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Abstract

Extending the Limits of Optical Metamaterials
by
Zi Jing Wong
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Xiang Zhang, Chair

For centuries, the ability to control light is bounded by the limited range of materials’ refractive
index available in nature. This limit is finally broken with the advent of artificially-engineered
optical metamaterials. Not only have metamaterials significantly extended the boundaries of
refractive index, they have led to many novel properties and applications never thought to be
possible. In optics, some of the most fascinating promises of metamaterials include the negative
refractive index materials, superlenses and invisibility cloaks. However, optical metamaterials
typically suffer enormous loss, which hinders their practical applications. This dissertation not
only serves to tackle the optical loss problem, but also offers unique strategies to build practical
optical devices with unprecedented functionalities.

The first part of the dissertation shows how the real part of the refractive index can be engineered
to cover the entire range from positive to negative. Low-loss bulk three-dimensional optical
metamaterials are experimentally demonstrated in both the near-infrared and visible wavelengths,
with a maximum transmission exceeding 40%. As metamaterials are typically anisotropic, we
can further engineer the components of the permittivity and permeability tensors to attain unique
isofrequency contours in the Fourier space. Through rigorous measurement of the transmission
and reflection, both amplitude and phase for a range of wavevectors, a novel magnetic
hyperbolic dispersion metamaterial is demonstrated, enabling a new path to enhance photon
density of states and light-matter interaction. In addition, I will discuss the realization of a zero
index metamaterial (ZIM), and its huge potential for nonlinear light generation owing to the
uniform phase distribution within the bulk medium. In particular, a phase-mismatch free
nonlinear propagation is achieved for the very first time using the ZIM, opening new
opportunities for efficient multi-directional nonlinear light generation. The second part of the
dissertation details the engineering of the imaginary part of refractive index, taking advantage of
the usually undesirable loss, to attain novel device functionalities. The interplay between loss
and gain based on the parity-time (PT) symmetry concept can lead to complex conjugate
eigenmodes, where the electric fields can be confined either in the gain or loss region at the same
(degenerate) frequency. Here | present two novel on-chip PT metamaterial devices: A single-
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mode microring laser with unique mode manipulation capability is achieved by careful
positioning of the loss and gain nanostructures, where all the unwanted resonant modes are
spatially overlapping with the loss regions and hence suppressed. Similarly, by introducing the
loss and gain modulation in a straight waveguide configuration, a unique coherent optical
amplifier-absorber (COAA) device is demonstrated. Importantly, COAA synergizes both the
lasing and anti-lasing (i.e. time-reversed lasing) modes, meaning the device can either amplify or
absorb coherent signals at the same frequency depending on the relative input phase, thus
potentially approaching the ultimate limit of signal modulation depth in optical communications.
The third section of the dissertation presents a subwavelength local phase engineering approach
to realize novel optical properties. Using spatially varying plasmonic nanoantennas with strong
light confinement to locally modify the phase of the electromagnetic waves, | show how a
metasurface optical cloak working in the visible wavelength is carefully designed and built.
Unlike previous cloaks, our cloak is ultra-thin and conformal, with the unique ability to restore
both the wavefront and phase of the reflected light, rendering a 3D object of arbitrary shape
invisible.
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Chapter 1

Introduction

1.1 Permittivity, Permeability and Refractive Index

The control of light is governed by the interaction between the electromagnetic (EM) fields and
the optical properties of the matters/materials. Classical electrodynamics is best described using
the well-known Maxwell’s equations [1],

V-D=p;, VxE=-2
(1.1
oD
V-B=0, VxH=]+2

where E is the electric field, H is the magnetic field, D is electric displacement field, B is the
magnetic flux density, p, is the free charge density, J ¢ is the free current density, and t is time.
Constitutive relations relate some of the parameters based on the material properties of
permittivity € and permeability u,

D = ¢E, B = uH. 1.2
For a region where there is no free charge and current, Maxwell’s equations can be simplified to

V2E = 0°%E

= Uoéo dt2
(1.3)

v2p = 0°B

= Ho&o dt?

where u, and g, are the free space permeability and permittivity, respectively. This is essentially
the standard form of a wave equation, elucidating the important fact that light is an
electromagnetic wave, and can be described by the general transmission and reflection. One
solution to the wave equation is based on the complex wave function

E(r,w,t) = E eitkr—ot)
(1.4)
B(T, w, t) — Boei(k-r—wt)

where 7 is the spatial coordinate and w is the frequency. k is the wavevector, which governs the
wave propagation behavior in terms of both the phase direction and accumulation. One of the
simplest forms to describe the wavevector is



k=—n 15

- (L5)
where c is the speed of light. Refractive index n is essentially a macroscopic effective material
parameter directly linked to the permittivity € and permeability x, and is commonly used to
describe light refraction and reflection. For conventional materials, we can deduce the refractive
index n and impedance Z simply as

n =+/eu, Z=.u/e. (1.6)

The ability to independently design the permittivity € and the permeability u of a material is thus
extremely important for full control of the electromagnetic wave propagation direction and
intensity. Fig. 1.1 shows the EM material parameter space for € and pu.

I7i

A

_ Standard
Electric transparent
plasma dielectrics

| VW

> &
Nl_agatlve Magnetic
index
. plasma
medium

Figure 1.1 Electromagnetic materials categorized by permittivity € and permeability u (for real part only).
The sinusoidal waveforms represent propagating waves, while the exponential decay waveforms denote
evanescent waves.

For most of the dielectric materials, both € and u have positive values. From Egs. (1.6), this
directly leads to a real solution of refractive index n, and correspondingly a real wavevector k, as
indicated in Eq. (1.5). For a complex wave representation of the electric and magnetic fields (Egs.
(1.4)), a real k means the fields will oscillate in a sinusoidal form, thereby constituting the
propagating waves behavior, as illustrated in the top-right region of Fig. 1.1. However, when
either one of the € and u is negative, the refractive index n will no longer be real, giving rise to
an imaginary wavevector k. The former material group is known as electric plasma, which is
typical for metals and highly-doped semiconductors; while the latter is called magnetic plasma,
much less common in natural materials except for certain ferrites. Egs. (1.4) indicate that such an
imaginary k will cause the electromagnetic fields to evanescently decay in space. This also
explains why metals are typically reflective at optical frequencies.



The most intriguing material group falls in the bottom-left region of Fig. 1.1, where both the ¢
and u are negative. At first sight, one might naively conclude from Egs. (1.6) that a positive
refractive index n is still preserved. However, a positive square root is already assumed in that
equation (which is valid for conventional materials). The more general and rigorous relation
between n with ¢ and u should be

n? = gu. (1.7)
To obtain the correct sign convention for n, we can first write out each term in its complex form
(n'+in)2=("+ie")W +in") (1.8)
and then multiply each term,
n'?—n"?2+i@2n'n") ='W —"u" +i(e'u" +£"u). (1.9

The positive imaginary part represents the loss, while the negative imaginary part represents the
gain. Equating the imaginary terms leads to

znlnll — SI‘LlII + 8”/,[’. (110)

For a passive material where no gain is supplied, i.e. ¢ > 0 and u'" > 0, causality requires that
n'' > 0. Therefore, for a material with both ¢’ < 0 and ' < 0, the only way to satisfy Eq. (1.10)
is to have the real part of refractive index

n' <0. (1.11)

Therefore, when both the real parts of permittivity € and permeability u are negative, a so-called
negative refractive index material (NIM) can be obtained. Similar to the case of common
transparent dielectrics, NIM results in a real wavevector k, and results in a propagating wave
behavior. However, interestingly, the direction of the wavevector (and thus the phase velocity)
is now opposite, as first pointed out in the seminal paper by Veselago back in 1968 [2].

Right-handed Left-handed
material material

E

H

Figure 1.2 Orientation of the electric (E), magnetic (H), phase (k) and Poynting (S) vectors for the right-
handed and left-handed materials.



As shown in Fig. 1.2, materials existing in nature are mostly categorized as right-handed
materials, where the wavevector k is parallel to the Poynting vector S, which dictates the energy

flow direction (§ =E X ﬁ). On the contrary, NIMs give rise to negative k which is antiparallel
with the energy propagation (or group velocity) direction. Therefore, NIMs are generally known
also as left-handed materials with backward wave/phase propagation. Unfortunately, NIM does
not seem to exist in nature, as it entails complex engineering efforts to build. The strategy to
construct artificial NIMs is discussed in details in the subsequent section.

From physics point of view, NIMs are extremely unique and interesting. From basic Snell’s Law,
negative refractive index will directly result in light bending in the ‘wrong direction’, which
opens a new direction of wave propagation control based on negative refraction. The biggest
driving force behind the NIM research is no doubt the invention of a superlens that can beat the
diffraction limit in imaging. In 2000, Pendry [3] theoretically showed the possibility of using
n = —1 medium to amplify the evanescent waves to build a superlens that can resolve deep
subwavelength information of an imaged object. Till today, such an ideal far-field perfect lens
has not been experimentally demonstrated yet, but it has inspired several successful experiments
along the line in realizing the so-called ‘poor man’s superlens’ [4,5] and other near-field and far-
field imaging systems [6-11] that can surpass the diffraction limit. While the superlens remains
the holy grail of NIM research, many remarkable works, either theoretically or experimentally,
were carried out to realize the full potentials of NIMs, including invisibility cloaks [12], negative
Doppler effects [13], negative Cherenkov radiation [2], reversed Goos-Hanchen shift [14], and
trapped rainbow [15].

1.2 Optical Metamaterials

As the control of permittivity &, permeability 4 and refractive index n is extremely critical to
manipulate the light propagation, the key question is: can one freely build a material having any
combination of €, u and n that he/she desires?

In the past, optical elements/devices are mainly made by transparent dielectric materials. While
dielectric mediums have the advantage of being almost lossless (i.e. little absorption), their range
of &, u and n values are quite limited. At optical wavelengths, the permeability u is always 1,
since natural materials cease to have any magnetic response at such high frequencies. Similarly,
the permittivity € is usually rather small for dielectrics in optics, ranging from 1 (air) to 16
(Germanium). Metals allow the access of negative permittivity, but they only occur at
frequencies below the fixed plasma frequency, so there’s not much room for property tuning and
control. In addition, the standard bulk thick metal films are too lossy, and their negative ¢ values
can be too large for certain applications. Not to mention there are only a handful of practical
metals available for use in optics. Therefore, the effort to extend the functionality of optical
devices based on standard dielectrics is extremely challenging.

In the late 1990s, researchers started to implement a new design strategy relying on the
subwavelength structuring of plasmonic materials (i.e. metals or highly-doped semiconductors
with negative €) [16]. The concept of metamaterial is thus born. The word ‘metamaterial’
literally means beyond conventional materials [17], i.e. the possibility to artificially create a



material which has properties not attainable in nature. Metamaterials are essentially about the
artificial engineering of the unit cell property at a scale much smaller than the wavelength of
interest, as illustrated in Fig. 1.3. This collective behavior of the unit cells is strong enough to
give rise to a macroscopic effective property of the entire medium. In optics, a new mechanism
to design and realize exotic EM property is thus possible with the advent of optical
metamaterials, where the unit cell is composed of nanostructures much smaller than the optical
wavelengths.

Wavelength

ety i G R ER T
T TFEFFENTFFEFFEEy b
LR, QL
ER AF A7 5P GF GA 53
Nt

Unit cell
structure

+ +

Figure 1.3 Concept of metamaterials: Engineering of the unit cell structure at deep subwavelength scale
can lead to macroscopic effective properties not attainable in nature.

The first goal is to arbitrarily control the permittivity e value. Pendry [18] proposed in 1996 a
metallic wire grid structure (Fig. 1.4a) which could easily tune the plasma frequency w,, i.e. the
frequency where & crosses the axis from positive to negative, by changing on the period and
radius of the wires. The working principle is based on the triggering of self-inductance in the
metallic wires, thereby increasing the effective electron mass, which is inversely proportional to
the plasma frequency w,,. Such a structure can be thought of as a diluted metal, where the filling
fraction of the metal is reduced, thus providing a broadband negative permittivity background at
the frequency range of interest. An alternative way to attain negative ¢ is via a resonant structure.
When a plasmonic material is structured, it can support resonant surface plasmon modes that
rearrange the local charge densities and field distributions. A direct consequence to the ¢
spectrum is a Lorentzian resonance feature, where the real part of permittivity & will increase
(decrease) significantly right below (above) the plasmonic resonant frequency. When the
resonance is strong enough, even a negative €’ value can be attained. Recent work [19] also
showed the possibility of achieving extremely large permittivity values (and thus index) using
similar principles. However, such resonance-based structures are usually accompanied by an
increase in the imaginary part of permittivity €' at the resonant frequency, signifying it comes at
the expense of loss.

The second aim is to control the permeability u value at will. This is actually much more
challenging, particularly at optical frequencies, as no natural materials are known to exhibit



magnetic response above a terahertz frequency. The constraint is finally broken in year 1999
when Pendry [20] invented a metallic split ring structure to form an alternating current running
in a loop corresponding to the incident electromagnetic wave frequency. As illustrated in Fig.
1.4b, by introducing a gap to the otherwise complete ring structure, a strong magnetic resonance
can be realized for a plane wave with H-field oriented along the z-direction. This would then
significantly enhance the usually weak magnetic moment, even at optical frequencies, and again
lead to a Lorentzian feature in the permeability spectrum. The first experimental demonstration
of magnetic response at terahertz frequencies is done in 2004 using an oblique incidence on a
planar array of SRR structures, where an effective u from -1 to 4 is obtained at 1 THz [21].
Subsequently, another group fabricated standing SRRs to allow normal incidence excitation (H-
field along the normal direction of the SRR) and pushed the magnetic response to the mid-
infrared wavelengths [22].

:

Figure 1.4 (a) Engineering of permittivity ¢ with metallic wire grid structures. (b) Engineering of
permeability u with split ring resonators.
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However, the relatively weak oblique H-field excitation and the tedious fabrication steps of
standing SRRs pose quite a challenge to obtaining magnetic response at optical frequencies.
Therefore, a slightly different way to excite the magnetic response of a SRR is explored. Instead
of exciting with the H-field directly, an E-field polarized along the gap direction (i.e. x-direction
in Fig. 1.4b) is used [23] to drive the current loop and hence the magnetic resonance. In analogy,
the split ring resonator (SRR) can be modeled as an equivalent LC oscillator circuit in electronics,
where the gap is represented by the capacitor, and the metallic ring is similar to an inductor.
Therefore it is no surprise that an oscillator resonance can be excited either by having a magnetic
field normal to the circuit loop, or by having an electric field across the capacitor plates. Many
researchers thus started to fabricate planar SRRs and excite them using normal plane waves.
Owing to the simpler structure and easier excitation, magnetic response is realized from mid-
infrared wavelengths [24] down to near-infrared wavelengths [25], with the size of SRRs further
reduced.

Despite the success in making u # 1 at optical wavelengths, the metamaterial community soon
realizes that SRR structure has an intrinsic frequency saturation limit [26-28]. For a realistic



metal, there is always a kinetic inductance L, term which is inversely proportional to the
geometrical scaling factor a. Therefore, the frequency of magnetic resonance w,, should be
written as follows:

1
Ja? + ag

where a,, is a constant proportional to CL; (capacitance of the equivalent lumped circuit model
is denoted as C). For low frequencies range such as microwaves, a? » a; and thus w,, « % S0

the magnetic resonant frequency continues to scale with the size without any issue. However, at
higher frequencies, the a; term is no longer negligible. This leads to the saturation effect and
prevents the magnetic response in the visible wavelengths, as shown also in experiments [28]. A
clever approach to bypass this limitation is by using the higher order magnetic resonance of
SRRs, where experimentally a magnetic response is observed even at 800 nm [25]. However, the
oscillator strength of higher order resonance is typically much weaker, and thus a large change of
permeability u can be challenging.

W X (1.12)

All these motivate the search of a new structure that can attain a strong magnetic resonance up to
the visible wavelengths with negligible saturation effect. Two structures gradually gained
popularity: One is the paired metallic nanorods, also known as ‘cut-wire pairs’ [29,30]. The other
is the paired metal stripes, or sometimes called as ‘coupled nanostripes’ [31,32]. Despite the
difference in geometry, these two structures essentially rely on the same principle, differing only
in the excitation polarization. As there are two rods/stripes involved, two resonant modes are
supported. The first (symmetric) mode has currents flowing in phase in both the rods/stripes and
forms an electric dipole moment, hence it is called the electric resonance. The second mode is
antisymmetric, where the currents are oscillating out of phase, and the loop-like electric
displacement results in a magnetic dipole moment. It is this latter resonance that enables
magnetic response in the visible wavelength range. The details of the scaling of such structures
can be found in [33], but a more simple way to understand it is through the LC circuit analogy.
The paired nanorods/stripes structure is fundamentally similar to a SRR with an extra gap.
Therefore, an additional parallel capacitance term should be incorporated, meaning the total
capacitance will be reduced, and thus leads to a larger magnetic resonance frequency and
saturation limit. The paired nanostripes structure is realized experimentally in 2007 [33],
showing strong magnetic resonances across the entire visible spectrum. In addition, these
structures are relatively straightforward to fabricate, which is particularly crucial in optics where
the wavelength is already very small to begin with. These explain why the paired metallic
rods/stripes are heavily used until today to attain not only the magnetic response, but also the
negative permeability at optical frequencies.

1.3 Refractive Index Engineering

With the advent of optical metamaterials to control both the permittivity € and permeability u,
we now have all the necessary tools to engineer the material’s refractive index n. Fig. 1.5 shows
an example how this is done in optics. A paired silver nanobar structure (200 nm length, 50 nm
width, 30 nm gap, 400 nm period) supports two resonant modes, as shown in Fig. 1.5a. The
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electric resonant mode occurs at lower wavelength, while the magnetic resonant mode occurs at
higher wavelength. Both resonances lead to a dip in transmission, respectively, and the depth and
width of each dip depends on its oscillator strength and the associated loss. Using the standard
retrieval process [34] based on Fresnel equations, € and u can be extracted from the numerically
simulated transmission and reflection spectrum (both real and imaginary parts are needed). Both
the modes show a Lorentzian feature close to the respective resonance frequency, allowing the
access to small (large) € and u below (above) the resonant wavelength, including a range of
wavelengths with either negative permittivity or negative permeability. Despite its ability to
create effective refractive index smaller than air, n’ remains positive throughout the wavelength
range.

To realize negative refractive index, however, both these resonances should overlap in
wavelength, such that ¢’ < 0 and u’ < 0 together give rise to n’ < 0, as evidenced in the
derivation in Section 1.1. One way to achieve that is by introducing a relative shift [35] to the
paired nanobar structure as illustrated in Fig. 1.5b. This shift reverses the coupling of the
plasmon hybridization, bringing the electric modes to higher wavelength and the magnetic
modes to lower wavelength, as shown by the transmission spectrum. More importantly, due to
the stronger nature of the electric resonance, negative permittivity can be attained over a broad
range of wavelengths (700-950 nm) below the resonance peak. Therefore, from design point of
view, it’s much easier to have the modes overlap when the magnetic resonance is engineered to
be lower wavelength than the electric resonance. The standard retrieval result displays a small
range of wavelengths (740-800 nm) having negative refractive index. Experimental realization of
NIMs using such plasmon hybridization coupling control is first realized in microwave
frequencies [35,36], and later in the optical regime [37]. It is important to note that an NIM can
be obtained even without introducing any relative shift to the paired nanorods, provided that
e'u" +¢e"u' <0 (from Eq. (1.10)) is satisfied. For instance, when &' is highly negative (or when
u'"is large with a somewhat negative '), even a positive 4" with a considerable u'* value can
lead to negative index. Such structures are called single-negative NIMs, in contrast to the double-
negative NIMs where both &’ < 0 and u’ < 0 are required. The single-negative NIMs typically
exhibit much higher losses n'" with a smaller real part n’, yielding a lower figure of merit

4

FOM = — = (1.13)

nII
and a worse impedance matching compare to double-negative NIMs.

A serious drawback of the NIM based on plasmon hybridization coupling is that the electric and
magnetic resonances cannot be independently controlled. This reduces the design flexibility and
makes the impedance matching harder to attain. A more direct approach is to use the diluted
metal principle discussed in Section 1.2, where a periodic array of metallic wires will shift the
plasma frequency and provide a broadband background of negative &' values. A magnetic
resonant structure can then be added (or rather squeezed) into each subwavelength unit cell to
supply the negative p'.
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Figure 1.5 (a) Paired nanobar giving distinct electric and magnetic resonances. (b) Shifted paired nanobar
reverses the energy of the two resonances, such that negative permittivity and negative permeability can
overlap in wavelength, leading to negative refractive index.
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In fact, the first experiment on NIM used such a combination of two discrete structures, i.e.
periodic metal wires and split ring resonators [38]. A negative refractive index as low as -3 and a
negative refraction behavior were successfully measured at the microwave frequency around 10
GHz. However, brute-force inserting two structures within a unit cell is much harder in optics,
due to the much smaller period size and the possibility of undesired near-field coupling. In 2006,
Zhang [39] demonstrated a novel fishnet structure that brilliantly integrates the non-resonant
periodic electric wires and the resonant paired nanorods within a compact unit cell size. While
they are electrically connected, these two resonances can be separately excited by the electric
and magnetic field correspondingly. Not only that such structure is relatively easier to fabricate,
the design of both the electric permittivity background and the antisymmetric magnetic
resonance can be more straightforward as well. All these result in NIMs with higher FOM from
near-infrared (NIR) wavelengths all the way to the visible wavelengths [40-47]. Until today, the
fishnet structure remains the prevalent route to realize NIM in the optical frequency region.

While the pursuit of high FOM optical NIM is extremely exciting and rewarding, we should not
limit ourselves to merely engineering the real part of the refractive index to be negative. Many
other interesting works based on the metamaterial concept have emerged in recent years. These
include epsilon-near-zero (ENZ) materials and zero index metamaterials (ZIMs) where the phase
can be uniform throughout the structure [48-50], chiral metamaterials which display extremely
large optical activity and circular dichroism [51-53], metamaterial sensors that show high
sensitivity due to the plasmonic field confinement [54], metamaterial absorbers exhibiting close
to perfect absorption [55,56], plasmon-induced transparency based on the coupling of meta-
atoms [57,58], transformation optics devices using spatial refractive index distribution to
transform the space [12,59-63], and hyperbolic metamaterials which rely on anisotropic effective
parameters to access extremely large k vectors and enhance light-matter interaction [6,64-66].
However, most of the works are still related to the engineering of the real part of refractive index.

In Fig. 1.6, | illustrate the big picture of refractive index engineering in optics using the more
general complex plane. Standard optical devices, categorized by their functionality, are plotted
together for comparison. With the advent of metamaterials, not only that the real part of the
refractive index n’ can be increased beyond the conventional material limit, but more
importantly, it is no longer limited to the positive region. Equally significant is the imaginary
part of the refractive index n"’. For an amplifier or laser to operate, one needs to engineer the n"’
to be negative to supply the gain to compensate the loss. On the contrary, absorbers are
artificially built to have a highly positive n” to maximize the absorption. For efficient
transmission of signals in optical circuits, passive waveguides having very small n' are
indispensable. Similarly, for a metamaterial to be useful in practical applications, it is extremely
important to demonstrate high transmission (and hence low loss) results. Unfortunately most of
the metamaterials to date suffer a significant amount of loss due to the inherent noble metal loss,
plus design and fabrication imperfection. Researchers in the field of plasmonics and
metamaterials are now actively trying to solve this challenging loss issue. The first approach is
on the theory side, for instance by improving the structural design to push the electric field away
from the lossy metals [67,68]. The second approach is on the fabrication side, where high quality
single-crystal thin film noble metals and low-loss transparent conductive oxides can now be
grown [69,70].
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In Chapter 2 of this dissertation, I will show how we experimentally attained high transmission
(or low-loss) NIM and ZIM, as highlighted in Fig. 1.6. Along the line, 1 will also demonstrate
how a fishnet metamaterial can lead to magnetic hyperbolic dispersion for the first time. The
other boundary of metamaterials that can be extended is the nonlinearity. Most of the
metamaterials assume a low power excitation, thus all the optical phenomena are predicted
within the linear regime. However, due to the possibility of refractive index engineering,
metamaterials actually contain rich and unique physics in nonlinear optics. An experiment
realizing nonlinear propagation in NIM and ZIM will be shown in Chapter 2 as well.

A careful look at the refractive index map reveals the common design strategy of engineering the
index parameter only at a specific region (typically either the gain or the loss). The big question
is: Can one realize a new device by engineering the index parameters from two regions
simultaneously? More specifically, can a device combining carefully-engineered gain and loss
segments attain new unique functionality? This motivates the research on parity-time (PT)
metamaterials as will be discussed in more details in Chapter 3 of this dissertation.

rr

n

absorber

research

>n'

Unique
properties?

amplifier

Figure 1.6 The complex refractive index map showing different index parameters which need to be
engineered to realize various optical structures and devices.

In 2011, a new field called metasurface is born [71]. Similar to metamaterials, plasmonic
nanostructures are used to engineer to electromagnetic properties. However, metasurface only
requires a single layer of nanostructures, and they are arranged in a spatial varying configuration
(unlike the typical metamaterials which have a periodic unit cell) to engineer the local phase
response. In Chapter 4 of this dissertation, I will show how we utilize this phase engineering
approach to devise an ultra-thin skin cloak that can hide three-dimensional arbitrarily-shaped
objects in the visible wavelength. Finally, I will summarize all the key findings in this
dissertation and discuss the future direction of optical metamaterials in Chapter 5.
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Chapter 2

Engineering the Real Part of Refractive Index

2.1 Bulk 3D Optical Metamaterials

Refractive index n is a macroscopic effective property conventionally defined for a bulk medium.
If the electromagnetic property is changing considerably with the thickness of the material, it is
more like a surface property instead. In this case, the standard way of describing refraction and
phase advance will no longer be accurate and rigorous. Therefore, making a bulk three-
dimensional metamaterials which shows convergence of the refractive index with increasing
thickness is extremely essential. In addition, a thick 3D bulk metamaterial allows larger phase
accumulation across the material, which is important for many applications. Similarly, in
nonlinear optics, there will be more rooms for light propagation and nonlinear frequency mixing
to take place with the thick 3D bulk medium, and reduces the contribution from surface
nonlinearity.

Despite the strong motivation to realize bulk 3D metamaterials, experimental demonstration of
the early optical NIMs and ZIMs are mainly limited to single-layer or few-layer structures [1-6]
due to the difficulties in nanofabrication. It is not until 2008 that a clear convergence of the
negative refractive index is observed using a multi-layered stacked fishnet structure [7]. Also, in
the same work, a bulk fishnet NIM prism was made, showing the negative angle refraction at
optical wavelength for the very first time. However, the transmission of the fabricated bulk 3D
fishnet is rather low, with a maximum transmittance of only about 15 % at around 1.6 um. This
means that the structure is still rather lossy, thus preventing them from practical applications. To
realize the ultimate superlens with resolution beyond the diffraction limit, one key requirement is
to first build a 3D bulk isotropic low-loss NIM. While attaining isotropy NIM in optics is still an
enormous challenge from both the design and fabrication point of views, the loss problem of
optical NIM can potentially be addressed. More importantly, there is an urgent need to extend
the operating frequency of the bulk 3D NIM towards the visible wavelength, where many
fluorescence dyes and imaging technologies typically work at.

2.2 Bulk 3D NIM & ZIM in the Visible

To demonstrate low-loss bulk 3D optical NIMs and ZIMs, we use a multilayer stacked fishnet
structure but with some improvements on the design and fabrication techniques. As previously
shown in [7], stacking the fishnet repeatedly can lead to a NIM with potentially lower loss. This
is for the antiparallel currents formed at each neighboring layer essentially cancel each other, and
thus reduce the absorption loss around the metal regions. Equally important is the coupling of the
modes between different layers enables a wide range of frequencies with negative refractive
index, thus allowing broadband operation. | will discuss here the design, fabrication and
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measurement of a bulk 3D metamaterial that can attain both negative and zero index in the
visible wavelength range.

The structural configuration used is shown in Fig. 2.1, with 7 physical layers of silver (Ag, 40nm)
and magnesium fluoride (MgF,, 50nm), with a 15nm capping layer of MgF, to help prevent the
oxidation of silver. As previously shown [7], three functional layers (i.e. each functional layer
corresponds to a three physical layer of metal-dielectric-metal) are already sufficient to attain
converged bulk NIM and ZIM properties. Importantly, we choose a 50 nm thin silicon nitride
(Si3N,) as the substrate (instead of the usual mm thick transparent substrate) for two reasons: 1.
Improved fabrication techniques leading to lower optical loss. 2. Remove substrate contribution
such that the phase accumulation can be purely negative at negative index wavelength.

Ag
0 Mgk,
I Si;N,

Figure 2.1 Schematic of the silver (Ag)/ magnesium fluoride (MgF2) multilayer fishnet metamaterials
with a period of 360 nm, and a hole size of 120 nm x 210 nm. Negative refractive index is obtained via
the coupling between the Drude-like negative permittivity background and the multiple magnetic
resonances formed between each functional layer of metal/dielectric/metal nanostructures.

The design of the fishnet metamaterials is carried out using a three-dimensional full-wave finite-
difference time-domain (FDTD) numerical software, taking into account the dissipative loss of
the silver metal used. The polarization is chosen to be E4 (see Fig. 2.1), which allows excitation
of the anti-symmetric magnetic resonance whereby negative permeability (thus negative index)
can be attained. To illustrate the negative phase delay of the fishnet NIM, we show in Fig. 2.2 the
time evolution of the propagating phase fronts inside the bulk metamaterial at 790 nm
wavelength, with the cross section taken at the center of the fishnet holes. The color map
represents the normalized electric field in the x-direction. S and k are the Poynting vector and the
wave vector, respectively. Unlike conventional positive refractive index metamaterials, the
Poynting vector and wave vector are essentially antiparallel inside the NIM, confirming the
negative phase accumulation and backward wave propagation behaviors.

One of the biggest challenges to fabricate such a thick multilayer structure is to ensure the
sidewall angle of the patterned nanostructures to be small (for better performance). Therefore
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selective removal of the nanoholes either using plasma dry etching or focused ion beam (FIB)
milling is typically preferred over the electron beam lithography with lift-off technique. As the
fishnet structure composed of alternatively stacked silver and magnesium fluoride layers, it’s
hard to find the right gas that can etch both the metal and dielectric layers, while maintaining a
good etching selectivity with the masking layer. On the other hand, FIB milling suffers from
undesired ion deposition which increases the absorption loss, particularly at the substrate region
beneath the sample. Here we fabricate the fishnet on a thin 50 nm low-stressed SizN4 membrane
so that most of the unwanted Gallium ions (Ga') can penetrate through the structure and
membrane into the free space. This turns out to be extremely crucial in reducing the loss and thus
lead to high-transmission NIMs and ZIMs.

Air NIM Air
to
to+ At !
0
-
to+ 2At 0
to+ 3At -1
to+ 4At |
Z et
k < > €
<€ <« <€

Figure 2.2 Time evolution of the phase front at 790 nm. While the Poynting vector S is always conserved,
the wave vector k is shown to be antiparallel inside the negative index metamaterial. Such backward
propagating wave behavior is unique for a material with negative refractive index and negative phase
accumulation.

The key fabrication steps are illustrated in Fig. 2.3. The fabrication of the fishnet starts with a
suspended 50 nm ultra-low-stress silicon nitride (SisN4) membrane made from standard MEMS
fabrication technologies. The metal-dielectric stack is then deposited onto the SizNs membrane
using layer-by-layer electron beam evaporation technique at pressure ~1 x 107° Torr. Next, the
sample is turned upside down and mounted on a special stage holder which has a matching
trench at the center. The nanostructures are milled by using FIB from the membrane side. This is
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essential not just for alignment purpose, but also to reduce the optical loss caused by Ga ion
penetration into the metal layers.

(@) (b)
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Figure 2.3 Schematic of the key steps in sample fabrication. (a) Fabrication of an ultra-low-stress SisN,
suspended membrane. (b) Multilayer electron beam evaporation of Ag and MgF, layers without vacuum
break. (c) Flip side mounting of sample followed by Ga* focused ion beam milling to pattern the
nanostructures. (d) Final fishnet structure formed.

To verify the low-loss behavior of the fabricated suspended fishnet, transmission measurement is
first performed. As shown in Fig. 2.4, several transmission peaks are observed. This multiple
resonance feature arises due to the stacking of the metal/dielectric/metal layers, which lead to a
low-loss broadband transmission feature at the desired wavelength range. Also shown is the
numerical simulation result which matches well with the experimental data. In particular, the
experimental transmission at 740 nm is measured to be 30%, which is among the highest
reported in the visible wavelengths for bulk NIM.

For more rigorous determination of the bulk refractive index, phase measurement is needed. To
measure the transmission phase change induced by the fishnet metamaterial across a broad
frequency range, we built a spectrally and spatially resolved Mach-Zehnder interferometry setup
similar to [8]. As illustrated in Fig. 2.5, essentially a broadband light source is split into two
paths, one passing through the sample while the other serves as a reference beam, before
recombining them at the input of an imaging spectrometer. The two beams interfere at different
angles to produce interference fringes along the vertical axis of the imaging camera. A change in
the optical path length of one of the beams will therefore cause the interference fringe to shift
vertically on the image plane. By measuring the interferogram with and without the sample, and
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comparing them using Fourier analysis, the metamaterial induced phase change can therefore be
obtained. Importantly, the phase change at different wavelengths can be captured simultaneously
along the horizontal axis of the camera in a single-shot measurement.
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Figure 2.4 Transmission of the fishnet metamaterial. Both the measured and simulated results show a
broad spectrum with relatively high transmission. Maximum transmission of 30% is observed at ~740 nm,
while 15% transmission is measured at the desired 790 nm wavelength.

To extract the material’s effective refractive index, we simulate the transmission and reflection
(both amplitude and phase) of the designed fishnet metamaterial and then reconstruct the
refractive index by using the Fresnel equation. We aim for the index zero-crossing at 750 nm,
above which the index will become negative. Fig. 2.6 shows the simulated refractive index from
650 nm to 850 nm wavelength range, essentially a smooth transition from positive to negative
index. Experimentally, using the phase shift values measured by the setup in Fig. 2.5, with the
standard assumption of negligible multiple reflections within the structure, we can further extract
its refractive index values across a broad frequency range, as depicted by the blue line in Fig. 2.6.
The trend basically agrees with the simulated results, with the slight discrepancy most likely due
to the small sidewall angle of the actual fishnet structures and other fabrication-induced errors. A
broadband negative index property is thus obtained from 750 nm up to 850 nm.
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Figure 2.5 Phase measurement setup. Interference between a beam transmitted through the sample and a
reference beam allow the fringes to be formed at the imaging camera. By comparing the interferogram
measured with and without the sample, the phase shift induced by the metamaterial can be determined
simultaneously across a broad spectrum, limited only by the operational wavelength range of the
broadband light source and the detector sensitivity.
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Figure 2.6 Refractive index of the bulk fishnet metamaterial. Both the measured and simulated refractive
index values show a gradual transition from positive to negative index, with zero-crossing at around 750
nm wavelength.
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2.3 Magnetic Hyperbolic Bulk 3D Optical Metamaterials

As most optical metamaterials realized to date are based on the engineering of resonances at
different polarizations, it is essential to treat them as anisotropic materials and effectively
describe them based on electric permittivity tensor £ and magnetic permeability tensor g as
follows.

& 0 0 Ue 0 0
é=(0 ¢ O0|; a=10 pn, 0 (2.1)
0 0 g 0 0 p,

In 2003, Smith and Schurig [9] first proposed a new class of indefinite material for strongly
anisotropic media where the principal components of the electric permittivity tensor € and/or
magnetic permeability tensor /i have opposite signs. Without loss of generality, we consider the
case where electric field is polarized along x-direction for TE wave, and magnetic field is
polarized along y-direction for TM-wave. The dispersion relations can then be simplified to

k2 k2 w?
(TE) L L =—
ExHz  ExUy ¢

(2.2)
k2 k2 w?
(TM) = —
Ezly  ExHy ¢

From these equations, different types of isofrequency contours can be obtained depending on the
relative signs of the components of & and /i tensors. When all of them are of the same sign, either
an elliptic or a circular isofrequency contour is attained. In contrast, when either & or ji tensors
have diagonal components of opposite signs, this will lead to hyperbolic isofrequency contour.
The former case is known as electric hyperbolic dispersion (for TM-ploarization), while the latter
is called magnetic hyperbolic dispersion (for TE-polarization) [10].

Interestingly, materials with hyperbolic dispersion can support propagating electromagnetic
waves with extremely large wavevectors and exhibit very unique optical properties. These
include beating the diffraction limit in imaging [9,11,12], enabling negative refraction [9,11,12],
and realizing extremely large photon density of states which can enhance light matter interaction
[9,11,12]. However the hyperbolic dispersion in all artificial [13-18] and natural [19-22] optical
structures studied to date originates solely from their electric response. This fundamentally
restricts the performance of these materials to only one polarization of light [23] and inhibits
impedance matching with free space [24]. Such restrictions can be overcome in media having
components of opposite signs in both electric and magnetic tensors [9].

Therefore, the ability to control both the electric permittivity and the magnetic permeability
allows dispersion engineering for any arbitrary polarization and non-polarized light. This is of
major importance for the efficient interaction with randomly positioned emitters or thermal
radiation. Moreover, the control over both electric and magnetic responses allows one to
engineer the dispersion and the impedance independently, and thus enables impedance matching
between the hyperbolic material and free space. Impedance matching prevents any light
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reflections at the interfaces and allows for efficient light coupling and extraction from the
hyperbolic materials. Therefore, it is particularly interesting to experimentally realize a magnetic
hyperbolic material with the effective magnetic permeability tensor having principal components
of opposite signs [9,25]. Such development would open new opportunities for super-resolution
imaging, nanoscale optical cavities or control over the density of photon states and, in particular,
the magnetic density of states for enhancing the brightness of magnetic emitters [26,27].

As bulk fishnet metamaterials allow experimental access to negative permeability for a specific
polarization, they are good candidates for realizing magnetic hyperbolic dispersion in optics
[10,28]. However, a direct and rigorous measurement of such dispersion remains out of reach.
Using the fabrication technique described in Section 2.2, we fabricated a bulk fishnet structure
using 20 alternating layers of gold (Au) and magnesium fluoride (MgF;) on a 50 nm thin silicon
nitride (SisN4) membrane, as shown in Fig. 2.7. As we are aiming to operate at near infrared
wavelengths, the metallic loss is actually smaller (than in visible wavelengths), thus our fishnet
can attain an even larger optical transmission up to 42% at ~1320 nm wavelength, as shown in
Fig. 2.7b. We also measure the fishnet refractive index at normal incidence by using the
spectrally and spatially resolved interferometry previously discussed (Fig. 2.5). The measured
refractive index is shown in Fig. 1c, where negative index is observed from 1410 nm to 1700 nm.

50 2 T T
 (b) (c) ' ]
c
o £k i
£ 25 £ 20 <
[&]
g » Sr N .
o . ©
= o N
0 | Y | -2 ! | I
. 1100 1400 1700 1100 1400 1700
MgF, Au @ siN, Wavelength, nm Wavelength, nm

Figure 2.7 (a) lllustration of the 20-physical-layer fishnet metamaterial. Thicknesses of Au, MgF, and
Si3N, layers are 30 nm, 45 nm and 50 nm, respectively, with a period of 750 nm in both x- and y-
directions. The hole size is 260x530 nm. (b) Measured transmission spectrum of the fishnet metamaterial.
Inset shows the SEM image of the fabricated structure. (c) Effective refractive index of the fishnet
metamaterial extracted at normal incidence. The dotted lines in (b) and (c) represent the wavelengths in
the positive index regime (red), near zero index regime (green), and negative index regime (blue).

To obtain the dispersion isofrequency contours experimentally, we have to collect the light for a
range of incidence angles. Both the amplitude and phase of the transmitted and reflected lights
are measured. The normal component of k-vector k; is reconstructed via the Fresnel equations
[29], while the tangential components of k-vector ky and ky have to be continuous at the interface.
For the phase measurements, we built a Mach-Zehnder interferometer [30] for the transmitted
signals, and we used a Michelson-Morley interferometer [30] for the reflected signals, as
illustrated in Fig. 2.8. To resolve transmission and reflection at different angles, we focus and
collect the light using an objective lens with high numerical aperture and project the objective’s
back-focal plane image onto an infrared camera. The resulting image on a camera represents the
k-space spectrum of the fishnet metamaterial with the center of the image corresponding to the k-
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vectors normal to the sample, and the edge of the image corresponds to the k-vectors oblique to
the fishnet at an angle ~58° limited by the numerical aperture (NA) of the objective. However,
for the transmission measurements the NA is limited to 0.7 by the finite size of the silicon nitride
membrane window etched in a bulk supporting silicon wafer. This also allows us to neglect any
non-paraxial effects due to sharp focusing. We recombine the back-focal plane image with a
reference beam to form the interference pattern, with which the phase information is
reconstructed using an off-axis digital holography technique [31].

(a) | (b)
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Figure 2.8 (a) Mach-Zehnder Interferometer for transmission mode phase measurement (b) Michelson-
Morley Interferometer for reflection mode phase measurement

Three different wavelengths are selected for the complex transmission and reflection
measurements, i.e. 1310 nm, 1450 nm, and 1530 nm. They represent the positive index regime,
near-zero index regime, and negative index regime, respectively, as highlighted by the red, green,
and blue lines in Fig. 2.7b and 2.7c. A linearly polarized light with electric field pointing in x-
direction is used as the probing light source. After the objective lens the focused beam has TE-
polarization along the ky-axis and TM-polarization along the ky-axis. Therefore, by collecting the
back-focal plane images (Fig. 2.9), we can measure the magnetic dispersion behavior along the
ky-axis, and the electric dispersion behavior along the ky-axis.

The interpretation of the transmitted phase results is particularly essential. At 1310 nm (Fig.
2.90), the phase accumulation increases from the center (normal incidence) to edges (60° oblique
incidence), similar to the response of a usual dielectric where phase accumulation increases with
increased optical path inside the medium. At 1450 nm (Fig. 2.9h), the phase accumulation along
the ky-axis remains small and nearly unchanged for the entire range of incident angles, which is
predicted for epsilon-near-zero (ENZ) [32] and mue-near-zero (MNZ) [33] materials. At 1530
nm (Fig. 2.9i), the phase accumulation is decreasing from center to edges along the ky-axis,
while it is increasing along the ky-axis.
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Figure 2.9 Measured (a-c) transmission and (d-f) reflection amplitudes, (g-i) transmission and (j-l)
reflection phase for three different wavelengths: (a,d,g,j) 1310 nm, (b,e,h,k) 1450 nm, and (c,f,i,I) 1530
nm. The measurements are performed from incident angles of 0° up to 60°. Horizontal axes correspond to
TM-polarized illumination, while vertical axes correspond to TE-polarized illumination. Square apertures
for the transmission amplitude and phase measurements show the numerical aperture limited by the size
of the windows in the supporting silicon wafer.
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For the amplitude measurement, it is interesting that very low reflection <4% (lower than glass-
air interface) is observed for certain incident angles at 1310 nm (Fig. 2.9d) and 1450 nm
wavelengths (Fig. 2.9¢e). This low reflection is one of the manifestations of the magnetic response
of the metamaterial, which together with its electric response allows one to achieve excellent
impedance matching between the metamaterial and air. More importantly, using this complex
transmission and reflection data in the k-space, we can then reconstruct the isofrequency
contours for both the polarizations at the three measured wavelengths, as depicted in Fig. 2.10.

ky/kair ky/kair ky/kair

-1.0 -05 0.0 0.5 1.0-1.0 -05 0.0 05 10-10 -05 0.0 05 1.0 15

- 15 T | — T | | T |
s [o) I IR
(7’ 1.0 — — — — 1.0
= 1t 1t
Q. 05 |- o ol - 05
gj %0 By 1 E n . j
| T99949995, 490900080

X o0 |- .y i i - oo X
OXN n))uj_m"“\ N
= 05 |- AR AR 05
£ _ _
% 10 |- 4L 4L 10
E 2 2

Electric Dispersion
kz/kair

L : -1.5
-1.0 -05 00 05 10-10 -05 00 05 10-10 -05 00 05 10

Figure 2.10 (a) Sketch of the TE-polarized illumination. (b-d) Isofrequency dispersion contours for TE-
polarization at wavelengths 1310 nm, 1450 nm, and 1530 nm, respectively. () Sketch of the TM-
polarized illumination. (f-h) Isofrequency dispersion contours for TM-polarization at wavelengths 1310
nm, 1450 nm, and 1530 nm, respectively. Dots mark the experimental data, while lines correspond to
analytical results. Grey circles correspond to an isofrequency contour of light in air.

For TE-polarization at 1310 nm wavelength, the isofrequency contour is elliptical (Fig. 2.10b),
and it lies within the circular contour of light in air. This is no doubt the standard dielectric case
where both the components of magnetic permeability tensor u,, and u, are positive. At 1450 nm
for TE-polarization, we observe an extreme case of the material dispersion (Fig. 2.10c). In this
regime, both the permittivity component &, and permeability component u, approach zero,
resulting in an increase of the phase velocity of light towards infinity inside the bulk
metamaterial, and the k, component remains close to zero regardless of the k, component. This
extreme regime, where the isofrequency contours collapse into a straight line is also known as
optical topological transition [12] between the closed elliptic contours on the short-wavelength
side of the spectrum and open hyperbolic contours on the long-wavelength side. More
interestingly, at 1530 nm wavelength, the TE-wave isofrequency contour becomes hyperbolic
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(Fig. 2.10d) due to the opposite signs of the components of the magnetic permeability tensor,
where p, component becomes negative, while u, component remains positive. As this
hyperbolic dispersion is a result of effective magnetic response, this essentially constitutes the
first experimental realization of magnetic hyperbolic dispersion in a bulk 3D optical
metamaterial. Importantly, the branches of the hyperbola exceed the radius of the circular
isofrequency contour of light in air, meaning our structure supports propagating waves with k-
vectors larger that the k-vectors in air, thus it holds the potential for super-resolution imaging,
nano-scale optical cavities and extremely large photon density of states.

To extract the anisotropic components of the permittivity and permeability, we developed an
analytical theory of nonlocal material response to match the experimental data, as fishnet
metamaterials are known to exhibit spatial dispersion [10]. This more generalized dispersion
relation can be written as follows,

% k2 > 92e,\
TE REd z = (1
(TE) Ey + . (1 _ 628x)_1 c? Hy < 0k§>
x k2
(2.3)
% k2 w?
(TM) = + z =—
622 d%¢ 625 d%¢ 2
Etarzlit gzl etz kit grz ke

In addition, we also employ the Maxwell-Garnett approximation to calculate the effective
permittivity of the fishnet in z-direction using realistic material parameters of gold, magnesium
fluoride and silicon nitride [34-37]. The calculated &, component is close to 2.6 for all three
measured wavelengths. For the bulk fishnet metamaterial, i, = 1 for all three wavelengths as the
structure is not magnetically polarizable in the z-direction. Thus, for TE-polarization we use two
independent parameters &, and u,, to match the analytical results with the experimental data. For
0%e, 0%g, 0%¢g,
k2’ 0kZ' 0kZ
parameters are transferred from the TE case and one parameter is calculated via the Maxwell-
Garnett approximation. The retrieved parameters are summarized in Table 2.1.

TM-polarization three independent parameters are used: ( ), while two more

Table 2.1 Retrieved effective parameters of the fishnet metamaterial

1310 nm 1450 nm 1530 nm
Parameter . . .
(positive-index) (near-zero-index) (negative-index)

&y 0.55 -0.05 -0.14
Uy 0.16 -0.018 -2
d%e,
¥ -5 -41 0.63
0%e,
F -25 -4.2 -10

2
07 20 85 50
dk?2
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For TM-polarization, the isofrequency contours are more complicated in shape. This is due to the
spatial dispersion effect, where the electric field has two components with respect to the principal
axes of the metamaterial, namely E, and E,. As a result, a large number of quadrupole
susceptibility terms significantly influence the dispersion. However, they can still be well-
described by the analytical theory. Interestingly, certain k-vectors at 1310 nm wavelength are
still larger than the circular isofrequency contour of air, therefore even at TM-polarization the
metamaterial possesses optical properties that are distinctive for hyperbolic media, eg. high
photon density of states. From geometrical perspective, the dispersion for the TM-polarization is
described by fourth-order curves. This suggests that a wide range of nontrivial isofrequency
dispersion contours can potentially be realized by proper tuning of the spatial dispersion [38].

In summary, we experimentally realized the first magnetic hyperbolic dispersion in three-
dimensional metamaterials with principal components of the effective magnetic permeability
tensor having opposite signs. The measurement techniques used here mark the most rigorous
way to retrieve the effective parameters, as both the amplitude and phase of the transmitted and
reflected lights are measured for different incident k-vectors. A clear topological transition from
the elliptic isofrequency contour to hyperbolic dispersion is observed. Our magnetic hyperbolic
metamaterial also allows the access of k-vectors larger than air, retaining the advantage of
typical electrical hyperbolic media. Using an analytical theory of spatial dispersion, we have
shown that, while magnetic dispersion of the metamaterial is fully described by the local
permittivity and permeability tensors, the electric dispersion is largely shaped by nonlocal
contributions [39]. Spatial nonlocalities therefore open-up new opportunities for extreme
engineering of the materials’ isofrequency contours beyond elliptic or hyperbolic shape, with
non-trivial geometry and topology. Our results not only shows the possibility to engineer
efficient hyperbolic media for unpolarized lights, but also paves the way for other three-
dimensional magnetic hyperbolic metamaterials assembled from magnetically polarizable or
chiral elements [40-42].

2.4 Nonlinear Propagation in Bulk 3D Optical Metamaterials

The metamaterials discussed thus far mainly operate within the linear regime, i.e. the output
intensity is directly proportional to the input light intensity. However, with the advent of lasers,
high intensity beams can actually result in nonlinear behavior of the output response. More
interestingly, new lights at different frequency can be efficiently generated through the nonlinear
frequency mixing process. This led to the birth of the nonlinear optics field. A general
description of the material response can be obtained by taking the power series of the
polarization P induced by the electric field E,

P=e¢g, [Xcl)g + y@DE2 4 y®F3 4 ... ] (2.4)

x@ is the linear susceptibility (¥ =& — 1 for linear optics), while y® and y® are the
second and third order nonlinear susceptibility. Typical second order nonlinear processes include
second harmonic generation, sum- and difference-frequency generation, and optical parametric
oscillation. Third order nonlinear processes involve an additional photon, examples include third
harmonic generation, intensity-dependent refractive index, and four-wave mixing. From
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Maxwell equations (Egs. (1.1)), we can obtain the standard wave equations, except now with an
additional term due to nonlinear polarization. For a dispersive medium, common for
metamaterials, each frequency component of the electric fields should be treated separately.
Hence the driven wave equation takes the form of

~ _8(1)(a)n)62£77n_ 1 0%Pypn,

VEEn 2 0t?  g,c2 0t? (2:5)

where eWis the linear permittivity which depends on frequency, and P,y is the nonlinear-
induced polarization.

In nonlinear optics, phase-matching is the most important condition to satisfy for efficient
nonlinear light generation. To explain this, a simple example of sum-frequency generation is
shown in Fig. 2.11a below. Two frequency components of light w; and w, are incident on a
nonlinear medium generating a new frequency w5, which is the sum of the incident frequencies.
Using the slow-varying amplitude approximation, and through some mathematical
simplifications [43], the amplitude of the newly-generated wave I; can be written as a function
of wavevector mismatch Ak as follows.

AL
), Ak = ky + ky + k. (2.6)

I; « sinc? (—

3 l )
Fig. 2.11b shows that a sinc? function is maximized only when Ak = 0. At this perfect phase-
matching condition, the nonlinear medium is most efficient in drawing energy from the incident
beams and converts them to the new frequency component. The similar is true for other
nonlinear y® and y® processes.
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Figure 2.11 (a) Sum-frequency generation for a y® nonlinear medium. (b) When the phase-mismatch is
at its minimum, Ak = 0, the largest response amplitude can be expected.

To increase the amounts of nonlinear light, a compensation technique must be used. The most
widely used methods include birefringence phase-matching, angle phase matching and quasi
phase matching (QPM) [44-47], as illustrated in Fig. 2.12. Implementing each of these
techniques poses a number of challenges. The birefringence phase matching technique uses the
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polarization dependent indices to match the phase velocities of the interacting waves, but is
limited to birefringent materials [43,48]. Angle phase matching uses geometrical alignments of
the interacting waves to compensate the phases, but the non-collinear optical arrangement limits
the interaction length [43,48]. Quasi phase matching cancels out the inherent phase-mismatch
using artificial momentum introduced by periodic and/or aperiodic poling of nonlinear crystals,
which is however restricted to certain nonlinear crystals and provides limited range of mismatch
that can be compensated. Moreover, all compensating schemes work only in a specific direction:
either in the forward direction [44-47] or backward direction [49,50], but not both. This
restriction arises because the phase matching process represents a balance between the momenta
of the photons involved in the nonlinear interaction; a balance that is disturbed when the
momentum of one photon changes sign due to a directional change.
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Figure 2.12 (a) Birefringence phase-matching, (b) quasi phase-matching and (c) angle phase-matching
are the common techniques used to compensate the phase-mismatch in materials for efficient nonlinear
generation of light.

In contrast, for a zero index metamaterial, a phase-mismatch free environment is intrinsically
guaranteed for nonlinear propagation, since k = %n = 0, thus eliminating the requirement for

phase matching. In addition, in a ZIM [7,51,52], the photons carry zero momentum and satisfy
momentum conservation for any combination of photon directions, thereby allowing the
nonlinearly generated waves to coherently build up in both forward and backward directions. In
Chapter 1, we see how metamaterials allow us to tailor the linear electromagnetic response and
introduce new regimes of interaction between radiation and matter. In fact, the nonlinear
properties of negative index metamaterials have been explored both theoretically [53-56] and
experimentally [57-61]. The rich nonlinear dynamical behavior in metamaterials promises the
realization of novel effects such as backward mirrorless parametric amplification [53,54], novel
guantum switches [55] and cavity-free microscopic optical parametric oscillators [56]. However,
there is no reported experiment work on the nonlinear propagation within a bulk NIM or ZIM
optical metamaterial thus far. This is due to the difficulty in fabricating high transmission
multilayer bulk metamaterials in the optical regime.

Here we demonstrate the nonlinear dynamics in a bulk ZIM through a four-wave mixing (FWM)
process (Fig. 2.13). Essentially two photons from the pump can mix with a signal photon to
efficiently generate an idler photon, if both the energy and momentum are conserved.
Importantly, FWM process is used instead of the more straightforward second and third
harmonic generation to ensure that the medium can be treated as an effective medium for all the
frequency components involved. Without loss of generality, we consider a degenerate FWM
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process, in which the pump, signal, and idler photons have approximately the same wavelength
(wsignaz X Wpymp = widzer) to illustrate the phase-mismatch free nonlinear wave interactions in
the ZIM. In this process, the phase (momentum) mismatch in the forward and backward
propagation directions are Aky = |2kpump — Ksignar F Kiazer| . The subscript “+” and “-”
represent the forward and backward directions, respectively. In a conventional degenerate FWM
system, when one of the propagation directions, say the forward direction, is perfectly phase-
matched, i.e. Ak, — 0, the phase is then poorly matched in the backward propagation direction
where Ak_ = 2|k;qier|-
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Figure 2.13 (a) Four-wave mixing (FWM) involving two photons from the pump, and a photon from the
signal and idler beam. (b) Energy conversation and (c) momentum conversation Ak, = 0 required for
efficient nonlinear light generation.

For a ZIM at the idler frequency, however, both the phase-mismatch in the forward and
backward directions are zero. This important distinction between forward and backward
nonlinear propagation allows us to explore nonlinear generation for negative, positive and zero
index regimes. We expect that in the case of negative or positive index, due to the fact that
Ak, — 0, while Ak_ # 0, the generated forward light is accumulated in phase, while the
generated backward light is not, thus causing the degenerated FWM intensity to grow
monotonically for the forward direction and to oscillate for backward direction (Fig. 2.14a). On
the contrary, in the zero index regime, Ak, — 0, and also Ak_ — 0, making both the generated
forward light and backward light accumulated in phase, having the same yield in the forward and
backward directions are expected (Fig. 2.14b). This is in stark contrast to nonlinear generation in
negative index materials, where the phase-mismatch parameter has a finite value [53-56]. Phase-
mismatch free zero index material allows the nonlinear process to be efficient regardless of
directionality, and the need to carefully balance between the momenta of the waves involved in
the nonlinear interaction is eliminated. The pump pulse has a positive Poynting vector so the
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direction of energy flux is the same as in free space. In contrast the nonlinear emission has an
energy flux in both directions, with the relative amounts influenced by the phase matching. The
refractive index controls the direction of the phase velocity and canonical momentum relative to
the direction of the energy flux [53-62], which influences the direction of energy propagation
through the phase matching. In a zero index medium, as seen, the energy flux in both directions
is equal. Compared to the poorly phase-matched case, more energy will be extracted from the
pump in a ZIM.
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Figure 2.14 In the microscopic picture of nonlinear generation, each source coherently emits equally in
both directions acquiring a phase proportional to the refractive index as it propagates. All of these sources
add up coherently to generate the net nonlinear emission. (a) In a finite index medium, the emission
acquires phase as it propagates, leading to destructive interference when the process is not phase matched.
For example, in a degenerate four wave mixing process in Which wg;gnar & Wpump = Wiqrer, the sources
destructively interfere in the backward direction, resulting in weaker backward emission. (b) In a zero
index medium, the radiation from all nonlinear sources acquires no phase as they propagate, guaranteeing
a constructive interference and an increase of the signal in both directions with propagation length.

For the experimental realization, we fabricated a 20-layer fishnet metamaterial with alternating
layers of 30 nm gold and 50 nm magnesium fluoride on a 50-nm-thick silicon nitride membrane.
A cross fishnet structure is used instead of the regular rectangular fishnet structure so that it can
operate for both polarizations in the near-infrared wavelengths. Also, gold is used instead of the
less-lossy silver, for gold is more robust under high power excitation. The magnetic moments,
created by the antiparallel currents in neighboring conductive layers, and the electric responses
of the perforated metallic thin films provide either a positive, zero, or negative refractive index
regime depending on the wavelength. The fabrication steps (Fig. 2.15) are similar to the case of
visible fishnets described in Chapter 2.2, except it involves many more evaporation runs and
higher aspect ratio in FIB milling. The fabricated sample with a period of 750 nm and cross
lateral holes of dimensions 475 nm (H) and 175 nm (V) is shown in Fig. 2.16. Low transmission
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loss is critical for observing the effects of phase matching. High losses can also strongly affect
the ratio between the forward and backward nonlinear emission for positive, negative, and zero
index regimes. It decreases the overall nonlinear emission, and due to the shorter propagation
length of backward emission, increases the backward emission relative to the forward. The
fabricated fishnet has a relatively low loss at the zero-index regime, allowing us to observe the
effects of phase matching rather than absorption.
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Figure 2.15 Schematic of the key fabrication steps for cross fishnet working in the near-infrared
wavelengths. (a) Fabrication of a low-stress SisN, free-standing membrane. (b) Multilayer electron beam
evaporation of Au and MgF, layers without vacuum break. (c) Flip side mounting of sample followed by
Ga'" focused ion beam milling to pattern the nanostructures. (d) Final suspended fishnet structure.

Figure 2.16 (a) SEM image of the fabricated bulk 3D cross fishnet. (b) A tilted view of the fishnet
showing the 20 physical layers of Au/MgF,.
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Figure 2.17 Refractive index of the bulk cross fishnet measured using a spectrally and spatially resolved
interferometry. Zero refractive index happens at around 1325-1340 nm.

ARG = [
= |2kpmup orward
pump prvt

1 d
B ckwar
3 FW

pump ~ Nsignal —

k

forward

+k

idler

Ak[)(l( foward — ‘ 2 k

pump i

signal

Ak Phase-mismatch value (1/pm)

1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650
Wavelength (nm)

Figure 2.18 The phase-mismatch of the forward (purple) and backward (blue) four wave mixing as a
function of wavelength, based on experimentally measured refractive indices. The forward phase-
mismatch is near zero (Ak, — 0) for all wavelengths, while the backward has a large phase mismatch
(Ak_ =+ 0) except when the index is near zero.

We measured the transmission and refractive index using spectrally and spatially resolved
interferometry [8], which measures simultaneously the phase for an ultra-broadband optical
range to an accuracy of greater than A/300. The zero crossing of the index is at approximately
1325-1340 nm, as shown in Fig. 2.17. Using the measured refractive index values of the fishnet
structures, the phase-mismatch values can be calculated as a function of wavelength for forward
and backward propagation (Fig. 2.18). The forward phase-mismatch is Ak, — 0 for all
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wavelengths, while Ak_ has different values across the zero index wavelength. However, in the
wavelength regime of zero refractive index (~1330 nm), both the forward and backward
directions are phase-mismatch free.
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Figure 2.19 (a) Experimental apparatus for nonlinear measurements. A transform limited 100 fs laser
pulse centered at 1315 nm or 1510 nm was amplitude shaped through a spatial light modulator (SLM) to
remove the long wavelength tail of the pulse (red). The pulse was passed through a fishnet metamaterial,
which generates a four wave mixing nonlinear signal (green) in the backward and forward directions due
to a third order nonlinearity. The four wave mixing signals were measured in an infrared spectrometer
after bandpass filtering the pump pulse. The forward emission was measured without the flip mirror. An
analyzer was used before the spectrometer to control the detected polarization and a half wave plate (hot
shown) was used to control the pump polarization. (b) An example measurement of the emission
spectrum, showing both the generated four wave mixing signal (green) and the filtered pump (red). The
pump is undepleted by the nonlinear process as evident by the much weaker four wave mixing signal than
that of the pump (the magnitude of the four wave mixing is ~10 times the pump intensity), justifying the
use of the perturbative approach in our analysis.

To characterize the nonlinear response, we use a single-shot FWM technique which allows
intrapulse wave mixing from the different spectral components of ultrashort (broadband) pump
laser pulses [63]. The experimental apparatus is illustrated in Fig. 2.19a. Before impinging on the
samples the transform limited pump pulse is first amplitude shaped to remove the long
wavelength tail in the spectral domain. The generated intrapulse FWM can be measured in both
forward and backward directions within this filtered spectral regime. This method eliminates the
needs of overlapping two laser pulses temporally and spatially, and maximizes the nonlinear
yield. An example of such a measurement spectra (Fig. 2.19b) shows both the generated FWM
signals, with their relative strengths. Note that the pump is far from depleted by the nonlinear
process as evident by the much weaker FWM signal than that of the pump. Operating in the
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weak field regime (the generated intensity of the idler is on the order of 10~°of the pump
intensity) allows us to analyze the experimental observations with a perturbative approach. We
verify the nonlinear origin of the emission by measuring the cubic scaling with pump power, as
shown in Fig. 2.20.
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Figure 2.20 Power Scaling of the pump and four wave mixing in a single-shot FWM spectral
measurement. Both the four wave mixing signal and remaining pump pulse are observed in the spectral
measurements, and can be differentiated by their spectral location. At the bottom panel, several spectral
measurements are plotted for different pump intensities. The remaining pump (at shorter wavelengths) is
found to scale linearly with the pump power (upper left panel in red), while the four wave mixing signal is
proportional to the third power of the pump power as expected for a third order nonlinear process (upper
right panel in green).

The intrapulse FWM signal in the zero index regime (where the refractive index changes its sign)
is shown for both the forward (solid purple) and the backward (dashed blue) directions (Fig.
2.21a). The observed nonlinear yields are about the same in both directions. In contrast, in the
negative index regime, the intensity of the degenerate FWM signals in the opposite propagation
directions are distinctively different (Fig. 2.22a). Due to the low transmission at 1530 nm, a
different fishnet metamaterial with 800 nm period and a perforated hole size of 560 nm (H) and
250 nm (V) is used. The zero crossing of the refractive index is at ~1460 nm and the refractive
index isn’ = —0.5 at 1530 nm. The relative strength of the forward and backward FWM waves
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correlates with the predicted phase matching difference for zero and negative indices, as
illustrated in Fig 2.14. In particular, at the zero refractive index region, the observation of a

forward/backward FWM ratio of unity indicates phase-mismatch free nonlinear interaction for
both directions.
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Figure 2.21 Nonlinear FWM at the zero index regime. (a) The measured four wave mixing process in a
bulk ZIM has almost the same yield in both directions, illustrating the phase mismatch-free properties of
zero index materials. (b) Numerical simulations of nonlinear emission as a function of metamaterial
thickness for ZIM where the nonlinear yield in the forward and backward directions is similar and both
increase with material thickness due to constructive interference. (c) The dependence of the nonlinear
emission (with a horizontally polarized analyzer) on pump polarization, which has the characteristic
cos®(8) of y® dynamics.
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Figure 2.22 Nonlinear FWM at the negative index regime. (a) The forward propagating four wave mixing
(solid purple) is much stronger than the backward in a bulk NIM, due to the phase mismatch. (b)
Numerical simulations of nonlinear emission as a function of metamaterial thickness for NIM where only
the forward emission increases with material thickness, while the backward emission decreases due to the
large phase-mismatch of the finite index material. (c) The dependence of the nonlinear emission (with a
horizontally polarized analyzer) on pump polarization for a NIM, which has the characteristic cos®(8) of
1@ dynamics, but with a significantly different amplitude for the forward and backward signals.

We also perform numerical simulation to estimate the far-field nonlinear response at different
refractive index regimes using the Lorentz reciprocity formalism [64]. For a bulk ZIM, the
simulation of the dynamics as a function of thickness predicts a ratio of unity for
forward/backward nonlinear emission (Fig. 2.21b); whereas for a bulk NIM, the forward
generated nonlinear signal has a much higher yield than that of the backward signal (Fig. 2.22b)
for a thick fishnet of 20 layers. In contrast, for thin fishnets (less than 5 layers), the
forward/backward ratio is unity regardless of the index of refraction, indicating that phase
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matching is not important in these structures [58-61]. The nonlinear simulation is performed with
nonlinear scattering theory [64], which calculates the nonlinear properties using the linear results
from a full wave simulation of the metamaterial, taking into account the fabricated structure
geometry and material losses. To further confirm that phase plays a dominant role in the
dynamics and not the loss or surface effects, we artificially remove the phase-mismatch in the
nonlinear simulation while keeping loss, thus forcing all waves to add up constructively. We find
that the behavior in the zero index region is unchanged, indicating that phase matching plays
little role. In contrast, in the negative index region, the forward and backward emissions are now
nearly equal, indicating that phase matching is critical in this region. It is worth noting that
perfect phase matching using a zero refractive index is different than quasi-phase matching [45],
in which the effective momentum supplied by a periodic structuring is used to compensate for a
phase mismatch. In these experiments, the sub-wavelength spacing of the layers (80 nm) does
not provide sufficient effective momentum to phase match the backward nonlinear generation.

The phase-mismatch free nonlinear generation can be further demonstrated by measuring the
nonlinear emission as a function of the polarization angle of the pump for the forward and
backward FWM, as shown in Fig. 2.21c (for bulk ZIM) and Fig. 2.22c (for bulk NIM). The
relative strength between the forward and backward nonlinear waves in the zero index region is
again about the same for all polar angles, while in the negative index regime, the forward
nonlinear waves remain stronger than the backward for all polarizations. The polarization
dependent FWM (with a horizontally polarized analyzer) matches well the analytical curve of
cos® 6, a characteristic response of a third order nonlinearity signal. This angular dependence is
particularly important as it means that the nonlinearity is originated from the light that is coupled
into the metamaterial, and is not a surface nonlinearity associated with the layered structure.

2.5 Summary and Outlook

In this chapter, we have experimentally showed the strategy to attain low-loss, high transmission
bulk fishnet NIM and ZIM operating in both the visible and near infrared wavelengths. The
phase and refractive index results are confirmed by the spectrally and spatially resolved
broadband Mach-Zehnder interferometry setup. In addition, we realized the first magnetic
hyperbolic dispersion in a bulk metamaterial. Using the bulk ZIM structure, we also
demonstrated phase-mismatch free nonlinear generation using intrapulse four-wave mixing. In
contrast to phase-mismatch compensation techniques in conventional nonlinear media, a ZIM
eliminates the need for phase-matching, allowing efficient nonlinear generation in both forward
and backward directions.

The concept of phase-mismatch free nonlinear interaction in a ZIM provides a new degree of
freedom in controlling the nonlinear dynamics in a metamaterial and can be further explored in
other nonlinear processes such as coherent Raman for remote sensing applications or
spontaneous parametric down-conversions for entangled photon generation. The design of multi-
valued or broadband ZIMs can open new opportunities to achieve phase-mismatch free dynamics
for simultaneous nonlinear processes. | also look forward to see different nonlinear wave mixing
processes to be demonstrated in the visible regime.
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Chapter 3

Engineering the Imaginary Part of Refractive Index

3.1 Parity-time (PT) Symmetry

Engineering of the imaginary part of refractive index is often as essential as the real part, for the
imaginary part controls the amount of amplification (gain) or absorption (loss) in a system. The
design of standard optical devices is usually on either the gain part or the loss part, but not both
simultaneously. In the field of plasmonics and optical metamaterials, loss is a serious bottleneck
despite the many beautiful physics demonstrated. One promising way to compensate the loss is
through the incorporation of gain medium within the lossy metamaterial system. Therefore, one
expects the interplay between the gain and loss medium to play an enormous role in extending
the limits of optical metamaterials. In this chapter, | show that by carefully engineering both the
gain and loss parts within a single system, very unique optical properties can be attained.

In quantum mechanics, it is believed that a Hamiltonian must be Hermitian in order to ensure the
real energy eigenvalues and unitary time evolution [1,2]. However, recent theories revealed that
physical systems with specifically designed non-Hermitian Hamiltonians can also show entirely
real eigen spectra and the corresponding unitary dynamics, exhibiting a combined PT symmetry
where both the individual parity P and time reversal T symmetries are broken [3,4]. Due to the
mathematical similarity between the time-dependent Schrodinger equation and the paraxial
equation of diffraction (Fig. 3.1), this quantum mechanics concept can also be applied in optics.

Electron Photon
Time-dependent Schrodinger equation Paraxial equation of diffraction
0 n 8 i OFE 1 0E
inl = Y Ly oy P i S k() E=0
ot 2m ox oz 2k ox”
Parity-time potentials in quantum mechanics Parity-time optical potentials
PT symmetry — V,(x) =V,(—x) PT symmetry — n,(x) = ny(—x)
V(%) ==V, (=%) ny (x) = =n,(=x)

Figure 3.1 Similarity between the time-dependent Schrodinger equation and paraxial equation of
diffraction allows the realization of the quantum-inspired parity-time (PT) physics in optics.
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Essentially, the potentials in quantum mechanics is replaced by the optical potentials, i.e. the
refractive index n. Thus, parity-time (PT) symmetry in optics requires the real part of refractive
index modulation to remain symmetric n'(x) = n’'(—x), while the imaginary part of index
becomes anti-symmetric n''(x) = —n"’(—x). This complex index modulation requirement is the
essence of non-Hermitian optics, which enables a complex eigen-spectra solution not realizable
with the conventional Hermitian optics, as shown in Fig. 3.2. In a non-Hermitian system, the
Hamiltonian H should generalize the potential term to be complex [5-8]. Thus, the constant &
(not to be confused with the permittivity) in V(x) = Vi (x) + ieV,(x) determines the imaginary
contribution. Interestingly, for a non-Hermitian system, there is an associated threshold value &,
beyond which the eigen-spectra cease to be real. This is attributable to the broken symmetry,
rendering the wavenumber (for an optical system) to take the form of g = (n’ + n"")k,.

n 1N
Index mw
; X modulation X
: I
. in
n'’ Gain
real to complex
e ———— X ek > X
JLoss
Hermitian Non-Hermitian
Hamiltonian Pt A T
e A=£ 7 % O=L 17 (&)+iel (%)
2m 2m
if e<g, if e>¢,
Wavenumber Symmetry Conserved: Symmetry Conserved: | Symmetry Broken:
B Real spectra Real spectra Complex spectra
B =n"ky B =n'k, B = +n"k,

Figure 3.2 The difference between Hermitian and Non-Hermitian optics. Parity-time (PT) symmetry
requires a complex index modulation, i.e. a symmetric real part of index, and an anti-symmetric
imaginary part of index. It is non-Hermitian, with a broken symmetry physics resulting in a complex
wavenumber when a threshold value &, is exceeded.

A better way to understand the PT physics in optics is to look at the corresponding field
distribution and the eigen-spectra plot in Fig. 3.3. As previously discussed, PT symmetry leads to
a transition from a purely real eigen-solution to a complex eigen-solution. This transition point is
better known as the exceptional point, with a corresponding PT threshold. As the introduced gain
or loss n'" (henceforth named as gain-loss modulation) is increased, bifurcation of g takes place
once the gain/loss contrast exceeds the PT threshold, and results in the two different PT phases.
Here we consider a system with two parallel waveguides consisting of gain and loss materials
satisfying the PT symmetry condition n(x) = n*(—x). In the PT symmetric phase, the electric
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fields are equally distributed between the gain and loss waveguides forming a supermode.
Therefore, there is no net gain or loss, resulting in a purely real wavenumber . In the PT broken
phase, the electric fields are mainly confined either in the gain or loss waveguide, yielding an
effective gain/loss of the system, and thus an imaginary . Interestingly, while the eigen-
frequency is degenerate throughout the PT broken phase, the increase of gain/loss contrast can
counterintuitively squeeze the field into the gain region and lead to more effective gain of the
system.
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Figure 3.3 Parity-time (PT) symmetry results in two different phases in the complex eigen-spectra: (Left)
PT symmetric phase where the electric field is equally distributed between the gain and loss sections,
resulting in a zero effective gain/loss. (Right) PT broken phase where the electric field is confined either
in the gain region or the loss region, thus lead to either a gain mode or a loss mode. The condition where
bifurcation starts to take place in the complex eigen-spectra is known as the exceptional point, and the
corresponding imaginary index n'’ is the PT breaking threshold. The plots used here are purely for
illustrative purpose.

PT symmetry has thus opened a new paradigm for non-Hermitian optics, where optical systems
with deliberately designed gain and loss are used to manipulate light transport for information
processing. The first observation of PT symmetry in optics is experimentally realized in 2010
using a coupled Fe-doped LiNO; waveguide system [8]. But even prior to that, there were a
couple of seminal theoretical works predicting the interesting properties attainable with the PT
physics [6,9,10]. In practice, fabricating carefully-engineered gain and loss structures can be
challenging. Guo [11] however showed that a loss-only system could still possess the PT phase
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transition eigen-spectra (except with an average loss background), and experimentally
demonstrated the counterintuitive increase of transmission with loss. In 2011, another important
breakthrough is reported, where a PT index modulation in the longitudinal propagation direction
is shown to exhibit unidirectional invisibility [12]. Since then, many unique unidirectional light
transport phenomena based on PT physics were experimentally realized [6,8-16]. In addition, PT
symmetry offers a new strategy to utilize loss to control gain and its optical properties,
deliberately manipulating resonant modes in laser cavities [17,18] and broadening the laser
physics [19-21].

3.2 PT Single-Mode Laser

Laser cavities support a large number of closely spaced modes because their dimensions are
typically much larger than an optical wavelength. As a result, the outputs from such lasers are
subject to random fluctuations and instabilities because of mode competition for limited gain.
Over the last decades, effective mode manipulation and selection strategies have been intensively
explored to achieve single-mode operation with desired spatial and spectral controllability. This
is critical to enhance laser performance for higher monochromaticity, less mode competition, and
better beam quality. It is therefore important to create sufficiently modulated gain and loss to
obtain single-mode operation, but factors such as inhomogeneous gain saturation makes it a
challenging task. Several approaches have been developed, for example, by providing the intra-
cavity feedback with an additional cavity [22], by distributed feedback gratings [23], by
enlarging the free spectral range through mode size reduction [24,25], and by spatially varied
optical pumping [26]. Nevertheless these approaches are only applicable to specific
configurations; a general design concept is thus desired with unprecedented control of cavity
modes.

Using the PT symmetry breaking concept, we delicately manipulate the gain and loss of a
microring resonator and demonstrate single-mode laser oscillation of a whispering-gallery-mode
(WGM). We exploit the continuous rotational symmetry of the microring structure to facilitate
unique thresholdless PT breaking. This thresholdless PT breaking is only valid for the desired
WGM order and enables two energy-degenerate modes: the non-oscillating loss mode and the
other oscillating gain mode; whereas all other WGM modes experience balanced gain/loss
modulation and thus stay below lasing threshold, leading to a single mode lasing.

The PT-synthetic microring resonator is designed with 500 nm-thick InGaAsP multiple quantum
wells (MQWSs) on an InP substrate (Fig. 3.4). InGaAsP MQWs have a high material gain
coefficient over 1000 cm™ around 1500 nm [27]. The gain/loss modulation, satisfying an exact
PT symmetry operation, is periodically introduced using additional Chromium (Cr)/ Germanium
(Ge) structures on top of the InGaAsP MQW along the azimuthal direction (¢ ):

An:{ngam =—in" (Iz/m< @< (1+12)z/m) 31)

Nis = IN" ((1+Y2)z/m< @< (1 +1)7z/m)

47



where n"denotes the index modulation in only the imaginary part, and m is the azimuthal order
of the desired WGM in the microring and 1=0, 1,2 ... 2m-1 divides the microring into 2m
periods (i.e. 4m sections of gain and loss in total). The PT modulation is designed using bilayers
on top of the gain material that introduces loss and exactly reverses the sign of the imaginary part
of the local modal index, while maintaining the same real part (in practice, the deposition of
Cr/Ge also slightly modifies the real part on the order of 0.01%).

neff =n'

gain
Reff = =N
loss

InP

azimuthal
distance

Figure 3.4 Schematic of the PT microring laser consists of Cr/Ge bilayer structures arranged periodically
in the azimuthal direction on top of the InGaAsP/InP microring resonator to mimic a pure gain-loss
modulation. The diameter of the microring resonator is 8.9 um and the width of the microring resonator is
900 nm. The microring also extends 1 pum-deeper into the InP substrate. Here, the designed azimuthal
order is m =53to achieve the resonant wavelength around 1500 nm.

Because of the PT modulation, the coupled mode equations for a standard microring resonator
have to be modified. Assuming a small variation of index change and negligible scattering loss in
the PT microring resonator, the coupled mode equations can be written as

RdTA:i,BOAHn"KB

qu” (3.2)
L _igB-in"xA

Rdg

where S, is the intrinsic wavenumber of the WGM without gain and loss and x denotes the

coupling between the clockwise and counter-clockwise traveling waves through PT modulation
in the microring resonator. By solving the coupled mode equations, the eigen wavenumbers of
the WGMs supported in the microring resonator can be obtained as [28]

p=p, ikn" (3.3)

manifesting non-threshold PT symmetry breaking in our PT microring lasers. This thresholdless
condition is robust against the nonlinearity during the pump process. For example, the real part
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index change by the optical nonlinear effects [29] only affects g, in Eqg. (3.3). However, with
any arbitrary values for f,, the bifurcation in the imaginary part of S takes place immediately
and the resulted PT symmetry breaking is thresholdless with respect to n".

Evolution of PT symmetry of the m=53WGM in the microring resonator as a function of
imaginary part index modulation can be seen from the corresponding complex eigen-spectra (Fig.
3.5). Two WGMs are energy degenerate at the same eigen resonant frequency, but their modal
wavenumbers are complex conjugates of each other, corresponding to PT symmetry breaking
with a simultaneous coexistence of lasing and absorption eigen-modes. More interestingly, the
microring resonator goes into the PT broken phase with a bifurcation in the imaginary spectrum
even if the strength of gain-loss modulation is infinitesimal. This thresholdless feature in our PT
phase transition owes to the continuous rotational symmetry associated with the desired WGM
order in the absence of a real index modulation. This feature is unique compared to the
previously studied coupled PT waveguide systems including the recently developed coupled
gain/loss WGM resonators [15,19]. In those systems, there are no continuous symmetries, such
that PT symmetry breaking requires a finite strength of the gain-loss modulation [30]. Although
our design is based on a linear model by assuming a steady lasing state with a certain gain
coefficient of InGaAsP, it is worth noting that lasing itself is an intrinsic nonlinear process.
However, this thresholdless PT breaking in our system is robust against optical nonlinearity and
its induced PT phase transition [29].
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Figure 3.5 (a) and (b) show the same eigen frequency (197.6 THz) and complex conjugate imaginary
eigen spectra for the two modes at m =53 determined by numerical simulations (circles/dots) and
theoretical calculations (solid lines). The onset in (c) indicates thresholdless PT symmetry breaking.

In the experiment, a slight deviation from the desired perfectly balanced gain/loss modulation is
possible. However, the thresholdless PT breaking in our system is robust even if the introduced
PT modulation is of unbalanced gain and loss as follows,
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(Iz/m<p<(1+1/2)7/m)

(3.4)
((1+Y2)z/m<p<(I1+1)7x/m)

n. =in"

loss

e {ngain =-in"(1-9)

where ¢ is the introduced factor denoting the difference between the gain and loss strengths. In
this case, the coupled mode equations for the desired WGM order can be written as

B i {2

Rde
dB . .70, : W O (3:5)
—=1| By —1—n"x |B+i| -n"+—n" |KA
Rdg 4 2
The two eigen wavenumbers of the supported WGMs can then be obtained as
. O .- . O .
ﬂ=ﬂ0+|zc%n iIK(n —En ] (3.6)

Evolution of PT symmetry as a function of n" according to Eg. (3.6) can be seen in Fig. 3.6 for a
reasonable assumption of 6 =0.1. The complex eigen-spectra clearly show thresholdless PT
breaking is maintained, but modal gain and loss coefficients are slightly different as
Im(B,) =-0.8715xn" and Im(z,) =1.0285xn", respectively.
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Figure 3.6 PT phase transition in an imbalanced gain/loss modulated microring resonator. (a) and (b) are
the real and imaginary eigen-spectra for m =53 by numerical simulations (circles/dots) and analytical
calculations (solid lines), respectively.

In reality, the fabricated device might not ideally reach perfect gain and loss balance. However, it
can still be treated as a gain/loss balanced PT system after averaging out the system loss [14].

With an additional attenuation term «/7 representing the average loss, at the steady lasing state,
the introduced gain/loss modulation can be written as
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n, =—ie+Z  (Iz/m<p<(+12)x/m)

2
An = (3.7)
=izl (1 +Y2)z/m < o < (I +1)7/m)

T

The coupled mode equations for the desired WGM order then become

d—A:iﬂo'AJri(%JKB

Rdg
dB a (38)
B ()
Rde 2
where f,'= £, +i %K‘. Thus the wavenumbers of the eigen-modes are derived as
. Ko
B=p*i 3 (3.9)

Comparing Eqg. (3.9) with Eq. (3.3), it clearly shows that the unbalanced gain/loss system
maintains the features of the ideal gain/loss balanced PT system, supporting two energy
degenerate modes with complex conjugate gain/loss coefficients after averaging the system loss
with g,".

Fig. 3.7 show the modal intensity distribution of the lasing and absorption modes in the PT
microring resonator with 15 nm Cr and 40 nm Ge on top (corresponding to the InGaAsP MQWs
material gain coefficient of 800 cm™ for the presumed ideal balanced gain/loss modulation): one
with electric fields confined mainly underneath the amplification sections exhibiting a net modal
gain coefficient of 268 cm™, while the other is loss dominant with electric fields mainly under
the Cr/Ge sections with a loss coefficient of -268 cm™. Their eigen frequencies are energy-
degenerate but their gain/loss coefficients are opposite one another, consistent with the features
of PT symmetry breaking. For other WGMs, for instance m =54, electric fields in both energy-
degenerate WGMs are uniformly distributed in gain and loss regimes. As a result, gain and loss
are averaged out, creating modal wavenumbers without net gain or loss (simulations show both
modes have a similarly small loss coefficient of about -8 cm™), as shown in Fig. 3.8. In this case,
WGMs fall into the PT symmetric phase for the non-desired azimuthal orders. It is therefore
clear that only the lasing mode at the desired order contains a positive effective gain coefficient
above the lasing threshold, enabling single-mode lasing. All other WGMs are suppressed by the
intentionally introduced loss from the PT modulation. This unique single-mode operation is even
valid with an arbitrarily wide gain spectrum due to its stringent mode selectivity, which is
inherently different from the conventional single-mode microring lasers that use the real-index
coupling and modulation to achieve the mode splitting in eigen frequencies and are limited by
the bandwidth of the gain media [31,32].
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Figure 3.7 Eigen electric field intensity distributions of paired lasing (a) and absorption (b) modes for
m =53 at 197.6 THz. Fields are confined in the gain (a) and loss (b) sections, resulting in conjugate

modal gain/loss coefficients: effective gain of 268 cm™ (Im(8) =—134 cm™) for the lasing mode (a) and
effective loss of -268 cm™ (Im(8) =134 cm™) for the absorption mode (b).

(a) (b)

LT LT
aw iy )
o W, "y,

\
N
N

N

N
/’ R ah \\\
g

%, I
o
w
2]

T
aw "y,
\\\\\\ Wy Y,
e
2

Y
% =
%y, \\\
MWW

JW

%, =
(/) N\
MW

(m = 54)

Figure 3.8 (c) and (d) show eigen electric field intensity distributions of paired WGMs at m=54. The
two modes share the same eigen frequency of 200.9 THz and a similar modal loss coefficient of -8 cm™

(Im(B) =4 cm™).

The PT microring laser with Cr/Ge modulations was fabricated using overlay electron beam
lithography and plasma etching. The fabrication steps are illustrated in Fig. 3.9. A 500-nm-thick
InGaAsP multiple-quantum-well (MQW) was first grown on an InP substrate by metal organic
chemical vapor deposition (MOCVD). The PT structures and the alignment marks were then
defined in a bilayer copolymer EL8/PMMA A2 resist using the electron beam lithography (EBL).
This is followed by electron beam evaporation of 15 nm of Chromium (Cr) and 40nm of
Germanium (Ge). We then used a shadow mask to block the PT structures area such that only the
alignment mark regions were exposed where an additional 2 nm of Chromium (as adhesion layer)
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and a 40 nm of gold (Au) were deposited. Gold was used to make the alignment marks for its
better image contrast under the scanning electron microscope (SEM) during the subsequent EBL
alignment step. Upon the lift-off process, we used a thick HSQ (FOX-15) as the negative resist
for the second EBL exposure to define the microring. Upon development, the HSQ structures
served as the etch mask for the 1.5-um-deep inductively coupled plasma (ICP) etching using
Cl,/CH4/H; gases. Finally, the mask layer was removed by soaking the sample in hydrofluoric
(HF) acid solution for 1 minute. The SEM image of the fabricated sample is shown in Fig. 3.10.

(d) FOX-15

(a) PMMA

CriGe grating

(e)

E

Shadow Mask

Figure 3.9 Schematic of the fabrication process. (a) EBL patterning of the PT structures and the
alignment marks with a PMMA resist on a InGaAsP MQW grown on an InP substrate. (b) Electron beam
evaporation of Cr/Ge layers. (c) Selective electron beam evaporation of a thick Au layer at the alignment
mark positions using a shadow mask. (d) EBL patterning on a FOX-15 negative resist to define the
microring. (e) Deep ICP etching followed by the removal of the masking layer.

The fabricated PT synthetic laser was optically pumped using a Ti:Sapphire pulsed laser
operating at a repetition rate of 80 MHz, with the central wavelength of 890 nm, and with a pulse
width of 100 fs, as illustrated in Fig. 3.11. The input pump power was adjusted using a variable
neutral density (ND) filter and monitored with a power meter. A longpass dichroic mirror (50%
transmission/reflection at 1180 nm) was employed to selectively reflect the pump laser but
allowing the longer-wavelength emitted light to pass through. The pump beam was delivered to
the device through a Mitutoyo 20x long-working distance objective (NA = 0.4) that was also
used to collect the light emission. In other words, the sample was optically pumped from the top
and lasing emission was also collected from the top as well. Emitted light was then coupled into
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a liquid nitrogen cooled spectrometer for spectral analysis and the lasing image was captured
with an InGaAs infrared CCD camera.

(a)

(b)

4iiR

InGaAsP 200 nm

Figure 3.10 (a) Scanning electron microscope image of the fabricated PT microring laser. (b) Close-up
view showing the lossy Cr/Ge PT structures on top of the InGaAsP gain medium.

Under optical pumping with the femtosecond laser, a broad photoluminescence (PL) emission
around 1500 nm was first observed at low pump power densities (Fig. 3.12). As the pump power
was increased, the transition to amplified spontaneous emission (ASE) and full laser oscillation
was clearly observed from the rapidly increasing spectral purity of the cavity mode. At higher
pumping intensities well above the lasing threshold, the single-mode peak is seen lasing at the
wavelength of 1513 nm, confirming our theoretical prediction of the single WGM lasing
operation of the PT microring laser. The lasing linewidth is about 1.7 nm around the
transparency pump power, corresponding to a quality factor of about 890 that is limited by the
surface roughness of the sample.
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Figure 3.11 Measurement setup to characterize the PT microring laser.
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Figure 3.12 Evolution of the light emission spectrum from PL, to ASE, and to single-mode lasing at the
wavelength of about 1513 nm, shown as the peak power density of pump light was increased from 320
MW cm™, 600 MW cm, to 720 MW cm, respectively.
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In Fig. 3.13, the light-light curve corresponding to single-mode emission clearly shows a slope
change corresponding to a lasing threshold at peak pump power density of about 600 MW cm™.
While the lasing mode (m=53) in the PT broken phase emerges above the lasing threshold,
creating well-pronounced single-mode lasing with an extinction ratio of more than 14 dB, other
WGMs are all below the lasing threshold and are strongly suppressed.
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Figure 3.13 Light-light curve of the PT microring laser shows the power relationship between the lasing
emission and the pump light. A clear onset of the intrinsic single-mode lasing appears at threshold slightly
larger than 600 MW cm’2.

For comparison, a control sample of a WGM laser was fabricated consisting of the same-sized
InGaAsP/InP microring resonator without additional Cr/Ge index modulation. As expected, we
observed a typical multimode lasing spectrum with different WGM azimuthal orders distributed
over the gain spectral region (Fig. 3.14a). Compared to the PT microring laser, it can be seen that
under a similar pumping condition, the resonance peak for the same azimuthal order of m=53
well matches the single-mode lasing of PT ring resonator at the wavelength of 1513 nm (Fig.
3.14b). The power efficiency and the lasing threshold are also similar because the introduced loss
in the PT microring laser minimally affects the desired lasing mode. Moreover, we also
fabricated an additional PT microring laser with a different azimuthal PT modulation for the
order of m=55. Its lasing emission at 1467 nm (Fig. 3.14b) also agrees well with the multimode
lasing spectrum of the conventional WGM laser for the same azimuthal order (Fig. 3.14a). It is
evident that instead of altering the WGM in the microring resonator, the introduced PT gain/loss
modulation selects the lasing WGM in the PT broken phase over a broad band of spectrum. By
changing the desired azimuthal order of the structured PT modulation, the single-mode lasing
frequency can be efficiently selected. Although we only demonstrated lasing for two WGM
orders, this mode selection concept is general and in principle valid for arbitrary gain spectra. In
applications, the demonstrated stable single-mode lasing can be efficiently routed, using a bus
waveguide through the evanescent ring-waveguide coupling, to photonic integrated circuits for
on-chip signal amplification and processing.
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Figure 3.14 Comparison between PT laser and typical microring laser. (a) Multimode lasing spectrum
observed from the typical microring WGM laser, showing a series of lasing modes corresponding to
different azimuthal orders. (b) Single-mode lasing spectra of the PT microring lasers operating at the
m =53 and m=>55 azimuthal orders, consistent with the lasing wavelength for the same azimuthal
orders in (a). This confirms that our PT microring laser does not alter original WGMs but efficiently
select the desired lasing mode.

We have demonstrated a PT microring laser by delicate exploitation of optical loss and gain.
Such a microring laser is intrinsically single-mode regardless of the gain spectral bandwidth.
This is because the continuous rotational symmetry of PT modulation enables the thresholdless
PT breaking only for the desired mode. More importantly, our PT laser demonstration is a major
step towards unique photonic devices such as a PT symmetric laser-absorber that coincides
lasing and anti-lasing, i.e. coherent perfect absorption [33,34] simultaneously.
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3.3 PT Coherent Optical Amplifier-Absorber

Power loss by optical absorption is a serious problem in optics, significantly degrading the
performance and efficiency of optical devices such as microscopes and fiber networks.
Oppositely, optical gain, attained through external pumping, has been invested in light
amplification that overcomes the undesirable absorption [35,36], leading to the birth of lasers. A
laser distinguishes itself from other light sources for its intrinsic coherence in both space and
time. The time-reversed counterpart of laser emission enables coherent perfect absorption in a
loss-dominant resonator, facilitating the emergence of anti-laser. An anti-laser (or coherent
perfect absorber) based on interferometric control of absorption is shown to completely
annihilate both the transmitted and reflected light signals [33,34], promising novel applications
in enhanced nano-optical mode coupling [37], ultrathin perfect absorbers [38,39], and integrated
photonic circuits [40]. While both the laser and anti-laser are individually of important
functionalities to advance the current optics and photonics technology, simultaneous lasing and
anti-lasing is deemed impossible since the conventional laser physics requires either gain or loss,
respectively, but not both. Therefore, unique synergy of simultaneous lasing and anti-lasing is
very difficult to achieve, which, however, can revolutionize optical applications if realized. For
example, while many light modulation and switching schemes have been proposed relying on
either linear or nonlinear light controls [41-44], significant challenges remain to effectively
approach the ultimate modulation depth, a key figure-of-merit to assess the performance of
optical modulators, set by the maximum contrast between the lasing and anti-lasing states
[45,46]. The state-of-the-art modulation depth is still orders of magnitude lower than the
ultimately attainable limit. Recent theoretical proposals [30,45] suggested that a delicate
interplay between gain and loss may resonantly realize simultaneous lasing and anti-lasing using
the concept of parity-time (PT) symmetry.

Here the simultaneous lasing and anti-lasing condition is derived for a waveguide system with
balanced PT gain/loss modulation along the propagation direction of z, where the coupled mode
equations can be written as

9A@) _ ie(2)

(3.10)

9BE) _ _iea@)

where the coupling coefficient between the forward amplitude A(z) and backward amplitude

14

2n
B(z) is k= K, . The amplitudes of the forward and backward propagating waves at both ends
7

of the optical system (Z=0 and z=L) are related through the 2 x 2 transfer matrix M as
follows,
A(L M, M A0
( ()H . ]( ()j_ .
B(L)) (My M, ){B(0)
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Solving the coupled mode equations will lead to M, =M, =cos(xL) , and
M,, =M, =—isin(xL) . Therefore, in this unique PT-symmetric system, both the lasing
(M,, =0) and anti-lasing (M,; =0) conditions can be satisfied simultaneously by equating
COS(KL) =0. This is in stark contrast with conventional non-PT optical systems where M,; and

M,, cannot both become 0 at the same frequency. For the design in an experiment, a device

length of L = 7 can be used.
K

In reality, a slight deviation of the mode index from the perfectly balanced PT gain-loss
modulation is possible. Considering both the real and imaginary part of index deviation from the
design, the gain-loss modulation can be written as
—_in" @ 4 iAan®
A Nyin =—IN"+Ang; +iAn O0<z<al/2 (3.12)
N =iN"+ANZ +iAnl®?  a/2<z<a

where AnY)

loss modulation, respectively. In addition, to obtain the spectral dependence for coherent
amplification and absorption, a frequency detuning term Ak =k -k, is added to the coupled

AnYY and An®) , An'?) are the real and imaginary index deviation for the gain and

mode equations:

9AQ@) _ IOA(z) —ixkB(z)e %%

. (3.13)
dB(z) — _i0B(2) - ixA(z) e

where the coupling coefficient between the forward amplitude and backward amplitude is now

2n" i i
given by Kk =—— —[(Ang? - Ange) ) +1 (An,(ri) - An,(ﬂ )J , while the self-coupling coefficient is
T

0= [(Anﬁfe) +AnY) ) +i (An,(,f]) +AnY )} /2.

The transfer matrix M that relates the complex amplitudes at two ends Z=0 and z=L is

A(L) _ M, M, )\ A(0)
(B(L)j_(M21 MZJLB(O)J' (3.14)

Solving the coupled mode equations above will now yield a more general transfer matrix M of
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[cos(yL) 12 Ak sin(;/L)je‘iAkL —'—Ksin(yL)e“AkL
[Mn Mlzj: Y y .15
M, M - 4 | :
21 22 —I—KSin(}/L)eIAkL (COS(j/L)—I 9+Ak Sin(yL)je'AkL
Ve

where y = 1f/cz +(¢9+Ak)2 :

As a cross-check, for the ideal PT-symmetric device (AnY =An{? =0,An" =An®) =0), the
components of the transfer matrix M shall obey the relation M,, =M, which means
real (M,, ) =real (M,,) and imag(M,, ) =—imag (M, ). This can be seen in Fig. 3.15, where the

lasing and anti-lasing conditions M;; = M,, =0 are both satisfied at a designed wavelength close
to 1540 nm.
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Figure 3.15 M;, and M,, for the perfectly balanced PT modulation. (a) Real and imaginary values of
M,, versus wavelength (b) Real and imaginary values of M,, versus wavelength. M, =M,, =0 is

uniquely satisfied at around 1540 nm, where both lasing and anti-lasing resonances can take place.

Here, we demonstrate a coherent optical amplifier-absorber (COAA), where gain and loss are
deliberately exploited using the concept of PT symmetry, to approach the ultimate modulation
contrast by interferometrically switching photons between lasing and anti-lasing states. An
illustration of the proposed structure and working principle is shown in Fig. 3.16. The optical
feedback by the deliberately designed PT symmetric modulation in the COAA simultaneously
supports two degenerate lasing and anti-lasing modes with complex conjugate gain and loss
coefficients. These two eigen-modes are spatially shifted by half the Bragg wavelength, with an
offset of @ in phase. The phase offset between incoming light beams shifts the constructive
interference from one to the other, showing a great modulation contrast between coherent
lasing/amplification and anti-lasing/perfect absorption. The synergy of simultaneous lasing and
anti-lasing is critical to accomplish large modulation depth with high signal-to-noise ratio.
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Figure 3.16 A coherent optical amplifier-absorber (COAA). (a) and (b) show the principle of the COAA
device, where the pure gain/loss PT modulation is introduced by placing periodic loss structures on a
semiconductor InGaAsP/InP gain waveguide. The period of the PT modulation is designed to be half the
effective wavelength of guided light, corresponding to the Bragg resonant condition at the wavelength of
1540 nm. By uniformly pumping the device, the balanced gain/loss PT symmetry condition is satisfied to
attain both lasing and anti-lasing eigenmodes in this single COAA device. The coherent interferometric
phase control on the guided light incoming from both directions can selectively excite either the lasing
mode or the anti-lasing mode. (a) When the incoming probe beams are -n/2 offset in phase, the Bragg
resonant electric fields constructively interfere only in the gain regions, which leads to strongly amplified
outgoing waves and a sharp peak in the output spectrum corresponding to strong amplification by the
lasing mode. (b) When the incoming probe beams are n/2 offset in phase, the device falls in the anti-
lasing mode, where the Bragg interference of electric fields is strongly confined only in the loss regions,
causing strong absorption and a narrow dip in the output spectrum.
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The COAA is designed using a straight waveguide of 500 nm-thick InGaAsP multiple quantum
wells (MQWs) as a gain medium on an InP substrate. The alternating PT symmetric gain-loss
modulation is introduced by periodically placing thin absorbing Cr/Ge structures on top of the
waveguide. To strongly confine light in the InGaAsP MQWs for maximum modal gain, the
waveguide is designed to be 1.5 um-wide and extends 1 pm-deep into the InP substrate. When
the pump light supplies a considerable gain to the InGaAsP/InP waveguide, the loss of the Cr/Ge
structures reverses the sign of the imaginary part of the local modal index while maintaining
almost the same real part and similar cross-sectional eigen-field distribution along the device. In
our work, the additional Cr/Ge structure is of 7 nm-thick Cr and 7 nm-thick Ge, which leads to
the effective modal index for both the loss and gain regions of n,, =3.203+0.003i, respectively,

equivalent to a modal gain/loss coefficient of 250 cm™ at the wavelength of 1540 nm. As a result,
the guided light experiences an effectively pure gain-loss PT-symmetric modulation as

A= {ngam =—in" (0<z<a/2) (3.16)

Noss = IN" (a/2<z<a)

where n" denotes the index modulation in only the imaginary part and a is the Bragg period
corresponding to half the effective wavelength of the guided light. While the gain-loss
modulation results in distributed optical feedback similar to conventional loss coupled-
distributed feedback lasers [23], only the optical modulation stringently satisfying the combined
PT symmetry can sustain simultaneous lasing and anti-lasing at the same eigen frequency in a
single compact device [45]. In our work, specifically, the lasing and anti-lasing eigen-modes are
degenerate at the boundary of the Brillouin zone due to the distributed Bragg feedback
introduced by the periodic gain-loss interaction. By carefully designing the optical transfer

matrix M =[Mll M,; M, MZZ] of such a two-port system using the coupled mode theory, our

COAA can uniquely satisfy both the lasing (M,, =0) and anti-lasing (M,; =0) conditions.

Remarkably, the realization of PT broken phase makes two mutually exclusive states — lasing
(amplification) and anti-lasing (absorption) modes — synergize at the same frequency in the same
device for the guided light. As shown in Figs. 3.16a and 3.16b, respectively, the lasing and anti-
lasing eigen-states are orthogonal and spatially shifted by © in phase. Therefore, the optical
switching between these two states can be demonstrated by tuning the initial phase offset of two
counter-propagating coherent incoming beams to locate the constructive interference on demand.
When the two incoming probe beams are -w/2 offset in phase (Fig. 3.16a), light is
interferometrically confined in the gain regions where stimulated emission from the lasing mode
takes place to resonantly amplify the outgoing beams. When the two incoming probe beams are
of a n/2 offset (Fig. 3.16b), light becomes localized in the loss regions and coherently absorbed
by the anti-lasing mode, thus strongly attenuating and even fully annihilating the outgoing beams.
To minimize the possible scattering due to mode mismatch while switching between these two
modes, the lasing and anti-lasing modes are designed to have similar cross-sectional electric field
distribution confined in the top InGaAsP MQWs gain layer, as shown in Fig. 3.17a and Fig.
3.17b.
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Figure 3.17 (a) Cross-sectional eigen field distribution of the lasing/amplification mode, leading to a
gain-dominant effective index of n, =3.203-0.003i. (b) Introducing the 7 nm Cr/7 nm Ge structure on

top of the gain waveguide results in a similar cross-sectional eigen field distribution for the anti-
lasing/absorption mode with a loss-dominant effective index of n, =3.203+0.003i. These two modes

with the complex conjugate effective indices lead to the pure gain/loss PT modulation required for
supporting simultaneous lasing and anti-lasing.
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Figure 3.18 Schematic of the fabrication process. (a) EBL patterning of the COAA nanostructures and
the alignment marks with a PMMA resist on a InGaAsP MQW grown on an InP substrate. (b) Electron
beam evaporation of Cr/Ge layers to form the PT nanostructures. (c) Selective electron beam evaporation
of a thick Au layer at the alignment mark positions using a shadow mask. (d) EBL patterning and lift-off
process to form the thick Ge grating couplers. () EBL patterning on a FOX-15 negative resist to define
the waveguides and MMI couplers. (f) Deep ICP etching followed by the removal of the masking layer.
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The COAA sample is fabricated using overlay electron beam lithography and plasma etching.
The key steps of the fabrication process are illustrated in Fig. 3.18. A 500-nm-thick InGaAsP
multiple-quantum-well (MQW) was first grown on an InP substrate by metal organic chemical
vapor deposition (MOCVD). The COAA pattern and the alignment marks were then defined in
PMMA A2 resist by electron beam lithography (EBL), followed by electron beam evaporation of
Chromium (Cr) and Germanium (Ge), 7 nm each, to form the PT structures. We then used a
shadow mask to block the COAA area such that only the alignment mark regions were exposed
where a 2 nm of Chromium (as adhesion layer) and a 40 nm of gold (Au) were deposited. Gold
was used to make the alignment marks for its better image contrast under the scanning electron
microscope (SEM) during the subsequent EBL alignment steps. Upon the lift-off process, the
grating coupler patterns were defined in a thicker PMMA A6 resist by a second EBL exposure.
Electron beam evaporation of 200-nm-thick Germanium was then carried out followed by
another lift-off process. To define the multimode interference (MMI) coupler and the waveguide
patterns, we used a thick HSQ (FOX-15) as the negative resist for the third EBL exposure. Upon
development, the HSQ structures served as the etch mask for the 1.5-um-deep inductively
coupled plasma (ICP) etching using Clo/CH4/H, gases. Finally, the mask layer was removed by
soaking the sample in hydrofluoric (HF) acid solution for 1 minute. The SEM images of the
fabricated samples are shown in Fig. 3.19.

In experiments, it is necessary to separate the input and output signals and simultaneously
measure both the transmission and reflection spectra of the COAA waveguide. Although such a
measurement is easy to perform for free space devices [34], to isolate the output signal from the
input on a chip would require the use of external components that can route the light at will. To
address this challenge in our on-chip measurements, we intentionally designed and fabricated,
together with the COAA, 6 groups of Ge grating couplers and a pair of 2 x 2 multimode
interference (MMI) couplers, as shown in Fig. 3.19b. While two input grating couplers convert
light from free space to the guided mode, two MMI couplers efficiently sort the output signal
from the input and guide them to different grating couplers that radiate the guided light back to
free space. Essentially the input beams (I, and I,) entering the COAA device are monitored using
Coupler A and Coupler B, respectively, while the outgoing lights upon resonant coherent
amplification/absorption (O; and O,) associated with the lasing/anti-lasing states are collected
using Coupler C and Coupler D, respectively. The output coefficient of the COAA, defined as
the ratio of total outgoing light intensity to the total incoming light intensity for the device, can
be determined,

0, +0
®=2[ |l+| Zj (3.17)
1 2

It is also important to note that probing and switching on the lasing and anti-lasing modes are
based upon an interferometrically coherent strategy and thus insensitive to the incoherent
contributions from the pump-induced spontaneous emission and background noise. Therefore,
the undesired incoherent signals are deducted in all the terms defined in ®.
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(b)

Figure 3.19 Experimental characterization scheme for the COAA to validate simultaneous lasing and
anti-lasing. (a) SEM images of the fabricated COAA waveguide on the InGaAsP/InP platform. Coherent
guided probe light coming from both directions selectively excites either the lasing mode or the anti-
lasing mode by the interferometric phase control. (b) Full device layout to measure the incoming and
outgoing light passing through the COAA to characterize the lasing/amplification by the lasing mode and
anti-lasing/absorption due to the anti-lasing mode. Two probe beams are coupled into the waveguide
using Input 1 and Input 2 grating couplers, respectively. Each of them is then equally split into two paths
by a 2x2 multimode interference (MMI) coupler to isolate the input and output signals. By collecting the
signal at Coupler A (B), the intensity of input light waves at the COAA boundary can be determined;
meanwhile, upon interacting with the COAA, the outgoing waves are collected by Coupler C and Coupler
D. The output coefficient of the COAA can thus be obtained by monitoring the outgoing lights from these

grating couplers as @zz(oﬁozj , which is wused to characterize the corresponding

L+1,

amplification/absorption of the fabricated COAA.
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Figure 3.20 Schematic of the measurement setup. OPO: optical parametric oscillator; ND: variable
neutral density filter; GTH: Gaussian-to-Top-Hat beam shaping lens; DM: dichroic mirror; BS: beam
splitter; OBJ: objective lens; FM: flipping mirror; M: mirror; HWP: half-wave plate; PZT: piezoelectric
actuator; LPF: long pass filter with a cutoff at 1500 nm.

To demonstrate coherent optical amplification and absorption, we built a single-pump double-
probe measurement setup with precise phase control at telecommunication wavelengths. The
detailed layout of the setup is shown in Fig. 3.20. To attain uniform pumping over the entire
length of the PT-symmetric COAA, the pump beam from a mode-locked Ti:Sapphire laser
(Chameleon Ultra Il, Coherent) at 840 nm is carefully shaped into a slit beam as follows. We
employ a Gaussian-to-Top-Hat beam shaping lens (GTH) which converts a Gaussian intensity
profile into a square intensity profile. The Ti:Sapphire output was 2.2X expanded to make a
Gaussian beam diameter (1/e%) of 5 mm as an input requirement of GTH (GTH-5-250-4-IR,
Eksma Optics). The GTH forms a square intensity distribution (4 mm x 4 mm) at 250 mm
distance away. By placing a cylindrical lens at its focal distance (f = 100 mm), the square beam is
transformed into a slit beam, of which length is fine-tuned by a variable slit. The tailored slit
beam is 15x demagnified by the tube lens (f = 150 mm) and the objective lens (f = 10 mm, M
Plan Apo NIR 20X, 0.40 NA, Mitutoyo) to uniformly pump only the PT-symmetric COAA area.

For unambiguous demonstration of the coherent amplification and absorption effects, two probe
beams with precise phase control are required. The probe beams in our experiment are supplied
from an OPO signal tuned to around 1540 nm in wavelength. The beam is collimated by 1.2X
expansion optics and is passed through a monochromator (100 um slit, MC1-05, Optometrics
Corp.) to narrow its spectral width and increase its coherent length. Then the light is split into
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two, forming the two probe beams which couple to the COAA device via input grating couplers
at a designed angle of incidence (AOI) of 10°. The positions of the two mirrors sitting on one-
dimensional (1D) stages (i.e. the AOI adjusters) are tuned to laterally shift the probe beams from
the optical axis, thereby adjusting the AOIs of the probe beams onto the grating couplers as
desired. Also, the tip/tilt of two mirrors (i.e. the Field angle adjusters), of which positions are
conjugate to the back focal plane (BFP) of the objective lens through 3:1 reduced relay optics, is
adjusted to induce field angles of the probe beams at the BFP, so that each of the focused probe
spots illuminates the correct location of the gratings while keeping their AOIs unchanged. The
“Delay 17, which consists of a retroreflector on a 1D motorized stage, is used to adjust the
temporal overlap between the pump and probe pulses. The “Delay 2”, another retroreflector on a
1D motorized stage, is utilized to further tune the delay between probe 1 and probe 2. A PZT is
incorporated along the path of probe 1 to control the relative phase between the two probes and
allow for precise phase scanning during the measurement. The HWP and linear polarizer provide
the right polarization direction for the grating couplers, while the LPF and analyzer selectively
capture the output probe signals. An iris on a XY stage, as a spatial filter, is placed at the
intermediate image plane of the sample to spatially select the signal from one of the output
gratings for collection. The position and the diameter of the iris are visually adjusted from
images by an IR camera (SU640HSX-GV01, Goodrich Corp.) placed at the conjugate image
plane via 2f-2f optics. The spatially filtered probe signal is captured by a spectrometer (SP-2300i,
Princeton Instruments) through 15x demagnification optics. The off-axis illumination of a by-
passed probe beam is intermittently used to find the device on the sample and to adjust the
imaging focus of the device as seen by the IR camera. The mounted device is aligned to the
pump beam and then the two probe beams are independently aligned to the corresponding input
gratings. The picture of the built setup is shown in Fig. 3.21.
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Figure 3.21 A picture of the real measurement setup built on an optical table.
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Figure 3.22 Lasing and anti-lasing modes in the COAA.. (a) The lasing spectrum at pump energy density
of 14 pl/cm?® well above the lasing threshold, showing the resonant lasing/amplification mode centered
around 1541.6 nm. (b) Light-light curve plotted on a log-log scale, where the data points represent the
experimental values and the solid line is based on the best-fit of the rate equation model. The lasing
threshold occurs at around 5 pJ/cm?, above which the effect of nonlinear laser dynamics on the exact PT
symmetry and properties of the COAA remains unclear. We therefore performed the simultaneous lasing
and anti-lasing characterizations around the lasing threshold. (c) The spectra output coefficient

L +1,

density of 5 pd/cm?®. With the -n/2 phase-offset probe beams, the maximum ©, shown in red, manifests a
distinct amplification peak of 8 dB at 1540.3 nm, corresponding to the resonant lasing mode; while with
the /2 phase-offset probe beams, the minimum ®, shown in blue, is associated with the anti-lasing mode
inducing an absorption dip down to -24 dB at 1541.1 nm. The lasing and anti-lasing modes share similar
resonant wavelengths, which is due to the complex conjugate energy degeneracy supported by the PT
broken phase. The small difference in their resonant wavelengths is caused by a slight mismatch of the
real part of their mode index in the experiment, i.e. An’=0.002 due to fabrication imperfection.

0, +0 .
®= 2[¥] of the COAA in the wavelength range from 1535 nm to 1547 nm for a pump energy

In the COAA under PT broken phase, the existence of the lasing mode can be directly validated
with the lasing emission alone without the two probe beams. The PT gain/loss modulation was
obtained by uniformly pumping the entire length of the COAA using a femtosecond pulse at the
wavelength of 840 nm, which produced the Bragg optical feedback to support the mode
oscillation in the COAA. As the pumping energy density is increased above the lasing threshold,
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stimulated emission of the resonant lasing mode dominates and lasing oscillation is observed
(Fig. 3.22a). With the pump energy density at 14 pJ/cm? a lasing peak inherently associated with
PT broken phase occurs at the wavelength of 1541.6 nm, corresponding to the resonant
wavelength of the lasing mode. Note that the lasing line broadening is observed. This is due to
the ultrafast pump that cannot support an efficient overlap in time with the pump-generated
carriers, leading to non-steady lasing emissions. The output light intensity as a function of pump
energy density is plotted in Fig. 3.22b, which shows the lasing threshold, i.e. the nonlinear kink,
at around 5 pJ/cm?. On the other hand, the anti-lasing mode for coherent perfect absorption must
be characterized using two coherent probe beams that mimic the time-reversed lasing radiation,
while maintaining the same pump condition used in lasing and amplification measurements. It is
ideal to have a large pump to enhance lasing and amplification, however, the nonlinear laser
dynamics above the lasing threshold breaks the exact PT symmetry condition [45] that is
required for the synergy of simultaneous lasing and anti-lasing. The effect from nonlinear laser
dynamics on the COAA remains rather unclear. Therefore, we intentionally fixed the pump
around the lasing threshold at 5 pJ/cm?, where the lasing-associated optical nonlinearities were
negligible, when we conducted the anti-lasing measurements. By controlling the phase offset
between two probe beams to be /2, we successfully excited the anti-lasing eigenmode with
constructive light interference mainly localized in the loss regions. As shown in Fig. 3.22c, the
sharp absorption dip of ® down to -24 dB, in contrast to the lasing peak, can be observed at the
anti-lasing resonant wavelength around 1541.1 nm. Meanwhile, when the phase offset between
two probe beams was switched to -n/2, under the same pumping condition, the excited resonant
mode became the lasing mode with a maximum amplified ® of 8 dB at the wavelength around
1540.3 nm. The results clearly demonstrated the simultaneous coincidence of coherent
amplification and absorption under the same resonant condition, which is due to the successful
synergy of simultaneous lasing and anti-lasing in the COAA operated under PT symmetry
breaking. In contrast to the standard optical modulators/amplifiers that are typically limited to
either absorption or amplification alone, our COAA demonstrates the ability of achieving both
amplification and absorption within a single device simply by tuning the phase, promising an
ultimate limit to the maximum modulation depth attainable.
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Figure 3.23 Linear scaling of output signals to the input probe beam power. The Output 1 signal intensity

at the lasing/amplification mode is found to linearly scale with the averaged input probe power. The error
bars are the standard deviations from 20 measurements.

69



It is important to note that strong probe beams can also cause undesired saturation effects and
nonlinear frequency mixing with the pump beams. This in principle can also perturb the exact PT
symmetry condition and degrade the associated amplification and absorption performance. To
prove that the measured sharp amplification and absorption peaks are not caused by nonlinear
interactions, we investigate the power scaling of the collected signals. The average probe power
is tuned from 200 pW to 1000 uW by the variable neutral density (ND) filter wheel located
between the monochromator and the HWP, while the Output 1 signal is measured at the coherent
amplification resonance wavelength (1540.3 nm). It is apparent from Fig. 3.23 that the signals
scale linearly with the input probe power. Since we perform the amplification and absorption
measurements at 900 uW probe power, this confirms that the sharp amplification and absorption
effects observed in our COAA strictly follows the linear scattering theory and it eliminates any
contribution due to gain saturation and other nonlinear properties.
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Figure 3.24 Phase response of outgoing waves by coherent light control. The phase response from both
the normalized Output 1 and Output 2 signals by continuously varying the phase offset between probe
beams from -n to ©. For the phase-insensitive wavelength at 1539.0 nm (as a control), the two outgoing
waves are completely out-of-phase. If the resonant mode (either lasing or anti-lasing) is excited, however,
the outgoing waves become in-phase, as shown at 1540.3 nm wavelength.

While it is evident that the light modulation by our COAA is a linear coherent process based
upon the coherent control on optical phase, we further investigated the related phase sensitivity
at different wavelengths by monitoring the outgoing waves, as shown in Fig. 3.24. For the
wavelengths where the system is on resonance where the strong distributed Bragg feedback is
dominant, either the lasing or anti-lasing mode is excited with the constructive interference in the
gain or loss regions, respectively. This requires the electric field inside the COAA to be closely
in-phase, leading to the same in-phase outgoing waves from two different ports of the device.
The phase dependences for both lasing and anti-lasing modes are almost identical, which again
indicates the synergy of the lasing and anti-lasing modes by PT symmetry breaking. If the
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operation wavelength is off resonance, a weak optical feedback is formed by the two boundaries
of the COAA. Outgoing waves from the two ports continuously vary between in-phase and out-
of-phase in wavelengths as suggested by the side ripples in the output coefficient spectra (Fig.
3.22c). The system becomes phase-insensitive where the amplification and absorption spectra
cross [34], for example, at the wavelength of 1539.0 nm. Here, outgoing waves are completely
out-of-phase, equal to the scattered field from incoherent illumination.

To better understand the coherent amplification and absorption mechanisms, we utilize the finite-
difference time-domain technique (Lumerical FDTD software) to obtain the local field
distribution inside the COAA device (i.e. at the gain/loss regions) in addition to acquiring the
complex transmission and reflection properties. As shown in Fig. 3.25, two plane wave sources
are excited in opposite directions at the left and right side of the COAA device respectively, and
the input phase of source 1 can be easily tuned by changing its position. The two positions
—X, —AX and —X,+AX correspond to m/2 and -n/2 phase difference between the two sources,
respectively. Output monitor 1 and output monitor 2 are used to record the output at the left and

right side of the device respectively, while the field monitor is used to record the field
distribution throughout the entire device.
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source 1 gain-loss modulation region source 2

o]

ut
jitor 2

L1 1 ]
=X, —Ax —x; —x; + Ax X, X

Figure 3.25 Setup of the numerical simulation. A schematic of the simulation setup and setting to capture
the coherent amplification and absorption effects.

By directly adding the results recorded by the two output monitors (already normalized by the
input sources), we can obtain the COAA output coefficient ® . The maximum and minimum of
@ are acquired by altering the position of source 1, and consequently their responses at different
wavelengths are obtained. Taking the non-perfect PT symmetric case as an example, we can see
from Fig. 3.26 that the numerical simulation and coupled mode theory results are perfectly
matched.

Upon verifying the rigorousness of this numerical simulation technique, we can then simulate the
field distributions inside the COAA device. As shown in Fig. 3.27, at the control wavelength of
1539.0 nm, the electric field amplitude is located between the gain and loss regions, therefore the
outgoing waves experience neither amplification nor absorption. On the contrary, when the
amplification mode is excited at the wavelength of 1540.3 nm, the electric field amplitude is now
confined in the gain regions, leading to in-phase constructive interference which strongly
amplifies the outgoing waves.
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Figure 3.26 Perfect-matching between the simulated and theoretical results. COAA output coefficient ®
versus wavelength for the non-perfect PT symmetric case where the dots and curves denote the simulation
and theoretical results respectively, which show perfect agreement.
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Figure 3.27 At the phase-insensitive wavelength of 1539.0 nm (as a control), the interference pattern is
located between gain and loss regions, leading to the scattered intensities similar to incoherent
illumination. When the lasing (anti-lasing) resonant mode is excited, at 1540.3 nm for example, the
interfered electric field amplitude distribution can be predominantly confined in the gain (loss) regions,
which leads to strong coherent amplification (absorption) for the outgoing waves at both ends. The dotted
lines mark the position of the COAA with the arrows representing the incoming probe beams. Depending

on the arrow position, a phase shift to one of the incident probe beams can be introduced.
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To further understand the phase relationship between the two outgoing waves, we plot here the
output phase difference (|Ag,, |= |A¢out,1 — A¢Out’2| ) as a function of wavelength. As shown in Fig.

3.28, the overall trend of the measured data agrees well with the simulation result. When the two
outgoing waves are out-of-phase for the off-resonance wavelength such as 1539.0 nm, they are
completely out-of-phase. However, the output phase difference gradually diminishes as it
approaches the coherent amplification (1540.3 nm) and absorption (1541.1 nm) resonance
wavelengths. This closely in-phase behavior is to be expected due to the constructive
interference in the gain/loss regions, which leads to simultaneous buildup/termination of the
outgoing waves at both ports of the COAA device. This confirms the similar phase dependence
of the lasing and anti-lasing modes in the COAA.
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Figure 3.28 Output phase difference versus wavelength. The relative phase difference between the two
outgoing waves gradually diminishes as the wavelength approaches the point of lasing and anti-lasing
modes.

3.4 Summary and Outlook

In this chapter, we showed how the imaginary part of refractive index can be engineered to
realize unique optical devices. Using the concept of PT symmetry, loss and gain structures are
coupled to give rise to degenerate gain and loss resonant modes. First we experimentally
demonstrated a PT single-mode laser with unique mode control capability. Thresholdless PT
symmetry breaking due to the rotationally symmetric microring structure leads to stable single-
mode operation with the selective whispering gallery mode order. Next we realized a coherent
optical amplifier-absorber that uniquely attained both the lasing and anti-lasing states within a
single device, paving the way for optical modulators approaching the ultimate modulate depth
limit.

The engineering of loss and its interplay with gain is no doubt extremely important in optical
metamaterials research. This opens plenty of new opportunities for using the lossy metals to
manipulate the cavity modes, steer the radiation profile, and enable unidirectional light transport
in photonic integrated circuits. Incorporating nonlinearity in a PT symmetric system can
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potentially lead to many interesting nonlinear optical devices (eg. saturable absorbers, Raman,
optical solitons, etc) with unique properties unattainable otherwise. It might even be possible to
generalize the synergy between the loss and gain mediums to other opposite states, such as the
interplay between negative index and positive index materials.
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Chapter 4

Subwavelength Local Phase Engineering

4.1 Metasurface

Recent development of metasurfaces pointed out a way to manipulate the phase of a propagating
wave directly. The metasurface is an optically thin layer consisting of subwavelength-sized
elements with the unique ability to locally tailor the electromagnetic response at the nanoscale
accompanied by dramatic light confinement [1-7]. Metasurfaces have enabled a variety of unique
phenomena and applications which cannot be achieved conventionally [8,9], for example,
negative-angle refraction in a broad wavelength range [1,2], unidirectional surface wave
coupling [10,11], planar optical lenses and waveplates [4,12-15], ultra-thin high-resolution
holograms [16-18], and enhancement of nonlinear optical responses [19]. Fig. 4.1 shows some of
the key achievements using metasurfaces.
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Figure 4.1 Representative metasurface works demonstrating novel light properties: (a) Anomalous
reflection and refraction at 8 um wavelength [1]. (b) Perfect coupling from propagating waves to surface
waves at 15 GHz microwave frequency [3]. (c) Ultra-thin holograms for visible light at 676 nm [17]. (d)
Polarization-controlled tunable directional coupling of surface plasmon polaritons at 633 nm [11].
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4.2 Ultra-thin Three-dimensional Invisibility Skin Cloak

A cloak is a stealth device that can render objects invisible under illumination of incoming waves.
Transformation optics and metamaterials provide us powerful tools to build cloaking devices.
Different schemes, either by coordinate transformation [20-22] or by scattering cancellation [23-
25] have been studied. Although the concept was first proposed for electromagnetic waves, soon
it was extended to acoustic waves [26], heat flows [27-29], elastic or seismic waves [30-32], and
even for the matter waves [33,34]. Recently, a quasi-conformal mapping technique [35] was used
to design a so-called carpet cloak that conceals an object by restoring the wavefront as if it were
reflected from a flat surface. This technique relaxes the requirement of extreme material
properties and anisotropy as in the case of the original cloak, therefore making it easier to design
and fabricate. Such invisibility carpet cloaks were demonstrated experimentally from the
microwave frequencies [36,37] up to the optical frequencies [38-44], as summarized in Fig. 4.2.
Recent theoretical proposal also suggested the use of phase gradient along a metasurface to build
an ultra-thin invisibility device in the terahertz frequency regime [45].

Microwave

Near Infrared

Cloaked
bump

Visible

Figure 4.2 Experimental realizations of electromagnetic cloaks in thfenge past decades from microwave
to visible frequencies. (a) The first cloak used copper split ring resonators with spatially varying effective
magnetic permeability to achieve the cloaking effect at 8.5 GHz [21]. (b) A broadband carpet cloak using
non-resonant metamaterial elements working from 13-16 GHz [36]. (c) A dielectric cloak working for a
broad range of wavelengths (1.4 um to 1.8 um) was built by spatially varying the filling fraction of
silicon (using effective medium theory) to achieve the required index distribution for cloaking [38]. (d) A
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near infrared cloak similar to (c) except pillars of nanostructured silicon were formed (instead of holes in
() [39]. (e) A three-dimensional cloak made using direct laser writing showed good cloaking
performance down to about 600nm [41]. (f) A visible cloak using similar design strategy as (c) but with a
finer resolution silicon nitride structures enabled cloaking from 700 nm down to 480 nm [42]. (g) A
macroscopic visible cloak using natural birefringent crystal at 532 nm wavelength. All the cloaks above
used either the transformation optics principle or the quasi-conformal mapping technique, where all of
them (except (g)) require a spatial variation of the electromagnetic property [43].

Nevertheless, there are still significant limitations in the current optical cloak designs which
utilize the quasi-conformal mapping technique. This requires that the refractive index modulation
is over a large volume to avoid extremely high or low index, leading to a bulky cloak. In addition,
this necessitates sophisticated three-dimensional fabrication with very high spatial resolution.
Therefore, it is extremely challenging to scale up to macroscopic sizes. In addition, the varying
index has to be less than that of the environment in certain regions (Fig. 4.3a), making it difficult
to create a cloak working in the air. As a result, the cloak is usually embedded in a dielectric
prism of higher index which, however, introduces an additional phase in the reflected light, and
makes the optical cloak itself visible by phase-sensitive detection.

arbitrarily-shaped object
Cloaked region

Figure 4.3 (a) A schematic illustration of a conventional carpet cloak. The cloak device is a region with
spatially varying refractive index designed using optical conformal/quasi-conformal mapping technique.
The blue color of the cloak device region qualitatively indicates the local refractive index (the darker
color indicates higher index) and the grid lines indicate the deformed optical space. The light incidents
from the left and exits to the right as represented by the arrowed lines. The devices recover the wavefront
(indicated as triple short lines) of the exiting light, such that the object is hidden and look like a flat mirror
judging from the scattering pattern of the exiting light. However, a typical conventional cloak introduces
additional phase retardation due to the light propagation inside its host material, which makes it detectable
to the phase-sensitive measuring devices. (b) A schematic view of a cross section of the metasurface skin
cloak. The metasurface skin cloak fully restores both the wavefront and the phase of the scattered light
and thus the object is perfectly hidden. On a metasurface skin cloak, a phase shift is provided by each
nanoantenna to realign the wavefront. At an arbitrary point on the object with height h to the flat
reference plane, the nanoantenna should recover the phase of the scattered light. Suppose the light (red
solid lines) is incident at an oblique angle (6, ¢) at that point, the scattered wave should look as if it were
reflected by the reference plane (orange dashed lines). The nanoantenna at that point should provide a
phase shift A® = —2kyh cos 8 + m, which compensates the phase difference between the solid and
dashed lines. Note that the height is negative where the surface is below the reference plane.

Here, we aim to demonstrate an ultra-thin invisibility skin cloak in the optical frequencies that
overcomes the limitations of a bulky cloak. A metasurface conformally wrapped over an object
to render it free from optical detection highly desired. In contrast to the previous bulky design
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using continuous refractive index distribution over a volumetric space [35], an ultra-thin layer of
skin cloak can reroute the light and restore the wavefront scattered from the object by
compensating the phase difference using phase-shifting resonant elements on the cloak surface.
With the complete wavefront and phase recovery, a three-dimensional object of arbitrary shape
can be concealed using this skin cloak.

Our metasurface skin cloak consists of subwavelength-scale nanoantennas which provide distinct
phase shifts locally to the reflected electromagnetic waves. Based on this phase control capability,
we design a metasurface so that the phase of the scattered light, at each point on the surface of
the cloak, is the same as that reflected from a flat mirror. For an oblique-angle (6, ¢) light
incident on an arbitrarily-shaped three-dimensional object at a height of h with respect to the
reference plane (Fig. 4.3b), the introduced phase shift should compensate the phase difference
between the light scattered by the object and that reflected from the reference plane. It is
straightforward to calculate the phase difference, which is A® = —2kyh cos 6 + m, wherek is
the free space wavenumber. The additional © term represents the phase jump induced by a
reflecting mirror. Therefore, by designing nanoantennas with local phase shift, the scattered
wavefront will be re-aligned. Moreover, the phase will be completely restored, rendering the
object undetectable even for phase-sensitive instruments.
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Figure 4.4 (a) A three-dimensional illustration of a nanoantenna used to build the metasurface. (b)
Calculated phase shifts and reflectance in a two-dimensional parameter space spanned by L, and .. The
solid lines are the contour lines of the phase shift and the dashed line is the contour line of the reflectance
at 84%. For simplicity, six different nanoantennas which span the phase from 0 to 2z with an interval of
n/3 are chosen as the building blocks to construct the metasurface, as shown by the six red circles
intersecting the phase and the 84%-reflectance contour lines.

As a demonstration, we use a simple rectangular nanoantenna design (Fig. 4.4a). The calculated
phase shifts and reflectance in a two-dimensional parameter space spanned by nanoantenna
dimensions [, and L, are mapped out for the selection of designs. Six different antennas with
phase shifts covering 0 to 2x while having the same reflectance are chosen as the building blocks
of the metasurface skin cloak. To make the invisibility cloak fully working, we need the reflected
intensity as close as that to a mirror. With adaptation of an ultra-thin dielectric spacer layer to
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create a gap plasmon resonance [46,47], our antennas are designed to attain an overall
reflectivity of 84%. The parameters for the nanoantennas used in our experiment are indicated as
red circles in Fig. 4.4b. We build a metasurface using those nanoantennas to compensate the
local phase change of the reflection.

Full-wave simulation results show that strong scattering and significant wavefront and phase
distortion can occur for an arbitrarily-shaped three-dimensional object with a maximum height of
about 1 um and a width of about 10 um (Fig. 4.5a). However, by wrapping the object with the
metasurface skin cloak, the wavefront and phase are completely restored for both normal (Fig.
4.5b) and slightly oblique incidences (Fig.4.5c). Therefore the object is perfectly hidden even
from phase sensitive detection.

(a) =

NN\

Arbitrarily-shaped object

Figure 4.5 (a-c) Full-wave simulated electrical field distribution (shown for a cross section) based on an
actual design for (a) a scattering object without a metasurface skin cloak at a normal incidence, (b) the
same object with a metasurface skin cloak at a normal incidence, and (c) the same object with the same
metasurface skin cloak as in (b) but at a 15degree oblique incidence. Only the reflected field is plotted for
clarity. The wavelength of the incident light is 730 nm in the simulation. We can clearly see that the
reflected light is almost completely recovered by the skin cloak as if there were no scattering object for
both normal and oblique incidence cases.
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Our ultra-thin device has merely a thickness of 80 nm (~A/9) and has much better scalability
since the device is two-dimensional. An illustration of the ultra-thin metasurface skin cloak
conformally wrapped on a three-dimensional object of arbitrary shape is shown in Fig. 4.6.

Figure 4.6 A three-dimensional illustration of a metasurface skin cloak. The skin cloak is an ultra-thin
layer of hanoantennas conformally covering the arbitrarily-shaped object. The small golden blocks are the
nanoantennas forming the cloak.

The fabrication of the three-dimensional object and skin cloak requires precise nanofabrication
steps. The procedure (Fig. 4.7) begins with a 1 um thick oxidation on a silicon substrate. A
Gallium-based focused ion beam (FIB) is then used to carve the three-dimensional profile and
pattern the alignment marks. The oxidation layer is to trap and prevent the remnant Gallium ions
(implanted during the FIB milling process) from diffusing to the top surface and cause undesired
roughness. This is followed by electron beam evaporation of a thick 200 nm of gold to form the
bottom reflective layer. Next, we utilize an atomic force microscopy (AFM) to scan the height
profile of the entire three-dimensional contour, as shown in Fig. 4.8a. Using the height data as
the input, this allows us to design and fabricate the corresponding metasurface nanoantennas at
each local position. An extra step of coordinate marking of the patterned alignment marks is also
performed to further improve the alignment accuracy. We can then do electron beam evaporation
of 50 nm MgF, to create the dielectric layer for gap plasmon resonance. Importantly, the
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metasurface nanoantennas are patterned on a bilayer PMMA A2 resist using electron beam
lithography (EBL) with extremely precise alignment. Upon development, 2 nm of Chromium (as
adhesion layer) and 30 nm of gold are evaporated followed by the lift-off process. Fig. 4.8b and
Fig. 4.8c show the scanning electron microscope (SEM) images of the fabricated metasurface
conformally positioned on the three-dimensional object.
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Figure 4.7 Schematic of the fabrication process. (a) 1 pum thick SiO, deposited on the Si substrate. (b)
FIB milling of the 3D profile and the alignment marks. (c) Electron beam evaporation of a 200 nm thick
Au layer. (d) AFM scanning and coordinate marking of the alignment marks. (e) Electron beam
evaporation of a 50 nm MgF; layer. (f) EBL patterning of the metasurface nanostructures.

To test the cloaking performance, we first collect the wide-field reflection image of the device.
We use a low numerical aperture (NA) objective lens in a standard microscope setup to acquire
the image for its wider field of view and the closer resemblance to a plane wave incidence. To
simplify the measurement, the metasurface nanoantennas are designed for a particular linear
polarization, thus by rotating the polarization of the incident light we can easily switch the cloak
between on and off states. Testing at each separate wavelength requires a tunable laser source,
and a diffuser is added along the path to reduce the speckles caused by the interference of the
input laser beam. In addition, a Mach-Zehnder interferometer setup (Fig. 4.9) is also built to
acquire the phase information of the reflected light. A temperature tunable diode laser is used as
the light source. The incident light is split into two paths when reaches the first beam splitter.
One enters an objective and interacts with the sample. The other one act as the reference light to
form the interference pattern. The optical path of the reference arm is adjustable using a
retroreflector mounted on a translation stage. The two paths rejoin at the second beam splitter
and form the interference fringes at a charge-coupled device (CCD).
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height (um)

Figure 4.8 A metasurface invisibility skin cloak for a three-dimensional arbitrarily-shaped object. (a) The
AFM height profile of a three-dimensional arbitrarily-shaped object that includes multiple bumps and
dents. (b) SEM images of the zoomed-out image of the entire object. (c) Close-up view of the metasurface
skin cloak conformally fabricated on top of the three-dimensional object.
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Figure 4.9 Mach-Zehnder interferometer setup for the phase measurement. (BS — beam splitter, M —
mirror, R — retroreflector, L — lens, OB — objective, CCD - charge-coupled device)
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Figure 4.10 (a) and (b) Optical wide-field reflection image obtained with a 0.3 numerical aperture
objective lens with 730-nm-wavelength laser illumination. The sample region is indicated by the red
dashed boxes. (a) The obtained reflection image when the cloak is off and (b) when the cloak is on, taken
at the same position. The on/off switching of the cloak is carried out by changing the polarization of the
incident light since the cloak is intentionally designed to work in one linear polarization. We can see that
with the cloak off, the bumps and dents are observable under the microscope, while they are totally
invisible with the cloak on. Note that the noise in the images is due to the laser speckles. (c) and (d) The
interference images when the cloak is off (c) and when it is on (d). When the cloak is off, the interference
fringes are distorted on the three-dimensional object, which indicates the height difference on the surface.
When the cloak is on, the interference fringes smoothen again, matching with that of the flat surface
outside the object region, thus proving that both the wavefront and the phase are well restored without any
distortion.

\
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The measurement results of both the reflection and phase are shown in Fig. 4.10. Since we
design our nanoantennas to have the correct phase shift only in the x-polarization, we can easily
turn the cloak on and off by switching the polarization. When the cloak is off, a strong contrast
between the cloaked region and the surrounding reflective surface reveals the object (Fig. 4.10a);
but when the cloak is turned on, the contrast becomes indistinguishable, rendering the object
completely invisible (Fig. 4.10b). For the phase measurement, when the cloak is off, there are
distortions in the interference fringes indicating the phase of the reflected light is non-uniform
due to the scattering of the object (Fig. 4.10c). When the cloak is on, the distortions disappear
and the fringes are smoothly aligned indicating the reflected phase is perfectly uniform over the
surface (Fig. 4.10d). As we are using an objective to image the sample, the interference fringes
are rings rather than perfectly straight lines. We also test an object with identical profile but
without a skin cloak. The interference results (Fig. 4.11) show fringe distortions similar to when
the cloak is turned off, thereby verifying that the distortion of fringes is purely due to the object
scattering and not because of the metasurface’s polarization dependency.

Figure 4.11 Experimental measurement results for a control sample of same three-dimensional height
profile but without the metasurface cloak. (a) A wide-field reflection image where the bumps are clearly
visible. The red dashed box indicates the sample region. (b) An interference pattern showing the phase
information of the reflected light. We can see that the fringes are distorted in the region of the object.
Note that the pattern looks similar as that obtained when the metasurface skin cloak is ineffective (Fig.
4.10c). This control sample is fabricated on the same chip.

To quantify the performance of a skin cloak, we fabricated and measured a three-dimensional
bump-shaped object (Fig. 4.12). When the cloak is off (Fig. 4.13c), the interference fringes are
shifted in the direction perpendicular to the stripes. The amount of phase shift is approximately
proportional to the local height of the bump surface. When the cloak is on (Fig. 4.13d), the
interference fringes become smooth and realign with those from the flat region. Importantly, no
phase jump is observed even at the edges of the skin cloak, proving that there is no additional
phase introduced by the cloak. The relative height information is extracted from the amount of
fringe dislocation. It is compared with the AFM height profile measured before the nanoantennas
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are fabricated (Fig. 4.14). When the skin cloak is off, the height from the interference
measurement matches well with the AFM results, revealing the true bump profile. Thus, the
bump can be precisely mapped out using this phase-sensitive method. When the cloak is on, the
extracted height remarkably drops to zero over the entire area and appears invisible.

(b)

Figure 4.12 (a) SEM image of a fabricated three-dimensional bump-shaped object with the metasurface
skin cloak wrapped over it. (b) Close-up view of the metasurface nanoantennas.

Our skin cloak fully inherits the advantages from the metasurfaces. It is extremely thin, with an
antenna and dielectric spacer thickness of 30 nm and 50 nm, respectively. The total thickness is
almost a tenth of the operating wavelengths. Our skin cloak is conformal and fully scalable to
macroscopic sizes. The cloak can also work on objects with sharp features like abrupt edges and
peaks because the invisibility is attained via the local phase adjustments. Within our experiments,
our design can tolerate incident angles at least within 30 degrees. We also found that the
metasurface skin cloak can work over a range of wavelengths, as the arbitrarily-shaped object
can be concealed relatively well from 710 nm to 810 nm (Fig. 4.15). To allow easy switching
between cloak on and cloak off configurations for direct comparison, the metasurface is designed
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to work only in one polarization. However, by making the nanoantenna shapes symmetric in both
x- and y- directions it is possible to have a polarization independent invisibility skin cloak.
Furthermore, if the nanoantennas can be made adaptive, passively or actively, a deformable skin
cloak can potentially conceal any object.

Cloak off

Figure 4.13 Quantitative performance evaluation for a metasurface skin cloak on a three-dimensional
bump-shaped object. The bump has a maximum height of around 400 nm and a width of approximately
10 um. (a) and (b) Wide-field reflection image when the cloak is off (a) and when the cloak is on (b). (c)
and (d) Interference fringes obtained when the cloak is off (¢) and when the cloak is on (d). The sample
regions are indicated by the red dashed boxes.

88



Acloak off @cloakon  wee AFM

d 04
04r é‘
L ‘ \‘ 0.3
osl s @
: 02 =
. g
g 01
ES
N
a
0 5 10
X (um)

Figure 4.14 The extracted height profile from the interference measurement together with that from the
atomic force microscope (AFM) measurement. The solid line represents the AFM results measured before
the fabrication of the nanoantennas. The red triangles show the height information extracted from the
interference pattern with the cloak off. The data match well with the AFM results. The blue circles denote
the height information extracted from the interference pattern with the cloak on. The height becomes
almost zero all over the bump region, making the object appears hidden as if it is just a perfectly
reflecting mirror.

Figure 4.15 Widefield reflection images for the metasurface skin mask at different wavelengths. (a) 710
nm, (b) 750 nm, (c) 770 nm, (d) 790 nm, (e) 810 nm. We can see that the skin cloak works moderately
well in this wavelength range. The sample region is indicated by the red dashed boxes.

4.3 Summary and Outlook

In chapter 4, we present an ultra-thin invisibility skin cloak in the visible wavelength range using
the concept of subwavelength reflection phase manipulation enabled by metasurface. To the best
of our knowledge, this is the first conformal invisibility cloak for three-dimensional arbitrarily-
shaped objects, with complete restoration of both the wavefront and the phase of the reflected
light. As the metasurface is extremely thin, lightweight, and easy to fabricate, this new approach
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is a promising way for making large-scale ultra-thin invisibility devices to conceal macroscopic
objects for real-world applications.

Subwavelength phase control essentially provides a new degree of freedom to engineer the
effective electromagnetic response. Unlike standard optical metamaterials which are periodic in
the planar dimension, metasurface completely breaks the symmetry and allows spatial phase
modulation of arbitrary form, limited only by imagination. It is therefore not hard to imagine
using metasurface as antenna to control the far field radiation and couple it with emitters to
enhance the light matter interaction. Owing to its two-dimensional ultra-thin nature, | believe
metasurface also has a huge potentials in engineering the surface nonlinearity and be integrated
into the emerging field of flexible optoelectronics.
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Chapter 5

Conclusion and Outlook

For centuries, the design of standard optical elements is mostly limited to the engineering of the
real part of refractive index above one. However, this boundary can be broken using artificially-
engineered optical metamaterials. In this dissertation, | show that engineering of the real part and
imaginary part of the refractive index, as well as the local subwavelength phase control can all
lead to unique functionalities and extreme device performances.

Chapter 2 first shows how resonances can be engineered using multilayer stacked metal-
dielectric nanostructures to attain bulk (real part of) refractive index from positive to negative
values. Not only that a bulk NIM is experimentally demonstrated in the visible wavelength range,
it has a relatively high transmission, making it one step closer to practical applications. This low-
loss property is extremely crucial in single-photon quantum optics experiment and nonlinear
optics study which typically involve rather weak signals. Here we investigated nonlinear
propagation through a thick bulk NIM and ZIM for the very first time. More importantly, we
proved that ZIM guarantees constructive interference and perfect phase-matching within the bulk
medium, resulting in equal amount of nonlinear light generation in both the forward and
backward directions. We believe the demonstrated negative phase advance of visible NIMs and
the uniform phase distribution in ZIMs can open the door for new optical devices in both the
linear and nonlinear optics regimes. As metamaterials are typically anisotropic, we can further
engineer the components of the permittivity and permeability tensors to attain unique
isofrequency contours in the Fourier space. Through rigorous measurement of the transmission
and reflection, both amplitude and phase for a range of wavevectors, a novel magnetic
hyperbolic dispersion bulk optical metamaterial is demonstrated, enabling a new path to enhance
photon density of states and light-matter interaction.

Chapter 3 highlights the possibility of engineering the imaginary part of refractive index to
realize novel optical devices. In particular, the interplay between loss and gain is carefully
engineered to be parity-time (PT) symmetric for unique resonance mode control. We showed that
by creating the loss and gain mediums in a ring configuration, thresholdless PT broken phase can
be attained. Such a system will always have a paired resonant gain and loss modes. For a PT
microring resonator with whispering-gallery-modes (WGMs), only the gain mode will survive
and lase while the rest will be absorbed by the loss, thereby achieving single-mode lasing
regardless of the material gain bandwidth. This allows the creation of single-mode lasers with
precise cavity mode and radiation control. In addition, PT symmetry enables laser and anti-laser
(CPA) to be built within a single device. We experimentally showed direct switching between
the lasing and anti-lasing states by simply tuning the phase of the probe beams. This new
modulation strategy gives rise to strong coherent amplification/absorption to the signals and
potentially approaches the ultimate limit in terms of modulation depth.

Chapter 4 details a new dimension of subwavelength phase engineering to control the
electromagnetic response. Spatially varying subwavelength nanoantennas, or so-called
metasurface, is used to compensate the local phase at each point, making a curved surface
appears flat. Importantly, this new approach of metasurface cloaking can obscure the scattering
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(both wavefront and phase) from the object, rendering it undetectable even with a phase-sensitive
instrument. An ultra-thin, conformal invisibility skin cloak that can cloak three-dimensional
object of arbitrary shape is experimentally demonstrated. Owing to the two-dimensional nature
of metasurface, it can be easily scaled up to hide even macroscopic objects. We believe this
subwavelength phase engineering approach will lead to a new family of unique optical devices
with extreme light bending and phase control capabilities.

While this dissertation establishes three new paths for controlling the light propagation and
extending the boundaries of optical metamaterials, | believe the next phase of breakthrough will
rely heavily on the materials development, novel physics discovery, and application-driven
research.

The inherent Joule loss of plasmonic metals remains a huge roadblock in optical metamaterials
research. Plenty of opportunities have thus arisen to replace the metals with transparent
conductive oxides and other low-loss doped semiconductors. In addition, these materials are also
more robust against the high temperature, making them more practical for many applications.
Incorporation of a gain medium close to the metamaterial structure is certainly another useful
approach to combat the loss. Therefore | expect to see more efforts in realizing subwavelength
hybrid metal-semiconductor gain nanostructures for full loss compensation while preserving the
extreme optical properties enabled by the metamaterials. An alternative route is to rely on high
index dielectrics with a strong Mie resonance to tailor the electromagnetic response. The most
beautiful synergy is when dielectric Mie structures also self-possess optical gain to achieve truly
zero loss optical metamaterials. In recent years, the discovery of 2D transition metal
dichalcogenide (TMDC) with direct bandgap has ignited a new wave of optoelectronic research
owing to the enhanced emission quantum yield of the monolayer. Therefore multilayer stacking
of plasmonic nanostructures with similar/different layers of 2D TMDC materials can in future
allow the emitters to be fully embedded inside the metamaterials environment and enhance the
light matter interaction to a whole new level.

The field of metamaterials initially began with the discovery of negative index physics and the
invention of superlens. | believe novel physics will continue to drive the metamaterial research
breakthrough. For instance, topological photonics relying on the interface state propagation is
giving new hopes to build practical optical devices, as they are less sensitive to defects and
fabrication imperfection. Spin and valley degrees of freedom, if combine with metamaterials, can
lead to efficient control of the emission profile and helicity. Similarly, many solid state electronic
and transport properties can be directly coupled to optical waves using metamaterial elements as
the connecting bridge. Engineering the symmetry and coupling between different meta-atoms is
another important route to significantly augment the performance of current optical
metamaterials.

After more than a decade of research in optical metamaterials, it’s time to aim for functional
devices that can outperform standard optical products. The enormous market demand for
efficient antennas and emitters will be a key driver for continuous optimization of the optical
metamaterial design to further enhance the light matter interaction. The ability to engineer high
Purcell factor optical metamaterials can actually shorten the photon decay time, thus paving the
way for extremely fast emitters and modulators. | also see metasurface as a promising candidate
to compete for the market of flexible electronics for its ultra-thin two-dimensional feature. At the
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more exotic front, a fully transmitting three-dimensional visible cloak is still very much desired,
and optical metamaterials remain the only viable solution to this centuries-old mystery.
Therefore, the field of optical metamaterials will continue to thrive for the many more years to

come!

95





