise to surface plasmon polaritons, which are surface bound
propagating electromagnetic waves, and localized surface plasmons whose resonances have a
strong dependence on the morphology of the antenna. A significant portion of the work in
the field of nonlinear nanophotonics has focused on frequency conversion applications such
as second harmonic generation and third harmonic generation. Applications in molecular
spectroscopy such as coherent Raman scattering and surface-enhanced fluorescence mea-
surements have been somewhat limited compared to their linear analogues. Nevertheless
significant advances have been made in the field over the last decade and highly sensitive
surface-enhanced nonlinear optical spectroscopy and microscopy systems have been devel-

oped.
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The majority of surface-enhanced nonlinear optical sensors reported in literature so far rely
on LSPR-based optical nanoantennas for capturing and confining incident electromagnetic
fields to enhance light-matter interaction. However, these LSPR-based nanoantennas suffer
from ohmic losses and subsequent adverse thermal effects that are inherent to metallic sys-
tems. These effects become particularly concerning in ultrafast nonlinear optical processes
where the photothermal heating induces irreversible damage to the antenna, affecting the
stability and reproducibility of the signal. However, the ability of these antennas to produce
remarkably enhanced near-fields has motivated researchers in the field to use these systems
at the expense of significantly reduced stability of the sensor. In this dissertation, we take
a different approach to building novel nonlinear nanophotonic chemical sensors that are not
as susceptible to thermal effects as LSPR-based sensors and use a systematic route to move

towards metal-free nanoantennas for enhancing light-matter interaction.

The first system presented in this dissertation reports a two-photon absorption based novel
optical sensor. Through successful interrogation of SPP-enhanced third-order optical re-
sponse of planar gold films, a novel optical imaging/sensing strategy has been developed
that enables label-free detection of biomolecular interactions on a single-nanoparticle level.
Individual binding events appear as confined, bright spots against a dark background. The
mechanism of signal generation is discussed and the proposed mechanism is verified with
experiments. The well-behaved point-spread function, the ability to recognize nanoscopic
binding events and the overall facile implementation of the detection scheme demonstrate its
promise by overcoming the inherent limitations (non-ideal PSF, bright background) present

in traditional SPRM technique.

The second nonlinear nanophotonic chemical sensor reported in this dissertation probes the
vibrational response of molecules through surface enhanced coherent anti-Stokes Raman
scattering. The system consists of a reimagined experimental particle-on-a-film geometry in

order to provide improved stability of the antenna junction and generation of the SE-CARS
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signal in a reliable and repeatable manner. In this study, controllable and repeatable wide-
field surface-enhanced CARS (SECARS) measurements are performed at metal film-metal
particle and metal film-dielectric particle nanojunctions. SE-CARS signal at metal-metal
junctions are obtained using the lowest average power densities to date. For the first time,
reproducible SECARS measurements at metal-dielectric heterojunctions are demonstrated,
opening the possibility of all-dielectric SE-CARS sensors not constrained by lossy and fragile

metallic antenna systems.

The third and final nonlinear nanophotonic sensor discussed in this dissertation presents
the first experimental demonstration of SE-CARS of molecules without any involvement of
surface plasmons. Silicon is chosen here due to its favorable optical and thermal properties
in the visible and NIR regimes. This silicon based dielectric nanoantenna system does not
suffer from the ohmic losses and subsequent detrimental thermal effects that are unavoidable
in metal-based nanoantennas. This antenna configuration produces robust SE-CARS signal
from the target molecule with exceptionally stable signal strength with significantly reduced

background.

In summary, this dissertation discusses the development of chemical sensors that are able
to produce stable and reproducible signal based on surface-enhanced third-order nonlinear
optical effects. With a vision to overcome the inherent limitations posed by traditional
LSPR-based optical nanoantennas for spectroscopy, this work takes a methodical approach

in redesigning nanoantennas that are easy to fabricate and produce robust signal.
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