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Abstract

Electromagnetic metamaterials are composites consisting of sub-wavelength struc-
tures designed to exhibit particular responses to an incident electromagnetic wave.
In general, the properties of a metamaterial are fixed at the time of fabrication by
the dimensions of each unit cell and the materials used. By incorporating dynamic
components to the metamaterial system, a new type of tunable design can be accessed.

This thesis describes the design and development of resonant metallic nanostruc-
tures for use in active metamaterials. We begin by examining passive systems and
introduce concepts that are critical for the design of more complex, tunable struc-
tures. We show how a simple metamaterial design, a plasmonic nanoparticle array,
can be used to enhance the photocurrent of an ultrathin InGaN quantum well pho-
tovoltaic cell. We then explore how more complex resonator shapes can be coupled
together in a single unit cell in order to access more complex resonant behavior.

In the second half of this thesis, we use several material systems as the basis for
the design of active metamaterials. We demonstrate the first tunable metamaterial at
optical frequencies using vanadium dioxide, a phase transition material. We exploit
this material’s transition from a semiconducting to a metallic state and show how a
novel fabrication scheme can be used to achieve a frequency tunable resonant response.
We then abandon traditional hard and brittle substrates and develop a lithographic
transfer process for adhering metallic nanostructures to highly compliant polymeric
substrates. Mechanical deformation is then used to distort the resonator shapes and
achieve resonant tunability of a full linewidth. This system is exploited to demonstrate
interesting resonant hybridization phenomena, such as Fano resonance modulation
and sets the stage for the more elusive goal of driving two resonant nanostructures
into contact. Finally, we describe the use of compliant tunable metamaterials as both
refractive index sensors and surface enhanced infrared absorption (SEIRA) substrates.
The results highlight the promise of post-fabrication tunable compliant metamaterial
sensors and the potential for integration with spectroscopic devices in remote sensing

and microfluidic device applications.
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Chapter 1

Introduction

1.1 What is a Metamaterial?

Natural materials are made up of individual atoms and molecules separated by dis-
tances on the order of angstroms. When visible light interacts with natural materials,
standard processes such as reflection, absorption, and transmission follow expected
behavior, as the wavelength of visible light is several times larger than the constituent
atoms and molecules. At an elementary level, reflection, absorption, and transmission
are determined by the characteristic length of the unit cell of the atom. Metamateri-
als are artificially created structures where we design the unit cell length to our own
specifications. In designing metamaterials, we carefully engineer a periodic array of
unit cells to create an artificially structured composite material. Metamaterials free
us from the constraints of naturally occurring materials and allow for full control over
light flow through the design of artificial materials. These unit cells can be made up
of constituent elements with periodicities ranging from tens of nanometers to mil-
limeters depending on the target operating frequency and thus are much larger than
the atomic or molecular scale features that are common in natural materials. Careful
design of each unit cell and the periodicity of a metamaterial enables a wide variety
of new material properties [1, 2, 3].

The ability to decouple the optical properties of an ensemble through careful
assembly of its constituents leads to a wide variety of new device designs and appli-
cations. For optoelectronics and miniaturization of optical components, a number of
groups have demonstrated novel types of optical modulators and filters [4, 5, 6, 7, 8, 9].

Negative refractive index materials could provide a route for the design of perfect



lenses eliminating the limits to resolution by diffraction [10, 11]. More recently, the
ability to create optical cloaks has also attracted a significant amount of attention
[12, 13]. This has been achieved at microwave frequencies using transformation op-
tics, a particular branch of metamaterial research, and relies not on negative index
materials but rather on the ability to individually engineer the optical properties of
each unit cell across a surface [14, 15].

While metamaterials may be designed to modify numerous properties, we will
focus on electromagnetic metamaterials that affect the properties of the incident elec-
tromagnetic waves. In particular, subwavelength metallic elements support sharp
resonances, and we design composites based on metallic structures to tune the re-
sponse of incident light. In order to more precisely understand what metamaterials
are and how to design them, we will first consider the general optical properties that

define all materials.

1.2 Properties of Natural Materials

One way that we can define and understand materials, in an electromagnetic sense,
is based on their constitutive properties: permittivity, €, and permeability, p [16, 17].
These properties describe how the material interacts with and affects incident light.
Permittivity is a measure of how the applied electric field interacts with the medium
and permeability measures the response of a material to an applied magnetic field.
In Fig. 1.1 we define the “material landscape” in terms of these electromagnetic
properties, and we can group materials based on the sign of their ¢ and u. The
refractive index is closely related to both € and p, n = £,/eu, and the signs of
these properties determine many of the unusual responses that can be engineered.
Most natural materials have positive € and p and thus fall into quadrant I of this
graph. Materials with negative € but positive p fall into quadrant IT and tend to
be either metals, heavily doped semiconductors, or ferroelectric materials that can
have negative values of € below the plasma frequency. The third quadrant is where

we find negative index materials, with both negative ¢ and negative . The idea of



a negative index material was first outlined by Veselago in 1968 [18]. These types
of materials have been referred to conceptually as left-handed materials (LHM) as
one of the effects of negative € and u is a reversal of the direction of propagation of
the incident wave, thus breaking the right-hand rule of elementary physics. The last
quadrant of this material landscape is where € is positive, but p is negative. There
are also very few natural materials in this regime, although some ferrite materials
exhibit these properties at microwave frequencies. Much of the exciting research in
metamaterials and plasmonics is the extraordinary nature of the structures that can
be designed when we ignore the constraints on € and p imposed by naturally occurring

materials.

1.3 Maxwell’s Equations

Before we begin to understand how to engineer particular designs with varying ¢ and
1, we must first develop a better understanding of how light interacts with a material.

We first consider a monochromatic plane wave incident on a surface.

E(w, k) = Egexp(ik - 7 — iw - t) (1.1a)

H(w, k) = Hyeap(ik - 7 — iw - t) (1.1b)

E is the electric component of the plane wave, H is the magnetic component of the
plane wave, w is the angular frequency, and k is the wave vector. We can start with

Maxwell’s equations [17].

_ . 9B
-B=0 EF=—— 1.2
\Y ,V X 5 (1.2a)
. . - 9D

B is the magnetic flux density, D is the electric flux density, p is the charge density,
and ; is the current density.

Constitutive equations relate the electric and magnetic flux densities to the electric



II I

e<0 >0

>0 >0
plasmonic regime most natural materials

metals, doped dielectrics

semiconductors

III IV

e<0 >0
<0 <0
negative index materials artificially magnetic regime
no natural materials some ferrites

Figure 1.1. All materials can be classified and understood based
on their permittivity, €, and permeability, . Here materials are
divided into four material “quadrants”: (I) most natural materials,
where € and p are both positive; (II) the plasmonic regime, where € is
negative but p is positive; (I1T) negative index materials, where both
properties are negative; and (IV) the artificial magnetism regime,

where € is positive but p is negative.



and magnetic fields.

—

D =cE = €oer b
(1.3)

—

= pH = pop E

o]

Here, ¢ is the permittivity in vacuum, pg is the permeability in vacuum, €, is the
permittivity of a medium, and p, is the permeability of a medium.

-,

In the absence of free charges (p) and currents (), we can simplify these equations.

(1.4)

In this set of equations, the permittivity can be expanded in terms of the complex
dielectric function of a material, i.e. € = ¢; + i€y. This is the form most commonly
used with Maxwell’s equations, however a more physical representation is in terms
of the complex index of refraction, n = n 4+ ik. Here, n is the ratio of the speed
of light in vacuum to the speed of light in the material, x represents the extinction
coefficient of light in the material. These properties are related (equation (1.5)) and

both formalisms are used throughout this thesis.

6 =n*— K’ (1.5a)
€s = 2nK (1.5Db)
€ 1 7/ 5 5
n = 5"’5 61+€2 (15C)
€2
= = 1.5d
& 2n ( )

1.4 Designing Artificial Material Properties

Veselago’s work remained somewhat unexplored until about a decade ago when Pendry
et al. first proposed using artificial materials as an approach to open up the material
landscape of Fig. 1.1 [19, 20]. It is here that we begin our discussion of metamaterials

and describe an approach to design structures with particular values of ¢, and pu,..



The permittivity and permeability can be determined using classical electromag-
netic models of the optical microscopic structure. One of the most prevalent models
in both plasmonics and metamaterials research is the Drude-Lorentz model, where
carriers are treated as damped harmonic oscillators driven by incident light [17]. The
symmetry of electromagnetic waves means that the permittivity and permeability

follow similar formulae.

w2,
ET’(w) - 1 - w2_w(2)p;+i,yew (1 6)

2
“p,m

prlw) =1 = G e

Here, v is the damping coefficient that describes any loss to the material, wq is the
resonant frequency, and w, is the plasma frequency. In this set of equations, e and m
represent the electric and magnetic response of the material. For naturally occurring
materials this imposes certain restrictions. For example, in the optical regime u
= 1 for all natural materials. With artificially constructed metamaterials, where
the constituents are subwavelength in size, the incident electromagnetic wave cannot
sense the individual elements, but instead the material can be described by effective
material parameters, €,.¢s and 5. Using careful design, these values can be
controlled at the macroscopic level.

In this thesis we focus on the artificial magnetic response that can be induced
in a metamaterial. Although there are other designs that could be exploited, we
concentrate on the split-ring resonator (SRR) as a basic element capable of achieving
strong artificial magnetism. We describe these resonators using equivalent circuit
theory, where a basic SRR is a small LC circuit with a natural resonant frequency of
Wy = \/UTC . Here, L is effective inductance and C'is the effective capacitance of the
structure. Returning to the mathematical description outlined in the Drude-Lorentz
model (equation (1.6)), we notice that for a lossless material (where v = 0), when the
frequency of the incident wave equals the natural resonance, wy, there is a dramatic
change in the value of .. Incident light at a frequency near wy effectively drives a

circulating current through the resonator, inducing a strong magnetic moment. We



follow the derivation for p,.¢¢ of a basic SRR as outlined originally by Pendry et al.
(3, 19] with the relevant dimensions shown schematically in Fig. 1.2, although here

we take capacitance, C) to be the charge built up between the two resonators.

€0 1

C=—=—— 1.7
d dcug (17)
This leads to the following expression for fi, ..
Fuw?
r.e =1- - 1.8
fress (@) w? —wd +ilw (1.8)
Here, F' is the fractional coverage of the cell by each SRR.
2
wr
wp is the resonant frequency.
3dc?
wo=1\/—53 (1.10)
I' is the damping term.
2
= (1.11)
ro o

In this expression, ¢ is the conductivity of the metal. As an example, using
dimensions that are relevant to the work in this thesis, for a split-ring resonator with
dimensions ¢ = 1 um, r = 0.25 um and d = 0.025 um, we calculate a resonant
frequency (fy = wo/27) of about 33 THz. This corresponds to a free space wavelength
of 9 wm, which is about an order of magnitude larger than the lattice spacing, a,
ensuring that the effective medium approximation holds for this system.

Although it is possible to derive ¢, and pu, from the transmission and reflection
properties of a system, in this thesis we report primarily transmittance and reflectance
as determined from spectroscopic measurements or via simulation. We note that the
particular values of €, and u, would change drastically at the resonance of the particu-
lar system, but are otherwise somewhat comparable to the average bulk properties of

the composite. Thus we find that it is more instructive to explore how the resonance



Figure 1.2. Original split-ring resonator design proposed by Pendry
et al. with dimensions labeled. The red lines are the metallic res-

onators and the dotted black line indicates the edge of the unit cell.

of a system changes as opposed to determining the specific values of permittivity and

permeability from the reflection and transmission coefficients.

1.5 A Brief History of Metamaterials

It is Veselago’s seductive promise of negative index materials at optical frequencies
that has driven a significant amount of work in the metamaterial field. Over the
last decade the main drive in metamaterials research was to push the resonance of
artificial materials to higher and higher frequencies with the ultimate goal of creating
materials in the elusive visible portion of the spectrum [1, 4, 21, 22, 23, 24, 25].
It is a happy coincidence that this drive was mirrored by significant advances in
nanofabrication tools. These tools made it possible not only to design but also to
create and test structures with resonant properties from the microwave through the
near IR. In 2007, Soukoulis et al. published an article describing how the resonant
response of metamaterials had been pushed from microwave, where the unit cell
is on the order of millimeters, to visible wavelengths, where to be subwavelength
metamaterial unit cells had to be on the order of 100 nm in size (see Fig. 1.3) [23]. The
drive to visible wavelengths, however, revealed the size limitation of the original split-

ring resonator design. This limitation is a result of the fact that metals do not operate
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as perfect conductors in the visible regime. This prompted a shift from SRR-based

metamaterials to cut wire pairs [26, 27, 28| to fishnet structures [1, 24, 29, 30, 31].

1.6 Setting the Stage for Active Metamaterials

In the mad dash to be the first research group to produce a metamaterial at opti-
cal frequency, researchers have largely ignored a more useful class of metamaterials
designed with an actively controllable resonant response. The first frequency agile
metamaterial was demonstrated in 2006 using patterned split-ring resonators on a
heavily doped GaAs layer [32]. By contacting each of the resonators in series, an elec-

trical bias could be used to induce carrier depletion from the split gap region resulting



in a bimodal response where the resonance was either present or not. In 2008, the
same group showed how optical pumping could induce a change in path length of a
particular resonator to dynamically tune the resonant response [33]. These two exam-
ples set the stage for active metamaterial work and illustrate that we can modulate
both the amplitude and the frequency of the resonant response.

These active metamaterial examples have resonances in the terahertz, but their
designs are not scalable to higher frequencies. The main focus of this thesis is to
develop metamaterials with frequency tunability in the near-IR to mid-IR spectrum

with applications in integrated optical components and telecommunications.

1.7 Thesis Scope

This thesis describes the design and development of resonant metallic nanostructures
for use in active metamaterials. The first part of the thesis analyzes passive systems
and includes some of the concepts that will be critical for developing tunable, dynamic
metamaterial components. In Chapter 2, we demonstrate how the simplest type of
metamaterial, an array of nanoparticles, can be used to enhance the photocurrent
in a photovoltaic cell. We use a single indium gallium nitride quantum well as a
test system and investigate the physics that describes nanoparticle coupling. We
report experimental results detailing how the photocurrent is enhanced for different
emitter layer thicknesses. We also include in this chapter device physics modeling that
outlines how the nanoparticle array impacts the device performance and analyze the
optical properties of the cell via full-field electromagnetic simulation using the finite
difference time domain (FDTD) method. In Chapter 3, we explore how resonators
can be coupled together to access more complex resonant behavior than is possible
with single uncoupled SRRs. Through this work, we develop a number of key ideas,
including how to vary the the coupling distance such that the resonance shifts.

The second part of this thesis examines several different approaches to active meta-
material design and we outline some of the possible applications of these materials.

In Chapter 4, we describe the first demonstration of frequency tunable metamaterials

10



at optical frequencies using vanadium dioxide, a material that changes phase at 70°C.
We exploit this phase transition to develop materials with a tunable response, inves-
tigating both single and coupled resonators. We show how a novel fabrication scheme
can be used to shift the tunability from a bimodal, amplitude modulating state to
a frequency-tunable resonant response. We report both experimental and simulated
data for these structures.

In Chapter 5, we explore how the frequency response can be tuned even more
significantly by adhering metallic nanostructures to a compliant substrate. We de-
scribe the hard/soft nanolithographic transfer process that we developed to transfer
resonators to polydimethylsiloxane (PDMS) and demonstrate the fidelity of this pro-
cess. We report experimental and simulated results for highly strained metamateri-
als and show how their large degree of tunability can be exploited to demonstrate
interesting resonant hybridization phenomena, such as Fano resonance modulation.
In addition to full field electromagnetic calculations, we use finite element method
(FEM) modeling of the mechanics of compliant metamaterials to determine the limits
to plastic and elastic deformation. We also explore the effects of strain cycling on the
metamaterial structures and discuss possible applications of this deformation.

In Chapter 6, we demonstrate how compliant tunable metamaterials are capable
of both refractive index sensing and surface-enhanced infrared absorption (SEIRA).
For SRR-based metamaterials, we can design sensors with high sensitivity values and
large figures of merit. The tunability of these structures through the infrared also
makes them well suited for detection of the absorption signal of vibrational modes
throughout the “molecular fingerprinting”. We describe experimental and simulated
results for surface-enhanced spectroscopy using both active and passive structures.
The results highlight the promise of post-fabrication tunable compliant metamaterial
sensors and the potential for integration with spectroscopic devices in remote sensing

and microfluidic device applications.
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Chapter 2

Plasmonic Enhancement of Photocurrent

in an InGalN Quantum Well Solar Cell

In Chapter 1, we defined metamaterials as periodic arrangements of resonant nanos-
tructures. A key feature of a metamaterial is the ability to change the way that light
interacts with a material. We can change the way that incident light scatters into a
material using arrays of metallic nanoparticles. By changing the size and shape of
these particles, we can effect their resonant and scattering properties. In this sense,
plasmonic nanoparticle arrays are the simplest metamaterials that we can design and
we use this work as a segue for building more complex metamaterial structures in
subsequent chapters.

In solar cells, thick layers are required for optical absorption, but thin layers
are better for improved carrier collection. This suggests that the active region of a
solar cell should be thinned as much as possible. Standard light-trapping techniques,
however, are not scalable down to cells that are a fraction of a wavelength thick. In
this work, we use plasmonic nanoparticle scattering as a way to guide and concentrate
the light into small dimensions.

We use indium gallium nitride as the material system of choice because the band
gap tunability and the material properties of InGaN alloys make them ideal candidates
for photovoltaic applications. Plaguing this material system, however, is the large
defect density of trap states that can reduce collection efficiency in the cell and the
phase separation of InN that occurs at high In concentrations. Exploiting the benefits
of nanoparticle scatters could enable much thinner active regions and possibly the use

of quantum wells as the active region of a photovoltaic cell, as they can support a
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much higher level of lattice mismatch compared to bulk material and have already
been successfully employed in light emitting diodes.

In this chapter, we demonstrate enhanced external quantum efficiency and current-
voltage characteristics due to scattering by 100 nm silver nanoparticles in a single
2.5 nm thick InGaN quantum well photovoltaic device. Nanoparticle arrays were
fabricated on the surface of the device using an anodic alumina template masking
process. The Ag nanoparticles increase light scattering, light-trapping, and carrier
collection in the III-N semiconductor layers leading to enhancement of the external
quantum efficiency by up to 54%. Additionally, the short-circuit current in cells
with 200 nm p-GaN emitter regions is increased by 6% under AM 1.5 illumination.
AFORS-Het simulation software results are used to predict cell performance and

optimize emitter layer thickness.

2.1 Introduction

Plasmonic nanoparticle scattering offers a unique way to circumvent the inherent
trade-off between absorption and carrier collection in the design of solar cells. Op-
tically thick cells can absorb all nonreflected incident light, but incomplete carrier
collection can limit cell internal quantum efficiency. The thickness reduction of high
efficiency, low cost, thin film solar cells is limited by the absorption properties of
the active layer. Increasing cell efficiency and reducing the material thickness both
motivate investigating ways of increasing the light absorption in photovoltaic mate-
rials. Plasmonic nanostructures have been studied on both optically thick and thin
semiconductor films [34, 35, 36, 37, 38, 39, 40, 41]. Conventional solar cells often in-
corporate surface texturing to increase the optical path length of light within the cell,
but these structures are too large to be used in thin film cells [42]. Metal nanopar-
ticles can serve a similar purpose in very thin cells, where surface texturing is not
possible, due to their large scattering cross sections and enhanced local fields [16].
The resonant effect that results in scattering from metallic nanoparticles is primarily

due to the induced dipole moment, p, that is driven by the applied field, Eq according
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to equation (2.1).

p = enaE (2.1)

Here « is the dipole polarizability which is proportional to the radius of the particle,
R, the permittivity of the surrounding medium, €, and the permittivity of the metal,
€m (equation (2.2)).

a=A4rR3S—m (2.2)

The polarizability directly affects the absorption and scattering cross sections, Cgps

and C,.q, respectively (equation (2.3a)).

Claps = kS0l (2.3a)
k4

scat — 6_ I |2 (23b)
T

a is resonantly enhanced when e(w) = -2¢,,. This results in large scattering cross
sections that enhance local electric fields and increase the path length of the incident
light. For thicker cells, the increase in optical path length translates to an increase in
effective optical thickness of the active region. In the case of thin film cells, there is
an additional benefit: the metal nanostructures can couple incident light into guided
modes that propagate through the active region, thereby increasing absorption and
photocurrent. Here, we demonstrate that nanoparticle light scattering can be tai-
lored to enhance absorption in optically thin InGaN single quantum well (QW)-based
photovoltaic devices, but the thick GaN buffer layer prevents testing absorption via
incoupling to waveguide modes in the active region.

Recent breakthroughs in the ability to grow higher quality InGaN alloys have
made them materials of particular interest for photovoltaic applications. The InGaN
material system can be compositionally tuned across the visible portion of the solar
spectrum, maintaining a direct band gap throughout the composition gradient (see
Fig. 2.1) [43]. InGaN materials also exhibit superior radiation resistance making

them suitable for space-based photovoltaics [44]. Several preliminary InGaN-based
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Figure 2.1. The band gap energy of In; _,Ga,N can be tuned across
the entire solar spectrum. The points are experimentally measured

band gaps. (Adapted from a figure in reference [44]).

device designs have been demonstrated [45, 46, 47]; however, these devices have been
limited by film quality due to strain and phase separation. QW-based architectures
are relatively tolerant to lattice mismatch and have been used extensively in light
emitting diodes (LEDs) and laser diodes at wavelengths through the visible spectrum.
In this work we show that the absorption in a QW-based device can be enhanced,
enabling the development of photovoltaic devices from material previously suitable

only for LEDs.

2.2 Experimental Design

2.2.1 Quantum Well Structures

The GaN/InGaN/GaN structures employed here were initially designed as LEDs,

but also serve here as prototypical extremely thin photovoltaic devices for probing
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enhanced quantum well absorption. Figure 2.2A shows a schematic of the QW sam-
ples grown via metallorganic chemical vapor deposition. A 2 - 3 um n-GaN buffer
layer (n-doped [Si] = 2 - 3 x 10'® em™?) is first deposited on a sapphire substrate
followed by a 2.5 nm InGaN QW with a band gap of 2.8 eV. A 12 nm p-AlGaN elec-
tron blocking layer is deposited on top of the QW, followed by a p-GaN emitter layer
(p-doped [Mg] = 3 -5 x 10" em™3). A 7.5 x 107" cm? window is etched into each
device via Ar+ ion milling of the top p-contact to facilitate nanoparticle deposition
(Fig. 2.2B). The p-GaN deposited thickness is 200 nm, however, this is varied by
changing the duration of the etch. Two samples of different emitter layer thickness

(d in Fig. 2.2A) 50 and 200 nm, were studied.

2.2.2 Anodic Alumina Templates

We deposit Ag nanoparticles using a porous anodic aluminum oxide (AAO) masking
technique [41]. This has the advantage of being inexpensive and provides control over
size, height, and spacing of the nanoparticles. Figure 2.3 shows how the anodization
voltage can be varied to change the properties of the nanoparticles. As the voltage is
increased, the interpore spacing is increased. For our purposes, we wanted nanopar-
ticles that were spaced close enough together to affect the entire cell, but far enough
apart to prevent significant shadowing. We also wanted nanoparticles that were large
enough to avoid being lossy, i.e., having large absorption in the nanoparticle itself.
Al sheets (4N) are anodized in a two-step process at 80 V in a mixture of 0.3 M
oxalic acid and 0.3 M malonic acid to yield interpore spacing of 200 nm. The Al is
removed using an iodine-methanol solution leaving a porous aluminum oxide sheet.
The mask template is etched in 5% dilute phosphoric acid for 65 min to yield pore
diameters of 100 nm. While the anodization voltage sets the interpore spacing, the
etch time sets the size of the nanoparticles. The template is placed in direct contact
with the device window and used as a mask for thermal evaporation of Ag. The re-
sulting nanoparticles are approximately 100 nm in diameter and height, with 200 nm
spacing. Figure 2.2C shows a scanning electron microscopy (SEM) image of a rep-

resentative nanoparticle array. Figure 2.3 shows arrays of nanoparticles made using
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Figure 2.2. A. A schematic of the device structure with Ag nanopar-
ticles is shown. Structures with emitter thicknesses, d, of 50 nm and
200 nm were investigated. B. An SEM image of the actual device
shows the window etched into the top contact for nanoparticle de-
position. C. A representative array of Ag nanoparticles is shown.
They are spaced 200 nm apart, with 100 nm diameter and height,
and deposited onto the QW cell via thermal evaporation through an

anodic aluminum oxide template.
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Figure 2.3. Masks made at different anodization voltages ranging
from 40 V (A) to 120 V (C). The anodic alumina templates are used
as thermal evaporation masks for Ag deposition. Below the image
of each mask, the corresponding evaporated nanoparticle array is

shown. (Images courtesy K. Nakayama)

masks of varying voltage. As the anodization voltage increases, the size of the pores
and distance between pores increases. For lower voltages, the interpore distance is
small resulting in somewhat regular arrangements of nanoparticles. This regularity
in pattern is lost for higher anodization voltages and the irregularity in periodicity in
Fig. 2.2C is characteristic of a deposition at 80 V. Detailed instructions for the AAO
templating process are outlined in Appendix B.

Figure 2.4 shows the process steps for preparing the sample for external quantum
efficiency and photocurrent measurements. We spun photoresist on the cells and
defined a window lithographically. We etched through the p-side contacts (300 nm
Au/50 nm Pt) as described previously with an Ar+ plasma, varying the length of
this etch to change the thickness of the buffer layer. We then redefined the device
window and used the AAO template as a mechanical evaporation mask. The metal
was evaporated into the pores of the template. The template was then removed and
the final device characteristics were measured. Control cells were also measured and

underwent the same processing steps but without nanoparticle deposition.
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1. Apply photoresist 2. Define window 3. Etch through contact
lithographically with Ar plasma
Initial photocurrent [ |
> ———
4. Remove resist 5. Repeat steps (1) and (2), 6. Evaporate metal
apply AAO template

Final photocurrent

7. Remove AAO template 8. Remove resist

Figure 2.4. This schematic shows the process steps associated with
preparing a cell for photocurrent measurements. The steps associ-
ated with the initial and final photocurrent measurements are indi-

cated.
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2.3 External Quantum Efficiency Measurements

In a solar cell, photons with energy equal to or greater than the band gap of the
material can generate electron-hole pairs, although excess photon energy will be lost in
the material to heat. Lower energy photons will pass directly through the material and
not be absorbed. Thus, the band gap of a material dictates which portion of the solar
spectrum will be usable. External quantum efficiency (EQE) is the ratio of carriers
collected to the number of photons incident on the cell and these measurements
provide an understanding of which photons are contributing to the photocurrent.
Here, we use EQE measurements to determine where the photons are being absorbed
in the photovoltaic cell as the band gaps of the GaN and InGaN regions are different.

External quantum efficiency (EQE) measurements are used to quantify how the
absorption varies spectrally for devices coated with nanoparticle arrays. Figure 2.5
shows spectral response measurements for devices before and after nanoparticle de-
position using monochromatic 300 W Xe lamp illumination across the region of the
solar spectrum where the cells is absorbing. The band gaps of both GaN and InGaN
are indicated in the figure. The cell with a 50 nm p-GaN emitter layer (Figure 2.5A)
shows a 6% overall increase in external quantum efficiency (EQE) with the addition
of nanoparticles. The majority of this enhancement occurs below the GaN band edge,
at wavelengths longer than 360 nm, indicating that the photocurrent enhancement
is primarily due to the InGaN QW layer. Figure 2.5B shows the cell with a 200 nm
thick emitter layer. In contrast, the EQE enhancement is predominantly above the
GaN band gap (at wavelengths shorter than 360 nm) indicating that the absorption
enhancement occurs primarily in the GaN. Here the EQE increases by 54% overall
due to the nanoparticles. The control cells for both cases underwent the same pro-
cessing, including both etching and cycling in the thermal evaporator, but no change
in the photocurrent upon illumination was observed. The notable difference in EQE
between the two cells suggests that the light absorption is most strongly enhanced
in the region closest to the Ag nanoparticles. The photocurrent enhancement may

result from a combination of scattering, local field enhancement, and antireflection
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Figure 2.5. A. External quantum efficiency (EQE) curves of a QW

cell with a 50 nm p-GaN emitter layer before and after nanoparticle

deposition.

B. EQE curves of a QW cell with a 200 nm p-GaN

emitter layer before and after nanoparticle deposition.
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coating effects. We will explore this further in section 2.6.

2.4 Current-Voltage Measurements

Current-voltage measurements of the device with a 200 nm p-GaN emitter region
under the AM 1.5 spectrum at 1 sun illumination (100 mW cm™!) are shown in
Figure 2.6. The presence of nanoparticle arrays on the cells increases the short circuit
current from 0.223 to 0.237 mA cm~2. For reference, the change in photocurrent
for the control cells before and after processing was less than 1%. The increase in
short circuit current (J,.) is attributed to absorption enhancement evident from the
spectral response measurements. The low open circuit voltage (V,.) for these cells is
attributed to damage induced by the dry etch processing required to remove the metal
LED contacts. We note, however, that these values are the same for both samples
with and without nanoparticles, as we would expect. The fill factor (FF), which is
a ratio of the actual power output to the theoretical maximum, is also the same for
both cases. The deterioration in V,,. that occurred upon etching the cells with 50 nm

p-GaN emitter layers made the current-voltage measurements unreliable.

2.5 Device Physics Modeling

The enhanced J,,. could also be attributed to an increase in carrier collection efficiency
at the surface of the cell. One plausible explanation for this observation is band bend-
ing at the metal-semiconductor interface, which increases the width of the depletion
region and reduces the number of carriers lost to recombination in the emitter. Other
research groups have shown that metal contacts to GaN can cause significant band
bending at the semiconductor surface [48]. Metal layers have also been used to im-
prove the contact to both p-GaN and p-AlGaN layers causing an increase in the
depletion width at the surface of the device [49].

We use 1D device physics simulations (AFORS-Het) to model the change in the

band bending and transport for cells with Ag nanoparticle arrays and, specifically,
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Figure 2.6. Current-voltage measurement of an InGaN QW solar
cell with a 200 nm p-GaN emitter layer, with (red line) and without

(blue line) nanoparticles.

to understand the possible improvement in carrier collection upon nanoparticle layer
formation. In our model of cells covered with Ag nanoparticles, we assume band bend-
ing equivalent to the Ag-GaN barrier height of 0.54 eV at the semiconductor surface
(Fig. 2.7A) [48] and a reduction of carrier recombination in the p-GaN emitter. The
simulated versus the experimental EQE for both control cells and the nanoparticle-
decorated 200 nm p-GaN emitter cell are shown in Fig. 2.7B, and show excellent
agreement. This EQE calculation assumes a photon flux of 1 x 10'® cm™2 s™! and is
calculated over the wavelength range from 300 to 500 nm, where the cell is photoac-
tive. After validating the model against the experimental EQE measurements, it was
then used as a basis for optimizing device design. Using the model, we calculated
the relevant solar cell operating parameters for various emitter thicknesses under the
AM 1.5 spectrum at 1 sun illumination (Table 2.1). For each emitter thickness, we
compute efficiency, 1, and compare to a 200 nm thick emitter reference cell without
nanoparticles, 1y. We report efficiency enhancement versus this reference cell (/)
and find that an optimum emitter layer thickness of 65 nm doubles the efficiency of

the modeled cell (Fig. 2.7C) with nanoparticles. Interestingly, this is slightly thicker
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Table 2.1. Solar cell characteristics from AFORS-Het calculations

Buffer (nm) Voo(mV) Jso(mA/cm?) FF

200 2230 0.249 75.1%
100 2250 0.429 69.7%
50 2260 0.590 70.1%
20 2330 0.637 83.9%

that the 50 nm optimum emitter thickness for the cell without nanoparticles.

2.6 Modeling of Optical Generation Rates

In section 2.3, we found that the increase in EQE was predominantly in the layer
closest to the nanoparticle array. To further investigate this, we modeled the elec-
tron generation rates via full-field electromagnetic simulation, using the commercially
available software package, Lumerical. In the model, we vary emitter layer thickness
from 20 to 200 nm, in order to understand where the photons are being absorbed and
the optical consequence of thinning the emitter region. Electromagnetic simulations
were run at discrete wavelengths across the entire spectrum using an approach pio-
neered in our lab by Ferry et al. [39, 50]. These calculations assume that for each
photon absorbed, an electron is generated. Consequently, unlike the device physics
modeling, these calculations do not account for the collection efficiency of the cell and
represent an idealized upper bound to electron generation rates. They can, however,
be used to understand where absorption is happening in the cell. The spectral re-
sponse of the cell was determined by calculating generation rates at each wavelength,

A, according to equation (2.4).

1 ¢ [B|?
Gopt = _%[A d S] = 2h

T [em 3571 (2.4)

Where G, is the generation rate at each wavelength, S is the Poynting vector, €” is

the permittivity, and E is the electric field. The standard AM 1.5G spectrum is shown
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fore and after nanoparticle deposition. B. AFORS-Het simulation
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tion. C. Solar cell efficiency calculations for different emitter layer
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with the discrete wavelength points that are simulated.

in Fig. 2.8A, along with the band gaps of GaN and InGaN. Given that the band gap
of the InGaN used in our experiments is 440 nm, we calculate the generation rates
from 300 to 500 nm at the discrete wavelengths shown in Fig. 2.8B.

The simulated electron generation rates weighted by the entire AM 1.5G incident
spectrum are shown in Fig. 2.9. The top panel shows the anticipated generation
rate profile for a flat cell, while the bottom cell shows the profile for a cell decorated
with 100 nm diameter Ag nanoparticles. It is evident that the nanoparticles affect
the absorption profile through the active region, and we can optimize the observed

enhancement by tuning the size, spacing, and emitter thickness.
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As a corollary to the device physics work previously discussed, we calculate gen-
eration rates for varying emitter thicknesses at each wavelength. Figure 2.10A shows
the generation rate profile at 400 nm for a 20 nm GaN emitter layer with 100 nm
diameter particles. As 400 nm is at a longer wavelength than the GaN band gap,
there is only absorption in the InGaN region and the rest of the plot appears dark.
There is a concentration effect between particles, and it is in these regions that the
generation rate is highest. We can integrate over the InGaN region and determine
the generation rate at each wavelength. We normalize these generation rates to a cell
with the same emitter layer thickness without nanoparticles to determine generation
rate enhancement. The results for a 200 nm emitter and a 50 nm emitter cell are
shown in Fig. 2.10B. We find that for the 200 nm emitter, the optical generation rates
are enhanced by up to 10% at certain wavelengths. The improvement in the 50 nm
emitter cell is presumably less pronounced because the QW is already absorbing most
of the incident light.

We expect that additional improvements could be achieved by thinning the entire
cell, so that the semiconductor layers support waveguide modes leading to higher
absorption enhancements. However, given the necessity of buffer layer growth and
the low dielectric contrast of GaN to the sapphire substrate, this material system does
not lend itself to making thin waveguides, making the goal of a SQW-based solar cell

with ultra-thin cladding somewhat elusive.

2.7 Summary

We have investigated the effects of incorporating arrays of Ag nanoparticles on InGaN
QW solar cells with emitter layer thickness of 50 and 200 nm. Devices with 50 nm
emitter layers showed an overall 6% enhancement in photocurrent, with the increase
occurring predominantly in the InGaN active region. Photocurrent was enhanced
by 54% in cells with a 200 nm thick emitter layer, due primarily to enhanced ab-
sorption and collection in the p-GaN emitter, and JV characteristics also improved.

Device physics simulations were used to understand the improved carrier collection
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Figure 2.9. Electron generation rates calculated from full field elec-
tromagnetic simulation are shown. Rates are calculated at multiple
frequency points and weighted by the AM1.5G spectrum. The top
cell shows the generation rate profile for a flat InGaN quantum well
cell while the bottom cell shows the generation rate profile for the
same cell with 100 nm diameter Ag nanoparticles. The red box

indicates the periodic unit cell used for the 3D simulation.
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Figure 2.10. A. Electron generation rates in the InGaN single quan-
tum well are calculated from full field electromagnetic simulation.
The generation rates for an excitation wavelength of 400 nm are
shown graphically. B. Generation rate enhancement is plotted as
a function of wavelength for varying emitter thicknesses. Here the
enhancement is determined by normalizing to a cell with the same

emitter thickness but without nanoparticles.
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of nanoparticle decorated cells and the model developed was used to optimize solar
cell design for increased photovoltaic efficiency. Full field electromagnetic simulations
also support the notion that thinning emitter layers should result in improved device
performance and confirm the finding that absorption enhancement occurs primarily
in the region closest to the nanoparticles. The single QW system is a useful platform
for the exploration of absorption enhancement from plasmonic scatterers on ultra-thin

cells designed for optimum photovoltaic response.

31



32



Chapter 3

Coupling in Metamaterials

As we discussed in the first chapter, metamaterials can be designed to exhibit par-
ticular resonant responses. They are comprised of periodic arrays of resonators with
dimensions much smaller than the incident wavelength, and changing the size and
geometry of the metamaterial elements can be used to shift the resonant features. In
this chapter we outline how alternative metamaterial designs can be achieved with
coupled asymmetric split-ring resonators (SRRs). By coupling resonators with dif-
ferent degrees of asymmetry and varying the coupling strength between resonators
in a unit cell, the resonant frequencies and field intensities of arrays of SRRs can be
modified. This chapter provides a framework for understanding coupling, while in

later chapters we will use active design to tune the resonant properties.

3.1 Introduction

Metallic nanostructures can be used to generate plasmonic and metamaterial reso-
nances at optical and near-IR frequencies. The ability to control the resonant fre-
quencies of nanostructures through careful design of resonator shape and size opens
up a wide set of possible applications ranging from sensing to optical modulators
and filters. Breaking the symmetry in coupled metallic nanostructures is another
tool that can be used to engineer the resonance, making it possible to access res-
onant modes that cannot typically be observed. Significant research efforts have
led to the design of arrays of asymmetrically coupled plasmonic nanostructures and
metamaterials that exhibit complex resonant phenomena such as plasmon resonance

hybridization [51, 52|, dark mode coupling [53, 54, 55|, Fano resonances [56, 57, 58]
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and electromagnetically induced transparencies (EIT) [59, 60, 61]. The ability to ac-
cess more complex types of resonant effects leads to important design improvements
for arrays of coupled particles over single nanostructures, such as the narrowing of
the resonant line width.

The plasmon resonance hybridization framework describes coupled metallic nanos-
tructures, such as nanoparticles, nanowires, or nanoshells, as having coupled hy-
bridized energy levels analogous to the molecular wave functions in molecular orbital
(MO) theory. Unlike MO theory, however, plasmonic and metamaterial structures
enable complete control over not only which meta-atoms are making up a particular
system, but also which mode is the symmetric and which is the antisymmetric. By
changing orientation and alignment of coupled nanostructures such that their mag-
netic or electric dipoles are either in phase or out of phase, the energy levels can be
shifted and even switched. This has been studied for basic metamaterial “atoms” by
Liu et al. [30, 31], where the primary goal was to understand change in orientation
of the structures in order to affect the relative magnetic dipole strengths of coupled
resonators. In this work, we discuss how changing the coupling distance and sizes of

meta-atoms in a fixed orientation can lead to similar resonant effects.

3.2 Experiment and Simulation Details

We use arrays of SRRs as a metamaterial design platform to study the effects of
symmetry breaking, coupling, and resonance hybridization. In Fig 3.1, a schematic
of a representative coupled SRR unit cell is depicted. We refer to the particular
system shown as “tip-coupled SRRs,” as the tips of the SRR arms are facing each
other. The SRRs have different arm lengths, denoted here as L; and L., and the
coupling distance between the resonators, d, is varied through the study. The width
of the SRR, w = 360 nm, the in-plane periodicities a, = 750 nm and a, = 975 nm, and
the metal thickness, z = 120 nm are kept constant for all the coupled and uncoupled
SRR systems investigated. The Au resonators were fabricated in 100 x 100 wm area

arrays on glass substrates with a 30 nm indium tin oxide (ITO) coating using standard
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e-beam lithography followed by e-beam Au evaporation. A 2 nm Ti layer is used as
an adhesion layer. All resonators patterns reported here were fabricated on the same
glass slide. Representative scanning electron microscope (SEM) micrographs of the
resonator unit cells are shown in Fig. 3.2.

The arrays of resonators were characterized using a Fourier Transform Infrared
(FTIR) spectroscopic microscope in transmission mode. Transmission spectra were
taken over a 25 x 25 pm area and normalized to a glass substrate without ITO. The
spectra were collected from 1.4 to 3.2 um. In this configuration, the electromagnetic
(EM) wave was normally incident to the SRR plane (k||z), with the electric field
polarized perpendicularly to the arms and parallel to the x-axis (E||x, H|ly). We
can describe the individual SRRs as a nanoscale LC' resonator, where the effective
inductance, L, arises from the loop formed by the SRR. The effective capacitance,
C, is due to the charge build-up across the split-ring gap. The E-field must be
perpendicular to the SRR arms, as described, in order to drive the resonant response.
This response is also characterized via full field electromagnetic simulation using
the finite-difference time-domain (FDTD) method. A single unit cell is modeled
with periodic boundary conditions in both the z- and y-directions to mimic the
periodic array of SRRs. Perfectly matched layers are used along the z-direction,
perpendicular to the metamaterial surface. A broadband plane wave is incident on
the unit cell, and transmitted power is monitored using a power monitor placed
behind the SRR unit cell. In the simulations, we employed experimental values of
the complex refractive indices of Ag and ITO layer as determined from variable angle
spectroscopic ellipsometry (VASE).

We first change the degree of asymmetry in a unit cell, by changing the arm
lengths, L; and Ls, of the SRRs relative to each other (section 3.3). The arrays
in Fig. 3.2C show an example of this type of symmetry breaking. We then fix
the resonator arm length and vary the coupling distance, d, between them (sec-
tion 3.4.1). This results in changing the coupling strength and physically moving
from “tip-coupled” arrays (Fig. 3.2A) to “back-coupled” arrays (Fig. 3.2C). The res-

onant behavior of these systems is compared to arrays of uncoupled SRRs (Fig. 3.2D)
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Figure 3.1. The schematic shows the a “tip-coupled” split-ring res-
onator (SRR) unit cell. The arrays of Au SRRs used in this study
were patterned on ITO-coated glass slides with periodicities of a,

and a,.

and we propose a hybridization framework which describes the coupled SRRs (sec-
tion 3.4.3). Finally, we study the effects of extreme symmetry breaking where we

transition from two coupled SRRs to an SRR coupled to a nanowire (section 3.5).

3.3 Changing Resonator Length to Introduce Asym-
metry

Asymmetry is first introduced to the coupled SRR system by changing the arm length
of the top and bottom SRRs (L; and Ls). The total length of the SRR arms, L =
L1 + Ly = 580 nm and the coupling distance between the SRRs, d = 150 nm, are
both kept constant. SEM micrograph images of the unit cells of five different coupled
SRR arrays are shown in Fig. 3.3C where the arm lengths of top and bottom SRRs
are L; = 290, 310, 340, 370, 400 nm and L, = 290, 270, 240, 210, 180 nm (from

left to right). Measured and simulated transmission spectra for the corresponding
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Figure 3.2. A. A “tip-coupled” split-ring resonator (SRR) unit cell.

B. A “tip-coupled” SRR unit cell with much shorter arm length than
that shown in A. C. A “back-coupled” SRR unit cell. D. Single SRR

unit cells designed to show the resonators’ natural frequencies.
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coupled SRR arrays are plotted in Fig. 3.3A and 3.3B, respectively. For the symmetric
configuration, where the resonators have the same arm length (L; = L), a broad
resonant dip is observed both in the experimental and the simulated data (black line)
at A = 1.78 um. This is marked by A; in the graph and is the spectral behavior that
is anticipated for a single uncoupled SRR at near-IR wavelengths (see Ch. 2).

The asymmetry of these coupled arrays results in an additional resonance dip at
longer wavelengths. For the asymmetric coupled SRRs with arm lengths of L; =
310 nm and Ly = 270 nm, the resonance that arises due to asymmetry results in a
transmission dip in the measured spectra at A = 2.28 um and in the simulated spectra
at A = 2.30 um (red line). This resonance is marked by A, in the graph. The shallow
dip in the measured transmission spectra of symmetric SRR arrays (black line in
Fig. 3.3A) is attributed to unintentional asymmetry that was introduced during the
fabrication process.

Breaking the symmetry in plasmonic nanostructures and metamaterials thus al-
lows access to different resonant modes, which cannot be excited with coupled sym-
metric resonators. These have previously been dubbed dark modes, subradiant modes,
and trapped modes as they do not freely radiate. They couple weakly to free space
and thus n