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ABSTRACT

Light-matter interaction is the fundamental principle of photonics that governs nu-
merous disruptive applications. Dynamically tuning the light-matter interaction is
key to designing advanced photonic devices with improved and enhanced function-
alities. Specifically, having active control of the amplitude, wavelength, phase, and
polarization of light is vital. It essentially addresses the key pillars of photonics,
ranging from generating, guiding, manipulating, amplifying, and detecting light.

This thesis presents a framework and platform to model, tailor, and enhance
the light-matter interactions in nanophotonic structures. Epsilon-near-zero (ENZ)
materials, plasmonic nanostructures, and metal-insulator-metal (MIM) cavities were
utilized as a light-matter interaction platform. First, the underlying mechanism of
emission enhancement was unravelled by integrating fluorescent dye with the MIM
cavity. This study suggests a pathway for engineering the emission properties of
an emitter through both Purcell and excitation rate enhancement. Following this,
dynamic emission tuning was achieved, whereby a fluorescent dye containing hy-
drogel integrated MIM cavity was utilized. The thickness of the insulator layer was
tuned by changing the ambient humidity, which resulted in spectral tuning of cavity
resonance, hence the active tuning of emission.

The coupling strength quantifies the light-matter interaction, so tuning the cou-
pling strength is another way to tailor the light-matter interaction. By developing a
novel electrical gating scheme, an active tuning of the coupling strength was demon-
strated in a strongly coupled system comprised of ENZ materials that support ENZ
mode and gold nanorods supporting the localized surface plasmon mode. Lastly, by
harnessing the vanishing index of the ENZ material, less sensitivity of the spectral
position of photonic resonance towards the geometrical perturbations was obtained
through a polarization-independent plasmonic structure on an ENZ substrate.

Overall, this thesis shows broad opportunities for using nanophotonic systems

to tailor light-matter interactions dynamically.
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1 INTRODUCTION

1.1 Light-matter interaction

The role of light is significant in our daily lives, and it won’t be an exaggeration to
say that it has enhanced the quality of modern lifestyles. Almost, all sectors, in-
cluding medicine, communication, defense, information technology, and advanced
manufacturing, are benefiting from cutting-edge technologies which involve light.
The umbrella which includes the sciences and technologies related to light is called
‘photonics’. The word photonics is derived from the word ‘photon’, which repre-
sents the smallest entity of light analogous to an electron in electricity. So essentially,
photonics involves the proper use of light as a tool for the benefit of society. His-
torically, the term photonics was first introduced to designate the field of research
areas like telecommunication and information processing. Studies in the field of
photonics were fuelled by the discovery of lasers in nearly the 1960s [1] . Further,
the development of optical fiber laid the foundation for the industrial revolution
in the telecommunications sector during the late 20th century. However, from the
current perspective, the research arenas for photonics are not only limited to the
telecommunication and information processing sectors. Nowadays, it encompasses
a multidisciplinary character, for instance, bio-photonics.

Light-matter interaction is the heart of current research activities in photonics
which helps in driving innovative technologies and unraveling new physics. Light-
matter interactions are essential for the efficient conversion of light into various
forms, such as current in photovoltaic devices [2, 3] and chemical energy in biolog-
ical light-harvesting systems [4]. Notably, in recent years a new paradigm based on
controlling light-matter interactions has emerged, which provides a way to manip-
ulate and synthesize novel quantum materials [5, 6]. A prime example to illustrate
this fact is the demonstration of light-induced superconductivity [7]. Therefore, it

is imperative to study and control light-matter interactions. In the quest to control
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Figure 1.1 The SEM image of Au nanodiscs of radius 150 nm on the ITO substrate as an example of NS
fabricated by the author.
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light-matter interaction, the discovery of nanophotonic structures (NSs) has opened
a new research arena. An example of a fabricated NS consisting of an array of Au
nanodiscs is shown in Fig. 1.1. The NSs enable on-demand tailoring of light-matter
interaction, either by enhancing light confinement at the nanoscale or by control-
ling emission from the atoms or molecules. The nanophotonic system has offered
remarkable new approaches to manipulating light and allowed unprecedented con-
trol over the amplitude, phase, and polarization of light waves. However, despite the
impressive progress, the majority of NSs observed today are static in nature, meaning

their optical properties are fixed after their fabrication. To uplift the application do-
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mains and achieve technological advancement, real-time active control of the optical
properties of these NSs is vital. This requirement has led to the development of ‘ac-
tive nanophotonics’. The active tunability of properties of nanostructures expands
the importance of photonic devices for practical applications. Intriguing photonic
devices have evolved after introducing the concept of active nanophotonics. So far,
the nanophotonics platform has been used to demonstrate several optical properties
like phase control, amplitude modulation, and frequency tuning. However, their
utilization for achieving real-time control of light-matter interactions is largely un-

tapped.

1.2 Emergence of active nanophotonics

As discussed earlier, the NSs provide a new scale invariant design paradigm to cre-
ate functional devices in photonics with remarkable properties, which is difficult
to achieve from the library of conventional or natural materials. From a broader
perspective, these structures can be categorized into two sections - a) Passive and
b) Active NSs. Passive structures are those whose optical properties are fixed once
they are fabricated. The flexibility to engineer the optical properties of nanopho-
tonic structures provided a novel platform to demonstrate unique functionalities.
Although the passive NSs have given the flexibility to engineer the optical response
at will but lack post-fabrication tunability.

However, for various potential applications, it is desirable to control the ampli-
tude, phase, and polarization of transmitted or reflected lights through electrical, op-
tical, thermal, or mechanical means. This requirement has led to the development of
active nanophotonics. In the quest to develop active nanophotonics, many demon-
strations have been done in the scientific community e.g., in 2011, Zheludev ez al.
[8] achieved tunable spectral response via thermal control, in 2014, Capasso, Belkin
and Halas groups [9, 10, 11] demonstrated electrical control. Additionally, the re-
search activities to develop different modules of active nanophotonics have grown
and expanded. To date, researchers have achieved several ways to achieve dynamic
tunability. These include optical excitation [12, 13, 14], temperature control [15,
16], electrical control [17], chemical approach [18, 19] and mechanical control [20].

Fig. 1.2 shows the conceptual representation of active nanophotonics, where res-

onant elements are controlled by external stimuli e.g., optical, electrical, thermal,
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chemical, or mechanical.

Optical Thermal

) S——— |
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Figure 1.2 lllustration of various schemes to realize dynamic tunability in the active nanophotonic sys-
tems.

The underlying principle to accomplish active control on the optical properties of
nanostructures is either 1) by changing the local dielectric environment or ii) by mod-
ifying the geometrical shape of the constituent elements. Researchers have explored
both routes. The change in the local dielectric environment of the subwavelength
constituents of nanostructure design allows for dynamic control of their reflection
and transmission. For instance, optical excitation of nanoresonators reduces the ca-

pacitive strength, thus reducing the resonance strength [21]. In addition to ampli-
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tude modulation, the same strategy can be utilized to achieve phase modulation that
could be useful for beam steering and spatial light modulator applications. In the
context of practical applications, electrical control is preferable, as it can be used for
designing novel chip-scale photonic devices. In this regard, several active nanopho-
tonic designs were devised and demonstrated electrical tuning of phase, and ampli-
tude [22, 23].

1.3 Application prospects of active nanophotonic structures

The advancement to achieve on-demand control of amplitude, phase, and polariza-
tion of light by using active nanophotonics has opened a new avenue for disrup-
tive applications. Fig. 1.3 highlights the broad range of applications ranging from
imaging, display sensing, communication, energy, and space technologies that could
potentially be realized by active nanophotonics [24].

Some initial proof of concept applications based on active NSs has shown promis-
ing outlooks. The prospective application dimensions can be classified into three ma-
jor categories: (1) applications due to spatial and spectral control of active nanopho-
tonics, (2) applications due to temporal and emission control of nanophotonics, and
(3) applications due to integrating active NSs with the existing technologies. The

key applications corresponding to each category are listed below:

1. Applications with spatial and spectral control of active nanophotonics [31, 32,
33, 34, 35]

® Beam steering for LIDAR and wireless communication
® Dynamic holography
® Active polarization control

* Devices for AR/VR applications

2. Applications with temporal and emission control of active nanophotonics [ 36,
37,38]

Active bio/chemical sensors

Tunable laser sources

Thermal emission devices

Nonreciprocal devices
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Figure 1.3 Overview of prospective applications of tunable nanophotonic structures based on different
advanced approaches. Applications due to spatial and spectral control; beam steering [25],
holography [26], AR/VR component. Application due to temporal and emission control; tun-
able laser sources [27] and bio/chemical sensors [28]. By integrating active nanophotonics
with existing technology, applications like super-resolution focusing lens [29], and active imag-
ing devices [30] can be realized.

3. Applications by integrating active NS with existing technologies [39, 40, 41]

e Spatial light modulators
¢ Ultrafast modulator
® Active imaging devices

® Super-resolution focusing lens
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Here, it is essential to highlight that most of the reports of *active nanophotonics’
are proof of concept demonstrations without significant integration into an actual
device application. However, significant application-based progress is expected in

the coming years.

1.4 Research questions

The aim of this research work is to model, tailor, and enhance the light-matter inter-
actions in nanophotonic structures. The dynamic tailoring of light-matter interac-
tions offers valuable guidelines for practical applications in nanophotonics. The key

research questions are:

e What are the mechanisms behind emission enhancement from emitter when

placed under strong electric field confinement?

* How active and reversible emission tuning can be achieved using nanophoton-

1cs structures?

® How can the strong coupling strength be tuned dynamically via electrical bias

in transmission mode?

® What are the key properties for a photonic system to loosen up the sensitivity

of plasmonic resonance from its geometrical dependency?

1.5 Outline of the thesis

This thesis presents a framework and platform to model, tailor, and enhance the
light-matter interactions in nanophotonic structures. In this thesis, nanophotonic
platforms are utilized to control the light-matter interactions actively. The metal-
insulator-metal (MIM) structures and epsilon-near-zero (ENZ) materials have been
harnessed to achieve these.

The thesis is an anthology of 4 published research work done during my doctoral
studies. It includes six chapters. Chapter 1 introduces the topic, Chapter 2 presents
the theoretical background, and Chapters 3, 4, and 5 have been structured from pub-
lications (I, II, IIT, IV). A brief discussion on the content of each chapter is as below:

Chapter 1 presents a broad overview of the scope of the thesis for a wide range of

audiences. It highlights the importance of photonics and its advancement achieved
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by light-matter interactions. Finally, the emergence of active nanophotonics is out-
lined, and its broad application perspective is showcased.

Chapter 2 briefly presents the theoretical background of plasmonics, MIM-based
cavities, and ENZ materials. This chapter lays the theoretical foundation for all the
subsequent chapters.

Chapter 3 presents the dynamic control of the emission property of an emit-
ter enabled by tailoring the light-matter interaction. It starts with the motivation
behind tuning the emission characteristic of any optical emitter. As proof of con-
cept, the Rhodamine B dye is utilized as an optical emitter. Most importantly, this
chapter unravels the underlying mechanism behind emission enhancement, which is
well supported by intense experimental results. The emission property of the emit-
ter was tuned using a hydrogel-integrated MIM platform. By changing the ambiance
humidity, the thickness of hydrogel can be tuned in a controlled manner. This al-
lows tuning of the resonance wavelength of the MIM cavity and hence the dynamic
tuning of emission. (Publication I and II)

Chapter 4 addresses one of the critical problems in photonics, active tuning of
coupling strength of the photonic systems. The breakthrough is achieved by design-
ing a novel gating scheme that can potentially operate in both the transmission and
reflection modes. The chapter starts with a brief motivation followed by the experi-
mental and results section. The results demonstrate the tuning of coupling strength
of plasmonic nanostructures and ENZ modes using the devised gating scheme. Fur-
thermore, the detailed fabrication procedures involved in devising the devices are
discussed. (Publication III)

In Chapter 5, to increase the flexibility of the plasmonic structure design, the
polarization-independent plasmonic nanoantenna was optimized and fabricated on
an ENZ substrate, which exhibited two distinct resonances, out of which one lies in
the ENZ region. The ENZ substrate’s vanishing index of refraction property in its
ENZ region was utilized to loosen the sensitivity of resonance toward geometrical
perturbations of the structure. (Publication IV)

Chapter 6 summarizes the whole work and discusses the future scope.
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2 LIGHT MATTER INTERACTIONS AT
DIFFERENT NANOPHOTONIC
STRUCTURES

The control and manipulation of light ranging from nano to micro scale is the pri-
mary aim of photonics. Indeed, it is of fundamental scientific interest and plays a
crucial role in various applications. Yet, in the natural form, the interactions of light
with matter are usually weak; they often need to be assisted by well-designed macro-
scopic media. These engineered macroscopic media are popularly called resonating
systems. Several resonating platforms offer unprecedented light confinement, even
at extremely subwavelength volumes. In this chapter, the overview of three differ-
ent resonating platforms, viz. MIM, ENZ media, and plasmonic systems are broadly
presented in different sections. Each section provides the theoretical framework to
understand the underlying physics of the corresponding resonator platform. Fol-
lowed by this, a detailed literature review is given where some of the key and sem-
inal works that have utilized these resonating platforms for novel application are

discussed.

2.1 Plasmonic systems

Plasmonics is a subset of nanophotonics that concerns the investigation of the oscil-
lation of conduction electrons in metal (plasmons) NSs under the irradiation of light.
The plasmons allow the coupling between NSs and the incident light and support
the electric field confinement at the nanoscale. Field confinement and enhancement
are the heart of novel nanophotonics applications. Therefore, since the emergence
of plasmonics, it has been extensively studied and is still a focus of interest for the

scientific community. The plasmon modes are categorized into two categories a)
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propagating surface plasmons (PSPs), sometimes also called surface plasmon polari-
ton (SPP) b) localized surface plasmons (LSPs). The PSP is the surface electromag-
netic wave that may be supported by the metal-dielectric interface. It comprises an
electromagnetic wave coherently bounded by the collective motion of free charges
at the surface of the metal [42]. Another type of plasmonic mode i.e., LSPs, involve
the combined oscillation of the free carrier in a metallic nanoparticle and the asso-
ciated oscillation of the electromagnetic field. In this dissertation, mainly the LSP

mode is utilized.

2.1.1 Theory of localised surface plasmon resonance

The LSPs involve the combined oscillation of the conduction electrons in a metal-
lic NS and associated oscillations of the electromagnetic (EM) field (Fig. 2.1). The
resonance wavelength depends on the size, shape, composition, and local optical en-
vironment of the nanoparticle [43]. For metallic NSs made of noble metals like gold
and silver, the resonance generally occurs in the visible to the near-infrared regime
of the spectrum (as in Chapters 4 and 5). LSPs have emerged as an attractive alter-
native to SPP because of the simplicity of excitation i.e., does not require momen-
tum matching. Furthermore, the ease of NS fabrication due to the advancement of
nanofabrication techniques has fueled the applications of LSP. Along with the above-
mentioned functionalities, the light confinement at the nanoscale makes localized
surface plasmon resonances (LSPRs) more attractive for advanced applications.

The spectral width and the resonance position of LSPR depend on the size, shape
and local optical environment of the nanoparticle [43]. For instance, in the case of
a single metallic nanosphere placed in a medium with permittivity ¢,,, the applied
EM field induces a dipole moment p in the sphere whose magnitude is proportional
to |Ey|, the strength of the applied electric field. The polarizability is an important
parameter as it helps to find out the resonance condition of the nanostructure. The
polarizability, a, is then defined through p = aE; and can be derived in the quasi-
static approach, where the particles are assumed to be smaller than the wavelength
of the light involved, as [44]

(w)—¢

12
= dpd® — " 2.1
e e(w)+2e,, @1

34



Electric Field

Metal
Nanoparticle

e cloud 1

Figure 2.1 An artistic illustration of LSP mode in a metal nanoparticle.

where ¢(w) is the relative permittivity of the nanosphere and d is the particle radius.

The spectral position of LSPR can be found by using the condition ¢ +2¢,, =0.
The quality (Q) factor of the LSPR resonance depends on the Im (¢(w)). For metal,
the dielectric constant is complex; therefore, it always contains the non-zero value
of Im (¢(w)). For most of the applications, strong field confinement (enhanced Q
factor) and strong signal strength are required, which is not possible to accomplish
using a single NS as its resonance is broad due to radiative damping and dynamic
depolarization.

The limitations of the low Q-factor of LSPR in a single nanoparticle case can be
overcome by arranging the NSsin an array. The electromagnetic field associated with
a nanoparticle’s LSP mode may affect the response of its neighboring nanoparticles.
Either near-field coupling or far-field coupling can occur with this electromagnetic
coupling. The involvement of far-field coupling of LSPs, i.e., their scattered radiation
fields, significantly improves the quality and strength of LSPR. When the nanopar-
ticles are arranged randomly, the scattered fields impinge random phase, therefore,

do not improve the quality of the scattering field. While on the other hand, when
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the nanoparticles are arranged in a periodic way, keeping the periodicity comparable
to the wavelength of the incident light, then under appropriate conditions, the scat-
tered fields impinging on a given particle can arrive in phase with the incident light.
Physically, in the plane of the array, the scattered fields correspond to the diffraction
of the incident light. The light scattered by each nanoparticle into the plane of the
array can be coordinated with the plasmon resonance induced by the incident light
in the neighboring particle by choosing the appropriate nanoparticle size and shape,
along with a suitable array period, to strengthen the resonance in the neighboring
particle. In this thesis, especially in Chapter 4 and 5, the array of nanostructures

have been used.

2.1.2 Applications of localised surface plasmons

The arrays of sub-wavelength holes on metallic films act as tunable filters where the
wavelength selectivity can be tuned by changing the period. Another interesting ap-
plication for which plasmonic NS has shown extraordinary performance is biosens-
ing. The plasmonic resonance is extremely sensitive to the change in the refractive
index of the surrounding medium. Taking advantage of this property, miscellaneous
structures have been shown [45, 46, 47, 48] for biosensing applications. Further-
more, integrating plasmonics with novel materials like graphene or index zero ma-
terial has opened a whole new avenue for exploring new physics and applications.
Recently, the plasmonic effects have been shown solely in a thin film of graphene
[49, 50]. In short, plasmonics offers inevitable novel opportunities to advance both
fields and stimulate new cross-disciplinary approaches to address grand challenges in

photonics.

2.2 Metal-insulator-metal Fabry-Pérot resonance

MIM is a planar photonic structure that is structurally simple and has attracted signif-
icant attention in the photonic community, and people have shown a diverse range of
applications, including polarization control 51, 52], perfect absorption [53, 54], fo-
cusing [55, 56], and hologram [57]. MIM consists of a subwavelength thin dielectric
spacer sandwiched between an optically thick metal film and a thin metallic layer on

top, as shown in Fig. 2.2. The geometrical parameters, such as the thickness of the
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dielectric spacer and the thickness of the top metallic layer, play crucial roles in deter-
mining the spectral position of the resonances. In this thesis, a finite difference time
domain (FDTD) numerical solver (Ansys Lumerical FDTD Solutions) was used to
optimize the thickness of an insulator layer of the MIM resonator. In the case of the
MIM cavity, the existence of the Fabry-Pérot (FP) mode is the underlying reason for
resonance wavelength in the reflection spectra. The FP resonance is resultant of the
interference of multiple reflected waves. Analytically, the resonance wavelength can

be derived [58] using the transfer matrix method (TMM). The resonance condition
is given by the following relation

47
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where A, is the resonance wavelength, 7 and d are the refractive index and thickness
of the dielectric spacer, and 7 is the integer representing the order of resonance in the
MIM cavity. ¢, and ¢, are the acquired phase shifts upon reflection at the bottom
and top metal-dielectric interface, respectively. From Eq.(2.2), it is evident that as

the optical thickness (nd) of the dielectric layer increases, A, increases i.e. resonance
wavelength redshifts.
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Figure 2.2 Reflection from the metal-insulator-metal structure and its electric field profile.

Furthermore, owing to the structural simplicity and ease of fabrication yet, the
properties to fully control the reflected/transmitted light allowed MIM to be used
for various range of applications. In laser design, FP resonance determines the las-
ing wavelength, a cavity in which only light at the resonance wavelength can be
emitted. Additionally, enhancing the absorption of light in a controllable manner is

extremely important for numerous applications like photovoltaics, photo-detector,
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and thermal emitter. In this direction, MIM provided a simple and efficient platform
to realize ultra-thin absorbers. The realization of a perfect absorber requires the pro-
hibition of all transmission and reflection channels. For this, the geometrical config-
uration of MIM structures is ideal. For instance, an optically thick continuous film
of metal at the bottom back blocks all the transmission, making the MIM structure a
single-port reflective system. Further, a rational design of the topmost metallic layer
and carefully choosing spacer thickness eliminate the reflection by destructive inter-
fering gap plasmon and reflected waves. Leveraging this concept, several works were
reported as narrow and broadband perfect absorbers [54, 59, 60, 61, 62]. Another
application aspect where MIM structures have further advanced the performance
metric is color filtering. Due to the unprecedented control over the reflected light
with surface engineering, MIM structures are expected to play a pivotal role in both

fundamental research and real-world applications.

2.3 Epsilon-near-zero materials and mode

In the natural materials library, there exist few materials that exhibit near zero per-
mittivity. The commonly known materials are those that contain electron gas. The

dispersion relation of such materials is given by the Drude model as

2

p
(@ i) -

e(w)=1— @

where y represents the damping rates, and w,, is the plasma frequency. The real
and imaginary components of this complex dielectric function e(w) = Re (e(w)) +

1 (e(w)). Using Eq. (2.3), the real part of permittivity can be written as

w,*r?

Re(e(w))=1— ﬁ (2.4)

where y = 1/7 have been used. For the frequencies w < w,,, where metals retain
their metallic character. However, for the large frequencies close to w ,, the product
wT >> 1, leads to negligible damping. Therefore, Eq. (2.4) gives

w2

Re(e(w)) = 1—w—1’2. 2.5)
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The Eq. (2.5) suggests that the real permittivity goes to zero at w = w,,, indi-
cating the existence of the ENZ wavelength. Since the plasma frequency varies with
carrier densities, this type of ENZ behavior can be found over a wide range of fre-
quencies ranging from optical to mid-IR. For example, potassium [63], and silicon
carbide [64, 65] exhibit ENZ wavelength at THz and mid-IR frequencies, respec-
tively.

Another class of commonly used materials that exhibits ENZ behaviour are trans-
parent conduction oxides (TCOs) [66, 67, 68]. For example, aluminum-doped zinc
oxide (AZO) and indium tin oxide (ITO) show near zero permittivity at near-infrared
frequencies (telecom wavelengths). The salient features of TCOs are CMOS compat-
ibility, and active tunability of the ENZ wavelengths, which allows their usage for
a diverse range of applications like beam steering [17], strong coupling[69] and de-
signing time-varying metasurfaces [70]. In this dissertation, an ITO is utilized as an
ENZ material to investigate and tune the light-matter interactions, which will be
discussed in detail in Chapter 4.

In addition to existing natural materials, another approach to realize the ENZ
properties is by using artificial materials, which allow independent control and tun-
ing of the permittivity (¢) and permeability (u) at the desired range of frequency.
One simple way to achieve the ENZ point is by stacking different thicknesses and
permittivity of materials. For example, stacking two materials with dielectric con-

stant ¢, and ¢, and thickness ¢, and ¢, yields the effective permittivity as

el texty

= 2.6
Eeff s (2.6)

By choosing the opposite sign of permittivity, either ¢, > 0 or ¢, < 0 and appropriate

thickness of materials, one can readily realize ¢ 4 & 0.

2.3.1 Properties and applications of ENZ materials

Since, the early investigations of ENZ material, it has attracted significant interest
in the scientific community due to its interesting underlying physics. Starting from
the simple picture of Snell’s law, which formulates the relation between the angle of
the incident (¢;) and emergent (¢,) from the media with refractive index 7, and n,,
respectively as

nysin(0,) = n,sin(0,). 2.7)
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For ENZ media, n = ,/ue ~ 0, Snell’s law predicts that when a ray is transmit-
ted through ENZ media, the output ray will always be normal to the exit facet as
0., = 0°. This property of ENZ offered a potential solution for developing a highly
directive emitter.

Further, to gain more insight into the dynamics of the electromagnetic waves in
ENZ media, Maxwell’s equations are the starting point. The time-harmonic source-

free Maxwell curl equations can be written as

VXE=iwuH, 2.8)

VXxH=—iweE, 2.9)

where E isthe electric field, H is the magnetic field, and ¢ and ¢ are permeability and
permittivity, respectively. By simple inspection, for index near zero media (¢ & 0 or
u & 0), the Maxwell curls equations yield the decoupling of electricity and mag-
netism, as V X £ =0 or V x H = 0. Vanishing the curl of electric or magnetic fields
physically means nearly constant phase distribution of electric or magnetic fields in
a medium with near zero permittivity or permeability. Intuitively, the decoupling
behavior can also be seen as the “stretching” of the wavelength. Since the wavelength

(A) of the electromagnetic field inside a media can be written as

Ao
VIEE
where A, is the finite wavelength in free space. Clearly from Eq. (2.10), at ENZ

A= (2.10)

wavelength, A becomes infinite; consequently, propagation constant (B =27t/ A) be-
comes zero, implying that waves do not accumulate phase as it propagates to ENZ
media. The stretching of wavelength further indicates the weakening connection
between frequency (temporal) and wavelength (spatial) domains, which is an inter-
esting and important aspect of ENZ media. Furthermore, this property provides
unprecedented control of both domains (spatial and temporal) of electromagnetic
waves, which is the basis of numerous photonic applications.

Looking more closely at Maxwell’s curl equations (Eq. (2.8) and Eq. (2.9)), for a
medium with a vanishing permittivity (¢ = 0), the magnetic field becomes curl-free
(V x H = 0) which further yields the Helmholtz’s wave equation as V>E = 0. This
indicated that the electric field distributions inside the ENZ media are “static-like”.
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The static behavior can also be explained by the phase velocity (v, = ¢/ /u€), which
diverges at ENZ wavelength, which physically means the excitation of static-like field
distributions for monochromatic steady state time-varying fields.

Most importantly, ENZ materials are known for enhanced electromagnetic field
confinement which boosts the nonlinear effects. In fact, ENZ materials empower
two of the main requirements for nonlinear effects, viz., phase matching and high
field intensities. Among these two, the phase-matching condition was explained in
the above discussion. The lack of phase progression inside the ENZ media allows
for the fields to build up coherently. For high field intensities, typically plasmonic
structures are employed to confine the light into a small region of space. In stark
contrast, the ENZ media can provide strong field confinement over a large area,
while ensuring the phase-matching condition. Mathematically, it can be explained
by using the boundary conditions. To satisfy the continuity for the longitudinal
component of the displacement electric field (D; = ¢, E;), the electric field inside the
ENZ media increases significantly. To illustrate this, consider an interface of two
media, one with permittivity ¢, and the other with permittivity epyy,. From the
continuity of the longitudinal component of the displacement field, the strength of
the electric field (E,) inside the ENZ media can be derived as

2.11)

From Eq. (2.11), it is evident that Egy, is large at ENZ point due to vanishing
permittivity (¢ & 0).

It was Ziolkowski’s seminal work [71], which stimulated the discussion of ENZ
media. This work provided an in-depth analysis of the field dynamics in the ENZ
structure and showed that the field’s distributions in the region with near-zero pa-
rameters exhibit static. This remarkable feature of ENZ media stimulated the discus-
sion of tunneling electromagnetic waves through a narrow medium. The theoretical
prediction came in 2006 [72] followed by the experimental demonstration in mi-
crowave frequencies [73, 74]. In addition to electromagnetic tunneling, developing
highly directive emitters was also a big motivation for ENZ media. Also, Enoch’s
work [75] showed that the phase and amplitude uniformity associated with the ENZ
media directly leads to highly directive beams.

In addition to enhancing the radiation/emission directivity, the phase and ampli-

tude uniformity of ENZ media can empower the beam-steering and beam-forming
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applications. Furthermore, similar principles can be adapted to arbitrarily shape the
scattering pattern’s phase and amplitude profile, which could also be utilized for lens-
ing purposes. Indeed, harnessing these properties of ENZ media, several works [76,
77,78,79] on beamforming and lensing were reported. Interestingly, the uniformity
of phase and high field confinement in ENZ media was also exploited to enhance the
spontaneous emission from the fluorescence molecules [80].

The electric flux densities vanish in the ENZ media as D = ¢E, which induces
a strong discontinuity of the normal component of the electric field at the inter-
face that leads to strong field confinement at the interface[81]. Also, leveraging this
unique boundary effect, unprecedented control in guiding the displacement current
can be achieved, which is vital for photonic integrated circuits. For instance, if an
air groove is carved in an ENZ medium, the displacement current will be zero ev-
erywhere except in the air groove region. Thus, by pattering arbitrarily shaped air
grooves, displacement currents can be guided similarly in which conducting wires
guide the flow of electrons in an electronic circuit. This unique feature of ENZ
medium has stimulated the field of photonic integrated circuits, and various works
reported [82, 83, 84, 85] to realize the photonic integrated circuits using ENZ media.

Furthermore, owing to vanishing characteristics of electric and magnetic fields at
the ENZ media boundaries, geometrical-invariant resonant cavities [86] were shown
whose resonance frequency is independent of the geometry, including shape, size,
and topology. Due to the ENZ layer’s vanishing index property, it was used as a
substrate in chapter 5, and it has been demonstrated that the resonance wavelength
shift became nearly independent of antenna length near the ENZ wavelength. Re-
cently, ENZ thin film has received significant interest due to its ability to support
ENZ modes, an ENZ layer (40nm) that supports ENZ mode was used in chapter
4. These ENZ modes enhance the interaction between nanostructure and semicon-
ducting structures, phonon excitation, and thermal emission. Thus, ENZ thin film
has proven to be a simple and useful candidate for studying light-matter interaction.
Due to its simplicity, numerous works have been reported [17, 66, 87] by integrating
ENZ thin film either with plasmonic nanostructures or emitter to several potential

applications.
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2.3.2 ENZ mode

Recently, it has been observed that an ultra-thin ENZ material supports a unique
surface mode known as ENZ mode [88]. The salient features of ENZ mode are the
following: (1) It lies below the light line, which means it is nonradiative in nature.
Therefore, it is confined within the thin ilm. (2) ENZ modes are long-range sur-
face plasmon polaritons that exhibit nearly flat dispersion at the ENZ wavelength
as the thickness of ENZ material goes to zero. (3) ENZ mode allows strong field
confinement, therefore, facilitating enhanced light-matter interactions.

The underlying physics of ENZ modes can be understood by considering a simple

three-layer structure, as shown in Fig. 2.3
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Figure 2.3 Three-layer geometry with permittivity ¢ |, £, and €5 respectively. [88]

A thin film of material with relative permittivity ¢, and thickness d is surrounded
by two semi-infinite regions of dielectric constants ¢, and ¢5. For ease of calculation,
the dispersion of sandwiched material is modeled using a simple Drude model as
shownin Eq. (2.3). Itisevident from Eq. (2.5) thatat w = w > Permittivity vanishes,
i.e., ¢ = 0, which leads to the existence of ENZ mode. Furthermore, this mode

satisfies the following dispersion equation

K K K
1+£1—Z3:itan(K22d)<u+M>, 2.12)
€381 83K, 6K,
here, K,; = (¢,0?)/c* — k| is the longitudinal component of mode in respective
medium i = 1,2,3 and kj; is the transverse component of wave vector. The Eq. (2.12)
can be solved for real k and complex w to capture the transient radiative decay na-
ture of ENZ mode. Fig. 2.4 depicts the solution of Eq. (2.12), i.e., dispersion curves

for both the short- and long-range surface plasmon modes of thin ENZ material.
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From Fig. 2.4 it is clear the long-range polariton mode is ENZ mode as the disper-
sion becomes nearly flat for a large range of transverse wave vectors (k) at ENZ

frequency or plasma frequency.
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Figure 2.4 Dispersion relation of the three-layered (air - 40 nm ITO - glass) system. [89]
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3 ENHANCED AND ACTIVE TUNABLE
EMISSION

This chapter is based on Publication I and II, and here metal-insulator-metal (MIM)
structures are harnessed to unveil the underlying emission mechanism of photolu-
minescence dye and to achieve tunable emission.

The MIM nanocavity has provided an opportunity to improve the performance
of photonic devices. However, the basic physics and mechanisms involved in the
emission enhancement obtained from such cavities are not very clear and are under
debate. In the study from, Prayakarao ez al., the effect of the dielectric thickness
of the MIM cavities on the spontaneous emission (SE) rate enhancement [90] has
been shown. Also, Nyman et al. reported far-field fluorescence enhancement in a
dye-integrated MIM structure [91]. They displayed that an enhanced emission is at-
tributed to both the Purcell and excitation rate enhancement. Nevertheless, in the
above-mentioned studies, the dyes used were with low Stokes shift. In such experi-
mental conditions, the participation of each phenomenon in the emission enhance-
ment was not well separable, and exact mechanisms for the enhanced SE were not
revealed.

In this chapter, the mechanisms behind emission enhancement have been revealed
by designing and investigating the fluorescent dye integrated with various MIM cav-
ities. Furthermore, the dynamically controllable emission is of great importance for
the applications like bio-sensing, imaging, and optoelectronics. Traditionally, meth-
ods to achieve dynamically controllable emission [92, 93, 94] are limited due to com-
plex fabrication processes or irreversible tuning. Also, Serpe et al. have extensively
worked on tunable etalons where an insulator layer comprises a hydrogel, which
responds to different stimuli and displays color tuning [95, 96]. However, all afore-
mentioned studies do not converse emission tuning. To demonstrate the dynamic

and reversible emission tuning, a photo-luminescent hydrogel, obtained via covalent
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functionalization with a fluorescent dye, has been integrated into a MIM cavity as
a tunable platform. The proposed approach is reversible, scalable, and easily inte-
grable and has the potential to develop tunable photonic devices. The advantages of

incorporating MIM structures in these studies are as follows:

1. The inclusion of MIM structure with dye molecules provides large area in-
teraction of the dye with the confined electromagnetic field that yields high-
intensity emission. Compared to plasmonic nanostructures such as nanoan-
tenna or discs, which require careful alignment of dye molecules with the
nano-sized electromagnetic field hot-spot, MIM simplifies the experimental

complexity.

2. Ease of spectral tunability of resonance wavelength - Compared to standard
plasmonic devices, which require periodicity modification or intense geomet-
rical parameter altering, the spectral position of resonance in MIM can be eas-
ily tuned by changing the thickness of the dielectric layer. In addition, this also

allows an extensive spectral range and fine-tuning of resonance wavelength.

3. Simplicity of achieving active control - In comparison to a traditional plas-
monic structure which requires a complex fabrication process to achieve dy-
namic tuning on spectral resonance, the realization of active spectral control
in MIM structures is easy. For instance, using hydrogel as a dielectric spacer
allows an extensive spectral range and reversible tuning of resonance wave-

length.

3.1 Organic dye integrated in metal-insulator-metal

structure

3.1.1 Emission enhancement in photonic environment

Spontaneous emission is pivotal for determining the performance of any optoelec-
tronic devices, including smart displays, light sources, lasers, and solar cells. For a
long time, it was thought that spontaneous emission was an inherent and unchange-
able property of an emitter. However, several studies have shown that by chang-

ing the electromagnetic environment of an emitter, spontaneous emission can be
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modified. This has opened a whole new avenue in photonics, further fuelled by
the advancement of nano-photonics and the development of advanced fabrication
techniques. The underlying physics to explain the emission enhancement can be ex-
plained by the Purcell factor, defined as the ratio between the modified and free space

emission rates of an emitter. The Purcell factor can be written as

30
P4m2vy

(3.1)

where, Q is the quality factor of cavity or resonator, A is the emission wavelength
and Vj is the mode volume of resonance mode. From the Purcell formula, it is clear
that to achieve a large Purcell factor, low mode volume or large quality factor of
cavity is required. The applicability of resonant systems often constrains operational
bandwidth and fabrication complexity. In addition, one of the important points is
that, so far, most of the studies have focused on improving spontaneous emission by
increasing the emission rate of the emitter.

In this thesis, increasing the absorption rate is integral to improving emission ef-
ficiency has been demonstrated and utilizing the MIM structure was advantageous
due to the ease of tuning the cavity resonance to match either the absorption or emis-
sion wavelength of the emitter, along with fabrication simplicity. Further sections
provide a detailed discussion on unveiling the underlying physical mechanism for

enhancing the emission of an emitter.

3.1.2 Structure optimization and fabrication

The diagrammatic representation of the fabricated MIM cavity is shown in Fig. 3.1,
where the thicknesses of the top and bottom metallic layers were fixed as 35 nm
and 150 nm, respectively. Silver (Ag) has been used for the metal layers because
of its unique optical properties, such as excellent plasmonic properties and lower
plasmonic losses. Both the Ag layers were deposited using an e-beam metal evapora-
tor, and the thickness of each layer was confirmed by a profilometer. The LDS 798
dye was dissolved in Poly(methyl methacrylate) (PMMA) to make the homogeneous
solution, and for proper mixing, an ultrasonicator was used. Then, the PMMA so-
lution was spin-coated as a dielectric layer on top of the 150 nm Ag layer. To tune

the MIM cavity resonance, the thickness of the dielectric layer was varied, and the
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Fluorescence

Figure 3.1 An artistic illustration of MIM cavity comprise of Ag - (PMMA+LDS 798 dye) - Ag

dielectric layer’s thickness was optimized using FDTD numerical simulation.

To emulate the experimental scenario, in simulation, periodic boundary con-
ditions both in the x and y directions were implemented, followed by a perfectly
matched layer (PML) in the z-direction. The propagation direction of the incident
plane wave was z-direction, to excite the MIM Fabry Perot resonance modes. The re-
flection profile was further recorded using the power monitor. The simulated reflec-
tion spectra for different thicknesses of the dielectric PMMA) layer are as depicted
in Fig. 3.2a. Based on these simulation results, the thickness of the PMMA layer was
chosen as 140 nm and 190 nm, which yields cavity resonance at 567 nm (MIM-I) and
710 nm (MIM-II), respectively, as indicated by white dashed lines in Fig. 3.2a. The
corresponding simulated reflection spectra for both of these cavities are as shown in
Fig. 3.2b. These specific thicknesses of PMMA were chosen to match MIM cavity

resonance with the absorption and emission spectra of LDS 798 dye molecules.
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Figure 3.2 a) The color plot of simulated reflection spectra for various thicknesses of PMMA. The white
dashed lines highlight the resonance wavelengths corresponding to PMMA thicknesses 140
nm and 190 nm. b) Simulated reflection plot for MIM cavity with PMMA thickness 140 nm and
190 nm. The inset shows the artistic diagram of the MIM cavity.

3.1.3 Optical characterization: reflection and emission

The MIM cavities with the optimized parameters were fabricated and experimentally
characterized by measuring their reflectance. In addition, the fluorescent dye (LDS
798) was characterized by measuring its absorption and emission spectra. Figs. 3.3a
and b show the experimentally recorded absorption (solid black line) and emission
spectra (solid red line) of the LDS 798 dye molecules, which confirms the absorp-
tion and emission peaks at 567 nm and 670 nm, respectively. The experimentally
recorded reflection spectra for MIM-I and MIM-II are shown by solid blue lines in
Fig. 3.3, which showed a good agreement with simulated reflectance results (Fig.
3.2b). Notably, the resonance of the MIM-I cavity has a strong overlap with the ab-
sorption spectrum of an emitter, as shown in Fig. 3.3a, whereas the MIM-II cavity’s
resonance overlaps with the emission spectrum and barely overlaps with the absorp-
tion spectrum as shown in Fig. 3.3b.

The MIM cavity confines the light into the dielectric layer at resonance wave-
length. To study the effect of strong field confinement over the emission properties
of LDS 798 dye, intensity counts were experimentally recorded using the PL mea-
surement. In PL measurement, LDS 798 dye was excited with 532 nm and Figs.
3.4a and b show measured emission intensity for MIM-I and MIM-II, respectively.

The remarkable emission enhancement in dye molecules integrated MIM-I cavity is
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Figure 3.4 PL spectra of LDS 798 dye integrated with (a) MIM-1 cavity and (b) MIM-II cavity. The emission
spectra for bare LDS 798 dye spin-coated on glass substrate for reference is highlighted by

dotted black line. [97]

shown in Fig. 3.4a. Nearly 260-fold PL enhancement was recorded from the dye

molecules integrated with MIM-I, whereas dye integrated with MIM-II cavity yields

only 3-fold emission enhancement. The resonance band of MIM-I strongly overlaps

with the absorption spectrum of dye and partly with the emission spectrum. There-

fore, the higher enhancement in the case of the MIM-I cavity can be attributed to an

unequal contribution of both the Purcell factor enhancement and absorption rate

enhancement. on the contrary, the resonance of MIM-II poorly overlaps with emis-

50



sion and barely with the absorption band. Thus, MIM-II contributes to the emission

enhancement via Purcell factor enhancement.
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Figure 3.5 Time resolved PL intensity results for LDS dye embedded in (a) MIM-I cavity and (b) MIM-II
cavity. The fluorescent lifetime for reference dye-coated sample (on bare glass substrate) is
shown by the dotted black line. [97]

Furthermore, to unveil the effect of the MIM cavity on the emission property
of dye, the transient PL dynamics were recorded using time-resolved fluorescence
spectroscopy. Figs. 3.5a and b depict the transient decay dynamics. For compari-
son, the decay dynamics of LDS 798 dye were recorded for all the cases, viz. LDS
798 integrated with MIM I and MIM II cavities and reference sample (LDS 798 dye
embedded in only PMMA). The bi-exponential function was used to fit the transient
kinetics of the reference and MIM integrated dye sample and obtained 7, and 7, val-
ues corresponding to different processes involved in the decay dynamics. The rigid
matrix of PMMA hinders the large amplitude motion and inter-molecule beatings
of the excited state molecules of LDS 798 dye, and the dense environment of PMMA
increases the probability of the aggregation of the dye for monomers. The combina-
tion of the above-mentioned reasons results in two fluorescent lifetimes components
rather than a single component, which mostly occurs for LDS dye molecules in less
viscous solvents. The bi-exponential fit to the time-resolved PL of the dye molecules
in the case of the reference sample denoted with black circles yields 7, & 1.144 ns
and 7, & 2.408 ns, where the first component accounts for fast decay while the sec-
ond component represents the slow decay process. The integration of dye molecules
with the MIM-I cavity imparts a reduction in the fast decay component (r, & 1.074

ns); however, the slow component gets elongated (1, & 3.691 ns) as shown in Fig.
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3.5a (red triangles). The reduction in the fast component can be ascribed to the en-
hanced emission rate due to the Purcell effect. In contrast, enhancement in the slow
component occurs due to the leakage radiation from the MIM-I cavity. This slow
leakage field comes from the fact that the MIM-I cavity’s resonance (567 nm) is far
from the emission peak of the dye (670 nm, Fig. 3.5a, solid red line) that does not
couple with the MIM-I cavity. Furthermore, the lower thickness (35 nm) of the
top metallic layer is unable to effectively confine the emission of non-resonant dye
molecules and further supports the slow leakage.

On the other hand, the characteristic lifetime components for LDS 798 integrated
with MIM-II cavity are 7, & 0.99 ns and 7, &~ 2.404 ns. Here, the reduction in the
first component (t;) attributes to the emission rate enhancement due to the Pur-
cell factor, while the 7, decay component remains unchanged (similar to the ref-
erence sample). Comparing the fast components of the excited dye molecules in
both cavities reveals a similar coupling strength. Notably, a similar coupling strength
was observed even though the spectral overlap between the emission spectra of dye
molecules and resonance of MIM cavities were not similar. It further confirms that
the Purcell enhancement gateway leads to similar intensified emissions in both the
MIM cavities. Importantly, from Fig. 3.3a, it is evident that only a small portion of
emission from dye molecules coupled with the MIM-I cavity, and the majority of the
fluorescence emission leaks through the cavity, which confirms that the multi-fold
(260 folds) emission enhancement occurs in MIM-I cavity comes from the excita-
tion rate enhancement and the contribution of Purcell enhancement was very subtle.
Therefore, excitation rate enhancement was a preeminent channel that contributed
towards multi-fold emission enhancement in the MIM-I cavity.

Moreover, to explore the underlying physics for multi-fold enhancement, numer-
ical simulations were performed, and the electric field confined inside nanocavities
was calculated. Figs. 3.6a and b show the electric field contour plot of both the MIM
cavities at 567 nm and 710 nm resonance wavelengths, respectively. The strong elec-
tric field confinement into the dielectric layer suggests that the incorporation of dye

molecules with the designed MIM cavities may lead to fluorescence enhancement.

52



Ag(35nm) 350

PMMA el PMMA
(140nm) (190nm)
T 200
£
150
Ag 100
(150nm) Ag
R (150nm)
0
450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 3.6 The electric field contour simulated for (a) MIM-I cavity and (b) MIM-II cavity, and the inset
shows the diagrammatic representation of both cavities. [97]

3.1.4 Mechanisms behind emission enhancement

The enhanced emission in the dye-integrated compound system is primarily due to
two mechanisms, (1) the confinement of the EM field between two metallic films en-
hances the Purcell effect, and (2) the intense cavity mode enhances the excitation rate.
As the overall enhancement is the product of Purcell and excitation rate enhance-
ment, therefore mechanisms mentioned earlier results in emission enhancement of
the system. The simultaneously overlapping absorption and emission spectra of an
emitter with the MIM cavity resonance stimulate the opportunity to exploit both
mechanisms to maximize the emission efficiency of the system. Conclusively, an
emission property can be engineered and enhanced not only through enhancing the

Purcell factor but, more importantly, by enhancing the excitation rate of an emitter.

3.2 Organic dye integrated in hydrogel-based

metal-insulator-metal structure

Manipulating the optical properties of an emitter is of paramount importance for
developing efficient light sources for advanced nanophotonic devices, fluorescence
microscopy, and various optoelectronic applications. Actively controllable photo-

luminescence (PL) is potent for multiple applications, from bio-sensing to imaging.
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Previous studies have shown either the passive control of emission or actively tun-
able emission with limitations such as lack of reversibility, complex fabrication pro-
cesses, or exhibiting small spectral tunability. In addition, complicated and tedious
fabrication procedures hamper the translation of tunable emissions to real-world ap-
plications. A photo-luminescent hydrogel was integrated with a MIM cavity as a
tunable platform to circumvent this and demonstrate active emission tuning. The
fluorescent hydrogel was obtained via covalent functionalization with rhodamine B
(RhB) as an emitter (further details are in the following sections). This work reflects
a timely and essential study that would immensely enrich a wide range of photon-
ics community that requires on-demand optoelectronic tunability ranging from flat
optics to integrated circuits. Thus, our findings will create a new direction toward

dynamically mutable reversible photonic devices and contactless optical sensors.

3.2.1 Hydrogel synthesis and fabrication of metal-hydrogel+dye-metal

structure

The schematic of desired Metal-Hydrogel+Dye-Metal (MIM) structure with thick-
nesses of the top and bottom metallic layers were 30 and 100 nm, respectively, as
depicted in Fig. 3.7. The bottom 100 nm Gold (Au) layer works as a reflector, and
the top 30 nm layer is partially transparent, which allows the collection of reflected
light. The fabrication process of MIM begins with cleaning 1 cm x 1 cm fused silica
substrates by sonicating them in acetone, and isopropanol for 10 minutes, followed
by a blow-dry and oxygen plasma treatment. Next, using e-beam evaporation, an ad-
hesive layer of 1 nm Ti was deposited, followed by an Au layer of 100 nm. The next
step was the synthesis and deposition of an insulator (PNIPAm-BP) layer, this ma-
terial was selected as an insulating layer owing to its excellent swelling [98] and film
forming [99] properties. The thin hydrogel layer and its swelling/deswelling allow
the modulation of hydrogel layer thickness, hence the cavity resonance and emis-
sion tuning. For forming the insulator layer, the primary steps were 1) PNIPAm-
BP-RhB Co-polymer Synthesis and then 2) Solution preparation. PNIPAm-BP-RhB
Copolymer was synthesized using commercially available N-Isopropylacrylamide
(NIPAm) and azobis(isobutyronitrile) (AIBN). The AIBN was recrystallized from
methanol before use. The RhB acrylate was synthesized from commercial RhB. Ben-

zophenone acrylamide (BP), and the copolymer were prepared by using the similar
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process explained in [19] yielding the copolymer with composition 98.5:2.0:0.5 (NI-
PAm/BP/RhB).

Figure 3.7 Schematic of the RhB-containing hydrogel incorporated into the MIM cavity.

Two different concentrations of 20 and 30 mg/ml were prepared by dissolving
PNIPAm-BP-RhB copolymer in filtered (filtered using 0.2 um pore sized PTFE Teflon
filter) 94% ethanol. For better and homogeneous dissolution of the copolymer in
ethanol, 10 min of sonication and magnetic stirring for 1 hour at 1400 rpm, 50°C was
done. The solutions were filtered through a 0.45 pm pore-sized PTFE filter; then,
the solution was spin-coated on a glass substrate to optimize the desired layer thick-
ness of the dye-incorporated hydrogel. Later, to have a uniform and well-distributed
spin-coated hydrogel layer on the final samples, the Au-coated samples were treated
with oxygen plasma (20 min, 30 W RF power, 1000 mTorr O,) to activate the surface.
Subsequently, hydrogel layers of different thicknesses were coated by using different
spin-coating parameters. Dynamic 2-step spin-coating was used as (1) 10 seconds at
150 rpm, 100 acceleration for dispense and pre-distribution of solution on the sam-
ple, and (2) 30 seconds at 2000rpm/3000rpm/4500rpm, 1000 acceleration to form
the coatings. To obtain 90 and 110 nm hydrogel thicknesses, the 20 mg/ml solution
was used, and for higher thicknesses (135 to 160 nm), 30 mg/ml solution was uti-
lized. The samples were baked at 50°C in a vacuum for 45 minutes. Thenceforth,
the spin-coated samples were photopolymerization under UV light (365 nm from
CoolLED pE-4000), and the time required for complete crosslinking of PNIPAm-
BP-RhB copolymer was 40 minutes. The polymerization time was optimized and

confirmed by the disappearance of the 301 nm peak in the optical transmittance spec-
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Figure 3.8 Measured transmittance spectra of reference hydrogel coatings on a glass substrate to con-
firm photopolymerization time.

tra of the reference hydrogel coatings on the glass as shown in Fig. 3.8. The MIM
structure’s top Au layer (25-30 nm) was deposited on top of the hydrogel layer by a

thermal metal evaporator.

3.2.2 RhB dye characterization and optimization of MIM design

As discussed in section 3.1, the simultaneous overlap between cavity resonance and
dye’s emission and absorption is imperative for achieving enhanced emission. This
enhanced emission is the product of Purcell enhancement and excitation rate en-
hancement (also discussed in Publication I). This knowledge helps in the MIM de-
sign, particularly the thickness of an insulator layer. The dye characteristics i.e. ab-
sorption and emission were measured from the reference sample (dye coated on glass
substrate), and as shown in Fig. 3.9a RhB exhibit a small Stokes shift of &~ 30 nm.
The black dotted curve presents the absorption spectra (peak at 563 nm), and the
solid red line represents the emission (peak at 592 nm) of RhB.

Fig. 3.9a propose that if the cavity resonance falls in the wavelength range of 540
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Figure 3.9 (a) Emission (solid red line) and absorption (dashed black line) spectra of fluorescent dye
RhB (b) Contour plot of reflection spectra simulated for various thickness of hydrogel. [18]

to 650 nm, then it is optimal for its simultaneous overlap with the emission and ab-
sorption of RhB. The major factor which decides the wavelength of cavity resonance
is the thickness of the insulator layer in a MIM cavity. So the next obvious step was
numerical simulations to identify the suitable thickness range of the hydrogel layer.
In the simulation, to minimize the simulation time, symmetric and antisymmetric
boundary conditions were applied in the x and y directions. Moreover, to remove
the unwanted reflections, PML was used along the z direction. The resonance cav-
ity mode was excited by launching a plane wave. The insulator layer (hydrogel) was
modeled with a refractive index of 1.503 [100] and to define the material for the top
and bottom layer i.e. Au, Johnson and Christy data set [101] was utilized from the
in-build material library of FDTD. The simulation result, reflection from the MIM
cavity at varying hydrogel thicknesses, is as depicted in Fig. 3.9b, and crest positions
of absorption and emission of RhB are also indicated by blue and green dashed lines,
respectively. Therefrom, the dielectric thickness range of & 90 to & 150 nm was op-

timized using both the dye characteristics (Fig. 3.9a) and the MIM cavity resonance
(Fig. 3.9b).

3.2.3 Passive emission tuning

Before the demonstration of real-time emission tuning, passive emission tuning is

demonstrated. To demonstrate emission tuning without real-time control, the first
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step was to inspect the effect of overlap extent between dye characteristics and a
cavity resonance on the emission intensity. For this investigation, a range of MIM
cavities with dry hydrogel thicknesses (i.e. thickness at room humidity) between &
90 to & 160 nm were fabricated. The captured optical images of MIM cavities with
different cavity resonances exhibit different bright colors as per their reflection as
depicted in Fig. 3.10.

Figure 3.10 Optical images of the MIM samples with different hydrogel thicknesses. The thicknesses of
hydrogels were measured using a profilometer.

For the reflectance measurement of all the fabricated MIM cavities at room con-
ditions (23 °C, 28% room RH), a multifunctional WITec alpha300C confocal micro-
scope was utilized. The samples with different hydrogel thicknesses were irradiated
with a broadband light source through a 20X objective. Thenceforth, to see the re-
sponse from samples, the light reflected from the sample’s bottom reflector was col-
lected through the same 20X objective and coupled to spectrometers via an optical
fiber. The Ocean Optics Flame UV-vis spectrometer was used to detect a response in
the spectral range of 400 nm to 900 nm. The reflectance spectra measured from dif-
ferent MIM cavities as depicted in Fig. 3.11a. From the acquired reflectance results,
the redshift in MIM cavity resonance with an increase in the hydrogel thickness was
observed.

Subsequently, the PL measurement was performed to observe the change in emis-
sion of the emitters coupled with different MIM cavities with passively varying hy-
drogel thicknesses. For this, a 532 nm laser was used to excite the samples to attain

the emission peak intensity of the RhB dye incorporated within various MIM cavi-
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ties. The response from the samples was coupled to an optical fiber connected to an
Ocean Optics Flame UV-vis spectrometer, and the steady-state PL spectra of RhB in
the different MIM cavities are shown in Fig. 3.11b. As shown in Fig. 3.11a the MIM
cavity with a dry hydrogel thickness of 90 nm exhibits cavity resonance at 540 nm,
which strongly overlaps with the absorption spectrum and barely with the emission
spectrum of RhB dye. Because of bare overlap with emission, a very low PL was

observed from this sample, shown by the solid magenta line in Fig. 3.11b.
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Figure 3.11 (a) Experimentally recorded reflection spectra for different thicknesses of the hydrogel. (b)
The PL response of RhB incorporated in MIM cavity with different hydrogel thicknesses. [18]

Upon increasing the hydrogel thickness to 110 nm, the cavity resonance redshifts
to 558 nm, displaying a significant overlap of cavity resonance with both the absorp-
tion and the emission spectra of an emitter. This simultaneous overlap opens the
door to utilizing the contribution from the Purcell enhancement and the excitation
rate enhancement to enhance the overall emission. The highest emission intensity
was observed in the case of the MIM cavity with 110 nm hydrogel, as indicated by
the solid pink line in Fig. 3.11b. Moreover, in the case of the MIM cavity with a dry
hydrogel thickness of 135 nm, the cavity mode overlaps mainly with the emission,
and there is a slight overlap with the tail of the absorption, which results in a de-
crease in emission intensity and further redshift. After additional increments in dry
hydrogel’s thickness to 150 nm and 160 nm, the cavity resonance shifted away from
the absorption and emission spectra of RhB. It occupied lesser overlap with the tail
of the dye’s emission. As a result, more and more reduction in PL was observed with
a small shoulder at about 650 nm. These observations conclude that the basic prin-

ciple involved in the emission intensity change, in the case of a cavity that overlaps
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only the emission of an emitter, is the Purcell enhancement. On the other hand, for
the cavity resonance, which overlaps with both absorption and emission, the factors
involved in emission intensity change are the Purcell enhancement and the excita-
tion rate enhancement. As the Stokes shift for RhB is small (30 nm), it is difficult
to completely isolate the contributions arising from the Purcell enhancement and
the excitation rate enhancement. Therefore, the wavelength corresponding to the

emission peak slightly offsets the cavity resonance wavelength.

3.2.4 Reversible and active emission tuning in air

In the last section, the passive tuning of emission was demonstrated. The next is real-
time emission tuning via hydrogel-based MIM in response to ambient humidity. The
humidity-based tuning allows active control of the overlapping region between cav-
ity resonance and the emission and the absorption of RhB, which manifests as tun-
able emission. Fig. 3.11 brought to light that the MIM sample with 110 nm hydrogel
thickness has the best overlap and is optimal for enhancing the emission intensity.
Therefore, the MIM with a dry hydrogel thickness of 110 nm was selected to demon-
strate the active tuning. Additionally, to perform relative humidity (RH) controlled
reflectance and PL measurements, a customized experimental setup with Linkam
Scientific LTS420-H stage and RH95 humidity controller, was utilized. Here also,
the WITec microscope was used to measure reflectance spectra. The samples were
illuminated with a broadband light source. In this measurement, a 2.5X air objective
with a relatively long working distance was utilized to focus on the samples, which
were embedded within the Lincientific LTS420-H stage in the customized setup. The
PL measurements were also performed in the humidity chamber, and a 532 nm laser
source was used to excite the samples. The measurements were performed in a con-
trolled environment at 3%, 30%, 60%, and 80% RH at a constant temperature. Fur-
thermore, measurements were also conducted reversibly, i.e., from 80% back to 3%
RH value, to obtain the reversibility of the PL response. Both forward and reverse
cycles of reflectance, and PL measurement are depicted in Fig. 3.12a and b, respec-
tively. The optical images captured at 3%, 30%, 60%, and 80% RH shows an evident
change in color as shown in Fig. 3.12c. These distinct colors signify that with a
change in humidity, hydrogel swells, and deswells, resulting in a modification in hy-

drogel thickness which changes the wavelength of a cavity resonance. The labeled
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Figure 3.12 (a) Experimentally recorded reflection spectra of MIM cavity at different humidity values. The
thickness of hydrogel in the dry state is 110 nm. The solid curve represents the forward (i.e.,
increase in humidity from 3% to 80%), and the line depicts the reverse cycle (i.e., decrease
in humidity from 80% to 3%). (b) Steady-state emission spectra of a cavity at different
humidities. (c) Optical images of MIM samples at various humidities. The corresponding
thicknesses of hydrogel are marked in the optical images which were extracted from the
simulation. [18]

~120 nm Hydrogel

~ 104 nm Hydrogel ~ 114 nm Hydrogel

hydrogel thicknesses at different humidity values were extracted from the simulation
results. The change in hydrogel thickness was from 104 to 128 nm with an increase
in humidity from 3 to 80%. As a result, the cavity resonance redshifted by 30 nm,
from 548 to 588 nm, as shown in Fig. 3.12a. During this process, the cavity reso-
nance overlaps better with the emitter’s absorption and emission spectra. Hence, an
almost 2-fold increase in the emission intensity was observed with a change in hu-
midity from 3% to 80%, as shown in Fig. 3.12b. To verify the reversible nature of the
humidity-induced emission tuning, RH was decreased from 80% to 3%. It is inter-
esting to note that the forward cycle (3 hours) was a bit faster than the reverse cycle
(3.5 hours) reason being the rates at which the hydrogel expels and absorbs water are
different. It was observed that in the reverse cycle, the humidified sample (80% RH)
started expelling the absorbed water gradually with a decrease in RH value, and the
cavity resonance retains its original position, as shown in Fig. 3.12a (black, red, and

green dashed line). The decrease in the hydrogel thickness during the reverse cycle
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also allowed retrieval of the PL intensity, as shown by black, red, and green dashed
lines in Fig. 3.12b. As a result of the swelling and deswelling properties of the hy-
drogel, it was possible to reversibly tune the optical response of the MIM cavity and,
therefore, the PL intensity based on humidity changes. Subsequently, to check the
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Figure 3.13 (a) Experimentally recorded reflection spectra of MIM cavity (with 110 nm hydrogel) at dif-
ferent humidities. (b) Steady-state PL of the dye at varying humidity values.

performance of our device after several humidity-controlled swelling/deswelling cy-
cles, the same reflectance and PL measurements with the second swelling-deswelling
cycle after 24 hours were performed on the same sample as that of Fig. 3.12. In
the repeat measurement cycle, it was observed that both reflectance and PL results
are almost reproducible (as shown in Fig. 3.13)and do not get worse after two cy-
cles. Based on the results, it is inferred that even after several humidity-controlled
forward/reverse (swelling/deswelling) cycles, emission intensity was preserved, and
the device performance did not deteriorate.

From Fig. 3.12 and Fig. 3.13, it is observed that the dynamic tuning of PL occurs
because of the change in the overlapping part of cavity resonance and dye’s emission
and absorption with varying RH values. To confirm that the increase in humidity
does not directly affect the intrinsic properties of the dye in the hydrogel matrix, a
100 nm Hydrogel+dye (PNIPAm-BP-RhB copolymer) was coated on the glass sub-
strate. The PL spectra of the fabricated sample were measured at different humidities
as shown in Fig. 3.14 and observed that for the amount of dye (dye concentration)
that was used, the PL does not change with humidity. Therefore, the intrinsic emis-

sion property of dye molecules was not changed in a humid environment, and a dy-
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namic tuning in emission (as shown in Fig. 3.12b and Fig. 3.13b) is purely due to the

significant overlap of the cavity resonance with the dye’s absorption and emission.
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Figure 3.14 Steady-state PL spectra of RhB dye molecules bound with hydrogel at different humidities.

3.2.5 Active emission tuning in water

In the previous actively tunable system, the hydrogel thickness was controlled by
a change in humidity. However, humidity-controlled thickness tuning does not al-
low large variations in the thickness. Therefore, to find the limits of hydrogel inte-
grated MIM system, the sample was immersed in the deionized (DI) water for dif-
ferent time periods as 5, 10, and 20 minutes (wet state). The variation in hydrogel
thickness achieved in the submerged case was much more significant than in the air
humidity-controlled case. As a result, large spectral shifts in MIM cavity resonance
were observed as compared to the humidity-based control. The sample (MIM cavity
with a dry hydrogel thickness of 110 nm) was submerged for 5, 10, and 20 min in
DI water, and the change in the cavity resonance, as well as the changes in the PL

response, was observed.
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Figure 3.15 (a) Experimentally recorded reflection spectra of MIM cavity completely immersed in DI
water for different time duration. The inset shows the corresponding hydrogel thickness
calculated using simulation. (b) PL spectra of dye incorporated with MIM for dry case and
when completely immersed in water for different duration. The inset shows the optical image
of sample for dry case and after immersing into water for 20 minutes. [18]

Figs. 3.15a and b show the measured reflectance spectra and PL in three sub-
merged cases, respectively. The inset of Fig. 3.15b shows the optical images of the
sample in the dry case (with a thinner hydrogel layer) and the wet case (after hydrogel
swelling). The dry case was compared with the wet case to evaluate the tuning range.
The dry hydrogel (at ambient conditions) thickness was 110 nm, and after the sample
was immersed in DI water for 20 min, the spectral shift of 255 nm, which is from 550
to 805 nm (from black to solid green line), was observed. Since the cavity resonance
shifted to a higher wavelength, its overlap with the absorption and emission spec-
tra of dye was reduced. As a consequence, a decrease in the emission intensity was
observed as depicted in Fig. 3.15b. Subsequently, for 20 minutes immersion case,
i.e., for the cavity with swollen hydrogel thickness of 205 nm, the MIM cavity reso-
nance does not overlap with the emission of dye at all, which resulted in negligible
emission. As the increase in hydrogel thickness illustrates the absorption of water in
the hydrogel, therefore, the subsequent investigation is to find the influence of the
refractive index (R.L.) of water on the effective index of the hydrogel-water system.
since water has a smaller refractive index (1.33) as compared to hydrogel (1.503), one
would expect that the effective refractive index of the hydrogel would decrease with
the increasing humidity or water content, particularly for the case when the sample
was immersed in DI water. Additional calculations were performed by using the

below formula.
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(3.2)

Fig. 3.16 shows a slight change of the effective index to approximately 1.4 at 205
nm thickness. Fig. 3.17a shows the simulated reflection spectra by varying hydrogel
thickness and keeping the refractive index of the hydrogel at 1.503. On the other
hand, in Fig. 3.17b, both the thickness and the effective refractive index of hydrogel

were varied, and the indices at each thickness were derived from Fig. 3.16. The

simulation results of Figs. 3.17a and b clearly illustrate a slight change in reflection

spectra upon comparing them. Conclusively, the difference in effective refractive

index is relatively small, and its effect on the resonance shift is reasonably minimal.
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Figure 3.17 The simulated reflection spectra of the MIM cavity with varying insulator (hydrogel) thick-
ness in two cases: (a) by keeping the hydrogel’s refractive index constant at 1.503. (b) by
considering the effective index of the hydrogel-water complex.

3.3 Conclusion

This work is the first demonstration of reversible active tuning of emission inten-
sity by utilizing a controlled-humidity chamber. The only limitation of this work
is swelling and deswelling times of hydrogel are more than three hours which might
affect the potential application. On the other hand, the water-immersed case is faster
and has considerable resonance spectral tunability (up to 250 nm) using the hydrogel.
It mitigated the complex fabrication challenges of designing on-demand tunability
as the MIM cavity was utilized as a photonic platform that offers electric field con-
finement to a large area, thus highly suitable for enhancing the PL emission. Addi-
tionally, an active tunability of cavity resonance aid an additional degree of freedom

to control the PL emission.
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4 ELECTRICALLY TUNABLE COUPLING OF
EPSILON-NEAR-ZERO AND PLASMONIC
MODES

Light mater interactions are often characterized by the coupling strength between
the resonances. Depending on the coupling strength, the coupling regime can be
categorized into weak, strong, and ultra-strong coupling regimes. The achievement
of weak and strong coupling has led to increased control of the optical properties
of resonators or emitters, which in turn enabled several optoelectronic applications.
Interestingly, the fundamental properties of matter, such as emission rate, can also
be altered by making it strongly coupled to light. Furthermore, from an application
point of view, the strong coupling is viable as it reduces the loss channels of the pho-
tonic system by periodically exchanging the energy between the coupled systems.
Therefore, it is imperative to achieve on-demand control of the coupling process in
photonics.

In photonic systems, metallic resonators are widely employed to realize strong
coupling. It is because metallic resonators provide strong confinement of light into
subwavelength volume. The presence of strong coupling manifests as spectral split-
ting in the transmission/reflection spectra, where the separation between the split
modes is called Rabi frequency. It quantifies the periodicity of the energy exchange
between the modes. Particularly, in the strong coupling, Rabi frequencies are large
enough that the energy exchanges among the hybrid modes before its loss. However,
one of the major limitations associated with metallic structures is their low quality
(Q) factor. Q-factor quantifies the quality of the resonance strength, thus, in turn,
important for realizing strong coupling. To circumvent this limitation, the ENZ
material that offers deep subwavelength field confinement due to the excitation of

ENZ modes was utilized. The ENZ mode appears at wavelength or frequency where
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the film’s real dielectric permittivity vanishes. Leveraging the strong field confine-
ment at ENZ mode, numerous studies have been demonstrated of nonlinear opti-
cal process [102, 103], frequency conversion [104], and electro-optical effects [17,
22]. Interestingly, integrating a metallic resonator with ENZ materials has shown a
strong coupling effect [ 105]. The underlying principle to achieve strong coupling in
such a system is to design the metallic resonators with resonance frequency within
the ENZ region of ENZ materials. Therefore, it is obvious to tune the coupling
strength in such systems by changing the geometrical parameters of the metallic res-
onators. Although, the passive tuning of the coupling strength has some merits but
puts a constraint on practical applications. In this regard, achieving an active way to
tune the coupling strength is exciting and offers a viable route for disruptive appli-
cation as well as fundamental studies.

In this dissertation, a novel gating scheme based on ionic liquid was developed
to enable active tunability. Our tunable, strongly coupled system comprises a thin
ENZ material (Indium Tin Oxide (ITO)) and gold nanorods as plasmonic resonators.
By changing the bias voltage, a significant tuning of the coupled resonance was ob-
served. Various applications can benefit from this tuning mechanism that allows for

advanced control and tunability of strongly coupled systems.

4.1 ENZ mode excited in the ITO layer

In this dissertation, ITO thin film was employed as ENZ material, which supports
ENZ modes [ 106, 107] because of its remarkable properties like lower optical losses,
large electrical conductivity, and tunable permittivity [108, 109, 110]. The ENZ
modes in ITO are long-range surface plasmon polaritons whose dispersion becomes
flat at the ENZ point for ultra-thin ENZ film. Interestingly, these ENZ modes
exhibit a large density of states and can homogeneously confine the EM radiation
within the ENZ thin film. As the ENZ mode lies within the light line (i.e. right
of the light line), due to this, the excitation of ENZ mode directly from the inci-
dent light propagating in the air is difficult. While adding plasmonic structures such
as nanoantenna on the top of ITO thin film provides the necessary momentum to
excite the ENZ modes.

The complex permittivity of 40 nm thin ITO film was extracted using ellipsom-

etry measurement as shown in Fig. 4.1a. The dispersion relation for ITO film em-
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Figure 4.1 (a) Complex permittivity of a 40 nm thin ITO film measured using ellipsometry. (b) Dispersion
relation of the ionic liquid - ENZ material - glass three-layered system.

bedded in ionic liquid (inset Fig. 4.1b) was calculated using the FDTD simulation.
In the simulation, the Bloch boundary conditions were used. The dipoles with dif-
ferent phases and orientations were placed in the simulation region. The dispersion
relation plot (Fig. 4.1b) was obtained by sweeping different transverse wave vector
ky)) values, and by calculating the corresponding eigenfrequencies. To constrict the
modes which were not supported by the designed structure, the simulation time was
adequately long. The long-range and short-range surface plasmon modes of ITO thin
film in the ionic liquid background are indicated in Fig. 4.1b. The long-range mode’s
dispersion was closely flat for a large range of & near 225 THz frequency which is
persistent with the ellipsometry result (Fig. 4.1a), which indicates 1340 nm as ENZ
wavelength (2237 Hz). Hence, the long-range surface plasmon is called the ENZ
mode [110] as introduced in Chapter 2. To enable high EM fields in the ENZ thin

film and to generate the LSP mode, the gold nanorods were utilized in this work.

4.2 LSP mode of nanoantenna and its fabrication

The zero permittivity (¢ & 0) region of ITO from 1200 to 1500 nm is highlighted
with a gray color in Fig. 4.2a. The plasmonic nanostructures can confine the inci-
dent electromagnetic field at a deep subwavelength scale due to the excitation of LSP,
which leads to a remarkable enhancement of the local field. Therefore, Au nanorods
were utilized to confine the EM field inside the ENZ film and generate the LSP mode.
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Figure 4.2 (a) 40 nm thin ITO film’'s permittivity result, where real and imaginary parts are depicted by
the solid blue line and dotted blue line. The ENZ region is highlighted with grey color. The
simulated transmittance spectrum of the optimized nanorods placed on a glass substrate is
shown by the solid red line. [69] (b) diagrammatic representation of unit cell consisting of a
gold nanorod on a glass substrate.

To optimize the Au nanorod’s dimension such that their plasmonic resonance
falls in the ENZ region of the ITO film, the numerical simulations were performed
using FDTD. The linearly polarized plane wave source of wavelengths 1000-2000
nm was utilized to excite the nanorod with polarization along the nanorod’s long
edge. The gold (Au) was modeled by using Johnson and Christy material data [111]
from the in-build material library of Lumerical. In the optimization process, the
background refractive index value used was 1.41 to emulate ionic liquid ambiance. As
will be shown, the ionic liquid is needed for tunability. The simulated transmission
plot for the optimized nanorod on a glass substrate is shown in Fig. 4.2a (solid red
line). The dimensions of the optimized nanorod antenna were, length (/) = 300 nm,
width (@) = 110 nm, and thickness () = 35 nm as marked in the schematic shown
in Fig. 4.2b. The periodicity (p) was kept at 700 nm to maximize the density of the
nanorod while avoiding the cross-talks between them.

The studied structure is based on a 100 x 100um? pattern of Au nanorods fabri-
cated on top of a bare glass substrate and on 40 nm thin ITO coated on a 1.1 mm thick
glass substrate. The 40 nm thin ITO layer on of glass substrate was purchased from
‘Prazisions Glas and Optik’. A layer of resist poly(methyl methacrylate) PMMA)
950K A2 was spin-coated on top of the substrate and then evaporated anisole, baked
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at 180°C for 90 Sec. The array of Au nanorods was patterned onto the resist using an
EBL technique, and the area dose used was 300uC /cm?. The sample exposed with
an electron beam was developed for 60 Sec in metylisobutylketon:Isopropyl alcohol
(MIBK:IPA) solution (1:3), and IPA was used as a stopper. A 1/35 nm layer of Ti/Au
was deposited on developed samples using an electron beam metal evaporator. Af-
ter lift-off in S1165 remover at 80°C, the sample was then cleaned using deionized

water.

4.3 Strong coupling of ENZ and LSP modes

Once the ENZ and LSP modes were identified, the strong coupling of these modes
was investigated by bringing them to the same platform. The ENZ-integrated plas-
monic hybrid system’s transmission spectra with (solid red line) and without ionic
liquid (solid black line) were experimentally recorded, as shown in Fig. 4.3a. The
presence of the ionic liquid redshifts the overall spectra due to an increase in back-
ground refractive index (n,;, = 1t0 7;,,,;1;,4ia ~ 1.41). In the optimization process

of the plasmonic antenna, the background refractive index was included as 1.41.
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Figure 4.3 (a) Measured transmittance spectra of plasmonic antenna array on ITO substrate and the

inset depicts SEM image of the Au nanorods. (b) Simulated electric field (Ex) plot of antenna
array on ITO substrate at lower polariton (1260 nm) and upper polariton (1600 nm) [69]
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Figure 4.4 Simulation result for strong coupling between nanorod and ENZ mode of ITO. The dimensions
of the nanorod vary by a common factor ranging from 0.7 to 1.2. The observed anti-crossing
behavior implies that the ITO + Nanorod system exhibits strong coupling.

As a result, its resonance position was red-shifted to the ENZ region. Therefore,
in Fig. 4.3a both upper and lower polaritons are clearly visible, which shows that in
the presence of ionic liquid, the system exhibits strong coupling that manifests as ap-
parent spectral splitting (solid red line). In contrast, the system without ionic liquid
was weakly coupled. The inset of Fig. 4.3a represents the scanning electron micro-
scope (SEM) image of the plasmonic structures (top view), showing the geometry of
the gold antennas (square lattice Au nanorods). Note that fabricated nanoantennas
were slightly different from the simulated ones due to the fabrication imperfections,
which resulted in antenna edges being rounded off. The electric field confinement
in the plasmonic structure and ENZ layer of the strongly coupled system shows the
hybrid characteristics’ features. The antennas placed on the ITO film allow the elec-
tric field to be concentrated inside the ITO layer resulting in the enhancement of the
field intensity at polaritonic wavelengths. Fig. 4.3b shows the electric field distri-
bution of the ENZ-integrated system, calculated at lower polariton (1260 nm) and
upper polariton (1600 nm) that display a mixture of localized plasmons and ENZ

mode confinement.
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One important parameter that defines the strong coupling is anti-crossing behav-
ior. Therefore, an additional simulation was performed to strengthen the claim of
strong coupling and presented the results in Fig. 4.4. In the simulation, the dimen-
sion of the nanorod was varied by a common scaling factor (/ = 300 nm x scaling
factor, w = 110 nm X scaling factor) that varied between 0.7 to 1.2. In Fig. 4.4, the
anti-crossing behavior was clearly observed, which is a signature of strong coupling.
It is important to note that a similar strong coupling behavior was also reported by
Campione et al. [112], where the authors utilized a dog-bone-shaped nano-resonator
and ITO as ENZ material.

4.4 Design of dynamically tunable system

4.41 Gating system

To achieve an active tunability of ENZ-LSP coupling, the most important task was to
design a gating system. In this thesis, firstly, three different cases have been analysed
as explained below, and then designed the most efficient gating system and used for
experiments to show the dynamic tuning of ENZ-LSP coupled mode. The schematic
of the 3 different architectures to achieve the electrical gating in transmission mode
is shown in Fig. 4.5.

Case 1: In this assembly, the copper wire which was used for biasing was directly
connected to the ITO layer. Due to the ITO layer’s resistance, the contact resis-
tance was high, and in such case, voltage loss occurred. Therefore, it was necessary
to apply a high voltage to operate such a gating configuration effectively. Addition-
ally, there was a potential drop upon moving along the ITO layer i.e., moving away
from a voltage application point in ITO makes the potential gradient drop, thereby
weakening the electric field.

Case 2: In this assembly, the ITO was etched using RIE (Reactive ion etching)
from the periphery and only remains in the center, as shown in case 2. As there was
no contact between the Au electrode and ITO, therefore the charge accumulation on
the ITO surface was totally dependent upon carriers induced in ionic liquid through
gating because the charge transfer medium in this case was only ionic liquid. It was
necessary to connect I'TO to an electrode to allow electrons or holes to flow in either

direction upon polarizing the ITO surface using an ionic liquid; this was because
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Figure 4.5 Optimization of gating architecture: an artistic illustration of the three different cases to
achieve the electrical gating in transmission mode.

additional charge carriers needed to flow from the source depending on the change

in potential along the ITO surface. However, if there is no connection between the
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ITO layer and the electrode, then the potential will remain floating potential which
will not contribute significantly to charge density change on ITO surface. Hence,
this case was not suitable for electrically tunable strongly coupled ENZ-LSP gated
system.

Case 3: Here, the Au electrode was on top of the ITO; therefore, the biasing
was uniform along the gold electrode, every point on the surface was at the same
potential, and there was a very less potential loss. The electrodes were designed in
such a way that, except for the small centre window in the upper plate, the rest of
the part was gold in order to have uniform potential distribution after biasing.

As case 3 was the most efficient way to have uniform biasing, a gating scheme was
designed using the approach shown in case 3. To achieve the dynamic tunability of
ENZ-LSP coupling, a novel electrical gating scheme that allows transmission mea-
surements was built to provide an extra dimension of performance. The designed
gating is versatile in nature and is compatible with operating in both the transmis-
sion and reflection modes. The schematic of the designed architecture to achieve the
electrical gating in transmission mode is shown in case 3 of Fig. 4.5. The gating as-
sembly consists of two plates: the bottom plate includes the substrate with 40 nm
ITO thin film followed by a square array of gold nanorods as shown in the inset of
Fig. 4.3a, and the top plate was a bare glass. On both ITO and glass substrates, a
gold periphery window was created to connect copper wires with good ohmic con-
tact. To avoid a short circuit, these two substrates were separated from each other by
insulating tapes. The ionic liquid was sandwiched between these two plates, which
serve as media to accumulate ions at ITO and ionic liquid interface upon electrical

biasing.

4.4.2 Hall measurement

The Hall measurement was performed on the nanorod-ITO gated system with de-
veloped biasing architecture. Fig. 4.6a shows the artistic illustration of our design
with Hall measurements compatible biasing scheme. The assembly consists of top
and bottom plates to facilitate the biasing and 4 metal contact pads for Hall measure-
ment. Fig. 4.6b shows the measured carrier concentration for various voltages using
the Hall measurement system. It is evident that by increasing the voltage, the carrier

concentration changes due to the polarized ionic liquid. With changes in voltage, the
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density of charge carriers does not change in bulk ITO, but only at the interface be-
tween ionic liquid and ITO surface. This enhanced carrier density at ITO surface
changes the ITO permittivity, allowing us to tune the strong coupling between plas-
monic nanorods and the ENZ layer. Thus, changing the bias voltage offers electrical

tunability of ENZ-LSP hybrid modes’ coupling strength.

/
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Figure 4.6 (a) diagrammatic representation of Hall measurement compatible gating system. (b) Hall
measurement result, the carrier density in ITO at varying voltage values.

4.5 Gate-tunable coupling of ENZ-LSP mode

4.5.1 Active tuning of strongly coupled ENZ-LSP modes

The active tuning of strongly coupled ENZ-LSP modes was achieved by electrical
biasing. In previous studies, to achieve tunability, the gating schemes require the
metallic plate to be present at the backside of devices which severely limits the mode
of operation to be only in reflection [22, 113, 114]. In contrast, our designed gating
is highly versatile.

The change in the bias voltage offers electrical tunability of ENZ-LSP hybrid
modes’ coupling strength that manifests as a change in the spectral splitting. The
experimentally acquired transmission spectra (Fig. 4.7a) for various bias voltages
evidently show the splitting, and the zoomed spectra near the lower polariton wave-
length are shown in Fig. 4.7b. Further, to emulate the experimental spectra (partic-

ularly the no-bias condition as shown in the solid black line in Fig. 4.7), the FDTD
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Figure 4.7 (a) Experimentally recorded spectra at various bias voltages. (b) Zoomed portion of trans-
mission spectra near lower polariton wavelength.

numerical simulation was performed. The experimentally recorded permittivity of
ITO was fed into the simulation, while the optical property of gold was used from
the in-build material library of Lumerical. The green dashed line in Fig. 4.7 shows
the simulated transmission spectra in no bias case of nanorod/ITO integrated hy-
brid system, keeping the background refractive as 1.41 to emulate the ionic liquid
background. The simulated result (green dashed line) shows a good agreement with
experimentally recorded spectra in no bias (0 V) case (solid black line).

For clarity, only the lower polariton is shown in Fig. 4.8, and the individual spec-
trum for different voltages are offset vertically. By increasing the bias voltage from
0 to 4.5V, the lower polariton shifts from 1260 to 1288 nm, while there is a subtle
change in the upper polariton as shown in Fig. 4.7. As the electric field confinement
at the lower polariton (as shown in Fig. 4.3b) is more intense than the upper polari-
ton, the lower polariton shows better tuning with respect to the upper polariton.
Additionally, the change in the permittivity with different external bias voltages was
more effective closer to the ENZ wavelength, where the lower polariton was ob-
served. Since the splitting between the upper and lower polariton is proportional
to the coupling strength, [115] change in the lower polariton’s wavelength repre-
sents the change in the coupling strength of the strongly coupled system. Further,
this coupling’s tunability was verified using different nanorod dimensions, as shown

in Fig. 4.9. The nanorods’ size was considered so that the plasmon resonance still
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resides inside the ENZ region (gray shaded region of Fig. 4.2a), which ensures the
system remains in the strong coupling regime. The achieved tunability lies under the
occurred modification in the permittivity of the ITO film as a response to the applied
DC voltage. Under the presence of the electrical bias, the ions in an ionic liquid get
polarized and accumulate at both the top and bottom interfaces. The increase in the
voltage results in an increment of charge concentration at the interface of ITO and
ionic liquid. These assembled ions at the interface induce charge increment that, in
turn, changes the permittivity of the ITO. By increasing the bias voltage, the density
of the ions increases and saturates after a threshold voltage which was 4.5 V in our

case.

—4.5V

1
4.0V
—3.5V \f/-—-
—23.0V
—_—25V f
—2.0V |

Transmittance

1100 1200 1300 1400
Wavelength (nm)

Figure 4.8 Measured transmission spectra at different gating voltages (individual spectra near lower
polariton at different voltages are vertically offset).

To illustrates the consistency of this trend, the same experiment was repeated
with different dimensions of the nanorod. Fig. 4.9a shows simulation results of
resonance of different sized nanorods on a glass substrate, where the dimensions
(w x [) of nanorod 1, 2, and 3 were in nanometers 100x290, 110x290 and 110x 305
respectively, while the periodicity was kept identical as 700 nm for all three and
the background index was 1.41 (ionic liquid). The dimensions of nanorods were
selected in such a manner that their resonance still resides inside the ENZ region to

make sure that the system is still in the strong coupling regime. The transmission
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Figure 4.9 (a) Simulated transmission spectra of nanorods with various dimensions named as NR1,
NR2, NR3. (b), (c) and (d) Experimentally recorded electrical tuning of transmission spectra
of nanorod-ITO integrated systems corresponding to NR1, NR2, and NR3, respectively.

spectra corresponding to nanorod 1, 2, and 3 and ITO integrated systems are shown
in Fig. 4.9b, ¢, and d, respectively. The spectral splitting in the transmission spectra
for all three nanorods ensures strong coupling, and by applying the electrical bias,
the tunability of the lower polaritons was consistently observed. Analogous to the

main sample, & 30 nm spectral shift in the lower polariton was observed for these

nanorods, as well.

4.5.2 Reversible behavior of designed gated system

TheI-V characteristics were recorded, where the voltage was applied to ITO as shown

in the gated device (Fig. 4.10a). As a result, in some time intervals, ions in an ionic
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liquid, get polarized and stabilized, then the corresponding current was measured,
and the hysteresis behavior was observed as shown in Fig. 4.10b. Notably, this
hysteresis behavior arose due to the difference in time taken by the ions of ionic
liquid to return to the initial stage after removal of bias voltage i.e., within 10 min
the ions did not return to their initial stage after removal of the bias voltage. This is
a reversible process, but the time taken by the ions to get polarized and to relax back

is different.

100

75+

Current
50 +

25+

Current (UA)

15k, \ . . . . s

Voltage (V)

Figure 4.10 (a) The schematic of ITO gated system. (b) |-V characteristics of the device.

While recording transmittance by varying voltage, the transmittance peak changes
over a certain gating time, and it was observed that for the designed gating config-
uration, in approximately 8 to 10 min, transmittance peak redshifts to a particu-
lar wavelength and stabilizes there until the gating voltage was changed to the next
higher value. (This indicates that 10 min was the time taken by the gated system for
most of the ions in an ionic liquid to get polarized for that specific external bias volt-
age). Also, the transmission spectra were recorded on two different days, as shown
in Fig. 4.11. On day 1, the assembly (ITO 4 Nanorod + Ionic liquid) was biased by
changing the voltage up to 4.5 V and kept the system as it was, and again recorded
the spectra on day 2, the Fig. 4.11 shows that nearly identical spectra were retrieved,

which confirms the repeatable and reversible nature of the system.

4.5.3 Effect of negative voltage

The magnitude of w , is determined by the carrier density as

P
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Figure 4.11 Transmission spectra recorded at different days, which exhibits nearly identical behavior

which proves the reversibility of the system.
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= (4.1)

w, = >
m, * &g

where @, is plasma frequency, 7 is the electron density, e the electron charge
(elementary charge = 1.60217662 x 10~ coulombs), ¢, the free-space permittivity

(8.85% 10712 F/m), m,* denotes the effective mass of the electrons. In the ITO, m,*

~ 0.45 m,, where m, is the electron mass in free space (9.10938356 x 10> kilograms).
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Figure 4.12 Experimentally recorded electrical tuning of transmission spectra of nanorod-1TO integrated
systems (a) under positive bias, (b) under negative bias.

An applied positive voltage to the ITO layer attracts free electrons from the ionic
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liquid and positive charges in ITO to the ITO surface. Consequently, ITO lacks free
carriers, resulting in depletion. In depletion mode, there were fewer free charge car-

riers (n); thus, w , was smaller (Eq. (4.1)), and therefore ENZ wavelength shifted to

p
a higher wavelength. Thus, as positive voltage increases, the red-shifting is observed
in the coupled spectrum as shown in Fig. 4.12a. A negative bias toward ITO, on the
other hand, causes the accumulation of free carriers in the ITO. In the accumulation
mode of the material, there were more free carriers. When the ITO was in accumu-

lation mode, n was more, so w , was greater. Therefore, ENZ wavelength shifts to

a lower wavelength in the negatliyve bias case, which results in a blue shift in spectra.
However, in the negated gated assembly case, when the voltage was changed from
0 to -4V, all the ions accumulated, and a slight blueshift was observed, as shown in
Fig. 4.12b. Although the shift can be more remarkable upon increasing the voltage,
it was not possible to apply a higher voltage to the designed gated assembly to ensure

its safe functioning.

4.5.4 Simulation results: tunable ENZ-LSP coupling

To emulate the effect of biasing, the numerical simulation was performed by varying
the carrier concentration of ITO because changing the carrier density of ITO was
nothing but changing the bias voltage in the experiment.

In the simulation, the ITO was modeled using the Drude model:

w.2

P
flw)y=ege————, 4.2
(c0) (W +iyw) *2)
where w , and y are the plasma and collision frequencies, respectively. Increasing the
bias voltage across the ITO changes the carrier density, which in turn changes the
plasma frequency (w,). The change in the carrier concentration was implemented

through the w, value, which was fed into the simulation. The simulated result is

shown in Fig. 113, where nearly identical trends were observed as that of the exper-
imental results. The only difference is the shift in upper polariton for experimental
results (see Fig. 4.7a) is subtle, whereas it is more significant in simulation. At longer
wavelengths, the imaginary part of ITO’s permittivity is higher [113, 116] as shown
in Fig. 4.1a. As a result, ITO might get lossy in the experiment compared to the

simulation; this factor may also affect the tuning performance of the upper polari-
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Figure 4.13 Simulated transmission spectra by varying the carrier concentration of ITO (to emulate the
response at different biasing voltages).

ton [117].

4.6 Conclusion

An electrically tunable, strongly coupled ENZ-LSP system based on a novel gating
scheme was developed. The strong coupling between optimally designed plasmonic
nanorods and thin ITO film manifests as splitting in the transmission spectra of the
structure. The developed ionic liquid-based gating system allows tuning the permit-
tivity of the ITO film. Subsequently, the coupling strength between ENZ and LSP
mode gets changed by changing the applied DC voltage. A 30 nm spectral shift was
observed at lower polariton. Since the lower and upper polaritons’ frequency differ-
ence quantifies the coupling strength, the spectral shift of the lower polariton via ap-
plied voltage signifies tuning the coupling strength. Dynamically tunable, strongly

coupled systems are essential for exploring fundamental physics and developing ap-
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plications. Therefore, our study opens a new avenue to explore many new phenom-
ena and enhance integrated nanodevice performance by offering advanced control
and tunability on strongly coupled systems. Additionally, the system exhibits re-
versible behavior, and the designed gating scheme is versatile, thus broadening the
application horizon of photonic devices toward the tunable flat lens and transmissive

spatial light modulators, which is vital for LIDAR and wireless communication.
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5 PINNING EFFECT ON ITO-BASED
POLARIZATION INDEPENDENT
NANOSTRUCTURE

In many engineering and physics fields, resonances are key to photonic applications.
The resonance wavelength of a plasmonic structure is significantly dependent on
its structure (shape, dimensions, environment). If the plasmon resonance is nearly
independent of the plasmonic structure’s dimensions, then it relaxes the requirement
of precise subwavelength features and can compensate for the fabrication errors, and
also reduces the need for advanced demanding fabrications. Therefore, protecting
the photonic resonance from geometrical perturbations enables the realization of
photonic devices with superior properties.

In recent years, the investigation of the effects of ENZ substrate on plasmonic sys-
tems has been of great interest because ENZ materials exhibit unique optical prop-
erties, such as subwavelength confinement, wavefront control, and enhanced light-
matter interaction. One particular approach is using ENZ materials as a substrate,
where the reduced sensitivity of the plasmonic resonance to geometrical perturba-
tions is achieved by minimizing the index of the substrate.

In this chapter, the nanoantennas on a glass (non-dispersive) substrate and on an
ENZ (dispersive) material are experimentally explored and characterized. Largely
dispersive media such as ENZ material is used as a substrate, and it is observed that
the resonance shift of plasmonic antennas of different dimensions slows down near
the ENZ wavelength and is less sensitive to dimension change, which diminishes
the effect of antenna dimension on the spectral position of plasmon resonance. In
contrast, for the non-dispersive and non-zero effective mode index (glass substrate),
it is observed that the spectral shift of plasmonic antennas of different dimensions is

proportional to the plasmonic antenna length. Thus, the plasmonic resonance in the
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ENZ substrate case is less sensitive to the characteristics of the plasmonic antenna
and is controlled mostly by the substrate. The vanishing index of refraction induces
a “slowing down” of the rate of spectral shift for the antenna resonance near the
ENZ wavelength. As the resonance is being pinned in a narrow spectral range, it is
called “resonance pinning”. This pinning effect has already been demonstrated with
an ENZ substrate such as Al-doped ZnO (AZO), indium tin oxide (ITO), and SiC
[64, 118, 119] and by utilizing a hyperbolic metamaterial [ 120]. However, so far, the
pinning effect has been shown using nanostructures that exhibit single resonance.
In this work, the universality of the pinning effect by showing the slowing down
of resonance near the ENZ wavelength in a multi-resonance plasmonic system has
been demonstrated. The structure design and its investigation to achieve the above-

mentioned functionality are described in the following sections.

5.1 ENZ substrate characterization

ITO Permittivity

1000 1200 1400 1600 1800 2000
Wavelength (nm)

Figure 5.1 Experimentally recorded complex permittivity of 100 nm thick ITO film, blue and red solid line
depicts real and imaginary part of ITO’s permittivity respectively and a grey area indicated
ENZ wavelength region.

86



A commercially available transparent conducting oxide (TCO), 100 nm-thick
ITO film on the glass slab was utilized as ENZ substrate due to its remarkable prop-
erties like near zero permittivity in the near-infrared (NIR) regime, lower optical
losses in combination with enhanced light-matter interaction.

The spectroscopic ellipsometry measurement was performed to characterize the
dispersion of 100 nm thick ITO film, and the complex permittivity was extracted.
The real and imaginary parts of the 100 nm thick ITO film’s permittivity are shown
as the blue and red solid lines, respectively, in Fig. 5.1. The ENZ wavelength of 100
nm ITO film is 1320 nm where the real part of ITO’s permittivity crosses zero as
indicated by the grey dashed line in Fig. 5.1 and the grey shaded region highlights

the near-zero permittivity span which is from 1120 nm to 1520 nm.

5.2 Polarization-independent structure design

The next step was the design of a polarization-independent plasmonic nanoantenna
on the ITO substrate. To imitate the polarization-independent response, the nanorods
were alternatively arranged in two different orientations. Also, if two structures
with different sizes are brought together in close vicinity i.e. in a single unit cell,
then it is possible to achieve two distinct resonances; by taking advantage of this,
two elongated rectangular rods were designed. By combining the antennas in two
different directions, the polarization-independent plasmonic nanoantenna array was
finalized as presented in the schematic in Fig. 5.2a.

The devised rectangular nanoantenna array was expected to provide two plasmon
resonances: transversal surface plasmon resonance and longitudinal surface plasmon
resonance. To verify this and optimize the nanoantenna dimensions and supercell
periodicity, the numerical simulations were performed using Lumerical FDTD. The
linearly polarized plane wave source of wavelengths 500 - 1600 nm was utilized in the
simulation. As the designed structure was polarization independent, therefore the
exact same results were observed in both X and Y polarizations of incident light. To
define ITO, the experimentally recorded permittivity of ITO as per Fig. 5.1 was fed
into the simulation, and the gold (Au) was modeled using Johnson and Christy mate-
rial data from the in-build material library of Lumerical. The boundary conditions
were set to periodic in x and y directions and PML in the direction perpendicular

to the source propagation (Z). The simulation result from the supercell design is as
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Figure 5.2 (a) Schematic of polarization-independent Au nanoantenna array of thickness 40 nm on a
100 nm-thick ITO layer on a glass substrate. (b) Simulated transmittance spectra of the
plasmonic nanoantennas on the ITO substrate; the insets depict the electric field profile at
the corresponding wavelength. [121]

presented in Fig. 5.2b.

For any incident polarization, there were two dipole resonances, one correspond-
ing to the longer axis and another dipole resonance corresponding to the short axis
of the elongated plasmonic nanorods. In both incident polarizations, either X or Y,
two spectrally distinct resonance dips were observed in transmission spectra. The
dimension of nanorods was optimized through simulations so that one of their plas-
monic resonance lies in the ENZ region of the ITO film, and the second resonance
is far from the ENZ region. Fig. 5.2b shows two dips, one in the ENZ region i.e., A,
(at 1200 nm), and another far from the ENZ region i.e., A, (at 650 nm). The electric
field profiles corresponding to A; and A, are shown in the inset of Fig. 5.2b.

The electron beam lithography (EBL) technique was utilized to fabricate the above-
described polarization-independent nanostructures. The Au nanorods of different
dimensions were fabricated on two different substrates; a commercially available 100
nm ITO layer and glass were used. A layer of positive resist, PMMA 950K A4, was
spin-coated on top of the Glass and ITO film, and then to evaporate anisole, it was
baked at 180 °C for 90 Sec. In the case of the glass substrate, after spin-coating the
resist layer, the conducting polymer was spin-coated to avoid the charging effect.
The array of polarization-independent nanostructure was patterned onto the resist
using an electron beam lithography (EBL) technique, and the area dose used was 300
nC/cm2. The glass sample exposed to an electron beam was washed with DI wa-

ter to get rid of conducting polymer before development. Then both glass and ITO
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Figure 5.3 (a) SEM image shows the top view of Au nanoantenna array (scaling factor = 1, i.e., ls =130
nm and ll = 420 nm), dashed yellow box indicates the supercell with supercell periodicity
1150 nm in x and y directions. The inset shows the SEM image taken at 30° tilt. [121]

samples were developed for 60 Sec in MIBK:IPA (1:3) solution, and IPA was used as
a stopper. A 1/40 nm layer of Ti/Au was deposited on developed samples using an
electron beam metal evaporator. After lift-off in S1165 remover at 80 °C, the sample
was then cleaned using deionized water. Fig. 5.3 shows the SEM image of the top
view of the fabricated nanoantenna array (corresponding to scaling factor 1) with
all the spatial dimensions indicated by a red bar and supercell marked by a yellow
dashed square. The inset shows the tilted SEM image captured at 30° tilt, indicating
the thickness of Au rods as 40 nm. The supercell periodicity along both the x and y

directions is 1150 nm.

5.3 Demonstration of resonance pinning

To verify the resonance pinning for the antennas on the ITO substrate and direct
dependence of resonance wavelength position with antenna dimension for antennas
on the glass substrate, a series of antennas with varying scaling factors from 0.8 to

1.2 were fabricated on both ITO and glass substrate. In Fig. 5.4, SEM images are pre-
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sented with markings of all the spatial dimensions scaled by a common scaling factor
that varied between 0.8 and 1.2. However, the periodicity and layer thicknesses are

kept unchanged.

420nm

==

107nm&j ]

157 nmu

Figure 5.4 (a) SEM images of the fabricated set of samples with varying scaling factors from 0.8 to 1.2
and a constant periodicity of 1150 nm in both x and y.

Figs. 5.5aand b show the simulated transmission spectra for the plasmonic nanoan-
tenna array upon incidence of unpolarized light for bare glass and ITO substrate,
respectively, for varying scaling factors from 0.8 to 1.2. The simulated results show
the slowing down of resonance shift with a change in antenna size, i.e., by varying
scaling factor in the case of ITO substrate.

To further verify this, the transmission measurements were performed for all the
fabricated plasmonic nanorod arrays using a multifunctional WITec alpha300C con-
focal Raman microscope. The samples were irradiated by a broadband light source
(spectrum from 190 to 2100 nm) through a Zeiss EC *Epiplan’ DIC, 50X objective
(NA=0.75) at normal incidence. The transmitted light was collected through a Zeiss
EC Epiplan’ DIC, 50X (NA=0.75) objective and launched through an optical fiber
to Ocean Optics Flame spectrometer (visible region) NIRQuest spectrometer for
the detection of NIR range. For both metasurfaces fabricated on ITO film and on
a glass substrate, the transmission was normalized to the transmission spectrum of
glass. The transmission results are as presented in Figs. 5.5¢ and d.

The experimental results show good agreement with the simulation results. The
slight difference (resonance broadening) observed in the dip at a shorter wavelength
(=~ 650 nm) can be because of experimental imperfection like detector noise in the
visible range (Solid red line in Fig. 5.6) and fabrication imperfections such as inho-
mogeneous structures from lithographic patterning, imperfect antenna surfaces, and
edges being little rounded off which were not considered in the simulations. Also,
the 15% amplitude difference between experimental and simulation results mainly

comes from reference baseline transmission measurement of 100 nm ITO film as
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Figure 5.5 (a),(b) Simulated transmittance spectra of the supercell array of nanorods on glass and an
ITO substrate at different scaling factors; the inset shows a schematic of the Au antenna array
on glass and ITO, respectively. (c),(d) Experimentally recorded transmission spectra of the
supercell array of nanorods on a glass and ITO substrate. [121]

shown in Fig. 5.6.

Notably, the experimental results confirm the same slowing down of resonance
shift due to the presence of ENZ substrate. In both experimental and simulated re-
sults, it is evident that the change in resonance at lower wavelength is similar in both
glass and ENZ substrate cases. Still, the change in resonance on the ENZ substrate is
much less than the bare glass substrate with respect to different scaling factors in the
ENZ region. The ITO substrate, with near zero index properties, slowed down the
plasmon resonance shift near ENZ wavelength. This slowing down of the resonance
can be termed pinning because the resonance was pinned in a small spectral region
(ENZ wavelength region). The reason behind the pinning of spectral shift is that the
mode field is predominantly concentrated (radiated) outside the ENZ substrate (in
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Figure 5.6 Simulated and experimental transmittance spectra of 100 nm ITO film on a glass substrate.

the air) since the air is more optically dense than the substrate at ENZ wavelength.
In other words, a decrease in the effective refractive index of media surrounding the
nanoantenna array compensates for the effect of the increase in antenna dimension.
The spectral redshift of 80 nm on the ITO substrate while the redshift of 225 nm on
a glass substrate with varying scaling factors from 0.8 to 1.2 was observed.

To clarify this observation, resonance shift (A1) was calculated from simulated
and experimentally recorded transmittance spectra (Fig. 5.5) in the case of glass and
ITO. The calculated shift (AA) in resonance wavelength is plotted as a function of
the scaling factor for resonance at a lower wavelength (4,) as shown in Figs. 5.7a and
b, numerically and experimentally, respectively. The solid black line represents the
plasmon resonance shift on the glass, while the solid red line depicts the shift on ITO,
which is evident from Figs. 5.7a and b that the change in lower wavelength resonance
is nearly identical for both bare glass and ITO cases. However, in Figs. 5.7c and d,
the spectral shifts at a higher wavelength (A, resonance lies within the ENZ region
of ITO), reveal that the shift is &~ three times smaller when nanoantennas were on
ITO substrate (Plasmon-ENZ system) as compared to the case of a glass substrate.

To understand the physics behind the slowing down of resonance shift, i.e., pin-
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Figure 5.7 (a), (b) Simulated and experimental wavelength shift (A ) as a function of scaling factor re-
spectively, at resonance 1 (/11) at a shorter wavelength. (c), (d) Simulated and experimentally
recorded wavelength shifts corresponding to resonance 2 (/12) at a longer wavelength. [121]

ning, the rate of change of resonance wavelength as a function of antenna length
[119] can be expressed as
SA n?

Ay P —

(5.1)

where 7 is the effective index, A is constant, and A; is the free space wavelength.
For non-dispersive medium, i.e., 87 / § A = 0, the resonance wavelength becomes
proportional to the length of the nanoantenna and the index (A o< Anl/).

Fig. 5.8 shows a comparative plot of the resonance wavelength for bare glass and
ITO substrate. The resonance wavelength (4) is plotted against antenna length (/;)
analytically according to the relation given in Ref. [119], which was based on the
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Figure 5.8 Resonant wavelength (A) as a function of antenna length (ll) for the Glass (orange) and
ITO (Green) substrates. The solid lines are calculated analytically, and square and circular
markers result from FDTD numerical calculations. [121]

Fabry-Perot model. The square and circular markers depict the resonance wave-
length extracted using FDTD numerical calculations. The simulation results show

good agreement with analytical results.

5.4 Conclusion

This chapter demonstrates that compared to the bare glass substrate, the designed
plasmonic metasurface exhibits a three-fold reduction in the resonance wavelength
shift only near ENZ wavelength as a function of antenna length. This work reflects
an important study that would demonstrate selective control on plasmon resonance
increases the versatility and functionality of plasmonic structures and provides foun-
dational insight into this exotic phenomenon of ENZ material. Thus, these findings

will create a new direction toward advanced plasmonic applications.
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6 SUMMARY AND FUTURE WORK

The objective of this thesis was to demonstrate multiple paradigms of light-matter
interactions and their applicability to unveil new physics and demonstrate novel ap-
plications. Keeping this theme, the organization of the thesis was outlined. The
works presented in the thesis structured a new prospect to develop highly efficient
and cost-effective photonic devices with active tunability. It lays the platform for
next-generation photonic and optoelectronic devices.

The first chapter starts with the introduction of a broad perspective and the
scope of the thesis. Since the significant breakthroughs of photonics are stimulated
by the discovery of active nanophotonics, enabling on-demand tailoring of light-
matter interaction, therefore, this chapter outlines the emergence and applications
of nanophotonics. Then, chapter 2 lays down the foundation of the thesis by pro-
viding a brief theoretical overview of plasmonics, MIM, and ENZ materials. The
plasmonic structures used in this thesis are primarily gold nanorods.

Furthermore, the MIM cavity is used to unveil the underlying mechanism for the
enhancement of emission from a fluorescent dye under a large-density photonic en-
vironment. The structural configuration of the MIM cavity used in this thesis is as
follows: an optically thick metal film at the bottom on the substrate, followed by a
dielectric layer and an optically thin metal film at the top. The structural simplicity,
ease of fabrication, and ability to tune the spectral position of resonance are the crit-
ical properties of MIM structure that allow tailoring the light-matter interactions.
Chapter 3 presents a systematic study that is carried out to unveil the mechanism of
emission enhancement when a fluorescent dye is kept under a photonic environment
with a large density of states. Several MIM cavities with varying dielectric thickness
were fabricated to achieve different resonance wavelengths. The thickness of the di-
electric layer was judiciously chosen such that the spectral position of the MIM cav-
ity resonance spanned from the absorption wavelength to the emission wavelength

of the fluorescent dye. The studies revealed that the remarkable enhancement in
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the photo-luminescent intensities is not only attributed to the spontaneous rate en-
hancement of dye, but a significant contribution also comes from the excitation rate
enhancement. This opened up a new avenue to engineer the emission properties of
any emitter and provide flexibility in designing a photonic device. After exploring
the underlying mechanism for emission enhancement, this knowledge was used to
achieve active tunable emission. Instead of passively changing the dielectric layer’s
thickness, the hydrogel was employed as a dielectric layer of the MIM, whose thick-
ness was tuned by changing the ambiance humidity. By incorporating dyes with
hydrogel, an active tuning in the emission intensities is demonstrated by changing
the ambient humidity. Interestingly, the whole process was reversible, further veri-
fied by the experiment.

The coupling strength is an important metric that quantifies the light-matter in-
teractions. In particular, the strong coupling is viable as in this regime; the coupling
mechanism dominates the competing loss mechanism. Motivated by the exciting
opportunities and possibilities opened up by strong coupling, chapter 4 introduced
a novel gating scheme to tune the coupling strength of strongly coupled systems.
Indium tin oxide ITO) and gold nanorod array were used as ENZ material and plas-
monic system, respectively, to realize the strong coupling. The ionic gel was used
as a medium that facilitates the biasing. Interestingly, integrating plasmonic systems
with ENZ materials provides a fertile play for studying the strong coupling. More
exciting and new phenomena emerge at the ENZ wavelength due to the vanishing
nature of the refractive index. Leveraging this property, a polarization-independent
plasmonic resonator on ENZ substrate is presented whose resonance wavelength ex-

hibits less sensitivity toward geometrical perturbation.

6.1 Future research directions

Numerous threads of this thesis research works can potentially be extended into mul-
tiple subsequent works. For instance, one exciting extension of chapter 1 (Publica-
tion I) and research direction could be, designing a MIM planar system that supports
two cavity modes in a single structure to overlap modes with the absorption and the
emission spectrum of an emitter.

For MIM nano-cavities, it is possible to possess two distinct resonant modes with

high-quality factors. One can shift the spectral position of these two modes by vary-
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ing the thickness of the insulator layer. This creates the opportunity to overlap the
absorption band of the emitter with the cavity mode. In contrast, the emission spec-
trum can be overlapped with the higher-order cavity mode with a larger wavelength.
However, achieving these two spectral overlaps is a challenge, as the large spectral
gap between the absorption and emission of the emitter is desired; plus, to the best
of my knowledge, organic dye molecules don’t exhibit enough significant Stokes
shifts. Nevertheless, Lead sulfide (PbS) quantum dots with a broad absorption band
in UV-VIS spectral range and emission spectrum in the NIR range can be an alter-
native to fulfill the criteria to achieve such a system. As a result, one can achieve
a higher spontaneous emission enhancement for the incorporated quantum emitter
inside the nano-cavity.

Another possibility is integrating the emitters exhibiting different emission and
absorption wavelengths with hydrogel-based MIM cavities. This could be useful for
holography applications, whereby spatially contorting regions can be created selec-
tively by increasing the emission of specific wavelengths. Furthermore, a hydrogel-
based MIM cavity offers large spectral tunability, which can be used further to design
active band or color filters that are useful for communication applications.

Also, the devised gating scheme has the potential to operate both at transmission
and reflection modes. Active beam steering can be achieved by incorporating this
gating scheme into the phase gradient metasurface.

Importantly, so far, the resonance pinning effect on ENZ substrate was only
shown without any real-time control; the real-time controlled resonance pinning
counterpart is still elusive. In this context, further by incorporating a novel gating
scheme, dynamic tuning of the resonance pinning effect can be realized, which is

advantageous for various applications such as imaging and sensing.
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A APPENDIX

The details of equipment and techniques that have been extensively used for device

fabrication are discussed in the following sections.

A.1 Electron beam evaporator

The electron beam evaporator (e-beam evaporator) is a technique for making thin
films in a high vacuum with high quality, and it was utilized in all the works for
the deposition of metals (metallization). The system consists of crucibles with six
different materials gold (Au), titanium (T1), platinum (Pt), nickel (Ni), Silver (Ag),
and Chromium (Cr); out of these materials, mostly used materials for this thesis
were Au and Ag. The e-beam evaporation method was used because the e-beam
evaporator gives the possibility to evaporate and deposit the materials at very high
deposition rates. Also, the film deposition by an e-beam evaporator is better than the
other techniques, like thermal evaporation, as it maintains the purity of the source
material. In this process, the current is passed through a tungsten filament which
gives rise to Joule heating and electron emission. To accelerate these free electrons
in the direction of the crucible, which contains the desired material, a high voltage is
applied between the filament and the hearth. The electrons make the focused beam
because of a strong magnetic field. Additionally, the focused electron beam transfers
its energy to the desired material to be deposited, which causes the sublimation and

evaporation of metal and its deposition on the substrate.

A.2 Scanning electron microscope

The scanning electron microscope (SEM) images presented in this thesis were all

captured by using Zeiss Ultra-55 SEM. An SEM is a type of electron microscope in
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which the incident-focused electron beam with high energy scans over the sample’s
surface and produces high-resolution images. These images give information about
the texture of the surface and about the geometry of patterns created on the substrate.
The fundamental working principle of SEM is based on the interaction between the
sample (substrate) and an incident electron beam. When the accelerated electrons
incident onto the solid substrate, they start to decelerate by dissipating their energy
in producing various signals through electron-substrate interaction. The generated
signals consist of back-scattered and secondary electrons. The secondary electrons
are detected by a secondary electron detector and are very useful in creating a mor-
phological image of the sample. On the other hand, back-scattered electrons are
valuable to find out the composition. Some SEMs can achieve resolutions better
than 1 nanometer. To capture the images from electrically insulating samples, the
samples must be coated with conducting layers such as carbon, conducting polymer,

and a thin layer of metals to overcome the charging effect due to charge build-up.

A.3 Electron beam lithography

The Raith ElphyPLUS electron beam lithography (EBL) was used to fabricate the
high-resolution gold nanostructures presented in Publications III and IV. The State-
of-the-art EBL is a precise (sub-10 nm resolution) and mature technology that ex-
hibits excellent control of the placement of structures. It uses an electron beam in-
stead of a visible or UV light beam in the optical lithography process. In EBL, an
organic film (resist layer) is directly patterned by electronically moving the highly-
focused electron beam on the resist-coated substrate. The system mainly consists of
an electron gun to supply electrons, the column that shapes and focuses the beam
with the help of an objective and condenser lens, and a vibration-isolated mechan-
ical stage that position the substrate under a focused e-beam. The EBL is a direct-
write (writing without any mask) technology that can create structures of dimen-
sions of sub-micrometers down to a few nanometers because electrons focus much
more tightly than light. An EBL system uses hardware similar to SEM to guide a
focused electron beam of nanometer size to make the desired structure on the resist
layer. The desired pattern designed with suitable CAD tools is fed into the system.
With all the merits mentioned above and the capabilities of EBL, the demerit is that

it is a slow and expensive process because it produces the pattern in a ’serial’ manner,
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making it a slow process compared to optical lithography.
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B.1 Other publication
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Recent advances in the development of a nanocavity based on a metal-insulator-metal (MIM) structure have
provided a great opportunity to enhance the performance of photonic devices. However, the underlying physics
behind the emission enhancement obtained from such cavities is under debate. Here, in this work, we designed
and investigated MIM nanocavities to reveal the mechanisms for the observed 260-fold photoluminescence en-
hancement from LDS 798 fluorescent dye. This study provides a pathway to engineer the emission properties of
an emitter not only through the enhancement of the Purcell factor but mainly through enhancement of the ex-
citation rate. Our numerical simulations support the experimentally acquired results. We believe an MIM cavity
and dye-based hybrid system design based on the revealed enhancement process and structural simplicity, will

provide more efficient, lithography free, and low-cost advanced nanoscale devices.
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1. INTRODUCTION

Tailoring the emission property of an emitter is of great interest
in terms of understanding the fundamental physics as well as the
application prospects. In particular, the coherent interaction of an
atom with the electromagnetic field is an ideal testbed to study
many fundamental aspects of quantum mechanics [1]. From an
application point of view, the enhancement of spontaneous emis-
sion (SE) is vital because it can enable highly efficient light-
emitting devices, low-threshold lasers [2,3], and highly efficient
single-photon sources (4,5]. The emission of an emitter can be
enhanced by properly tailoring its photonic environment. The
environment can enhance the emission either by (i) increasing
the spontaneous emission rate (i.e., Purcell enhancement),
(ii) increasing the excitation rate intensity, or (iii) modifying
the radiation pattern [6-8]. Among these three factors, local ex-
citation field intensity modifies the excitation rate, while the
modification in the radiative decay channels of an emitter enhan-
ces the Purcell factor. There have been several studies reported on
the SE enhancement of an emitter predominantly focusing on
Purcell enhancement [9,10]. These studies mainly used a pho-
tonic crystal cavity [11,12], a waveguide, and metallic structures
such as metal thin film [13], grating [14], nanoantennas [15,16],
and nanoapertures [17]. In all these approaches, the photonic
environment is tailored to achieve the fluorescence enhancement.
An efficient modification in the photonic environment of an
emitter can be achieved by integrating it into an optical cavity
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with a high-quality factor (Q-factor) and a low-mode profile.
The photonic crystal (PC) cavity is an example of a cavity that
supports high Q-factor resonance [11]. However, the minimum
possible mode volume offered by the PC cavity is limited by the
diffraction limit [18]. In addition, the integration of a narrow-
band emitter with a high Q-factor cavity resonance requires in-
tensive nanofabrication and lacks scalability. On the other hand,
plasmonic nanostructures offer a low-mode volume at the plas-
mon resonance frequency [19]. However, due to the metallic
losses, they suffer from a low Q-factor. In addition, the integra-
tion process for plasmonics nanostructures with deposited emit-
ters in large areas is limited by their fabrication complexity.
This restricts the translation of this approach for integrated
photonics.

Metal-insulator—metal (MIM) structures, which emerged in
recent years as high Q-factor Fabry—Perot resonators, are highly
versatile to modify the properties of an emitter [20]. The ability
to confine the light into the subwavelength-sized dielectric
spacer is a remarkable property of an MIM cavity that has been
used to demonstrate many disruptive applications in a plethora
of fields from super absorption to high-resolution spatial color
filters [21-23]. Among the diverse applications, the spontane-
ous emission rate enhancement has recently attracted the atten-
tion of the scientific community [24,25]. The fabrication
simplicity and reproducibility of MIM structures are the
major advantages compared to plasmonic nanocavity and
PC cavity based approaches.
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Fluorescence

Prayakarao et al. studied the effect of the dielectric thickness
of the MIM cavities on the SE rate enhancement [24]. In their
study, they showed an emission enhancement of HITC dye
molecules at the nonresonant wavelength of MIM cavities.
On the other hand, Nyman ¢t al. reported far-field fluorescence
enhancement at the resonant wavelength of an IR780 dye em-
bedded in an MIM structure [25]. They showed that the
achieved enhanced emission is attributed to both the excitation
rate enhancement and the Purcell factor enhancement.
However, since the Stokes shift in these studied dyes is very
low, the cavity resonance wavelength of the MIM overlaps ef-
ficiently with both the absorption and emission spectra of the
dye molecules. In such experimental circumstances, the partici-
pation of each phenomenon in the emission enhancement pro-
cess is not clearly distinguishable. These recent studies
presented MIM cavities as potential candidates for SE enhance-
ment due to their outstanding optical properties. Nevertheless,
the exact mechanisms for the enhanced SE were not revealed.

We performed systematic theoretical and experimental stud-
ies to investigate underlying mechanisms related to the ob-
served enhanced SE rate in MIM cavities. In this work, we
use a silver (Ag) based MIM cavity [Ag—polymethylmethacry-
late (PMMA)-Ag] to enhance the spontaneous emission rate of
LDS 798 dye molecules. We observed enhancement in the
photoluminescence (PL) intensity along with a change in
the fluorescent lifetime components. In the studied dye-inte-
grated hybrid system, two main mechanisms play a role in
the emission enhancement process: Purcell effect enhancement
due to confinement of the electromagnetic field between the
two metallic films and excitation rate enhancement due to
the strong cavity mode. A simultaneous overlap of the absorp-
tion and emission spectra of LDS 798 dye molecules with the
cavity resonance of the designed MIM nanocavity provides the
opportunity to exploit both processes to enhance the emission
of hybrid systems with the highest efficiency. We show the role
of the excitation rate enhancement to achieve an intensified
emission in such a design. We believe our approach to the de-
sign of dye-integrated hybrid MIM systems opens the way to
realize more efficient, lithography-free, and low-cost advanced
nanoscale devices.

2. RESULTS AND DISCUSSION

The schematic of the fabricated MIM cavity is shown in
Fig. 1(a), where the thickness of top and bottom metallic layers
is 35 and 150 nm, respectively. Ag has been used for the metal
layers due to its excellent plasmonic property and low losses.
We deposited Ag layers using an e-beam evaporator and con-
firmed each layer’s thickness using a profilometer. PMMA was
spincoated as a dielectric layer and the thickness of the
dielectric layer was varied to tune the cavity resonance. The
thickness of the dielectric layer was optimized using numerical
simulation (Lumerical FDTD Solutions) based on finite-
difference time-domain (FDTD) method. In simulations,
the periodic boundary conditions were applied in the x axis
and y axis while PML (perfectly matched layer) was used in
z axis. A plane wave was launched in the z axis to excite
the resonance modes. The simulated reflection results for differ-
ent thicknesses of the dielectric (PMMA) layers are shown in

G
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Fig. 1. (a) Schematic of MIM (Ag-PMMA + LDS 798 dye—Ag)
cavity. (b) Simulated reflection result for different thicknesses of dielec-
tric layer. White dashed lines show resonance position of both cavities
with thicknesses of 140 nm and 190 nm.

Fig. 1(b). Based on these results, 140 nm and 190 nm, which
correspond to the cavity resonance wavelengths of 567 and
710 nm, were chosen as the dielectric layer thicknesses to
match the MIM cavity resonance with the absorption and emis-
sion spectra of LDS 798 dye molecules. We call the MIMs with
PMMA thicknesses 140 nm and 190 nm MIM-I and MIM-II,
respectively, in the rest of this paper. Another resonance that is
blue-shifted with respect to the main resonance of the nano-
cavity is evident in these simulation results.

Figures 2(a) and 2(b) show the experimentally recorded ab-
sorption (black solid line) and emission spectra (red solid line)
of the LDS 798 dye molecules, which confirms the absorption
and emission peaks at 567 nm and 670 nm, respectively. The
experimentally recorded reflection spectra for MIM-I and
MIM-II are shown in Fig. 2 (blue solid line) and have good
agreement with simulated reflectance results [Fig. 1(b)].
From Figs. 2(a) and 2(b), it is important to note that the res-
onance of the MIM-I cavity has a strong overlap with the ab-
sorption spectrum, whereas the resonance of the MIM-II cavity
overlaps with the emission spectrum of the dye, but barely over-
laps with the absorption spectrum.

To clucidate the effect of strong field confinement on the
emission property of LDS 798, we experimentally recorded the
intensity counts of the fluorescent dye molecules using PL mea-
surement with a 532 nm excitation source. Figures 3(a) and
3(b) show PL counts for the dye integrated with MIM-I and
MIM-II, respectively. From Fig. 3(a), it is evident that the in-
corporation of the dye molecules with the MIM-I cavity exhibits
remarkable emission enhancement. We observed a 260-fold
emission enhancement for the dye molecules integrated with
MIM-I and only a 3-fold emission enhancement for MIM-IL
In the case of MIM-I, the higher multifold enhancement can
be attributed to an unequal combination of the Purcell effect
enhancement and enhancement of the local excitation field, be-
cause the resonance band of the MIM-I structure overlaps
strongly with the absorption spectrum and partially with the
emission spectrum of the LDS 798 dye molecules. On the other
hand, for MIM-II, excitation rate enhancement and Purcell fac-
tor enhancement work as two weak gateways to modify the spon-
taneous emission rate of the hybrid system.

Furthermore, the transient PL decay traces of the dye
molecules were measured through time-resolved fluorescence
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Fig. 2. Measured reflectance spectra of (a) MIM-I and (b) MIM-II cavities. The absorption and emission spectra of LDS 798 dye molecules are
presented as black and red curves in both panels, respectively. The reflectance band of MIM-I cavity overlaps with the absorption peak and the
emission tail of fluorescent dye, while the reflectance band of MIM-II overlaps with the emission of the dye and barely with absorption of dye.

spectroscopy. The experimentally recorded transient decay dy-
namics is shown in Figs. 3(c) and 3(d). We have acquired the
PL lifetime of the LDS 798 dye integrated with MIM cavities I
and II, and embedded them in PMMA as a reference sample.
We have used a bi-exponential function to fit kinetics of the
reference and main samples, as shown in Table 1. The presence
of LDS 798 molecules in a rigid matrix like PMMA hinders the
large-amplitude motion and intermolecular beatings of the ex-
cited molecules. Moreover, in such a dense environment, the
probability of the aggregation for the monomers of the dye in-
creases. These effects can result in two fluorescent lifetime
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Fig. 3. Experimentally recorded steady-state PL spectra of LDS 798
dye molecules embedded in cavities (red solid lines): (a) MIM-I cavity
and (b) MIM-II cavity. The recorded emission of embedded dye mol-
ecules in PMMA as a reference sample is shown as a black dotted line.
Time-resolved fluorescence spectroscopy results of embedded dye mol-
ecules in the MIM cavities (red triangles): (c) MIM-I and (d) MIM-II.
The recorded fluorescent lifetime of embedded dye in PMMA as a
reference sample is shown as a black dotted line.

Table 1. Time-Resolved Fluorescence Spectroscopy
Results for the MIM-I and MIM-II Nanocavities and LDS
798 Dye Molecules Embedded in PMMA?

Sample Lable Tshore (1S) Aghore TLong (S) ALong
LDS 798 1.144 41% 2.408 59%
MIM-I 1.074 75% 3.691 25%
MIM-II 0.990 33% 2.404 67%

“A bi-exponential function is used to fit kinetics of the reference and main
samples. Agpore and Apong are the amplitudes of the Tghor and 715, components
in percentage, respectively.

components rather than a single component, which is the case
for the dissolved LDS dye molecules in low viscous solvents
[26,27]. The applied bi-exponential function to fit PL kinetics
of dye molecules in the reference sample (black circles) results
in two characteristic lifetime components of 7, &~ 1.144 +
0.009 ns and 7, &~ 2.408 £ 0.009 ns, where the first compo-
nent characterizes the fast decay rate, while the latter represents
the slow decay process. The incorporation of the dye molecule
with the MIM-I cavity induces a reduction in the fast decay
component (z; &~ 1.074 £ 0.002 ns), but the slow decay com-
ponent (z; & 3.691 £ 0.016 ns) gets elongated, as shown in
Fig. 3(c) (red triangles).

The reduction in the fast decay component can be attrib-
uted to the emission rate enhancement due to the Purcell effect.
However, the slower component increases due to leakage radi-
ation from the MIM-I cavity. Since the cavity resonance of
MIM-I (at 567 nm) is far from the emission peak [670 nm,
Fig. 2(a) red solid line], the part of the emission that does
not couple with the MIM-I cavity results in slow leakage field.
This leakage occurs due to the thin metallic top layer (35 nm),
which is unable to effectively confine the emission of the non-
resonant dye molecules embedded inside the cavity in the
off-resonant spectral region. In the case of MIM-II, the char-
acteristic lifetime components are 7; & 0.99 & 0.013 ns and
7, % 2.404 £ 0.009 ns. The reduction in 7, arises due to
the Purcell factor enhancement as the emitted radiation of
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dye molecules resonantly couples with the MIM-II cavity. On
the other hand, the 7, decay component remains almost un-
changed, which depicts nonresonant emission from uncoupled
dye molecules. Comparison of the fast components of the ex-
cited dye molecules in both cavities reveals an almost similar
coupling strength. This happens even though the spectral over-
laps between the emission of the dye molecules and the reso-
nance bands of the two nanocavities are not similar. These
results prove the occurrence of the Purcell enhancement in
the MIM-I and MIM-II cavities, which leads to a similar in-
tensified emission for both of the nanocavities through this
enhancement gateway. Therefore, the excitation rate enhance-
ment as an extra emission enhancement channel works as the
main gateway to achieve a much more intensified emission only
in the MIM-I cavity.

Consider that the absorption of the metallic layers can in-
fluence the emission enhancement process of the excited dye
molecules. Moreover, the occurrence of nonradiative quench-
ing mechanisms such as nanosurface energy transfer (NSET)
[28] and resonance energy transfer (RET) [29] between the
dye molecules and probable roughness of the metallic films
is possible. In addition, the resonance energy transfer between
the monomers and multimers of the dye molecules is probable
[30]. However, as the time-resolved fluorescence spectroscopy
results for both nanocavities do not depict extremely short life-
time components, nonradiative loss channels evidently are not
influential in the emission enhancement process. This is due to
the fact that the evaporated metal layers are smooth enough and
a small portion of the excited dye molecules are located in the
vicinity of the metallic films. Therefore, in our case, the influ-
ence of the loss mechanisms on the spontaneous decay rate en-
hancement is negligible.

To unveil the underlying physics for multifold enhance-
ment, we performed numerical simulations to calculate the
clectric field confined inside nanocavities. Figures 4(a) and
4(b) show the electric field contour plot of MIM nanocavities
with a strong electric field confinement in the dielectric region
(PMMA) at cavity resonance wavelengths; i.e., 567 nm and
710 nm, respectively. Thus, one can expect that the incorpo-
ration of dye molecules with the designed MIM cavities can
lead to fluorescence enhancement.

In this study, the resonance of the MIM-I cavity overlaps
partially with emission spectrum while efficiently with the ab-
sorption band of the dye, as shown in Fig. 2(a), that results in
an increase in fluorescence emission via two gateways: mainly
by enhancing the local field intensity, which leads to a stronger
population of the excited state, and slightly by increasing the
spontaneous emission rate of emitter (i.e., the Purcell enhance-
ment). Further, to emphasize our reasoning, we numerically
calculated the Purcell factor of our integrated devices, as shown
in Figs. 4(c) and 4(d) for the MIM-I and MIM-II cavities, re-
spectively. For the Purcell factor calculations, we used
Lumerical FDTD Solutions software, where a dipole source
is used to emulate the photoexcited dye molecule. The dipole
source is located in the middle of the dielectric layer of the
MIM structure. The orientation of the dipole is varied from
the x to y direction and the Purcell factor is averaged to capture
the ensemble feature of the dye molecules that are randomly
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Fig. 4. Simulation results for the electric field contour plot in the
two nanocavities: (a) MIM-I and (b) MIM-II. The insets in panels
(a) and (b) show the schematics of the MIM-I and MIM-II designs,
respectively. The Purcell factor calculation for the two cavities:
(c) MIM-I and (d) MIM-IL. The higher mode profile describes the
lower Purcell factor of the MIM-II cavity with respect to that of
MIM-IL.

oriented in the x—y plane. The calculated Purcell factor for
MIM-I is higher than that of MIM-II. This can be explained
based on the lower mode profile of MIM-I compared to MIM-
11, due to the thinner dielectric layer. As the leakage occurs in
the off-resonant spectral region (above 580 nm), the observed
leakage cannot influence the calculated Purcell factor for the
on-resonance spectral region (540-580 nm) of the MIM-I cav-
ity. The simulation result in Fig. 4(c) shows that, at the reso-
nance wavelength, the Purcell factor has a value of 1.8. Such a
small value of Purcell factor supports the fact that for MIM-I,
the major contribution for the 260-fold enhancement is mainly
coming from the excitation rate enhancement. The calculated
Purcell factor for the MIM-II cavity is 1.2. This proves that, for
this cavity, the contribution of the excitation rate enhancement
in the acquired enhanced emission is not considerable.
According to the presented approach in previous works
[31,32], one can obtain the Purcell factor of a quantum emitter
located inside a resonator by dividing the uncoupled emitters’
lifetime by that of the coupled emitter in the cavity.
Subsequently, we extracted the Purcell factor from measured
lifetime results for the MIM-I and MIM-II cavities as 1.2
and 1.1, respectively. These results show adequate agreement
with the calculated Purcell factors.

3. CONCLUSION

In conclusion, we have shown a fluorescence enhancement of
LDS 798 dye molecules by integrating them with an MIM cav-
ity. We unrevealed the mechanisms behind the emission en-
hancement process in the MIM nanocavities integrated with
quantum emitters. This is performed by designing two differ-
ent MIM cavities. The absorption spectrum of the dye overlaps
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efficiently with the resonance of MIM-I, but barely with the
resonance of MIM-II. Our comprehensive study shows that
the dye integrated with MIM-II shows only a 3-fold enhance-
ment. On the other hand, the MIM cavity that is optimized to
have a resonance peak overlapping with the absorption of the
dye exhibits an exceptionally high enhancement of 260-fold in
the photoluminescence intensity. This arises as a combination
of the Purcell effect and the excitation rate enhancement.
Hence, according to our findings, the observed remarkable high
emission enhancement for quantum emitters embedded in
MIM nanocavities is attributed mainly to the excitation rate
enhancement rather than the Purcell enhancement.

The MIM-nanocavity-based approach can be used to engi-
neer the emission properties of an emitter by using enhanced
light—matter interactions that would potentially lead to the de-
velopment of efficient light-emitting devices or an enhanced
energy transfer. Because MIM nanocavities possess multiple
cavity modes with a high quality factor, this creates an oppor-
tunity to overlap the absorption band of a quantum emitter
with the mode at the lower wavelength of the spectrum, while
the emission spectrum can be overlapped with the mode at the
higher wavelength. As a result, one can achieve a higher sponta-
neous emission enhancement for the incorporated quantum
emitter inside the nanocavity. Another approach might be to
integrate the dye molecule with an MIM with metasurfaces.
In this way, it is possible to develop highly efficient, multifunc-
tional integrated photonic devices where emission properties
can be actively or passively tuned by changing the polarization
of incident light and geometrical parameters of the metasurface.
Thus, we believe our findings allow the design of low-cost, ef-
fective nanophotonic devices with enhanced functionalities.
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ABSTRACT: Actively controllable photoluminescence is potent for a
wide variety of applications from biosensing and imaging to
optoelectronic components. Traditionally, methods to achieve active
emission control are limited due to complex fabrication processes or
irreversible tuning. Here, we demonstrate active emission tuning,
achieved by changing the ambient humidity in a fluorescent dye-
containing hydrogel integrated into a metal—insulator—metal (MIM)
system. Altering the overlapping region of the MIM cavity resonance and
the absorption and emission spectra of the dye used is the underlying
principle to achieving tunability of the emission. We first verify this by
passive tuning of cavity resonance and further experimentally
demonstrate active tuning in both air and aqueous environments. The
proposed approach is reversible, easy to integrate, and spectrally scalable,

Emission Intensity

—— 3% RH Forward
3% RH Reverse
——80% RH Forward
80% RH Reverse

80% RH

Wavelength

thus providing opportunities for developing tunable photonic devices.

KEYWORDS: metal—insulator—metal system, hydrogels, fluorescent dye, humidity, tunable emission, stimuli-responsive materials

H INTRODUCTION

Manipulating the optical properties of an emitter is of
paramount importance for developing efficient light sources
for advanced nanophotonic devices,"”” fluorescence micros-
copy,” and various optoelectronic applications.* Over the past
decades, numerous efforts have been made to control the
emission properties of organic dye molecules, owing to their
high photoluminescence (PL) quantum yield and broadband
emission,” paving the way for new solutions for photonic
devices such as LEDs,’ lasers,” and single-photon sources.® To
improve the efficiency and functionalities of the photonic
devices, it is highly desirable to control and enhance the
emission properties of the photonic structures. In addition, a
facile, real-time, reversible, and actively tunable luminescence
system is of great importance, as it serves as the basis for next-
generation photonic elements. Furthermore, on-demand
control of the emission will enable broadband sensing and
full-color display devices. To date, plasmonic’ and dielectric
cavities'>'" are routinely utilized to boost the PL signals by
increasing the local density of photonic states'>'® around the
emitter. For instance, thin metallic films and plasmonic
nanoantennae tightly confine the electromagnetic field into a
small volume due to plasmonic resonance. Similarly, high-
index dielectric nanostructures, such as 1D gratings,“ 2D
photonic crystals,''® and dielectric resonators,' ”'® localize the
electromagnetic fields by Mie-resonances. Although these

© XXXX The Authors. Published by
American Chemical Society

A -4 ACS Publications

approaches have shown notable PL enhancement, they bring
along some limitations. First, the resonance modes correspond-
ing to these resonators are subwavelength, which require
careful alignment of dye molecules with the resonance hot
spots. Secondly, continuous tuning of resonance frequency in
plasmonic and dielectric resonator systems possesses fabrica-
tion complexity. In addition to the PL enhancement, its active
tunability is also important. Several ways exist to actively tune
the emission properties. These include the application of
magnetic,lg’20 electric,”* and opticaln’m fields. Furthermore, a
diverse range of tunable metasurfaces based on mechanical
actuation,”**° phase-change materials,” ' and liquid crys-
tals™>™>* exist, offering dynamic tuning of optical properties.
For a metasurface, the collective response of subwavelength-
sized resonators is primarily determined by the resonator
geometry and size.”>*° Integrating the emitter into a tunable
metasurfaces would allow for active emission tuning. However,
all these approaches either require complex experimental setup,
fabrication techniques, lack reversibility, or exhibit small
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Figure 1. (a) The absorption and emission spectra of RhB are presented as black dotted and red solid curves, respectively. Inset: schematic
representation of the RhB-containing hydrogel incorporated into the MIM device. (b) Simulated reflection from the MIM for different hydrogel

thicknesses.

spectral tunability.”” In addition, complex and time-consuming
fabrication procedures hamper their translation into real-world
applications. To circumvent this, we utilize a metal—insulator—
metal platform for tuning the emission.

The metal—insulator—metal (MIM) structure is relatively
simple and exhibits high-quality-factor resonance.’® The
resonance wavelength of the MIM cavity is scalable by simply
changing the thickness of the insulating layer. We exploited
this property to demonstrate an active emission tuning using a
hydrogel as the insulating layer. Hydrogel is a stimuli-
responsive hydrophilic cross-linked polymer network capable
of holding a large amount of water in its network. The volume
and the optical and mechanical properties of the hydrogels can
be changed due to the reversible swelling—deswelling process
in a humid and aqueous environment.”” An increment in
humidity allows the hydrogel to absorb water from the
environment and swell, resultin§ in a relatively large thickness
change of the thin hydrogel. "' Due to this remarkable
feature, hydrogels have stood out as promisin§ materials for
developing actively tunable plasmonic devices.*”~**

To showcase the active emission tuning, we integrated a
photoluminescent hydrogel, obtained via covalent functional-
ization with rhodamine B (RhB) as an emitter (see the
Methods section for further details) into a MIM cavity as a
tunable platform. Our results reveal an active emission tuning
by varying the thickness of the hydrogel, resulting in maximum
emission enhancement when the MIM cavity resonance
overlaps with both the absorption and emission bands of the
emitter. We demonstrate humidity-responsive PL of the
emitter coupled to an actively tunable MIM cavity at room
temperature, via both passive and active tuning schemes. In the
passive tuning, we fabricated MIM cavities with different
thicknesses of the hydrogel-based insulating layer, while for the
active tuning, the hydrogel thickness was varied in response to
humidity or the presence of water. We envision that our study
will pave the way for engineering light—matter interactions,
advancing the fundamental understanding and in the longer-
term potentially contributing to the technological development
of luminescent devices. The proposed solution exhibits real-
time tunability, reversibility, and large spectral tuning of the
cavity resonance with relatively easy fabrication and exper-
imental setup. The planar topography and scalability of our
structure will enable large-area devices to function at the

desired spectral region, being well-positioned to enable tunable
light sources.

B RESULTS AND DISCUSSION
MIM (Metal-Hydrogel+Dye—Metal) Design. The

simultaneous overlap of dye’s emission and absorption bands
with the cavity resonance leads to enhanced emission. This
arises from a combination of the Purcell effect and the
excitation rate enhancement.” This guideline defines the
design of the particular MIM structure, especially the dielectric
thickness to enhance the emission. The measured absorption
and emission of RhB depicted in Figure 1a show a small Stokes
shift of ~30 nm. The black dotted curve represents the
absorption spectrum, peaking at 563 nm, which is marked with
a blue dashed line, and the red solid line is the emission of RhB
with a peak at 592 nm, highlighted using the green dashed line.
As Figure la suggests, the wavelength range of 540 to 650 nm
is optimal for simultaneous overlap of the cavity resonance
with both the emission and absorption of RhB. To identify the
suitable thickness range of the dielectric layer of the MIM
structure, we utilized both the dye characteristics and the MIM
cavity resonance presented in Figure 1. The latter is obtained
between the required wavelength region when the dielectric
thickness is between ~90 and ~150 nm.

The MIM design and the thickness of the hydrogel layer
were obtained using numerical simulation software based on
the finite-difference time-domain (FDTD) method. The
hydrogel was modeled with a refractive index n = 1.503,*
and further simulation details are given in Methods. The
simulated reflection for the MIM cavity at varying hydrogel
thicknesses is shown in Figure 1b, and the positions of
absorption and emission maxima of RhB are shown by blue
and green dashed lines, respectively.

In order to realize emission-tunable MIM, we deposited a
gold (Au) layer using an e-beam evaporator and confirmed its
thickness with a stylus profilometer under cleanroom
conditions. The insulator layer, the poly(N-isopropylacryla-
mide)-acrylamidobenzophenone (PNIPAm-BP) hydrogel with
pendant RhB molecules, was spin-coated on the bottom Au
layer and cross-linked with a UV light (see Methods for more
details). The thickness of the hydrogel was varied to tune the
cavity resonance using different spin coating conditions. The
schematic of the MIM cavity is shown in the inset of Figure 1la,
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Figure 2. (a) Measured reflectance spectra for the MIM cavities with different hydrogel thicknesses. (b) Steady-state PL spectra of RhB in the
different MIM cavities. (c) Optical images of the MIM samples with different hydrogel thicknesses exhibit different bright colors as per their

reflectance. The thicknesses of hydrogels were measured with profilometer.

where the thicknesses of the top and bottom metallic layers are
30 and 100 nm, respectively. The bottom layer serves as a
reflector while the top layer is partially transparent, allowing to
collect the reflected light. Au has been used for the metal layers
owing to its nonoxidizing nature and stable plasmonic
properties.'” We have selected PNIPAm-BP as the insulating
layer owing to its excellent thin-film forming""** and swelling
properties.””*" Because of the thin hydrogel layer, the
swelling/deswelling modulates the hydrogel thickness, hence
changing the resonance of the whole MIM structure.’

Passive Emission Tuning. To demonstrate passive (i.e.,
without real-time control) emission tuning by varying the
thickness of the MIM, we investigated the effect that the
overlap between the cavity resonance and the absorption and
emission of the RhB dye has on the emission intensity, by
using MIM cavities with dry hydrogel thicknesses from ~90 to
~160 nm. Here, the dry hydrogel thickness implies its
thickness at a relative humidity of 28%. We measured the
reflectance and emission from the samples using a 20X air
objective as detailed in the Methods section. Figure 2a shows
the measured reflectance spectra for the MIM cavities with
various hydrogel thicknesses. With an increase in the hydrogel
thickness, the MIM cavity resonance redshifts, which is also
evident from the change in the color of the fabricated samples,
as shown in Figure 2c.

Figure 2b shows the tunable emission of the emitters
coupled with different resonance cavities of the MIM
structures for passively varying the dry hydrogel thickness to
tune the spectral overlapping. The MIM cavity with a dry
hydrogel thickness of 90 nm exhibits cavity resonance at 540
nm, which strongly overlaps with the absorption spectrum of
RhB and barely with its emission spectrum. This yields very
low emission intensity, as shown by the magenta solid line in
Figure 2b. Upon increasing the hydrogel thickness to 110 nm,
the cavity resonance redshifts and lies at 558 nm (Figure 2a,
pink solid line), exhibiting a significant overlap with both the
absorption and the emission spectra of RhB. This leads to an
opportunity to exploit both the Purcell factor enhancement
and the excitation rate enhancement to boost the overall
emission of the system.** The simultaneous contribution from
both processes yields the maximum PL intensity, and we

observed the highest emission as shown by the pink solid line
in Figure 2b (enhancement factor of ~7 as compared to the
dry thickness of 90 nm). For the sample with a dry hydrogel
thickness of 135 nm, where the cavity resonance overlaps with
the emission and only slightly with the tail of the absorption,
the emission further redshifts, and its intensity decreases. We
also further increased the dry hydrogel thicknesses to 150 nm,
which shifted the cavity resonance away from the absorption
and emission of RhB, with only a minor overlap with the
emission tail. As a result, we observed further reduction of
emission intensity with a small shoulder at about 650 nm, as
shown in Figure 2b.

We would like to highlight that the underlying principle
behind the emission intensity change is either the Purcell
factor enhancement (when the cavity resonance overlaps with
only the emission band) or both the Purcell enhancement and
the excitation rate enhancement (when the cavity resonance
overlaps with the absorption and emission bands simulta-
neously). Since the Stokes shift for RhB is small, it is difficult to
completely isolate the contributions arising from the Purcell
factor and the excitation rate enhancement. Therefore, the
wavelength corresponding to the maximal emission enhance-
ment slightly offsets the cavity resonance wavelength.

Reversible and Active Emission Tuning in Air. Serpe et
al. have worked extensively on tunable etalons where the
dielectric layer comprises a PNIPAm microgel, which in an
aqueous environment responds to different stimuli and displays
color tuning.sz_58 In addition, Chervinskii et al. have shown
the dynamic tuning of the MIM cavity resonance by tuning the
thickness of a hydrogel insulating layer.** However, all
aforementioned studies do not converse emission tuning.
Herein, after first exploring the passive tuning of emission, we
demonstrate active tuning of emission via hydrogel-based MIM
in response to ambient humidity. The humidity-based tuning
allows controlling the overlapping region with the emission
and absorption of RhB, which manifests as tunable emission.

The passive tuning study revealed 110 nm (see Figure 2b) as
the optimized hydrogel thickness for enhancing the emission
intensity. Therefore, for demonstrating the active tuning, we
selected the MIM with a dry hydrogel thickness of 110 nm. We
used a humidity-controlled chamber to measure the PL spectra
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when immersed in water for 5, 10, and 20 min. Inset: optical images of the sample in two cases: dry and after 20 min immersion.

of the structures, using a customized experimental setup with
controlled relative humidity (RH) and performed reflectance
and PL measurements (see Figure 3a,b) of the samples in the
controlled environment. The measurements were conducted at
3%, 30%, 60%, and 80% RH. Furthermore, measurements were
taken in a reversible manner (i.e., from 80% back to 3% RH
value) to attain the reversibility of the PL response. Figure 3c
shows the optical micrographs of the MIM sample at different
RH values. We observed distinct color changes in the samples
with the increment of the RH value. This signifies that with the
increase in humidity, the hydrogel thickness changes, which in
turn modifies the cavity resonance wavelength. We note that
the swelling of the hydrogel is strongly dependent on its initial
thickness and uniformity. Due to defects present in the spin-
coated samples, the swelling process is inevitably somewhat
nonuniform. To minimize the nonuniformity, an alternative
solution of two-step spin coating was utilized.*'

To quantify the swelling and the corresponding overlap with
the RhB absorption and emission spectra, we extracted the

hydrogel thickness from the simulation results. At a constant
temperature, with an increase in RH from 3 to 80%, the
hydrogel thickness changes from 104 to 128 nm. As a result,
the cavity resonance red-shifted by 30 nm, from 548 to 588
nm, as shown in Figure 3a. During this process, the cavity
resonance overlaps better with both the absorption and
emission bands of the RhB. Hence, we observed an almost
2-fold increase in the emission intensity while increasing the
humidity from 3% to 80%, as shown in Figure 3b. The increase
in humidity does not directly affect the intrinsic properties of
the covalently bonded dye in the hydrogel matrix. Therefore,
this increase in emission is solely due to the significant overlap
of the cavity with the dye’s absorption and emission.

The humidity-induced emission tuning is reversible, and by
decreasing the RH from 80% to 3%, the original spectrum is
retained. However, the reverse cycle (3.5 h) is slightly slower
than the forward cycle (3 h), because the rate at which the
hydrogel expels water and the rate at which it absorbs water are
different.’” We observed that in the reverse cycle, the

https://doi.org/10.1021/acsphotonics.2c00202
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humidified sample (80% RH) started expelling the absorbed
water gradually with a decrease in RH value, and the cavity
resonance retains its original position, as shown in Figure 3a
(black, red, and green dashed line). The decrease in the
hydrogel thickness during the reverse cycle also allowed to
retrieve the PL intensity, as shown in Figure 3b (black, red, and
green dashed line). The swelling and deswelling of the
hydrogel allowed the reversible humidity-induced tuning of the
optical response of the MIM cavity and, hence, reversible
control of the PL intensity.

Active Emission Tuning in Water. The previous active
tuning scheme was performed in the air where the change in
humidity was controlling the hydrogel thickness. However,
controlling the thickness of the hydrogel with humidity does
not allow large thickness variations. Therefore, to find the
limits of our system, we immersed the hydrogel-integrated
MIM sample in water. By immersing the sample in deionized
water for different time periods, we achieved various hydrogel
thicknesses that were generally larger than in the air humidity-
controlled case, which allowed us to tune the MIM cavity
resonance with large spectral shifts compared to the humidity-
based control.

We submerged the sample for 5, 10, and 20 min and
monitored the change in the cavity resonance as well as the
changes in the PL response of the dyes incorporated within the
MIM cavity. Figure 4a shows the measured reflectance spectra
of the MIM cavity with a dry hydrogel thickness of 110 nm and
three submerged cases.

The inset of Figure 4b shows the optical images of the
sample in the dry case, corresponding to a thinner hydrogel
layer, and the wet case, where the hydrogel swells*" and shifts
the MIM resonance to a higher wavelength. To evaluate the
tuning range of MIM structures, we compared the dry case
with the wet case. The dry hydrogel (ambient conditions)
thickness was 110 nm. After immersing the sample in
deionized water for 20 min, we identified a spectral shift of
255 nm from 550 to 805 nm, as shown in Figure 4a, with black
and green solid lines, respectively. As the cavity resonance
shifts to a higher wavelength, its overlap with the dye’s
absorption and emission spectra decrease. As a result, we
observed a decrease in the emission intensity, as shown in
Figure 4b. Subsequently, for the swollen hydrogel thickness of
205 nm, in which the cavity resonance does not overlap with
the dye’s emission at all, we observed negligible emission
intensity as shown by the green solid line Figure 4b.

B CONCLUSION

We report active emission tuning based on emitters embedded
within the PNIPAm hydrogel-based metal—insulator—metal
device. We demonstrate a 30 nm spectral shift and significant
tunability in PL intensity in response to the humidity stimulus.
Our structures showed reversible behavior and almost
reproduced the initial results by utilizing the deswelling
property of hydrogels. The maximum resonance shift (255
nm) and emission tunability were obtained by immersion of
incorporated PNIPAm hydrogel-based MIM structure in
deionized water. This large spectral shift is remarkable and
of great importance, especially for sensing applications. Our
approach mitigates the complex fabrication challenges and is
versatile in nature that potentially can be translated to a broad
spectral range to achieve on-demand tunability by judiciously
choosing various hydrogel thicknesses integrated with different
dye molecules. We envision a wide range of opportunities in

targets that require on-demand optoelectronic tunability,
ranging from integrated circuits to flat optics. Our findings
may also provide new possibilities in actively tunable reversible
photonic devices and contactless optical sensors.

B METHODS

PNIPAm-BP-RhB Copolymer Synthesis. N-Isopropyla-
crylamide (NIPAm) and azobis(isobutyronitrile) (AIBN) were
commercially available. NIPAm was used as received, and
AIBN was recrystallized from methanol before use. Rhodamine
B acrylate was synthesized from commercial rhodamine B as
described below. Benzophenone acrylamide (BP) and the
copolymer were prepared in a similar fashion to the procedures
in our earlier publication,*® yielding the copolymer with
composition 98.5:2.0:0.5 (NIPAm/BP/RhB), determined with
'"H NMR (500 MHz, CDCl,).

Rhodamine B (500 mg, 1.04 mmol) and a droplet of N,N-
dimethylformamide were stirred in dry dichloromethane (6
mL) at 0 °C under argon, and oxalyl chloride (128 uL, 1.5
mmol) was added dropwise. The mixture was stirred at 0 °C
for 30 min, until gas evolution was not observed. This solution
was added into a solution of 2-hydroxyethyl acrylate (115 uL,
1.1 mmol), dry triethylamine (415 yL, 3.0 mmol), and a
catalytic amount of N,N-dimethyl-4-aminopyridine in dry
dichloromethane (10 mL) and stirred under argon for 24 h.
The crude mixture was purified by column chromatography
(from pure ethyl acetate to 10% methanol/ethyl acetate) to
yield the product (352.5 mg, 59%) as a violet-red crystalline
solid. 'H NMR (500 MHz, DMSO-d,) 5 8.26 (d, J = 7.4 Hz,
1H), 7.92 (t, ] = 7.4 Hz, 1H), 7.86 (t, ] = 7.4 Hz, 1H), 7.51 (d,
J=7.4 Hz, 1H), 7.07 (dd, ] = 9.5, 2.0 Hz, 2H), 6.99 (d, ] = 9.2
Hz, 2H), 6.95 (s, 2H), 621 (d, ] = 16.6 Hz, 1H), 5.87—6.02
(2H), 4.14—4.28 (2H), 3.87-4.01 (2H), 3.55-3.74 (8H),
120 (t, J = 6.9 Hz, 12H).

Solution Preparation, Film Thickness Optimization,
and Photopolymerization. PNIPAm-BP-RhB copolymer
(this is the composition of the copolymer after polymerization)
was dissolved in filtered (filtered using 0.2 um pore sized PTFE
Teflon filter) 94% ethanol with concentrations of 20 and 30
mg/mL. Using the 20 mg/mL solution, we acquired 90 and
110 nm thicknesses. For higher thicknesses (135—160 nm), we
utilized the 30 mg/mL solution. Different thicknesses were
achieved by using different spin coating parameters and two
solutions. For better dissolution of the copolymer in ethanol,
the solutions were sonicated for 10 min. Then magnetic
stirring was used at 1400 rpm, 50 °C for 1 h. The solutions
were filtered through PTFE membranes with 0.45 pm pores,
then spin-coated the solution on a glass sample to optimize the
desired thickness of the hydrogel layer. We used dynamic two-
step spin-coating: (1) 10 s at 150 rpm, 100 acceleration during
which the PNIPAm-BP-RhB solution was dispensed and
predistributed onto the sample; (2) 30 s at 2000 rpm/3000
rpm/4500 rpm, 1000 acceleration to form the final coatings.
The deposition was followed by drying for 45 min at 50 °Cin a
vacuum. The next step was photopolymerization under UV
light (365 nm from CoolLED pE-4000 focused on sample
area), the time required for complete cross-linking of
PNIPAm-BP-RhB copolymer was 40 min. This time was
confirmed by the disappearance of the 301 nm peak in the
optical transmittance spectra of the reference hydrogel coatings
on glass.*®

FDTD Simulations. MIM design and the thickness of the
insulator layer (hydrogel) were optimized using numerical
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simulation (Ansys Lumerical FDTD Solutions) based on the
finite-difference time-domain (FDTD) method. In the
simulation, the symmetric and antisymmetric boundary
conditions were applied in the x and y directions to minimize
the simulation time, while PML (perfectly matched layer) was
used along the z-axis to remove the unwanted reflections. A
plane wave was launched from the z-axis to excite the
resonance cavity mode. The complex refractive index of Au
layers was assigned from the “Johnson and Christy”®® data set
that was in-build in the software material library. The hydrogel
was modeled with a refractive index n = 1.503,*® which
corresponds to the state where there is no water absorbed into
the hydrogel. An increase in hydrogel thickness depicts the
absorption of water in the hydrogel, and the refractive index of
water will influence the effective index of the hydrogel—water
complex. However, the change in effective refractive index is
relatively small, and its effect on the resonance shift is quite
minimal.

MIM Sample Fabrication. The samples were fabricated
on 1 cm X 1 cm fused silica substrates. First, the samples were
cleaned by sonicating them in acetone, isopropanol, and
deionized water for 10 min each. The fused silica substrates
were blow-dried and treated with oxygen plasma for pristine
clean substrates. Subsequently, the adhesive layer of 1 nm Ti,
followed by a 100 nm layer of Au was deposited by e-beam
evaporation. After that, Au-coated samples were activated by
plasma treatment (20 min, 30 W RF power, 1000 mTorr O,)
and started the spin coating right after plasma treatment.
Thenceforth, for coating hydrogels of different thicknesses,
different spin-coating parameters were used, followed by cross-
linking, as explained in Solution Preparation, Film Thickness
Optimization, and Photopolymerization. The final gold layer
(25—30 nm) was deposited on top of the hydrogel layer by a
thermal evaporation system.

Optical Measurements. Microscopic reflectance measure-
ments were performed with a multifunctional WITec
alpha300C confocal microscope. The samples with different
hydrogel thicknesses were illuminated with a broadband light
source (LDLS EQ-99X) through a Zeiss EC “Epiplan” DIC,
20X objective (NA = 0.4, WD = 3.0 mm). The reflected light
was collected through the same objective and coupled to
spectrometers via an optical fiber. For the spectral range of
400—900 nm, we used Ocean Optics Flame UV-—vis
spectrometer with 1.33 nm full width at half-maximum
(FWHM) spectral resolution for detecting the spectral
response from the fabricated sample. The samples were
measured at room conditions (23 °C, 28% room RH - dry
state) and after immersion in deionized water for S, 10, and 20
min (wet state). Here, the relatively long hydrogel swelling
time is due to the MIM structure, as the Au layers on the top/
bottom of the hydrogel restrict water molecules from
penetrating into the cross-linked polymer network.

Additionally, measurements in a controlled humid environ-
ment were performed using Linkam Scientific LTS420-H stage
with RH9S humidity controller. Reflectance spectra were
measured using the same WITec microscope and the samples
were illuminated with a broadband light source. We utilized a
2.5X air objective with a relatively long working distance to
enable the focusing of the optical field onto the samples
embedded within the Linkam Scientific LTS420-H stage. For
the PL measurement of the samples, we utilized a 532 nm laser
to excite the samples to attain the emission peak intensity of
the RhB dye incorporated within the MIM structure utilizing a

532 nm long-pass filter (LPF). The response of the samples
was coupled to an optical fiber connected to an Ocean Optics
Flame UV—vis spectrometer for PL measurement.
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In this work, an active tuning of the coupling strength in a strongly coupled
system comprised of a thin epsilon-near-zero material and gold nanorods as
plasmonic resonators is demonstrated. A novel gating scheme is developed
where an ionic liquid is employed to bias the coupled system and tune the
coupling in transmission mode. A significant tuning of the coupled reso-
nance up to 30 nm is observed by changing the bias voltages from 0 to 4.5 V.
This control mechanism on strong coupling opens exciting opportunities for
various disruptive applications by offering advanced control and tunability on

strongly coupled systems.

1. Introduction

The strong-coupling phenomenon has been exploited in dif-
ferent systems as it enables the hybrid modes with an increased
degree of freedom. Metallic structures are widely employed to
achieve strong coupling owing to their ability to confine the
electromagnetic field to deep subwavelength volumes.'? The
strong coupling manifests itself as splitting of the resonance
into two hybrid states in the spectral domain where the separa-
tion defines the coupling strength.3 However, the low-quality
factor of metallic nanostructures put the limitation to achieve
strong coupling. Fortunately, this limitation can be lifted by
employing epsilon-near-zero (ENZ) materials that offer sub-
wavelength field enhancement®® or quantum heterostructures
that offer large dipole transitions.”) ENZ materials such as
highly doped transparent conducting oxide (TCO) can confine
the electromagnetic fields into the deep subwavelength volume
at the wavelength where the real part of the dielectric permit-
tivity crosses zero. Furthermore, it has been demonstrated that
ultrathin ENZ films support ENZ modes!® with strong electric
field confinement and excitation of the enhanced local density
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of optical states. Integration of metallic
resonators with such materials to realize
strong coupling provides advantages in
spectral scalability and device miniaturiza-
tion. The combination of ENZ film with
plasmonic nanostructures has shown
striking performance in enhanced nonlin-
earity,> ! subwavelength tunneling, beam
shaping, and steering.">3] In a similar
direction, previous studies with ENZ-plas-
monic nanostructures hybrid system have
shown to exhibit strong coupling.*!]
Moreover, the strongly coupled mode is
modified passively by changing the geo-
metrical parameters of the antennal’ and changing the doping
levels in quantum well-plasmonic resonator system.)

In recent studies, various applications where ENZ material
is integrated with different photonics platforms’®l has been
demonstrated. For example, the inclusion of ENZ material with
metallic structures exhibited diverse functionalities like tunable
absorbers, 1819 beam steering,?! waveguidesi?! and integrated
plasmonic devices.?l It is highly desired to achieve an active
tuning in a strongly coupled system that offers the coupling of
light-matter interactions to uplift the application capability and
achieve advanced functionality. Although, the permittivity of
ENZ materials is utilized in several studies to tune the optical
properties by electrical biasing #2022 so far, the tuning of
strong coupling has been demonstrated only by passive means.
While on the other hand, most of the electrical biasing schemes
are limited to operating in reflection mode due to the presence
of a back reflector.

Motivated by the exciting possibilities and opportunities
opened up by the strong coupling of ENZ modes and plas-
monic modes for different applications, in this work, we intro-
duce the dynamic tuning of this coupling with a novel gating
scheme using ionic liquid. We experimentally demonstrated
the electrical tuning of the coupling strength in the hybrid
structure consisting of a gold nanorod array on a thin film of
indium tin oxide (ITO). Besides, all the results presented here
are compared with numerical simulations, demonstrating good
agreement with the design and experiments. The hybridiza-
tion of ENZ mode on the ITO thin film and localized surface
plasmon (LSP) mode on the nanorods manifests as splitting
in the transmission spectra that signifies the strong coupling
regime. In our work, we employed a novel gating scheme that
operates in transmission mode without the requirement of a
back metallic gating layer. Notably, same design can be oper-
ated to achieve the tuning in reflection mode which can be
enhanced further introducing a back reflector. This diversifies
the application range of our gating scheme.

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. a) Experimentally recorded complex permittivity of 40 nm thin ITO film (blue solid and dotted line). Simulated transmittance spectra of the
optimized nanorods (NRs) array on a glass substrate (red solid line) with the ionic liquid background and the inset shows schematic of the unit cell
consisting of gold nanorod fabricated on a glass substrate. b) Dispersion relation of the ionic liquid-ENZ-glass three-layered system.

2. Results and Discussion

ITO is compatible with semiconductor processing and has
been widely used in commercial devices such as displays, solar
panels, etc. ITO is adopted as an active material for this study
due to its remarkable properties like tunable permittivity,3-2°]
lower optical losses in combination with a large electrical con-
ductivity. To characterize the dispersion of ITO, we performed
the ellipsometry measurement on 40 nm ITO thin film and
extracted the complex permittivity. In Figure 1a, the real and
imaginary parts of the ITO thin film’s permittivity are shown as
the blue solid and dotted line, respectively. The zero permittivity
(€= 0) region that spans from 1230 to 1450 nm is highlighted in
Figure 1a. The dispersion relation for ITO thin film embedded
in ionic liquid (inset Figure 1b) was calculated using the finite-
difference time-domain (FDTD) technique. The simulation
was performed using Bloch boundary conditions and experi-
mentally recorded permittivity of ITO is fed into the simula-
tion. The cloud of dipoles with different phase and orientations
were placed in the simulation region. To obtain the dispersion
graph (Figure 1b), we swept different values of wave vector k,
(i.e., k) and calculated the corresponding eigen-frequencies.
In this process, the simulation time was kept sufficiently long
enough to attenuate the modes which are not supported by our
structure. In Figure 1b, the short-range and long-range surface
plasmon modes of ITO thin films are marked. The dispersion
of long-range mode is nearly flat for a large range of transverse
wave vectors (k) near 220 THz frequency. This is consistent
with the ellipsometry result shown in Figure la, which identi-
fies the ENZ wavelength at 1340 nm (=223 THz). Therefore, the
long-range surface plasmon is referred as the ENZ mode.l"
However, due to the impedance mismatch at the interface
between the ionic liquid and the ENZ medium, the ENZ
modes’ excitation is inefficient.

Whereas the plasmonic nanostructures confine the incident
electromagnetic field at a deep subwavelength scales due to exci-
tation of LSP which leads to a remarkable enhancement of the
local field. Therefore, in order to enable high electromagnetic
fields inside the ENZ film and generate the LSP mode, we

Adv. Optical Mater. 2021, 2100800 2100800 (2 of 5)

have used Au nanorods in this study. To optimize Au nanorod’s
dimension such that their plasmonic resonance is in the ENZ
region of the ITO film, we performed FDTD numerical simu-
lation using Ansys Lumerical FDTD Solutions. The linearly
polarized plane wave source of wavelengths 1000-2000 nm
was utilized to excite the nanorod with polarization along the
nanorod’s long edge. The gold (Au) was modeled by using
Johnson and Christy material datal?® from the in build mate-
rial library of Lumerical. In the optimization process, we kept
the background refractive index to 1.41 to emulate ionic liquid
ambiance. As will be shown, the ionic liquid is needed for
tunability. The simulated transmission plot for the optimized
nanorod is shown in Figure 1a (solid red line). The transmis-
sion spectra for various other dimensions are presented in
Figure S4a, Supporting Information. The dimensions of the
optimized nanorod antenna are length (I) = 300 nm, width (w)
=110 nm, and thickness () = 35 nm as marked in the inset of
Figure 1a. We kept the square periodicity (p) of 700 nm to maxi-
mize the density of the nanorod while avoiding the cross-talks
between them.

Once we identified the modes, the strong coupling of these
modes is investigated by bringing them to the same platform.
We experimentally recorded the ENZ-integrated plasmonic
hybrid system’s transmission spectra with (solid red line) and
without ionic liquid (solid black line), as shown in Figure 2a.
The presence of the ionic liquid red-shifts the overall spectra
due to an increase in background refractive index (n,;, = 1 to
Mionicliquid = 1-41). In the optimization process of the plasmonic
antenna, the background refractive index is included as 1.41. As
a result, its resonance position is red-shifted to the ENZ region.
Therefore, in Figure 2a, both upper and lower polaritons are
clearly visible, which shows that in the presence of ionic liquid,
the system exhibits strong coupling that manifests as apparent
spectral splitting (solid red line). In contrast, the system without
ionic liquid is only weakly coupled. The inset of Figure 2a
represents the scanning electron microscope (SEM) image of
the plasmonic structures (top view), showing the geometry of
the gold antennas (square lattice Au nanorods). Note that fab-
ricated nanoantennas are slightly different from the simulated

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(a)
100

www.advopticalmat.de

80

60

40

Transmittance (%)

|

1260 nm

Antenna
ITO
Sio,

1600 nm

Antenna
. ITO {

H1=114nm

20+ @ o o o
1 pm
- @ o @ o
0 1 L L
1000 1200 1400 1600

Wavelength (nm)

" sio,

Figure 2. a) Experimentally recorded transmission spectra of ITO integrated plasmonic antenna hybrid system with and without ionic liquid and inset
shows SEM image of the nanorods (top view) showing the gold antennas (square lattice Au nanorods). b) Electric field (E,) distribution at lower
polariton (1260 nm) and upper polariton (1600 nm) for nanorod—ITO integrated system.

ones due to the fabrication imperfections, which results in
antenna edges being rounded off.

The electric field confinement in the plasmonic structure
and ENZ layer of the strongly coupled system shows the hybrid
characteristics’ features. The antennas placed on the ITO film
allow the electric field to be concentrated inside the ITO layer
resulting in enhancement of the field intensity at polaritonic
wavelengths. Figure 2b shows electric field distribution of the
ENZ-integrated system, calculated at lower polariton (1260 nm)
and upper polariton (1600 nm) that display a mixture of local-
ized plasmons and ENZ mode confinement. The resonance
mode of the nanorod used in our study is electric in nature, as
the calculated surface currents (Section S2, Supporting Infor-
mation) show the dipole like oscillations of the modes.

To achieve the dynamic tunability of ENZ-LSP coupling, we
designed a novel electrical gating scheme that allows transmis-
sion measurements providing an extra dimension of perfor-
mance. In previous studies to achieve the tunability, the gating
schemes require the metallic plate to be present at the backside
of metadevices which severely limits the mode of operation to
be only in reflection.'#2022 In contrast, our designed gating is
versatile in nature, which is compatible with operating in both
the transmission and reflection modes. The schematic of the
designed architecture to achieve the electrical gating in trans-
mission mode is shown in Figure 3a. The gating assembly
consists of two plates: bottom plate includes the substrate with
40 nm ITO thin film followed by a square array of gold nanorods
as shown in Figure 2a inset, and the top plate is a bare glass.
On both of the substrates, we created a gold periphery window
in order to connect copper wires with good ohmic contact. To
avoid a short circuit, these two substrates are separated from
each other by insulating tapes. The ionic liquid*”! is sandwiched
between these two plates, which serve as media to accumulate
ions at ITO and ionic liquid interface upon electrical biasing.

Adv. Optical Mater. 2021, 2100800 2100800 (3 of 5)

The active tuning of strongly coupled ENZ-LSP modes is
achieved by electrical biasing. The experimentally acquired
spectra for various bias voltages are shown in Figure 3b. For
clarity, in this figure, we have shown only the lower polariton,
and the individual spectrum for different voltages is offset
vertically. By increasing the bias voltage from 0 to 4.5 V, the
lower polariton shifts from 1260 to 1288 nm, while there is a
subtle change in the upper polariton as shown in Section S3,
Supporting Information. As the electric field confinement at
lower polariton (as shown in Figure 2b) is more intense than
the upper polariton, the lower polariton shows better tuning
with respect to upper polariton. Additionally, the change in
the permittivity with different external bias voltages is more
effective closer to the ENZ wavelength where we observe the
lower polariton.

Since the splitting between the upper and lower polariton is
proportional to the coupling strength,! change in the lower
polariton’s wavelength represents the change in the coupling
strength of the strongly coupled system. Further, this coupling’s
tunability was verified using different nanorod dimensions, as
shown in Figure S4, Supporting Information. The nanorods’
size is considered so that the plasmon resonance still resides
inside the ENZ region (gray shaded region of Figure 1a), which
ensures the system remains in the strong coupling regime.

The achieved tunability lies under the occurred modifica-
tion in the permittivity of the ITO film as a response to the
applied DC voltage. Under the presence of the electrical bias,
the ions in an ionic liquid get polarized and accumulate at
both the top and bottom interfaces. The increase in the voltage
results in an increment of charge concentration at the interface
of ITO and ionic liquid. These assembled ions at the interface
induce charge increment that in turn changes the permittivity
of the ITO. By increasing the bias voltage, the density of the
ions increases and saturates after a threshold voltage which

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) The schematic of a novel gating architecture for the electrical gating in transmission mode. b) Experimentally recorded transmission
spectra near lower polariton wavelength at different bias voltages (for clarity, individual spectra are offset vertically). c) Experimentally recorded carrier

densities in ITO for various voltages using Hall measurement system.

is 4.5 V in our case. To validate this point, we performed the
Hall measurement on the ITO gated system (Figure S6a,
Supporting Information) with developed biasing architecture.
Figure 3c shows the measured carrier concentration in ITO
for various voltages using the Hall measurement system. It is
evident that by increasing the voltage, the carrier concentration
changes due to the polarized ionic liquid. This enhanced carrier
density changes the ITO permittivity, allowing us to tune the
strong coupling between plasmonic nanorods and the ENZ
layer. Thus, changing the bias voltage offers electrical tunability
of ENZ-LSP hybrid modes’ coupling strength that manifests
as a change in the spectral splitting, as shown in Figure S3,
Supporting Information.

3. Conclusion

We developed an electrically tunable strongly coupled ENZ-LSP
system based on a novel gating scheme. The strong coupling
between optimally designed plasmonic nanorods and thin
ITO film manifests as splitting in transmission spectra of
the structure. The developed ionic liquid based gating system
allows tuning the permittivity of the ITO film. Subsequently,
the coupling strength between ENZ and LSP mode gets
changed by changing the applied DC voltage. We observed
up to 30 nm of shift in lower polariton. Since the lower and
upper polaritons’ frequency difference quantifies the coupling
strength, the spectral shift of the lower polariton via applied
voltage signifies tuning the coupling strength. Dynamically
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tunable strongly coupled systems are essential for exploring
fundamental physics and developing applications. Therefore,
our study opens up a new avenue to explore many new phe-
nomena and enhance integrated nanodevice performance by
offering advanced control and tunability on strongly coupled
systems. Additionally, the system exhibits reversible behavior
and our gating scheme can be implemented in both transmis-
sion and reflection mode thus broadens the application horizon
of photonic devices toward tunable flat lens, beam steering, and
transmissive spatial light modulators which is vital for LIDAR
and wireless communication.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Resonances are the cornerstone of photonic applications in
many areas of physics and engineering. The spectral position
of a photonic resonance is dominated by the structure design.
Here, we devise a polarization-independent plasmonic struc-
ture comprising nanoantennas with two resonances on an
epsilon-near-zero (ENZ) substrate in order to loosen this
correlation to obtain less sensitivity to geometrical pertur-
bations of the structure. Compared with the bare glass
substrate, the designed plasmonic nanoantennas on an ENZ
substrate exhibit a nearly three-fold reduction only in the
resonance wavelength shift near the ENZ wavelength as a
function of antenna length.
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ative Commons Attribution 4.0 License. Further distribution of this
work must maintain attribution to the author(s) and the published arti-
cle’s title, journal citation, and DOI.

https://doi.org/10.1364/0OL.472360

Introduction. Resonant optical devices play a significant role
in the rapid development of nanotechnology and photonics-
based technologies. Numerous applications such as filters [1,2],
switches [3], modulators [4], and sensors [5] are realized by
employing resonant devices. In addition to these applications,
resonances are vital for studying several fundamental phenom-
ena such as ultra-strong coupling [6] and nonlinear effects [7,8].
In principle, the resonance wavelength of a plasmonic antenna
is significantly influenced by its shape, dimensions, and local
environment, particularly its substrate [9-11], which can be a
great advantage for sensing applications. However, the reso-
nance modes are prone to geometrical inhomogeneity, this may
arise as an issue for the fabrication or packaging of the inte-
grated devices. Therefore, it is imperative to develop a novel
way to endow the robustness of the plasmonic resonance from
the geometrical perturbation for certain applications.

In recent years, the investigation of epsilon-near-zero (ENZ)
materials in plasmonic systems has provided a great plat-
form from the beam shaping to long-range qubit entanglement
[12-19]. One particular concept is using the ENZ materials as
a substrate as a means of reducing the index of the substrate,
and because of the high dispersion of ENZ, the sensitivity of the
plasmonic resonance on geometrical parameters can be reduced

0146-9592/22/215553-04 Journal © 2022 Optica Publishing Group

significantly [20-25]. Slowing down the change in the plas-
monic resonances near the ENZ wavelength, an effect referred
to as resonance pinning, has been shown with an ENZ substrate
such as Al-doped ZnO (AZO), indium tin oxide (ITO) and SiC
[20,22,23], and using a hyperbolic ENZ metamaterial [21].

In this work, we investigate elongated nanoantenna arrays
that support two resonances: one in the ENZ region while the
other one is out of the ENZ region. The spectral shift of the
plasmonic antenna exhibits the pinning effect only for the res-
onances close to the ENZ region. Therefore, this is especially
a strong method when one wants to fix one of the resonances
but not all of them when interacting with unpolarized light. We
experimentally explored and characterized plasmonic antennas
that are designed to exhibit polarization-independent dual res-
onances, one of them lies within the ENZ wavelength region
and the other is spectrally far from the ENZ region. We further
compared the resonance characterization of a plasmonic nanoan-
tenna on a glass substrate (non-zero effective index). Our results
show the utilization of ENZ materials for increasing the ver-
satility and functionality of plasmonic structures. Additionally,
our approach can be exploited to manipulate the resonance for
advanced nanostructures and plasmonic applications, especially
selectively controlling one of the resonances of the nanoantenna
array designs for an unpolarized illumination.

Results and discussion. For probing the influence of ENZ
properties upon local plasmon resonance, we utilized a commer-
cially available 100 nm-thick ITO on glass as an ENZ substrate.
An ITO is the widely used transparent conducting oxide (TCO)
that exhibits a vanishing real part of the permittivity in the near-
infrared spectral region with remarkably low optical losses. To
characterize the dispersion of an ITO, we performed the spec-
troscopic ellipsometry measurement on 100 nm ITO thick film
and extracted the complex permittivity. In Fig. 1(a), the real
and imaginary parts of the 100 nm ITO thick film’s permittivity
are shown as the blue and red solid lines, respectively. The real
part of the permittivity vanishes at 1320 nm and is marked as
ENZ wavelength Agy; = 1320 nm. The near-zero permittivity
(eps = 0) region that spans from 1120 to 1520 nm is highlighted
by a gray shaded region in Fig. 1(a).

In order to achieve two resonances, it is possible to bring
two structures with different dimensions into a single unit cell,
or one can take advantage of an elongated structure such as an
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Fig. 1. (a) Experimentally recorded complex permittivity of 100
nm-thick ITO film. The blue and red solid lines depict the real and
imaginary parts of the ITO’s permittivity, respectively. (b) Simu-
lated transmittance spectra of the plasmonic nanoantennas on the
ITO substrate; the insets depict the electric field profile at the cor-
responding wavelength. (c) Schematic of polarization-independent
Au nanoantenna array of thickness 40 nm on a 100 nm-thick ITO
layer on a glass substrate. (d) Scanning electron microscope (SEM)
image shows the top view of the Au nanoantenna array (scaling
factor = 1, i.e., [ = 130 nm and /, = 420 nm); the dashed yellow box
indicates the supercell with supercell periodicity 1150 nm in the x
and y directions. The inset shows the SEM image taken at 30° tilt.

ellipse or rectangle. Here, we utilized a rectangular nanoantenna
that can provide two plasmon resonances: TSPR (transversal
surface plasmon resonance) and LSPR (longitudinal surface
plasmon resonance). Furthermore, through the combination of
the nanoantennas in two different orientations, we finalized the
supercell design. We performed finite-difference time-domain
(FDTD) numerical simulations to optimize nanoantenna dimen-
sions and supercell periodicity. The experimentally recorded
permittivity of the ITO is fed into the simulations, and was
modeled by using Johnson and Christy material data from the
in-build material library of Ansys Lumerical. The boundary
conditions are set to periodic in the x and y directions and per-
fectly matched layers (PMLs) in the direction perpendicular to
the source propagation (z). For any incident polarization, there
exist two dipole resonances in the supercell, one corresponding
to the long axis and another to the short axis of the elongated
nanorods. This yields two spectrally distinct resonance dips in
transmission spectra for any incident polarization (either x or y)
as the design is rotationally symmetric, as shown in Fig. 1(b).
We optimized the dimensions of the nanorods such that one res-
onance falls within the ENZ region of the ITO and the other
resonance lies spectrally far from the ENZ region, shown in
Fig. 1(b).

The transmission spectra corresponding to our devised
polarization-independent plasmonic nanostructure shows the
dips at shorter (4, = 650 nm) and longer (1, = 1200 nm)
wavelengths in transmission spectra correspond to the dipole
resonances along the short and long axes, respectively. The sim-
ulated electric field profiles corresponding to A, and A, are shown
in inset of Fig. 1(b). From the electric field profile, it is evident
that the dipole resonances for A, and A, are localized along the
short and long axes, respectively.

Letter

Figure 1(c) shows the schematic of the ITO integrated
polarization-independent plasmonic nanoantenna array. To emu-
late the polarization-independent response, the nanorods are
alternatively arranged in two different orientations. To create
these nanostructures with high precision, on glass and ITO sub-
strates, we utilized electron beam lithography (EBL). In the glass
substrate case, after spin coating PMMA 950K positive resist,
the conducting polymer was spin-coated to avoid the charging
effect. After exposure, both glass and ITO samples were devel-
oped in MIBK : IPA (1 : 3) solution. A 1 nm/40 nm layer of
Ti/Au was deposited on developed samples using an electron
beam metal evaporator followed by lift-off in S1165 remover.
Figure 1(d) shows the SEM image of the top view of the fab-
ricated plasmonic nanoantennas, where the supercell is marked
by a yellow dashed square. The periodicity of the supercell
along the x and y directions is P = 1150 nm, while the length
of nanorod along short (/) and long (/;) axes are /, = 130 nm
and /; = 420 nm and the thickness of the nanorod is 40 nm. We
employed gold (Au) as the plasmonic material owing to low loss
and ease of deposition.

By varying the length of the nanorods in the supercell, i.e.,
scaling with a common factor that varied between 0.8 and 1.2
and keeping the periodicity constant, the plasmonic resonance
response can be tuned systematically. The optimized spatial
dimensions of the plasmonic nanorod that corresponds to scaling
factor “1” are [, = 130 nm and [, = 420 nm. Further, we fabri-
cated a set of samples on both the ITO substrate and bare glass
substrate with varying scaling factors from 0.8 to 1.2, the SEM
images are shown in Fig. 2(a). For varying the scaling factors, the
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Fig. 2. (a) SEM images of the fabricated set of samples with
varying scaling factors from 0.8 to 1.2 and a constant periodicity
of 1150 nm in both x and y. (b),(c) Simulated transmittance spectra
of the supercell array of nanorods on a glass and ITO substrate
for various scaling factors (0.8 to 1.2); the inset shows a schematic
of the Au antenna array on glass and ITO, respectively. (d),(e)
Experimentally recorded transmission spectra of the supercell array
of nanorods on a glass and ITO substrate for various scaling factors
of 0.8 to 1.2.
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lengths of short and long axes change simultaneously; however,
the periodicity of the supercell is fixed at P = 1150 nm. Fig-
ures 2(b) and 2(c) show the simulated transmission spectra for
the plasmonic nanoantenna array upon incidence of unpolarized
light for bare glass and ITO substrate, respectively, at different
scaling factors. The simulated results clearly illustrate that the
resonance wavelength that lies within the ENZ region of the
ITO substrate (4,) exhibits much less sensitivity to dimension
change as compared with the bare glass substrate.

To further verify this, we experimentally recorded the trans-
mission spectra for all the fabricated plasmonic nanorod array
using a multifunctional WITec alpha300C confocal Raman
microscope. For both nanoantennas fabricated on ITO film and
on a glass substrate, the transmission was normalized to the
transmission spectrum of glass. The results corresponding to
nanostructures on the bare glass and ITO substrate are shown
in Figs. 2(d) and 2(e), respectively. The experimental results
show good agreement with the simulation results for both cases.
The small difference in simulated and experimental transmis-
sion spectra at the shorter wavelength around 650 nm, e.g.,
resonance broadening, can be attributed to the fabrication imper-
fections such as slight inhomogeneity, rounding the edge of the
nanoantenna, and experimental noise in the visible range due
to the detector. Importantly, the experimental results confirm
the effect of the ENZ on the resonance. The change in plas-
monic resonance that lies within the ENZ region of ITO, i.e., 4,
exhibits nearly 80 nm spectral shift when changing the scaling
factor from 0.8 to 1.2, while the plasmonic nanorod on bare
glass substrate shows 225 nm shift in resonance wavelength [see
Figs. 2(d) and 2(e)]. It is important to note that the shift of reso-
nance dip at a lower wavelength (4,) is similar for both ITO and
bare glass substrate.

To illustrate the shift in resonance wavelength more clearly, we
plotted the change in resonance wavelength (A1) as a function
of the scaling factor. Figure 3 compares the shift in resonance
wavelengths numerically as well as experimentally. Figures 3(a)
and 3(b) depict the AA for lower resonance (4,), where the
black and red lines represent the resonance wavelength of the
plasmonic nanorod on bare glass and ITO substrate, respectively.
As is clear from Figs. 3(a) and 3(b), the shift in lower wavelength
resonance is nearly identical for both cases. However, the shift in
longer wavelength resonance, which lies within the ENZ region
of ITO, exhibits less susceptibility toward geometrical changes
when it is fabricated on an ENZ substrate. Figures 3(c) and 3(d)
reveal that the spectral shift in longer wavelength resonance on
the ITO substrate is three times less compared with the resonance
shift on a bare glass substrate. This slowdown in the change
in resonance wavelength is attributed to the resonance pinning
around the ENZ wavelength.

To understand the underlying physics behind the resonance
pinning effect, we express the rate of change of resonance
wavelength as a function of antenna length [23] as

7 n?
6l T Tn-ay’

84

Q)

where n is the effective index, A is constant, and A, is the free
space wavelength. For the non-dispersive medium, i.e., n/ 64 =
0, the resonance wavelength becomes proportional to the length
of the nanoantenna and the index (A o Anl).

We numerically calculated the effective mode index of the
nanorod on the ITO substrate and glass substrate using a
finite-difference eigenmode (FDE) mode solver in Ansys. The
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Fig. 4. (a) Numerically calculated effective mode index for a gold
nanorod on the ITO (black solid line and values below unity are
colored in gray) and a glass substrate (black dashed line). The inset
shows the configuration of the finite-element solver. (b) Resonant
wavelength (1) as a function of antenna length (/;) for the glass
(orange) and ITO (green) substrates. The solid lines are calculated
analytically, and square and circular markers are the results of FDTD
numerical calculations.

calculated results are shown in Fig. 4(a), which reveal that the
effective index of the nanorod on the ENZ substrate has strong
negative dispersion and is less than unity for the wavelength past
the ENZ wavelength of ~ 1320 nm. We noticed that the effective
index value is below unity at higher wavelengths, which is not
physical and arises due to the approximations of the boundary
conditions in the numerical calculation, therefore, we colored
that part gray. On the contrary, the effective index of the nanorod
on a glass substrate is nearly constant (i.e., weakly dispersive)
with a value close to ~ 1.46. The pinning effect is due to a reduc-
tion in the effective mode index and highly negative dispersive
nature of the ENZ substrate, which limits the spectral shift of
the nanorod antenna beyond the ENZ region.

Furthermore, Fig. 4(b) shows a comparative plot of the
resonance wavelength for bare glass and ITO substrate. The
resonance wavelength (1) is plotted against antenna length (/)
analytically according to the relation in Ref. [23], which is based
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on the Fabry—Perot model. The square and circular markers
depict the resonance wavelength extracted using FDTD numer-
ical calculations. The simulation results show good agreement
with these analytical results.

Conclusion and outlook. We devised a plasmonic nanoan-
tenna exhibiting a polarization-independent spectral response.
By incorporating the plasmonic structure with an ITO substrate,
we showed the spectral pinning of plasmonic resonance within
the ENZ region. To showcase this experimentally, we judiciously
designed a plasmonic nanoantenna array that yields dual reso-
nances: one lies within the ENZ region, and the other exists
spectrally far from the ENZ region. Our results reveal that
the shift in resonance wavelength for the plasmonic nanorod
array fabricated on ITO substrate exhibits less susceptibility
toward geometrical changes. We benchmarked the performance
of the plasmonic nanoantennas devised on ITO substrate with the
nanoantennas on a bare glass substrate. We showed the spectral
shift of the polarization-independent nanoantennas suppressing
by approximately three times in the case of the ITO substrate
due to the near-zero index of the substrate. We verified numeri-
cally, analytically, and experimentally that the shift in resonance
wavelength becomes nearly independent of the antenna length
near the ENZ wavelength. This control over plasmon resonance
and the reduced dependence on antenna dimensions relax the
requirement of precise subwavelength features. Furthermore,
less sensitivity of the nanoantenna’s resonance toward its length
results in a narrow spectral bandwidth, which is important for
sensing, color filtering, and switching applications. However,
some applications, such as data communication which requires
large bandwidth, may not benefit.

Additionally, we demonstrate the universality of the pinning
effect by showing the slowing down of resonance near the ENZ
point in a multi-resonance plasmonic system. Also, selectively
controlling one of the resonances of the nanoantenna designs
for unpolarized illumination is of great importance for advanced
plasmonic applications. Our approach can compensate for fab-
rication errors, reduce the need for advanced fabrication, and
increase flexibility in plasmonic nanoantenna designing. The
demonstrated results pave the path for utilizing ENZ materi-
als to increase the versatility and functionality of plasmonic
structures and provide foundational insight into this exotic mate-
rial phenomenon. Moreover, we foresee the plasmon resonance
wavelength being adjusted by dynamically tuning the permittiv-
ity of the substrate around the ENZ point via optical or electrical
control in both reflection and transmission modes, allowing more
functional implementations of this platform.
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